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Mechanisms of Sensing and Regulating Telomere Length in Budding Yeast

By Daniel Leon Levy

Abstract

Telomeres are protein-DNA structures at the ends of linear chromosomes. Crucial

for faithful genome maintenance and inheritance, telomeres affect cellular aging,

apoptosis, and cancer development. Telomeres are composed of a repetitive sequence

synthesized by the enzyme telomerase. Telomere length is maintained within a defined

range that is essential to proper telomere function and is an important determinant of the

proliferative capacity of a cell. The goal of the work described in this thesis was to

further elucidate the molecular mechanism of telomere length regulation. Questions

relevant to this problem are: 1) how does telomeric tract length determine the structure

and composition of the telomere, 2) how is telomere length sensed, and 3) how do

telomere length sensing and telomere structure determine whether or not telomerase acts

to elongate the telomere? This thesis addresses these questions of telomere structure and

mechanisms of telomere length regulation.

Saccharomyces cerevisiae telomeres composed of (TG), a sequence are

maintained between 250-350 base pairs. The principal double-stranded telomeric DNA

binding protein is Rap1. Telomere-bound Rap1 negatively regulates telomere length, and

telomere length is sensed by the number of Rap1 molecules at the telomere through a

Rap1 counting mechanism. Rifl and Rif., also negatively regulate telomere length, and

they associate with the telomere through interactions with the C-terminus of Rap1. We

show that Rifl and Rif., have Rap1-independent modes of telomere length regulation and
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that a Rif protein counting model regulates telomere length. We also demonstrate that

heterologous protein-protein interactions at the telomere can substitute for the Rif

proteins to regulate telomere length. We describe a series of experiments that support a

model for Rif., function as a protein that initiates the nucleation and spreading of higher

order telomere structure. To investigate the molecular basis of length regulation by these

proteins, in vitro studies were undertaken. We show that purified Rap1 protein is a

monomer with an elongated shape, and that Rap1 associates non-cooperatively with

arrays of DNA binding sites. We also find that purified Rif, associates with Rap1/DNA

complexes but not with Rap1 alone. We present low-resolution microscopy images of

Rap1/DNA complexes.

zºº-sºta-ºn--
Elizabeth H. Blackburn, Ph.D., Thesis Adviser
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Chapter 1: Introduction

Chromatin function and structure

Proper regulation of chromosomal DNA by chromosome-associated proteins is

essential for many cellular processes. There are important links between chromatin and

cell cycle progression. Proteins like condensins help histones keep the entire genome in a

highly compacted state throughout most of the cell cycle allowing for the stable

maintenance of a large amount of genetic information within the relatively small volume

of the cell nucleus (Hirano, 2005). Proteins that are part of this compacted chromatin

structure ensure that the genome is faithfully and completely replicated prior to cell

division (Johnson and O'Donnell, 2005). Cohesins among other proteins ensure

mechanics of chromosome segregation so that each daughter cell receives one and only

one copy of each replicated chromosome (Uhlmann, 2004). Chromatin is also critically

important in processes such as DNA repair, DNA recombination, and meiosis (Baarends

and Grootegoed, 2003; Downs and Cote, 2005; Osipovich et al., 2004).

Chromatin structure determines the timing and level of expression of every gene

in the genome (Rusche et al., 2003). It is differences in chromatin structure that

distinguish silenced heterochromatin from actively transcribed euchromatin. Changes in

chromatin structure are associated with concomitant changes in gene expression profiles

that have a multitude of different effects. Changes in gene expression drive the cell cycle

(Teer and Dutta, 2006). Different gene expression profiles distinguish different cell types

as cells move from a stem cell lineage to a fully differentiated lineage (Mostoslavsky et
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al., 2003). Modulation of chromatin structure occurs in response to extracellular signals

and stresses (Uffenbeck and Krebs, 2006; van Grunsven et al., 2005).

Structural studies on the core components of chromatin have yielded a wealth of

data that inform these varied cellular processes. Condensin structures revealed how these

proteins massively compact DNA (Hirano, 2006). Biochemical studies on cohesins

showed how these proteins may provide a topological link between sister chromatids

(Uhlmann, 2004). Thorough in vitro characterizations of histones and nucleosomes have

provided much information on mechanisms of gene regulation. They have led to new

models of how histone modifications and the incorporation of histone variants into

chromatin can regulate gene expression patterns on a mechanistic level (Koriakov, 2006;

Woodcock, 2006).

A number of specialized chromatin domains have been identified. Centromeres

represent unique protein/DNA complexes that are absolutely essential for the accurate

segregation of replicated chromosomes during cell division (Vershinin, 2006). In

mammals, the selection and inactivation of one X chromosome in each female cell during

development is critical for proper gene dosage in those and all roºms. cells (Heard

and Disteche, 2006). In yeast, mating type is regulated by a special chromatin region that

ensures that in a given cell only one of two mating-type loci is actively transcribed while

the other is silenced (Herskowitz, 1989). Telomeres are protein/DNA structures at the

ends of linear chromosomes and represent another unique chromatin domain that has not

yet been fully characterized on a structural level. While telomeres are at least in part non

nucleosomal, our knowledge of chromatin structure and function throughout the rest of



the genome will hopefully inform our studies and understanding of telomeric chromatin

Structure.

Telomeres and telomerase

Organisms with linear chromosome ends must stably maintain their telomeres and

so face two unique challenges not encountered by organisms with circular genomes. The

first challenge is termed the “end replication problem” (Olovnikov, 1973; Watson, 1972).

DNA replication by DNA polymerases does not occur de novo, requiring a primer.

During lagging strand synthesis, primase synthesizes short RNA primers that DNA

polymerase uses for replication; these RNA primers are subsequently degraded. When a

telomere undergoes lagging strand replication even if the RNA primer is placed at the

extreme end of the chromosome, sequences will be irretrievably lost when that terminal

primer is degraded. During multiple rounds of DNA replication, telomeres gradually

shorten eventually leading to loss of essential genetic information; DNA nucleases may

also contribute to telomere shortening.

The second challenge faced by organisms with linear chromosome ends is that

telomeres must be clearly differentiated from double-strand breaks. Ends created as a

result of DNA damage elicit a repair response that leads to either end joining or

recombination-based repair. It is critical that telomeres be recognized as genuine

chromosome ends and not sites of damage in need of repair. This "telomere capping" or

"end protection” prevents inappropriate degradation and fusion events (Blackburn, 2001).

The “end replication problem” is solved in most eukaryotes by the

ribonucleoprotein complex telomerase (Greider and Blackburn, 1985; Greider and
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Blackburn, 1987; Greider and Blackburn, 1989). Telomerase contains two components

essential for activity: a reverse transcriptase and an RNA component in which a short

sequence serves as the template for de novo synthesis of telomeric DNA. Because

telomerase always adds this same short sequence, telomeres are composed of a repetitive

DNA sequence that is typically TG-rich (Fajkus et al., 2005). The length of telomeric

repeats varies in different organisms as does the exact sequence of the repeat (determined

by the organism-specific RNA template).

The repetitive nature of telomeric DNA plays an important role in the end

protection function of telomeres. Sequence-specific DNA binding proteins associate with

telomeric sequences and nucleate a higher-order non-nucleosomal protein-DNA complex

that protects the telomere end either directly or indirectly (Gasser, 2000). Often a small

number of telomere repeats is not sufficient to provide end protection; rather a minimal

telomere length and protective end structure are required for stable capping. For example,

in human cells telomeres range from 3–10kb in length and shortening to a few thousand

bps can cause senescence (Bodnar et al., 1998).

Telomere length regulation and disease

Telomeres are maintained within a relatively narrow yet often heterogeneous

length range (Shampay and Blackburn, 1988). How the number of telomeric repeats and

hence telomere length are regulated is complex and not fully understood at a mechanistic

level. Telomeres shorten through incomplete replication of chromosome ends due to the

end replication problem as well as through the action of nucleases. Telomerase

counteracts this shortening. Average telomere length varies in different organisms and



this is likely strongly influenced by the specific proteins that localize to telomeres and the

resulting protein/DNA structure that forms. Current data support a model of telomere

length regulation whereby a critically short telomere assumes a structure on which

telomerase is able to act, while sufficiently elongated telomeres take on a different

structure and telomerase does not act on that structure (Marcand et al., 1999; Teixeira et

al., 2004).

Important links have been demonstrated between telomere length regulation and

human disease. Telomerase activity levels are low or undetectable in most differentiated

cell types. Cultured human fibroblasts and other differentiated cell types undergo

telomere shortening in vitro, and eventually senesce when telomeres reach a critically

short length (Harley et al., 1990; Hayflick, 1979; Pontaen et al., 1983). Increasing the

level of telomerase activity in these cells while they are being cultured is sufficient to

increase their proliferative potential, imparting immortal growth on these cells (Bodnar et

al., 1998; Yang et al., 1999). From these types of experiments, it was proposed that

telomerase and telomere length are critical determinants of cellular lifespan.

It has now been shown that these cellular lifespan effects have implications at the

organismal level as well. Individuals with shorter white blood cell telomere lengths and

lower levels of telomerase activity show increased mortality from aging-related diseases,

including cardiovascular disease and infectious disease (Blasco, 2005). Correlations

between chronic stress and reduced telomere lengths have been identified (Epel et al.,

2004). Mutations in genes encoding the telomerase RNA and protein components of

telomerase are the cause of an autosomal dominant form of dyskeratosis congenital

(Armanios et al., 2005; Vulliamy et al., 2001). Individuals with this condition have



shorter telomeres and lower telomerase activity and die due to failure of the

hematopoietic system.

The majority of human cancers show increased levels of telomerase activity

(Meyerson et al., 1997). It appears that upregulation of telomerase activity in cell types

where telomerase levels are generally low is a critical step toward the development of

cancer. Telomerase has become an attractive target for the treatment of these cancers.

Inhibitors of telomerase have been identified that slow and stop cancer growth

(Parkinson, 2005). It has also been found that mutations in the template domain of the

RNA component of telomerase that result in changes in the sequence incorporated at

telomeres can be effective at inhibiting the growth of cancer cells (Li et al., 2004). This

may work by disrupting the interaction of telomeric proteins with telomeric DNA and

consequently disrupting telomere structure. Elucidating telomere structure and

understanding how telomere length is regulated are important problems with implications

for aging and cancer.

Motivation for the work described in this thesis

The question that has driven the work described in this thesis is how telomere

length regulation is accomplished. Three aspects to the problem have been considered.

The first is how telomeric tract length determines the structure and composition of the

telomere, and the second, how the cell senses telomere length. The third issue is how

such sensing is translated into an appropriate response, namely whether or not telomerase

acts on the telomere. This latter question can be subdivided into regulation of telomere

accessibility to telomerase and direct regulation of telomerase activity.



Human telomeres

In human cells, two proteins have been identified that bind directly to the double

stranded TAGs-repeated telomeric sequence, Trfl and Trf2. These proteins contain Myb

DNA-binding domains and localize to human telomeres as homodimers (Broccoli et al.,

1997). Trf2 protects telomeres from end-to-end fusions (van Steensel et al., 1998). Using

a mouse Trf2 knockout model, it was shown that loss of Trf2 causes early embryonic

lethality and massive telomere fusions resulting in cell cycle arrest (Celli and de Lange,

2005). Expression of a dominant negative form of Trf1 that inhibited binding of wild

type Trf1 to human telomeric repeat sequence DNA led to telomere elongation,

establishing a role for Trf1 in telomere length regulation (van Steensel and de Lange,

1997). Trfl and Trf2 mediate formation of a telomeric DNA loop structure called t-loops

whereby the terminal single-stranded 3’ end of the chromosome folds back and invades

more inward duplex telomere DNA sequence (Griffith et al., 1999). It has been proposed

that when the telomere end becomes too short the t-loop structure is disrupted making the

end accessible for telomerase to bind and add telomere sequence, although this has not

been directly demonstrated. These t-loops have now been observed in telomeres from

other species in addition to human telomeres (Cesare et al., 2003; Munoz-Jordan et al.,

2001), but not in Saccharomyces cerevisiae to date.

The protein Pot 1 binds sequence-specifically to the terminal 3' single-stranded

telomeric overhang and is critically important in end-protection (Baumann and Cech,

2001). Knocking down Pot1 expression leads to telomeric fusions due to deprotection of

chromosome ends, ultimately leading to apoptosis or senescence (Veldman et al., 2004).



Pot1 also regulates telomerase activity at the telomere as a mutant form of Pot1 that fails

to bind telomeric single-stranded DNA leads to extreme telomere elongation (Loayza and

de Lange, 2003). Pot1, Trf1, Trf2, Tin2, Rap1, and Tpp1 form a telomeric complex

termed shelterin (de Lange, 2005). This complex provides end-protection function at

telomeres and regulates telomerase recruitment and activity.

Yeast telomere length regulation

Budding yeast Saccharomyces cerevisiae is an attractive model organism for

studying telomere length regulation. Studying distantly related species allows very

conserved (and presumably fundamental) aspects of telomere structure and regulation to

be discerned. Many telomeric proteins are conserved from yeast to humans suggesting

that the mechanism of length regulation may be conserved as well. In yeast cells telomere

repeat lengths are maintained between 250-350bp. Telomere repeats are of the form TG,

3(TG), 6 running 5’ to 3’ to the end of the chromosome with a 3’ G-rich overhang

(Wellinger et al., 1993). Rap1 is the predominant double-stranded DNA binding protein

at the telomere (Conrad et al., 1990; Shore and Nasmyth, 1987). While Rap1 has an

essential function as a transcriptional regulator of a number of genes, it also has a critical

role in regulating telomere length (Kyrion et al., 1992). The DNA binding domain of

Rap1 contains two Myb domains, analogous to how Trfl and Trf2 homodimerize, with

each monomer contributing one Myb domain to the complex (Konig et al., 1996). One

Rap1 molecule binds, on average, every 18bp of TG, a repeats (Gilson et al., 1993).

A number of experiments have established Rap1 as a negative regulator of

telomere length. Overexpression of the C-terminus of Rap1 lacking the DNA-binding



domain (DBD), or introduction of extra telomeric DNA sequence on plasmids into yeast,

causes average telomere lengths to increase, consistent with titration of negative length

regulators off telomeres (Conrad et al., 1990; Runge and Zakian, 1989). Various rap! t

alleles cause elongated telomeres, ranging from ~0.8 to ~3 kb; these alleles encode

mutant proteins that retain the Rap1 DBD and essential transcriptional functions, but lack

the C-terminal domain, which interacts with other telomeric proteins (Kyrion et al.,

1992). Disrupting the binding of Rap1 to telomeric DNA by introducing mutant telomeric

repeats can also result in telomere elongation; for several such mutant telomeric

sequences, the lengthening was proportional to their loss of Rap1 binding affinity in vitro

(Krauskopf and Blackburn, 1996; Prescott and Blackburn, 2000).

Other negative regulators of telomere length have been identified. In yeast two

hybrid experiments, Rifl and Rif2 interact with the C-terminus of Rap1 and with each

other (Hardy et al., 1992; Wotton and Shore, 1997). Like Rap1, both Rif proteins localize

to yeast telomeres by a one-hybrid assay (Bourns et al., 1998) and by chromatin

immunoprecipitation (Lieb et al., 2001; Smith et al., 2003). Telomeres in rifl/A strains

lengthen to ~0.5 - 1 kb, and in rifza strains, to ~0.35 - 0.5 kb. riflA rifza has a

synergistic effect, with telomere lengths ranging between -0.8 - 3 kb (Hardy et al., 1992;

Wotton and Shore, 1997). Conversely, Rifl or Rif2 overexpression causes telomere

shortening (Wotton and Shore, 1997). Telomere lengthening by Rif protein deletion is

telomerase-dependent and RAD52-independent (Teng et al., 2000).

What is the mechanism of telomere length regulation by Rap1, Rifl, and Rif2? It

was shown that tethering of the Rap1 C-terminus to the immediate subtelomeric region of

a single telomere, as a Gala DNA binding domain fusion, caused shortening of that



telomere proportional to the number of tethered Rap1 proteins (Marcand et al., 1997).

From this experiment a Rap1 counting model was proposed whereby the length of

telomeric DNA is sensed by the amount of bound Rap1. In other words, the amount of

Rap1 bound at a telomere somehow serves as a readout of telomere length. This Rap1

counting effect was shown to be sensitive to the spacing between tracts of Rap1 binding

sites. An internal array of Rap1 binding sites was counted across a 38bp but not 138bp

spacer of non-telomeric DNA (Ray and Runge, 1999). The importance of spacing

between individual Rap1 binding sites was investigated by two groups with one study

concluding that Rap1 counting was sensitive to site spacing (Grossi et al., 2001) and the

other group finding Rap1 counting was equivalent for different binding site spacings

(Ray and Runge, 1999). The molecular basis of this counting mechanism is not known,

nor how Rifl and Rif) impinge on this counting mechanism.

Yeast telomere structure and telomerase action

As already discussed, experiments suggest that telomere length is regulated at the

level of telomere structure (Teixeira et al., 2004). In addition to being important for

regulating telomere length, proper telomere structure plays a critical role in protection of

chromosome ends. Telomere structure protects DNA ends from inappropriate

recombination, end-to-end fusions, and fusions between telomeres and sites of DNA

damage such as DNA double-strand breaks (Blackburn, 2001). Rap1 is critical in this

protective function as Rap1 mutants show increased chromosome instability (Kyrion et

al., 1992) and removal of Rap1 from telomeres leads to chromosome fusions (Pardo and

Marcand, 2005) and other detrimental effects (Smith and Blackburn, 1999).

10



What kind of structure might Rap1 impart to telomeric DNA? In vitro studies

with Rap1 have shown that binding of Rap1 to a single DNA binding site alters the

structure of the DNA. The crystal structure of the DNA binding domain (DBD) of Rap1

complexed with DNA was solved (Konig et al., 1996). From this structure and several

other experiments it was concluded that Rap1 bends DNA, with the precise bend angle

that was deduced varying based on the method used (Gilson et al., 1993; Muller et al.,

1994; Vignais and Sentenac, 1989). Rap1 also induces inferred untwisting of DNA

(Gilson et al., 1994) and exposure of KMnO,-sensitive sites in the bound DNA (Gilson et

al., 1993). No structural or biochemical studies have been reported to date of how Rap1

binds to arrays of binding sites as found at a native telomere in vivo. Rifl and Rif., have

not yet been characterized in vitro.

Telomerase itself is a critical determinant of telomere length. In yeast, EST2

encodes the reverse transcriptase and TLC1 encodes the RNA template (Lingner et al.,

1997b; Singer and Gottschling, 1994). Cells lacking either of these genes show an est

(ever shorter telomeres) phenotype as do cells lacking three other genes that were

identified genetically: ESTI, EST3, and CDC13 (Lendvay et al., 1996; Lundblad and

Szostak, 1989). Est1, Est3, and Cdc13 are not required for telomerase activity in vitro

(Lingner et al., 1997a). Rather, Cdc13 binds the single-stranded overhang of the telomere

and is thought to recruit telomerase through a protein-protein interaction with Estl

(Evans and Lundblad, 1999; Nugent et al., 1996). Cdc13 is structurally similar to the

telomere end-binding factor Pot1, as both contain OB fold domains (Mitton-Fry et al.,

2002).
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It has been shown that short telomeres are preferentially acted on by telomerase in

vivo (Marcand et al., 1999; Teixeira et al., 2004). Telomere structure is thought to be one

factor that determines whether or not telomerase acts on a given telomere. Long

telomeres may assume a closed structure that blocks end access to telomerase while the

structure of short telomeres is permissive for telomerase recruitment. Physical models for

higher-order yeast telomere structure have been proposed, and testing of these models

may be amenable to in vitro studies. A “fold-back” model places the end of the telomere

inward toward the subtelomeric region, preventing action by telomerase (de Bruin et al.,

2000; McEachern and Blackburn, 1995; Strahl-Bolsinger et al., 1997). In a related model,

suggested by the clustering of telomeres at the nuclear periphery (Gotta et al., 1996),

telomere-telomere interactions restrict accessibility to telomerase. Yeast telomeres may

form t-loops analogous to what is observed with human telomeres (Griffith et al., 1999).

While some experiments suggest that telomerase is recruited specifically to short

telomeres (Evans and Lundblad, 1999; Pennocket al., 2001), other experiments argue

that telomerase activity is upregulated specifically at short telomeres (Taggart et al.,

2002). Independent of whether one or both of these models is correct, the question

remains of how telomerase recruitment and/or activity are regulated by changes in

telomere structure. An important goal of the work described in this thesis was to elucidate

yeast telomere structure and understand how this structure changes as a function of

telomeric DNA length and the presence of certain telomere-associated proteins,

specifically Rap1, Rifl, and Rif2. The end goal of this work was to understand how these

structures determine the telomere length set point thereby effecting telomere length

regulation.

12



While telomere end accessibility is one way to regulate the action of telomerase

on a telomere, telomerase itself may also be directly regulated. The genetic approach to

identifying proteins that modify telomerase function is limited. Not only are the screens

time-consuming, but it is possible to miss essential genes. Another aim of this thesis

project was to biochemically purify telomerase in order to characterize the holoenzyme,

identify novel telomerase-associated proteins, and study how these proteins regulate

telomerase function.
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Chapter 2: Counting of Rifl and Rif2 on yeast telomeres regulates telomere length

Daniel L. Levy and Elizabeth H. Blackburn

Department of Biochemistry and Biophysics

University of California San Francisco

San Francisco, California 94.158, USA

Abstract

Telomere length is negatively regulated by proteins of the telomeric DNA-protein

complex. Rap1 in Saccharomyces cerevisiae binds the telomeric TG, a repeat DNA, and

the Rap1 C-terminus interacts with Rifl and Rif2. We investigated how these three

proteins negatively regulate telomere length. We show that direct tethering of each Rif

protein to a telomere shortens that telomere proportionally to the number of tethered

molecules, similar to previously reported counting of Rap1. Surprisingly, Rif proteins

could also regulate telomere length even when the Rap1 C-terminus was absent, and

tethered Rap1 counting was completely dependent on the Rif proteins. Thus Rap1

counting is in fact Rif protein counting. In genetic settings that cause telomeres to be

abnormally long, tethering even a single Rif molecule was sufficient for maximal

effectiveness in preventing the telomere over-elongation. We show that a heterologous

protein oligomerization domain, the mammalian PDZ domain, when fused to Rap1 can

confer telomere length control. We propose that a nucleation and spreading mechanism is

involved in forming the higher order telomere structure that regulates telomere length.
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Introduction

Essential for faithful chromosome maintenance and replication, the ends of

eukaryotic chromosomes, telomeres, are dynamic entities whose structures are regulated

(Laroche et al., 2000; Smith et al., 2003). In the budding yeast Saccharomyces cerevisiae,

each telomeric terminal DNA region consists of a tract of irregular TG1.3 repeat

sequences onto which sequence-specific DNA binding proteins and associated proteins

assemble. Telomeres in dividing yeast cells are maintained between 250-350 bp through

a dynamic balance of lengthening and shortening activities. Telomeric DNA shortens as a

result of the inability of the general DNA replication machinery to fully replicate the ends

of linear DNA molecules (the “end replication problem”) and nuclease action (Lydall,

2003; Zakian, 1996). Telomere lengthening is primarily mediated by telomerase, a

cellular reverse transcriptase that catalyzes the de novo addition of telomeric DNA to

chromosome ends, using a sequence within its associated RNA subunit as template

(Blackburn, 2000a).

How telomere structure is modulated by the telomeric DNA tract length, and how

length-dependent structural changes regulate the lengthening and shortening activities at

the telomere, are central but unresolved questions. Available data support the proposal

that long telomeres assume an as-yet unknown structural state that is inhibitory for

telomerase-mediated telomere elongation, while short telomeres can undergo a structural

change that results in either recruitment or activation of telomerase (Blackburn, 2000b,

Teixeira et al., 2004). Physical models for higher-order telomere structure have been

proposed. A “fold-back” model places the end of the telomere inward toward the

subtelomeric region, preventing action by telomerase (de Bruin et al., 2000; McEachern
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and Blackburn, 1995; Strahl-Bolsinger et al., 1997). In a related model, suggested by the

clustering of telomeres at the nuclear periphery (Gotta et al., 1996), telomere-telomere

interactions restrict accessibility to telomerase. Another idea is based on t-loop DNA

structures that have been isolated from human cell telomeres, in which the single

stranded 3’ end of the telomeric DNA invades and base pairs with more internal

telomeric repeat sequences (Griffith et al., 1999).

Rap1 is implicated in regulating telomere length in yeast. Rap1 binds duplex

telomeric DNA via its DNA binding domain (DBD) on average every 18 bp (Gilson et

al., 1993). Several lines of evidence had suggested that Rap1 (which is also an essential

transcriptional regulator of many genes) is a direct negative regulator of telomere length.

Overexpression of the C-terminus of Rap1 lacking the DBD, or introduction of extra

telomeric DNA sequence on plasmids into yeast, causes average telomere lengths to

increase, consistent with titration of negative length regulators off telomeres (Conrad et

al., 1990; Runge and Zakian, 1989). Various rap 1 'alleles cause elongated telomeres,

ranging from ~0.8 to ~3 kb; these alleles encode mutant proteins that retain the Rap1

DBD and essential transcriptional functions, but lack the C-terminal domain, which

interacts with other telomeric proteins (Kyrion et al., 1992). Disrupting the binding of

Rap1 to telomeric DNA by introducing mutant telomeric repeats can also result in

telomere elongation; for several such mutant telomeric sequences, the lengthening was

proportional to their loss of Rap1 binding affinity in vitro (Krauskopf and Blackburn,

1996; Prescott and Blackburn, 2000). Finally, targeting the C-terminal domain of Rap1 to

the immediate subtelomere (i.e. immediately adjacent to the telomeric repeat sequence)

as a GalAp DNA binding domain fusion causes telomere shortening proportional to the

-
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number of tethered Rap1 C-termini (Marcand et al., 1997). Hence a Rap1 C-terminus

counting model was proposed to explain how Rap1 negatively regulates telomere length.

By this model, the property of a telomere that is sensed is not the length perse of its

telomeric DNA, but rather the number of Rap1 C-termini bound to it, which would serve

as a read-out of telomere length.

Length sensing and regulation are likely intimately related to the telomere

structure formed by Rap1 and associated proteins bound to telomeric DNA. In vitro,

Rap1 bends telomeric DNA (Muller et al., 1994; Vignais and Sentenac, 1989), implying

that Rap1 molecules bound along a series of successive binding sites will fold the DNA

into an overall trajectory of as-yet unknown form. The importance of telomere structure

for length regulation is highlighted by the observation that the spacing between

consecutive Rap1 binding sites determines whether or not those sites are “seen” by the

Rap1 counting mechanism; while 15/20, 22, and 27 bp spacings are counted, 17 and 31

bp spacings are not (Grossi et al., 2001). Additionally, placing a 138 bp stretch of

nontelomeric DNA between consensus Rap1 binding sites disrupts such Rap1 counting

(Ray and Runge, 1999).

In yeast two-hybrid experiments, Rifl and Rif2 interact with the C-terminus of

Rap1 and with each other (Hardy et al., 1992; Wotton and Shore, 1997). Like Rap1, both

Rif proteins localize to yeast telomeres by a one-hybrid assay (Bourns et al., 1998) and

by chromatin immunoprecipitation (Lieb et al., 2001; Smith et al., 2003). Also like Rap1,

Rifl and Rif2 negatively regulate telomere length; telomeres in riflA strains lengthen to

~0.5 - 1 kb, and in rifza strains, to ~0.35 - 0.5 kb. riflA rifz/A has a synergistic effect,

with telomere lengths ranging between -0.8 - 3 kb (Hardy et al., 1992; Wotton and
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Shore, 1997). Conversely, Rifl or Rif overexpression causes telomere shortening

(Wotton and Shore, 1997). Telomere lengthening by Rif protein deletion is telomerase

dependent and RAD52-independent (Teng et al., 2000).

We investigated the mechanisms by which these telomeric proteins negatively

regulate telomere length. We show that Rif proteins are directly counted and that Rap1

counting is primarily a consequence of Rifl and Rif., recruitment to the telomeres.

Furthermore, even in the complete absence of the Rap1 C-terminus, Rif proteins can

prevent over-elongation of telomeres. We conclude that telomere length regulation by

Rap1 counting is in fact Rif protein counting. In certain genetic settings in which

telomeres are long, a single targeted Rif) is sufficient for a maximal effect in curtailing

telomere over-lengthening, while tethered Rifl still shows a counting trend. Finally,

simply targeting heterologous PDZ protein-protein interaction domains to the telomere is

sufficient to mimic the cis-acting, negative telomere length regulation by Rif proteins.

We propose that Rifl and Rif., regulate telomere length through distinct protein counting

mechanisms that involve protein-protein interactions.

Results

Counting of Rifl and Rif.”

It was previously shown that telomere length is inversely proportional to the

number of tethered Rap1 C-termini (Marcand et al., 1997). Since Rifl and Rif2 interact

with the C-terminus of Rap1 (Hardy et al., 1992; Wotton and Shore, 1997), we tested

whether these Rif proteins are also counted. We targeted Rifl or Rif), as Galáp DNA

binding domain (GBD) fusion proteins, to Galáp UAS sites (UASG) inserted at the
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immediate subtelomere of a single telomere, directly adjacent to the telomeric repeat

sequence (Fig. 2-1a). In a wild-type background, counting of tethered Rifl was similar in

trend and overall magnitude to that of Rap1 C-termini. The greater the number of tandem

UASG sites, and presumably of tethered Rifl molecules, the shorter the telomere became

(Fig. 2-1b and c). As previously reported for Rap1, the magnitude of additional

shortening with each added tethering site became progressively less as the number of

tethered Rifl molecules increased (Fig. 2-1b, c, e, and (Marcand et al., 1997)). Tethered

Rif2 also was counted (Fig. 2-1d). Four targeted Rifl or Rif molecules caused about 70

bp of shortening overall, an effect similar to that reported with tethered Rap1 C-termini

(Marcand et al., 1997) (Fig. 2-1c, d, and e). Results with a telomere bearing six UASG

sites were indistinguishable from those with four sites (data not shown). Targeting Rifl,

Rif), or Rap1 C-termini to UASG sites embedded within the telomeric repeat tract

effected shortening similar to when the same fusions were tethered at the immediate

subtelomere (data not shown). In summary, in cells with initially wild-type length

telomeres, direct tethering of either Rifl or Rif2 caused the targeted telomere to become

shorter, and the extent of shortening was proportional to the number of tethered

molecules, consistent with a Rif protein counting mechanism.

Rif protein counting through distinct mechanisms

We examined the genetic dependencies of Rifl and Rif., counting. We modified

the genetic background of counting-test strains by mating them to a riflA, rifza, rap 1AC

**ain, sporulating, and selecting spores with the desired genotypes (or directly by

*ansformation in some cases where noted). The resulting strains were serially passaged

:
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either in liquid culture or on plates to allow the URA3-marked test telomere to elongate

from the initially wild-type length to equilibrium length, and this length was then

measured by Southern blotting.

In the absence of Rifl, tethered Rifl was still counted. In such rifz/A cells, when

one Rifl molecule was tethered to the URA3-marked telomere, that telomere elongated

and equilibrated at an average length 204 bp shorter than the zero UASG-sites control

telomere; when four UASG sites were present, the final telomere length attained was 56

bp shorter still (Fig. 2-1 f). Strikingly, in rap 1AC cells, again generated by sporulation of

heterozygous diploid strains so that the test telomere started at wild-type length, tethering

of Rifl to the test telomere prevented it from lengthening to the same extent as the

control zero-tethering-site telomere (Fig. 2-1 g). The ability of tethered Rifl to exert

negative telomere length control in the absence of the C-terminus of Rap1 was even more

pronounced when Rif., was also deleted. In rifz/A rap 1AC cells, one tethered Rifl

molecule prevented that telomere from full lengthening such that, once elongated to its

equilibrium length, it was still shorter than the zero-site telomere by 143 bp, and the

telomere with four tethering sites was a further 259 bp shorter (Fig. 2-1h and i). Thus,

tethered Rifl is still counted in the absence of Rif2 and/or the Rap1 C-terminus.

Tethered Rif2 was also effective in exerting negative telomere length control on

the targeted telomere in cells lacking Rifl and/or Rap1 C-termini. However, in the

absence of Rifl, rather than observing a counting trend, tethered Rif., prevented telomere

°longation to the same extent independently of the number of tethered molecules.

Starting with diploid heterozygotes having wild-type length URA3-marked test telomeres,

ºn the ri■ ia spore progeny the extent to which telomeres were shorter relative to the zero
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UASG site control was similar whether one or up to four Rif2 tethering sites were present

(225 bp shorter with one site and 207 bp shorter with four sites; Fig. 2-1j). Similarly, in

riflA rap 1AC cells, the same degree of negative length control was seen whether there

were one or four tethering sites (571 bp with one site and 580 bp with four sites) (Fig. 2

11 and m). This potent ability of a single tethered Rif2 to prevent over-elongation of the

telomere was reproduced in four independent experiments, with each strain background

represented by two or three different spore isolates in each experiment. Such a result was

never obtained in multiple comparable Rifl tethering experiments. Thus, Rif2 differs

from Rifl and the Rap1 C-terminus in that, in genetic settings where telomeres are longer

that usual, a single tethered Rif molecule is sufficient for a maximal effect on length

control in the absence of the other two proteins.

We repeated a subset of the experiments described above in radj2A cells, and

Obtained results comparable to those in RAD52 cells (Supplementary Information for

Chapter 2, Fig. S2-1). Thus the major recombination pathway is not involved in the

length regulatory effects of tethered Rap1 and the Rif proteins. Experiments with control

telomeres lacking UASG sites showed that tethering of the Rif proteins is necessary for

their length control effects (Fig. 2-1). Also, bulk telomere lengths for telomeres lacking

UASG sites remained unaffected in these tethering experiments (data not shown). Hence

the Rif proteins act in cis to regulate telomere length.

Rif prroteins can act independently of the Rap1 C-terminus and of each other

It was reported previously that telomeres in cells expressing C-terminal deletions

of Rap1 (e.g. rap 1-17) are comparable in length to those in rifl/A rifz/A double and riflA
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rifza rap 1-17 triple mutants (Wotton and Shore, 1997). This had suggested that the

negative length-regulatory functions of Rifl and Rif., are mediated solely through the C

terminus of Rap1. However, our finding that tethered Rif proteins can potently block

over-elongation of the test telomere in rap 1AC cells suggested that the Rif proteins can

perform this function independently of the C-terminus of Rap1. We therefore tested

whether Rif protein overexpression, rather than telomeric tethering, can block bulk

telomere lengthening in rap 1AC cells. These rap 1AC cells express a truncated Rap1

constructed with the same amino acids deleted as in the original rap1-17p. Heterozygous

diploid strains with wild-type length telomeres were sporulated and dissected on plates

containing galactose to drive overexpression of RIFI or RIF2 from a galactose-inducible

promoter. Spore products with the desired genotypes were serially passaged on galactose

plates to allow telomeres to elongate to their equilibrium lengths. Bulk telomere lengths

were compared between rap 1AC strains expressing either RIFI or RIF2 from its

endogeneous promoter or the galactose-inducible promoter.

If Rifl and Rif2 act only through binding the C-terminus of Rap1, then when that

domain is deleted, Rif protein overexpression should have no effect on telomere length.

Contrary to this prediction, overexpressing either Rifl or Rif, in rap IAC cells prevented

much of the lengthening seen in the control rap 1AC strains (mean telomere length was at

least 450 bp shorter, Fig. 2-2). (See Supplementary Information for Chapter 2 and Fig.

S2-2 for further discussion of these results in relation to the previous genetic study using

^*P1-17 (Wotton and Shore, 1997).) Rifl overexpression in rifza cells and Rif

‘’Yerexpression in riflA cells each partially suppressed the over-lengthening of telomeres

that is characteristic of each of these single deletion strains (Fig. 2-2). This result is
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consistent with the previous observation that Rifl and Rif., can each partially regulate

telomere length without the other, since riflA and rifza single-mutant telomeres are

shorter than those in a riflA rifza double mutant (Wotton and Shore, 1997). Furthermore,

even in the absence of the C-terminal domain of Rap1, Rifl overexpression could still

negatively control telomere over-elongation independently of Rif2 and vice versa (Fig. 2

2). In summary, Rifl and Rif not only can act independently of each other, but also can

substantially regulate telomere length without any requirement for the Rap1 C-terminus.

Sir3 and Sirá are chromatin silencing proteins that also interact with the Rap1 C

terminus (Hediger et al., 2002; Moretti et al., 1994). Since the C-terminal region of Rap1

that interacts with Sir proteins overlaps with the domain that interacts with Rif proteins in

vivo, and since we had shown that Rif proteins can act independently of this Rap1 C

terminal region, it was conceivable that the Sir proteins might also retain some function

in rap 1A cells. We therefore asked whether, like the Rif proteins, Sir3 and Sirá might

also be able to act at telomeres independently of the Rap1 C-terminus by examining an

aspect of telomere behavior in which these Sir proteins are known to function: telomere

clustering (Hediger et al., 2002; Moretti et al., 1994). In wild-type cells,

inmunofluorescence against Rap1 reveals 4 -6 foci at the nuclear periphery, and deletion

of Sir proteins leads to telomere unclustering and release from the nuclear periphery

GHediger et al., 2002). If Sir proteins could act independently of the Rap1 C-terminus,

then telomeres might still cluster in rap 1AC cells. However, in rap 1AC chromosome

*Preads stained for Rap1, we observed loss of clustering (Fig. 2-3). Hence, Rap1

clustering requires the C-terminus of Rap1. The degree of unclustering was the same in

^*P1AC riflA rifza as in rap IAC, showing the Rif proteins do not act independently of

**
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the C-terminus of Rap1 to promote clustering (Fig. 2-3). In fact, deletion of Rif proteins

slightly reduces the average number of Rap1 foci per spread nucleus: ~3 - 4 foci in rifl/A

but only ~3 foci in rifza and riflA rifza (D. L. Smith and E. H. Blackburn, unpublished

data). Rif and Sir proteins may compete for binding the Rap1 C-terminus (Wotton and

Shore, 1997), thus more Sir proteins might bind Rap1 in the absence of Rif proteins

thereby enhancing clustering.

