
K 

A study on telomere protection and 

telomerase- and cap-independent mechanisms of telomere maintenance 

in yeast Saccharomyces cerevisiae 

by 

Victor Karpov 

Department of Microbiology and lnfectious Diseases 

A thesis submitted to the Faculty of Medicine and Health Sciences 

in partial fulfillment of the requirements for the degree of 

Master of Science (M.Sc.) in Microbiology 

April 2008 



l+I Library and 
Archives Canada 

Bibliothèque et 
Archives Canada 

Published Heritage 
Branch 

Direction du 
Patrimoine de l'édition 

395 Wellington Street 
Ottawa ON K1A ON4 
Canada 

395, rue Wellington 
Ottawa ON K1A ON4 
Canada 

NOTICE: 
The author has granted a non-
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non-
commercial purposes, in microform, 
paper, electronic and/or any other 
formats. 

The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission. 

ln compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis. 

While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis. 

• •• 
Canada 

AVIS: 

Your file Votre référence 
ISBN: 978-0-494-49514-8 
Our file Notre référence 
ISBN: 978-0-494-49514-8 

L'auteur a accordé une licence non exclusive 
permettant à la Bibliothèque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par télécommunication ou par l'Internet, prêter, 
distribuer et vendre des thèses partout dans 
le monde, à des fins commerciales ou autres, 
sur support microforme, papier, électronique 
et/ou autres formats. 

L'auteur conserve la propriété du droit d'auteur 
et des droits moraux qui protège cette thèse. 
Ni la thèse ni des extraits substantiels de 
celle-ci ne doivent être imprimés ou autrement 
reproduits sans son autorisation. 

Conformément à la loi canadienne 
sur la protection de la vie privée, 
quelques formulaires secondaires 
ont été enlevés de cette thèse. 

Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant. 



TABLE OF CONTENTS 

TABLE OF CONTENTS .............................................................................. 1 

LIST OF ILLUSTRATIONS .......................................................................... IV 

ABBREVIATIONS ..................................................................................... VI 

ABSTRACT ............................................................................................... IX 

RÉSUMÉ ................................................................................................. XII 

INTRODUCTION ........................................................................................ 1 

1. Historical Preamble ............................................................................. 1 

2. Telomere Structure ........................................................................... 2 

2.1. Telomeric DNA ........................................................................... 2 

2.1.1. Subtelomeric Reg ions ......................................................... 3 

2.1.2. Double-stranded Telomeric DNA .......................................... .4 

2.1.3. Single stranded 3' Extremity ................................................. 7 

2.2. Telomeric Heterochromatin ........................................................... 8 

2.2.1. dsDNA Binding Proteins ...................................................... 9 

2.2.2. Proteins Associated With Telomeres Via 
Protein-Protein Interactions ................................................. 11 

2.2.3. ssDNA Binding Proteins and the Telomeric Cap ..................... 12 

2.3. Telomere Structure in Yeast and Humans ....................................... 13 

3. Telomere Functions ......................................................................... 14 

3.1. Telomeres as Guards of Chromosomes ......................................... 15 

3.1.1. The Telomeric Cap Protects Against Exonucleases ................. 15 

3.1.2. Hiding chromosome ends from homologous recombination ........ 17 

3.2. Chromosome End Replication ...................................................... 17 



3.2.1. End Replication Problems .................................................. 17 

3.2.2. Telomerase ..................................................................... 19 

3.2.3. How Telomerase Elongates Telomeric Repeats ...................... 21 

3.3. Telomere Length Regulation ........................................................ 22 

4. Life After Lass of Telomerase ............................................................ 24 

5. Life After Lass of Cdc13p .................................................................. 30 

6. Dangerous Transformation from Telomere te DSB ................................. 32 

6.1. DNA DSB and DNA Damage Checkpoints ...................................... 32 

6.2. Telomere Uncapping and Checkpoint Activation .............................. 36 

7. Tc Adapt or Not Tc Adapt? This ls The Question! .................................. 38 

7.1. Adaptation te lrreparable DSB ...................................................... 38 

7.2. Adaptation te Telomere Deprotection ............................................ .41 

8. Project Objectives .......................................................................... .42 

MATE RIALS AND METHODS .................................................................... .43 

RESULTS ............................................................................................... 61 

1. A SGA Approach te Discover Suppressors of The cdc13-115 

Temperature Sensitive Phenotype ....................................................... 61 

2. Adaptation te Telomere Uncapping ...................................................... 70 

2.1. Genes Regulating Adaptation te DSB are Aise Required for 
Adaptation te Uncapped Telomeres in tlc1!J. Survivors ....................... 70 

2.1.1. Strain Constructions .......................................................... 71 

2.1.2. Generation of Survivor Strains ............................................. 75 

2.1.3. Single-Cell Analysis of Cell Cycle Progression 
in the Adaptation Mutant Strains ........................................... 77 

2.1.4. The Rate of Adaptation Events in Response 
te Telomere Uncapping ...................................................... 82 

2.2. The telomerase- and cap-independent survivors 
recall having been in adapted state ............................................... 84 

Il 



2.2.1. Cell Cycle Progression of S1 and S2 Survivors 
Following Telomere Deprotection ......................................... 86 

2.2.2. Rate of Adaptation Events to Telomere Uncapping 
in S1 and S2 Survivors ...................................................... 93 

2.2.3. Suppression of Checkpoint Response in A2~13 cells .............. 96 

DISCUSSION AND CONCLUSIONS .............................................................. 98 

1. A Genetie Screen for Suppressors of the Temperature 
Sensitivity of Cells Harbouring the cdc13-1 Allele .................................... 98 

2. Similarities And Differences Between Adaptation ta 
DNA Double-Strand Break And ta Telomere Uncapping ......................... 101 

2.1. Adaptation ta a Double-Strand Break And ta Telomere 
Deprotection Rely On the Sa me Set of Genes ................................ 101 

2.2. ~ 13 survivors retain "memory" for telomeric cap loss ...................... 109 

ACKNOWLEDGEMENTS ......................................................................... 115 

REFERENCES ....................................................................................... 116 

Ill 



LIST OF ILLUSTRATIONS 

Table 1 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

Figure 9 

Figure 10 

Figure 11 

Figure 12 

Figure 13 

Figure 14 

Figure 15 

Figure 16 

Figure 17 

Figure 18 

The sequence of telomeric repeats of the strand running 5'-3' 
towards the end of the chromosomes. 

Organization of telomeric DNA in different eukaryotes. 

Telomere spatial structures in human and yeast. 

Telomere replication model. 

Telomerase components in yeast. 

The telomerase reaction cycle. 

Possible mechanisms of telomerase-independent telomere 
maintenance in yeast. 

The DNA damage checkpoint in Saccharomyces cerevisiae. 

A spectrum of telomeric states. 

T/01 and PTC2 deletion using a KanMX4 replacement 
cassette. 

Pop-in I pop-out method. 

Rationale for the SGA experiment. 

Comparison of growth of double mutants (cdc13-1 15 yfg!J.) 
after 48 and 96 heurs of incubation. 

An example of the comparative analysis of growth properties 
at 33°C after 96 heurs of incubation. 

Growth properties of a primary candidate double-mutant at 
both permissive and restrictive conditions. 

Verification of SGA results. Tetrad analysis. Replica plating. 
Example. 

Verification of SGA results. Tetrad analysis. Streaking. 
Example. 

T/01 and PTC2 ORF deletion verification. 

Isolation of rfa1-t11 mutant via colony growth test (spot test). 

IV 



Figure 19 

Figure 20 

Figure 21 

Figure 22 

Figure 23 

Figure 24 

Figure 25 

Figure 26 

Figure 27 

Examples of generation of telomerase independent survivors. 

Mutant strains survivor type. 

Requirement for gene products involved in adaptation to DSB 
in the formation of cap-independent survivors. 

The rate of successful adaptation to telomere uncapping in 
survivors harbouring mutations in genes required for 
adaptation to a single DSB. 

Schematic presentation of the procedure used to generate S2 
survivors and second generation A2 cap-independent 
survivors. 

Cell cycle progression in S1 survivors, S2 survivors and A1 
li 13 strains after telomere uncapping. 

Beth type 1 and type Il S2 survivors are able to form well 
developed viable colonies with much higher rate as compared 
to S 1 survivors. 

The rate of successful adaptation to telomere uncapping in S2 
survivors. 

HU sensitivity of A2 li 13 cells. 

V 



ABBREVIATIONS 

50G 50 generations 

200G 200 generations 

oc degrees Celcius 

Ll delta, identifies deletion 

µg microgram 

µI micro litre 

µM micromolar 

A adenosine 

ALT alternative telomere lengthening 

ARS autonomously replicated sequence 

BIR break-induced replication 

bp base pares 

c cytosine 

Ci Curie 

cm centimeter 

dCTP deoxycytidine triphosphate 

ds double-stranded 

DSB double-strand break 

dsDNA double-stranded deoxyribonucleic acid 

EDTA ethylenediamin disodium tetraacetate 

FOA 5-fluoroorotic acid 

FWD forward 

G guanosine 

VI 



g 

G2/M 

HU 

Li/Ac 

M 

min 

mg 

ml 

mM 

mm oie 

MMS 

MRX 

NHEJ 

nm 

nM 

nt 

OD 

ORF 

PCR 

PEG 

pH 

REV 

RT 

sec 

SGA 

gravitational rotation unit 

G2 cell cycle phase/mitosis 

hydroxyurea 

lithium acetate 

molar 

minute 

milligram 

millilitre 

millimolar 

mi Ili mole 

methylmethanesulfonate 

complex of proteins Mre11 p/Rad52p/Xrs2p 

non-homologous end-joining 

nanometre 

nanomolar 

nucleotide 

optical density 

open reading frame 

polymerase chain reaction 

poluethylene glycol 

measure of the acidity or alkalinity of a solution 

reverse 

room temperature 

second, a unit of time 

synthetic genetic array 

VII 



SS 

ssDNA 

T 

Taq 

TE 

TPE 

Tris 

TRF 

ts 

TRF 

U or ura 

V 

wt 

w/v 

YC 

YEPD 

yfg 

YPD 

single-stranded 

single-stranded deoxyribonucleic acid 

thymidine 

DNA polymerase isolated from bacterium Thermus aquaticus 

buffer solution Tris-EDTA 

telomere positioning effect 

tris (hydroxymethyl) aminomethane 

telomere restriction fragment 

temperature sensitive 

telomere restriction fragment 

uracil 

volt 

wild-type 

weighUvolume 

yeast complete (synthetic medium) 

yeast extract peptone dextrose 

"your favourite gene" 

yeast extract peptone dextrose 

VIII 



ABSTRACT 

AN SGA APPROACH TC DISCOVER cdc13-f5 SUPRESSORS. 

Telomeres, the DNA-protein complexes at the end of eukaryotic chromosomes, are 

essential for chromosomal stability. ln yeast, the telomeric single-strand binding 

protein Cdc13p has multiple important roles related to telomere maintenance: 

telomeric "capping" - protection of telomeres by forming complexes with 

yKu?0/80 and with Stn1p/Ten1p; 

• positive regulation of telomere replication via interaction with Est1 p, which is a 

part of telomerase; 

negative regulation of telomerase by the recruitment of telomere elongation 

suppressors Stn1 p and Ten1 p. 

ln an attempt to identify genes that are involved in the deleterious outcome of an 

absence of Cdc13p, we screened the yeast gene knock-out library for genes that 

could suppress the growth defect of cdc13-1 cells at 33°C. For this purpose, we 

performed an SGA array experiment. We scored for the ability of double mutant 

haploids to grow at 33°C. Eventually, we hoped to find the elusive genes involved in 

telomere 5'-end processing (exonucleases). 

Based on the comparative analysis of growth properties of the strains (23°C vs 

33°C), the initial screen identified up to 111 genes that displayed an apparent growth 

at 33°C. ln order to verify these results, diploids were regenerated, sporulated, 

microdissected, and haploid double mutants cdc13-1 yfgLJ. were isolated from 38 

potential cdc13-1 suppressors. Unfortunately, this verification failed to reproduce a 

suppression of the growth defect by any of the selected genes at any temperature. 

While disappointing, the results reemphasize that careful re-examination of large 
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scale SGA approaches are indispensable before going on to more involved 

experimentation. 