Rap1 counting is mediated predominantly through the Rif proteins

A prediction of the hypothesis that Rap1 counting is mediated entirely through

Rifl and Rif) is that Rap1 counting should depend on one or both Rif proteins. In the

absence of Rifl, tethered GBD-Rap1 C-termini still were able to control against telomere

Over-elongation; one targeted Rap1 C-terminus resulted in the test telomere attaining a

final equilibrium length 160 bp shorter than the control zero-site telomere, and the

telomere with four sites was 42 bp shorter still (Fig. 2-4). However, tethered Rap1 C

termini had much less of an effect on telomere length in rif”A cells, and little or no effect

in a riflA rifza background (Fig. 2-4). We further predicted that tethered Rap1 C-termini

Would be counted in a rap 1AC background, but only in the presence of Rif proteins.

Indeed, in rap/AC cells one tethered Rap1 C-terminus kept the telomere shorter than the

Control zero-site telomere by 53 bp, and four kept it 422 bp shorter; however, tethered

Rap1 C-termini were ineffective in rif”A rap 1AC and riflA rifz/A rap 1AC backgrounds

QFig. 2-4 and data not shown). Strikingly, in rap 1AC cells, such Rap1 counting absolutely

depended on Rif2 but not on Rifl, consistent with the results in RAP1 cells. Hence, Rap1

*
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counting is mediated substantially through the Rif proteins, with a greater dependence on

Rifº than Rifl.

A tethered heterologous protein oligomerization domain confers telomere length control

Current information on how telomere length is regulated suggests that Rap1-DNA

and protein-protein interactions act together to fold the telomere into a structure that

limits telomerase action or access. To investigate the role of protein-protein interactions

in length regulation, we engineered a heterologous protein-protein interaction domain

into Rap1 and tested whether this was sufficient to confer telomere length control. We

used the PDZ domain, a modular protein-protein interaction motif common in many

different mammalian proteins but apparently absent from S. cerevisiae. PDZ domains

cluster mammalian cell membrane receptors, thereby effecting localized signaling

reactions (Sheng and Sala, 2001). Since PDZ domains homomultimerize, they have been

*Sed in other studies as generic protein-protein interaction domains (Dueber et al., 2003;

Parket al., 2003). Specifically, we replaced the C-terminus of Rap1 at the endogeneous

*AP1 locus with PDZ456 of rat GRIP1, which interacts with itself in

°oimmunoprecipitation and yeast two-hybrid experiments (Dong et al., 1999). Thus, the

ºnly form of Rap1 in the cell was the resulting rap1AC-PDZ (Fig. 2-5a). This fusion

Protein was expressed at levels comparable to raplaC (Supplementary Information for

Chapter 2, Fig. S2-3), and growth rates of sporulated rap 1AC and rap 1AC-PDZ strains

Were similar.

Diploid strains heterozygous for rap 1AC or rap 1AC-PDZ were sporulated and

‘lissected, and spore products were successively streaked on plates to allow telomeres to

! -
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elongate from wild-type up to their new equilibrium lengths. Bulk telomere lengths were

then examined by Southern blotting. In rap 1AC-PDZ strains telomeres were kept

dramatically shorter than in the rap 1AC control strains, although they were slightly

longer than wild-type (Fig. 2-5b; wild-type length Y' telomeres are ~1.2 kb XhoI

fragments in the Southern blots shown). This blocking of elongation did not require Rifl

and Rif2 (Fig. 2-5b). The rap 1AC-PDZ telomere lengths equilibrated within two passages

on plates and were then stable (Fig. 2-5c). Finally, PDZ fused to the C-terminus of full

length Rap1 was also competent in regulating telomere length in the absence of Rifl and

Rif.” (Supplementary Information for Chapter 2 and Fig. S2-4). A subset of these

experiments was repeated in radj2 cells and the same results were obtained

(Supplementary Information for Chapter 2, Fig. S2-1). Hence, PDZ can at least partially

Substitute for the telomere length regulatory role of the C-terminus of Rap1, without any

Rifl or Rifº, and not via a recombination-based mechanism.

We tested whether disrupting the PDZ-PDZ interactions at telomeres would cause

telomere lengthening. To achieve this, we overexpressed free PDZ in cells expressing

rap 1AC-PDZ; free PDZ was expressed approximately 30-fold over rap1AC-PDZ levels

(data not shown). Indeed, this caused significant telomere lengthening in rap 1AC-PDZ

Sells, but not in control rap/AC cells (Fig. 2-5d and Supplementary Information for

Chapter 2, Fig. S2-4). Such overexpression was unlikely to have titrated the rap1AC-PDZ

°ff the telomeres because the fusion protein contains a full Rap1 DBD, and the strength

*f the Rap1-DNA interaction (ko & 10"M (Buchman et al., 1988; Vignais et al., 1990))

is much greater than that of the PDZ-PDZ interaction (kp -10°-10°M (Sheng and Sala,

2OO 1)). The fact that overexpression of free PDZ alone did not cause telomere shortening

*
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showed that the PDZ domain itself does not simply inhibit telomerase activity directly,

nor interact independently with telomeres (Fig. 2-5d and Supplementary Information for

Chapter 2, Fig. S2-4). Furthermore, because fusion of other protein domains such as

GBD or GFP to RAP1 does not lead to shorter telomeres (Supplementary Information for

Chapter 2), it is unlikely that the PDZ fusion is acting non-specifically. Taken together,

these data show that PDZ domains targeted to telomeres are sufficient to confer negative

length regulation, most likely via oligomerization of PDZ domains.

Discussion

A complete understanding of telomere length regulation will ultimately require a

mechanistic explanation of how telomere length affects telomere structure and how the

telomere length-sensing mechanism interfaces with telomerase activity. Here we have

shown that Rif proteins on telomeres can be directly counted and that Rap1 C-terminus

Counting is entirely dependent on Rifl and Rif2. Hence, Rap1 counting is actually a Rif

Protein counting mechanism.

The results reported here also reveal new properties of Rif proteins. The

Overexpression and tethering experiments show that Rifl and Rif2 are able to partially

negatively regulate telomere length even in the absence of the C-terminus of Rap1, the

°nly protein-protein interaction domain for the Rif proteins known. Although rap/AC

"might conceivably retain residual binding affinity for Rifl and Rif2 through other

domains of Rap1, in coimmunoprecipitation experiments Rifl and Rif2 interact with

Yild-type Rap1 but not with rap1ACp (D.L. Levy and E. H. Blackburn, unpublished

‘lata; see Chapter 3 of this thesis). While normally, in the presence of wild-type Rap1, the

º
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Rif proteins likely are brought to the telomere by interacting with the Rap1 C-terminus,

our results also provide evidence that Rif proteins can be brought to telomeres by binding

other telomeric factors in addition to Rap1 (Fig. 2-6). Accordingly, we propose a Rif

protein counting mechanism, not solely dependent on Rap1, by which telomere length

can be sensed and negatively regulated predominantly by the amount of Rifl and Rif.”

that are present at the telomere. Consistent with such a model, firstly, two chromosome

ends in S. cerevisiae lack detectable Rap1 by chromatin immunoprecipitation, yet Rifl is

associated with at least one of these ends in vivo (Lieb et al., 2001; Smith et al., 2003).

Secondly, telomeres composed of a tract of vertebrate telomeric repeat sequence are

maintained slightly shorter than wild-type in yeast, yet are not detectably bound by Rap1,

as measured by chromatin immunoprecipitation (Alexander and Zakian, 2003; Brevet et

al., 2003), although Tbflp may also play a role in telomere length control in this context.

Thirdly, in a telomerase template mutant strain with mutant-sequence telomeres longer

than in a riflA rifza strain and having a greater than 300-fold reduction in Rap1 binding

affinity (Prescott and Blackburn, 2000), even a slight increase in cellular Rif) levels was

Sufficient to dramatically curtail telomere over-elongation (J. Lin, D. L. Levy, and E. H.

Blackburn, unpublished data; see Chapter 4 of this thesis).

We found that a small number of Rif protein molecules (and even a single Rif)

"nolecule) targeted to a telomere potently suppresses over-lengthening of that telomere in

°is (Fig. 2-1). We propose that tethered Rif proteins can nucleate the formation of a

higher-order complex by initiating the recruitment of additional Rif and/or other

telomeric proteins. This allows a structure to form that spreads throughout the telomeric

**gion and blocks elongation by telomerase (Fig. 2-6). This mechanism is analogous to
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models for nucleation and spreading of Sir proteins to establish transcriptionally silenced

domains (Rusche et al., 2003). It is consistent with Rifl chromatin immunoprecipitation

studies which indicate that Rifl spreads several kilobases into the subtelomeric region

(Smith et al., 2003). Rifl spreading even occurs on one of the Rap1-free telomeres, and

on other telomeres, Rifl also spreads into particular subtelomeric regions where Rap1 is

not bound (Lieb et al., 2001; Smith et al., 2003). A previous model proposed that Rif

proteins may be located only on the outer portion of the telomeric repeat tract (Wotton

and Shore, 1997). In contrast, in the model in Fig. 2-6 the Rif proteins can localize to a

telomere and exert their length-regulatory effects even in the complete absence of any

Rap1 C-terminal domain. An alternative mechanism, by which a very few tethered Rif

protein molecules could also cause the observed extreme telomere shortening is by

interaction of Rif proteins with telomere end-binding proteins. Subtelomerically-tethered

Rifl and Rif, would thus generate a fold-back structure, or possibly promote formation

of a t-loop (Fig. 2-6).

Higher order chromatin structure appears to be regulated by mechanisms that

*nsure domains of chromatin structure are stably established in a switch-like manner. Our

data support a model in which telomeric chromatin is formed by a nucleation and

S.Preading mechanism reminiscent of the establishment of silenced heterochromatin

initiated by yeast Sir proteins (Rusche et al., 2003). Rif proteins may play a comparable

*ole at telomeres to influence telomerase access (Fig. 2-6). The similarity between the

*hodes of length regulation in mammals (Ancelin et al., 2002; Smogorzewska et al.,

2000) and yeasts, and the existence of Rap1 and Rifl homologs in Schizosaccharomyces

Pombe (Kanoh and Ishikawa, 2001) and human cells (Li et al., 2000; Silverman, 2004;
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Xu and Blackburn, 2004), suggest that a similar nucleation and spreading mechanism

may operate at telomeres in higher eukaryotes.

Materials and Methods

Plasmids

Plasmids used to generate yeast strains with Gal4p UAS sites at the immediate

subtelomeric region of chromosome VIIL were derived from sp59 (Marcand et al., 1997).

First the BamhI/Notl fragment of sp59 was replaced with an oligonucleotide cassette

composed of ODL23 and ODL24 to generate p■ )L1 (plasmids and oligonucleotides used

in this study are in Supplementary Information for Chapter 2, Tables S2-1 and S2-2).

Next, the SacI/Notl fragment of pDL1 was replaced with an oligonucleotide cassette

composed of ODL68 and ODL69 to make plD1*. pUL1 * was digested with BamhI and

Galap UAS sites were cloned in as an oligonucleotide cassette composed of ODL95 and

ODL96. Integrating plasmids expressing GalAp DNA binding domain (GBD) fusions

were as follows: pKS403 GBD only under RIFI promoter (pDL116), prS403 GBD-Rifl

under RIFI promoter (pDL120), prS403 GBD only under RIF2 promoter (pDL114),

PRS403 GBD-Rif, under RIF2 promoter (pDL115), prS403 GBD only under RAP1

Promoter (pDL125), pRS403 GBD-Rap1 C-terminus (aa853-827) under RAP1 promoter

(PDL124). Similar constructs cloned into CEN ARS plasmids were also made

(Christianson et al., 1992): pKS413 GBD only under RIFI promoter (pEHB11094),

PRS413 GBD-Rifi under RIFI promoter (pEHB11088), prS414 GBD only under RIF2

Promoter (pDL56), pRS414 GBD-Rif- under RIF2 promoter (pDL47). Plasmids plL88

*nd pLL134 were used for making C-terminal fusions of PDZ to RAP1 and rap/AC

-:
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where PDZ is amino acids 471-753 from rat GRIP1 (Dong et al., 1999). For

overexpressing free PDZ domain, plasmid pLL142 was used and pLL141 served as the

vector only control in such experiments. Additional information about these plasmids and

others is listed in Supplementary Information for Chapter 2 (Table S2-1), and details

about their construction are available upon request.

Yeast strains and methods

Standard methods of yeast genetics and molecular biology were used. Yeast

strains used in this study are listed in Table 2-1. To generate strains (“counting-test

strains”) with subtelomeric Gal4p UAS sites at chromosome VIIL, S288C-BY4705a

CEHB11114) (Brachmann et al., 1998) was transformed with Sall/Not■ digested pLL1*,

pDL55, pIDL49, pIDL52, pIDL61, and pLL72 and selected for Ura-. Telomeric integrants

were verified by Southern blot. For Rifl tethering experiments, pIDL116 and pLL120

were digested with Bsu36I to loop in at the RIFI promoter. For Rif2 tethering, pI)L114

and pLL115 were integrated into the RIF2 3'UTR by digesting with AgeI. Counting of

Rap1 C-termini was done by transforming Eco47III-digested pLL125 and pLL124 to

integrate at his3A200. In all cases, His4 integrants were verified by diagnostic colony

PCR. Test strains for examining the effect of tethered Rifl, Rif, or Rap1 C-termini on

telomere length were passaged on plates or in liquid culture prior to measuring telomere

length by URA3 teloblot as described below (see Supplementary Information for Chapter

2 for a comparison of results obtained by passaging strains on plates versus in liquid

culture). For experiments in which GBD fusions were expressed off CEN ARS plasmids,

:
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pIDL47, pI)L56, pFHB11088, or pehB11094 were transformed into counting-test strains

and transformants were passaged in selective media either on plates or in liquid culture.

Gene deletions were done as described previously (Longtine et al., 1998).

Deletion of RIF1 was done by transformation with PCR product templated off pfa■ a

TRP1 using oligos ODL143 and ODL144. RIF2 disruption was with PCR product made

Off pHA6a-kanMX6 using ODL131 and ODL132. Deletion of RAD52 was done by

transformation with PCR product templated off pf/\6a-natMX4 (paG25) (Goldstein and

NMcCusker, 1999) using oligos ol.3029 and ol.3030. To introduce the rap 1AC mutation

CA1990-2481, Aaaé64-827), PCR product was made with ODL109 and ODL141

templated off pDL106. Leu- transformants were selected, and the mutation was verified

by diagnostic colony PCR and sequencing of the PCR product. The rap 1AC allele

introduces P662L and deletes aaé64-827 followed by TGA stop, 236 bp RAP1 3'UTR,

and LEU2; this allele is analogous to rap 1-17 but deletes the Rap1 C-terminus encoding

DNA (Graham et al., 1999; Kyrion et al., 1992). rap 1-17 was originally identified as an

intragenic suppressor of the temperature-sensitive rap 1-5 allele which encodes a mutant

Rap1 with a point mutation in the C-terminus. Since the rap 1-17 allele has a premature

stop codon preceding the rap I-5 lesion, rapl-17 encodes a C-terminally truncated protein

lacking the rap 1-5 mutation (Kyrion et al., 1992). The original rap 1-17 allele and our

rap 1AC allele encode the same truncated Rap1. They differ only in the sequence

clownstream of the stop codon; while rap 1AC coding sequence is followed immediately

by endogeneous RAP1 3'UTR sequence, rap!-17 coding sequence is followed by rap!-5

C-terminus encoding DNA. Hence, rap IAC cells express precisely the same truncated

version of Rap1 that is expressed in rap!-17 cells.

º
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Modification of the genetic background of counting-test strains (i.e. strains with

tethered Rifl, Rif2, or Rap1 C-termini) was done by mating to EHB11258 followed by

sporulation of the heterozygous diploid, dissection of tetrads, and selection of

spores/strains with the desired genotypes. Diploid strains EHB11351-11362 were made

by mating EHB11261, 11262, 11265, 11267, 11268, 11271, 11273, 11274, 11277,

11279, 11280, and 11283 to EHB11258, respectively, then selecting diploids, deleting

RAD52 as described above to make RAD52/radj2::natMX4, and verifying the deletion

and overall genotype by diagnostic colony PCR and checking all markers.

Strains overexpressing RIFI and RIF2 were generated as described previously

(Longtine et al., 1998). PCR product was made using ODL213 and ODL214 (for Gal

Rifl) and ODL215 and ODL216 (for Gal Rif2) templated off pHA6a-His3MX6-PGAL1.

PCR product was transformed into EHB 11256. Integration of the Gal promoter was

verified for His4 colonies by diagnostic colony PCR and sequencing of the PCR product.

EHB11298 and EHB11300 were sporulated and dissected on YP-galactose plates. Spores

were genotyped and passaged on YP-gal plates prior to examination of telomere lengths

by TG, a teloblots.

EHB 11200 was made by transforming EHB11188 with PCR product generated

off pDL88 with ODL184 and ODL141. This fuses PDZ to the C-terminus of RAP1

followed by two stop codons, CYC1 terminator sequence, and HIS3. EHB11201 was a

control strain consisting of RAP1 followed by two stop codons, the CYC1 terminator, and

HIS3; it was made by transforming EHB11188 with PCR product made from plL88 with

ODL142 and ODL141. EHB11205 was another control strain that expressed free PDZ

domain only from the RAP1 promoter and was made by digesting plL88 with Prml■ and
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looping the plasmid into a RAP1 promoter in EHB11188. For each strain, His4 integrants

were selected and verified by diagnostic yeast colony PCR and sequencing of the PCR

product as necessary. EHB11330 replaced the C-terminus of RAP1 with PDZ followed

by two stop codons, RAP1 3'UTR sequence, and LEU2. This strain was made by

transforming EHB11188 with PCR product made from plL134 with ODL109 and

ODL141. Leu- transformants were selected and verified by diagnostic yeast colony PCR

and sequencing of the PCR product. To make EHB11345 and EHB 1111349, EHB 11256

and EHB 11330, respectively, were made RAD52/radj2::natMX4 by deleting RAD52 as

described above; the deletion and genotype were verified by diagnostic colony PCR and

by checking all markers. Each diploid strain was sporulated and dissected at 23°C; spores

with the desired genotype were passaged on plates at 23°C prior to determining bulk

telomere lengths by TG, a teloblot.

Telomere Southern blots

To measure length of the URA3-marked chromosome VIIL telomere, an EcoRV

digestion of genomic DNA was done to generate a telomeric restriction fragment (Fig. 2

1a). A second, separate digestion of a portion of the DNA sample was done with EcoRV

and BamhI to excise a fragment containing the Galáp UAS sites, and BamhI was

inactivated with EDTA. The BamhI/EcoRV fragment served to verify that the expected

number of Gal4p UAS sites was present and that none had been lost through

recombination (Fig. 2-1a). These digests were mixed and run together in the same lane of

a 0.9% agarose gel along with a 607 bp fragment of URA3 generated by PCR (ODL185

and ODL186 templated off pDL1*). DNA was transferred to hybond N+ (Amersham
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Biosciences) and probed for URA3 with a random prime labeled URA3 PCR product

(ODL185 and ODL186 templated off pDL1*). Telomere lengths were measured using

ImageOuant (Molecular Dynamics). The peak position for each band was determined and

standardized across a given gel using the 607 bp URA3 band as a size standard. Next,

relative DNA lengths were converted to absolute lengths using a 1 kb DNA ladder

(Invitrogen) end-labeled with “P and run on the same gel. Finally, to obtain a peak

telomere length value (i.e. length of TG, a repeat tract), the size of the EcoRV/BamhI

band was subtracted from the size of the EcoRV band. Telomeres in which Galap UAS

sites had been lost as evidenced by a smaller than expected BamhI/EcoRV fragment

were excluded from these calculations. In some cases with URA3-marked telomeres in

long-telomere genetic backgrounds, splitting was observed where lengths broke out into

two distinct populations, one population comparable in length to genetically similar

isolates and one population that was much shorter (Fig. 2-1 m lanes marked t). The

frequency of such split telomeres was not dependent on the number of Galap UAS sites

nor on expression of any GBD fusion protein. These telomeres likely arose through the

process of telomeric rapid deletion (Li and Lustig, 1996). For the purpose of

quantification, the band corresponding to the longer population was used.

For Fig. 2-1b, EHB11273 – EHB11284 were passaged in liquid culture for 15

days in log phase prior to determining length of the URA3-marked telomere. In Fig. 2-1c,

GBD only or GBD-Rifl was expressed from the RIF1 promoter. Constructs were

integrated as a single copy at the RIF1 locus. Strains were passaged 15 days in liquid

culture prior to performing URA3 teloblots. For Fig. 2-1d, GBD only or GBD-Rif” was

expressed from the RIF2 promoter on a CEN ARS plasmid (pDL56 and pLL47,
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respectively), and strains were passaged 15 days in liquid selective media (SD-Trp). For

Fig. 2-1e, GBD only or GBD-Rap1 C-terminus was expressed from the RAP1 promoter.

Constructs were integrated as single copy at his3A200, and strains were passaged 15 days

in liquid culture. Additional information on experiments similar to those presented in Fig.

2-1b-e but conducted by passaging strains on plates instead of in liquid culture is

presented in Supplementary Information for Chapter 2.

In Fig. 2-1f, strains expressing GBD only or GBD-Rifl under the RIFI promoter

off a CEN ARS plasmid (pBHB11094 and pBHB11088, respectively) were made rifza

by transformation. Strains were passaged for three streaks on SD-His plates. Data for Fig.

2-1g-i were obtained similarly to Fig. 2-1c except that the genetic background of these

strains was altered as indicated and as described above (i.e. by mating to EHB11258,

sporulating, and dissecting), and strains were passaged three streaks on plates rather than

in liquid culture. Data for Fig. 2-1j-k were obtained similarly to Fig. 2-1d except that the

genetic background of these strains was altered as indicated, and strains were passaged

three streaks on SD-Trp plates rather than in liquid culture. For Fig. 2-1l-m, constructs

expressing GBD only or GBD-Rif2 from the RIF2 promoter were integrated as single

copy at the RIF2 locus. The genetic background of these strains was made riflA rap 1AC,

and strains were passaged three streaks on plates. Data for Fig. 2-4 were obtained

similarly to Fig. 2-1e except that the genetic background of these strains was altered as

indicated, and strains were passaged five to six streaks on plates rather than in liquid

culture.
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To measure bulk telomere lengths, genomic DNA was prepared, digested with

XhoI, run on a 0.8% agarose gel, transferred to hybond N+, and probed for TG13 with

*P-end-labeled ODL107.

Chromosome spreads

Chromosome spreads were prepared and Rap1 visualized by immunofluorescence

using a rabbit o-Rap1 antibody as previously described (Enomoto et al., 1997; Smith et

al., 2003). Slides were examined using a DeltaVision microscope system (Applied

Precision) with a 60x lens and 1.5x magnifier. Fields were pseudo-colored blue for DAPI

and green for FITC (O-Rap1). At least 50 spread nuclei were scored for each strain, and

the total number of Rap1 foci per nucleus was counted.
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Figure legends

Figure 2-1. Rifl and Rif” are counted differently and independently of the C-terminus of

Rap1 to regulate telomere length. (a) Diagram of URA3-marked chromosome VIIL.

UASG represents 0, 1, 2, 3, 4, or 6 Galap UAS sites that bind GBD alone or GBD fused to

Rifl, Rif2, or the Rap1 C-terminus. (b) Southern blot probed for URA3 to assess counting

of Rifl. GBD only (minus, -) or GBD-Rifl (plus, +) was expressed in strains with 0 - 4

Gal4p UAS sites. Each group of lanes represents three independent strain isolates. The

upper band in each lane is the EcoRV telomeric restriction fragment. The second band is

the EcoRV/BamhI fragment that contains the UASG sites and part of the URA3 gene. The

bottom band is a 607 bp fragment of URA3 included as a size standard. Marker sizes (bp)

are shown to the left of the gel. (c,d,e). URA3-marked telomere lengths were measured

as described in Materials and Methods and peak TG1.3 tract length plotted. Each data

point represents the average peak telomere length from three to six independent

experiments. Standard deviations are displayed and were less than 11 bp where not

visible. (f, g, h) Each data point represents the average peak telomere length from two to
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five experiments. Standard deviations are displayed and were less than 30 bp where not

visible. (i) Rifl counting Southern blot in a rif”A rap 1AC background. Symbols and

bands are as described in (b). The lane marked with an asterisk represents a strain in

which two Galap UAS sites recombined out. Recombinational loss of UASG sites was

periodically observed in all experiments, and such telomeres were excluded from length

calculations. (j, k, l) Each data point represents the average peak telomere length from

two to four experiments, and standard deviations were less than 12 bp (j), 70 bp (k), or 34

bp (1) where not visible. (m) Southern blot examining Rif., counting in a riflA rap 1AC

background. GBD only (minus, -) or GBD-Rif2 (plus, +) was expressed in riflá rap 1AC

strains with 0, 1, or 4 UASG sites. Bands are as described in (b). Lanes marked with t are

examples of "split" telomeres arising from telomeric rapid deletion (Li and Lustig, 1996);

the upper band was used for quantification in each case.

Figure 2-2. Rifl and Rif., can act independently of each other and the C-terminus of

Rap1. Southern blot examining changes in bulk telomere length when Rifl or Rif, is

overexpressed in different genetic backgrounds. EHB11256, EHB11298, and EHB11300

(see Table 2-1) were sporulated, dissected on YP-galactose plates, and passaged three

streaks on YP-galactose plates. Strains express RIFI or RIF2 under either their

endogeneous promoters (minus, -) or under the GAL1 promoter (plus, +). Each set of

lanes represents two or three independent spores. Marker sizes (bp) are shown to the left

of each gel.
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Figure 2-3. Rap1 foci no longer cluster in the absence of the C-terminus of Rap1.

Chromosome spreads were prepared for wild-type, rap 1AC, and rap 1AC rifl/A rifz/A

cells, and Rap1 was visualized by immunofluorescence. DAPI is pseudo-colored in blue

and Rap1, in green. Two representative spreads for each strain are shown. The number of

Rap1 foci per spread nucleus was counted for approximately 50 nuclei per strain, and

average number of foci with standard deviation plotted.

Figure 2-4. Rap1 C-terminus counting is dependent on Rifl and Rif2. Southern blot

probed for URA3 examining Rap1 C-terminus counting in different genetic backgrounds.

Each data point represents the average peak telomere length from two to three

independent experiments. Standard deviations are displayed and were less than 26 bp

where not visible for riflA, rifz/A, and riflA rifz/A, and less than 55 bp for rap 1AC.

Figure 2-5. PDZ-mediated protein interactions at the telomere confer telomere length

regulation. (ai) The upper diagram depicts wild-type Rap1 with its central DNA binding

domain (DBD), and C-terminal domain (amino acids 653-827) that interacts with the Rif

proteins. Shown below is rap1ACp, and rap1AC-PDZp in which the C-terminus of Rap1

is replaced with PDZ456 from rat GRIP1. (aii, aiii) Speculative model of the result.

rap1ACp, partial circle; telomeric cap, crescent; PDZ domain, triangle. In rap 1AC cells,

telomeres are long and expression of free PDZ has no effect on length. Fusion of PDZ to

rap1ACp may cause the telomere to assume a closed structure mediated by homomeric

PDZ interactions, and telomeres equilibrate around a shorter length. (b, c, d) Southern

blots probed for bulk telomere lengths. Marker sizes (bp) are shown to the left of each
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gel. Wild-type Y' telomeres run as 1.2 kb XhoI fragments on these teloblots. For (b),

heterozygous diploid strains expressing rap 1AC (EHB 11256) or rap 1AC-PDZ

(EHB11330) were sporulated, dissected, and resulting strains passaged five streaks at

23°C. Each set of lanes represents three independent isolates. In (c), two strains each of

rap 1AC and rap 1AC-PDZ were passaged two or five streaks. For (d), one isolate each of

rap 1AC and rap 1AC-PDZ in a rifl/A rifz/A background was transformed with a plasmid

overexpressing free PDZ domain (pDL142) or a control plasmid (pDL141) and selected

on –ura plates. Two transformants for each were passaged five streaks on selective media

plates.

Figure 2-6. Models for the mechanism of Rif protein action. rap1ACp, partial circle;

telomeric cap, crescent. UASG represents a single GalAp UAS site bound by GBD fused

to an oval-shaped Rif protein. The oval represents either a single Rif protein or a Rif

molecule associated with additional proteins. rap 1AC telomeres are long but tethering a

single Rif protein dramatically curtails lengthening. One model is that the single tethered

Rif molecule recruits additional Rif proteins and/or other telomeric factors, and the

protein complex nucleated by the tethered Rif protein spreads throughout the

chromosome end. Also depicted is the idea that Rif proteins, with or without additional

factors, engage in Rap1-independent associations with the telomere. A second model is

that the single tethered Rif protein associates with the cap. This generates a structure that

blocks telomerase access or activity, and telomere lengths therefore equilibrate shorter.

56



Table 2-1. Yeast strains used in Chapter 2.

EHB11114
EHB11125
EHB11126
EHB11127
EHB11128
EHB11129
EHB11130
EHB1 1.188

EHB 11200
EHB 11201
EHB11205
EHB 11256

EHB1 1258

EHB11259

EHB 11261
EHB11262
EHB11263
EHB 11264
EHB11265
EHB11266
EHB11267
EHB 11268
EHB 11269
EHB 11270
EHB 11271
EHB 11272
EHB 11273
EHB11274
EHB11275
EHB 11276
EHB11277
EHB11278
EHB 11279
EHB11280
EHB11281
EHB1 1282
EHB11283
EHB11284

MATa ade2A::hisG his3A200 leu2A0 lys2A0 met 15A0 trp 1A63 ura■ A0
EHB11114 except adhá::URA3-TEL-VIIL
EHB11114 except adh4::
EHB11114 except adhá::
EHB11114 except adh4::
EHB11114 except adh-4::
EHB11114 except adh-4::

URA3-(UASC),-TEL-VIIL
URA3-(UASC),-TEL-VIIL
URA3-(UASC),-TEL-VIIL
URA3-(UASC), TEL-VIIL
URA3-(UASC), TEL-VIIL

MATa/o ade2A::hisG/ade2A::hisG his 3A200/his 3A200 leu2A0/leu2A0
lys2A0/lys2A0 met I5A0/met15A0 trp 1A63/trp1A63 ura■ A0/ura■ A0
RIFI/rifl:TRP1 RIF2/rifz:kanMX6
EHB11188 except RAP1/RAP1-PDZ-HIS3
EHB11188 except RAPI/RAP1-HIS3
EHB11188 except RAP1/RAP1::pDL88(Pml■ )-RAP1
MATa/o ade2A::hisG/ade2A::hisG his 3A200/his 3A200 leu2AO/leu2A0
lys2A0/lys2A0 met/5A0/met15A0 trp 1A63/trp1A63 uraj A0/ura■ A0
RIFI/rifl::TRP1 RIF2/rifz::kanMX6 RAP1/rap IAC-LEU2
MATo ade2A::hisG his3A200 leu2A0 lys2A0 met/5A0 trp 1A63 ura■ A0
rifl::TRP1 rifz::kanMX6 rap IAC-LEU2
MATa ade2A::hisG his3A200 leu2A0 lys2A0 met 15A0 trp 1A63 ura■ A0
rifl::TRP1 rifz::kanMX6 rap 1AC-LEU2
EHB11125 except RIF2:
EHB11126 except RIF2:
EHB11127 except RIF2::
EHB11128 except RIF2::RIF2-pdL114(Agel)
EHB11129 except RIF2:
EHB11130 except RIF2::
EHB11125 except RIF2:
EHB11126 except RIF2:
EHB11127 except RIF2::
EHB11128 except RIF2:
EHB11129 except RIF2::
EHB11130 except RIF2:
EHB11125 except RIF1:
EHB11126 except RIF1:
EHB11127 except RIF1:
EHB11128 except RIF1:
EHB11129 except RIF1:
EHB11130 except RIF1:
EHB11125 except RIF1:.
EHB11126 except RIF1:.
EHB11127 except RIF1:.
EHB11128 except RIF1:.
EHB11129 except RIF1:
EHB11130 except RIF1:

:RIF2-pDL114(Agel)
:RIF2-pdl.114(Agel)
RIF2-pdl.114(Agel)

:RIF2-pDL114(AgeI)
RIF2-pDL114(AgeI)

:RIF2-pdl.115(Age1)
:RIF2-pdL115(Agel)
RIF2-pDL115(Age1)

:RIF2-pdL115(AgeI)
RIF2-pdL115(Agel)

:RIF2-pdL115(Agel)
:p/)L116(Bsu561)-RIFI
spDL116(Bsu361)-RIFI
‘pbL116(Bsu■ 61)-RIF1
spDL116(Bsu361)-RIFI
‘pbL116(Bsu361)-RIFI
spDL116(Bsu361)-RIFI
pDL120(Bsu361)-RIFI
pDL120(Bsu361)-RIFI
pDL120(Bsu■ 61)-RIFI
pDL120(Bsu561)-RIFI
spDL120(Bsu361)-RIFI
spDL120(Bsu36I)-RIFI
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EHB1 1298
EHB11300
EHB11308
EHB 11309
EHB11310
EHB11311
EHB11312
EHB 11313
EHB11314
EHB1 1315
EHB11316
EHB11317
EHB11318
EHB11319
EHB 11330
EHB11345
EHB1 1349
EHB 11351
EHB1 1352
EHB1 1.353
EHB11354
EHB 11355
EHB11356
EHB11357
EHB11358
EHB11359
EHB1 1360
EHB1 1361
EHB1 1362

EHB11256 except HIS3-Poº-RIFI/rifl:TRPI
EHB11256 except HIS3-Poº-RIF2/rifz::kanMX6
EHB11125 except his3A200:
EHB11126 except his3A200:
EHB11127 except his3A200:
EHB11128 except his3A200:
EHB11129 except his3A200:
EHB11130 except his3A200:
EHB11125 except his3A200:
EHB11126 except his3A200:
EHB11127 except his3A200:
EHB11128 except his3A200:
EHB11129 except his3A200:
EHB11130 except his3A200:

spDL125(Eco47III)-his3A200
pl)L125(Eco47III)-his?A200
:pDL125(Eco47III)-his3A200
:pl)L125(Eco47III)-his?A200
spDL125(EcoA7III)-his?A200
pl)L125(Eco47III)-his3A200
spDL124(EcoA7III)-his3A200
spDL124(Eco47III)-his3A200
pl)L124(Eco47III)-his?A200
:pDL124(Eco47III)-his3A200
:pl)L124(Eco47III)-his?A200
p1)L124(EcoA7III)-his?A200

EHB11188 except RAP1/rap 1AC-PDZ-LEU2
EHB11256 except RAD52/radj2::natMX4
EHB11330 except RAD52/radj2::natMX4
EHB11261 X EHB11258 except RAD52/radS2:
EHB11262 X EHB11258 except RAD52/radj2:
EHB11265 X EHB11258 except RAD52/radj2:
EHB11267 X EHB11258 except RAD52/radj2:
EHB11268 XEHB11258 except RAD52/radS2:
EHB11271 X EHB11258 except RAD52/radj2::
EHB11273 X EHB11258 except RAD52/radj2:
EHB11274 X EHB11258 except RAD52/radj2:
EHB11277 X EHB11258 except RAD52/radj2:
EHB11279 X EHB11258 except RAD52/radj2:
EHB11280 X EHB11258 except RAD52/radj2::
EHB11283 X EHB11258 except RAD52/radj2::

:natMX4
:natMX4
:natMX4
:natMX4
:natMX4
nat■ MX4

:nat/MX4
:natMX4
:natMX4
:natMX4
nat■ MX4
nat■ /MX4
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Figure 2-1
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Figure 2-2
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Figure 2-3
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Figure 2-5
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Figure 2-6
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Supplementary Information for Chapter 2

Strain passaging on plates versus in liquid culture and "jumpy” telomeres

When examining counting of Rifl and Rif) in a wild-type background, telomere

length changes were relatively small. If we passaged counting-test strains on plates to

allow for length equilibration, we frequently observed strains in which the URA3-marked

telomere, both bound and not bound by GBD fusion protein, was much longer than in

other, genetically identical isolates (data not shown). Looking at groups of three or four

genetically matched strains, we observed that in anywhere from 10-30% of the samples,

one telomere in a group was longer by greater than three standard deviations from the

average length of the group. These "jumpy" telomeres were apparently a result of clonal

selection on plates, because they were not detected when counting-test strains were

passaged in liquid culture. Similar observations have been made previously where

different clonal populations have varied telomere lengths, and these lengths become more

heterogeneous and overlapping upon passaging in liquid culture (Shampay and

Blackburn, 1988). These data suggest that telomerase activity on a given telomere results

in a burst of elongation and that such elongation occurs not on all ends during each round

of DNA replication but perhaps either stochastically or only on those that are critically

short. As has been previously proposed (Blackburn, 2000; Marcand et al., 1999; Teixeira

et al., 2004), a telomere, especially a short one, may undergo a structural change that

allows telomerase to add a stretch of telomeric sequence and bring that telomere out of

the critically short range.
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rapl/\C versus rapl-17

Our results showing that the Rif proteins can act independently of the C-terminus

of Rap1 to shorten telomeres were somewhat surprising given the previous genetic

studies with rap 1-17 and the Rif proteins (Wotton and Shore, 1997), although it had been

observed that the X class of telomeres in yeast are longer in tell rifl rap 1-17 and tell rifl

rifz strains than in tell rap 1-17 (Craven and Petes, 1999). We found that in both riflA

rifz■ and riflA rifza rap 1AC, bulk telomere elongation, which was similar between the

two strains, was more rapid and extensive than in rap 1AC (data not shown and Fig. 2-5b).

The discrepancy between the results obtained with rap 1-17 and rap 1AC may result from

the fact that the rap 1AC allele we used in our overexpression and tethering experiments

differs from rap 1-17 (see Materials and Methods). rap 1AC introduces point mutation

P662L also present in rap 1-17 but, instead of the nonsense mutation that replaces amino

acid 664 in rap 1-17, genomic sequence encoding amino acids 664-827 is deleted in

raplaC (Kyrion et al., 1992). As a result, our rap 1AC allele is followed immediately by

endogeneous RAP1 3'UTR sequence. It is important to note, however, that rap 1AC cells

express precisely the same truncated version of Rap1 that is expressed in rap I-17 cells.

As previously observed for rap 1-17, the doubling time of rap 1AC was approximately

twice that of wild-type at 30°C (although the growth rate of wild-type and rap/AC strains

was comparable at 23°C). However, rap 1AC telomeres did not elongate as extensively as

in rap 1-17 cells (data not shown). Although a difference in strain backgrounds may

contribute to this (rap1-17 is in W303 and rap 1AC was made in S288C), we also found

that rap1-17p levels were significantly lower than wild-type Rap1 levels, as previously

observed (Kyrion et al., 1992), whereas rap1ACp levels were similar to wild-type
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(Supplementary Information for Chapter 2, Fig. S2-2). We suggest that this difference in

proteins levels could be due to the different sequences 3' to the stop codon. Hence, the

telomere length phenotype of the original rap!-17 may result from a combination of the

lower protein level of truncated Rap1 as well as its lack of the C-terminus.

RAP1-PDZ confers telomere length regulation in the absence of the Rif proteins

In addition to making rap 1AC-PDZ (Fig. 2-5), we also fused PDZ to the C

terminus of full-length Rap1. These results were complicated by the fact that strains

expressing the RAP1-PDZ fusion had a modest growth defect, having a doubling time

about twice that of wild-type and comparable to rap 1AC. At 30°C the RAP1-PDZ strain

showed some colony size heterogeneity that was largely eliminated by growth at 23°C, so

strains were passaged and grown at 23°C. Where examined, results obtained at 23°C and

30°C were comparable. We looked at bulk telomere lengths in wild-type, riflA, rifz/A,

and riflA rifz/A strains one and five streaks after sporulation and dissection. Expression of

PDZ domain alone under the RAP1 promoter had little effect on telomere length in any of

these genetic backgrounds. This result is consistent with our PDZ overexpression

experiments showing that PDZ itself does not block telomere lengthening (Fig. 2-5d and

Supplementary Information for Chapter 2, Fig. S2-4). As a control for any length effects

due to integration of exogeneous sequence at the 3’ end of RAP1, the same construct used

for making RAP1-PDZ but lacking the PDZ domain was integrated at the RAP1 locus

(referred to as “RAP1 control”). The RAP1 control strain had a slight growth defect and

caused slight telomere elongation. The integrated construct was sequenced and found to

have no sequence errors. Rap1 levels were comparable in this strain and a wild-type
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strain, indicating that length differences were likely not due to altered overall protein

levels (Supplementary Information for Chapter 2, Fig. S2-3). This construct made use of

the CYC1 terminator rather than endogeneous RAP1 terminator sequence. We surmise

that the 3’ UTR of RAP1 contains regulatory elements important for proper Rap1

expression. For instance, in our strain cell cycle regulated expression of Rap1 might be

disturbed, or mRNA transcript localization could be perturbed. The influence of the

RAP1 3’ UTR on expression was also previously suggested by our observation that rap 1

17 with a premature stop codon shows much reduced protein levels relative to wild-type

(see above). Regardless of the explanation, we were able to interpret the following results

by directly comparing telomere lengths in the RAP1-PDZ fusion strain to the RAP1

control strain.

Heterozygous diploid strains with approximately wild-type length telomeres were

sporulated and dissected, and selected spores were passaged on plates to allow telomeres

to grow to their equilibrium lengths prior to performing Southern blots. In all genetic

backgrounds examined, RAP1-PDZ curtailed telomere lengthening (Supplementary

Information for Chapter 2, Fig. S2-4). The effect was small but reproducible even in the

presence of Rifl and Rif2. In riflá and rifza, RAP1-PDZ telomeres were significantly

shorter than in the RAP1 control, especially in riflA cells. Telomere lengths in the RAP1

PDZ strains were unchanged between the first and fifth streaks showing that lengths were

stable and had equilibrated. Furthermore, the fact that lengths did not increase between

the first and fifth streaks demonstrates that RAP1-PDZ strains did not have shorter

telomeres as a result of reduced cell growth rate. Rap1-PDZ also blocked telomere over

elongation in the riflA rifza strain background. Although telomeres were still growing
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longer between the first and fifth streaks, lengths had equilibrated by the fifth streak (data

not shown). In addition, we found that overexpression of free PDZ domain caused RAP1

PDZ telomeres to lengthen in both a rifl/A and rifl/\ rifz/A background (data not shown),

further supporting the idea that it is PDZ-mediated protein interactions that regulate

length in these RAP1 fusion strains.

Rap1 fusion proteins that do not lead to shorter telomeres

We considered the possibility that the Rap1-PDZ fusions may act by simply

sterically blocking telomerase access to the end. However, such a model is not supported

by our results with free PDZ overexpression (Fig. 2-5d and Supplementary Information

for Chapter 2, Fig. S2-4) and by the observation that various other Rap1 fusions do not

cause telomere shortening. For example, when we fused GBD at the C-terminus of the

endogeneous RAP1 locus such that Rap1-GBD was the only form of Rap1 expressed in

the cell, this strain actually had slightly elongated telomeres (data not shown).

Additionally, N-terminally fused GFP-Rap1 expressed from the endogeneous RAP1 locus

did not change telomere length. Since both GBD and GFP are similar in size to PDZ yet

do not result in shorter telomeres, the ability of Rap1-PDZ to curtail telomere over

elongation is specific, and simply placing any exogeneous protein at the end of the

telomere is not sufficient to nonspecifically block telomerase access. These examples

with GBD and GFP also show that recruitment of other exogenous, unrelated proteins to

the end of the telomere does not directly inhibit telomerase activity.
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Supplementary Figure Legends for Chapter 2

Figure S2-1. Negative telomere length regulation by tethered Rif proteins and by PDZ

mediated protein interactions is not dependent on RAD52. (a,b) EHB11351-11362 (see

Table 2-1 in the main text) were sporulated and dissected. Spores with the desired

genotypes were passaged two streaks on YPD plates at 30°C. URA3-marked telomere

lengths were measured as described in Materials and Methods and peak TG, a tract length

plotted. The genetic background for each set of experiments is indicated at the top of each

bar graph. For (a), GBD only or GBD-Rifl was expressed from the RIFI promoter;

constructs were integrated as a single copy at the RIF1 locus. Each data bar represents the

average peak length from two to three independent spores. Standard deviations are

displayed and were less than 17 bp where not visible. In (b), GBD only or GBD-Rif2 was

expressed from the RIF2 promoter; constructs were integrated as a single copy at the

RIF2 locus. Each data bar represents the average peak length from two to three

independent spores. Standard deviations are displayed and were less than 34 bp where not

visible. Note in the rap 1AC rifl/A graph that average peak length was not determined for

radj2A cells with one UASG site expressing GBD only. (c) Southern blot probed for bulk

TG13 telomere lengths as described in Materials and Methods. Marker sizes (bp) are

shown to the left of the gel. EHB11345 and EHB11349 were sporulated and dissected at

23°C on YPD plates. Resulting strains with the indicated genotypes were passaged two

streaks at 23°C on YPD plates. Each set of lanes represents three to four independent

isolates.
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Figure S2-2. Levels of rap 1ACp are comparable to wild-type while rap 1-17p levels are

much reduced. 5ml YPD cultures of the indicated strains were grown at 23°C and

harvested; W303 rap I-17 is AJL440-1c from Arthur Lustig. Lysates were prepared by

bead beading in 20mM Tris-HCl pH7.4, 7M urea, 2M thiourea, 4% CHAPS, 1% DTT,

and 1 mM PMSF. Lysates were cleared by centrifugation and 40pg of each lysate were

loaded in duplicate on 10% SDS-PAGE gels and transferred to hybond P (Amersham

Biosciences). Blots were probed with polyclonal O-Rap1 antibody (a gift from Judith

Berman) and developed with ECL plus kit (Amersham Biosciences). Blots were then

striped and reprobed with o-PGK antibody (anti-3-phosphoglycerate kinase antibody

from Molecular Probes) as a loading control.

Figure S2-3. Levels of Rap1-PDZ and rap1AC-PDZ are comparable to wild-type Rap1

levels. The indicated strains were processed as described in the legend for Fig. S2-2

above.

Figure S2-4. PDZ-mediated protein interactions at the telomere confer length regulation.

(a, b, c, d) Heterozygous diploid strains expressing PDZ456 domain only of rat GRIP1

(EHB11205), RAP1 integration control (EHB11201), or RAP1-PDZ (EHB11200) were

sporulated and dissected at 23°C. Spores were genotyped and passaged on YPD plates at

23°C for one and five streaks as indicated. Bulk TG, a telomere lengths were assayed as

described in Materials and Methods. Each set of lanes represents two independent spores.

Strain background with respect to RIF1 and RIF2 is indicated at the top of each blot.

Marker sizes (bp) are shown to the left of each gel. (e) One spore each of raplaC and
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rap1AC-PDZ in the wild-type or rifl/A rifza background were selected from the

sporulation and dissection described in the legend for Figure 2-5b. They were

transformed with a plasmid overexpressing free PDZ domain (pDL142) or a control

plasmid (pDL141) and selected on —ura plates. Three transformants for each were

passaged on selective media plates for five streaks and bulk TG1.3 telomere lengths were

measured. Marker sizes (bp) are shown to the left of the gel.

Table S2-1. Plasmids used in Chapter 2.

º (GAL4 1-441) TGA RAPI 3'UTR (320bp
downstream)

sp59 pSall-Sphl-adhá::URA3-TEL(81bp)-EcoRI-Not■ (Marcand et
al., 1997)

pDL1 pSall-Sphi-adh4::URA3-BamhI-KpnI-SacI- This study
TEL(29bp)-Not■

pDL1* pSall-Sphi-adh4::URA3-BamhI-KpnI-SacI- This study
TEL(81bp)-Not■

pDL55 pSall-Sphl-adh4::URA3-1xUASgal4-BamhI-KpnI- This study
SacI-TEL(81bp)-Not■

pDL49 pSall-Sphl-adha::URA3-2xUASgal4-BamHI-KpnI- This study
SacI-TEL(81bp)-Not■

pDL52 pSall-Sphl-adha::URA3-3xUASgal4-BamhI-KpnI- This study
SacI-TEL(81bp)-Not■

pDL61 pSall-Sphi-adh4::URA3-4xUASgal4-BamhI-KpnI- This study
SacI-TEL(81bp)-Not■

pDL72 pSall-Sphi-adh4::URA3-6xUASgal4-BamHI-KpnI- This study
SacI-TEL(81bp)-Not■

pDL116 | prS403 RIF1 promoter (686bp upstream) GBD This study
(GAL4 1-441) TGA RIFI 3'UTR (93bp downstream)

pDL120 pRS403 RIFI promoter (686bp upstream) GBD This study
(GAL4 1-441) RIFI ORF (1-5751) RIFI 3'UTR
(103bp downstream)

pDL114 pRS403 RIF2 promoter (703bp upstream) GBD This study
(GAL4 1-441) TAA RIF23'UTR (408bp downstream)

pDL115 pKS403 RIF2 promoter (703 upstream) GBD (GAL4 This studyº 1-441) RIF2 ORF (1-1188) RIF23'UTR (408bpdownstream)
pRS403 RAP1 promoter (686bp upstream) GBD This study
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pDL124 prS403 RAP1 promoter (686bp upstream) GBD This study
(GAL4 1-441) RAP1 C-terminus (1957-2484, aaô53
827) RAP1 3'UTR (320bp downstream)

pDL106 | prS405 rap 1-17 fragment (1386-1990, C1985T = This study
P662L) TGA RAP1 3'UTR (236bp downstream)

pDL47 pRS414 RIF2 promoter (703bp upstream) GBD This study
(GAL4 1-441) RIF2 ORF (1-1188) CYC1 terminator

pDL56 | pKS414 RIF2 promoter (703bp upstream) GBD This study
(GAL4 1-441) CYC1 terminator

pEHB pRS413 RIF1 promoter (686bp upstream) GBD This study
11088 (GAL4 1-441) RIF1 ORF (1-5751)
pDL88 pRS403 RAP1 promoter (1029bp upstream) ATG This study

PDZ (TAA), CYC1 terminator
pDL134 pRS415 rap 1-17 fragment (1386-1990, C1985T = This study

P662L) PDZ (TAA), RAPI 3'UTR (236bp
downstream)

pEHB pRS413 RIF1 promoter (686bp upstream) GBD This study
11094 (GAL4 1-441)
pDL141 | pKS426 ADH1 promoter This study
pDL142 pRS426 ADH1 promoter ATG PDZ (TAA), CYC1 This study

terminator

PDZ = rat GRIP1 PDZ456 (aa-371-753) (Dong et al., 1999)

Table S2-2. Oligonucleotides used in Chapter 2.

ODL23 || 5’ GATCC9gtaccgagctoGGGTGTGTGGGTGTGTGGGTGTGGGTGTGC3’
ODL24 || 5’ GGCCGCACACCCACACCCACACACCCACACACCCgagctoggtaccG3'
ODL68 || 5’ggccg.cgcgggagctcGTGTGTGGGTGTGGGTGTGGGTGTGTGGGTGTG

TGGGTGTGTGGGTGTGGGTGTGGTGTGGGTGTGGTGTGGGTGTGGTGGgcgg
ccgcggcggcgcgg3’

ODL69 |5’ccgcgc.cgccg.cggccgcCCACCACACCCACACCACACCCACACCACAC
CCACACCCACACACCCACACACCCACACACCCACACCCACACCCACACAC9a
gctoccgcgcggcc3’

ODL95 || 5’ GATCTCGGAGGACAGTCCTCCGG3”
ODL96 || 5’ GATCCCGGAGGACTGTCCTCCGA3”
ODL107 || 5’ TGTGGTGTGTGGGTGTGGTGT3”
ODL109 || 5’ggaagatcacttatcacag■ ’
ODL131 || 5’ GTACGAATATAGATATAAATACGAACGTGGTTAGTATATAGAGACAggt

cgacggatccccgggtts’
ODL132 5’ CGCACCAGCAACCAAATCCAAGTCCTAGTCAAAAAAAAAGCAGTATTGG

togatgaattegagctcgtts’
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ODL141 5’ GAAATAAAGGAGTAAAATAAGTTAAACAATGATGTTACTTAATTCAATT
ACagattgtactgagagtgcacs’

ODL142 5’gaactggtagaatggaaatgaggaaaagattttttgagaaggacctgtt
aTAATAAGAATTCGATATCAAG3?

ODL143 5’ GTTATTACAGGATTGCCATTGCAAAATCGTTTTTGTGGTCAATTTGCAg
gtogacggatccccgggtts’

ODL144 5’ GATTTTATTATTGTAATTAATTTATTGCCATTTTGATCTATTCTACATA
CTAACAAtcgatgaattegagctogtt:3’

ODL184 5’gaactggtagaatggaaatgaggaaaagattttttgagaaggacctgtt
aAtggaggttgtgctgacggctg3’

ODL185 5’gactgatttttcCatggagggis’
ODL186 5’ gttttgctggccgcatcttc3’
ODL213 5’ GAGCGATTTGAGGCAATTCGTCGGCATCAGTACCTAAGGAGATAAAAGT

Ggaattcgagctogtttaaac 3’
ODL214 5’ctgatcaattcgatctatogtatgtttctttttatctgaaaaatctttc

gaCATTTTGAGATCCGGGTTTT3’
ODL215 5’ACAGATATGTACAGAAGGGATCTTCTTAACCATCAATTTCAATAAGTTA

GgaattcgagctC9tttaaacs’
ODL216 5’ caacaacctttttcgatctocttataggtgcaaaatcggaatctacatg

citcCATTTTGAGATCCGGGTTTT3”
O13029 5'AAGAACTGCTGAAGGTTCTGGTGGCTTTGGTGTGTTGTTGggtogacgg

atccccgggtts'
O13030 5'AATGATGCAAATTTTTTATTTGTTTCGGCCAGGAAGCGTTtcgatgaat

togagctogtt:3'
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Figure S2-2
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Figure S2-4
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Introduction

Proper regulation of chromosomal DNA by chromosome-associated proteins is

essential for many cellular processes. Proteins like condensins help histones keep the

entire genome in a highly compacted state throughout most of the cell cycle allowing for

the stable maintenance of a large amount of genetic information within the relatively

small volume of the cell nucleus (Hirano, 2005). Proteins that are part of this compacted

chromatin structure ensure that the genome is faithfully and completely replicated prior to

cell division (Johnson and O'Donnell, 2005). Cohesins among other proteins ensure

mechanics of chromosome segregation so that each daughter cell receives one and only

one copy of each replicated chromosome (Uhlmann, 2004). Chromatin structure

determines the timing and level of expression of every gene in the genome (Rusche et al.,

2003). Chromatin is also critically important in processes such as DNA repair, DNA
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recombination, and meiosis (Baarends and Grootegoed, 2003; Downs and Cote, 2005;

Osipovich et al., 2004).

Structural studies on the core components of chromatin have yielded a wealth of

data that inform these varied cellular processes. Condensin structures revealed how these

proteins massively compact DNA (Hirano, 2006). Biochemical studies on cohesins

showed how these proteins may provide a topological link between sister chromatids

(Uhlmann, 2004). Thorough in vitro characterizations of nucleosomes have provided

much information on the mechanisms of gene regulation and have led to new models of

how histone modifications and incorporation of variant histones into chromatin can

regulate gene expression patterns on a mechanistic level (Koriakov, 2006; Woodcock,

2006).

Telomeres represent a unique chromatin domain at the ends of chromosomes that

have not yet been fully characterized on a structural level. While telomeres are at least in

part non-nucleosomal, our knowledge of chromatin structure and regulation throughout

the rest of the genome may inform our studies and understanding of telomeric chromatin

structure. Telomeric DNA is made up of a short repeated sequence that is typically TG

rich (Fajkus et al., 2005). The sequence of this repeat in the telomeres of a given

organism is determined by the ribonucleoprotein complex telomerase (Greider and

Blackburn, 1985). The telomerase holoenzyme contains an RNA component and a

protein component that acts as a reverse transcriptase (Greider and Blackburn, 1987). The

reverse transcriptase uses a short sequence within the telomerase RNA as a template for

addition of telomeric DNA to the ends of chromosomes (Greider and Blackburn, 1989).

The sequence of this template determines the sequence of the telomeric DNA.
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How the number of telomeric repeats and hence telomere length are regulated is

complex, and thus less well understood. Telomeres are maintained within a relatively

narrow yet often heterogeneous length range (Shampay and Blackburn, 1988). Telomeres

shorten through incomplete replication of chromosome ends by the conventional DNA

replication machinery due to the end replication problem as well as through the action of

nucleases. Telomerase counteracts this shortening. Average telomere length varies

between different organisms, and this is likely strongly influenced by the specific

proteins that localize to telomeres and the resulting protein/DNA structures that form

(Hug and Lingner, 2006). Current data support a model of telomere length regulation

whereby shortened telomeres assume a structure on which telomerase is able to act while

sufficiently elongated telomeres take on a different structure on which telomerase does

not act (Marcand et al., 1999; Teixeira et al., 2004). Human and now other telomeres

have been observed to form a t-loop structure whereby the terminal single-stranded 3’

end of the chromosome folds back and invades more inward duplex telomeric DNA

sequence (Griffith et al., 1999). It has been proposed that when the telomere end becomes

too short the t-loop structure is disrupted, making the end accessible for telomerase to

bind and add telomere sequence, although this has not been directly demonstrated.

A number of telomeric proteins that regulate telomere length have been identified

in the budding yeast Saccharomyces cerevisiae. The DNA of yeast telomeres is

composed of a degenerate repeat sequence TG13 (Shampay et al., 1984). Rap1 is the

major double-stranded telomeric DNA binding protein in yeast (Conrad et al., 1990;

Shore and Nasmyth, 1987). While Rap1 has an essential function as a transcriptional

regulator of a number of genes, it also has a critical role in regulating telomere length.
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Telomeres become extremely elongated in a rap 1AC mutant strain (Kyrion et al., 1992)

as well as in strains where the template region of the telomerase RNA has been mutated

to create telomeres with reduced binding affinity for Rap1 (McEachern and Blackburn,

1995; Prescott and Blackburn, 1997; Prescott and Blackburn, 2000). These data

established Rap1 as a negative regulator of telomere length. Rifl and Rif2 are two

proteins that interact with the C-terminus of Rap1 in a two-hybrid screen assay (Hardy et

al., 1992; Wotton and Shore, 1997). Deletion of the RIFI or RIF2 genes individually

causes telomere elongation, and deleting both has a synergistic effect on telomere length

(Wotton and Shore, 1997). Rap1, Rifl, and Rif2 localize to telomeres (Bourns et al.,

1998; Lieb et al., 2001; Smith et al., 2003).

What is the mechanism of telomere length regulation in yeast? In experiments

where a specific number of Rap1 molecules were targeted to a given telomere, the length

of the native telomeric tract of that telomere shortened directly proportionally to the

number of targeted Rap1 molecules. A Rap1 counting model of telomere length

regulation was proposed whereby length of the telomeric DNA is sensed by the number

of bound Rap1 molecules (Marcand et al., 1997). We showed that Rifl and Rif2 are

counted to regulate telomere length similarly to Rap1 and that counting of Rap1 is

completely dependent on the presence of Rifl and Rif” (Chapter 2 of this thesis). We also

demonstrated that Rifl and Rif., in addition to negatively regulating telomere length

through Rap1, also regulate telomere length through a pathway that is not dependent on

the C-terminus of Rap1. Taking together all the evidence, we proposed a Rif protein

counting model of telomere length regulation (Chapter 2 of this thesis).
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Experiments suggest that telomere length in yeast is regulated at the level of

telomere structure (Teixeira et al., 2004). In addition to playing a role in regulating

telomere length, proper telomere structure is important for the protection of chromosome

ends. Telomere structure protects DNA ends from inappropriate recombination, end-to

end fusions, and fusions between telomeres and sites of DNA damage such as double

stranded breaks (Blackburn, 2001). Rap1 is critical in this protective function as Rap1

mutants show increased chromosome instability (Kyrion et al., 1992) and removal of

Rap1 from telomeres leads to chromosome fusions (Pardo and Marcand, 2005) and other

detrimental effects (Smith and Blackburn, 1999). What structure might Rap1 impart to

telomeric DNA? Some information on how Rap1 regulates telomere structure can be

inferred from in vivo experiments. The Rap1 counting mechanism was shown to be

sensitive to the spacing between tracts of Rap1 binding sites. An internal array of Rap1

binding sites was counted across a 38bp but not 138bp spacer of non-telomeric DNA

(Ray and Runge, 1999). The importance of spacing between individual Rap1 binding

sites was investigated by two groups with one study concluding that Rap1 counting was

sensitive to site spacing (Grossi et al., 2001) and the other group finding Rap1 counting

was equivalent for different binding site spacings (Ray and Runge, 1999).

In vitro studies with Rap1 have shown that binding of Rap1 to a single binding

site alters the structure of the DNA. The crystal structure of the DNA binding domain

(DBD) of Rap1 complexed with DNA was solved (Konig et al., 1996). From this crystal

structure and from several other experiments it was concluded that Rap1 bends DNA,

with the precise bend angle that was deduced varying based on the method used (Gilson

et al., 1993; Muller et al., 1994; Vignais and Sentenac, 1989). Rap1 also induces inferred
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untwisting of DNA (Gilson et al., 1994) and exposure of KMnO,-sensitive sites in the

bound DNA (Gilson et al., 1993). No structural or biochemical studies have been

reported to date of how Rap1 binds to arrays of binding sites as found at a native

telomere in vivo. Rifl and Rif2 have not yet been characterized in vitro.

In this study we have taken a purely in vitro biochemical approach to

characterizing the structure of the yeast telomere to complement the many in vivo studies

that have been done. Some known core telomeric components were purified and their in

vitro properties studied individually and together. We demonstrate that Rap1 is a

monomer and binds to tandem telomeric arrays non-cooperatively. We provide evidence

that Rap1 directly interacts with Rif., and that the interaction between Rap1 and Rif2 is

DNA-dependent. Finally, we present low resolution images of structures generated by

Rap1 binding to arrays of telomeric DNA binding sites.

Results

Rap1 is a monomer with an extended conformation

Recombinant 6xPlis-Rap1 was overexpressed in bacteria and purified by nickel

affinity and conventional chromatography. We obtained milligram quantities of protein at

>95% purity. While Rap1 is a predicted 92.5kD protein, we found that it migrates

aberrantly by SDS-PAGE at =120kDa, as previously reported (Fig. 3-1a). To determine

the oligomeric state of Rap1 in solution, the purified protein was analyzed using a triple

detector array (TDA) which allows for determination of a true molecular weight of the

protein. Rap1 was eluted through a size exclusion column equipped with a Viscotek TDA

detector. This analysis showed that Rap1 is a monomer (Fig. 3-1b). The TDA analysis of
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Rap1 was done multiple times, and each time the calculated molecular weight for Rap1

best fit that of a monomer (data not shown). Intriguingly, the TDA analysis showed that

the hydrodynamic radius of Rap1 is much greater than expected for a globular protein,

suggesting that Rap1 has an extended conformation (Figure 3-1b). Consistent with this

idea, the intrinsic viscosity of Rap1 was found to be much greater than that of globular

proteins (Figure 3-1b). Additional data consistent with Rap1 having a non-globular

structure is in the Supplementary Information for Chapter 3 (Fig. S3-1). Taken together,

these data show that Rap1 is a monomeric protein with an extended conformation.

When applied to a size exclusion column, Rap1 does not elute at its predicted

molecular weight compared to globular protein standards but elutes much earlier (Figure

3-1c). This is consistent with the TDA analysis of Rap1. Since migration through a gel

filtration matrix is dependent on protein structure, a molecule with an extended

conformation is expected to elute earlier than its predicted molecular weight compared to

the elution profile of globular protein standards. We also bound Rap1 to a DNA fragment

containing a consensus Rap1 binding site and examined this complex by gel filtration

chromatography. We found that the complex eluted earlier than Rap1 alone and that

essentially all Rap1 bound to DNA (data not shown). This observation, along with our

DNA gel shift experiments described below, confirms that our Rap1 protein preparation

is not denatured and is fully active for DNA binding.
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Telomere length regulation by “Rap1 counting" in vivo is sequence-specific but not

dependent on site spacing

We investigated how Rap1 interacts in vitro with DNA arrays of Rap1 binding

sites with different site spacings. These arrays were described previously and were used

for in vivo studies into the mechanism of Rap1 counting (Grossi et al., 2001). We first

measured the affinity of Rap1 for the single DNA binding sites in each of the differently

spaced arrays using a filter binding assay. We found the affinity of Rap1 for its consensus

site was extremely high, as previously reported (Vignais et al., 1990), with a Ka of 20pM.

This high-affinity interaction was sequence-dependent, being sensitive to changes in

nucleotides on the 5’ and 3’ edges of the consensus binding site (Figure 3-2). Two

sequences showed particularly large deviations in affinity from the consensus site. The

affinity of the 31 bp sequence for Rap1 was reduced by about an order of magnitude, and

Rap1 bound the 17bp sequence more weakly than the consensus by three orders of

magnitude. We tested whether the 17bp sequence was simply too short to support high

affinity binding by Rap1. When we measured the affinity of Rap1 for a two site array

with 17bp spacing, the apparent Ka was approximately half that of the single site (Figure

3-2). This indicated that the measured Ka for the single 17bp site was a true reflection of

the affinity of Rap1 for that sequence in an array context.

To test the spacing dependence of Rap1 counting in vivo using Rap1 binding sites

with identical affinities for Rap1 but differing spacings between sites, we designed a

31bp sequence (called 31bp”) that contained the same high affinity core Rap1 binding

site found in the 22bp and 27bp sequences. We measured the affinity of this modified

31bp” sequence for Rap1 and found that it was comparable to that of the 27bp sequence,
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having a Ka one order of magnitude lower than that of the 31 bp sequence (Figure 3-2).

When we introduced these 31bp” arrays at the subtelomere of a single telomere in vivo,

we found that the greater the number of sites in the array, the more the native telomeric

sequence underwent shortening. The 31bp” sequence arrays were counted equivalently to

the 27bp sequence arrays (Figure 3-3). Thus we conclude that the Rap1 counting

mechanism of telomere length regulation is not dependent on the spacing between sites.

This is consistent with the irregular spacing of natural yeast Rap1 binding sites at

telomeres. Irregularly spaced sites are tolerated because they do not affect the ability of

Rap1 to control telomere length.

It was previously reported that Rap1 counting was dependent on the spacing

between Rap1 binding sites (Grossi et al., 2001). They found that arrays of certain

synthetic binding sites with 17bp or 31 bp spacing were not counted while other site

spacings such as 22bp and 27bp were counted. We now note that these 17bp and 31bp

sequences with greatly reduced affinity for Rap1 correlate with the Rap1 binding site

spacings that were not counted in vivo. Our results support the conclusion that these

arrays with non-biological synthetic sequences not normally found in telomeric tracts

were not sensed in vivo to regulate telomere length because of their reduced affinity for

Rap1 and not because of their particular binding site spacings.

Rap1 binds DNA arrays non-cooperatively in vitro

The spacing between Rap1 binding sites at the telomere in vivo is not critical for

the ability of Rap1 to regulate telomere length, so there may not be strict requirements for

intermolecular Rap1 protein-protein interactions. To address this question, we tested
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whether Rap1 binds arrays of binding sites cooperatively. As the DNA substrates for this

analysis we used the regular arrays already described (Grossi et al., 2001), composed of

Rap1 binding sites of the same sequence and with the same spacing between sites. Gel

shift assays were done using DNA fragments consisting only of arrays of Rap1 binding

sites. The experimental design was to use a DNA concentration at least two orders of

magnitude above the Ka for binding an individual site in the array so as to drive complete

binding of Rap1. The Rap1 concentration was varies, and different bound states were

separated on agarose gels and quantitated. For different ratios of Rap1:DNA binding

sites, we could predict the expected distribution of bound states for independent binding

(see Materials and Methods) and compare those predictions to the observed distributions.

Cooperative binding of Rap1 would be indicated by observed deviations from the

predicted binding pattern. To eliminate the possibility that cooperative or noncooperative

binding might be affected by the N-terminal 6xHis tag on Rap1, a subset of the

experiments described below were done with Rap1 lacking the His tag and

indistinguishable results were obtained (data not shown).

We first examined arrays containing four Rap1 binding sites. As we increased the

Rap1 concentration, higher occupied states were gradually filled until, when Rap1 and

binding sites were present in equal molar amounts, all sites were bound on all DNA

molecules (Fig. 3-4a). There was no Rap1 concentration at which a shift was observed

toward the completely bound state with a concomitant depletion of intermediate bound

states. This argued qualitatively against cooperative binding.

To present the quantitation of this data in a concise manner and to eliminate

uncertainty in knowing precisely the concentrations of Rap1 and DNA (see Materials and
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Methods), we combined all data from a given ratio of [Rap1]:[binding sites] into a single

value as follows. We first quantitated the relative amounts of each bound state for a given

binding reaction. Using those numbers, we then back-calculated to determine what input

ratio of [Rap1]:[binding sites] best fit that data, assuming independent binding (Fig. 3

4b). Finally we plotted this best fit input [Rap1]:[binding site] ratio versus the expected

input ratio in the reaction (Fig. 3-4c) over a range of Rap1 concentrations. We always

observed a linear relationship between these two parameters. Between different

experiments the slope of the line varied, presumably due to uncertainties in protein and

DNA concentrations, as discussed in Materials and Methods. However, the data always

fit a straight line well, with R values approaching 1. If there were some form of

cooperative binding then the slope of the line would have deviated from linearity as the

[Rap1] increased, but this was never observed. Furthermore at each [Rap1]:[binding site]

ratio tested, there was a good fit between the observed data and a distribution that was

consistent with independent binding (data not shown), further supporting our conclusion

that Rap1 binds these arrays non-cooperatively.

We tested whether the binding behavior of Rap1 to DNA arrays could be

modified by altering site spacing, even though spacing is not important for Rap1 counting

in vivo. When we analyzed the pattern of Rap1 binding to four site arrays with 17bp,

22bp, 27bp, 31bp, and alternating 15/20bp spacings, non-cooperative binding was always

observed both by qualitative inspection of the gel shift patterns and by our quantitative

analysis (Fig. 3-5 and data not shown). We characterized arrays with varying numbers of

binding sites (2, 3, 4, and 6 sites) and observed independent binding in all cases (Figs. 3-6

and 3-7c). We also performed tests to exclude the possibility that there was something
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unique about regularly spaced arrays of Rap1 binding sites, in contrast to the irregularly

spaced sites found in native telomeres, which precluded cooperative binding. We

characterized Rap1 binding to DNA arrays of native telomeric sequence isolated from

yeast. Both a 273bp and 81 bp stretch of native telomeric sequence, with 14 and5

predicted Rap1 binding sites respectively, demonstrated non-cooperative binding similar

to regularly spaced arrays (Fig. 3-7a and b).

We next investigated Rap1 binding to an array of three sites in which two

adjacent high affinity binding sites were flanked by one low affinity site. We found that

as long as the DNA concentration was below the Ka for binding the low affinity site, that

site was not occupied at high Rap1 concentrations (Fig. 3-8). This showed that binding of

two Rap1 molecules adjacent to each other does not promote binding of a third Rap1

molecule on neighboring DNA unless that DNA contains a high affinity Rap1 binding

site. This provided further evidence for the non-cooperative nature of the interaction of

Rap1 with DNA arrays. This result is consistent with previous experiments showing that

non-specific linker DNA placed between arrays of Rap1 binding sites does not bind Rap1

in vivo to regulate telomere length (Ray and Runge, 1999).

We also examined the DNA binding behavior of two fragments of Rap1, the DBD

alone and rap1AC that lacks the C-terminal interaction domain for Rifl and Rif). Both

proteins were purified from bacteria. DBD alone migrated by SDS-PAGE at its predicted

molecular weight while rap1AC showed aberrantly slowed mobility just as full-length

Rap1 did (Fig. 3-9a). Taken together with the TDA and gel filtration data for full-length

Rap1 (Fig. 3-1), this suggests that the largely uncharacterized N-terminal domain of Rap1

is responsible for the aberrant SDS-PAGE mobility and that it may be the N-terminus of
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the protein that has an extended conformation. While rap1AC had the same affinity as

full-length Rap1 for binding a consensus site, DBD alone bound the DNA site about three

times more weakly (Fig. 3-9a). This indicates that there are domains outside the DBD

required for full DNA binding activity. We tested the binding behavior of rap 1AC and

DBD with arrays of binding sites. The gel shift patterns and our quantitation of the data

showed non-cooperative binding similar to full-length Rap1 (Fig. 3-9b and data not

shown).

Rif) interacts with Rap1/DNA complexes in vitro but not with Rap1 alone

While previous work supports the idea that Rap1 and Rif” interact in vivo, no

experiments have investigated if this is a direct protein-protein interaction. Recombinant

6xHis-Rif2 was overexpressed in bacteria and purified by nickel affinity and

conventional chromatography (Supplementary Information for Chapter 3, Fig. S3-2). We

incubated purified recombinant Rap1 and Rif., together at low micromolar concentrations

and eluted it through a size exclusion column. No evidence for a larger complex of the

two was observed; each protein eluted separately at the same elution volume where the

individual proteins eluted (data not shown). When Rap1 and 6xHis-Rif2 were

coexpressed in insect cells using a baculovirus expression system and 6xPlis-Rif2 was

purified from these cell lysates, Rap1 consistently failed to co-purify with it (data not

shown).

We next investigated if Rif2 interacts with Rap1/DNA complexes. Using the same

gel shift conditions described above for Rap1/DNA complexes, we observed that DNA

fragments fully bound with Rap1 were supershifted by Rif, added at low micromolar
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concentrations. This was true for DNA fragments with 3, 4, or 16 regularly spaced Rap1

binding sites or 273bp of native telomeric sequence, each fully bound with Rap1 prior to

addition of Rif2 (Fig. 3-10a, b, c, and d). We did similar gel shift experiments in the

presence of 500mM ATP and 500MM NAD but found that neither of these conditions

changed the observed DNA gel shift patterns with Rap1 and/or Rif (data not shown).

Rif) did not appear to increase the affinity of Rap1 for DNA or change its non

cooperative binding behavior.

All previous in vivo results and our coLP data (see Chapter 4 of this thesis)

suggested that the interaction of Rif., with Rap1 is mediated through the C-terminus of

Rap1. We tested whether the C-terminus of Rap1 was required for the Rif2 supershift

described above. We first fully loaded DNA fragments with purified rap1AC protein and

then tested if Rif2 would supershift these complexes. Rif., failed to supershift

rap1AC/DNA complexes to the same extent as Rap1/DNA complexes (Fig. 3-10c and d).

This argues that Rif, interacts with these complexes through the C-terminus of Rap1.

Alternatively, the C-terminus of Rap1 is required to form a Rap1/DNA or DNA structure

that Rif., recognizes and binds.

We observed a weak and/or transient interaction between Rif) and telomeric

DNA in our gel shift assays. This was true for a DNA fragment containing three

consensus Rap1 binding sites or 273bp of native telomeric sequence (Fig. 3-10e and f).

When we bound Rap1 to these DNA fragments at substoichiometric amounts so sites

were only partially occupied with Rap1 and then added Rif., at low micromolar

concentrations, distinct Rap1/DNA bands were shifted to lower mobility positions on the

gel (Fig. 3-10e and f). This observed supershifting by Rif2 could be mediated through
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Rif) interactions with Rap1 and/or DNA. The in vivo relevance of this observation is

unclear since all telomeric Rap1 binding sites are likely bound by Rap1, given the high

intracellular concentration of Rap1 (Ghaemmaghami et al., 2003). The more pertinent

finding is that Rif, interacts with telomeric fragments fully occupied with Rap1 and that

the interaction is largely dependent on the C-terminus of Rap1.

Low-resolution structural analysis of Rap1/DNA complexes

To directly visualize complexes of Rap1 with DNA, we used a 5.5kb linear DNA

molecule with a DNA array of 10 consensus Rap1 binding sites embedded in the middle.

Rap1 was bound to this DNA and complexes were imaged by transmission electron

microscopy (TEM). Unique structures were observed that were dependent on the

presence of both Rap1 protein and Rap1 binding sites within the DNA. The length of

these structures varied and we interpret this as varying Rap1 occupancy on a given DNA

molecule, with maximum observed lengths of around 80nm (Fig. 3-11a, b, c, d, and e).

The predicted length of the DNA binding site array itself as B-form DNA was 75nm, so

bound Rap1 did not significantly compact the DNA.