SIMILARITIES AND DIFFERENCES BETWEEN ADAPTATION TO DNA DOUBLE-

STRAND BREAK AND TO TELOMERE UNCAPPING IN YEAST Saccharomyces 

cerevisiae. 

lt was previously shown that a certain proportion of telomerase negative survivor 

cells (both type 1 and type Il cells) is able to survive in the absence of the telomere 

capping protein Cdc13p. These strains (named b.13s) were characterized in great 

detail and one of their discovered features was a striking ability to continuously 

inactivate DNA-damage checkpoints. Based on structural similarities between DNA 

double strand breaks (DSB) and unprotected telomeres, we attempted to verify if the 

molecular mechanisms regulating adaptation to a single irreparable DSB aise 

regulate adaptation to a loss of Cdc13p. For this purpose we created three tlc1 fJ. 

cdc13fJ. strains aise harboring DSB adaptation related mutations tid1/J., ptc2/J. and 

rfa1-t11. After deprotection of their telomeres, mutant survivor cells showed similar 

cell cycle progression patterns as compared to the cells where a single irreparable 

DSB was introduced. Adaptation defective mutants tid1/J. and ptc2/J. demonstrated an 

inability to adapt to telomere uncapping and to resume cell cycle. lnterestingly, cells 

harboring the rfa 1-t11 allele, which was reported to suppress adaptation defects of 

other mutations, did net show any distinguishable phenotype in terms of initial 

adaptation to telomere deprotection; i.e. rfa1-t11 mutant survivors do escape the 

G2/M arrest and re-enter the cell cycle. However, ail three mutant survivor strains 

failed to produce viable b.13 capping independent cells, which is consistent with the 
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hypothesis that adaptation to loss of Cdc13p depends on the same pathway as the 

previously reported adaptation phenomenon. 

Finally, we report the surprising finding that if cells had once experienced an adapted 

b.13 state, they will re-produce capping negative survivors much more readily. Thus, 

while a culture of type Il survivor cells generates b.13s at a rate of about 1 x10-5 

events per division, cells that had been b.13s and re-transformed with a Cdc13p 

carrying plasmid will produce capping independent cells at about 1x10-2 events per 

division. We are currently examining why these cells re-generate b.13 cell lines more 

readily and suspect structural differences in telomere terminal sequence 

arrangements. 
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RÉSUMÉ 

UNE APPROCHE SGA POUR DÉCOUVRIR DES SUPPRESSEURS DE cdc13-1 

Les télomères, complexes nucléoprotéiques situés aux extrémités des chromosomes 

eucaryotes, sont essentiels à la stabilité chromosomique. Chez la levure, la protéine 

Cdc13p liant la partie simple-brin des télomères joue plusieurs rôles importants dans 

la maintenance des télomères: 

capuchon télomérique - protection des télomères par la formation de complexes 

avec yKu?0/80 et avec Stn1 pfîen1 p; 

régulation positive de la réplication télomérique par l'interaction avec Est1 p, l'un 

des constituants de la télomérase; 

régulation négative de la télomérase par le recrutement des suppresseurs de 

l'élongation des télomères Est1 p et Ten1 p. 

Dans le but d'identifier des gènes impliqués dans les effets néfastes due à l'absence 

de Cdc13p, j'ai criblé la banque de souches de levure «knock-out» à la recherche de 

gènes qui pourraient supprimer le défaut de croissance de cellules cdc13-1 à 33°C. 

En effet, j'ai analysé la capacité des doubles mutants haploïdes à pousser à 33°C. 

J'espérais ainsi trouver les gènes élusifs impliques dans la dégradation de l'extrémité 

5' des télomères (exonucléases). 

En se basant sur l'analyse comparative des propriétés de croissance des souches 

(23°C vs 33°C), le criblage initial a identifié 111 gènes dont l'absence permettait une 

croissance apparente à la température restrictive de 33°C. Parmi ces 111 candidats 

j'ai retenu les 38 gènes codant pour des protéines dont la présence dans le noyau a 

été démontrée. Dans le but de vérifier les résultats du criblage initial j'ai regénéré les 

diploïdes par croisement. Les souches diploïdes ont été sporulées, microdisséquées 
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et les souches haploïdes doubles mutants cdc13-1 yfgfJ. ont été isolées pour les 38 

suppresseurs potentiels. J'ai encore une fois évalué les propriétés de croissance des 

doubles mutants cdc13-1 yfgfJ. en les comparant avec celles du mutant simple cdc13-

1. Malheureusement, la vérification n'a pas reproduit les résultats du criblage initial. 

Le défaut de croissance de cdc13-1 n'a été supprimé par l'absence d'aucun gène et 

ceci quelle que soit la condition de température. 

Malgré leur issue négative, les résultats soutiennent la nécessité d'un réexamen 

détaillé du criblage SGA à grande échelle avant de s'en aller vers des 

expérimentations plus approfondies. 

SIMILITUDES ET DIFFÉRENCES DE L'ADAPTATION À UNE CASSURE DOUBLE 

BRIN DE L' ADN ET À LA PERTE DU CAPUCHON TÉLOMÉRIQUE CHEZ LA 

LEVURE Saccharomyces cerevisiae. 

Il a été précédemment démontré qu'une certaine proportion des cellules survivantes 

télomérase-négatives (de type 1 et type Il) sont capables de survivre dans les 

conditions d'absence de la composante principale du capuchon télomérique, la 

protéine Cdc13p. Les souches déficientes en capuchon télomérique (appelées b.13) 

ont été caractérisées en détail et une des propriétés découvertes a été leur frappante 

capacité à inactiver leur point de contrôle de dommage à l'ADN d'une façon continue. 

En me basant sur les similarités structurales entre la coupure double brin de l'ADN et 

les télomères non protégés, j'ai essayé de vérifier si les mécanismes moléculaires 

régulant l'adaptation à une coupure double brin unique et irréparable de l'ADN 

régulent aussi l'adaptation à la perte de Cdc13p. Dans ce but, j'ai construit trois 
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souches tlc1 ~ cdc13~ en délétant dans chacune un des gènes responsables de la 

régulation de l'adaptation à une cassure double brin unique: tid1~, ptc2~ et rfa1-t11. 

Après la déprotection de leurs télomères les cellules survivantes mutantes 

montraient un patron de progression de leur cycle cellulaire similaire à celui de 

cellules mutantes dans lesquelles une cassure double brin unique de l'ADN a été 

introduite. Les mutants déficients en adaptation tid1~ et ptc2~ se sont révélés 

incapables de s'adapter à la perte du capuchon télomérique et de rétablir la 

progression du cycle cellulaire. Les cellules portant rfa 1-t11, l'allèle dont la capacité à 

supprimer les défauts d'adaptation d'autres mutants a été publiée, n'a démontré 

aucun phénotype détectable en terme d'adaptation initiale après la perte de 

protection télomérique; i.e. les survivants mutants rfa1-t11 s'échappent de l'arrêt 

G2/M et rétablissent leur cycle cellulaire. 

Par contre, aucune des trois souches mutantes survivantes n'a été capable de 

générer des cellules b.13 capuchon indépendantes viables. Ce résultat corrèle avec 

l'hypothèse selon laquelle l'adaptation à la perte du capuchon télomérique dépend de 

la même voie métabolique que le phénomène d'adaptation à une cassure double brin 

unique de l'ADN décrite précédemment. 

Je décris finalement une découverte surprenante: les cellules ayant été exposées 

une fois à l'état de perte du capuchon télomérique (l'état b.13) reproduiront des 

survivants capuchon-indépendants beaucoup plus facilement. Ainsi, alors qu'une 

culture de cellules de survivant de type Il génère des cellules b.13 au taux d'environ 1 

x 10-5 événement par division cellulaire, les cellules b.13 qui ont été retransformées 

avec un plasmide exprimant cdc13-1 reproduisent des cellules capuchon 

indépendantes au taux d'environ 1 x 10-2 événement par division cellulaire. 
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Je soupçonne que ce phénomène existe grâce à des réarrangements de séquences 

terminales télomériques dans les cellules 6.13. Cette hypothèse est actuellement 

étudiée dans notre laboratoire. 
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INTRODUCTION 

1. Historical Preamble 

The term telomere originates from two words: TÉÀOÇ (te/os) and µtpoç (meros), which 

in Greek mean respectively "an end" and "a part". This term was first proposed by the 

geneticist Hermann J. Müller in the 1930'5 of the last century (Muller, 1938). Working 

with chromosomes of the fruit fly (Orosophi/a melanogaster) at the Edinburgh Animal 

Genetics lnstitute, he had just observed that the ends of the irradiated chromosomes, 

in contrast ta ends elsewhere in the genome, did not present alterations such as 

deletions or inversions, thanks ta the presence of a protective cap that he called 

«terminal gene» and afterwards «telomere». Just a few years later, Barbara 

McClintock, an investigator from the University of Missouri, who was dedicated ta the 

study of corn genetics (Zea mays), described how rupture of chromosomes resulted 

in adhesion and fusion of their ends, with the consequent formation of dicentric 

chromosomes (McClintock, 1941 ). She demonstrated that regardless of this damage, 

the ends could be restored thanks ta the acquisition of new telomeres. According ta 

her conclusions, telomeres play a crucial raie in the integrity of the chromosomes, 

since they prevent the appearance of «break-fusion-bridge» cycles which are 

catastrophic for cellular survival. 

These studies founded the basis for the idea that the chromosome terminal 

fragments - telomeres - ought ta have features distinguishing them from DNA 

extremities resulting from DNA double-strand breaks. Later studies confirmed this 

idea and led ta discovery of specialized protective DNA-protein complexes located at 

the ends of eukaryotic linear chromosomes. 
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2. Telomere Structure 

2.1 . Telomeric DNA 

ln most eukaryotes, chromosome terminal regions consist of three distinct regions 

(Figure 1 ): 

subtelomeric regions (DNA sequence immediately adjacent to telomeric 

repeats and stretching towards the centromere) 

telomeric regions perse, where one can distinguish between double stranded 

DNA (dsDNA) and 

single stranded DNA area (ssDNA). 

Figure 1. 

To 

S.cer~wl.Slo96 

Organization of telomeric DNA in different eukaryotes. Adopted from 
(Chakhparonian and Wellinger, 2003) 
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Scheme is not to scale. "C" corresponds to cytosine-rich strand; "G" corresponds to 
guanine-rich strand. Subtelomeric region varies from one organism to the other and 
can contain repetitive elements. 
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ln this study 1 have used Saccharomyces cerevisiae as a model organism. This 

budding yeast is a very convenient organism for molecular biology and genetic 

studies. lt can be readily manipulated genetically and biochemically and is easy ta 

grow in the laboratory. Additionally, telomere structure and function are highly 

conserved amongst eukaryotes (see below) and therefore, any results obtained with 

yeast may be applicable ta other eukaryotes, including humans. Therefore, 1 will 

focus my discussions on molecular aspects of telomere protection using budding 

yeast Saccharomyces cerevisiae as a model. 

2.1.1. Subtelomeric Regions 

ln the yeast Saccharomyces cerevisiae, subtelomeric DNA comprises distinct 

elements called Y' and X separated by irregular telomere-like repeats TG1-3'CA1_3. 

(Chan and Tye, 1983a; Chan and Tye, 1983b; Louis and Haber, 1992; Walmsley et 

al., 1984). Y' element(s) comprise the most proximal part of subtelomeric regions. 

Two types of Y' elements can be found on S. cerevisiae chromosomes. They differ in 

length - 6, 7 kb and 5,2 kb - but are very conserved in sequence. Not all of S. 

cerevisiae chromosome ends possess Y' elements: while about 30% of yeast 

telomeres lack Y' elements completely, on the rest of them, 1 ta 4 Y' elements can be 

found arranged in tandem (Chan and Tye, 1983b). The exact raies of Y' elements in 

yeast cell life are net yet known. Elevated levels of homologous recombination was 

documented for this region, and such events play an important raie in existing yeast 

subtelomeric region variability (Louis and Haber, 1990a; Louis and Haber, 1990b; 

Louis and Haber, 1992). 
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A high level of homologous recombination in subtelomeric areas aise has great 

importance for telomere maintenance in the absence of telomerase (Lundblad and 

Blackburn, 1993) and this phenomenon will be discussed in detail below. Y' elements 

aise contain an ARS (origin of replication) consensus site (Chan and Tye, 1983a; 

Louis, 1995). These ARSs can fire in the S phase of the cell cycle but do net seem to 

be essential as chromosomes having no Y' elements or artificial chromosomes 

lacking terminal ARSs are capable of replicating successfully (Wellinger and Zakian, 

1989). 