TEM tomography and three-dimensional reconstruction experiments were done to

better visualize these Rap1/DNA complexes. We were able to discern a number of bi

lobed structures bound along the length of the DNA. Each of these bi-lobed structures

likely corresponds to a single Rap1 molecule. The fact that each Rap1 molecule has two

distinguishable domains by EM is consistent with our finding that Rap1 has an extended

conformation (Figure 3-1). In some structures, Rap1 occupancy on the DNA was partial

(Fig. 3-12a), and in others all ten sites were bound with Rap1 (Fig. 3-12b). When we
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visualized Rap1/DNA complexes using DNA with 37 Rap1 binding sites, only partial

occupancy of Rap1 binding sites was observed (Fig. 3-12c). Taking all of the structural

data together, we propose a simplified model of Rap1 binding to DNA as a clamp (Fig. 3

12d). In some images, we observed bent or coiled Rap1/DNA structures (Fig. 3-12e and

f). It is unclear if these reflect true structures in solution. Finally, when we subjected

these images to fast Fourier transform (FFT) analysis, the diffraction pattern showed

clear layer lines indicating a helical arrangement of Rap1 molecules bound to the DNA

(Fig. 3-12g).

We also analyzed Rap1/DNA structures by atomic force microscopy (AFM).

While the resolution of this method is less than that of EM, we did gain valuable

information from these studies. First, the structure of the bound Rap1 molecules appeared

elongated (Fig. 3-11f, g, and h). This was consistent with the bi-lobed structures observed

by EM and our other structural characterizations of the Rap1 protein itself (Figure 3-1).

Second, we were able to visualize the free DNA more clearly by AFM. The structures we

observed were dependent on DNA with Rap1 binding sites and on Rap1 protein.

Furthermore, since the Rap1 binding site array was positioned approximately in the

middle of the 5.5kb DNA fragment, we were able to clearly localize the Rap1/DNA

structures to the middle of the DNA fragment. Distance measurements from the ends of

the DNA to sites of Rap1/DNA structures agreed with the known position of the DNA

binding sites within the larger DNA fragment (data not shown). Thus the structures

observed by AFM were consistent with those visualized by EM.
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Discussion

We describe a biochemical characterization of the core components of the yeast

telomere. We first demonstrate that free Rap1 is a monomer in solution and that it is not a

globular protein. Rap1 has an extended conformation. The purified Rap1 is native and is

not unfolded since it is completely active for DNA binding, as demonstrated by gel

filtration, filter binding, and gel shift studies. Our data suggest that the N-terminal

domain of Rap1 is responsible for this extended structure. It will be interesting to

construct rap1AN mutants to see if their structure is globular and to analyze the in vivo

phenotypes of these mutants.

The simplest interpretation of our data is that Rap1 binds telomeric arrays as a

monomer. We showed that Rap1 is a monomer free in solution. When we analyzed

binding of Rap1 to DNA arrays with varying numbers of binding sites, we always

observed that the number of gel shift bands matched the number of Rap1 binding sites.

The stoichiometry of binding was such that DNA arrays were fully occupied when equal

molar concentrations of Rap1 and Rap1 binding sites were present, indicating a 1:1

binding ratio. Furthermore, all Rap1 bound states on an array were observed. Taken

together, this suggests Rap1 binds each DNA binding site in an array as a monomer.

We find that Rap1 binds arrays of sites non-cooperatively and that the binding

behavior is the same independent of the spacing between sites or the number of sites

present. We also show that, contrary to a previous report (Grossi et al., 2001), telomere

length regulation in vivo is insensitive to the spacing between Rap1 binding sites. Given

the irregular nature of the degenerate yeast telomeric repeat, it makes sense that Rap1

binding to yeast telomeric arrays is not sensitive to site spacing since these spacings are
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heterogeneous in vivo. Furthermore, given that Rap1 is an abundant protein with a

nuclear concentration of around 111M (Ghaemmaghami et al., 2003), it seems reasonable

that Rap1 interacts non-cooperatively with telomeric arrays. Given this high nuclear

protein concentration and the high affinity of Rap1 for telomeric binding sites, all yeast

telomeres are likely always fully bound with Rap1 in vivo without the need for

cooperativity.

We were unable to detect a direct interaction between Rap1 and Rif2 in solution.

We did however observe Rif2 in a complex with Rap1 and DNA. The fact that Rif2 does

not form a complex with rap 1AC/DNA suggests Rif., interacts via the C-terminus of

Rap1. One explanation is that the C-terminus of Rap1 undergoes a conformational

change upon binding to DNA such that Rif, is then able to bind the C-terminus of Rap1.

Another possibility is that Rap1 bound to DNA assumes a particular structure and that

Rif., binds to Rap1 and/or DNA in that structure. In this scenario, it could be that the C

terminus of Rap1 is required for forming this structure that Rif., recognizes or that Rif.”

interacts directly with the C-terminal domain of Rap1 in this structure.

In gel shift experiments, when Rif., was added to a DNA array fully bound with

Rap1, the distinct Rap1/DNA band shifted to a lower mobility distinct Rap1/DNA/Rif2

band. However, when substoichiometric amounts of Rap1 were loaded onto those DNA

arrays, addition of Rif shifted a latter of discrete bands into a slower migrating smear,

not into a slower migrating latter of discrete bands. It is possible that this supershifted

smear represents Rif weakly interacting with the free DNA not bound to Rap1. If this

were the case, one would expect the smear to reach all the way down to the fastest

mobility Rap1/DNA band. Instead we observe that the Rif2 smear is well above the
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slowest migrating Rap1/DNA complex, so we disfavor this explanation. Rather, we favor

a model in which binding of Rif., to the Rap1/DNA complex initiates the recruitment of

more Rif., and spreading of Rif., along the entire DNA. This is consistent with a model of

Rif) function we previously proposed from in vivo experiments in which tethering a

single Rif molecule to an elongated telomere caused extreme shortening of that telomere

(see Chapter 2 of this thesis). This model is also consistent with in vivo chromatin

immunoprecipitation data showing that Rifl and Rif., proteins spread into the

subtelomere, beyond the telomeric sequence itself (Smith et al., 2003). Chapter 4 of this

thesis provides more in vivo support for this model of Rif2 function. Yet another

explanation for the Rif2 supershift is that addition of Rif2 to a Rap1/DNA complex

promotes intermolecular interactions between these complexes, forming higher order

structures. This model is consistent with the observation that yeast telomeres cluster in

vivo (Gotta et al., 1996).

The essential function of Rap1 is as a transcriptional regulator at the promoters of

a number of housekeeping genes in the yeast genome (Lieb et al., 2001; Shore and

Nasmyth, 1987). How does Rap1 act both as a regulator of telomere length and as a

transcription factor? Rap1 binding site sequences differ between telomeres and

promoters. It has been proposed that these sequences differentiate the two functions of

Rap1 (Pina et al., 2003). Our data suggest a model in which binding of Rap1 to yeast

telomere sequences induces a conformational change that recruits Rif., to telomere-bound

Rap1, possibly through an interaction with the C-terminus of Rap1. Binding of Rap1 to

promoter sequences may cause a different conformational change such that other

transcription factors or the transcriptional machinery are recruited and not telomeric
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proteins. These factors likely interact with a region of Rap1 outside the C-terminal

domain, as rap 1AC mutants are viable. Support for this idea comes from crystal

structures of the Rap1 DBD complexed with different DNA sequences. Subtle differences

were observed in the tertiary structure of the protein dependent on the sequence of the

bound DNA (Taylor et al., 2000). Another difference between telomeres and promoters is

that while telomeres are composed of arrays of multiple Rap1 binding sites in tandem,

most promoters have only one or two Rap1 binding sites (Lascaris et al., 1999). While we

find no evidence for cooperative binding of Rap1 to arrays of binding sites, the chromatin

context of having few versus many bound Rap1 molecules may distinguish the structure

of protein/DNA complexes that form and/or the array of accessory proteins that are

recruited.

Materials and Methods

Plasmid construction

All plasmids used in this study are listed in Table 3-1. All oligonucleotides used

in this study are listed in Table 3-3. To make a 6xPHis-Rap1 expression construct, the

RAP1 gene was amplified by PCR from yeast genomic DNA using oligonucleotides

oEHB11163/oEHB11164. The PCR product was cloned into pBT15b (Novagen) at Ndel

and XhoI. Clones were sequenced and pLL80 (pehB11143) was used for expression and

purification of Rap1 in bacteria. To make a plasmid to express recombinant rap1AC

protein, PCR was done using yeast genomic DNA as template with oligos

oEHB11241/oEHB11242. This PCR product was cloned into pSH200 at EcoRI/XhoI and

the insert fully sequenced. This generated plasmid pBHB11223 (pDL145) that contains
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RAP1 lacking the C-terminus (nucleotides 1-1956, amino acids 1-652) and followed by a

stop codon at the end of rap 1AC. To make a plasmid to express the Rap1 DNA binding

domain (DBD) alone in bacteria, PCR was done using yeast genomic DNA as template

with oBHB11252/oEHB11253. This PCR product was cloned into pSH200 at

EcoRI/XhoI and the insert fully sequenced. The insert comprises Rap1 DBD (amino

acids 353–598, nucleotides 1057-1795) followed by two stop codons. The plasmid is

called pBHB11269 (pDL157). To make a bacterial expression construct for 6xHis-Rif”,

the RIF2 gene was amplified from yeast genomic DNA by PCR using

oEHB11161/oEHB11231. The resulting PCR product was cloned into pBT15b

(Novagen) at Ndel/XhoI. The entire construct was verified by sequencing to give

pEHB11205 (pDL129).

To make plasmids to examine Rap1 counting with the 31 bp” sequence, a

reiterative cloning strategy was used. Oligonucleotides oBHB11256/oEHB11257 were

annealed and cloned into pej6 at BamhI/BgllI. Sequencing was done to identify

pDL164 (pEHB11276) that had one 31bp” binding site in the correct orientation. Greater

numbers of 31bp” binding sites were cloned into the BamhI site of pDL164, screened for

correct orientation, and sequenced. All such plasmids are listed in Table 3-1 (pDL164

pDL170).

To make plasmids containing 3 Rap1 binding sites with either 17bp or 22bp

spacing, the following was done. Plasmid pB191 was digested with Sall/BamHI and the

smaller =2.3kb band gel purified. Plasmid pE197 was digested with Sall/BgllI and the

larger =2.7kb band was gel purified. The two purified fragments were ligated together. A

correct clone containing 3 Rap1 binding sites with 22bp spacing was identified by
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sequencing and called pE56+3R22bp(6B). Plasmid pE195 was digested with Sall/BamhI

and the smaller =2.3kb band gel purified. Plasmid pel96 was digested with Sall/BgllI

and the larger =2.7kb band was gel purified. The two purified fragments were ligated

together. A correct clone containing 3 Rap1 binding sites with 17bp spacing was

identified by sequencing and called pB56+3R17bp(5B). To make a plasmid containing

two adjacent high affinity Rap1 binding sites followed by one low affinity binding site,

an oligo cassette composed of oEHB11260/oEHB 11261 was cloned into pE197 at

BamhI. Insert sequence and orientation were verified by sequencing to give plasmid

pEHB11287 (pDL174). To make a plasmid containing a regular array of Rap1 binding

sites but no native telomeric sequence for low-resolution microscopic analysis, pB207

was digested with EcoRI/BamhI, treated with Klenow, and ligated to recircularize.

Plasmids were screened by sequencing and pEHB11297 (pDL184) was found to lack the

Tel81 sequence and contain an array of 10 consensus Rap1 binding sites with 22bp

spacing.

Yeast strain construction

To make yeast strains to compare Rap1 counting with the 27bp sequence versus

the 31bp” sequence, the following plasmids were digested with EcoRI and Sall and

transformed into EHB11114 (Levy and Blackburn, 2004): pE56, pE192, pE198, pE202,

pE217, pB205, pB219, pE208, pE243, pIDL164 – plL170. Multiple Ura-H transformants

were selected and streaked twice on SD-Ura plates and once on YPD plates. This

collection of yeast strains was not saved but can be remade as described.
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Rap1, rap 1AC, and Rap1 DBD purifications

Plasmid plL80 (pEHB11143) was transformed into Rosetta plyss cells

(Novagen). Transformants were grown in LB supplemented with ampicillin (amp) and

chloramphenicol (chl) and grown at 37°C to saturation. Using this saturated culture, 6x 11

LB/amp/chl cultures were inoculated at 1/100 dilution in baffled 2.8l flasks and grown at

15°C to ODoom around 1.0. Rap1 expression was induced with 0.4mm IPTG for 12-15

hours. Cells were harvested and resuspended in 60ml 50mM sodium phosphate pH8,

0.5M NaCl, 10mM imidazole, 10% glycerol. Cells were frozen in liquid nitrogen and

stored at —80°C. Cells were thawed on ice and protease inhibitors added: 10pg/ml

pepstatin (Sigma), 1 mM Pefabloc (Sigma), Complete Protease Inhibitor Tablets without

EDTA (Roche). Cells were lysed by sonication and the lysate cleared by centrifugation in

an SS34 rotor at 14,500rpm for 30 minutes. Lysate from 6l of culture was incubated with

about 5ml Ni-NTA resin (Qiagen) for 1 hour at 4°C with tumbling. The resin was washed

3x25ml lysis buffer containing protease inhibitors, then 1x20ml lysis buffer containing

30mM imidazole plus protease inhibitors. Elution was done with 5ml lysis buffer

containing 250mM imidazole plus protease inhibitors. The eluate containing Rap1 was

dialyzed into 50mM tris pH8, 0.1M NaCl, 10% glycerol, 1mM EDTA, 1mM DTT and

applied to a HiTrap Heparin HP column (GE Healthcare) connected to an Akta FPLC

Purifier (GE Healthcare). The column was washed with 30 column volumes of the same

dialysis buffer containing 0.2M NaCl, and Rap1 was eluted over a linear gradient from

0.2M to 1M NaCl. Peak fractions containing Rap1 were pooled and buffer exchanged

into 50mM HEPES pH7.6, 50mM NaCl, 1mM DTT, 1mM EDTA, 10%glycerol using

Econo-Pac 10DG desalting columns (Biorad). This protein was loaded onto a HiTrap SP
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HP column (GE Healthcare) and eluted over a linear gradient from 0.1M to 0.35M NaCl.

Peak Rap1 fractions were pooled and buffer exchanged into 20mM HEPES pH7.6,

50mM NaCl, 1mM DTT, 10% glycerol. Purified Rap1 was concentrated using an

Amicon Ultra spin concentrator (5000 MWCO), aliquoted, and stored at —80°C. The final

yield was 0.25mg Rap1 per liter of starting culture.

Purification of rap1AC was done similarly to full-length Rap1 using plasmid

pDL145 (pBHB11223) and with the addition of a HiTrap Q HP column after the HiTrap

SPHP column. The HiTrap Q HP column (GE Healthcare) was run in the same buffer as

for the HiTrap SPHP column and rap1AC was eluted over a linear NaCl gradient from

0.1M to 1M NaCl. Purification of the Rap1 DBD was done similarly to full-length Rap1

using plasmid pLL157 (pehB11269) except that IPTG induction was done at 37°C with

a starting ODooom -0.4–0.6 for 1.5–2 hours and the HiTrap SPHP column was not

necessary as the protein was >95% pure after the HiTrap Heparin HP column.

Rif) purification

Plasmid pL)L129 (pBHB11205) was transformed into BL21(DE3) codon+ tuner

cells (Novagen). Transformants were grown in LB/amp/chl at 37°C to saturation. Using

this saturated culture, 11 LB/amp/chl cultures were inoculated at 1/100 dilution in 2.81

flasks and grown at 37°C to ODoom =0.4-0.6. Rap1 expression was induced with 1mM

IPTG for 1.5–2 hours at 37°C. Cells were harvested and resuspended in 10ml per liter of

culture 50mM sodium phosphate pH7.2,0.5M NaCl, 10mM imidazole, 10% glycerol.

Cells were frozen in liquid nitrogen and stored at —80°C. Cells were thawed on ice and

protease inhibitors added: 10pg/ml pepstatin (Sigma), 1 mM Pefabloc (Sigma), Complete
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Protease Inhibitor Tablets without EDTA (Roche). Cells were lysed by sonication and the

lysate cleared by centrifugation in an SS34 rotor at 14,500rpm for 30 minutes. Lysate was

loaded onto a HisTrap HP column (GE Healthcare) connected to an Akta FPLC Purifier

(GE Healthcare) in 50mM sodium phosphate pH7.2,0.5M NaCl, 10mM imidazole, 10%

glycerol. The column was washed with 20 column volumes of buffer containing 80mM

imidazole, and Rif2 was eluted with a 250mM imidazole bump. The eluate containing

Rif2 was buffer exchanged into 20mM HEPES pH7, 0.1M NaCl, 10% glycerol, 1mM

EDTA, 1 mM DTT using Econo-Pac 10DG desalting columns (Biorad). A precipitate

formed that was removed by centrifugation in a tabletop centrifuge at 4°C at 14,000rpm

for 15 minutes. The supernatant was applied to a HiTrap SPHP column (GE Healthcare)

in buffer containing 0.1M NaCl, and Rif” was eluted over a linear gradient from 0.22M

to 0.6M NaCl. Peak Rif2 fractions were pooled and buffer exchanged into 20mM HEPES

pH7.6, 50mM NaCl, 1 mM DTT, 10% glycerol. Purified Rif2 was concentrated using an

Amicon Ultra spin concentrator (5000 MWCO), aliquoted, and stored at —80°C. The final

yield was 0.15mg Rif per liter of starting culture.

Determination of the multimeric state of Rapl

=170mg of purified Rap1 was loaded onto a Superdex 20010/300 GL column (GE

Healthcare) connected to an Akta FPLC Purifier (GE Healthcare). The running buffer

was 20mM HEPES pH7.4, 150mM NaCl, 1mM DTT, 5mm MgCl2. The detector used

was a Viscotek Triple Detector Array (TDA) that simultaneously measures refractive

index, right angle light scattering, and viscosity. The combination of these measurements

allows for the determination of a number of parameters of the molecule eluting off the
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column including molecular weight, hydrodynamic radius, and intrinsic viscosity. This

experiment was repeated multiple times with Rap1 with similar results for these

parameters each time. A collection of globular protein standards was also separated on

this column to compare the elution times of these proteins to that of Rap1. These were

thyroglobulin (670kD), aldolase (158kD), ovalbumin (44kD), and myoglobulin (17kD)

from GE Healthcare.

DNA gel shift assays

DNA used for gel shift assay was prepared by either digesting fragments from

plasmids and gel purifying those fragments or by annealing two complementary oligos.

Plasmids used for obtaining DNA for gel shifts were a kind gift of David Shore and are

listed in Tables 3-1 and 3-2, in addition to plasmids that we constructed: pe202, pE205,

pE219, pE191, pE197, pE201, pE216, pE200, pF65, pE140, pe196, pE215, pB207,

pLTel, pE56+3R22bp(6B), pE56+3R17bp(5B), pEHB11287

(pE197+1xoEHB11260/11261). All pE plasmids were digested with BamhI/BgllI and

digests run on 2% agarose gels; plTel (containing 273bp of native TG, a sequence) was

digested with EcoRI. The smaller band containing Rap1 binding sites was gel purified

using a Qiagen gel purification kit. DNA was eluted in 10mM tris pH8.5, NaCl added to

0.1M, and DNA annealed in a PCR block (95°C for 5 minutes, then temperature dropping

1°C per minute to room temperature). Oligonucleotides used for gel shifts are listed in

Table 3-3 and were annealed by mixing at equal molar concentrations and annealing in a

PCR block as above. An oligo cassette containing a single consensus Rap1 binding site

was made by annealing oBHB16027/oEHB16030. An oligo cassette containing 81bp
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native TG, a sequence was made by annealing oBHB11025/oEHB11026. To label DNA,

an aliquot was first dephosphorylated, in the case of DNA fragments purified from

digested plasmids, with shrimp alkaline phosphatase (Roche) at 37°C for 15 minutes and

then the enzyme inactivated at 65°C for 15 minutes. DNA was labeled using *P-ATP

(Perkin Elmer) and polynucleotide kinase (NEB). Unincorporated nucleotides were

removed on a ProbeGuant G-50 micro spin column (Amersham) and DNA annealed in a

PCR block as described above.

Binding reactions were done by first preparing 10pul DNA aliquots and then

adding 5pul aliquots of different protein dilutions. Reactions were mixed and incubated at

25°C for 30 minutes prior to loading onto a 20cm by 25cm 1% agarose gel prepared in

0.5xTBE and prechilled at 4°C. No loading dye was added to samples prior to loading

although one lane containing dyes was run on the gel to track the run progress of the gel.

The gel was run in 0.5xTBE at 4°C at 250V for 5-6 hours, depending on the size of the

DNA fragment, until bromophenol blue dye was a few centimeters from the bottom of

the gel. The gel was transferred to a sheet of DE81 paper (Whatman) that was placed atop

a few sheets of filter paper and a stack of paper towels. Weights were put on top of the

gel and left overnight to remove most water from the gel. The gel was then dried under

vacuum at 80°C for 1 hour, exposed to a storage phosphor screen (GE Healthcare), and

scanned on a Storm scanner (GE Healthcare).

To set up the binding reactions, protein was diluted appropriately in buffer G

containing 0.3mg/ml BSA (buffer G = 20mM HEPES pH7.9, 150mM NaCl, 1mM DTT,

10% glycerol, 5mm MgCl2). The final 15ml binding reaction was in buffer G containing

unlabeled DNA at the appropriate concentration for the experiment, “P-labeled DNA at
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1/100" the concentration of cold DNA, 0.3mg/ml BSA (NEB), and 5-10pg/ml di/dC

(Fluka/Biochimika).

To determine whether or not Rap1 bound arrays of binding sites cooperatively,

we needed to predict what we would observe for independent binding. Given a DNA

array with (n) Rap1 binding sites, the frequency (P) that one would observe (i) binding

t#
One condition of this equation is that [DNA) must be significantly above the Ka for Rap1

sites bound with Rap1 for a given [Rap1] and [DNA] is:

i n-i

[Rap!]
n[DNA]

-

[Rap!]
n[DNA]i

binding a single site in the array. We measured affinities of Rap1 for all Rap1 binding

site sequences analyzed by this gel shift assay and used [DNA] at least two-fold above

the Ka. Using this equation we calculated the predicted frequency of each bound state

using DNA arrays with varying numbers of sites and varying the ratio of [Rap1] to the

concentration of DNA binding sites. We compared these frequencies to the actual

observed frequencies determined by quantitation of our gel shift data using ImageOuant

(GE Healthcare). Cooperative binding would be indicated by deviations in the observed

frequencies from the frequencies predicted for independent binding.

Our efforts to accurately quantitate relative amounts of each bound state for a

given input ratio of [Rap1]:[binding sites] was complicated by two factors. First, there

were slight uncertainties in our being able to precisely know [Rap1] and [DNA] we were

diluting into the binding reactions. Determining [Rap1] was difficult because accurately

measuring protein concentration by the Bradford assay is subject to variability between

the protein of interest and the protein used to make the standard curve. Measuring [Rap1]
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by Azoom was made difficult because Rap1 has very few aromatic residues. Because of

the unique telomere-like DNA sequence of the DNA fragments used in this assay, we

were uncertain as to how this sequence may affect accurate quantitation of [DNA].

Second, there was inherent error in pipetting while preparing dilutions of both the Rap1

and DNA. We calculated that very slight errors in accurately knowing the concentration

of Rap1 and/or DNA concentrations for either of these reasons significantly affects the

readout of the gel shift assay. We therefore sought a different way to quantitate the data

that would eliminate uncertainties due to these effects.

To present the data more concisely and to eliminate the error due to slight

uncertainty in knowing precisely the concentrations of Rap1 and DNA, we combined all

data from a given ratio of [Rap1] to [DNA sites) (P/D ratio) into a single value. For a

given P/D ratio we looked at the observed frequencies of each bound state and

determined what P/D ratio best fit the observed data. In other words we determined what

fit P/D ratio minimized the overall difference between the observed frequencies of each

bound state and the frequencies predicted by the fit P/D ratio. We plotted input P/D ratio

versus best fit P/D ratio over increasing [Rap1]. Deviations from linearity in the plot

indicate deviations from independent binding and suggest cooperativity. We also

determined a fit score for each P/D ratio which reflects how well the best fit P/D matches

the observed data with small numbers indicating better fits. The fit score is also

informative as low fit scores and hence better fits to a pattern of independent binding

argue against cooperativity.

Binding reactions that included Rif” were done similarly to Rap1/DNA binding

reactions. Standard Rap1/DNA binding reactions were setup as described above in 15ml
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and incubated at 25°C for 30 minutes. Then 1pil of an appropriate dilution of Rif.”

(diluted in buffer G) or buffer G only (for no Rif., controls) was added and incubation

was continued another 30 minutes at 25°C prior to running and loading the agarose gel as

described above. Concentrations of DNA, Rap1, and Rif, are noted in figure legends.

Binding reactions done with purified rap1AC and Rap1 DBD were done similarly to

those reactions using full-length Rap1 protein.

DNA filter binding assay

DNA used in filter binding assays was made by annealing complementary

oligonucleotides and labeling with “P as described above in the section on “DNA gel

shift assays.” Oligo pairs used were as follows and are listed in Table 3-3:

oEHB16027/16030 (consensus), oEHB16094/16095 (22bp), oEHB16102/16103 (27bp),

oEHB16096/16097 (17bp), oEHB16104/16105 (31bp), oBHB11256/11257 (31bpº),

oBHB11260/11261 (random, low affinity Rap1 binding site). Fragments cut and purified

from pB197 (2x22bp) and pE196 (2x17bp) were also used and were prepared and labeled

as described above. Binding reactions were done by first preparing 500ml DNA aliquots

and then adding 250ml aliquots of different protein dilutions made in buffer G containing

0.1mg/ml BSA. The concentration of *P-labeled DNA used was selected so as to be at

least 10-fold below the Ka for interaction between the protein and DNA of interest. When

necessary, experiments were repeated with lower and lower DNA concentrations until

this condition was met. Reactions were in buffer G and contained 0.1 mg/ml BSA (NEB)

and 5pg/ml didC (Fluka/Biochimika). After mixing the protein and DNA aliquots,

binding reactions were incubated 30 minutes at 25°C. Nitrocellulose membranes
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(Schleicher & Schuell) were pre-wetted in water and then equilibrated in buffer G prior to

assembling in a dot blot apparatus (Minifold I; Schleicher & Schuell). Each binding

reaction was applied as a separate dot under vacuum. Each dot was washed two times

with 500ml buffer G per wash. Membranes were exposed to a storage phosphor screen

and scanned on a Storm scanner (GE Healthcare). The intensity of each spot was

quantitated with ImageOuant (GE Healthcare). Background correction was done for each

spot and then the intensity due to the DNA alone spot was subtracted from each spot

containing protein. Finally corrected spot intensity was plotted versus input protein

concentration and a Ka value determined from this curve. Multiple experiments were

done for each DNA sequence and protein tested so as to obtain a standard deviation for

each measured Ka.

Electron microscopy and atomic force microscopy

Two plasmids were used for these studies. Plasmid pBHB11297 contains an array

of 10 Rap1 binding sites with 22bp spacing. Plasmid pe243 (David Shore) contains an

array of 32 Rap1 binding sites with 27bp spacing adjacent to 81 bp of native TG, a

sequence (37 Rap1 binding sites in all). These plasmids were digested with Sall,

linearizing them such that the array of binding sites was approximately in the middle of

the DNA fragment. Binding reactions were done with 5nM DNA and 400nM Rap1 in

20mM HEPES pH7.9, 150mM NaCl, 5mm MgCl2, 1mM DTT, and 10% glycerol.

Binding reactions were incubated 1 hour at room temperature. For EM analysis, these

reactions were diluted in half with binding buffer, applied to carbonized mica grids, and

negatively stained with 2% uranyl acetate. Although the binding conditions were such
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that we observed complete occupancy of all binding sites in gel shift assays, sample

preparation for EM may have resulted in some loss of bound Rap1 from the DNA.

Samples were imaged with a FEI Philips Tecnai F20 transmission electron microscope

operated at 120kV. Image processing software used was IMOD and Priism. For TEM

tomography analysis, an angular range of —60° to +60° was used with 2°-5° increments,

underfocused between 3.5-5.0mm. Image processing software used was UCSF

Tomography. For AFM analysis, freshly cleaved mica was pretreated with 100mM

MgCl, and the Rap1/DNA sample was then applied. AFM images were made using an

acoustically enclosed Asylum Research MFP-3D (Santa Barbara, CA). Uncoated AFM

PointProbe Silcon SPM Sensor probes (Nanoworld, Switzerland) were used in tapping

mode with a resonant frequency of about 75kHz and a force constant of 2.8N/m. Data

was collected using hardware and software developed in Igor Pro by Asylum Research

that is packaged with the MFP-3D system. Images were flattened using the MFP-3D

system software and exported to JPEG images. JPEG images were analyzed using Image.J

(NIH, USA). Lengths were measured by drawing connected segments from DNA end to

Rap1/DNA complex to verify that the location was correct. Angle data was obtained by

drawing a line parallel to DNA that emanated immediately from the central Rap1/DNA

complex on both sides.

Antibodies

We raised a monoclonal guinea pig antibody against Rap1 using purified

recombinant protein (Sveta Makovets and Tanya Williams; Covance) and also used a
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Rap1 antibody obtained from Judith Berman. A 6xHis monoclonal antibody (Clontech)

was used in western blots to verify expression of 6xHis-tagged proteins.
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Figure Legends

Figure 3-1. Rap1 is a monomer and has an extended conformation. (a) Coomasie-stained

SDS-PAGE gel of purified Rap1 showing its aberrant mobility around 120kD. Molecular

weights on the left are shown in kilodaltons. (b) Data from triple detector array (TDA)

analysis showing Rap1 is monomer and has a relatively large hydrodynamic radius (Rh)

and intrinsic viscosity (m) compared to globular protein standards. The data for BSA are

from (Khan and Salahuddin, 1990). Data for aldolase are from (Hammerstedt et al., 1971)

and (Hirano et al., 2001). Data for ferritin are from (Hirano et al., 2001) and (Bjork,

1973). (c) Elution profile of purified Rap1 eluted from a Superdex 200 10/300 GL size

exclusion column as described in Materials and Methods. The elution positions for a set

of globular protein standards run on the same column are also shown: thyroglobulin

(670kD), aldolase (158kD), ovalbumin (44kD), and myoglobulin (17kD).
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Figure 3-2. Affinity of Rap1 for different binding site sequences. A filter binding assay

was used to measure the Ka for Rap1 binding to different DNA sequences that were used

in a previous study to assess the importance of spacing between Rap1 binding sites for

telomere length regulation in vivo (Grossi et al., 2001). For this reason, the sequences are

named by their lengths in base pairs (bp), and those spacings that were or were not

counted in vivo are indicated. The average Ka and standard deviation from 3-4 separate

experiments are shown for each sequence. DBD1 is the consensus sequence contacted by

the first Myb domain of Rap1 and DBD2 is contacted by the second Myb domain.

Figure 3-3. Rap1 counting in vivo is insensitive to the spacing between Rap1 binding

sites. (a) Schematic of yeast chromosome VIIL in which the telomere has been replaced

at the ADH4 locus by a construct containing the URA3 gene, an array of Rap1 binding

sites of differing numbers (n=0-16) with regular site spacing (27bp or 31bp”), and an

81 bp TG1.3 telomeric seed. The length of the TG, a telomeric tract in these strains

indicates to what extent the internal array of Rap1 binding sites is sensed and counted to

regulate telomere length. (b) Telomere Southern blot probing yeast strains with telomere

VIIL modified as in (a) with Rap1 binding site arrays spaced at 27bp intervals.

Construction of these strains is described in Materials and Methods. Plasmids pB56,

pE192, pB198, pE202, pE217, pE205, pE219, pB208, and pE243 were digested with

EcoRI/Sall and transformed into yeast strain EHB11114.3-4 independent purified

transformants for each were inoculated in YPD and grown overnight. Genomic DNA was

prepared and telomere Southern blots probed for URA3 were done and quantitated as

previously described (Levy and Blackburn, 2004). The upper bands derive from an
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EcoRV digest and correspond to a telomeric restriction fragment. The middle bands

derive from an EcoRV/BamHI double digest and represent the size of the Rap1 binding

site array. The bottom band is a size standard derived from the URA3 gene. Numbers to

the left of the gel are in base pairs. (c) Teloblot similar to that described in (b) except the

spacing between Rap1 binding sites in the array is 31bp”. Plasmids pll164 – pll 170

were used. (d) Quantitation of telomere lengths shown in (b) and (c). Peak TG, a tract

length was determined by subtracting the length of the EcoRV/BamhI fragment from the

length of the EcoRV fragment. This method has been described (Levy and Blackburn,

2004). Standard deviations are represented with error bars.

Figure 3-4. Rap1 binds arrays of four binding sites non-cooperatively. (a) Gel shifts of

Rap1 binding a DNA array of 4 Rap1 binding sites with 22bp spacing (purified from

pE201). A schematic diagram of the DNA fragment used in this assay is shown to the left

of the gel. [DNA] is 50nM. [Rap1] from left to right is 21.5, 43, 86, 129, 150, and

172nM. (b) Table showing the calculated frequencies of each Rap1 bound state on a

DNA array with four binding sites assuming independent binding for indicated input

ratios of [Rap1]:[binding sites]. These calculations were done using the equation shown

in Materials and Methods. (c) Data from a given gel shift experiment were quantitated,

and the measured frequencies of each bound state were compared to the distributions

shown in (b) to determine which [Rap1]:[binding site] ratio best fit the observed

distribution. This best fit [Rap1]:[binding site] ratio was then plotted against the expected

input [Rap1]:[binding site] ratio, and linear regression was done with Rº values indicated.
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Data from three separate experiments are shown, each using 4 binding site DNA arrays

with 22bp spacing between sites.

Figure 3-5. Rap1 binds arrays of binding sites non-cooperatively independently of the

spacing between binding sites. Gel shift data are shown for Rap1 binding DNA arrays

with 4 binding sites and varying site spacings. (a) 17bp (from pe200) and 22bp (from

pE201) spacings are shown. [DNA] is 500nM, and [Rap1] from left to right in each set is

0, 108, 215,430, 860, 1720nM. (b) Alternating 15bp/20bp spacing is shown. [DNA] is

100nM, and [Rap1] from left to right is 21.5, 43, 86, 172,344nM. (c) 27bp (from pE202)

and 31bp (from 140) spacings are shown. [DNA] is 100nM, and [Rap1] from left to right

in each set is 0, 21.5, 43, 86, 172,344nM.

Figure 3-6. Rap1 binds arrays of two and three binding sites non-cooperatively. (a) Gel

shift data are shown for Rap1 binding to DNA arrays with two binding sites and either

17bp (from pE196) or 22bp (from pE197) spacing between sites. [DNA] is 200nM, and

[Rap1] from left to right in each set is 21.5, 43, 86, 172,344nM. (b) Table showing the

calculated frequencies of each Rap1 bound state on a DNA array with two binding sites

assuming independent binding for indicated input ratios of [Rap1]:[binding sites]. These

calculations were done using the equation shown in Materials and Methods. (c) Data

from a given gel shift experiment were quantitated, and the measured frequencies of each

bound state were compared to the distributions shown in (b) to determine which

[Rap1]:[binding site] ratio best fit the observed distribution. This best fit [Rap1]:[binding

site] ratio was then plotted against the expected input [Rap1]:[binding site] ratio, and
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linear regression was done with R values indicated. Data from three separate

experiments are shown, each using 2 binding site DNA arrays with 22bp spacing between

sites. (d) Gel shift data are shown for Rap1 binding to DNA arrays with three binding

sites and either 17bp (from pB56+3R17bp) or 22bp (from pB56+3R22bp) spacing

between sites. [DNA] is 500nM, and [Rap1] from left to right in each set is 0, 81, 161,

323,645, 1290nM. (e) Same as (b) but for DNA arrays with three binding sites. (f) Same

as (c) except that quantitated data was compared to calculated distributions listed in the

table in (e). Data from two experiments are shown, each using 3 binding site DNA arrays

with 22bp spacing between sites.

Figure 3-7. Rap1 binds arrays of six binding sites and native telomeric sequence non

cooperatively. (a) Gel shifts of Rap1 binding a =300bp DNA fragment containing 273bp

of native telomeric sequence in the middle of the fragment (from plTel). [DNA] is

10nM. [Rap1] from left to right is 15, 30, 60, 75,90, 105, 120mM. (b) Gel shift of Rap1

binding a DNA fragment containing 81 bp of native telomeric sequence (annealed

oEHB11025/oEHB11026). [DNA] is 1000nM. [Rap1] from left to right is 0, 269,538,

1075, 2150, 4300nM. (c) Gel shift data are shown for Rap1 binding to DNA arrays with

six binding sites and either 17bp (from pe215) or 22bp (from pe216) spacing between

sites. [DNA] is 100nM, and [Rap1] from left to right in each set is 0, 32,65,129,258,

516nM.

Figure 3-8. Within a mixed DNA array of high and low affinity Rap1 bindings sites,

Rap1 only interacts with the high affinity sites. DNA arrays with three Rap1 binding sites
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were constructed in which two adjacent sites contained the high affinity 22bp sequence

and the third site consisted of either the 22bp sequence or a low affinity sequence

(created by annealing oligonucleotides oFHB11260/oEHB11261). The K, for Rap1

binding this low affinity site was measured to be a:300nM in filter binding assays. DNA

used in the first four lanes of the gel was isolated from plasmid pE56+3R22bp (6B), and

DNA in the last four lanes was from plasmid pE197+1xoEHB11260/11261 (pEHB11287,

pDL174). These gel shifts were done with [DNA] of 3nM. [Rap1] from left to right in

each set is 1.0, 1.9, 3.9, 7.7nM.