X elements are present in just one single copy per chromosome extremity and 

located on telomeres immediately after Y' element towards the centromere (Louis, 

1995; Louis et al., 1994). X elements are rather variable, both in size (from 0,3 to 

3.75 kb) and in sequence (Biessmann and Mason, 1992; Chan and Tye, 1983a; 

Zakian and Blanton, 1988). There is just one small 475 bp conserved sequence 

element which is characteristic of all X elements on ail chromosomes (Louis, 1995). 

This sequence is referred to as the 'core' X element. Just as for Y'-elements, 'core' X 

contains an ARS consensus (Brand et al., 1987) as well as binding sites for two 

essential proteins - Tbf1 p (unknown function) and Abf1 p (involved in transcriptional 

regulation and replication) (Liu and Tye, 1991 ). Besides being involved in allowing 

telomere maintenance in the absence of telomerase, yeast subtelomeric regions are 

believed to play some role in nuclear architecture (Gotta et al., 1996; Hediger et al., 

2002; Taddei and Gasser, 2006; Taddei et al., 2004). 

2.1.2. Double-stranded Telomeric DNA 

The first telomeric DNA sequence determined was that of a ciliated protozoan called 

Tetrahymena thermohi/a (Blackburn and Gall, 1978). This study revealed that 
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telomeric DNA of T. thermophila consists of 50 to 70 repetitions of the sequence 

TTGGGG/CCCCAA. Further, it was shown that the strand running 5' to 3' towards 

the chromosome end consists of tandem repeats TTGGGGG, and the CCCCAA 

repeats constitute the complementary strand oriented 3' to 5'. Nowadays, the 

sequences and structures of telomeric DNA are known for many organisms (Table 1 ). 

As one can see from the Table 1, in the majority of organisms, telomeric DNA is 

comprised of short repetitive sequences organized in tandem. The strand running 5' 

to 3' usually is rich in guanines and therefore is referred to as G-strand, as opposed 

to the complementary 3' to 5' strand, rich in cytosine and referred to as C-strand 

(reviewed in Chakhparonian and Wellinger, 2003)). Due to the semi-conservative 

nature of DNA replication, the G-rich telomeric strand is always a product of leading 

strand synthesis, while the C-rich is the result of lagging strand synthesis. From 

Table 1 we can also derive that in some taxa the telomeric repeats are perfectly 

regular (e.g. Protozoa, Nematoda, most of Vertebrata), while in others, they comprise 

different degrees of irregularity (e.g. Fungi). 

ln the budding yeast Saccharomyces cerevisiae, the telomeric repeat sequence is 

irregular (TG)1_6 TG2_3'C2_;A(CA) 1_6 (Shampay et al., 1984; Wang and Zakian, 1990). 

The number of telomeric repeats varies greatly between organisms. The range is 

from as little as 14 bp in Ciliata and reaching 100 kpb (kilo bp) in mouse (Kipling and 

Cooke, 1990; Klobutcher et al., 1981). The length of the repeat arrays can also vary 

between chromosomes of the same organism. For instance, in S. cerevisiae the 

irregular telomeric repeat sequence form telomeres of variable lengths of about 300 ± 

75 bp (Shampay et al., 1984). 
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Table 1. The sequence of telomeric repeats of the strand running 5'-3' towards 
the end of the chromosomes. 

Organism Sequence of repeats Reference 

Protozoa 

Tetrahymena T2G4 (Blackburn and Gall, 1978) 

Oxytricha î4G4 (Klobutcher et al., 1981) 

Euplotes î4G4 (Klobutcher et al., 1981) 

Trypanosoma T2AG3 (Blackburn and Challoner, 

1984) 

Nematode 

Caenorhabditis T2AG2C (Cangiano and La Volpe, 
elegans 

1993) 

Fungi 

Saccharomyces (TG)1-6(TG)2_3 (Shampay et al., 1984) 

Schizosacharomyces T2ACA1-0Co-1G1-6 (Sugawara and Szostak, 

1986) 

Candida ACG2ATGTCT A2(CT 2)2G2 TGT (McEachern and Hicks, 1993) 

Kluyveromyces ACG2AT 3GAT 2AG2 T A(TG)2(GT)2 (McEachern and Blackburn, 

1994) 

Plant 

Arabidopsis T~G3 (Richards and Ausubel, 1988) 

Vertebrata 

Homo sapiens T2AGa (Moyzis et al., 1988) 

Mussp. T2AG3 (Kipling and Cooke, 1990) 

most of the other T2AG3 (Meyne et al., 1989) 
vertebrates 
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2.1.3. The Single Stranded 3' Extremity 

An extension of the strand making up the 3'end (G-rich strand) has been detected in 

all organisms studied so far. Therefore, a G-rich single-stranded (ss) overhang has 

been proposed to be a conserved chromosome-terminal structure (Makarov et al., 

1997; McElligott and Wellinger, 1997). However, the length of the overhang differs 

significantly from one taxon to the other (see Fig.1). ln the ciliates Tetrahymena, 

Oxytrichia and Euplotes, the ss 3' extension is very short and varies between 14 and 

16 nt (Henderson and Blackburn, 1989; Klobutcher et al., 1981; Pluta et al., 1982). 

Sorne recent studies showed that in Tetrahymena, the majority of telomeres have ss 

overhangs of 14-15 or 20-21 nt in length, and the length of these extremities varies 

very little throughout the cell cycle (Jacob et al., 2001 ). Similarly, in the yeast S. 

serevisiae, the 3' strand extensions are about 12 to 15 nt, but can measure up to 25-

30 nt at the end of S phase (Larrivée et al., 2004; Wellinger et al., 1996; Wellinger et 

al., 1993b). ln humans, it was shown that telomeres retain G-strand overhangs 

throughout the cell cycle and their length varies between 150 and 350 nt depending 

on cell type (Makarov et al., 1997; McElligott and Wellinger, 1997; Wright et al., 

1997). Lately, Cimio-Reale et al., using a method based on the ligation of telomeric 

oligonucleotides hybridized to non-denatured DNA under stringent conditions showed 

that lengths ranging from 108 to 270 nt represented only 37% of the whole molecule 

population, while 56-62% were <90 nt. At the same time they have detected G-rich 

regions >400 nt in length (Cimino-Reale et al., 2001). However there were conflicting 

data on the distribution of G-rich ss tails on the telomeres. Makarov and colleagues, 

using a "primer extension/nick translation" technique, suggested that 80% of human 

chromosome extremities possess G-rich overhangs (Makarov et al., 1997). On the 

other side, Wright and colleagues obtained evidence for an asymmetry of human 
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chromosome ends. According to their data, one terminus of the same chromosome 

has a long G-rich extension, but the opposite one has a shorter G-tail (<12 nt) 

(Wright et al., 1997). Later, the Wright and Shay group reported data invalidating the 

above conclusion and showed that 3' overhangs on both leading (G-rich) and lagging 

(C-rich) strand ends were established very quickly after replication (Wright et al., 

1999). The authors aise suggested that leading-telomere overhangs were shorter 

than lagging-telomere overhangs (Wright et al., 1999), a conclusion supported by 

later observations (Chai et al., 2006). Such a view is aise supported by studies in 

budding yeast showing differential processing of leading- and lagging-strand ends in 

strains lacking Rad27p endonuclease (Parenteau and Wellinger, 2002). This 

conclusion was supplemented with the idea that the overhangs at the leading and 

lagging-strand daughter telomeres are generated differently in human cells, and 

telomerase may preferentially affect overhangs generated at the telomeres produced 

by leading-strand synthesis (Chai et al., 2006). 

The same group aise discovered that the vast majority of telomeric C strands end 

with the sequence CCAATC-5' (Sfeir et al., 2005), which strongly suggests that in 

human cells, C strand processing is very strictly regulated (Sfeir et al., 2005). 

2.2. Telomeric Heterochromatin 

ln budding yeast and in humans, subtelomeric regions are organized into 

nucleosomes in a similar way as the rest of the chromosome. However, the most 

distal parts of the chromosomes are organized in a specific non-nucleosomal 

chromatin referred to as the telosome (Lejnine et al., 1995; Tommerup et al., 1994; 

Wright et al., 1992). 

Telomeric chromatin consists of proteins falling into three groups: 
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dsDNA binding proteins; 

proteins associated with telomeres via interaction with other proteins; 

ssDNA binding proteins and the telomeric cap. 

2.2.1. dsDNA Binding Proteins 

Rap1 p is a protein bound to dsDNA in S. cerevisiae and it plays a major role in 

telomere homeostasis (Conrad et al., 1990). lts orthologs have been characterized 

for different organisms, for example TRF1 and TRF2 for humans (Chong et al., 1995) 

or Taz1p for S. pombe (Cooper et al., 1997). They ail bind the species specific 

repeats of telomeric dsDNA. RAP1 is an essential gene and Rap1 p, a protein of 827 

aa, is required for repression and activation of several genes (Shore, 1994), as well 

as for telomere length regulation (Shore, 1997). At the telomeres, Rap1 p binds 

specifically the duplex sequence TG 1_./C 1_~ (Conrad et al., 1990; Gilson et al., 1993; 

Konig et al., 1996; Wright and Zakian, 1995) using its highly conserved Myb demains 

located in the centre of the molecule. Rap1 p plays a negative role in telomere 

regulation via recruitment of Rif proteins and provides Telomere Positioning Effect 

(TEP) via recruitment of Sir proteins {Tham and Zakian, 2002)) (discussed below). 

Recent studies elucidated the positive role of Rpa1 p protein in hiding the DSBs 

adjacent to the telomere from checkpoint detectors and exonucleolytic activity 

(Negrini et al., 2007). 

Another protein binding to the dsDNA portion of telomeres is the yKu protein complex 

(Gravel et al., 1998). yKu is a heterodimer composed of two proteins: yKu70p and 

yKu80p (reviewed in Dynan and Yoo, 1998) and (reviewed in Featherstone and 

Jackson, 1999). The yKu heterodimer binds with high affinity to ds extremities, 

independently of their sequence or structure (Blier et al., 1993; Feldmann and 
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Winnacker, 1993; Paillard and Strauss, 1991 ). lt plays a crucial role in double strand 

break (DSB) repair vial non-homologous end joining (NHEJ) in both Mammalia and 

yeast (Jones et al., 2001) and protects their telomeres against uncontrolled 

homologous recombination events (Boulton and Jackson, 1996; Celli et al., 2006; 

Featherstone and Jackson, 1999). 

The demain organization of Ku proteins is very well conserved in both lower an 

higher eukaryotes (Downs and Jackson, 2004), which could suggest homology 

between yeast yKu and mammalian Ku heterodimers (Downs and Jackson, 2004). 

ln S. cerevisiae the yKu heterodimer is associated with telomeres in vivo (Gravel et 

al., 1998). Cells lacking yKu show various telomere related phenotypes: shorter 

telomeres (Porter et al., 1996) abnormally elongated ss G-tails (Gravel et al., 1998) 

altered expression of genes located in proximity to telomeres (Boulton and Jackson, 

1996; Gravel et al., 1998; Laroche et al., 1998), an elevated level of telomere-

telomere recombination, as well as temperature sensitivity (Polotnianka et al., 1998). 

ln yeast, the NHEJ function of yKu is mediated by a conserved a-helix on the yKu?O 

surface, while its role in telomere maintenance is provided by a distinct surface on 

the yKu80 subunit (Ribes-Zamora et al., 2007). Besides interacting with telomeres, 

yKu aise interacts with telomerase via the telomerase RNA component TLC1 

(Peterson et al., 2001; Stellwagen et al., 2003). 

ln mammalian cells Ku plays an important role in NHEJ (Fukushima et al., 2001; 

Pierce et al., 2001), and there is evidence that Ku associates with telomeres in 

mammalian cells as well (d'Adda di Fagagna et al., 2001; Hsu et al., 2000). However, 

in humans, the heterodimer Ku70/Ku86 does not bind telomeric DNA directly but 

rather interacts with TRF1 (Hsu et al., 2000). Although there are differences in the 

phenotypes observed when comparing mammalian and yeast cells lacking Ku, it 

does play a role in protection and maintenance of telomeres in both higher and lower 
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eukaryotes. While the primary function of yeast Ku is to counteract exonucleases and 

inhibit telomere-telomere recombination (Maringele and Lydall, 2002; Nugent et al., 

1998; Polotnianka et al., 1998), loss of Ku in human cells leads to deregulation in 

telomere length and genomic instability (Myung et al., 2004). ln human cells, the Ku 

complex was shown to mediate telomere end fusions at both unprotected telomeres 

(Smogorzewska et al., 2002) and critically short telomeres (Espejel et al., 2002). 

More recent data however reveal a critical role for mammalian Ku in suppression of 

homologous recombination at dysfunctional telomeres in addition to its known 

function in promoting telomere fusions (Celli et al., 2006). 

2.2.2. Proteins Associated With Telomeres Via Protein-Protein 

Interactions 

As mentioned above, Rap1 p can interact, via its C-terminus, with Rif (Rap1 

lnteracting Factor) proteins - Rif1 p and Rif2p (Hardy et al., 1992; Wotton and Shore, 

1997). The complex Rap1 p, Rif1 p and Rif2p plays an important role in negative 

regulation of telomere length (Levy and Blackburn, 2004). Rif1 p and Rif2p are 

functionally very similar. Mutation of either RIF gene results in moderate telomere 

elongation. However, deletion of both RIF1 and RIF2 in the same cell results in a 

dramatic increase in telomere length (Hardy et al., 1992; Wotton and Shore, 1997). 

Additionally, overexpression of either RIF1 or RIF2 leads to significant telomere 

length decrease (Wotton and Shore, 1997). 

The C-terminal demain of Rap1 p can also interact with Sir proteins (Moretti et al., 

1994). Members of this family, in particular Sir2p, Sir3p and Sir4p, are responsible for 

TPE (Telomere Position Effect) (Aparicio et al., 1991). ln yeast, the essence of TPE 

is the repression of the expression of genes located in proximity of telomeres 
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(Gottschling et al., 1990; Tham and Zakian, 2002). lt was shown that in the cells 

where SIR2, SIR3, SIR4 as well as YKU70 and YKUBO are deleted, TPE is almost 

completely abolished (Aparicio et al., 1991; Mishra and Shore, 1999). 

2.2.3. ssDNA Binding Proteins And The Telomeric Cap. 

ln yeast, Cdc13p specifically binds the ss 3' extremities TG1_3 (Lin and Zakian, 1996; 

Nugent et al., 1996). lt binds ta this substrate with very high affinity and it is found 

bound at all the telomeres in vivo (Boums et al., 1998; Tsukamoto et al., 2001 ). Seing 

sequence specific, Cdc13p aise shows a certain level of affinity ta ss human 

telomeric repeats in vivo, but this affinity is estimated ta be 10 times weaker as 

compared ta yeast TG 1_3 repeats (Alexander and Zakian, 2003; Lin and Zakian, 1996; 

Nugent et al., 1996). This essential protein of 925 aa has two identified demains: a 

Recruitment Domain (RD) and a DNA Binding Domain (DBD) (Anderson et al., 2002; 

Mitton-Fry et al., 2002). Cdc13p binds ta telomeric ssDNA via the DBD and requires 

a minimal sequence of 11 nt: dGTGTGGGTGTG (Hughes et al., 2000b). The 

Recruitment Domain of Cdc13p serves for telomerase recruitment, providing an 

important raie of Cdc13p in telomere replication (Pennock et al., 2001 ). 

Stn1 and Ten1 are proteins interacting with Cdc13p and are very important 

components of the telomere cap (Gao et al., 2007). lt is thought that these three 

proteins together (Cdc13p, Stn1p and Ten1p) create the first and the most important 

line of defense against exonucleolytic degradation of chromosomes termini (Gao et 

al., 2007; Grandin et al., 2000; Grandin et al., 2001 b; Grandin et al., 1997; Martin et 

al., 2007; Pennock et al., 2001). 
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2.3. Telomere Structure ln Yeast and Humans 

Human proteins TRF1 and TRF2 are factors binding to ds telomeric repeats T2AG3 

(Chong et al., 1995). They play a central role for human telomeric chromatin 

elaboration as they interact with various other proteins forming complexes (reviewed 

in Smogorzewska and de Lange, 2004)). Unlike its yeast ortholog Rap1p, human 

hRap1 interacts with telomeric DNA indirectly via TRF2 (Li et al., 2000). A major 

structural difference between human telomeres as compared to those of yeast was 

discovered via electron microscopy. Human telomeres appear to form loops, referred 

to as t-loops (telomeric-loop) (Griffith et al., 1999). The formation of t-loops is 

possible due to an invasion of the 3' ss G-rich extremity into ds telomeric repeats, 

where it finds complementary sequence, displacing the T2AG3 strand (Figure 2). 

Figure 2. Telomere spatial structures in human and yeast. Adopted from (Vega 
et al., 2003) 

Schematic representation of telomere organization in humans (a) and yeast (b). The 
blue line represents G-strand; the black line represents C-strand. Non-telomeric DNA 
is shown as a red line. More details are explained in the text. Telomere associated 
proteins are depicted as yellow polygons. 
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Similar telomeric structures were found in Mus sp., in chicken Gallus gal/us, in pea 

Pisum sativum, in the ciliate Oxytricha, and in the protozoan Trypanosoma (Cesare 

and Griffith, 2004; Munoz-Jordan et al., 2001; Murti and Prescott, 1999; Nikitina and 

Woodcock, 2004). Such structural similarity in a broad spectrum of taxa, suggests an 

evolutionary conservation of the t-loop structure. Surprisingly, t-loops have net yet 

been detected in yeast (reviewed in de Lange, 2004), but this could be due to their 

short ss 3'-overhangs or the short telomeres which would net loop as easily. Yet, 

there is evidence to suggest, that yeast telomeres form at least a sort of loop-back 

structure (de Bruin et al., 2001; Strahl-Bolsinger et al., 1997) (Figure 2). 

3. Telomere Functions 

Telomeres are essential for genome stability in all organisms with linear 

chromosomes. The specific roles include: 

Chromosome end protection 

Distinguishing chromosome ends from damaged DNA (DSB) 

Chromosome end replication 

Architectural support in the nucleus 

Regulation of replication initiation timing 

Regulation of transcription 

1 shall discuss the first three of the above mentioned functions as they are the most 

pertinent for understanding my experimental work. 
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3.1. Telomeres As Guards Of Chromosomes 

3.1.1. The Telomeric Cap Protects Against Exonucleases 

Telomeres protect eukaryotic chromosomes from exonucleolytic degradation with the 

aid of the telomeric cap. ln the budding yeast S. cerevisiae, the main component of 

the telomeric cap is the essential protein Cdc13p (see above). Garvik et al. 

discovered the protective raie of Cdc13p using a strain containing a temperature 

sensitive allele of CDC13, called cdc13-1 (Garvik et al., 1995). Exposed to a 

restrictive temperature above 28°C, cdc13-1 mutant cells suffer severe degradation 

of the 5' C-rich strand reaching the subtelomeric region and resulting in a rapid 

accumulation of 3' G-rich ssDNA. Accumulated ssDNA is detected by the Rad9p 

dependent checkpoint machinery (see "DNA DSB and DNA Damage Checkpoint"), 

the G2/M checkpoint is activated and the cell cycle arrested (Weinert and Hartwell, 

1993). ln these conditions, yeast cells suffer progressive chromosome instability and 

subsequent cell death (Garvik et al., 1995). lt was suggested that Cdc13p bound to 

ss G-rich extremity protects the C-rich strand from degradation by one or several 

exonucleases (Nugent et al., 1996). Later, the interaction of two other essential 

proteins, namely Stn1 p and Ten1 p, with Cdc13p was shown to be absolutely required 

for efficient telomere protection (Grandin et al., 2000; Grandin et al., 2001 a). lndeed, 

the loss of function of either of these proteins leads to the same phenotype as cdc13-

115 mutant at restrictive temperature - C-strand degradation and Rad9p dependant 

G2/M arrest (Grandin et al., 2001 a). The necessity of direct interaction between 

Cdc13p and Stn1p was shown in experiments with recombinant proteins in which the 

DNA binding demain of Cdc13p was fused to Stn1 p. Introduction of such 

recombinant proteins into a strain where CDC13 was deleted allowed the cells to 

recover viability (Pennock et al., 2001 ). 
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lnterestingly, C-strand degradation appears to be cell cycle dependent and regulated. 

(Vodenicharov and Wellinger, 2006; Vodenicharov and Wellinger, 2007). Abolishing 

the protective function of the essential capping proteins Cdc13p or Stn1 p causes 

telomere degradation in G2/M, but not in G1 of the cell cycle. (Vodenicharov and 

Wellinger, 2006). Completion of S phase and the activity of the S-Cdk1 kinase are 

required for telomere degradation. (Frank et al., 2006; Vodenicharov and Wellinger, 

2006; Vodenicharov and Wellinger, 2007). Cdk1 regulated nucleolytic activity is 

required for the generation of 3' single-strand overhangs at both native and de nove 

telomeres in normally functioning cells (Frank et al., 2006; Vodenicharov and 

Wellinger, 2006; Vodenicharov and Wellinger, 2007). 

Proteins functionally similar yeast Cdc13p are present in a wide variety of organisms 

(reviewed in Lange, 2001; Smogorzewska and de Lange, 2004). For example, a 

protein binding telomeric ssDNA in Schizosaccharomyces pombe is called spPot1 

(Protection Of Telomere) and this protein is aise essential for telomere stability 

(Baumann and Cech, 2001). The deletion of the spPot1 gene leads to rapid telomere 

degradation, loss of telomeric DNA and to chromosome circularization (Baumann and 

Cech, 2001 ). Ali the Cdc13p-like proteins (TEBPs in Ciliata (Gottschling and Cech, 

1984; Gottschling and Zakian, 1986), AtPot1 and AtPot2 in Arabidopsis (Shakirov et 

al., 2005) , cPot1 in chicken (Wei and Price, 2004), two distinct Pot1 proteins in 

mouse (Hockemeyer et al., 2006) and hPot1 in human (Baumann et al., 2002)), 

share very limited sequence homology, but are very conserved at the structural level 

of their DNA binding demain (Mitton-Fry et al., 2002; Smogorzewska and de Lange, 

2004). Ali these proteins recognize G-rich ss overhangs and protect the telomeres 

against C-strand degradation thereby preserving chromosome integrity and genome 

stability (Smogorzewska and de Lange, 2004). 
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3.1.2. Hiding Chromosome Ends From Homologous 
Recombination 

Yeast cells primarily use homologous recombination to repair damaged DNA, 

particularly DNA ds breaks (DSBs). ln order to protect chromosome termini against 

homologous recombination events, telomeres should not be recognized as damaged 

DNA (DSB in particular). Therefore, it is thought that telomeric chromatin is structured 

in a way such that chromosome ends are hidden from proteins whose raie is to 

detect DSBs, initiate checkpoint activation and subsequent cell cycle arrest (reviewed 

in Longhese, 2008; Lydall, 2003)). ln fact the very first observations on telomeres 

made by Müller and McClintock were the results of this feature of telomeres. Studies 

in S. cerevisiae showed that telomeres are essential for hiding chromosome ends 

from RAD9 dependent cell cycle arrest (Sandell and Zakian, 1993). These 

experiments were performed with a haploid strain harbouring two copies of 

chromosome VII (a so called disome) and in one of the chromosome VII homologues, 

a telomere could be removed in a controllable fashion. Such an elimination of one 

telomere led to cell cycle arrest (Sandell and Zakian, 1993). This experiment proved 

that telomeres are essential to allow the cells to distinguish between intact 

chromosome ends and a DSB. 

3.2. Chromosome End-Replication 

3.2.1. End Replication Problems 

The transition from a circular genome of Procariota to linear chromosomes of 

Eukaryota created a problem, often referred to as "end replication problem". This 
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problem was first formally formulated in the beginning of 1970'5 of the last century 

(Olovnikov, 1973; Watson, 1972). The origin of the problem lays in the bidirectorial 

nature of DNA duplex molecule and the uniderectorial action of conventional DNA 

polymerases. They are able to polymerise new strands only in the 5' to 3' direction 

(Watson, 1972). ln addition, without a primer conventional DNA polymerases are 

unable to start polymerization. 

Figure 3 .. Telomere replication model. Adopted from (Kelleher et al., 2002). 

a. 

b. 

c. 

Parnnlal strands 

Sem!OO servativo 
DNA roplica!ion 

'La991ng slrand tclomoro 
+ 

'Loadmg s1mnd' tolomoro 

Î: ~~,, ~~ ~~-~~l':._ 3• Loss of 3' overhang 

Resectioo of 
lh 5' end? 