Figure 3-9. rap1AC and Rap1 DBD bind DNA arrays similarly to full-length Rap1. (a)

Coomasie-stained SDS-PAGE gel of purified Rap1, rap1AC, and Rap1 DBD. The

molecular weight of each protein is shown at the bottom. While Rap1 and rap1AC run

slower than their predicted molecular weights, the DBD alone runs as expected. The

affinity of each of these proteins for a consensus Rap1 binding site (annealed

oBHB16027/oEHB16030) was determined using the filter binding assay described in

Materials and Methods. The average Ka and standard deviation from 3-4 independent

experiments is shown below each lane. Numbers to the left of the gel are molecular

weight standards in kilodaltons. (b) Gel shift experiments using DNA arrays of 4 Rap1

binding sites with 22bp spacing (from pE201) are shown. [DNA] is 10nM, and protein

concentration from left to right in each set is 4.3, 8.6, 17.2, 34.4nM. Full-length Rap1,

rap1AC, or Rap1 DBD was used as indicated below each set of lanes.
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Figure 3-10. Rif., interacts with Rap1/DNA complexes dependent on the C-terminus of

Rap1. (a) — (d) Gel shifts of purified Rif., interacting with different DNA arrays that were

first fully loaded with either Rap1 or rap1AC protein. (a) The DNA fragment contained

three Rap1 binding sites with 22bp spacing and was fully bound with Rap1 before adding

Rif2 at different concentrations. This DNA fragment was purified from plasmid

pE56+3R22bp (6B). [DNA) was 500nM, and [Rap1) was 1290nM. [Rif2) from left to

right was 0, 50, 500, 1480nM. (b) The DNA fragment was 300bp long with 273bp of

native telomeric sequence (from plTel) and was fully bound with Rap1 prior to addition

of Rif... [DNA) was 10nM, and [Rap1] was 120mM. [Rif2) from left to right was 0, 400,

1200, 1800nM. (c) 10nM DNA containing four Rap1 binding sites with 22bp spacing

(from pE201) was fully bound with either Rap1 or rapl/\C protein, as indicated.

Increasing amounts of Rif2 were added to these pre-bound Rap1/DNA complexes.

[Rap1] and [rap1AC] was 60nM. [Rif2) from left to right in each set was 0, 400, 4000nM.

(d) Gel shifts similar to (c) were done except using a DNA array with 16 Rap1 binding

sites with 22bp spacing (from pB207). [DNA) was 4nM. Sufficient Rap1 or rap1AC

(67nM) was added to fully occupy all binding sites and then Rif., was either not added to

the reaction (-) or added at 1200nM (+). (e) Gel shifts are shown of Rap1 and Rif2

interacting with a 300bp DNA fragment containing 273bp of native telomeric sequence

(from plTel). [DNA] is 10nM. [Rap1] used in each shift is indicated below each set of

lanes and was either 0, 30, 60, 75, 105, or 120mM. After allowing time for Rap1 to bind

the DNA, Rif2 was either not added to the reaction (-) or added at 1570nM (+). (f) Gel

shifts of purified Rap1 and Rif, interacting with a DNA array having three Rap1 binding

sites with 22bp spacing. The DNA fragment was purified from plasmid pej6+3R22bp
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(6B). [DNA] is 500nM. [Rap1] used in each shift is indicated below each set of lanes and

was either 0 or 320nM. After allowing time for Rap1 to bind the DNA, Rif) was added.

[Rif2) from left to right in each set is 0, 50, 500, 1480nM.

Figure 3-11. Rap1/DNA structures observed by transmission electron microscopy (TEM)

and atomic force microscopy (AFM). (a)-(e) Different TEM images of Rap1 bound to a

DNA array of 10 Rap1 binding sites embedded within a 5.5kb linear DNA molecule.

Samples were negatively stained with uranyl acetate and imaged at 106,000x

magnification. Shown below each image is the measured length of the corresponding

Rap1/DNA complex. Lengths of the structures probably vary due to differential

occupancy of binding sites with Rap1. (f) — (h) Different AFM images of the same

complexes imaged by TEM. The DNA is easily distinguished in these images. The

number at the bottom of each image indicates the full length of the figure. The shaded bar

to the right of each figure indicates the height scale of the image with the number at the

top of the bar indicating the highest point along the z-axis.

Figure 3-12. TEM tomography and three-dimensional reconstruction of Rap1/DNA

complexes. (a) and (b) TEM images of Rap1 bound to a DNA array of 10 Rap1 binding

sites embedded within a 5.5kb linear DNA molecule. Samples were negatively stained

with uranyl acetate and imaged at 106,000x magnification. Below each image is a 3D

reconstruction of the structure from tomography experiments (-60° to +60° in 2°-5°

increments). Distance scale bars are shown. In (a), 5 Rap1 molecules are bound to the

DNA. In (b), all 10 Rap1 binding sites are bound with Rap1. (c) Same as for (a) but with
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a DNA array of 37 Rap1 binding sites embedded within a 5.5kb linear DNA molecule. 16

Rap1 molecules are bound to the DNA. (d) Model of Rap1 binding DNA as a clamp. (e) -

(g) TEM images of Rap1 bound to a DNA array of 37 Rap1 binding sites embedded

within a 5.5kb linear DNA molecule. Samples were negatively stained with uranyl

acetate and imaged at 106,000x magnification. Differential occupancy of Rap1 binding

sites with Rap1 is observed. Distance scale bars are shown. In (g), 10 Rap1 molecules are

bound to the DNA and fast Fourier transform (FFT) analysis of the image is shown to the

right.
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Table 3-1. Plasmids used in Chapter 3.

Name Information Source

pEHB11016 (pLTel) pUC HindIII-Pstl-Sphl-EcoRI- | Stéphane Marcand
TG, a 273bp-KpnI-SacI-EcoRI

pEHB11143 (pDL80) pET15b RAP1 This study
pEHB1 1205 (pDL129) Rif, pFT15b This study
pEHB11220 (pSH200) T7-Hisó-TEV-BamhI, EcoRI, Lim lab, UCSF

-

SacI, Sall, HindIII, Not■ and
XhoI in peT22b backbone

pEHB11223 (pDL145) rap1AC pSH200 This study
pEHB11232 (pej6) See Table 3-2 David Shore
pEHB11234 (pE65) See Table 3-2 David Shore
pEHB11240 (pE140) See Table 3-2 David Shore

EHB11243 (pE191) See Table 3-2 David Shore
pEHB11244 (pE192) See Table 3–2 David Shore
pEHB11245 (pE195) See Table 3-2 David Shore

EHB11246 (pE196) See Table 3-2 David Shore
pEHB11247 (pE197) See Table 3-2 David Shore
pEHB11248 (pE198) See Table 3–2 David Shore
pEHB11249 (pE200) See Table 3-2 David Shore
pEHB11250 (pE201) See Table 3-2 David Shore
pEHB11251 (pe202) See Table 3-2 David Shore
pEHB11254 (pE205) See Table 3-2 David Shore
pEHB11255(pe207) See Table 3-2 David Shore
pEHB11256 (pE208) See Table 3-2 David Shore
pEHB11257 (pE215) See Table 3-2 David Shore
pEHB11258 (pE216) See Table 3-2 David Shore

EHB11259 (pE217) See Table 3-2 David Shore
pEHB11261 (pE219) See Table 3-2 David Shore
pEHB11263 (pE243) See Table 3-2 David Shore
pE56+3R17bp (5B) See Table 3-2 This study
pE56+3R22bp (6B) See Table 3-2 This study

EHB11269 (pDL157) Rap1 DBD pSH200 This study
EHB11276 (pDL164) pE56+1x31bp” This study

pEHB11277 (pDL165) pE56+2x31bp” This study
pEHB11278 (pDL166) pE56+6x31bp” This study
pEHB11279 (pDL167) pE56+4x31bp” This study
pEHB11280 (pDL168) pE56+8x31bp” This study
pEHB11281 (pDL169) pE56+16x31bp” This study
pEHB11282 (pDL170) pE56+12x31bp” This study
pEHB11287 (pDL174) pE197+1xoEHB11260/11261 This study
pEHB11297 (pDL184) pE207 no Tel81 This study
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Table 3-2. Plasmids used in Chapter 3 from David Shore's laboratory.

Name Rap1 site (R) density || Number Rap1 sites (R)
pE56 none TG1.3-Bam-Bgl-Kpn
pE65 2R/35bp TG1.3 + 4R
pE140 1R/31bp TG1.3 + 4R
pE191 1R/22bp TG1.3 + 1R
pE.192 1R/27bp TG1.3 + 1R
pE195 1R/17bp TG1.3 + 1R
pE196 1R/17bp TG1.3 + 2R
pE197 1R/22bp TG1.3 + 2R

E198 1R/27bp TG1.3 + 2R
pE200 1R/17bp TG1.3 + 4R
pE201 1R/22bp TGla + 4R
pE202 1R/27bp TG1.3 + 4R
pE205 1R/27bp TG1.3 + 8R
pE207 1R/22bp TG1.3 + 16R
pE208 1R/27bp TG1.3 + 16R
pE215 1R/17bp TG, 3 + 6R

E216 1R/22bp TGla + 6R
pE217 1R/27bp TG1.3 + 6R
pE219 1R/27bp TGla + 12R
pE243 1R/27bp TG1.3 + 32R
pE56+3R17bp (5B) | 1R/17bp TG1.3 + 3R
pE56+3R22bp (6B) | 1R/22bp TGla + 3R

Table 3-3. Oligonucleotides used in Chapter 3.

OEHB11025 5 'ggcc.gc.gcggagatctgTGTGTGGGTGTGGGTGTGGGTGTGTGG
GTGTGTGGGTGTGTGGGTGTGGGTGTGGTGTGGGTGTGGTGTGGGT

GTGGTGGggat.ccggcc.gc.gc.gg3 *
OEHB11026 5 'ccgc.gc.ggcc.ggat.ccCCACCACACCCACACCACACCCACACCA

CACCCACACCCACACACCCACACACCCACACACCCACACCCACACC

CACACACagatctocqc.gcggcc3'
OEHB1116.1 5' GGTTAGTATATAGAGcatatggagcatgtag3'
OEHB11163 5' GTACAGATTATCTCCATatgtctagtcc 3'
OEHB11164 5’ CAATGATGTTACTTAAcTCgAgTACtcataa.caggto:3'
OEHB 11231 5' CTTTCAAAAGACctogagãATttatctatoatgtac3'
OEHB 11241 5' GTACAGATTATgaattcatgtctagtccagatg3'
OEHB 11242 5' CTATTTGAAATATTctog/AGTCAattotttaaactgg3'
OEHB1 1.252 5' gtc.catgattgaaTTCGGCGCTTTGCCCTCCCAC3'
OEHB1 1253 5 : ctittgagaactCGaGtttcAtTACCTCTTGGCGGCAGAG3'
OEHB 11256 5 * GATCCTTGTGTACACCCATACATCGTCAGTA3 *
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OEHB 11257 5' GATCTACTGACGATGTATGGGTGTACACAAG3'
OEHB 11260 5' GATCCATCAGTCGTTACGTAAGCATCAGA3'
OEHB1 1.261 5 * GATCTCTGATGCTTACGTAACGACTGATG3'
OEHB16027 5 * CACACCACACCCACACACCACAC3'
OEHB16030 5' GTGTGGTGTGTGGGTGTGGTGTG3'

OEHB16094 5' GATCCGTACACCCATACATCGA3'

OEHB16095 5' TCGATGTATGGGTGTACGGATC3'

OEHB16096 5 * GATCCACACCCATACAAGAT3'
OEHB16097 5 * ATCTTGTATGGGTGTGGATC3'

OEHB16102 5 * GATCCTGTGTACACCCATACATCGTCA3 *

OEHB16103 5 * TGACGATGTATGGGTGTACACAGGATC3"

OEHB16104 5 * GATCCGTGTTGACACCCATACATTGGTGATA3 *
OEHB16105 5'TATCACCAATGTATGGGTGTCAACACGGATC3'
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Name Sequence Kd

Consensus 23bp 5 * – CACACCACACCCACACACCACAC-3 '' 20+2pM
22bp 5 ' - (GATC) CGTACACCCATACATCGA-3 ' 78+12pm

Counted | 2x22bp 5' - (GATC) CGTACACCCATACATCGA
in vivo –GATCCGTACACCCATACATCGA-3 44+4pM

27bp 5' - (GATC) CTGTGTACACCCATACATCGTCA-3 41+10pm
17bp 5' - (GATC) CACACCCATACAAGAT-3 '' 40+5 nM

Not counted 2x17bp 5' - (GATC) CACACCCATACAAGATC
in vivo - CACACCCATACAAGAT-3 '' 25+5 nM

31bp 5* - (GATC) CGTGTTGACACCCATACATTGGTGATA-3 455+23pM
31bp” 5' - (GATC) CTTGTGTACACCCATACATCGTCAGTA-3' 44+8pM

DBD1 DBD2
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Figure 3-4
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Figure 3-5
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Figure 3-7
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Figure 3-8
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Figure 3-9
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Figure 3-10
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Figure 3-11
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Supplementary Information for Chapter 3

Unusual DNA gel shift mobilities of Rap1 bound to arrays of binding sites

Further evidence for the non-globular structure of Rap1 came from our initial

studies of the binding of Rap1 to DNA arrays of Rap1 binding sites in gel shift assays.

When a single Rap1 molecule was bound to a Rap1 binding site array DNA molecule, the

longer the array, the faster the mobility of the complex in agarose gel electrophoresis

(Figure S3-1). This trend was observed for complexes containing up to at least four

bound Rap1 molecules, and for DNA molecules consisting of one to twelve Rap1 binding

sites. This observation might be explained by the extended structure of Rap1. Rap1

bound to a short DNA array results in a large reduction in the mobility of the complex in

agarose gels because of the extended conformation of Rap1. When Rap1 is bound to

longer DNA arrays, there may be non-specific, possibly transient, interactions between

domains of the protein outside the DNA binding domain (DBD) with the DNA. This

might impart an overall more linear character to the complex, explaining its faster

mobility in electrophoresis. The same trend is observed whether DNA fragments are

made longer with Rap1 binding sites or with DNA that does not bind Rap1 (data not

shown). This lends further support to the idea that some extended region of Rap1 separate

from the DBD makes non-specific DNA interactions. Once all binding sites are occupied

with Rap1 and there are no longer stretches of free DNA, these non-specific interactions

do not occur and the complexes migrate as expected for the size of the DNA array. While

these observations are consistent with the extended structure of Rap1 free in solution and

bound to DNA, the in vivo relevance of this non-specific DNA interaction outside the
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DBD is unclear. Rap1 is one of the most highly expressed proteins in the cell with an

estimated nuclear concentration of around 111M (Ghaemmaghami et al., 2003). All

telomeres should be fully occupied with Rap1 under these conditions, so these

observations made with partially occupied arrays may not be relevant for the in vivo

situation.

Given these observations of aberrant mobility of Rap1/DNA complexes in

agarose gels, we question previously published gel shift assays that suggested that Rap1

bends DNA (Muller et al., 1994; Vignais and Sentenac, 1989). In these studies, the

position of a Rap1 binding site in a larger DNA fragment was circularly permutated.

Changes in the gel shift mobility of the Rap1/DNA complex dependent on where the site

was positioned within the larger fragment were interpreted as Rap1 causing a bend in the

DNA. Alternatively, these altered mobilities might result from the extended shape of

Rap1, as discussed above. If domains of Rap1 outside the DBD interact with neighboring

DNA, then having a Rap1 binding site at the end of a DNA fragment may provide greater

opportunity for these alternative protein-DNA interactions, thereby imparting an overall

more linear shape to the complex and hence a faster mobility in the gel. With Rap1 bound

in the middle of the DNA fragment, these non-specific protein-DNA interactions might

be weaker and/or more transient and, especially given the extended shape of Rap1, the

complex would be more retarded in the gel. This alternate interpretation for these gel

shift results would therefore argue against bending of DNA by Rap1. EM images

showing DNA bending by Rap1 might be explained by these alternate protein/DNA

interactions of Rap1, or they might be an artifact of how the complexes spread on the

support matrix prior to imaging (Muller et al., 1994). Our EM images of Rap1 bound to
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arrays of sites show no evidence for Rap1-induced DNA bending. The KMnO,-

sensitivity of Rap1-bound DNA that has been documented (Gilson et al., 1994) may not

indicate DNA bending but rather untwisting of the DNA. The crystal structure of Rap1

DBD bound to DNA as well as other assays looking at binding of the DBD alone to DNA

show only a slight DNA bend induced by the DBD (Konig et al., 1996). The possibility

therefore exists that Rap1 does not significantly bend telomeric DNA.
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Figure legends

Figure S3-1. Unusual DNA gel shift mobilities of Rap1 bound to arrays of binding sites.

(a) Gel shift patterns of Rap1 binding to DNA arrays with 4, 8, or 12 Rap1 binding sites

with 27bp spacing. DNA fragments were purified from pe202, pB205, and pe219,

respectively. DNA concentration of each was as 1 nM and Rap1 concentrations from left to

right were approximately 0,0.5, 1.3, 3.3, 8.1, 20.3, and 50.8nM. Gel shift conditions are

described in Material and Methods. Numbers to the left of the gel are in base pairs. (b)

Gel shift patterns of Rap1 binding DNA arrays with 1, 2, 4, or 6 Rap1 binding sites with

22bp spacing. DNA and Rap1 concentrations were selected to favor Rap1/DNA

complexes containing only a single bound Rap1 molecule. The singly bound species in

each set of lanes is denoted with an arrow. This gel was run longer than normal to

achieve good separation of the singly bound species.

Figure S3-2. Coomasie-stained SDS-PAGE gel of recombinant 6xhis-Rif2 purified from

bacteria. The left lane shows protein standards and molecular weights in kilodaltons. Rif.”

fractions from the final purification step, as described in Materials and Methods, are

shown.
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Introduction

Budding yeast protein Rif) is a negative regulator of telomere length. Deletion of

RIF2 causes the telomeric repeat tract to elongate to 0.4–0.5kb (Wotton and Shore,

1997). Overexpression of Rif., causes telomere shortening (Wotton and Shore, 1997).

Rif) interacts with Rap1 in a two-hybrid screen and has been shown to localize to yeast

telomeres in vivo (Bourns et al., 1998; Smith et al., 2003; Wotton and Shore, 1997). In

chapter 2 of this thesis, we showed that telomere-tethered Rif2 is counted similarly to

Rap1 to regulate telomere length, and that the tethered Rif., can regulate telomere length

through a Rap1-independent pathway. We also demonstrated that in genetic settings

where telomeres are long, such as rap 1AC, tethering of a single Rif molecule to a

telomere causes extreme shortening of that telomere, and the extent of shortening is the

same whether one or six binding sites are present for the tethered Rif2 protein. We

therefore proposed a model for Rif2 function whereby Rif2, when localized to the
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telomere, recruits additional Rif molecules and/or other telomeric components that

spread throughout the telomere. In this way we propose that Rif., has a role in nucleating

the formation of higher order telomeric chromatin structure. This model was proposed by

analogy with previous models for how regions of silenced heterochromatin are

established through a nucleation and spreading of Sir proteins (Rusche et al., 2002;

Rusche et al., 2003). In this chapter we present experimental results that support this

model for Rif) function.

No in vitro studies have been published to date that investigate biochemical

properties of the Rif2 protein. In Chapter 3 of this thesis, we showed that Rif” interacts in

vitro with Rap1/DNA complexes and that the interaction is largely dependent on the C

terminus of Rap1. In gel shift assays, when DNA arrays of Rap1 binding sites were

partially bound with Rap1 protein, a ladder of discrete bands was observed representing

different Rap1-bound states of the DNA. When Rif2 was added, the ladder of bands

shifted into a smear of lower mobility complexes. This biochemical activity of Rif., on

Rap1/DNA complexes is consistent with the nucleation and spreading model for Rif.”

function described above. In this chapter we describe additional biochemical

characterizations of Rif2, as well as its interactions with Rap1and with Rifl, another

negative regulator of telomere length.
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Results

Increasing the in vivo concentration of Rif) dramatically shortens long telomeres

composed of mutant telomere sequences

Mutations in the template domain of TLC1 that give rise to altered telomeric

sequence have a wide range of effects on telomere length regulation (Lin et al., 2004;

Prescott and Blackburn, 2000). One class of mutations results in telomere elongation (Lin

et al., 2004). When these mutant sequences are incorporated into telomeres, they create

weaker binding sites for the negative telomere length regulator Rap1 (Prescott and

Blackburn, 2000). A set of Kluyveromyces lactis template mutants specifying repeats

with reduced Rap1 binding affinity in vitro also caused corresponding longer telomeres in

vivo (Krauskopf and Blackburn, 1996). When chromatin immunoprecipitation (ChIP)

was done to quantitate Saccharomyces cerevisiae Rap1 occupancy at telomeres that had

incorporated the tle1-476A template mutation, less Rap1 was found associated with these

telomeres compared to telomeres composed of purely wild-type sequences (Smith et al.,

2003). Extrapolating from these results, similar ticl template mutations that result in

lower affinity binding sites for Rap1 at telomeres and cause telomere elongation

presumably have reduced Rap1 occupancy. We wanted to test if increasing Rif) levels in

the cell would shorten these long mutant sequence telomeres that we infer to have

reduced Rap1 occupancy.

For these experiments, we used ticlA strains initially containing two plasmids,

one plasmid having the wild-type TLC1 sequence and the other having ticl with mutant

template sequences that cause telomere elongation, ticl-476Cuc(E) and ticl-476Cug(E)

(Lin et al., 2004). We then introduced pKS414 Rif2 (a low copy number plasmid that
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expresses Rif., from its endogeneous promoter) or a control plasmid. We counterselected

against the plasmid expressing wild-type TLC1. The resulting strains expressed only

mutant template ticl with or without the extra Rif2. In strains with the prS414 Rif2

plasmid, Rif., protein levels were approximately two-fold higher than Rif2 levels in wild

type control strains as shown by western blotting (data not shown). These strains were

passaged and bulk telomere lengths were examined.

Strikingly, in the cells with twice the normal level of Rif2, mutant sequence

telomeres were kept much shorter than in cells expressing only wild-type levels of Rif2;

the degree of shortening was template-sequence-specific (Fig. 4-1). This argues strongly

that Rif) is able to interact with these mutant sequence telomeres to regulate their length.

The two-fold extra Rif, in these experiments had no effect on long rap/AC telomeres

(Fig. 4-1), although we have shown that highly overexpressing Rif., under a galactose

inducible promoter leads to shortening of rap 1AC telomeres (Levy and Blackburn, 2004).

Rif) but not Rifl can still confer telomere length control when the C-terminus of Rap1 is

overexpressed

It has been shown that overexpression of the C-terminus of Rap1 results in bulk

telomere elongation (Conrad et al., 1990). It has also been demonstrated that introduction

of extra telomeric DNA into the cell on a plasmid leads to telomere elongation (Runge

and Zakian, 1989). Both effects were proposed to act through a titration mechanism. By

overexpressing the free C-terminus of Rap1, it was proposed that this domain bound Rifl

and Rif), titrating these negative length regulators away from telomeres (Conrad et al.,
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1990). This would simulate a deletion of these proteins and cause telomere lengthening.

We wanted to test the relative importance of Rifl and Rif., for this effect.

The C-terminus of Rap1 was overexpressed under a galactose-inducible promoter

in either wild-type, riflA, or rifz/A cells. As expected, telomeres lengthened when the

Rap1 C-terminus was overexpressed in wild-type cells. Strikingly, overexpression of the

Rap1 C-terminus had no effect in riflA or rifl/A rifz/A cells but caused dramatic telomere

elongation in rifz/A cells (Fig. 4-2 and data not shown). We conclude that, in a wild-type

genetic background, overexpressing the C-terminus of Rap1 causes telomeres to lengthen

because Rifl is titrated away from telomeres. In the absence of Rifl, overexpression of

the Rap1 C-terminus has no effect on telomere length, indicating Rif2 still functions in

this context to regulate telomere length.

A fusion of E. coli Dna/A to Rap1 does not functionally substitute for Rif, to regulate

telomere length

We previously reported that fusion of a mammalian PDZ domain to the C

terminus of full-length Rap1 or rap1AC can prevent telomere over-elongation

independently of Rifl and Rif2 (Levy and Blackburn, 2004). We proposed that since

PDZ is a known protein-protein interaction domain, heterologous protein-protein

interactions at telomeres are sufficient to partially regulate telomere length in the absence

of Rifl and Rif2. Here we have done similar experiments using a different heterologous

domain, the oligomerization domain of E. coli DnaA. Dna/A binds to bacterial origins of

replication as a multimer to initiate DNA replication (Kaguni, 2006; Weigel et al., 1999).

We found that fusing the oligomerization domain of Dna/A to the C-terminus of full
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length Rap1 was sufficient to control telomere over-elongation in wild-type and riflA

cells (Fig. 4-3), although the degree of shortening was not as dramatic as that observed

with Rap1-PDZ fusions (Levy and Blackburn, 2004). This demonstrated that

heterologous Dna/A protein interactions at telomeres can function in negative telomere

length control even in the absence of Rifl.

Interestingly, we found that the ability of the Rap1-DnaA fusion to effect

telomere length regulation still required Rif. (Fig. 4-3). We have proposed that Rif, acts

to nucleate formation of a structure at the telomere that recruits additional factors and

spreads throughout the telomere. If Rif) has a role at the telomere over and above simply

setting up a network of protein-protein interactions to regulate telomere length, then that

might explain the failure of Dna/A to substitute efficiently for Rif) at the telomere.

Protease sensitivity of Rif), and Rif, mutants with telomere length phenotypes

We proceeded to characterize biochemical properties of Rif... We first fused the

tandem affinity purification (TAP) tag to the C-terminus of Rif., at its endogeneous locus.

We measured Rif2-TAP protein levels over the course of the cell cycle. We consistently

found that Rif2-TAP levels were lower in cells arrested in G1 with alpha factor, but that

protein levels increased once cells were released into the cell cycle and remained

relatively constant throughout that and subsequent cell cycles (Fig. 4-4a). We observed

that when cells were lysed under non-denaturing conditions, two Rif) bands of roughly

equal intensity were observed, one band of the predicted molecular weight and another

about 5kD smaller. In contrast, when cells were lysed under denaturing conditions, either

in urea or boiling SDS, only the larger band was observed (Fig. 4-4b). This indicated that
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the smaller Rif) band was forming in vitro once the cells were lysed, and that it was

likely the result of proteolysis at a protease-sensitive site within Rif). As the TAP tag was

fused to the C-terminus of Rif., and we were detecting the fusion protein by western blot

using an antibody against the TAP tag, we hypothesized that the proteolysis site was

somewhere near the N-terminus of the protein.

To identify the proteolysis site, Rif2-TAP was purified from yeast following

established protocols for purification of TAP tagged proteins. Two major Rif) bands

were obtained along with trace amounts of contaminating proteins that were identified by

mass spectrometry (Fig. 4-4c). The N-terminal region of each Rif., band was sequenced.

The larger protein corresponded to full-length Rif) that was also found to be N

terminally acetylated. The smaller protein corresponded to two N-terminally truncated

forms of Rif., of approximately the same size. One minor form resulted from cleavage

between Arg40 and Lys41. The major cleavage site was between Lys48 and Lys49 (Fig.

4-4c).

Since these sites underwent rapid cleavage in native cell lysates, we hypothesized

that these sequences might lie within solvent accessible regions of the protein that could

be involved in interactions with other proteins and/or with DNA. To test this we made a

number of mutations within these sites. Mutating both amino acids to Asp at either

cleavage site individually resulted in telomere elongation, with telomere lengths

intermediate between wild-type and rif”A (Fig. 4-4d and e). Mutating both amino acids to

Asp simultaneously at both sites resulted in telomere lengthening indistinguishable from

rif2A. This was not a result of changes in Rif2 protein levels, because these point mutants

were expressed at the same level as wild-type Rif. (Fig. 4-4d and e). Deleting all the

151





amino acids N-terminal to the cleavage sites (rap1AN) or C-terminal to the cleavage sites

(rap1AC) also gave the null phenotype for telomere length (Fig. 4-4d and e). Previous

two-hybrid experiments showed that amino acids 18-50 of Rif., are required for its

interaction with Rap1 but not Rifl (Wotton and Shore, 1997). We speculate that the Rif2

mutations described here disrupt its interaction with Rap1 thereby leading to telomere

lengthening comparable to deletion of RIF2.

Coimmunoprecipitation of Rap1, Rifl, and Rif, from yeast lysates

Two-hybrid results demonstrating interactions between Rap1, Rifl, and Rif2 were

verified by coimmunoprecipitation (colp). We prepared yeast lysates from cells

overexpressing Rifl-TAP or Rif2-TAP, added purified recombinant Rap1, and performed

pull-down experiments using IgG beads. Both Rifl-TAP and Rifl-TAP pulled down

Rap1 (Fig. 4-5a). While this does not demonstrate a direct interaction between these

proteins, it does show that Rap1 is able to associate with Rifl and Rif2 in vitro in yeast

lysates, and is indicative of a high affinity interaction between Rap1 and each Rif protein.

Using standard co■ p protocols, we also demonstrated that Rap1 and Rifl co■ p and that

the interaction was not dependent on Rif), as the extent of interaction as assessed by colP

was the same in rifz/A and wild-type cells (Fig. 4-5b). We also showed, similarly, that

Rap1 and Rif., colP and that this interaction is still observed in riflâ cells (Fig. 4-5c). In

contrast, we were unable to detect co■ p of Rifl or Rif2 with rap 1AC in rap 1AC cells

(data not shown). These results are all consistent with previous two-hybrid experiments

(Hardy et al., 1992; Wotton and Shore, 1997).
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We next examined interactions between Rifl and Rif2. We found that Rifl-Myc

coimmunoprecipitated with Rifl-TAP pulled down on IgG beads, when both tagged

proteins were expressed from their endogeneous chromosomal loci in the same yeast

strain (data not shown). We also showed that when separate Rifl-Myc and Rif2-TAP

yeast lysates were prepared and mixed in vitro, Rifl-Myc coimmunoprecipitated with

Rifl-TAP (Fig. 4-5d). Using this assay we demonstrated that Rifl still interacts with

rif2AN and with Rif2 proteins mutated within the in vitro cleavage sites described above

(Fig. 4-5d). Although these mutant Rif., proteins were still competent for interaction with

Rifl in vitro (Fig. 4-5d), these Rif mutations resulted in telomere elongation in vivo

(Fig. 4-4d and e). These findings suggested that interaction of Rif2 with Rifl is not

sufficient for Rif) to act at telomeres to negatively regulate length.

In order to identify novel interacting partners of Rif, and Rifl, each TAP-tagged

protein was purified from yeast lysates and associated proteins were identified by mass

spectrometry. The profile of proteins that co-purified with Rifl-TAP was similar to

control purifications in which the TAP tag alone was expressed, except for one Rifl

specific interacting protein: Brel (data not shown). When Rifl-TAP was overexpressed

from a galactose-inducible promoter and affinity-purified, Rif., was the predominant

protein isolated. Trace contamination was observed with a number of ribosomal proteins,

chaperones, a heat shock factor, and Pabl (Fig. 4-4c). These abundant proteins

commonly associate non-specifically with proteins purified from yeast. In contrast,

expression of Rifl-TAP from the endogeneous Rif2 promoter yielded a number of

specific Rifl-interacting partners, many of which are known to localize to yeast

telomeres and/or have roles in telomere maintenance: Mlp1, RadS0, Tel2, and Sir3 (data
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not shown). These interactions were likely not DNA-mediated as lysates were extensively

treated with DNase I prior to protein purification. These proteins are thus candidates for

being part of one or more higher-order, Rifl-containing complexes.

Discussion

Nucleation and spreading model for Rif) function at telomeres

We showed that telomeres containing mutant DNA sequences with reduced

affinity for Rap1, though normally elongated, are regulated at shorter telomere lengths

when Rif) levels in the cell are approximately doubled. The observation of such strong

effects on length regulation for a modest (only two-fold) change in Rif., cellular levels is

consistent with our proposal that Rif) may nucleate the recruitment and spreading of

higher-order telomere structure. How might the relatively small increase in Rif) levels

cause such a dramatic effect on the length of these mutant sequence telomeres? One

possibility is that the higher concentration of Rif., protein promotes interaction of Rif.”

with the residual Rap1 bound at these telomeres to regulate telomeres at shorter lengths.

Alternatively, Rif., could help to promote greater occupancy of Rap! at telomeres despite

the reduced affinity of Rap1 for those telomeric sequences. Another explanation is that

Rif2 acts independently of Rap1, perhaps by binding mutant and/or wild-type telomeric

sequences directly or interacting with other proteins at the telomere.

In our experiments with mutant sequence telomeres, the plasmid expressing the

extra copy of RIF2 was introduced into strains carrying both wild-type TLC1 and mutant

sequence ticl plasmids. In these strains, telomere lengths were heterogeneous as

telomeres were composed of mixed wild-type and mutant sequences. Extra Rif) kept
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telomeres shorter but, as a population, telomere lengths were still quite heterogeneous.

This is probably because telomere lengths were stabilized upon increasing the level of

Rif), but overall length distributions remained heterogeneous. We predict that if the

plasmid expressing extra Rif., were introduced prior to introduction of the mutant

sequence ticl plasmid, telomere lengths would be closer to wild-type lengths and not

show such wide length distributions. Supporting this idea, in our experiments with mutant

sequence telomeres, there is a greater proportion of a subclass of telomeres consisting of

well-regulated, wild-type length telomeres in strains expressing elevated levels of Rif2

compared to the control ticl-mutant-template strains (Fig. 4-1).

We showed that telomere elongation by Rap1 C-terminus overexpression acts

predominantly through titration of Rifl from telomeres. One possible explanation for

why this effect does not act through Rif2 is that the C-terminus of Rap1 does not interact

with Rif); in this scenario, overexpressed Rap1 C-terminus would not titrate Rif2 from

telomeres. This seems unlikely given that Rif, interacts with the C-terminus of Rap1 in

two-hybrid assays (Wotton and Shore, 1997) and given our biochemical studies showing

that the interaction of Rif., with Rap1/DNA complexes is dependent on the C-terminus of

Rap1 (Chapter 3 of this thesis). Rather, our data suggest that titration of Rifl but not Rif2

away from telomeres causes telomere elongation. This is consistent with our nucleation

and spreading model for Rif2 function. Overexpressing the C-terminus of Rap1 may

titrate some but not all Rif., off telomeres. By our model, as long as sufficient Rif.”

remains bound at each telomere, this will nucleate the recruitment and spreading of the

other relevant proteins that regulate telomere length. Thus overexpressing the C-terminus
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of Rap1 in rifl/A cells has no further effect on telomere length over and above the effect

caused by lack of Rifl.

Interactions between Rif) and other telomeric proteins

We have constructed and analyzed Rif2 mutants that implicate the N-terminal

domain of Rif., and specific amino acids within the N-terminus in telomere length

regulation. These mutants have telomeres that are either as long as a Rif., null or

intermediate between wild-type and rifza telomere lengths. What is the defect in these

mutant proteins? Previous two-hybrid results showed that the N-terminus of Rif2 was

required for its interaction with Rap1 but not Rifl (Wotton and Shore, 1997). This two

hybrid data is supported by our colP results showing that rif2AN as well as Rif2 N

terminal point mutants still interact with Rifl. Taken together, these data suggest that an

interaction between Rif) and Rifl is not sufficient for Rif2 to negatively regulate

telomere length in vivo. One possibility is that the N-terminal Rif mutants disrupt some

activity of Rif) that is independent of its interaction with telomeres, and this leads to

telomere elongation. To date no structural or catalytic domains have been defined for

Rif). Another possibility is that the N-terminus of Rif., is important for its interaction

with Rap1 or a protein that bridges a Rap1-Rif2 interaction, and this interaction is

necessary for Rif2 to act at the telomere to negatively regulate telomere length. Since N

terminal Rif mutants still interact with Rifl yet have elongated telomeres, bringing Rif2

to the telomere simply through interaction with Rifl is not sufficient for it to regulate

telomere length. Perhaps upon associating with the telomere specifically through Rap1,
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Rif) undergoes a conformational change that then allows it to act to regulate telomere

length.

The C-terminus of Rap1 is an interaction and recruitment domain for Sir2 and

Sir4 (Moretti et al., 1994; Moretti and Shore, 2001), as well as Rifl and Rif). It has been

proposed that there are two telomeric chromatin domains mediated by Rap1 (Wotton and

Shore, 1997). The most terminal end of the chromosome is composed of telomeric DNA

bound with Rap1, Rifl, and Rif2. Adjacent to this tract, within the subtelomere, Rap1 is

proposed to recruit the Sir complex of proteins, generating a chromatin domain

responsible for the telomere position effect whereby subtelomeric genes are silenced. We

found both RadS0 and Sir3 in a complex with Rif2. RadS0 is part of the

Mre 11/RadS0/Xrs 1 (MRX) complex that localizes to telomeres and is important for

telomere maintenance (Takata et al., 2005; Vannier et al., 2006). A possible model for

how telomeric chromatin forms is that Rif2 is recruited to the telomere through

interactions with Rap1 and specifically to the very end of the telomere through

interactions with MRX and/or possibly other components of the telomere end capping

complex. Rif then nucleates the recruitment of Rifl, Rif2, and possibly other telomeric

components. These protein complexes spread inward toward the subtelomere until being

blocked by a region of Sir proteins and/or until they directly recruit the Sir complex.

This, in turn, would initiate inward spreading of Sir proteins and establishment of a

silenced, Sir-containing heterochromatin domain.
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Materials and Methods

Plasmid construction

All plasmids used in this study are listed in Table 4-1. All oligonucleotides used

in this study are listed in Table 4-3. To make a plasmid for overexpressing the C-terminus

of Rap1, the GAL1 promoter was first subcloned into prS304 (Sikorski and Hieter, 1989)

as a KpnI/XhoI fragment from plK20 (provided by Doug Kellogg). This generated

plasmid pBHB11001 (pKS304 Gal). Next the GALI promoter was PCR amplified from

pEHB11001 using oligonucleotides oFHB11079/oEHB11080. The resulting PCR

product was cloned into prS414 (Brachmann et al., 1998) at BamhI/Not to generate

pEHB11076 (pRS414 Gal). The C-terminus of RAP1 including a 5’ ATG and RAP1

3'UTR was amplified from yeast genomic DNA by PCR using oeHB11217/oEHB11218.

This PCR product was cloned into pEHB11076 at BamhI/Pst■ . The resulting plasmid

was called pBHB11193 (pDL117, pRS414 Gal Rap1 C-term + 3'UTR). The Notl/EcoRI

fragment from pEHB11193 was subcloned into pKS403 (Brachmann et al., 1998) to give

pEHB11195 (pDL119, pRS403 Gal Rap1 C-term + 3'UTR). The sequence of the whole

construct was verified by sequencing.

To study the effect of fusing the oligomerization domain of E. coli DnaA to the C

terminus of Rap1, first the following plasmids were constructed. The CYC1

transcriptional terminator was PCR amplified from pCM171 (Gari et al., 1997) using

oEHB11099/oEHB11103. The PCR product was cloned into pKS403 (Brachmann et al.,

1998) at XhoI/Apal to give pEHB11138 (pDL75, prS403 cyc-t). The sequence of cyc-t

was verified. The RAP1 promoter was PCR amplified from yeast genomic DNA using

oEHB11081/oEHB11157 and cloned into pEHB11138 at BamhI/Not■ . The sequence of
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the RAP1 promoter was verified giving pEHB11140 (pDL77, prS403 Rap1 promoter

cyc-t). The oligomerization domain of Dna/A (nucleotides 1-258, amino acids 1-86)

(Weigel et al., 1999) was amplified by PCR from E. coli genomic DNA using

oEHB11174/oEHB11175; this PCR product also includes two TAA stop codons after the

DnaA oligomerization domain. The PCR product was cloned into pBHB11140 at

BamhI/XhoI. The resulting construct was verified by sequencing and called pLL87

(pEHB11158, pKS403 Rap1 promoter DnaA(TAA)2 cyc-t).

The RIF2 ORF plus =700bp upstream and ~450bp downstream was amplified

from yeast genomic DNA by PCR with oBHB11074/oEHB11113. The PCR product was

cloned into pKS405 (Brachmann et al., 1998) at Notl/BamhI and the insert fully

sequenced to generate pBHB11126 (pDL64). To make the rifzáN mutation (deleting

nucleotides 4-147 and leaving ATG intact, deleting amino acids 2-49), separate PCR

reactions were done with oeHB11116/oEHB11115 and oBHB11114/oEHB11117 using

pEHB11126 as template. Products of these PCR reactions were combined and PCR was

done using oBHB11116/oEHB11117. The resulting PCR product was cloned into

pRS405 at BamhI/Not■ . The whole construct was verified by sequencing to generate

pEHB11127 (pDL65). To make rifz(RK40,41DD; KK48,49DD), separate PCR reactions

were done using oeHB11074/oEHB11123 and oBHB11122/oEHB11113 and yeast

genomic DNA as template. PCR products were combined and PCR done with

oEHB11074/oEHB11113. This PCR product was cloned into prS405 at BamhI/Not■ .

The construct was verified by sequencing to give pEHB11128 (pDL66). Mutant

rifz(RK40,41DD) was made similarly to pEHB11128 except that the first two PCR

reactions were done with OEHB11074/oeHB11119 and OEHB11118/oEHB11113. The
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resulting plasmid was called pehB11133 (pDL70). Mutant rif2(KK48,49DD) was made

similarly to pehB11128 except that the first two PCR reactions were done with

oEHB11074/oEHB11121 and oBHB11120■ oEHB11113. The resulting plasmid was

called pEHB11134 (pDL71). Mutant rifz(K48A) was made by Quikchange site-directed

mutagenesis (Stratagene) of pEHB11126 using oeHB11166/oEHB11170 to give

pEHB11174 (pDL100). Mutant rif2(K49A) was made by Quikchange mutagenesis of

pEHB11126 using oBHB11167/oEHB11171 to give pEHB11175 (pDL101). Mutant

rifz(S50R) was made by Quikchange mutagenesis of peHB11126 using

oEHB11169/oEHB11173 to give pEHB11177 (pDL103).

To make a plasmid containing Rif2 C-terminally TAP tagged, PCR was done off

yeast genomic DNA prepared from EHB11112 using oBHB11074/oEHB11165. This

PCR product contains the RIF2 promoter followed by the RIF2 ORF tagged at its C

terminus with the TAP tag and ADH1 terminator sequence. This PCR product was cloned

into pKS405 (Brachmann et al., 1998) at Notl/Xbal and the resulting clone sequenced to

give pEHB11153 (pDL86). To swap Rif mutations into pEHB11153, the wild-type

sequence between Nsil/BspEI of pBHB11153 was replaced with the mutant Nsil/BspEI

fragment from pEHB11127, pEHB11128, pEHB11133, or pBHB11134 to generate

pEHB11160 (pDL89), pEHB11161 (pDL90), pBHB11162 (pDL91), or pEHB11163

(pDL92), respectively.

Yeast strain construction

All yeast strains used in this study are listed in Table 4-2. To make yeast strains

for overexpressing the C-terminus of Rap1, pBHB11195 was digested with PpuMI and
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transformed into EHB 11256 (Levy and Blackburn, 2004) to integrate the plasmid at the

endogeneous Rap1 C-terminus locus. His+ transformants were selected and integration

was verified by diagnostic yeast colony PCR using oeHB12113/oEHB11208. This

generated yeast strain EHB 11302.

To make a yeast strain to study the effect of fusing the oligomerization domain of

E. coli DnaA to the C-terminus of Rap1, PCR was done using plL87 (pehB11158) as

template with oligonucleotides oFHB11181/oEHB11141. The resulting PCR product was

transformed into EHB11188 (Levy and Blackburn, 2004). Integration was verified by

yeast colony PCR with oeHB11177/oEHB11176, and this PCR product was sequenced

to verify the Rap1-DnaA junction and the sequence of DnaA and cyc-t terminator. This

resulted in yeast strain EHB11198.

To make yeast strains expressing different mutant and/or TAP-tagged versions of

Rif., rifz/A straineHB0235 (Chan et al., 2001) was transformed with Nsil-digested

plasmids pBHB11126, pEHB11127, pBHB11128, pEHB11133, pEHB11134,

pEHB11153, pEHB11160, pFHB11161, pEHB11162, and pEHB11163 to generate

strains EHB11104, EHB11106, EHB11108, EHB11121, EHB11123, EHB11163,

EHB11165, EHB11167, EHB11169, and EHB11171, respectively. Nsil-digested

plasmids pBHB11174, pFHB11175, and pBHB11177 were also transformed into

EHB0235, however the corresponding yeast strains were not saved. Strains containing

the plasmids integrated at the RIF2 promoter were identified as being Leu-- and by

diagnostic colony PCR with oeHB11127/oEHB11128 and/or of HB11060/oEHB11113.

To make a yeast strain expressing only amino acids 1-49 of Rif., PCR was done

using pHA6a-3HA-kanMX6 (Longtine et al., 1998) as template with
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oEHB11133/oEHB11132. PCR product was transformed into W303a (EHB11001) and

diagnostic colony PCR was done on G418" colonies using oeHB11124/oEHB134 to

identify rifz/AC strain EHB11111. This strain expresses only amino acids 1-49 of Rif.”

under its endogeneous promoter, followed by a TGA stop codon and ADH1 terminator

sequence. The rest of the RIF2 ORF and about 200bp in the 3'UTR are deleted.

To C-terminally TAP tag Rif2 at its endogeneous locus, PCR was done with

oEHB11135/oEHB11136 using pHA6a-TAP-His MX6 (Peter Walter's laboratory, UCSF)

as template and the PCR product transformed into W303a (EHB11001). Integrants were

identified as His4 and by colony PCR using oEHB11060/oEHB11004. This gave strain

EHB11112. The entire Rifl-TAP cassette was cloned from EHB11112 and the sequence

was found to be correct. Telomere lengths in EHB11112 are the same as wild-type. To

make a strain containing a plasmid with Rif2-TAP under the control of a galactose

inducible promoter, PCR was first done with oBHB11087/oEHB11088 using yeast

genomic DNA as template. The resulting PCR product was used as template for a PCR

reaction with oeHB11009/oEHB11010. The final PCR product was cotransformed into

W303a (EHB11001) with pRSAB1234 (Erin O’Shea's laboratory, Harvard) that had first

been linearized by BamhI/HindIII digestion. Plasmids were isolated from single Ura--

yeast colonies and those containing the Rif2 insert were identified by SacII/Kpni

digestion and by sequencing. Strains expressing the correct Rifl-TAP fusion were

verified by western blotting. This resulted in strain EHB11092. To make TAP tag

expressing control strain EHB11322, W303a (EHB11001) was transformed with

pRSAB 1234 and Ura-- colonies selected.
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To C-terminally TAP tag Rifl at its endogeneous locus, PCR was done with

oEHB11154/oEHB11155 using pHA6a-TAP-His MX6 (Peter Walter's laboratory, UCSF)

as template and the PCR product transformed into W303a (EHB11001). Integrants were

identified as His+ and by colony PCR using oeHB11156/oEHB11004. This gave strain

EHB11120. The junction between the 3’ end of Rifl and the TAP tag was amplified from

EHB11120 using oeHB11156/oEHB12028. The PCR product was sequenced and the

sequence at the fusion junction was correct. Telomere lengths in EHB11120 are the same

as wild-type. To make a strain containing a plasmid with Rifl-TAP under the control of a

galactose-inducible promoter, PCR was first done with oBHB11152/oEHB11153 using

yeast genomic DNA as template. The resulting PCR product was used as template for a

PCR reaction with oeHB11009/oEHB11010. The final PCR product was cotransformed

into W303a (EHB11001) with pKSAB 1234 that had first been linearized by

BamhI/HindIII digestion. Plasmids were isolated from single Ura-- yeast colonies and

those containing the Rifl insert were identified by SacII/Kpnl digestion and by

sequencing. Strains expressing the correct Rifl-TAP fusion were verified by western

blotting. This resulted in strain EHB11181.

Strain EHB0225 expressing GFP-Rap1 at its endogeneous locus was made by

Chris Smith (Blackburn laboratory). To make EHB0225, plasmid pah■ 2 (Yasushi

Hiraoka) was digested with Pst■ and integrated into BY4705 (Brachmann et al., 1998).

Leu-H strains that showed clear GFP-Rap1 foci by fluorescent microscopy were selected.

Strain EHB0164 in which endogeneous RIFI is C-terminally tagged with 9xMYC was

previously reported (Smith et al., 2003). Strain EHB0175 expresses both GFP-Rap1 and

Rifl-9xMYC and was previously made by Chris Smith (Blackburn laboratory).
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EHB0175 was made by transforming EHB0164 with Pst-digested pahS2 and selecting

for Leu-H strains showing clear GFP-Rap1 foci by fluorescent microscopy. To delete RIF2

from EHB0175, PCR was done using pHA6a-kanMX6 (Longtine et al., 1998) as template

with oBHB11131■ oEHB11132, PCR product was transformed into EHB0175, G418"

colonies were selected and screened for rifz/A by diagnostic yeast colony PCR.

To C-terminally tag endogeneous RIF1 with a 13xMYC tag, PCR product

generated from template pHA6a-13Myc-HisMX6 (Longtine et al., 1998) using

oEHB00180/OEHB00181 was transformed into EHB11114. His-H colonies were Selected

and integrants verified by diagnostic yeast colony PCR using oEHB11156/oEHB03321

and by western blot probing for the Myc tag. This gave strain EHB11340. Telomere

lengths in EHB11340 are the same as wild-type. To C-terminally tag endogeneous RIF2

with a 13xMYC tag, PCR product generated from template pHA6a-13Myc-HisMX6

(Longtine et al., 1998) using oBHB00182/oEHB00183 was transformed into EHB11114.

His+ colonies were selected and integrants verified by diagnostic yeast colony PCR using

oEHB11180/oEHB03321 and by western blot probing for the Myc tag. This gave strain

EHB11343. Telomere lengths in EHB11343 are the same as wild-type.

To make strains for detecting a colP interaction between Rifl-13xMYC and Rap1

or rap1AC in the presence or absence of Rif2, EHB11340 was mated to strain EHB11258

that is riflA rifza rap 1AC (Levy and Blackburn, 2004). The diploid was sporulated and

strains with the desired genotype were selected and used for coLP experiments. To make

strains for detecting a colP interaction between Rif2-13xMYC and Rap1 or rapl/\C in the

presence or absence of Rifl, EHB11343 was mated to EHB11258. The diploid was
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sporulated and strains with the desired genotype were selected and used for coLP

experiments.

Experiments with mutant tic/ templates and elevated Rif) protein levels

The TLC1 gene in parent yeast strain S288C-BY4705 (EHB11114) (Levy and

Blackburn, 2004) was deleted with HIS3 using the Pringle method (Longtine et al.,

1998), and the deletion was covered by plasmid pKS316 TLC1 which contains the wild

type TLC1 gene with its endogeneous promoter and terminator (Lin et al., 2004). Into this

strain was introduced pKS415 ticl-476Cuc(E) and pKS415tlc1-476Cug(E). These ticl

mutants were previously described (Lin et al., 2004), and these specific plasmids were

made by subcloning the mutant ticl genes from prS313 into prS415 (Brachmann et al.,

1998) by Jue Lin. Into each of these two ticl template mutant-containing strains was

transformed either a plasmid expressing Rif) under its endogeneous promoter (pDL47,

pRS414 Rif” promoter GBD RIF2 cyc-t) or a control plasmid (pDL56, pRS414 Rif.

promoter GBD cyc-t) (Levy and Blackburn, 2004). Cells were grown in-Ura-Leu-Trp

medium to select for all three plasmids. Strains were streaked on 5-fluoroorotic acid (5-

FOA) –Leu-Trp plates to select against the wild-type TLC1 plasmid. Strains were then

passaged three streaks on —Leu —Trp plates and telomere lengths were measured by

teloblot as previously described (Lin et al., 2004). To look at the effect of increased Rif.”

amounts on rap 1AC telomeres, yeast strain EHB11256 (Levy and Blackburn, 2004) was

sporulated and dissected and a rap 1AC strain was selected. This strain was transformed

with either plL47 or plL56 (see above), and transformants were passaged on —Trp

plates for six streaks before measuring telomere lengths by teloblot as above.
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Characterization of Rif, proteolysis

To analyze endogeneous Rif2 levels over the cell cycle, EHB11112 was grown in

culture in YPD at 30°C to mid-log phase and cells were arrested in G1 of the cell cycle

with 1pg/ml alpha-factor (Bio-Synthesis, Lewisville, TX) for 2.5 hours. Cells were

washed with YPD to remove alpha-factor and released into fresh YPD medium. Samples

were taken at various time intervals for western blot analysis. To lyse cells under native

conditions, a cell pellet from 20ml of culture was resuspended in 200ml 25mm HEPES

pH8, 150mM NaCl, 0.1% NP40, 1mM EDTA, 1 mM DTT, protease inhibitors: 10pg/ml

pepstatin (Sigma) and Complete Protease Inhibitor Tablets (Roche). Cells were lysed by

bead beading and supernatant was collected after centrifuging 10 minutes at 14,000rpm at

4°C in a table-top centrifuge. To lyse under denaturing conditions, a cell pellet from 20ml

of culture was resuspended in 200ml 20mM tris pH7.5, 7M urea, 2M thiourea, 4%

CHAPS, 1% DTT, 1 mM EDTA, protease inhibitors (10mg/ml pepstatin and Complete

Protease Inhibitor Tablets). Cells were lysed by bead beading and supernatant was

collected after centrifuging 10 minutes at 14,000rpm at room temperature in a table-top

centrifuge. Samples were separated on a 4-20% gradient SDS-PAGE gel, transferred to

Hybond P membrane (GE Healthcare), and probed with PAP (peroxidase anti-peroxidase

soluble complex antibody; Sigma) against the ZZ portion of the TAP tag.

To identify the precise site of N-terminal cleavage of Rif2, Rif2-TAP was purified

as described below. Purified protein was precipitated with TCA, run on a 12% SDS

PAGE gel, transferred to Hybond P (GE Healthcare), stained with Coomasie (Sigma),
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and protein bands of interest were excised. These PVDF-bound protein bands were

subjected to limited N-terminal sequence analysis.

Purification of Rifl-TAP and Rifl-TAP complexes and identification of associated

proteins by mass spectrometry

EHB 11001 (control), EHB11120 (Rifl-TAP), and EHB11112 (Rifl-TAP) strains

were grown in 6 liters YPD at 30°C to ODoom as 1.0, and cell pellets were harvested. For

overexpression studies, EHB11322 (control), EHB11181 (Gal Rifl-TAP), EHB11092

(Gal Rif2-TAP) were used. Strains were inoculated in SD-ura media and grown at 30°C

=8 hours. Next, 3x1-liter cultures of S-raff-ura plus 2ml SD-ura media per liter were

inoculated with 5ml culture per liter. Cultures were grown at 30°C for about 16 hours to

ODoom =0.3. Galactose was added to 2% and cultures were grown an additional 4.5

hours. Cells were then harvested.

For the endogeneously expressed proteins, cell pellets were resuspended to 45ml

total in lysis buffer: 25mm HEPES pH8, 150mM NaCl, 0.1mM EDTA, 0.1% NP40, 10%

glycerol, 1 mM DTT, 5mm MgCl2, 2ng/ml DNase (10U/ul; Roche), protease inhibitors:

10ng/ml pepstatin (Sigma), 1 mM Pefabloc (Sigma), Complete Protease Inhibitor Tablets

minus EDTA (Roche). Cells were lysed by bead beating. Supernatant from a low-speed

spin was collected, additional DNase was added at 2ng/ml, and the lysate was spun in a

Ti70 rotor at 40,000rpm at 4°C for 1 hour. Lysate was collected, EGTA was added to

10mM, and the lysate was incubated with 1ml IgG Sepharose resin (Amersham) at 4°C

for 4 hours with tumbling. The resin was poured into a column and washed 7x1ml 25mm

HEPES pH8, 150mM NaCl, 0.1% NP40, 10% glycerol and 3x1ml Tev cleavage buffer
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(25mm HEPES pH8, 150mM NaCl, 0.1% NP40, 0.5mm EDTA, 1mM DTT, 10%

glycerol). 1 ml Tev cleavage buffer was added to the resin plus 100U Tev protease

(Invitrogen) and the resin was tumbled at 4°C =14 hours. Tev eluate was collected to

which was added 4.5ml CaM binding buffer (25mm HEPES pH8, 150mM NaCl, 0.1%

NP40, 1mM Mg(OAc), 1 mM imidazole, 2mVM CaCl2, 10mM BME, 10% glycerol) plus

4.5ul 1M CaCl2. 450ml CaM beads (Stratagene) were added and tumbled =4.5 hours at

4°C. The CaM resin was poured into a column and washed 5x1 ml CaM binding buffer.

Bound protein was eluted in 6x500ml 25mm HEPES pH8, 150mM NaCl, 1mM

Mg(OAc), 1 mM imidazole, 12m M EGTA.

Purifications from strains overexpressing Rifl-TAP and Rifl-TAP were done

similarly as described above with the following changes. 1) Cell pellets were resuspended

in lysis buffer to a final volume of 20ml and the lysis buffer was 25mm HEPES pH8,

150mM NaCl, 1mM EDTA, 0.1% NP40, 10% glycerol, 1 mM DTT, protease inhibitors

(10mg/ml pepstatin, 1 mM Pefabloc, Complete Protease Inhibitor Tablets minus EDTA).

No DNase was added. 2) EGTA was not added to the lysate. 3) 300ml IgG beads and

250pul CaM beads were used per strain.

Protein fractions eluted from CaM beads were pooled and precipitated with TCA.

The protein pellets were resuspended in SDS-PAGE sample buffer and proteins were

separated on 4-20% gradient SDS-PAGE gels. Gels were stained with silver. Specific

bands that were not seen in control purifications were excised from the gel and proteins

were identified by mass spectrometry. Tryptic digests of the proteins were done and

resulting peptides were subjected to a micro-clean-up procedure using 21il bed-volume of

Poros 50 R2 (PerSeptive) reversed-phase beads, packed in an Eppendorf gel-loading tip.
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Mass spectrometry (MALDI-ReTOF) was then done on two peptide pools each (16 and

30% MeCN) recovered from the RP-microtip column using a Bruker REFLEX III

instrument with delayed extraction. For mass fingerprinting, top “major' experimental

masses (m/z) combined from both MALDI-ReTOF experiments were used to search a

non-redundant yeast database (NR; =9,553 entries; NCBI; Bethesda, MD) algorithm. A

molecular weight range of up to twice the predicted MW was covered, with a mass

accuracy restriction better than 50 ppm, and maximum one missed cleavage site allowed

per peptide.

Coimmunoprecipitations

To do colP's in which purified recombinant 6xhis-Rap1 was mixed with yeast

lysates containing Rifl-TAP or Rifl-TAP, extracts were first prepared from EHB11322

(control, TAP only), EHB11181 (Rifl-TAP), and EHB11092 (Rif2-TAP). Strains were

inoculated in SD-ura media and grown at 30°C =8 hours. Next, 1-liter cultures of S-raff

ura plus 2ml SD-ura media per liter were inoculated with 5ml culture per liter. Cultures

were grown at 30°C for about 16 hours to ODoom =0.3. Galactose was added to 2% and

cultures were grown an additional 4.5 hours. Cells were then harvested. Cell pellets from

3 liters of culture were resuspended in 20ml lysis buffer: 25mm HEPES pH8, 150mM

NaCl, 0.1% NP40, 10% glycerol, 1 mM EDTA, 1 mM DTT, and protease inhibitors:

10pg/ml pepstatin (Sigma), 1 mM Pefabloc (Sigma), Complete Protease Inhibitor Tablets

(Roche). Cells were lysed by bead beating and the lysate was cleared by centrifugation in

a TiT0 rotor at 40,000rpm at 4°C for 2 hours. One milligram protein for each lysate was

taken to a final volume of 200ml in lysis buffer in the presence or absence of 1.5Mg
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purified 6xHis-Rap1 (see Chapter 3 of this thesis). Binding reactions were mixed with

60ml IgG Sepharose beads (Amersham) and tumbled 2 hours at 4°C. Beads were washed

in batch 4x 0.5ml lysis buffer per wash. 60ml 2x SDS-PAGE sample buffer was added,

the beads were boiled 5 minutes, and protein was separated on 4-20% SDS-PAGE

gradient gels. Western blots were done using 6xHis monoclonal antibody (Clontech) at

1:5000 dilution. Secondary antibody was HRP-conjugated anti-mouse (Jackson) at

1:10,000. ECL Plus kit (GE Healthcare) was used to develop the western.

For Myc IP's the following strains were used: EHB0225, EHB0164, EHB0175,

EHB0175 rif2A, as well as strains generated by sporulating diploids from

EHB11340xEHB 11258 and EHB11343xEHB11258. For each strain, 100ml YPD

cultures were grown to ODoom = 0.5–0.8. Cells were harvested and resuspended in 1ml

lysis buffer: 25mm HEPES pH8, 150mM NaCl, 2mm EDTA, 2mm EGTA, 0.1% NP40,

10% glycerol, 1 mM DTT, and protease inhibitors (10pg/ml pepstatin, 1 mM Pefabloc,

Complete Protease Inhibitor Tablets). Cells were lysed by bead beating and lysate was

collected by centrifugation in a tabletop centrifuge at 14,000rpm at 4°C for 15 minutes.

Three milligrams protein for each lysate was taken to a final volume of 600ml with lysis

buffer and 3.5ul 9E10 antibody (Babco) added. Samples were nutated at 4°C for 1 hour.

25pil of a 50% slurry of protein Gagarose beads (Sigma) were added to each tube and

samples were nutated 4-5 hours at 4°C. Beads were washed 3x500ml with lysis buffer,

30pul 2x SDS-PAGE sample buffer was added, samples were boiled 5 minutes, and

supernatant was run on SDS-PAGE gels. Westerns were done. To probe for Rap1, anti

Rap1 antibody (Judith Berman) was used at 1:2000 dilution and HRP-conjugated anti

rabbit antibody (Jackson) was used at 1:5000 dilution. To probe for GFP, anti-GFP
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antibody (Invitrogen) was used at 1:1000 dilution and HRP-conjugated anti-rabbit

antibody (Jackson) was used at 1:5000 dilution. Western detection was with an ECL Plus

kit (GE Healthcare).

For examining interactions between Rifl and Rif., in cell lysates, 50ml cultures of

the following strains were grown in YPD to mid-log phase: EHB11163, EHB11165,

EHB11167, EHB11169, EHB11171, EHB0164, and W303a (EHB11001). Cells were

harvested and lysed by bead beading in 500ml of lysis buffer: 25mm HEPES pH8,

150mM NaCl, 1mM EDTA, 0.1% IP40, 10% glycerol, 1mM DTT, and protease

inhibitors (10pg/ml pepstatin, 1 mM Pefabloc, Complete Protease Inhibitor Tablets).

Lysates were cleared by centrifugation. One milligram protein for each lysate was taken

and lysates were mixed as appropriate and total volumes were taken to 250ml with lysis

buffer. 50pul IgG Sepharose beads (Amersham) were added and samples were tumbled at

4°C for 2 hours. Beads were washed 4x 400ml lysis buffer, resuspended in 50pul 2x SDS

PAGE sample buffer, boiled for 5 minutes, and supernatant run on 7.5% SDS-PAGE

gels. Western blots were done and probed for Rifl-Myc using 9E10 antibody (Babco) at

1:1000 and HRP-conjugated anti-mouse secondary antibody (Jackson) at 1:10,000.

Westerns were developed with ECL Plus kit (GE Healthcare).

Antibodies

Rifl and Rif2 peptide antibodies were a gift from Jason Lieb (Patrick Brown's

laboratory). We raised a monoclonal guinea pig antibody against Rap! using purified

protein described in Chapter 3 of this thesis (Sveta Makovets and Tanya Williams;

Covance) and also used a Rap1 antibody obtained from Judith Berman. 9E10 antibody
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against the Myc tag was from Babco. Peroxidase anti-peroxidase soluble complex

antibody (PAP; Sigma) was used to detect the protein A (ZZ) domain of the TAP tag in

western blots. Antibody against the 6xhis tag was from Clontech. Anti-GFP antibody

was from Invitrogen.
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Figure Legends

Figure 4-1. Teloblots showing the effect of increased Rif2 levels in different long

telomere backgrounds. Strains were constructed and passaged as described in Materials

and Methods. Lanes indicated as (+) Extra Rif., correspond to yeast strains containing

plasmid pL)L47. Lanes indicated as (-) Extra Rif., correspond to yeast strains containing

plasmid pLL56 and expressing endogeneous levels of Rif).

Figure 4-2. Telomere elongation by overexpression of the C-terminus of Rap1 acts

mainly through Rifl. Yeast strains either with an integrated plasmid containing the Rap1

C-terminus under control of the GALI promoter (+) or without the plasmid (-) were

grown in galactose. The different strain backgrounds are indicated at the bottom. “Rap1
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C-term O/E” means “Rap1 C-terminus overexpression.” To generate this data, strains

EHB11302 (Table 4-2), EHB11298 (Levy and Blackburn, 2004), and EHB11300 (Levy

and Blackburn, 2004) were sporulated and dissected onto YP-Gal plates. Spores with the

desired genotypes were passaged three streaks on YP-Gal plates. Overnight cultures were

grown in YP-Gal media at 30°C and genomic DNA was isolated. Genomic DNA was

digested with XhoI and telomere lengths were measured by telomere Southern blot as

previously described (Levy and Blackburn, 2004).

Figure 4-3. The oligomerization domain of DnaA substitutes for the function of Rifl but

not Rif) in telomere length regulation. Yeast strains were constructed in which the

oligomerization domain of E. coli DnaA was fused to the C-terminus of the endogeneous

copy of RAP1 (labeled “Rap1-DnaA”). Control strains were made in a similar way but

lacking the DnaA domain (labeled “Rap1”). The different strain backgrounds are

indicated at the bottom. To do these experiments, EHB11198 (Table 4-2) and EHB11201

(Levy and Blackburn, 2004) were sporulated and spores with the desired genotypes were

selected. Strains were passaged three streaks on YPD plates and telomere lengths were

measured as previously described (Levy and Blackburn, 2004). RAP1-HIS3 His+ spores

generated from EHB11201 grew more slowly than wild-type taking about 3 days at 30°C

on YPD plates to obtain large colonies. RAP1-DnaA-HIS3 His+ spores from EHB11198

grew even slower taking about 4 days to generate large colonies.

Figure 4-4. Mutations within a protease sensitive site in Rif., cause telomere elongation.

(a) The TAP tag was fused to the C-terminus of the endogeneous copy of RIF2. The
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strain was arrested in G1 with alpha factor and then released into the cell cycle. Cell

samples were taken at various time intervals, lysed into a urea-containing buffer, and

analyzed by western blot probing for the TAP tag. (b) Cells of the Rifl-TAP strain were

lysed either under native conditions or denaturing conditions in a buffer containing urea,

as described in Materials and Methods. A western blot probing for the TAP tag was done.

(c) Rifl-TAP was overexpressed from a galactose-inducible promoter. Rifl-TAP was

purified by standard protocols and as described in Materials and Methods. A Coomasie

stained gel of the purified protein is shown. Mass spectrometry was done to identify

associated proteins and those are labeled to the left of the gel. Both Rif2 bands were N

terminally sequenced and the smaller Rif., band was found to result from N-terminal

cleavage of the full length protein. A minor and major cleavage site were identified and

are indicated on the sequence of Rif., to the right of the gel. (d) Site-directed mutagenesis

was done to mutate amino acids within and near the cleavage sites. Deletion mutants

were also constructed that deleted all amino acids either before the major cleavage site

(rif2AN) or after the major cleavage site (rifz/AC). These mutations were introduced at the

endogeneous RIF2 locus. Some mutants were C-terminally TAP-tagged to assess protein

levels of the mutants. For this subset of the mutants, a western blot was done probing for

the TAP tag and is shown below the mutant list. (e) Teloblots were done for all strains

listed in (d) to assess bulk telomere lengths in the mutants. Teloblots were done as

previously described (Levy and Blackburn, 2004) by digesting genomic DNA with XhoI

and probing for TG, a sequence.
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Figure 4-5. Coimmunoprecipitations of Rap1, Rifl, and Rif2. All results in this figure

were repeated in 2-3 independent experiments though only representative data are

presented here. (a) Lysates were prepared from yeast strains expressing the TAP tag only

or C-terminally TAP tagged versions of Rifl or Rif). Purified recombinant 6xhis-Rap1

(1.5ug) was added to these lysates and incubated 2 hours with IgG beads as described in

Materials and Methods. TAP tagged protein was pulled down with IgG beads,

immunoprecipitated protein was run on an SDS-PAGE gel, and an anti-His western was

done to monitor co-purification of Rap1. (b) Strains were made in which RIFI was C

terminally tagged with 9xMYC and/or RAP1 was N-terminally tagged with GFP. Lysates

were prepared from these strains, Myc-tagged protein was immunoprecipitated, and

western blots were done probing for GFP. The final lane shows that the Rifl-Rap1 colP

still occurs in a rifz/A strain. (c) Lysates were made from strains in which the C-terminus

of Rif., was tagged with 13xMYC or control strains in which Rif., was not tagged. Myc

tagged protein was immunoprecipitated and a western was done with an antibody against

Rap1 to look for colP of Rap1 with Rif). The last two lanes show that the Rap1-Rif2

coIP is the same in riflA and RIF1 strains. (d) Rif., and various Rif mutants analyzed in

Figure 4-4 were C-terminally TAP-tagged. Rifl was tagged at its C-terminus with

13xMYC. Separate lysates were prepared from Rif2-TAP and Rifl-Myc strains, and

lysates were mixed as described in Materials and Methods. IgG beads were used to IP

TAP-tagged protein and an anti-Myc western was done to probe for Rifl.
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Table 4-1. Plasmids used in Chapter 4.

Plasmid name Information Source

pAH52 GFP-RAP1 prS405 (from (Hayashi et al., 1998)
Yasushi Hiraoka)

pEHB0004 (pDK20) Gall promoter pKS306 Doug Kellogg
pEHB11001 Gall promoter pKS304 This study
pEHB11028 pRSAB1234 (Hudson et al., 1997)
pEHB11029 pFA6a-TAP-His3MX6 Peter Walter’s lab
pEHB11076 Gall promoter pRS414 This study
pEHB11108 (pDL47) pRS414 Rif, promoter GBD (Levy and Blackburn,

RIF2 cyc-t 2004)
pEHB11118 (pDL56) pRS414 Rif2 promoter GBD (Levy and Blackburn,

CyC-t 2004)
pEHB11126 (pDL64) Rif) pKS405 This study
pEHB11127 (pDL65) rifzaN pKS405 This study
pEHB11128 (pDL66) rifz(RK40,41DD; KK48,49DD) | This study

pRS405
pEHB11133 (pDL70) rifz(RK40,41DD) pKS405 This study
pEHB11134 (pDL71) rifz(KK48,49DD) pRS405 This study
pEHB11138 (pDL75) pRS403 cyc-t This study
pEHB11140 (pDL77) pRS403 Rap1 promoter cyc-t This study
pEHB11153 (pDL86) Rif2-TAP pRS405 This study
pEHB11158 (pDL87) pRS403 Rap1 promoter This study

DnaA(TAA)2 cyc-t
pEHB11160 (pDL89) rifzaN-TAP pRS405 This study
pEHB11161 (pDL90) rifz(RK40,41DD; This study

KK48,49DD)-TAP pRS405
pEHB11162 (pDL91) rifz(RK40,41DD)-TAP pKS405 || This study
pEHB11163 (pDL92) rifz(KK48,49DD)-TAP pKS405 || This study
pEHB11174 (pDL100) rifz(K48A) prS405 This study
pEHB11175 (pDL101) rifz(K49A) prS405 This study
pEHB11177 (pDL103) rifz(S50R) prS405 This study
pEHB11193 (pDL117) Gall promoter Rap1 C-term + This study

3'UTR prS414
pEHB11195 (pDL119) Gall promoter Rap1 C-term + This study

3'UTR prS403
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Table 4-2. Yeast strains used in Chapter 4.

lys2A0/lys2A0 met/5A0/met15A0
trp 1A63/trp 1A63 ura■ A0/ura■ A0
RIFI/rifl:TRP1 RIF2/rifz::kanMX6
RAPI/rap1AC-LEU2

Name Genotype Source
EHB0164 MATa his3-11 uraj-1 trp3-1 ade2-1 can 1-100 (Smith et al., 2003)

leu2-1 bar 1::LEU2 lys2A0 RIF1::RIF1
9xMYC-k/TRP

EHB0175 EHB0164 except RAP1::RAP1-pAH52(Pst1) Chris Smith
EHB0225 EHB11114 except RAP1::RAP1-páH52(Pstl) | Chris Smith
EHB0235 EHB11114 except rifz::kanMX4 (Chan et al., 2001)
EHB1 1001 MATa his3-11, 15 ura■ -52 trp 1-1 ade2-1 can 1- Dana Smith

100 leu2-3, 112 barl lys2A
EHB 11092 EHB11001 except RIF2 pKSAB 1234 This study
EHB 11 104 EHB0235 except pI)L64(Nsil)-rifz:kanMX4 || This study
EHB 11 106 EHB0235 except pIDL65(Nsil)-rifz:kanMX4 || This study
EHB11108 EHB0235 except plL66(Nsil)-rifz:kanMX4 || This study
EHB11111 EHB11001 except RIF2::rif2AC-kanMX6 This study
EHB11112 EHB11001 except RIF2::RIF2-TAP-HIS3 This study
EHB11114 MATa ade2A::hisG his3A200 leu2A0 lys2A0 (Levy and Blackburn,

met 15AO trp 1A63 ura■ A0 2004)
EHB11 120 EHB11001 except RIFI::RIFI-TAP-HIS3 This study
EHB 11 121 EHB0235 except pI)L70(Nsil)-rifz:kanMX4 || This study
EHB 11123 EHB0235 except pI)L71(Nsil)-rifz:kanMX4 || This study
EHB11163 EHB0235 except pI)L86(Nsil)- rifz:kanMX4 || This study
EHB11165 EHB0235 except pIDL89(Nsil)- rifz:kanMX4 || This study
EHB11167 EHB0235 except pIDL90(Nsil)- rifz:kanMX4 || This study
EHB11169 EHB0235 except pIDL91 (Nsil)- rifz:kanMX4 || This study
EHB 11171 EHB0235 except pI)L92(Nsil)- rifz:kanMX4 || This study
EHB11181 EHB11001 except RIFI pKSAB 1234 This study
EHB1 1.188 MATa/o ade2A::hisG/ade2A::hisG (Levy and Blackburn,

his 3A200/his 3A200 leu2A0/leu2A0 2004)
lys2AO/lys2A0 met/5A0/met15A0
trp 1A63/trp 1A63 ura■ A0/uraj A0
RIFI/rifl:TRP1 RIF2/rifz:kanMX6

EHB11 198 EHB11188 except RAP1/RAP1-DnaA-HIS3 This study
EHB 1120.1 EHB11188 except RAPI/RAP1-HIS3 (Levy and Blackburn,

2004)
| EHB 11256 MATa/o ade2A::hisG/ade2A::hisG (Levy and Blackburn,

his 3A200/his3A200 leu2A0/leu2A0 2004)
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EHB 11258 MATo ade2A::hisG his3A200 leu.2A0 lys2A0 (Levy and Blackburn,
met 15AO trp 1A63 ura■ A0 rifl::TRP1 2004)
rifz:kanMX6 rap 1AC-LEU2

EHB 11298 EHB11256 except HIS3-Poº- (Levy and Blackburn,
RIFI/rifl:TRP1 2004)

EHB 11300 EHB 11256 except HIS3-Poº- (Levy and Blackburn,
RIF2/rifz:kanMX6 2004)

EHB 11302 EHB11256 except RAP1- This study
pDL119(Ppul/I)/rap 1AC-LEU2

EHB 11322 EHB11001 except pRSAB1234 (pehB11028) || This study
EHB 11340 EHB11114 except RIF1::RIFI-13xMYC-HIS3 || This study
EHB 11343 EHB11114 except RIF2::RIF2-13xMYC-HIS3 || This study

Table 4-3. Oligonucleotides used in Chapter 4.