3' 

a. Parental stands before chromosome replication by conventional DNA 
polymerases. The G-rich 3'ss overhang is present. 
b. After the passage of replication fork, two different 3' extremities are created : 
lagging strand 3' extremity (light green) and leading strand 3' extremity (red). RNA 
primers of lagging strand are represented by dark green arrows. Leading strand 
telomeres lose the 3' overhang since a blunt end is created. 
c. The 5' end of the leading strand telomeres is processed in order for a regeneration 
of the 3' overhang. 
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During the replication of the lagging strand, the synthesis of Okazaki fragments is 

primed by short (8-12 nt) RNA primers, which are removed at a later stage. Removal 

of the most terminal RNA primer leaves the gap of at least 8-12 nt, which can net be 

filled (Lingner et al., 1995; Zakian, 1995). Additionally, the mode! of semi-

conservative replication predicts that telomeres of leading strands will be in the form 

of a blunt end (Figure 3). lt was aise shown that 3' overhangs are present at bath 

ends of a chromosome, due ta C-rich 5'-end degradation by exonucleases (Makarov 

et al., 1997; Wellinger et al., 1996). A mode! depicting the above is presented in the 

Figure 3. 

Only a few rounds of replication without restoration of telomeric repeats could shorten 

the telomere critically, leading ta degradation of coding DNA, genetic instability and 

eventually ta cell death (Biessmann and Masan, 1988; Lundblad and Szostak, 1989; 

Singer and Gottschling, 1994). 

3.2.2. Telomerase 

The solution ta the end replication problem was found in 1985. The telomerase 

enzyme was discovered in Tetrahymena (Greider and Blackburn, 1985). The 

telomerase holoenzyme consists of an RNA-moiety and a reverse transcriptase as its 

main elements, plus some other associated proteins. As in other organisms, the 

telomerase RNA TLC1 in S. cerevisiae (Figure 4) contains a sequence that serves as 

a template for the extension of the 3' G-rich strand of the telomeres (Feng et al., 

1995; Shippen-Lentz and Blackburn, 1990; Singer and Gottschling, 1994). 

ln budding yeast, telomerase consists of the TLC1 RNA subunit (Singer and 

Gottschling, 1994), Est2p, the reverse transcriptase catalytic su bu nit (Counter et al., 

1997), proteins Est1 p and Est3p (Hughes et al., 2000a; Lendvay et al., 1996; Lin and 
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Zakian, 1995; Steiner et al., 1996), as well as the Ku heterodimer (yKu70p/yKu80p) 

(Peterson et al., 2001) and Sm7 protein complex (Seto et al., 1999). 

Figure 4. Telomerase components in yeast. Adopted from (Kelleher et al., 2002). 

Saccharomyces cerevisiae telomerase. The protein subunits are discussed in the 
text. 

Concomitant interaction of the Ku heterodimer with telomeres and with TLC1 assures 

the presence of telomerase at the yeast telomere throughout the œll cycle (Fisher et 

al., 2004). Telomerase is recruited to the 3' end of the telomere via a direct 

interaction between the ss DNA binding protein Cdc13p and Est1 p in late S phase 

(Evans and Lundblad, 1999; Evans and Lundblad, 2002; Taggart et al., 2002). For 

yeast, the RNA component (TLC1) and reverse transcriptase (Est2p) are sufficient for 

telomerase activity in vitro (Cohn and Blackburn, 1995; Counter et al., 1997). 
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However, the presence of all of the above proteins is required in vivo (Cohn and 

Blackburn, 1995; Lingnereta/., 1997; Singer and Gottschling , 1994) 

3.2.3. How Telomerase Elongates Telomeric Repeats. 

Telomerase is responsible for proper telomere replication elongating the 3' strand via 

a reverse transcription type reaction (Greider and Blackburn, 1985; Lingner et al. , 

1995; Nakamura and Cech, 1998). Telomerase uses its RNA component (see above) 

as a template for telomeric DNA synthesis (Singer and Gottschling, 1994; Yu et al., 

1990). 

Figure 5. The telomerase reaction cycle. Adopted from (Kelleher et al., 2002) 
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Different states of the reaction are represented. Telomerase is positioned at 3' 
extremity of a telomere (state 1 ). Telomere binding involves base-pairing with the 
RNA template (state 2). ln every reverse transcription cycle, one telomeric repeat is 
added (state 3). The 5' boundary of the template is the position where the telomeric 
substrate is most likely to either dissociate (state 4 to 1) or translocate (state 4 to 2) 
to the other end of the template. 
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The 3' extension-elongation takes place in late S phase of the cell cycle (Wellinger et 

al., 1993a; Wellinger et al., 1993b), at least in yeast. The reaction cycle is done in a 

multistep way, represented in Figure 5. Three stages of the elongation reaction can 

be distinguished (Kelleher et al., 2002): 

Annealing the telomerase RNA component with the 3' G-rich strand; 

polymerization; 

translocation (in mammals) or dissociation (in yeast) from telomere 

ln Mammalia, telomere repeats addition is carried out in a similar way as in S. 

cerevisiae. The enzyme responsible for telomere elongation is also called telomerase 

and contains, at least in part, similar components as the yeast enzyme, such as hTR 

the RNA component. lt provides the template for reverse transcriptase and the 

hTERT protein catalyzes nucleotide addition (Counter et al., 1997; Feng et al., 1995; 

Harrington et al., 1997a; Harrington et al., 1997b; Meyerson et al., 1997; Nakamura 

et al., 1997). 

Human telomerase is active in germline cells and stem cells, but its activity is 

suppressed in somatic cells (Blackburn, 1992; Wright et al., 1996). lnterestingly, 

telomerase activity is reactivated in the majority of cancerous cells and in 

immortalized cell lines (Counter et al., 1992; Kim et al., 1994; Shay and Bacchetti, 

1997; Shay and Wright, 1996). 

3.3. Telomere Length Regulation 

ln all organisms with a constitutively active telomerase the length of telomeres 

remains stable. Therefore, we know that telomere length is tightly controlled, 

presumably by a number of mechanisms that remain ta be determined. ln yeast, not 
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all telomeres are elongated at the same time; telomerase acts on only a small portion 

of telomeres during one cell cycle (Teixeira et al., 2004). ln addition, there is 

accumulating evidence that telomerase shows a preference for elongating shorter 

telomeres (Arneric and Lingner, 2007; Hector et al., 2007; Teixeira et al., 2004; 

Viscardi et al., 2007). 

As mentioned above, the members of the telomeric cap, Cdc13p, Stn1 p and Ten1 p 

play a very important role in the regulation of G-rich strand elongation by telomerase 

(Grandin et al., 2001 a; Grandin et al., 1997). The interaction between Cdc13p and 

Stn1 p has been shown to play an inhibitory role for G-rich strand elongation by 

telomerase (Ch and ra et al., 2001; Grand in et al., 1997). Furthermore, a S. cerevisiae 

strain harbouring a cdc13-5 allele shows very long telomeres and ss 3' extensions. 

The same phenomena were observed in a strain mutant for STN1 (Grandin et al., 

1997). ln the case of overexpression of Stn1p in cdc13-5 cells, the long telomeres 

phenotype was suppressed, indicating that the inhibitory effect Cdc13-Stn1 p-Ten1 p 

complex on telomere elongation is due toits Stn1p subunit (Chancira et al., 2001). 

lt is aise believed that Cdc13p participates in telomerase recruitment onto telomeres 

during S phase via a direct interaction with the essential telomerase component 

Est1 p (Lustig, 2001; Pennock et al., 2001; Qi and Zakian, 2000). After the G-rich 

strand is elongated by telomerase and the complementary strand is synthesized, the 

ds telomeric region has increased in length, providing for new binding sites for 

telomere specific proteins such as Rap1 p. Marcand et al. showed that after creation 

of sufficient binding sites for Rap1 p (from 1 O to 20 molecules per one telomere) 

further telomere elongation in inhibited (Marcand et al., 1997). According to this 

model, once the optimal number of Rap1 p molecules are bound to a particular 

telomere, telomerase activity is inhibited, possibly via the telomere adopting some 

structure preventing telomerase access to its substrate. Conversely, should telomere 
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shortening result in less Rap1 p molecules bound, this inhibitory structure is 

disassembled and telomerase access is permitted (Marcand et al., 1997). 

This model is supported by data showing extreme heterogeneity of telomere length in 

cells where Rap1 p is lacking its C-terminal demain required for protein-protein 

interactions at telomeres (Kyrion et al., 1992). Rap1 p binding proteins Rif1 p and 

Rif2p are aise involved in negative regulation of telomere length. Deletion of either of 

above the Rif proteins results in length increases, while deletion of both Rif proteins 

results in an synergistic effect and telomere length increases dramatically (Kyrion et 

al., 1992; Sussel et al., 1995). ln such cases of abnormal telomere extension, 

another mechanism of telomere homeostasis regulation can be revealed. This 

mechanism is referred to as Telomere Rapid Deletion (TRD). Using TRD, cells very 

quickly are able to shorten overelongated telomeres to their normal length. This 

mechanism is based on a single step telomere deletion, followed by 3' G-rich strand 

elongation and is conserved from yeast to mammals (Lustig, 2003). 

4. Life After Loss Of Telomerase 

Although telomerase is a major way to maintain the telomeres in Eukaryota, it is net 

the only way. A well described example of telomerase-independent telomeric DNA 

maintenance is the fly Drosophila melanogaster. ln Drosophila, telomeres are 

maintained via transposition of telomere specific retrotransposons (Biessmann and 

Mason, 1997). ln other insects such as the mosquito Anopheles and dipteran 

Chironomus, telomeres are maintained via telomere-telomere recombination 

pathways (Lopez et al., 1996; Roth et al., 1997). ln the alga Chlore/la, both 

telomerase-dependent and telomerase-independent pathways of chromosome end 

maintenance are present (Higashiyama et al., 1997). 
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The above examples show that telomerase is prevalent, but not the sole solution to 

the telomere maintenance problem. Therefore, it would be logical to expect the 

discovery of secondary, auxiliary pathways of telomere maintenance. The biological 

value of such pathways would be as a back-up means of telomere maintenance, 

should telomerase fail to function properly in organisms that normally rely on 

telomerase. lndeed, such pathways for normally telomerase-dependant eukaryotes 

were discovered some twenty years ago (Bernards et al., 1983; Dunn et al., 1984; 

Walmsley et al., 1984). 

If yeast cells such as S. cerevisiae, S. pombe, or K. lactis, lose telomerase in one 

way or another, virtually all cells eventually die. However, the cell population does 

have a grace period, since telomerase loss first causes only a loss of about 5 bp per 

generation per telomere (Lundblad and Blackburn, 1993; Lundblad and Szostak, 

1989; McEachern and Blackburn, 1996; Nakamura et al., 1997). This means that it 

takes approximately 60 to 1 OO generations before the telomeres lose functionality 

and due to the ensuing genomic instability, the cells stop growing (Hackett et al., 

2001 ). However, invariably, there are cells that overcome this growth limitation and 

they are referred to as telomerase-independent survivors (Teng and Zakian, 1999). 

These cells maintain their telomeres via mechanisms relying on recombination (Chen 

et al., 2001; Huang et al., 2001; Le et al., 1999; Lendvay et al., 1996; Lundblad and 

Blackburn, 1993; Teng and Zakian, 1999; Teng et al., 2000). These mechanisms are 

virtually all dependent on the Rad52p protein (Chen et al., 2001; Huang et al., 2001; 

Le et al., 1999; Lendvay et al., 1996; Lundblad and Blackburn, 1993; Teng and 

Zakian, 1999; Teng et al., 2000). 

Two types of survivors can be distinguished, depending on the kind of telomere 

rearrangements the cells have undergone: survivors type 1 and survivors type Il (Le 

et al., 1999; Lundblad and Blackburn, 1993; Teng and Zakian, 1999). 

25 



Type 1 survivors are characterized by heavily amplified subtelomeric Y' elements. 

Both, short and long Y' elements are amplified. The numbers of Y' elements in type 1 

survivors can be more than 1 OO times higher compared to telomeres in wt cells (Le et 

al., 1999; Lundblad and Blackburn, 1993; Teng and Zakian, 1999). Even telomeres 

that normally do not possess Y' elements acquire Y' elements, despite the fact that in 

wt cells, interchromosomal Y' element exchange is a rare event (Horowitz and Haber, 

1985). Telomeric repeats per se are very short in type 1 survivors (Le et al., 1999; 

Lundblad and Blackburn, 1993; Teng and Zakian, 1999), rarely reaching more than 

1 OO bp. Nevertheless, they show high stability and do not shorten throughout the 

course of multiple generations. Supposedly, they originate from C1_:AfTG1_3 repeats 

separating the Y' elements. 

lt is very important to mention that beside Rad52p, type 1 survivors require Rad51 p, 

Rad54p and Rad 57p proteins for growth (Chen et al., 2001; Le et al., 1999). Cells of 

type 1 survivors have a stable population of extrachromosomal circular DNA, 

containing one or two repetitions of Y' elements (Larrivée and Wellinger, 2006). 