OEHB00180 5 * GAATTATTAGATTTTATGATGAGGCTCGAATATTACTCAAACAGGGAT

AATGATATGAATøgtogacggat.ccc.cgggtt3'
OEHB00181 5 ' AGATTTTATTATTGTAATTAATTTATTGCCATTTTGATCTATTCTACA

TACTAACAATCAtcgatgaattcqagctogtt3'
OEHB00182 5'TATAACTTTAAGAAAAACCAGCGTCTTCCACTTAAGTTAACTCGAAAA

GTACATGATAGAggtogacggat.ccc.cgggtt3'
OEHB00183 5' CCAAAGGAGTTGCCATCTCTTTGTATTGTTCGAACTCTTTCAAAAGAC

CTTGGTAATTTAtcgatgaattogagctogtt3'
OEHB03321 5 * TTAATTAACCCGGGGATCCG3'
OEHB11004 5 * GCTTCTGCTAAAAGGTTAGCG3'
OEHB1 1009 5 * GTATCAACAAAAAATTGTTAATATACCTCTATACTTTAACGTCAAGGA

GAAggaattocagotgaccacci; '
OEHB11010 5 ' AGCGGTTGGCTGCTGAGACGGCTATGAAATTCTTTTTCCATCTTCTCT

Tcgatcc.ccgggaattgccatg3'
OEHB1 1060 5' gaacct tcgaagcttaccg3 '
OEHB1 1074 5'TATGCAGAACAAGcGgcc.gcGGGAACAAAAAC3'
OEHB 11079 5' GGGAACAAAAGCTGGCGGCCGCttatattgaattttc3'
OEHB11080 5' CGATACCGTCGACGGATCCtatagttttttctoc3 '
OEHB 11081 5' CCGGACTCAGAC9cGGcCGcGTCGTATATTC3'
oEHB11087 5' ggaattcoagctgaccaccATGGAGCATGTAGATTCCGATTTTG3'
oEHB11088 5' cqatcc.ccgggaattgccatgTCTATCATGTACTTTTCGAGTTAAC3'
OEHB 11099 5' CTCTAGAGTCGACCTcgAGgagggcc.gcatc3 '
OEHB 11103 5' GACCATGATTACGCCggGCccggcc.gcaaattaaagc3'
OEHB1 1113 5' GGAAGATAATG gaTcCAACGTCCTATTT3'
OEHB 11114 5' AGACAatgåGTGTTAGCAGCCCAAAGGT3'
OEHB 11 115 5 * CTAACACTCatTGTCTCTATATACTAAC3'
OEHB11116 5' CCGCGGTGGcGgcc.gcGGGAACAAAAAC3'
OEHB11117 5' GCAGCCCGtGggATcCAACGTCCTATTT3'
OEHB11118 5' tact.gtactggATGaTttgaaccttgttccaattaaaaaaag3'
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OEHB11 119 5' caaggttcaaatcATCcagtacagtaaaatttttttgc3 '
OEHB 11 120 5' coaattCa'TGaTagtgttagoagoccaaaggtg3'
OEHB 11121 5' gota acactAtCAtCaattggaacaaggttcaactttc3'
OEHB 11122 5' ctgtactggATGaTttgaaccttgttccaattgaTGaTagtgttagoa

gcc.caaaggtg3'
OEHB 11123 5' gota acactAtCAtCaattggaacaaggttcaa/AtCATCC agtacagt

aaaatttttttgc3'
OEHB 11124 5' CAGAAGGGATCTTCTTAACC3'
OEHB 11 127 5' GGTTAGGAAGTATAAAAGGAAGGG3 *

OEHB 1.1128 5' gotttcacaatctgtcactgtc.3'
OEHB 11 131 5' GTACGAATATAGATATAAATACGAACGTGGTTAGTATATAGAGACAgg

togacggat.ccc.cgggtt3'
OEHB1 1.132 5' CGCACCAGCAACCAAATCCAAGTCCTAGTCAAAAAAAAAGCAGTATTG

Gtcgatgaattcgagctogtt3'
OEHB 1.1133 5' CAAAAAAATTTTACTGTACTGAGAAAGTTGAACCTTGTTCCAATTAAA

AAAtgaggcgc.gc.cacttctaaa3'
OEHB1 1134 5 * CATAAGAAATTCGCTTATTTAG3'

OEHB11 135 5' gaaaaaccago.gtott.ccacttaagttaactcgaaaagtacatgatag
aacgctgcaggtogacggatc3'

OEHB1 1136 5' GTTGCCATCTCTTTGTATTGTTCGAACTCTTTCAAAAGACCTTGGTAA

TTTAgaattcqagctogtttaaac3 '
OEHB1 1141 5 * GAAATAAAGGAGTAAAATAAGTTAAACAATGATGTTACTTAATTCAAT

TACagattgtact.gaga.gtgcac3'
OEHB11143 5 ' GTTATTACAGGATTGCCATTGCAAAATCGTTTTTGTGGTCAATTTGCA

ggtogacggatcc.ccgggtt3'
OEHB 11144 5 * GATTTTATTATTGTAATTAATTTATTGCCATTTTGATCTATTCTACAT

ACTAACAAtcgatgaattcgagctogtt3'
OEHB 11 152 5' ggaattccagotgaccaccATGtcgaaagatttttcagataaaaag3'
OEHB11153 5' cqatcc.ccgggaattgccatgattoatatoattatcc.ctstttgag3'
OEHB11154 5' gattttatgatgaggcto gaatattactcaaacagggataatgatatg

aatacgctgcaggtogacggatc3'
OEHB11155 5' GTAATTAATTTATTGCCATTTTGATCTATTCTACATACTAACAATCAg

aattcgagctogtttaaac3'
OEHB11156 5' gaga aggttagtggccagattg3'
OEHB11157 5' caaaatcatctggacGGATcCTATTGAGATAATCTG3'
OEHB11165 5' CTATATTACCCTGTTATCtcTAGaGGATCtgcc.ggtag3!
OEHB11166 5' coaattGCTaaaagtgttagoagcc.caaaggtg3'
OEHB 11 167 5' ccaattaaaGCTagtgttagcagoccaaaggtg3'
OEHB11169 5 'ccaattaaaaaaagAgttagcagoccaaaggtg3'
OEHB 11 170 5' gota acacttttàGCaattggaacaaggttcaactttc3'
OEHB11171 5' gota acactAGCtttaattggaacaaggttcaactttc3'
OEHB 11173 5' gotaacTctttttttaattggaacaaggttcaactttc3'
OEHB 11174 5' cttttgttcgagtggGAtcc.gc.c.A.TGTCACTTTC3'
OEHB11175 5' cqacgttgctcgtoacCTcGAGttAtTACGTTTGCGTCACCG3'
OEHB1 1176 5' ctt.cgagcgtoccaaaacct to 3'
OEHB1 1.177 5' ctoccaacgttcctggtatttg3'
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oBHB1 1180 || 5 'ctgagattatagtccagagtag3'
oBHB1 1181 || 5' gaactggtagaatggaaatgaggaaaagattttttgagaaggacctgt

taATGTCACTTTCGCTTTGGCAG3'

oEHB 11208 || 5 'GTTTTATCCTTGAAGAgtoGACACGTTAAAAATG3'
oEHB11217 | 5' catttc.cagtCGATCCaTGGATCTATCCAATATTTC3'
oEHB 11218 5’ cttcactgtc.caCtgcagtctgctaatc.3'
OEHB12028 || 5 'GAGAAAGCAACCTGACCTACAGG3'
OEHB 12113 || 5 'GGAAAAATTGGCAGTAACCTGG3'
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Figure 4-2
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Figure 4-3
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Figure 4-4
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Appendix 1: A) Yeast strains with long riflA telomeres are sensitive to DNA double

strand breaks and B) Purification of recombinant yeast Rifl protein from

baculovirus-infected insect cells

Daniel L. Levy, Ryenn West, Tanya Williams, Elizabeth H. Blackburn

Department of Biochemistry and Biophysics, University of California San Francisco, San

Francisco, California 94.158

A) Yeast Strains with long rifl/A telomeres are sensitive to DNA double-strand breaks

The human homolog of yeast Rifl was recently identified and while hRifl does

not appear to play a role in regulating telomere length in human cells, it is involved in the

cellular response to DNA damage. The hRifl protein localizes to DNA damage foci in

response to double-strand breaks and telomere-specific DNA damage (Silverman, 2004;

Xu and Blackburn, 2004). Inhibition of hrifl makes cells radiosensitive and causes a

defect in the intra-S phase checkpoint (Silverman, 2004). While a role for yRifl in

telomere length is well established, we wondered if it might also be involved in the

response to DNA damage like its human ortholog.

We first compared the growth of wild-type and riflA cells in response to UV

radiation which causes DNA damage such as thymidine dimers. Wild-type and riflA cells

responded similarly to various doses of UV-C radiation. As the dose of UV-C radiation

was increased, a lose of cell viability was observed but growth of wild-type and riflA

cells was indistinguishable (Fig. A 1-1a). This was in clear contrast to cells lacking Mecl,

a known component of the DNA damage response pathway (Jackson, 1996). Cells that
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were mecla showed greatly reduced cell viability in response to UV-C radiation

compared to wild-type and rifl/A cells (Fig. A 1-1a). We also irradiated cells with a dose

of UV-B radiation that is lethal to mecla cells but the growth of wild-type and riflA cells

was the same in response to this same UV-B dose (Fig. A 1-1a). We also assessed

response of these strains to methylmethanesulfonate (MMS), a drug that damages DNA

through methylation. Cultures of wild-type or riflA cells were grown in 0.04% MMS for

various lengths of time and then viability was monitored on plates. Cells exposed to

MMS for longer times showed increased loss of viability. Again, the degree of loss of

viability with longer exposures to MMS was the same for wild-type and rifla cells (Fig.

A 1-1b). These results show that Rifl is not involved in the cellular response to DNA

damage caused by UV irradiation and MMS.

We next examined cell response to double-strand DNA (dsDNA) breaks using the

drug phleomycin. Cells were grown in culture in 20pg/ml phleomycin and viability was

determined on plates at various time points. Wild-type and rifl/A cells showed similar

viability after grown in the presence of phleomycin for 4 hours. However, after 22 hours

of exposure to this concentration of phelomycin, rifl/A cells showed a dramatic reduction

in viability, much greater than that observed in wild-type cells (Fig. A 1-2a). We

concluded that rifl/A cells are sensitive to dsDNA breaks caused by phleomycin, although

they are not as sensitive as mecla cells (Fig. A 1-2c).

Other yeast deletion mutants with long telomeres have been reported to be

sensitive to dsDNA breaks. Deletion of the negative telomere length regulators Mlp1

and/or Mlp2 causes telomere elongation and results in strains that are sensitive to

bleomycin (Hediger et al., 2002). We wanted to know if the sensitivity of riflâ cells to
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phleomycin was due to the absence of the Rifl protein or due to longer bulk telomere

lengths in the rifl/A strain. The endogeneous copy of RIFI was placed under control of a

galactose-inducible promoter. In the presence of galactose, Rifl is overexpressed and

telomere lengths vary from wild-type to slightly shorter than wild-type length. This strain

was passaged three streaks on plates containing either galactose or glucose, which

repressed expression from the Gal promoter. Telomere lengths were examined in the

resulting strains. Telomere lengths in strains grown on galactose were wild-type or

shorter in length, and telomere lengths in strains grown on glucose were as long as riflA

telomeres (data not shown). Cells from the long and short telomere strains were

inoculated into liquid cultures containing galactose and grown overnight to induce Rifl

expression in both strains. Over this time period only minimal shortening of rifl/A length

telomeres was observed when Rifl protein was reintroduced (data not shown). We then

assessed phleomycin-sensitivity in the two strains. Both strains expressed Rifl, as they

were grown in galactose, but in one strain telomere lengths were short to wild-type, while

in the other strain telomeres were elongated. Strikingly, we found that the long telomere

strain was just as sensitive to phleomycin as the riflA strain even though this long

telomere strain expressed Rifl (Fig. A1-2b). We conclude that riflA cells are sensitive to

phleomycin because they have long telomeres and not because of the absence of Rifl

protein.

We envision two possible models to explain why yeast cells with long telomeres

are more sensitive to phleomycin. It has been reported that phleomycin demonstrates

some sequence specificity for its binding and cleavage sites. Specifically, phleomycin

shows a preference for cleaving GpC and GpT dinucleotides (Fox et al., 1987). Given the
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GT-rich nature of yeast telomeres, cells with long telomeres and therefore longer

stretches of GT-rich sequences contain more potential cleavage sites for phleomycin.

Thus phleomycin would cause more dsDNA breaks in these long telomere strains leading

to a reduction in viability as these cells are not able to deal with the greater amount of
-

DNA damage. A second model is that long telomeres recruit more DNA damage

proteins. It is known that a number of components of the DNA damage repair machinery

localize to telomeres (Lydall, 2003; Viscardi et al., 2005). Longer telomeres may

sequester greater amounts of these repair proteins making them less accessible for

repairing sites of DNA damage elsewhere in the genome. By this sequestration model,

cells with long telomeres would lose viability because there would not be sufficient repair

proteins available to fix sites of DNA damage. In either case, it seems that it is important

that cells regulate their telomeres from becoming too long as well as preventing

telomeres from over-shortening. In addition to being metabolically more costly to the

cell, long telomeres increase the cell's sensitivity to dsDNA breaks.

B) Purification of recombinant yeast Rifl protein from baculovirus-infected insect cells

To purify recombinant Rifl, we first tried to express yeast Rifl in bacteria.

However, expression of full-length Rifl was toxic to bacteria. We next tried to express

Rifl in insect cells using a baculovirus expression system. We were able to obtain

expression of full-length 6xHis-Rifl in this system, however the majority of the protein

was degraded into smaller fragments (Fig. A 1-3a). In an effort to minimize this

degradation, we co-expressed Rap1 and/or Rif2 with Rifl. Coexpression of a

recombinant protein with its native binding partner can increase protein expression and
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minimize degradation. Strikingly, coexpression of Rap1 with Rifl almost completely

eliminated all degradation leaving predominantly full-length Rifl protein. Coexpression

of Rif, with Rifl did not minimize degradation and reduced overall levels of Rifl (Fig.

A 1-3a). Since Rap1 stabilized Rifl in a heterologous expression system, this provides

one line of evidence that Rap1 is a direct binding partner of Rifl.

We established a purification scheme for 6xHis-Rifl isolated from insect cells

coinfected with 6xHis-Rifl-expressing and Rap1-expressing recombinant baculoviruses.

First, we found lysis conditions under which Rifl was largely soluble after both a low

speed and highspeed centrifugation step. The primary sequence of Rifl contains a

number of predicted transmembrane domains; however, since the high speed

centrifugation pellets membranes, we concluded that Rifl expressed in insect cells is not

membrane-associated (data not shown). Nickel-chelating chromatography resulted in a

significant purification of 6xHis-Rifl (Fig. A 1-3b). We observed a large fraction of Rifl

in the flow-through, Rifl eluted from the column in a broad peak, and Rap1 did not

copurify with Rifl. We believe these observations can be explained by the relatively high

salt concentration (0.5M NaCl) used in the purification that might have disrupted a Rap1

Rifl interaction and destabilized Rifl structure. We are currently investigating this

possibility. We have already established conditions for Rifl binding to heparin, anion

exchange, and cation exchange columns. A combination of these purification methods

should yield sufficient purified Rifl for use in our biochemical studies.
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Materials and Methods

Plasmid construction

Oligonucleotides used in this study are listed in Table A1-1. To make

recombinant baculovirus for expression of 6xHis-Rifl in insect cells, the RIFI gene was

amplified from yeast genomic DNA by PCR using oBHB16058/oEHB16018. The PCR

product was cloned into pHastBac Htb (Invitrogen) at Ehel/XhoI. Sequencing identified

PCR errors in the RIF1 sequence. Errors were corrected by a series of subclonings. The

final construct was fully sequenced and found to match the previously published

sequence for RIF1 (Hardy et al., 1992). One note is that nucleotide 2194 is G in our

sequence and in the published sequence. However, the online Stanford SGD sequence

shows nucleotide 2194 as an A. We have done multiple separate PCR reactions within

this region from yeast genomic DNA (both W303 and S288C) and always find nucleotide

2194 to be G so we believe the published SGD sequence is in error. This means amino

acid 732 is Ala and not Thr. The final clone is called pEHB11227 (pDL149; Rifl

pFastBac Htb, fixed).

RIF2 was amplified from yeast genomic DNA by PCR using oligos

oEHB11248/oEHB11249 and cloned into pHastBac Htb (Invitrogen) at NcoI/XhoI. The

insert was verified by sequencing to generate plasmid pBHB 11272 (pDL160; Rif2

pFastBac Htb). RAP1 was amplified from yeast genomic DNA by PCR using oligos

oEHB11250/oEHB11251 and cloned into pHastBac1 (Invitrogen) at EcoRI/XhoI.

Undesired sequence upstream of the EcoRI site was removed by digesting the plasmid

with Ncol, treatment with mung bean nuclease, and ligation to recircularize. Errors in the
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RAP1 sequence introduced by PCR were corrected by subcloning. The final plasmid was

verified by sequencing and was called pehB11275 (pDL163; Rap1 pFastBacl, fixed).

Yeast strains

To obtain a rifl/A strain, EHB11256 (Levy and Blackburn, 2004) was sporulated

and strains with the desired genotype were selected and purified. To obtain a strain in

which the endogeneous copy of RIF1 was under the control of the GALI promoter,

EHB11298 (Levy and Blackburn, 2004) was sporulated and dissected onto YP-Gal

plates. Strains with the desired genotype were selected. A mecla sml1A strain was

obtained from Dana Smith in the Blackburn lab (EHB5106). The strain background of

EHB5106 is S288C-BY4705, essentially EHB11114 (Levy and Blackburn, 2004), except

sml.1::TRP1 mecl::LEU2 made by the Pringle method (Longtine et al., 1998). Sensitivity

of these strains to various DNA damaging agents was assessed as described in the figure

legends for Figures A1-1 and A1-2.

Expression of Rap1, Rifl, and Rif, in insect cells using recombinant baculoviruses

Plasmids plL149, pI)L160, and pLL163 were transformed into DH.10Bac cells

(Invitrogen) by electroporation and white colonies containing recombinant bacmids were

selected (50pg/ml kanamycin, 711g/ml gentamicin, 10pg/ml tetracycline, 100mg/ml bluo

gal, 40mg/ml IPTG). Recombinant bacmid DNA was purified and transfected into Sf9

insect cells cultured in serum-free SFMII media using Cellfectin following the

manufacturer's protocols (Invitrogen). From transfections that showed expression of the

recombinant protein by western blot, virus was harvested and amplified twice in SFMII

195



media. Western blots were done by lysing infected cells directly in 1xSDS-PAGE sample

buffer, boiling, running protein on SDS-PAGE gels, transferring to Hybond P (GE

Healthcare), and probing with either anti-Rifl, anti-Rap1, or anti-6xHis antibodies. For

protein expression, Sf9 cells were cultured in ESF921 media (Expression Systems LLC)

in shaker flasks at 28°C as we found these conditions generally gave the highest levels of

protein expression. Insect cell cultures were diluted to 1x10" cells/ml, grown overnight,

and then infected at an MOI of around 5 for each virus for approximately 40–48 hours.

Cells were harvested, washed once in PBS, frozen in liquid nitrogen, and stored at —80°C.

Purification of Rifl from insect cells

Cells co-infected with 6xHis-Rifl and Rap1 viruses were resuspended in buffer

containing 50mM sodium phosphate pH8, 0.5M NaCl, 10% glycerol, 10mM imidazole,

10pg/ml pepstatin (Sigma), 1 mM Pefabloc (Sigma), and Complete Protease Inhibitor

Tablets without EDTA (Roche). A cell pellet equivalent to 500ml of insect cell culture

was resuspended in 20ml buffer. Cells were lysed on ice by douncing 25-30 times. Lysate

was spun in an SS34 rotor at 10,000rpm at4°C 30 minutes, and the supernatant was

collected and spun in a TiT0 rotor at 50,000rpm at 4°C for 60 minutes. The lysate was

loaded onto a 1 ml Histrap column (GE Healthcare) connected to an Akta FPLC Purifier

(GE Healthcare). The column was washed with 10 column volumes of lysis buffer

without protease inhibitors, then washed with 35 column volumes buffer containing

60mM imidazole. Rifl was eluted over a linear gradient from 60–250mM imidazole over

20 column volumes. We found other columns to which Rifl binds and that will likely

facilitate the ultimate purification of Rifl. Rifl binds a HiTrap Heparin HP column (GE
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Healthcare) in 25mm tris pH8.2, 10% glycerol, 50mM (NH,),SO, 50mM NaCl, 1mM

DTT, 1 mM EDTA. It elutes over a linear NaCl gradient to 1M. Rifl binds both HiTrap Q

and SP columns (GE Healthcare) in 25mm tris pH8.2, 10% glycerol, 50mM (NH,),SO,

0.1M NaCl and elutes over a linear NaCl gradient to 1M.

Antibodies

Rifl and Rif2 peptide antibodies were a gift from Jason Lieb (Patrick Brown's

laboratory). We raised a monoclonal guinea pig antibody against Rap1 using purified

protein described in Chapter 3 of this thesis (Sveta Makovets and Tanya Williams;

Covance) and also used a Rap1 antibody obtained from Judith Berman. An antibody

against the 6xHis tag was from Clontech.
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Figure legends

Figure A1-1. Yeast cells lacking Rifl are as sensitive as wild-type cells to DNA damage

caused by UV radiation and MMS. (a) Strains with the indicated genotypes were grown

in YPD in liquid culture at 30°C to mid-log phase, serially diluted, and spotted onto YPD

plates using a frogger. Cells were exposed to the indicated UV dose (using an ultraviolet

crosslinker from UVP), and plates were incubated at 30°C for 2 days. (b) Strains with the
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indicated genotypes were grown in liquid culture in YPD to mid-log phase at 30°C. The

cultures were split in two. To one culture MMS (Sigma) was added at 0.04% (+). To the

other culture no MMS was added (-). Cultures were grown at 30°C the amount of time

indicated at the top of each panel. Cells were harvested and washed with YPD to remove

MMS. Cells were resuspended in YPD at equivalent cell densities, serially diluted, and

dilutions were spotted onto YPD plates using a frogger. Plates were incubated at 30°C for

2 days.

Figure A1-2. Long telomeres make yeast cells sensitive to DNA damage caused by

phleomycin. (a) Strains with the indicated genotypes were grown in liquid culture in YPD

at 30°C to mid-log phase. The cultures were split in two. To one culture phleomycin

(Invivogen) was added at 20mg/ml (+). To the other culture no phleomycin was added (-).

Cultures were grown at 30°C the amount of time indicated at the top of each panel. Cells

were harvested and washed with YPD to remove phleomycin. Cells were resuspended in

YPD at equivalent cell densities, serially diluted, and the serial dilutions were spotted

onto YPD plates using a frogger. Plates were incubated at 30°C for 2 days. (b) A haploid

yeast strain in which the endogeneous copy of RIF1 was under control of the GALI

promoter was passaged on YPD plates (long telomeres) or YP-Gal plates (normal

telomeres) for three streaks. The resulting strains were inoculated into YP-Gal liquid

media, grown at 30°C overnight, diluted back in YP-Gal media, and grown to mid-log

phase. Both cultures were split in two and either left untreated (-) or 20mg/ml phleomycin

was added (+). Cultures were then grown and processed as described in (a) except that

cells were washed with and resuspended in YP-Gal media and cell dilutions were spotted
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onto YP-Gal plates. (c) Strains with the indicated genotypes were grown and processed as

described in (a).

Figure A1-3. Coexpression of Rap1 with 6xHis-Rifl in insect cells minimizes in vivo

degradation of Rifl. (a) Sf9 insect cells were infected with various combinations of

recombinant baculoviruses as indicated, cell lysates were prepared, and a western blot

was done probing for Rifl using an anti-Rifl antibody. (b) Large-scale infection of insect

cells with 6xHis-Rifl and Rap1 viruses was done and the lysate was subjected to nickel

chelating chromatography as described in Materials and Methods. A Coomasie-stained

SDS-PAGE gel of the partially purified Rifl protein is shown.

Table A1-1. Oligonucleotides used in Appendix 1.

oEHB 11248 5'TATATAGAGACcatggage atgtag3 '
oEHB11249 5’ CTCTTTGTATTGcTCGAgCTCTTTCAAAAGACC3'
oEHB 11250 5 'GCGTACAGAaTtcCTCAATatgtctagtcc 3'
OEHB 11251 5' AAGGAGTAActog■ GTTAAACAATGATG3'
OEHB16018 || 5 ' ACCGCTCGAGTCAATTCATATCATTATC3 *
OEHB16058 || 5 ' ATGAGGCGCCATGTCGAAAGATTTTTCAGA3'
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Figure A 1-1
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Figure A1-2
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Figure A1-3
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Appendix 2: Purification and characterization of Saccharomyces cerevisiae

telomerase

Daniel L. Levy', David Kahn', Lynne Lacomis’, Hediye Erdjument-Bromage”, Paul

Tempstº, Elizabeth H. Blackburn'

'Department of Biochemistry and Biophysics, University of California San Francisco,

San Francisco, California 94.158

*Molecular Biology Program, Memorial Sloan-Kettering Cancer Center, New York, New

York 10021

Results and Discussion

In budding yeast, the protein component of telomerase containing the reverse

transcriptase activity is Est2 (Lingner et al., 1997). The template-containing RNA

component of telomerase is Tlc1 (Singer and Gottschling, 1994). While properties of

yeast telomerase have been extensively studied in vivo, relatively little has been done to

biochemically characterize the holoenzyme, in large part due to the low abundance of the

enzyme in the cell. We first purified telomerase from yeast extracts under gentle

conditions with physiological salt concentrations so as to keep the native holoenzyme

intact. The C-terminus of Est2 was fused to the TAP tag and both Est2-TAP and Tlc1

were overexpressed under the control of a galactose-inducible promoter. A yeast strain

expressing Est2-TAP as its only source of telomerase stably maintains telomeres at <"

slightly shorter lengths than wild-type showing that the fusion is largely functional in -".

º
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vivo (data not shown). Telomerase was purified using standard TAP purification

protocols with the exception that DNase was added to the cell lysate; we found that this

addition of DNase approximately doubled the final yield of purified Est2. We speculate

that DNase treatment solubilizes chromatin-associated (likely telomere-bound)

telomerase so it can be purified. A prominent protein band of the predicted molecular

weight for Est2-CBP (106kD) was observed (Fig. A2-1a). Tlc1 was also present in the

purified complex, although a large fraction of Tlc1 was not associated with Est2 and

flowed through the IgG column suggesting that Tlc1 levels exceed Est2 levels or that

assembly of the holoenzyme is not efficient in the overexpression situation (Fig. A2-1b).

The overall yield of Est2/Tlc1 was quite low being about 10ng from a 6-liter yeast

culture.

A number of other proteins copurified with Est2/Tlc1, and several of these

proteins were specific to the telomerase complex, as they were not detected in a mock

TAP purification. These specific bands were identified by mass spectrometry: Tel 1,

Mlp1, Rad24, and Cdc23 (Fig. A2-1a). Mass spectrometry also verified the identity of the

Est2 protein band. This analysis did not reveal Est1, Est3, or Cdc13 as copurifying with

the overexpressed Est2/Tlc1 complex. We also purified Est2-TAP from cells in which

Est2 and Tlc1 were expressed from their endogeneous promoters and final telomerase

yields were much less than from the overexpression condition. The only telomerase

interacting protein identified for endogeneously expressed Est2-TAP was Mlp1 (data not

shown). Mlp1 is a known regulator of telomere length in yeast. Mlp1 associates with the

nuclear envelope and its deletion causes telomere elongation through the Rif-Tell

pathway of telomere length regulation (Hediger et al., 2002). Rad24 is a mitotic DNA
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damage checkpoint protein involved in the cellular response to DNA damage. A Rad24

RFC complex is thought to act as a clamp loader to load the Rad 17/Mec3/Ddc1 complex,

homologous to PCNA, at sites of DNA damage (Majka and Burgers, 2004). A number of

DNA damage proteins have been shown to be associated with yeast telomeres in vivo

(Lydall, 2003; Viscardi et al., 2005).

Tell is the homolog of human ATM (Pandita, 2002). Mutations in TEL1 cause

telomere shortening (Greenwell et al., 1995). Tell is a protein kinase and is an important

regulator of telomerase activity on telomeres. Telomerase is unable to elongate telomeres

if both Tell and Meclare deleted, and this leads to cellular senescence (Ritchie et al.,

1999). We verified the Est2/Tell interaction by colP experiments. We found that

immunoprecipitation of Est2-TAP specifically pulled down 3xFlag-Tell (Fig. A2-1d).

This interaction suggests that Est2 or perhaps some other component of the telomerase

holoenzyme is a target for phosphorylation by Tell and that this phosphorylation

regulates telomerase activity at the telomere. Since extracts were treated with DNase, this

argues that the Est2/Tell interaction is not DNA-mediated and suggests that the targets of

Tell phosphorylation for regulating telomere length are components of telomerase itself

and not proteins bound at the telomere. Phosphorylation of telomerase by Tell could
convert the enzyme to an active form and/or make it competent for recruitment to the

telomere.

The purified telomerase holoenzyme was subjected to fractionation through a 15

40% glycerol gradient. The position of the enzyme in the gradient was tracked by Tlc1,

with a peak of Tlc1 appearing in fractions 16-18 (Fig. A2-1b). Comparing the position of

telomerase in the gradient to a set of standards of known size allowed for the

-
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determination of an estimated molecular weight for the complex of ~780kD or =21.5S.

This value is in agreement with the value of 19-20S previously measured for yeast

telomerase (Lingner et al., 1997). Yeast telomerase has been shown to act as a dimer in

vivo (Prescott and Blackburn, 1997a). The molecular weight we determined roughly

corresponded to a complex containing two Est2 and two Tlc1 molecules. A larger

measured molecular weight for the complex might have been expected given that

additional proteins were found to copurify with Est2. However, these other proteins may

be peripherally or transiently associated with the complex and therefore dissociated upon

glycerol gradient fractionation. Alternatively, these other proteins may have been present

in substoichiometric amounts with the complex since Est2 and Tlc1 were overexpressed.

As such they would have associated with only a subset of Est2/Tlc1 complexes.

Consistent with this idea, a significant fraction of Tlc1 was found in the final fraction of

the glycerol gradient, at the bottom of the tube (fraction 21). This may represent Tlc1

associated with larger forms of the telomerase holoenzyme containing additional

associated proteins, and these larger complexes were not separated in the glycerol

gradient but rather pelleted to the bottom.

Purified telomerase was found to be active in a standard telomerase assay in

which the enzyme adds nucleotides to a short telomeric oligonucleotide (Fig. A2-1c). A

pattern of seven incorporated nucleotides was seen, as has been reported for yeast

telomerase partially purified by a DEAE fractionation protocol (Prescott and Blackburn,

1997b). The enzyme adds only seven nucleotides until it reaches the end of the template

domain within Tlc1, and the enzyme remains bound to the oligonucleotide substrate

(Prescott and Blackburn, 1997a). The activity was somewhat RNase-sensitive, as

f
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expected, however activity was not completely abolished by the RNase treatment used

here. Tlc1 may be significantly protected from RNase degradation within the telomerase

holoenzyme. The TAP-purified telomerase was significantly purer than telomerase

isolated by previous DEAE fractionation procedures, as most non-specific radiolabeled

products from the telomerase assay at the top of the gel were absent when TAP-purified

telomerase was used (Fig. A2-1c). Having an efficient telomerase activity assay in hand

as well as purified Rif), we tested if Rif might negatively regulate telomere length

through direct inhibition of telomerase activity. Addition of low micromolar

concentration of purified Rif., to the telomerase assay resulted in no reduction in

telomerase activity indicating that Rif) does not act directly on telomerase (Fig. A2-1c).

This is consistent with models of telomere length regulation by Rif2/Rap1 indicating that

they act on the telomere to modulate telomere structure, thereby regulating telomerase

access to the telomere and effecting telomere length regulation.

Given the extremely low amounts of telomerase purified from yeast even when

Est2 and Tlc1 were overexpressed and when relatively large culture volumes were used,

we sought an alternate way of purifying significant amounts of active telomerase for

biochemical and structural studies. Recombinant baculoviruses were constructed for

expressing 6xHis-Est2 and Tlc1 in insect cells. The Tlc, baculovirus was designed so as

to express as closely as possible the fully processed form of the RNA found in yeast. The

polyadenylation and transcriptional termination sequence in the baculovirus was

modified so that only a short tract of 22 additional nucleotides was added to the 3’ end of

the processed form of the Tlc1 transcript (see Materials and Methods for details). Sf9

º
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insect cells were coinfected with both viruses. 6xHis-Est2 was easily detectable by

western blot, and Tlc1 of the correct size was detected by northern blot (data not shown).

6xHis-Est2 was partially purified by nickel-chelating chromatography from insect

cells coinfected with the His-Est2 and Tlc1 baculoviruses. Eluted protein was examined

on Coomasie-stained SDS-PAGE gels (Fig. A2-2a). A prominent Est2 band of the correct

size was observed, as well as contaminant protein bands that were less abundant. The

identity of the Est2 band was verified by western blot (Fig. A2-2b). Western blots also

revealed that the elution fractions contained significant amounts of truncated and/or

degraded forms of Est2. When we examined the elution fractions for the presence of

Tlc1, we found that essentially no Tlc1 copurified with Est2. Rather most Tlc1 was

present in fractions that did not bind the nickel column (Fig. A2-2c). This indicates that

Tlc1 does not efficiently assemble with Est2 in insect cells. Although Est2 was not

assembled with Tlc1, we were able to further purify Est2 to near homogeneity by anion

exchange chromatography. Est2 purified from the nickel column was applied to a HiTrap

Q HP column (Amersham). Elution was done with a salt gradient, and eluted protein

fractions were analyzed by Coomasie-stained SDS-PAGE gels. Purified Est2 was present

in fractions 15 and 16 (Fig. A2-2d). The identity of the purified band was verified as Est2

by western blot (data not shown). Starting with a 500ml insect cell culture infected with

6xHis-Est2 baculovirus, about 0.1 mg purified Est2 was obtained.

It may be possible establish conditions where Est2 and Tlc1 will assemble into an

active complex when coexpressed in Sf9 insect cells. For instance, assembly might be

aided by coexpressing other subunits of the telomerase holoenzyme such as Est1, Est3,

and/or some of the other proteins that were identified as copurifying with Est2 from yeast

º
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extracts. In vivo assembly of telomerase might be facilitated by coexpressing certain

yeast chaperones or possibly by adding signal sequences that direct Est2 and Tlc1 to

subcellular locations where assembly of ribonucleoprotein structures is more efficient.

Failing these options, it is still of interest to study Est2 in the absence of Tlc1 since it is

clearly soluble and presumably folded. Studies have shown that telomerase has certain in

vivo functions that are distinct and independent of its cognate RNA molecule (Sarin et al.,

2005). In vitro, Est2 has a manganese-dependent terminal transferase activity in the

complete absence of Tlc1 (Lue et al., 2005). It has also been shown that Est2 forms an

alternate complex with the Pinx1 protein, and this Est2/Pinx1 complex lacks Tlc1 (Lin

and Blackburn, 2004). Est2 and Pinx1 could be coexpressed in insect cells and the

complex purified. Thus it would be interesting to study the biochemical properties of Est2

itself or an Est2/Pinx1 complex, even in the absence of Tlc1. Determining the crystal

structure of Est2 or Est2/Pinx1 would also be extremely informative.

Materials and Methods

Plasmid and yeast Strain construction

All plasmids, yeast strains, and oligonucleotides used in this study are listed in

Tables A2-1, A2-2, and A2-3, respectively. To make a plasmid for overexpressing Tlc1

in yeast, the TLC1 gene was amplified from yeast genomic DNA by PCR using

oEHB11011/oEHB11012. The PCR product was cloned into pEHB11001 (pKS304 Gal)

at EcoRI/BamHI. A PCR error in the TLC1 sequence was fixed by subcloning to give

pEHB11053 (pRS304 Gal Tlc1 corrected). The entire construct was verified by

sequencing. For overexpressing C-terminally TAP tagged Est2 in yeast, PCR was done

s
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from yeast genomic DNA using obHB11007/oEHB11008. The resulting PCR product T- ºr
-

was used as template to do PCR with oBHB11009/oEHB11010. This PCR product was
- *-

cotransformed with pKSAB 1234 (Erin O’Shea's laboratory, Harvard) that had been
-

linearized with BamhI/HindIII into W303a (EHB11001). Plasmids were isolated from ~~~
-

single Ura-- yeast colonies and those containing the EST2 insert were identified by

SacII/Kpnl digestion and by sequencing. Strains expressing the correct Est2-TAP fusion

were verified by western blotting. This resulted in strain EHB11015. The plasmid

isolated from EHB11015 was designated pEHB11032 (pRSAB 1234 EST2). Next,

pEHB11053 (pKS304 Gal Tlc1 corrected) was digested with NcoI and transformed into

EHB11015 to integrate Gal Tlc1 at the TLC1 locus. Trp-H colonies were selected and

integrants were identified by yeast colony PCR with oeHB11013/oEHB11014. This

resulted in EHB11074.

For colP experiments to verify the interaction between Est2 and Tel1, an S288C

BY4705-derived yeast strain was used in which TEL1 is tagged at the N-terminus with a

3xFLAG tag at the endogeneous TEL1 locus under its endogeneous promoter. This is a

mat a haploid strain generated by a pop-in/pop-out integration strategy by Jeff Seidel.

The strain has no telomere length phenotype. This strain was designated EHB11248.

EHB11248 was transformed with pEHB11032 (pRSAB1234 EST2), Ura-colonies were

selected, presence of the plasmid was verified by yeast colony PCR with

oEHB11070/oEHB11071, and the resulting strain was called EHB 11251. EHB11248 was

cotransformed with pEHB11032 (pRSAB1234 EST2) and NcoI-digested pehB11053

(pRS304 Gal Tlc1 corrected). Ura-Trp-H colonies were selected. Yeast colony PCR was

done to verify presence of the Est2-TAP plasmid (oEHB11070/oEHB11071) and
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integration of the Gal Tlc1 construct (oEHB11013/oEHB11014). This generated strain

EHB 11253.

To construct a plasmid to make a recombinant baculovirus for expressing 6xHis

Est2 in insect cells, EST2 was amplified by PCR from pBHB04009 (p.JL9; prS316 EST2;

gift from Jue Lin) using oBHB11243/oEHB11244. The PCR product was cloned into

pFastBac Htb (Invitrogen) at Ehel/XhoI. Sequencing revealed some errors in the

sequence introduced by PCR and these errors were corrected by subcloning to give

pEHB11231 (pDL152, pFastBac Htb Est2 fixed). The entire sequence is the same as

reported in the SGD database except for V162A. This amino acid change has been

observed by several people in the lab and we believe this to represent an error in the

database or a possible strain difference. So amino acid 162 of Est2 is Ala.

To construct a plasmid to make a recombinant baculovirus to express Tlc1, the

following construct was made first. The pHastBac Htb vector (Invitrogen) was digested

with AlwNI/NgoMIV and the 3134bp fragment containing most of the vector but lacking

the amp gene and parts of ori and fl was gel purified. Vector pKS416 (Brachmann et al.,

1998) was fully digested with NgoMIV and then a partial digest was done with AlwNI.

The 3656bp fragment containing the amp gene, CEN, ARS, URA3, and parts of ori and fl

was gel purified. The purified fragments were ligated together and transformed into

bacteria. Desired clones were identified by diagnostic digests with AlwNI/NgoMIV. A

plasmid that, when transformed into yeast, imparted ura-growth was identified and

called pEHB11230 (pDL151, pFastBac Htb URA3 CEN ARS). Next, PCR was done

using yeast genomic DNA and oBHB11246/oEHB11247 to amplify TLC1. This PCR

product was cotransformed into yeast along with XhoI-digested pehB11230. Ura
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colonies were selected and recombinant plasmids were recovered from these strains.

Diagnostic digests were done with Nsil, and plasmids containing TLCI were fully

sequenced. A single PCR-introduced error in the sequence was corrected by subcloning

to give pEHB11267 (pDL156, pFastBac Htb URA3 CEN ARS Tlc1 fixed). This

construct was made so as to express only the fully processed form of Tlc1 (i.e. from

nucleotide 1 at the transcription start site up through nucleotide 1265). Nucleotide 1265

was selected as the 3’ end based on two studies: cleavage and polyadenylation data for

Tlc1 (Chapon et al., 1997), and the majority of Tlc1 3’ ends pulled out of a cDNA library

(Singer and Gottschling, 1994). In pEHB11267, the TLC1 5’ transcription start site is

precisely where transcription from the polyhedrin promoter begins, with only one

additional T added at the very 5’ end. At the 3’ end, a large portion of the SV40

polyadenylation signal sequence was deleted based on a study showing that nucleotides

upstream of the conserved AATAAA are not important for processing or steady-state

RNA levels (Kessler et al., 1986). So the 3’ end of Tlc1 (nucleotide 1265) is followed

immediately by AATAAA (the second one in the SV40 polyadenylation sequence as the

AATAAA that is further upstream is deleted) and the remaining downstream sequence in

the SV40 polyadenylation sequence. This results in some additional nucleotides being

added to the 3’ end of Tlc1 in the final transcript, specifically, 5'-

AATAAAGCATTTTTTTCACTGC-3’.

Purification of yeast telomerase overexpressed in yeast

EHB 11322 (control) and EHB11074 (Gal Est2-TAP; Gal Tlc1) were inoculated in

SD-ura media and grown at 30°C =8 hours. Next, 6x1-liter cultures of S-raff-ura plus 2ml
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SD-ura media per liter were inoculated with 5ml culture per liter. Cultures were grown at

30°C for about 16 hours to ODoom -0.3. Galactose was added to 2% and cultures were

grown an additional 4.5 hours. Cells were then harvested. Cell pellets were resuspended

to 45ml total in lysis buffer: 25m M HEPES pH8, 150mM NaCl, 0.1mM EDTA, 0.1%

NP40, 10% glycerol, 1 mM DTT, 5mm MgCl2, 2ng/ml DNase (10U/ul; Roche), protease

inhibitors: 10pg/ml pepstatin (Sigma), 1 mM Pefabloc (Sigma), Complete Protease

Inhibitor Tablets minus EDTA (Roche). Cells were lysed by bead beating. Supernatant

from a low-speed spin was collected, additional DNase was added at 2pug/ml, and the

lysate was spun in a TiT0 rotor at 40,000rpm at 4°C for 1 hour. Lysate was collected,

EGTA was added to 10mM, and the lysate was incubated with 1ml IgG Sepharose resin

(Amersham) at 4°C for 4 hours with tumbling. The resin was poured into a column and

washed 7x1ml 25mm HEPES pH8, 150mM NaCl, 0.1% NP40, 10% glycerol and 3x1ml

Tev cleavage buffer (25m M HEPES pH8, 150mM NaCl, 0.1% NP40, 0.5mm EDTA,

1 mM DTT, 10% glycerol). 1rml Tev cleavage buffer was added to the resin plus 100U

Tev protease (Invitrogen) and the resin was tumbled at 4°C = 14 hours. Tev eluate was

collected to which was added 4.5ml CaM binding buffer (25mm HEPES pH8, 150mM

NaCl, 0.1% NP40, 1mM Mg(OAc), 1 mM imidazole, 2mM CaCl2, 10mM BME, 10%

glycerol) plus 4.5pil 1M CaCl2. 450pul CaM beads (Stratagene) were added and tumbled

~4.5 hours at 4°C. The CaM resin was poured into a column and washed 5x1ml CaM

binding buffer. Bound protein was eluted in 6x500ml 25mm HEPES pH8, 150mM NaCl,

1 mM Mg(OAc), 1 mM imidazole, 12mVM EGTA, 10% glycerol. Protein fractions eluted

from CaM beads were pooled. Half of the protein was used for mass spectrometry

analysis (described below). The rest was dialyzed into TMG buffer (20mM tris pH8,
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1.2m.M MgCl, 0.1mM EDTA, 0.1mM EGTA, 1mM DTT, 10% glycerol) and

concentrated under vacuum to 50pul in a collodion bag (25kD cutoff; Sartorius). Protein

was aliquoted, frozen in liquid nitrogen, and stored at —80°C for biochemical analysis.

Purifications were done in the absence and presence of RNasin (Promega).

Including RNasin did not yield greater amounts of telomerase activity. Furthermore, Tlc1

degradation was minimal in the absence of RNasin and was not further minimized by the

addition of RNasin. Ticl is probably well protected from RNase degradation within the

telomerase holoenzyme complex.

Identification of telomerase-associated proteins by mass spectrometry

Proteins from the purified yeast telomerase complex were precipitated with TCA.

The protein pellets were resuspended in SDS-PAGE sample buffer and proteins were

separated on 4-20% gradient SDS-PAGE gels. Gels were stained with silver. Specific

bands that were not seen in control purifications were excised from the gel and proteins

were identified by mass spectrometry. Tryptic digests of the proteins were done and

resulting peptides were subjected to a micro-clean-up procedure using 21il bed-volume of

Poros 50 R2 (PerSeptive) reversed-phase beads, packed in an Eppendorf gel-loading tip.

Mass spectrometry (MALDI-ReTOF) was then done on two peptide pools each (16 and

30% MeCN) recovered from the RP-microtip column using a Bruker REFLEX III

instrument with delayed extraction. For mass fingerprinting, top “major' experimental

masses (m/z) combined from both MALDI-ReTOF experiments were used to search a

non-redundant yeast database (NR; =9,553 entries; NCBI; Bethesda, MD) algorithm. A

molecular weight range of up to twice the predicted MW was covered, with a mass
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accuracy restriction better than 50 ppm, and maximum one missed cleavage site allowed

per peptide.

Tlcl dot blot analysis

To analyze Tlc1 amounts by northern dot blot, samples were taken to a final

volume of 200ml in the presence of 0.3M NaOAc pH5.2 and =10pg/ml yeast trNA

(Sigma). Samples were extracted once with phenol:chloroform:IAA (25:24:1) and then

ethanol precipitated. RNA pellets were resuspended in 50ml TE, 30ml 20xSSC, and 20ml

formaldehyde. RNA was heated at 55°C for 20 minutes and then applied to Hybond N+

membrane (GE Healthcare) assembled in a dot blot apparatus (Minifold I; Schleicher &

Schuell). Wells were washed with 300ml 6xSSC. The apparatus was disassembled and the

membrane dried. The membrane was subjected to UV cross-linking (UV Stratalinker;

Stratagene) and then prehybridized in 0.5M sodium phosphate pH 7.2, 7% SDS, 1mM

EDTA, 1% BSA at 65°C for 30 minutes. A Tlc1 probe was made by PCR amplifying

TLC1 from yeast genomic DNA using oBHB11011/oEHB11012 and labeling the PCR

product with *P by random priming (GE Healthcare). The probe was added to the

membrane and hybridized overnight at 65°C. Then the membrane was washed 2x at room

temperature with 0.1M sodium phosphate pH7.2, 2% SDS, 1mM EDTA and 3x at 65°C

with 0.05M sodium phosphate pH7.2, 2% SDS, 1mM EDTA. The membrane was dried,

exposed to a storage phosphor screen, and scanned on a Storm scanner (GE Healthcare).
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Glycerol gradient sedimentation of the telomerase complex

To characterize the telomerase complex by glycerol gradient sedimentation,

purified and concentrated telomerase was first dialyzed into 1.xGG buffer (25mm

HEPES pH8, 150mM Na(OAc), 1.1 mM MgCl2, 0.1mM EDTA, 0.1mM EGTA, 1mM

DTT, 5% glycerol). 15-40% glycerol gradients in 1xGG were poured into 13x51mm 5ml

open-cap tubes (Beckman). 300ml samples were applied to the gradient and tubes were

spun in an SW55Ti rotor at 50,000 rpm for 13.5 hours. 250ml fractions were removed

from the top and telomerase position was tracked by presence of Tlc1, detected by

northern dot blot (see above). Size of the telomerase complex was determined by

comparing its position in the glycerol gradient to a set of standards of known size

separated through a different 15-40% glycerol gradient spun at the same time as the

telomerase sample. The standards were aldolase, catalase, ferritin, and thyroglobulin

(Amersham, Gel Filtration HMW Calibration Kit).

Purification of GST-Rif.”

A strain for overexpressing Rif, N-terminally tagged with GST was obtained

from David Morgan's laboratory (UCSF). I designated this strain EHB11090. This strain

contains a URA3, leu2-d, 211m plasmid that expresses GST-Rif2 under a copper-inducible

promoter. This strain was part of a GST-ORF library (E. Phizicky). The strain was grown

first in ura-medium then switched to 1 liter leu-, ura-culture. Culture was grown at 30°C

to mid-log phase and GST-Rif2 expression was induced 2 hours with 0.5mm CuSO. Cell

pellet was resuspended in 3ml 25mm HEPES pH8, 150mM NaCl, 1mM EDTA, 0.1%

NP40, 1mM DTT, protease inhibitors: 10pg/ml pepstatin (Sigma), Complete Protease
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Inhibitor Tablets (Roche). Cells were lysed by bead beating and the lysate was

centrifuged in a TiT0 rotor at 40,000rpm at 4°C for 30 minutes. 200ml glutathione

Sepharose 4B resin (Pharmacia) was equilibrated in lysis buffer. Lysate was added to the

resin and tumbled at 4°C for 3 hours. A column was poured and washed 7x 1ml with

lysis buffer. Bound protein was eluted with 50mM tris pH8, 20mM reduced glutathione

(Sigma), 10% glycerol, 150mM NaCl. Eluted protein was aliquoted and stored at —80°C.

The purified protein contained full-length GST-Rif2 with significant contamination by a

GST-tagged N-terminal Rif., proteolytic fragment already described in Chapter 4 of this

thesis.

Telomerase activity assays

Telomerase assays were done as previously described (Prescott and Blackburn,

1997b). For assays with telomerase purified from strains overexpressing Est2-TAP and

Tlc1, 15pil of purified and concentrated telomerase, dialyzed into TMG, was used per

assay. In some assays, telomerase that had been partially purified by DEAE

chromatography was used. This DEAE-purification scheme has been previously

described (Prescott and Blackburn, 1997b) and the DEAE-purified telomerase used here

was prepared by Shivani Nautiyal. In some control reactions 1 pil RNase A (100mg/ml;

Qiagen) was added; samples were incubated 5 minutes at 30°C to allow RNase to act. In

some reactions, purified Rif” (Rif2-CBP described in Chapter 4 of this thesis or GST

Rif) described above) was added at various concentrations as indicated in the figure

legend. The purification of GST-Rif, is described above. Purification of Rif2-CBP from

yeast strain EHB11092 was already described in Chapter 4 of this thesis. Rif, was
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dialyzed into TMG prior to adding to telomerase, and binding reactions were incubated

10 minutes on ice prior to initiating the reaction. Each reaction was taken to a final

volume of 18wl. A cocktail was prepared containing, per reaction, 6ml alpha-”PTTP

(12.5MM; Perkin Elmer), 1.5ul of HB03198 primer (20AM), 1.5ul dNTPs (2mVM each of

dATP, dCTP, dGTP, Roche), 2pal cold TTP (75uM; Roche), 1.11ul TSD (1.4M tris pH7.9,

30mM spermidine, 30mM DTT). 12.11ul of this cocktail was added to each telomerase

sample to start the reaction. The reaction was allowed to proceed 30 minutes at 30°C.

Reactions were stopped with 2pal 250mM tris pH8, 250mM EDTA, 2% SDS plus 2.5pil

proteinase K (20mg/ml; Qiagen). Reactions were incubated 25 minutes at 65°C. The

volume was taken to 100ml including 0.3M NaOAc pH5.2 and 10pg yeast tRNA (Sigma).

The DNA was extracted once with phenol:chloroform:IAA (25:24:1) and then ethanol

precipitated 15 minutes at room temperature. The DNA was collected by centrifugation

and the pellet was resuspended in 5pil 80% formamide/1xTBE plus bromophenol blue

and xylene cyanol. Samples were heated at 95°C 4 minutes then placed on ice. Samples

were separated on a 15% acrylamide/8M urea sequencing gel (National Diagnostics) and

run at 55W until bromophenol blue dye was close to the bottom of the gel. The gel was

dried, exposed to a storage phosphor screen, and the screen scanned on a Storm scanner

(GE Healthcare).

Coimmunoprecipitations

To do colP's, EHB11248 was grown to saturation in CSM dextrose medium and

then a 400ml culture of CSM raffinose medium was inoculated 1:1000 with the overnight

culture plus 800ml CSM dextrose medium. When ODoom reached =0.3 galactose was
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added to 2% and growth was continued 6 hours. Growth and induction of EHB 11251 and

EHB11253 were done in the same way except using SD-ura in place of CSM dextrose

and Sraffinose-ura in place of CSM raffinose media. Cells were harvested and

resuspended in 2ml 25mm HEPES pH8, 150mM NaCl, 1 mM EDTA, 0.1% NP40, 10%

glycerol, 1 mM DTT, protease inhibitors: 10pg/ml pepstatin (Sigma) and Complete

Protease Inhibitor Tablets (Roche). Cells were lysed by bead beading and supernatant

was collected after two 5 minute centrifugation steps at 4°C at 14,000rpm in a tabletop

centrifuge. Approximately 20mg protein extract was added to about 100ml IgG Sepharose

resin (Amersham) equilibrated in lysis buffer. Beads were tumbled at 4°C for 3 hours and

washed 3x with 1 ml lysis buffer in batch. 50pul 1.x SDS-PAGE sample buffer was added

to the beads. Beads were boiled 5 minutes and supernatant was collected. Samples were

separated on 5% SDS-PAGE gels and transferred to Hybond P (GE Healthcare). On one

membrane 90% of each immunoprecipitated sample was loaded, and this membrane was

probed for 3xFlag-Tell using anti-Flag M2 antibody (Stratagene) at 1:500 and anti

mouse secondary antibody conjugated to HRP (Jackson) at 1:10,000. On the other

membrane only 10% of the immunoprecipitated sample was loaded, and this membrane

was probed for Est2-TAP using peroxidase anti-peroxidase soluble complex antibody

(PAP; Sigma) at 1:500. An ECL Plus kit (GE Healthcare) was used to develop the

western blots.

Expression of Est2 and Tlc1 in insect cells using recombinant baculoviruses

To make recombinant baculoviruses, plasmids p■ )L152 and pLL156 were

transformed into DH.10Bac cells (Invitrogen) by electroporation and white colonies
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containing recombinant bacmids were selected selected (50pg/ml kanamycin, 711g/ml

gentamicin, 10ug/ml tetracycline, 100mg/ml bluo-gal, 40mg/ml IPTG). Recombinant

bacmid DNA was purified and transfected into Sf9 insect cells cultured in serum-free

SFMII media using Cellfectin following the manufacturers protocols (Invitrogen). From

transfections that showed expression of the recombinant protein by western blot, virus

was harvested and amplified twice. Western blots were done by lysing infected cells

directly in 1xSDS-PAGE sample buffer, boiling, running protein on SDS-PAGE gels,

transferring to Hybond P (GE Healthcare), and probing with anti-6xHis antibody

(Clontech). Expression of the Tlc1 RNA was monitored by northern dot blot (see above).

For protein expression, Sf9 cells were cultured in ESF921 media (Expression Systems,

LLC) in shaker flasks at 28°C as we found these conditions generally gave the highest

levels of protein expression. Insect cell cultures were diluted to 1x10" cells/ml, grown

overnight, and then infected at an MOI of around 5 for both the 6xHis-Est2 and Tlc1

viruses for approximately 40–48 hours. Cells were harvested, washed once in PBS, frozen

in liquid nitrogen, and stored at —80°C.

Purification of Est2/Tlc1 from insect cells

A pellet of insect cells coinfected with His-Est2 and Tlc1 viruses from a 500ml

culture was resuspended in 20ml 50mM sodium phosphate pH8, 0.3M NaCl, 10%

glycerol, 10mM imidazole, 1mM MgCl2, 800U RNasin (Promega, 40U/ul), protease

inhibitors: 10pg/ml pepstatin (Sigma), 1 mM Pefabloc (Sigma), and Complete Protease

Inhibitor Tablets without EDTA (Roche). Cells were lysed on ice by douncing 25-30

times. Lysate was spun in an SS34 rotor at 10,000rpm at 4°C 30 minutes, and the
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supernatant was collected. The lysate was incubated with 1 ml 50% Ni-NTA slurry

(Qiagen) equilibrated in lysis buffer for 2.5 hours at 4°C with tumbling. The resin was

poured into a column and washed 3x1ml with lysis buffer containing 20mM imidazole.

Bound protein was eluted in 50mM sodium phosphate pH8, 0.3M NaCl, 10% glycerol,

250mM imidazole, 1 mM MgCl2. Eluted His-Est2 protein was analyzed by western blot

and probing with an antibody against the 6xhis tag (Clontech), and Tlc1 was analyzed by

northern dot blot, as described above. Eluted protein was dialyzed into 20mM tris pH8,

50mM NaCl, 10% glycerol, 1mM DTT, 1 mM MgCl2, and loaded onto a HiTrap Q HP

column with an Akta FPLC Purifier (GE Healthcare). Protein was eluted over a linear

NaCl gradient to 1M. Eluted fractions were analyzed by western blot and Coomasie

stained SDS-PAGE gels.
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Figure legends

Figure A2-1. Characterization of native yeast telomerase. (a) Est2-TAP and Tlc1 were

overexpressed in yeast and the telomerase complex purified. Total isolated protein was

separated on a 4-20% gradient SDS-PAGE, and the gel was silver stained. The protein

ladder on the left indicates molecular weights in kilodaltons. The lane to the right shows
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the telomerase complex and identities of a subset of the associated proteins as determined

by mass spectrometry. CBP is calmodulin binding protein and remains fused to the C

terminus of Est2 after cleavage of the TAP tag with Tev protease. (b) Northern dot blot

probing for Tlc1. The top row of dots shows Tlc1 amounts in different fractions from the

TAP purification of telomerase. Approximately equivalent volume amounts were loaded

for Total (total lysate), IgG FT (flow-through from the IgG beads), and IgG beads (Tlc1

still bound to IgG beads after Tev elution). Depletion of Tlc1 in IgG FT was not

observed, possibly because Tlc1 was more overexpressed than Est2-TAP and/or a

majority of the Tlc1 did not assemble into the telomerase complex. CaM FT (flow

through from the calmodulin beads), CaM beads (Tlc1 still bound to calmodulin beads

after EGTA elution), and CaM elution (Tlc1 eluted from calmodulin beads) represent

equivalent volume amounts that are ten times greater than that loaded in the first three

dots. The bottom rows of dots show the relative amounts of Tlc1 present in different

fractions when purified telomerase was run through a 15-40% glycerol gradient. Fraction

numbers 1-21 run from low glycerol concentration (top of the tube) to high glycerol

concentration (bottom of the tube). (c) 15% denaturing acrylamide gel showing the

products of telomerase activity on a single-stranded telomeric substrate. A ladder of

seven bands represents telomerase-specific products, as indicated. Bands above the ladder

are not specific to telomerase activity. RNase was either present (+) or absent (-) from the

reaction. Two different telomerase preparations were tested: TAP (telomerase purified

from yeast overexpressing Est2-TAP and Tlc1) and DEAE (telomerase partially purified

from yeast extract by DEAE chromatography). Increasing amounts of purified GST-Rif2

were added to the indicated reactions at 17, 170, and 1300nM concentrations. Increasing
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amounts of purified Rif2-CBP (see Chapter 4 of this thesis) were added to the indicated

reactions at 7, 67, and 530nM concentrations. (d) Western blots showing a colP

interaction between 3xFLAG-Tell and Est2-TAP in yeast extracts. Strain genotypes are

indicated by numbers at the bottom. “Tlc1 O/E” indicates overexpression of Tlc1 under

the GAL1 promoter in the presence of galactose. Lanes marked “total protein” were

loaded with total lysate prepared from strains with the indicated genotypes. Lanes marked

“IgG IP” represent protein that bound directly or indirectly to IgG beads. The top panel is

a western blot probed for the 3xFLAG tag on 3xFLAG-Tel1. The bottom panel is a

western blot probed for the ZZ tag on Est2-TAP.

Figure A2-2. Recombinant yeast telomerase purified from baculovirus-infected Sf9 insect

cells. (a) A 1-liter culture of Sf9 cells cultured in ESF921 medium was coinfected with

recombinant baculoviruses expressing 6xHis-Est2 and Tlc1. Cell lysate was prepared

from infected cells and subjected to conventional nickel-chelating chromatography as

described in Materials and Methods. Equivalent volume amounts of various fractions

from throughout the purification were run on a 7.5% SDS-PAGE gel that was

subsequently stained with Coomasie. Numbers to the left of the gel correspond to

molecular weights of standards in kilodaltons. “Ni FT" denotes the flow-through from the

nickel-chelating column. Position of the 6xhis-Est2 band is indicated. (b) A gel similar to

the one shown in part a) was done except that it was used to perform a western blot. The

blot was probed with an antibody against the 6xPHis tag on Est2. (c) A northern dot blot

probed for Tlc1 is shown. Fractions from the purification described in (a) were probed for

relative amounts of Tlc1. Equal volume amounts for each fraction were analyzed, except
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for the elution fractions where 20 times greater volume equivalents were loaded.

“Uninfected” is the total cell lysate from insect cells not infected with the Tlc1

expressing baculovirus. (d) Elution fractions from the nickel-chelating chromatography

were pooled (Nielutions), dialyzed into a low salt buffer, loaded onto a 1ml HiTrap Q

HP column (GE Healthcare), and eluted with a salt gradient, as described in Materials

and Methods. Fractions #7-16 were analyzed on a 7.5% SDS-PAGE gel stained with

Coomasie. Numbers to the left of the gel correspond to molecular weights of standards in

kilodaltons. The 6xhis-Est2 band is indicated and was verified by western blot (data not

shown).

Table A2-1. Plasmids used in Appendix 2.

Name Information Source

pEHB11001 Gall promoter pKS304 Chapter 4 of this thesis
pEHB11028 pRSAB 1234 (Hudson et al., 1997)
pEHB11032 EST2 prSAB1234 This study
pEHB11053 pRS304 Gall promoter This study

Tlc1 (fixed)
pEHB11230 (pDL151) pFastBac Htb URA3 CEN | This study

ARS

EHB11231 (pDL152) EST2 pHastBac Htb (fixed) || This study
pEHB11267 (pDL156) Tlc1 pFastBac Htb URA3 This study

CEN ARS (fixed)
pEHB04009 (pjL9) EST2 prS316 Jue Lin
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Table A2-2. Yeast strains used in Appendix 2.

Name Genotype Source
EHB 11001 || MATa his3-11, 15 ura■ -52 trp 1-1 ade2-1 can 1-100 Dana Smith

leu3-3, 112 barl lys2A
EHB11015 | EHB11001 except EST2 prSAB1234 (pEHB11032) This study
EHB11074 || EHB11015 except Tlc1::Poal-Tlc1-TRP1 This study
EHB11090 | Peter-GST-RIF2 (URA3, leu2-d, 211m) E. Phizicky
EHB11248 || EHB11114 except TEL1:3xFLAG-TEL.1 Jeff Seidel
EHB11251 | EHB11248 except EST2 prSAB1234 (pEHB11032) This study
EHB11253 | EHB11251 except Tlc1::Paad-Tlc1-TRP1 This study
EHB11322 EHB11001 except pKSAB 1234 (pBHB 11028) Chapter 4 of this

thesis

Table A2-3. Oligonucleotides used in Appendix 2.

OEHB03 198 5 ' GTGTGGTGTGTGGG3'

OEHB1 1007 5' ggaattccagotgaccaccATGAAAATCTTATTCGAGTTCATTC3'
OEHB 11008 5' cqatcc.ccgggaattgccatgåTTAACTATATGTATATATATAT

ATATATATGCTTGC3 *
OEHB 11009 5 * GTATCAACAAAAAATTGTTAATATACCTCTATACTTTAACGTCAA

GGAGAAggaattccagotgaccacci; "
OEHB 11010 5' AGCGGTTGGCTGCTGAGACGGCTATGAAATTCTTTTTCCATCTTC

TCTTcqatcc.ccgggaattgccatgº."
OEHB11011 5 * GTGATTTTTCTGaaTTCAGAATAAAACTAG3'
OEHB 11012 5 * CAATTACTAGGATCCTCTTCTATTTT3'
OEHB1 1013 5' CCTCTATACTTTAACGTCAAGG3'
OEHB11014 5' CCATTAGTACGGACAACATAC3'

OEHB1 1070 5 'ccacaaacct tcaaatgaacg3'
OEHB1 1071 5' gaatttggtagtgcgaaacacg3'
OEHB 11243 5' CTGATTTggcgcCatgaaaatcttattogag3'
OEHB 11244 5' GCATctogagcTGTCAGTATTTCATGTATTATTAG3'
OEHB 11246 5' ATTAATAGATCATGGAGATAATTAAAATGATAACCATCTCGCAAA

TAAATaataaaactagagaggaagatagg3'
OEHB 11247 5' ATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCT

TTATT'tcc togtoatgaacaatc3'
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Figure A2-1
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Figure A2-2
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Chapter 5: Future directions

How do Rifl and Rif2 regulate telomere length independently of Rap12

In Chapter 2 of this thesis, we demonstrated that Rifl and Rif., are able to act on

telomeres as negative length regulators independently of the C-terminus of Rap1. We

considered the possibility that Rif proteins are normally recruited to telomeres through

domains of Rap1 outside the C-terminus. However we were unable to detect

coimmunoprecipitation of Rifl or Rif, with raplaC (Chapter 4). One possibility is that

Rifl and Riff interact directly with telomeric DNA. We have yet to test a Rifl/DNA

interaction in vitro. We have detected a weak interaction between purified Rif, and

telomeric DNA substrates (Chapter 3). It will be important to test the specificity of this

Rif, interaction for telomeric DNA versus nontelomeric DNA as well as the affinity of

Rif) for DNA. Rif may alter the structure of telomeric DNA in such a way as to change

the affinity of the DNA for other telomeric factors.

Another way Rifl and Rif2 might be recruited to telomeres independently of

Rap1 is through interactions with other telomeric factors. To test this we isolated protein

complexes associated with Rifl and Rif2 (Chapter 4). The proteins that copurified with

Rifl and Rif., need to be further characterized. Interactions can be verified by

coimmunoprecipitation, and purified recombinant proteins can be used to address which

proteins directly interact. Chromatin immunoprecipitation (ChIP) experiments will

demonstrate if these proteins localize to telomeres like Rifl and Rif2. ChIP experiments

will be performed in different deletion and mutant backgrounds to understand the

network of protein/protein interactions required for telomere-association of these
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proteins. Analyzing telomere lengths in these deletion strains may identify different

telomere length regulatory pathways. These experiments will create a more complete

picture of the protein complexes found at yeast telomeres, analogous to the

characterization of shelterin at human telomeres (de Lange, 2005).

A complementary approach to that described above is to purify yeast telomeres

directly and characterize all telomere-associated proteins by mass spectrometry. This

might be accomplished by introducing an array of Laco binding sites within the

subtelomere, digesting genomic DNA so as to release the telomere and LacO array, and

isolating telomeres with associated proteins on LacI beads. Novel proteins identified this

way can be characterized as described above. It would be of great interest to perform this

experiment in yeast strains with long versus short telomeres and determine how this alters

telomeric protein complexes, specifically what proteins are present and their relative

amounts. It would also be informative to analyze yeast strains in which telomeres are

actively elongating or actively shortening and similarly characterize telomeric complexes.

This can be accomplished by conditionally deleting positive or negative telomere length

regulators, for instance by Gal shutoff or using ts-degrons.

Rif protein spreading

Data presented in this thesis suggest that Rif, plays a catalytic role in generating

telomeric chromatin structure. We propose Rif) at the telomere nucleates the recruitment

of other telomeric components, and thereby initiates the spreading and formation of

higher-order telomere structure. Consistent with this model, it has been demonstrated that

Rifl and Rif2 spread well into the subtelomeric region, into chromatin where Rap1 is not
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bound (Lieb et al., 2001; Smith et al., 2003). Our model is analogous to how domains of

heterochromatin are established in yeast by Sir proteins through a nucleation and

spreading mechanism (Rusche et al., 2002; Rusche et al., 2003). Toward testing the

model, it will first be informative to do ChIP experiments with Rifl and Rif2 in a raplaC

strain. We found that Rif proteins still act to regulate telomere length in this strain

background (Chapter 2), so Rifl and Rif may localize to these telomeres but to a lesser

extend. Next, a single Rif molecule will be tethered to a long rap 1AC telomere, and the

position and amount of Rifl and Rif occupancy on that telomere will be assessed. If our

model for Rif2 function is correct, then Rifl and Rif, will spread throughout that Rif2

tethered telomere and subtelomere. Requirements for the Rifl-interacting proteins Mlp1,

Sir2, Tel2, and RadS0 will be tested. It may also be interesting to monitor Rif protein

occupancy on other telomeres to see if there are inter-telomeric effects from this

spreading.

If our data are consistent with a nucleating activity for Rifl, then this activity can

be reconstituted in vitro using purified proteins and DNA. The interaction of Rif2 with

DNA and with DNA arrays bound with Rap1 will be quantitatively evaluated to

determine if cooperative binding is responsible for the nucleating activity of Rif). Other

known telomeric proteins can be examined as well that might modify cooperative binding

behavior of Rif2. Given positive results from these experiments, binding assays can be

done using DNA containing both telomeric and non-telomeric sequences to ask if

association of Rif, with telomeric sequence is sufficient to observe binding of Rif2 to

non-telomeric sequence that it would not otherwise bind. If cooperative binding by Rif2

does not explain its in vivo nucleating activity, then perhaps some catalytic activity of
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Rif2 is responsible. In that case, the purified protein can be examined in a variety of

enzymatic assays (e.g. ATPase, deacetylase, kinase, etc.). Finally, it will be important to

identify Rif2 mutants that are deficient for nucleation activity and then to characterize the

in vivo phenotypes of these mutants. Specifically, the mutant Rif., strains will be

examined for altered telomere lengths and altered telomeric association and spreading of

Rif) and Rifl.

Long telomeres and DNA damage

We demonstrated that yeast strains with long telomeres resulting from loss of Rifl

are sensitive to DNA damage caused by phleomycin (Appendix 1). Consistent with our

observation, it was previously reported that yeast strains lacking Mlp1 and/or Mlp2 and

having long telomeres are sensitive to bleomycin (Hediger et al., 2002). It will be

important to evaluate DNA damage sensitivity in other strain backgrounds with long

telomeres, for instance rifz/A. It may be informative to compare DNA damage sensitivity

in various single and double deletion mutants with a varying range of telomere lengths.

This would reveal if there is a correlation between the extent of telomere elongation and

the degree of sensitivity to DNA damage. Telomeres elongate in strains expressing

Cdc13-Est1 and Cdc13-Est2 fusions (Evans and Lundblad, 1999). These fusions would

be useful for these studies as they elongate telomeres in an otherwise wild-type genetic

background. This way, side effects of gene deletion other than telomere elongation are

avoided. It will also be informative to compare phleomycin sensitivity in strains with

steady-state long telomeres versus strains in which long telomeres are actively

lengthening or shortening.
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One model we proposed for the phleomycin sensitivity of long telomere yeast

strains is that phleomycin preferentially cleaves telomeric sequence. To test this model,

dsDNA breaks will be made in a way that is not sequence-specific or using a reagent with

different sequence specificity. Bleomycin or gamma irradiation are options. If we find

that the damage is not specific to telomeric sequence, then we propose a sequestration

model. Telomeres bind a number of proteins that are components of the DNA damage

signaling and response pathways (Lydall, 2003; Viscardi et al., 2005). Long telomeres

may bind more of these DNA damage proteins, making them less available to repair

damage throughout the genome caused by phleomycin. If this is true, then overexpressing

certain components of the DNA damage repair machinery may alleviate the phleomycin

sensitivity in long telomere strains, specifically proteins that are present at low

concentrations and may be limiting for repair. Candidate factors known to be at telomeres

could be overexpressed, or an overexpression screen could be done. These

overexpression studies might also be informed by ChIP experiments done to address

which DNA damage repair proteins are enriched on long telomeres compared to wild

type length telomeres.

Building a yeast telomere in vitro

We have shown that Rap1 interacts with arrays of DNA binding sites non

cooperatively and have begun to investigate how Rif., interacts with these Rap1/DNA

arrays (Chapter 3). The ultimate goal is to build a yeast telomere in vitro using telomeric

DNA and purified telomeric proteins. Initially, complexes of DNA, Rap1, Rifl, and Rif2

need to be characterized. The first experiments are to see if there are direct interactions
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between Rap1/Rif, Rap1/Rifl, and Rifl/Rif). So far we have not been able to detect

these interactions, but the experiments were not done using physiological salt

concentrations. Once relevant protein/protein and protein/DNA interactions have been

identified, stoichiometries, affinities, and kinetics of these interactions will be measured.

Determining biophysical properties of the individual proteins and of the different

complexes with and without DNA will be informative. Triple detector array (TDA)

analysis can be done in conjunction with size exclusion chromatography to measure

accurate molecular weights, hydrodynamic radii, and intrinsic viscosities. As the

telomere is constructed from these components, order-of-addition experiments will be

necessary. It may be informative to map interaction domains and construct mutants

defective for specific interactions. The in vivo phenotypes of these mutants can be

investigated, and these mutants will also be useful in the in vitro assays.

Once the core telomere has been build and characterized, additional components

will be added. We have described purification of protein complexes associated with Rifl

and Rif) from yeast (Chapter 4). If analysis of these associated proteins reveals that they

are involved in telomere biology, then these proteins will be purified, characterized as

described above, and added to the complex. Next, components of the end-binding

complex will be purified, including Cdc13, Stni, and Teni (Smogorzewska and de

Lange, 2004), and they will be characterized as above. Since Cdc13 binds the 3' single

stranded telomeric overhang at the very end of the telomere (Nugent et al., 1996), this

will necessitate designing native DNA substrates, namely, double-stranded telomeric

DNA with a 3’ G-rich telomeric overhang. The length and sequence of the overhang can

be varied to determine how this changes the binding properties of Cdc13/Stn 1/Ten 1.
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Finally, the DNA construct can be expanded to include subtelomeric sequence. This

subtelomeric DNA can be assembled into nucleosomes using histones (Lusser and

Kadonaga, 2004); purified Sir proteins can be added (Liou et al., 2005). This will place

the telomeric complex in a context most similar to the native in vivo situation. This

reconstituted telomere can be used as a platform for studying the functions and activities

of other known telomeric proteins as well as novel uncharacterized proteins.

Structures of reconstituted telomeres

The section above describes plans to build a yeast telomere in vitro. An important

component of this project is to directly visualize the structures of the constructed

complexes. We have already begun structurally characterizing Rap1/DNA complexes by

atomic force microscopy and transmission electron microscopy (Chapter 3). Other

structure determination techniques for telomeric protein/DNA complexes being

developed in the Blackburn lab by Tanya Williams include fluorescence resonance

energy transfer (FRET) and x-ray crystallography. Using these techniques, it will be

extremely informative to image the structures of reconstituted telomeric complexes and

see how these structures are modified as a function of which proteins are present in the

complexes. Furthermore, current models of telomere length regulation posit that critically

short telomeres undergo a structural change such that telomerase is able to act on those

telomeres. Using our reconstituted system we can directly address this question by

visualizing the structures of complexes made using different length DNA substrates.

Does the structure of a telomere reconstituted on a long telomeric DNA array differ from

the telomeric structure that forms on a shorter DNA array? It will also be informative to
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ask how structures change as a function of the sequence of the double-stranded telomeric

DNA as well as the length and sequence of the 3' single-stranded G-rich overhang.

The ultimate goal is to reconstitute telomere length regulation in vitro by adding

purified telomerase to the reconstituted telomeres described above. We have described

purification of the yeast telomerase complex (Appendix 2). Structural characterization of

telomerase itself will undoubtedly be informative. Understanding the biochemical activity

of telomerase on reconstituted telomeres is of interest. Current studies of in vitro

telomerase activity use a short single-stranded telomeric oligonucleotide as substrate for

telomerase action. Under these conditions, telomerase adds only seven nucleotides and

then remains bound to the substrate (Prescott and Blackburn, 1997). It has been shown,

however, that in vivo telomerase can add much longer stretches of telomeric sequence to

a telomere in a single cell cycle (Teixeira et al., 2004). Reconstituted telomeres and

telomerase can be used to investigate this. One possibility is that telomerase is simply

more processive on a natural telomeric substrate. Another possibility is that specific

telomere-associated or telomerase-associated proteins are required for processive

nucleotide addition by telomerase. Having characterized the biochemical properties of

telomerase activity on a reconstituted telomere, the next question is how that activity

varies as a function of the length of the telomeric DNA substrate, what proteins are bound

to the DNA, and the structure of the protein/DNA complex. The studies outlined here will

elucidate how telomere length in the cell is maintained within a defined range and the

contributions that specific proteins, DNA length, telomere structure, and telomerase

activity make to telomere length regulation.
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