These circles seem to be mostly double stranded structures. lt is however probable 

that some of them could be partially single stranded structures, as they are 

susceptible to degradation by mung bean nuclease (Larrivée and Wellinger, 2006). 

Mung bean nuclease is a single-strand-specific enzyme known ta be able to nick and 

degrade ss circular DNA, but not dsDNA (Kowalski et al., 1976; Sambrooke, 1989; 

Sung and Laskowski, 1962). 

Type Il survivors do not amplify their Y' elements, but have very long and 

heterogeneous telomeres, consisting only of canonical C1_:AfTG1_3 repeat sequences 

generated via homologous recombination. The telomeric repeat tracts of type Il 
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survivors can be as long as 12 Kb (Teng and Zakian, 1999). Still being dependent on 

Rad52p, type Il survivors do not require Rad51 p, but do depend on the MRX complex 

members: Rad50p, Mre11 p, Xrs2p, as well as the recombination repair protein 

Rad59p and the DNA helicase Sgs1 p (Chen et al., 2001; Cohen and Sinclair, 2001; 

Huang et al., 2001; Le et al., 1999). Type Il survivors are stable over time, but their 

telomeres display dynamic changes in length, i.e. they continuously shorten and 

lengthen (Teng and Zakian, 1999). An analysis of the structures of the telomeric 

termini in type Il survivors revealed that they possess relatively normal 3' extensions 

(Larrivée and Wellinger, 2006). ln addition, it was shown that cells of type Il survivors 

have extrachromosomal circular DNA, consisting of telomeric repeats C1_:AfîG1-3 

only. These circular DNA fragments proved to be at least partially single stranded 

circles (Larrivée and Wellinger, 2006). 

Survivor types differ in terms of growth rates on plates, as well as in liquid cultures. lt 

takes just slightly longer for type 11 survivors to form colonies on agar plates 

comparing to wt cell (Teng and Zakian, 1999). ln contrast, type 1 survivors take 

significantly longer to form colonies (Teng and Zakian, 1999). lt was also observed 

that liquid cultures of type 1 survivors can end up as type Il survivors (Teng and 

Zakian, 1999). lt is thought that type 1 survivors might convert into type Il survivors, 

and as the latter proliferate significantly faster, the culture ends up with predominantly 

type Il survivor cells (Teng and Zakian, 1999). The reintroduction of functional 

telomerase into survivors suppresses recombination activity in telomeric areas and 

cells gradually restore telomeres to their initial wt length (Teng and Zakian, 1999). 

Type 1 survivors restore their telomeres to the wt state much faster than type Il 

survivors. (Lundblad and Blackburn, 1993; Teng and Zakian, 1999). 
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There are several models for how survivors are first generated. Although they are all 

based on homologous recombination, there are clear differences in the details of the 

mechanisms (see Figure 6). The first model is based on the Break lnduced 

Replication (BIR) phenomenon. During BIR, ssDNA strand (derived from a broken 

chromosome) finds a homologous region on another chromosome, invades it, and 

forms a D-loop that migrates down the template (Formosa and Alberts, 1986) (Figure 

6). Subsequently, a second strand is synthesized and the chromosome is repaired 

(Kraus et al., 2001; McEachern and Haber, 2006) (Figure 6A). Since telomeric 

repeats have a very high degree of similarity even between non-homologous 

chromosomes, this mechanism is very likely to be used in budding yeast S. 

cerevisiae for telomere maintenance in telomerase defective survivors (Hackett et al., 

2001). The BIR mechanism is dependent on Rad52p, but could be independent of 

Rad51 p (Kraus et al., 2001; McEachern and Haber, 2006) (see Figure 6). 

Horowitz and Haber have shown that Y' containing extrachromosomal circular DNA 

can form in wt yeast cells. Although being a very rare event, such circles can 

recombine with other telomeres (Figure 6 B). This is believed to be a mechanism of 

Y' element interchromosomal migration (Horowitz and Haber, 1985). As it was shown 

that bath types of survivors possess stable extrachromosomal circular DNA (Larrivée 

and Wellinger, 2006), it appears reasonable to assume that reintegration of such 

circular DNA into telomeres using homologous recombination is another pathway of 

telomere maintenance in telomerase defective cells (Larrivée and Wellinger, 2006). 

The presence of extrachromosomal circles in survivors does also support a "roll and 

spread" model (McEachern and Haber, 2006) (Figure 6 C). According to this model, 

circular DNA consisting either of Y' (for type 1 survivors) or of telomeric repeats (for 

type Il survivors) serves as a template for rolling circle BIR, resulting in 3' extremity 
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elongation followed by complementary strand synthesis (McEachern and Haber, 

2006). 

ln humans the majority of cancerous cells immortalise via reactivation of their 

telomerase (Shay and Bacchetti , 1997). However, quite a significant proportion of 

tumour cells immortalise without reactivation telomerase (Bryan et al., 1995). Such 

cells use a homologous recombination pathway to maintain their telomeres, and this 

pathway is referred to as Alternative Lengthening of Telomeres {ALT} (Bryan et al., 

1997). ALT tumour cells have very heterogeneous telomeres which are much longer 

than in the normal cells. They can reach up to 50 kb (Henson et al., 2002). The exact 

mechanisms of ALT are still to be revealed and the genes implicated in this process 

are not known due to the complexity of genetic analyses in mammalian cells. 

However, there is some evidence that ALT resembles the mechanisms operating in 

yeast S. cerevisiae survivors (Dunham et al. , 2000). 

Figure 6. Possible mechanisms of telomerase-independent telomere 
maintenance in yeast. 
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B. Y' Telomeric repeats 
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Schematic representation of possible mechamisms. Details are explained in the text. 
G-rich strand is represented in blue; C-rich strand is. represented in red. 
A. BIR contribution to telomere maintenance in telomerase-independent survivors of 
both types. 
B. Contribution of extrachromosomal circular DNA integration. A possible mechanism 
of circular DNA origin is schematised on the right: the telomere folds back, the G-rich 
strand invades the ds telomeric region and forms a displacement-loop (D-loop). 
Possible cleavage (indicated by red arrows) and ligation can subsequently liberate an 
extrachromosomal circular DNA which could be used for direct integration. 
C. Contribution of Rolling-Circle-Replication. A possible mechanism of circular DNA 
origin is schematised on the right: same as for "B". Extrachromosomal circular DNA 
could be used as a template template for rolling-circle replication. 

5. Life After Loss Of Cdc13p. 

ln budding yeast, the Cdc13p protein plays a core role in telomere capping and it is 

considered to be absolutely essential. Complete removal of this core element should 
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lead to total telomere dysfunction, subsequent chromosome degradation leading to 

the cell death (see above). This is the case for the majority of cells, including 

telomerase defective post-senescence survivors. 

However, recently it was discovered that a certain number of cells do survive such a 

dramatic telomere decapping and form telomerase- and CDC13-independent 

survivors (Larrivée and Wellinger, 2006; Petreaca et al., 2006; Zubko and Lydall, 

2006). Zubko and Lydall have shown that neither Cdc13p nor its partner Stn1 are 

necessary for telomere capping if nucleolytic pressure on uncapped telomeres is 

abolished (Zubko and Lydall, 2006). Petreaca et al., demonstrated that 

overexpression of Ten1 p and a truncated version of Stn1 p efficiently removes the 

necessity of Cdc13p (Petreaca et al., 2006). ln the work of Larivée and Wellinger, it 

was proven that a certain number of telomerase-negative survivors of both type 1 and 

type Il are able to generate Cdc13p independent survivors, referred to as b.13s (b.13-1 

for type 1 survivors and b.13-11 for type Il survivors) (Larrivée and Wellinger, 2006). lt 

is important to stress that unlike in the work of Zubko et al., and Petreaca et al., b.13 

cells arise in cell populations where no proteins are artificially induced or any 

exonucleolytic activity depleted. These telomerase- and capping-independent 

survivors (b.13s) demonstrate some features similar to their ancestors - type 1 and 

type Il survivors. However they do acquire some new phenotypes. b.13-1 cells still 

possess the extrachromosomal circular DNA composed of Y' elements, but the 

terminal telomeric repeats per se could not be detected anymore (Larrivée and 

Wellinger, 2006). b.13-11 inherit both long heterogeneous telomeric repeats and ss 

telomeric circles, but additionally acquire circular DNA built of Y'-elements and the 

telomeres display long ss 3' telomere extensions (Larrivée and Wellinger, 2006). On 

the other hand, the ss G-rich circles in b.13-11 do not seem to be stable. The amount 

of this DNA in the b.13-11 cells diminishes in the course of generations. lt was 
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suggested that the absence of Cdc13p binding and protecting this type of DNA cou Id 

be the cause of its graduai disappearance (Larrivée and Wellinger, 2006). Therefore 

it is possible that as the availability of telomeric circles is gradually reduced, Y' 

circular DNA is more and more frequently used as a template for telomere 

maintenance via homologous replication. Eventually this will lead to 1113-11 cells being 

converted into 1113-1 after multiple generations (Larrivée and Wellinger, 2006). 

6. Dangerous Transformation From Telomere To DSB. 

One of the primary raies of telomeres is to distinguish chromosome ends from DNA 

Double Strand Breaks (DSB). ln particular, this raie can be defined as hiding the 

chromosome termini from DNA damage detectors and preserving the cell cycle from 

arrest. 

6.1. DNA DSB And DNA Damage Checkpoints. 

The integrity of DNA has vital importance for cell survival. The molecule of DNA, 

being a very significant part of the chromosome, is rather fragile and often suffers a 

various lesions caused by a broad spectrum of damaging agents: from highly reactive 

cell metabolites to external high energy radiation (Weinert and Hartwell, 1988). Due 

to the complications of its repair, a DSB can be considered as the most serious kind 

of DNA lesion. This type of DNA damage can be caused by free radicals (products of 

cell metabolism) or ionizing radiation (external factor). 

Failure to repair DSB or inadequate DSB restoration may result in chromosome loss 

(Sandell and Zakian, 1993) or in multiple types of chromosome aberrations 

(Paulovich et al., 1997b). ln order to secure proper DNA DSB repair before 

replicating and segregating the genome, the cell activates a mechanism called the 
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"DNA damage checkpoint" (hereafter referred to as the "checkpoint"). The activation 

of the checkpoint assures proper damage detection, initiation of repair and cell cycle 

slow-down or arrest (reviewed in Harrison and Haber, 2006; Lowndes and Murguia, 

2000; Zhou and Elledge, 2000). The basic factors and mechanisms of the checkpoint 

are well conserved through evolution and are intensely scrutinized in the budding 

yeast S. cerevisiae. ln this organism, three checkpoints were described (Paulovich et 

al., 1997a; Siede et al., 1994; Siede et al., 1993; Weinert and Hartwell, 1988). Each 

checkpoint has its own pathway that recognizes the presence of damaged DNA and 

stops progression of the cell cycle. 

For example, the G1/S checkpoint senses the presence of DNA damage in G1 

phase. lt will delay the transition from G1 to S phase and most importantly, it will 

prevent DNA replication (Siede et al., 1994; Siede et al., 1993). 

The intra-S checkpoint stalls replication in progress and delays late origin of 

replication firing in case of detecting DNA damage during replication (Paulovich et al., 

1997a). This checkpoint is particularly concerned with errors or stalling of the 

replication fork (Myung and Kolodner, 2002; Paulovich et al., 1997a). 

The G2/M checkpoint prevents transition from G2 into mitosis in order to assure that 

chromosomes segregation is only initiated with complete complements of chromatids 

(Weinert and Hartwell, 1988). 

The efficient functioning of the checkpoint is assured by a three step mechanism: 

sensor-> signal-> effector. 

Two proteins are responsible for initial DNA damage detection (aka sensoring) in S. 

cerevisea: Mec1p and Tel1p (Figure ?A) (reviewed in Rouse and Jackson, 2002a). 

Orthologs of Mec1 p and Tel1 p with similar function exist in many organisms, 
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including humans. For the latter, these orthologs are ATR (Ataxia Telangiectasia and 

Rad3 related) and ATM (Ataxia Telangiectasia Mutated). Beth proteins are 

serine/threonine-specific protein kinases recruited and activated by DSBs (reviewed 

in Durocher and Jackson, 2001; Rouse and Jackson, 2002a; Viscardi et al., 2005). 

Beth Mec1 p and Tel1 p belong to the PIKK (phosphatidil-inositol 3-kinase-like protein 

kinase) family. Their functions are partially redundant, but Mec1 p is an essential 

protein, while Tel1 p is net (Abraham, 2001; Lowndes and Murguia, 2000; Lustig and 

Petes, 1986). Mec1 p is absolutely required for initiation of G1, S and G2/M 

checkpoints and the role of Tel1p is considered to be miner (Clerici et al., 2001; 

Nakada et al., 2003; Sanchez et al., 1996; Vialard et al., 1998). As it is currently 

understood, many types of DNA damages (including DSB) produce ssDNA 

intermediates. This ssDNA is first bound by RPA and accumulating RPA will bind 

Mec1p/Ddc2p(Lcd1) (Kendo et al., 2001; Rouse and Jackson, 2002a; Rouse and 

Jackson, 2002b). 

After sensing the DNA damage, Mec1 p activates downstream checkpoint signalling 

factors. For this, more proteins are required. These proteins could be divided into two 

groups: Rad24p physically associates with the four small Rfc2-5p proteins to form an 

RFC-like complex and the Ddc1p/Rad17p/Mec3 complex (Griffiths et al., 1995; 

Longhese et al., 1998; Longhese et al., 1996; Longhese et al., 1997; Paciotti et al., 

1998; Weinert et al., 1994). The structural similarity between Rad24p complex and 

replication factor C (RFC) and Ddc1p/Pad17p/Mec3 and Proliferating Cell Nuclear 

Antigen (PCNA) allowed extrapolion on the similarities of their functions. According to 

these speculations, like for the RFC ("clamp loader''), which physically loads the 

PCNA complex ("sliding clamp") onto DNA (Venclovas and Thelen, 2000), similar 

roles are assigned to Rad24p-Rfc2-5p complex and Ddc1p/Rad17p/Mec3 complex 
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(reviewed in Durocher and Jackson, 2001; Rouse and Jackson, 2002a; Viscardi et 

al., 2005). 

Figure 7. 
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The DNA damage checkpoint in Saccharomyces cerevisiae. Adopted 
from (Rouse and Jackson, 2002a) 

Representation of the checkpoint signal transduction network. 
A. The categories of proteins involved in propagating the DNA damage signal are 
indicated on the left. 
B. After recognition of DNA damage Mec1 p-Lcd1 p translocates to sites of damage 
independently of the Rad24p/Rfc2-5p (RFC-like) and Rad17p-Ddc1p-Mec3p (PCNA-
like) complexes. Similarly, the RFC-like and PCNA-like complexes load onto these 
sites independently of Mec1 p-Lcd1 p. Exactly how these complexes are directed to 
DNA lesions and the precise nature of the structures that they recognize are still 
unclear. Activation of Rad53p and the resulting cell-cycle arrest occur after loading of 
these complexes. For simplicity, Tel1 p is shown at sites of DNA damage, although 
this has not yet been demonstrated experimentally. From (Rouse and Jackson, 
2002a). 
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Mec1 p-dependent phosphorylation of downstream targets depends on the above 

protein complexes (de la Torre-Ruiz et al., 1998), and it was suggested that these 

proteins assist in recruiting Mec1 p targets to DSB sites so Mec1 p is able to 

phosphorylate them (Rouse and Jackson, 2002a). The phosphorylation of 

dowstream targets of Mec1 p, such as Rad53p, cannot be performed directly. lt 

requires the participation of the adapter protein called Rad9p (Durocher et al., 2000; 

Gilbert et al., 2001; Sweeney et al., 2005). lt is thought that the adapter protein 

Rad9p is phosphorylated by Mec1 p, and only once phosphorylated does it interact 

with the transducer kinases Rad53p and Chk1 p, which are in turn phosphorylated by 

Mec1 p (Durocher et al., 2000; Gilbert et al., 2001; Sweeney et al., 2005). 

Phosphorylation of Rad53p and Chk1 p triggers a further kinase activity cascade 

which leads to cell cycle arrest, chromatin remodelling events and activation of DNA 

repair machinery. 

Only once the DNA DSB is repaired via homologous recombination or Non-

Homologous End Joining (NHEJ) do checkpoint effectors (Rad53p and Chk1 p) 

become dephosphorylated, which deactivates the checkpoint and allows the 

resumption of the cell cycle. 

6.2. Telomere Uncapping And Checkpoint Activation. 

Chromosome ends and DSBs show a great deal of similarity: bath are a physical 

ends of a DNA molecule. Unlike DSBs however, functional telomeres do not activate 

checkpoints, they are not subject to DNA repair activities like homologous 

recombination, or end-ta-end fusions (NHEJ) (van Steensel et al., 1998; Wang et al., 

2004), (reviewed in Longhese, 2008). Therefore, cells are able to differentiate 
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between telomeres and intrachromosomal DSB. This feature is provided by the 

unique structure and organization of the nucleoprotein complexes located at the ends 

of chromosomes (discussed above). 

ln yeast S. cerevisiae, one of the most important structures hiding the telomeres from 

being recognized as DSB by Mec1 p/Tel1 p sensors is the telomeric cap, consisting of 

Cdc13p and its partners Ten1p and Stn1p (discussed above) Figure BA. Removal of 

the capping proteins transforms telomeres to DSB-like structures (Garvik et al., 1995; 

Lydall , 2003; Lydall and Weinert, 1995; Zubko et al., 2004). David Lydall , 

distinguishes uncapped telomeres and DSB-like telomeres (Figure 88 and C) (Lydall , 

2003). 

Figure 8. A spectrum of telomeric states. Adopted from (Lydall , 2003) 
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A model showing three states at budding yeast telomeres. 
A. A fully capped telomere that prevents checkpoint activation and repair pathways. lt 
is capped by numerous telomere-binding proteins, indicated by T. 
B. An uncapped telomere that has recruited the Tel1 p, the checkpoint protein Rad9p, 
and the MRX complex (MRE11, RAD50 and XRS2) 
C. A resected , DSB-like telomere that.t1as recruited the core members of the DNA 
damage checkpoint response , including MEC1, MEC3, RAD9, RAD17 and DDC1. 
This DSB-like telomere is a potent activator of cell cycle arrest. 
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According to this mode!, an uncapped telomere is in a transition state between a fully 

capped telomere and a DSB-like telomere. ln this state, the uncapped telomeres 

recruit kinases such as Tel1 p, the adapter Rad9p and the MRX complex (Mre11 p, 

Rad50p and Xrs2p). This complex causes just transient cell cycle arrest (Viscardi et 

al., 2003). However, uncapped telomeres are not a stable system and due to further 

resection by exonucleases, uncapped telomeres are converted to DSB-like 

telomeres, which activate the Mec1 p-dependent checkpoint and the cell cycle is 

arrested. Figure ac. (Lydall, 2003; Viscardi et al., 2005). 

7. To Adapt Or Not To Adapt? This ls The Question! 

After being activated the DNA damage checkpoint only holds for a certain period of 

time, irrespective of DNA damage repair success. Hence, in certain cases of 

irreparable DNA damage, the checkpoint eventually is extinguished and the cell cycle 

allowed to resume, even in the presence of DNA damage. For yeast, this process is 

called adaptation. 

7.1. Adaptation To lrreparable DSB. 

ln accordance with current models, ssDNA is absolutely required in order to activate 

the G2/M checkpoint. But the presence of ssDNA is not sufficient to keep the 

checkpoint activated endlessly. Should the cell fail to repair a DSB after several 

heurs (12-14 heurs) of G2/M checkpoint activation, Rad53p is dephosphorylated and 

the cell re-enters the cell cycle (Lee et al., 1998; Sandell and Zakian, 1993; Toczyski 

et al., 1997). The cell "adapts" to the presence of DNA damage (reviewed in Harrison 

and Haber, 2006). The molecular mechanisms of adaptation are not yet well known 

and are best studied in yeast. However, recent studies revealed the existence of DSB 
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adaptation phenomenon in higher eukaryotes: Xenopus (Yoo et al., 2004) and human 

cells (Syljuasen, 2007). 

Several proteins have been identified as being required for adaptation. Sorne are 

involved in Rad53p dephosphorylation, which allows the cell to resume cell cycle 

(reviewed in Harrison and Haber, 2006). Besides adaptation, these proteins are also 

involved in; 

chromatin regulation and recombination, as for example Tid1p (Lee et al., 

2001), Rad51p (Lee et al., 2003), the Srs2p helicase (Vaze et al., 2002) the 

MRX partner protein Sae2p (Clerici et al., 2006), Yku70p and Yku80p (Lee et 

al., 1998) 

checkpoint regulation, such are the phosphatases Ptc2p and Ptc3p (Leroy et 

al., 2003), Ckb1 p and Ckb2p (subunits of CKll) and the Polo kinase Cdc5p 

(Toczyski et al., 1997). 

Yku70p and Yku80p . .tJ.yku70 cells are defective in adaptation (Lee et al., 1998). lt 

was suggested that a deletion of YKU70 results in a dramatic increase of ssDNA 

generation due to DSB repair failure and the intensity of DNA damage signal is so 

high that the cell is not able to dephosphorylate Rad53p and respectively fails to 

adapt (Lee et al., 1998). This suggestion is supported by the fact that the .tJ.yku70 

effect can be suppressed by deletion of MRE11, a member of the MRX complex 

which is thought to regulate an exonuclease involved in resection of DSB (Lee et al., 

1998). 

Tid1 p. Tid1 p and its partner Rad54p are members of a chromatin remodelling 

helicase-like family of proteins Swi2p/Snf2p. Tid1 p, as well as Rad54p, interact with 

Rad51p and promote Rad51-mediated strand exchange (Petukhova et al., 2000). lt 

was shown that tid1.tJ. cells fail to adapt after a single DSB induced G2/M checkpoint 
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arrest (Lee et al., 2001). The authors concluded that Tid 1 p plays a crucial role in cell 

cycle resumption, and this role is very distinct of the role of the Yku70p protein (Lee 

et al., 2001). lnterestingly, the tid11J. cells adaptation deficiency was suppressed by 

the rfa1-t11 mutation (Lee et al., 2001). 

Rfa1p (Rpa1p). Rfa1p is the largest subunit of RPA (Replication Protein A). RPA is a 

very conserved ssDNA binding protein heavily involved in DNA replication, repair, 

and recombination (Brill and Stillman, 1991; Longhese et al., 1994). The specific rfa1-

t11 allele causes severe defects in homologous recombination (Umezu et al., 1998). 

Although cells harbouring the rfa1-t11 allele by itself do not show any detectable 

phenotype in DSB induced G2/M arrest or in subsequent adaptation (Lee et al., 

1998), tid11J. rfa1-t11 cells do support adaptation in (Lee et al., 2001). 

Ptc2p and Ptc3p. These phosphatases were shown to contribute to deactivation of 

checkpoint effector proteins (Leroy et al., 2003). Ptc2p interacts with Rad53p, and 

most probably dephosphorylates it (Leroy et al., 2003), which is essential for 

checkpoint deactivation. lt was demonstrated that ptc21J. and ptc21J. mutants fail to 

resume the cell cycle after DSB induced G2/M cell cycle arrest, irrespective of 

whether this DSB is repairable or not (Leroy et al., 2003). 

Adaptation events cause genomic instability presumably because of missegregation 

of chromosome fragments derived from irreparable DSBs (Galgoczy and Toczyski, 

2001; Kaye et al., 2004). Nevertheless, it is thought that adaptation increases the 

chances of the cell to survive, assuming that very slow or delayed repair might take 

place eventually and the damage incurred was not lethal (Galgoczy and Toczyski, 

2001). However, in Metazoans, the adaptation phenomenon can contribute to the 

development of cells with abnormal karyotypes, a very common early sign of 

cancerous cellular transformation. Recent studies confirmed the existence of such a 
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adaptation-like mechanism in Xenopus (Yoo et al., 2004) and even in human cells 

(Syljuasen, 2007). 

7.2. Adaptation To Telomere Deprotection. 

As described above, uncapped telomeres do activate the G2/M checkpoint and arrest 

the cell cycle. However, yeast cdc13.Ll cells lacking a telomeric cap can, under certain 

conditions, divide and proliferate (Larrivée and Wellinger, 2006; Petreaca et al., 2006; 

Zubko and Lydall, 2006). This fact suggests that some cells are able ta adapt ta the 

presence of deprotected telomeres in a similar manner as they do ta irreparable 

DSB. ln particular, the cells might be able ta deactivate the G2/M checkpoint and 

keep it suppressed indefinitely. This idea is supported by experiments with yeast ll.13 

strains (Larrivée and Wellinger, 2006). ln order ta evaluate the functionality of 

checkpoints in ll.13 strains, the phosphorylation of the checkpoint effector Rad53p 

was verified in the cells treated with methylmetanesulfonate (MMS), a drug provoking 

DNA DSBs. ln bath ll.13-1 and ll.13-11 cells, the checkpoint effector Rad53p remained 

dephosphorylated, while in wt cells, MMS treatment caused Rad53p phosphorylation 

(Larrivée and Wellinger, 2006). The absence of a Rad53p phosphorylation response 

ta multiple DSB induction indicates a permanent checkpoint inactivation in telomere 

deprotection survivors (Pellicioli et al., 2001 ). Furthermore, bath ll.13-1 and ll.13-11 

survivor strains proved ta be very sensitive ta DNA damaging agents, such as MMS 

or hydroxyurea (HU), which aise indicates an alteration of checkpoint mechanisms in 

this strains (Larrivée and Wellinger, 2006). Surprisingly, the inactivation of checkpoint 

responses in ll.13 cells is net permanent. A reintroduction of the wt Cdc13p protein 

(and presumably the reconstruction of a telomeric cap), reactivates the checkpoint 

surveillance mechanisms. The sensitivity ta MMS and HU is lest in the survivors were 
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Cdc13p is reintroduced, while reintroduction of TLC 1 (restoring telomerase activity) 

does not provide the same effect (Larrivée and Wellinger, 2006). 

8. Project Objectives 

As mentioned above, Cdc13p, the principal member of the telomeric cap, protects 

telomeres from exonucleolytic degradation. However, the precise nature of the 

exonucleases implicated in telomere degradation in the absence of the telomeric cap 

is not known. ln this study, 1 tried to identify such elusive factors that are involved in 

the telomere resection in absence of telomeric capping. Further, while it was 

previously observed that some telomerase-negative survivor cells can tolerate the 

absence of Cdc13p, the molecular underpinnings of this phenomenon were not 

entirely clear. Therefore, a further goal of my work was to elucidate the molecular 

mechanisms regulating adaptation to the loss of Cdc13p. 
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MATERIALS AND METHODS 

Yeast strains 

Budding yeast S. cerevisiae strains used for this study: 

Wild-type (wt) strain (Mata ade1 leu2 /ys5 ura3 trp1) 

Query strain used for Synthetic Genetie Array Screen MLY541 (Mata cdc13-1:NatR 

can1fJ.::MFA1pr-HIS3-MFapr-LEU2 his3!J.1 /eu2!J.O Jys2fJ.O met1!J.O). The strain was 

constructed by M. Larrivée. 

Deletion strains. Yeast Knock-Out Mata Strain Collection (Open Biosystems) was 

used (Mata his3!J.1 /eu2!J.O met15110 ura3!J.O). This deletion strain collection was 

constructed in BY4741 (S288C) background. The open reading frame (ORF) knock-

outs have been produced using a PCR-based strategy replacing each ORF with a 

KanMX4 cassette conferring geneticin resistance. 4786 strains each containing one 

deletion of a non-essential gene were used for this study. 

Adaptation related mutant strains were derived from the diploid strain ML Y1 OO 

(Larrivée and Wellinger, 2006): 

VKY12 (Mata tlc1::LEU2 cdc13::NatR ptc2::KanMX4 VR-ADE2-T ura3-52 /ys2-801 

ade2-101 trp1-de/63 his3fJ.200 /eu2-de/1 transformed with plasmid pcdc13-1) 

VKY19 (Mata tlc1 ::LEU2 cdc13::NatR tid1 ::KanMX4 VR-ADE2-T ura3-52 /ys2-801 

ade2-101 trp1-de/63 his3de/200 /eu2-de/1 transformed with plasmid pcdc13-1) 

VKY15 (Mata tlc1::LEU2 cdc13::NatR rfa1-t11 VR-ADE2-T ura3-52 /ys2-801 ade2-

101 trp1-de/63 his3de/200 Jeu2-de/1 transformed with plasmid pcdc13-1). 
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VKY20 (Mata cdc13::NatR VR-ADE2-T ura3-52 /ys2-801 ade2-101 trp1-de/63 

his3f!J.200 /eu2-de/1 transformed with plasmid pcdc13-1) 

Type 1 survivor isogenic strains ML Y108 and ML Y109 (Mata tlc1 ::LEU2 

cdc13::NatR VR-ADE2-T ura3-52 lys2-801 ade2-101 trp1-de/63 his3de/200 leu2-de/1 

transformed with plasmid pcdc13-1) (Larrivée and Wellinger, 2006). MLY108 and 

ML Y109 are isogenic strains. These are different subclones of the same strain. 

Type Il survivor isogenic strains MLY112 and MLY113 (Mata tlc1f!J.::LEU2 

cdc13fJ.::NatR VR-ADE2-T ura3-52 /ys2-801 ade2-101 trp1-de/63 his3f!J.200 /eu2f!J.1 

transformed with plasmid pcdc13-1) (Larrivée and Wellinger, 2006). ML Y112 and 

ML Y113 are isogenic strains. They are different subclones of the same strain. 

â 13-1 isogenic strains: ML Y120 and ML Y121 (Mata tlc1 ::LEU2 cdc13::NatR VR-

ADE2-T ura3-52 /ys2-801 ade2-101 trp1-de/63 his3de/200 /eu2-de/1) (Larrivée and 

Wellinger, 2006) 

â13-ll isogenic strains: MLY122 and MLY123 (Mata tlc1::LEU2 cdc13::NatR VR-

ADE2-T ura3-52 /ys2-801 ade2-101 trp1-de/63 his3de/200 leu2-de/1) (Larrivée and 

Wellinger, 2006) 

S2 survivor strains derived from the above l::.13 strains. The l::.13-cells were re-

transformed with the pcdc13-1 plasmid and grown for 50 and 220 generations at 

23°C on synthetic nutrition medium lacking uracil. 

52 survivor type 1 strain Mata tlc1::LEU2 cdc13::NatR VR-ADE2-T ura3-52 lys2-801 

ade2-101 trp1-de/63 his3de/200 /eu2-de/1 transformed with plasmid pcdc13-1) 

52 survivor type Il strain Mata tlc1::LEU2 cdc13::NatR VR-ADE2-T ura3-52 lys2-

801 ade2-101 trp1-de/63 his3de/200 /eu2-de/1 transformed with plasmid pcdc13-1). 
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Plasmids 

pcdc13-1 - plasmid bearing the cdc13-115 allele of the CDC13 gene and the URA3 

auxotrophic marker gene (Larrivée and Wellinger, 2006). 

pJH1741 - integrative plasmid used in pop-in/pop-out gene replacement method to 

construct rfa1-t11 mutant strain. The plasmid was obtained form J. Haber (Lee et al., 

1998) .. 

pTLC1 - plasmid harbouring the TLC1 wt gene and the TRP1 marker gene. The 

plasmid was constructed in our lab by J. Parenteau. lt was constructed by subcloning 

a 4 kb EcoRl-Xhol fragment spanning TLC1 derived from, pAZ1 (Gravel and 

Wellinger, 2002) into EcoRl-Xhol of pRS314 (Sikorski and Hieter, 1989). 

pRS400 - plasmid containing the KanMX4 sequence (Brachmann et al., 1998). lt 

was used to generate KanMX4 replacement cassettes for TID1 and PTC2 deletions. 

Yeast growth media 

YPD. A complete rich medium. 

1 % (w/v) bacto-yeast extract; 2% (w/v) bacto-peptone; 0.01 % (w/v) adenine; 2% 

(w/v) glucose. For solid medium (petri dishes), 2% (w/v) bacto agar is added. Ali 

media were sterilized by autoclaving. 

YC medium. A synthetic complete medium. 

0.17% (w/v) yeast nitrogen base without aminoacids; 0.1 % (w/v) L-Glutamic acid 

monosodium sait monohydrate; 0.011 % (w/v) aspartic acid; 0.011 % (w/v) cystein; 

0.009% (w/v) isoleucine; 0.002% (w/v) methionine; 0.006% (w/v) phenylalanine; 
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0.006% (w/v) proline; 0.045% (w/v) serine; 0.022% (w/v) threonine; 0.007% (w/v) 

tyrosine; 0.002% (w/v) adenine; 0.002% (w/v) arginine; 0.002% (w/v) histidine; 

0.008% (w/v) leucine; 0.006% (w/v) lysine; 0.002% (w/v) tryptophane; 0.002% (w/v) 

uracil; 2% (w/v) glucose. pH of liquid medium was adjusted to 6.0. For solid medium 

(petri dishes) 2% (w/v) bacto agar is added. Ali media were sterilized by autoclaving. 

For YC medium lacking a specific amine acid, that respective amine acid was 

omitted .. 

FOA synthetic complete solid medium. 

0.14% (w/v) yeast nitrogen base without aminoacids; 0.5% (w/v) ammonium sulfate; 

0.01 % (w/v) glutamic acid;0.01 % (w/v) aspartic acid; 0.008% (w/v) isoleucine; 

0.002% (w/v) methionine; 0.005% (w/v) phenylalanine; 0.04% (w/v) serine; 0.02% 

(w/v) threonine; 0.006% (w/v) tyrosine; 0.015% (w/v) valine; 0.002% (w/v) adenine; 

0.002% (w/v) arginine; 0.002% (w/v) histidine; 0.008% (w/v) leucine; 0.006% (w/v) 

lysine; 0.002% (w/v) tryptophane; 0.005% (w/v) uracil; 2% (w/v) glucose. pH of liquid 

medium was adjusted to 6.0 and 2% (w/v) bacto-agar is added. Ali media were 

sterilized by autoclaving. 0.1 % (w/v) of 5-fluoroorotic acid was added to the media. 

(Boeke et al., 1987) 

Yeast cell transformation with plasmids 

Yeast cell transformation with plasmids or linear DNA fragments was carried out 

using an established lithium acetate technique (Gietz and Woods, 2002). Briefly, a 

freshly grown yeast colony on a plate was picked with a toothpick and inoculated into 

appropriate 3ml of nutrition medium (either YPD or synthetic medium lacking uracil 

containing 2% glucose). The culture was grown at appropriate temperature with 
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continuous agitation. Growth was monitored by taking optical density (OD) 

measurements at wavelength = 660nm (OD66onm). The culture was grown until it 

reached stationary phase (OD66onm = 1.5). 0.1 ml of this culture was re-inoculated into 

1 O ml of fresh appropriate nutrition medium. The culture growth was again monitored 

by OD measurements. After the culture reached OD66onm = 0.7 (approximately 107 

cells per 1 ml), cells were harvested by centrifugation (1700 x g) for 3 minutes and 

the pellets were washed with 5 ml of sterile water. Next, the yeast cells were washed 

with 1 ml of Tris-EDTA (Tris-HCI 10 mM pH8.0, EDTA 1mM) in 1.5 ml microtubes, 

followed by another wash with 800 µI of 1x TE/LiAc (Tris-HCI 10 mM pH8.0, EDTA 

1 mM, LiAc 0.1 M). Then, the pellet was resuspended in 50 µI of 1 x TE/LiAc in order to 

achieve approximately 2 x 109 cell/ml. At this stage, yeast cells were competent to 

uptake a plasmid or linear DNA fragment. To 50 µI of the competent cell suspension, 

1 µg of transforming DNA as well as 50 µg of boiled salmon sperm ssDNA were 

added. This mixture was complemented with 300 µI of 40% PEG4000 solution in 1x 

TE/LiAc. The final mixture was incubated at 23°C with continuous gentle agitation for 

at least 1 heur. After incubation at 23°C, cells were treated with temperature shock at 

37°C for 15 minutes. Yeast cells were then harvested by centrifugation in a tabletop 

centrifuge (quick spin for 5 seconds) and the pellet was resuspended in 500 µI of TE 

buffer (10mM Tris-HCI pH8.0; 1mM EDTA pH8.0). Transformed yeast cells were 

spread onto agar plates containing appropriate selective media. Plates were 

incubated at appropriate temperature for at least 3 days. 

Gene deletions 

Deletions of specific genes were performed using a KanMx4 replacement cassette 

flanked by 40 nt sequences perfectly homologous to the sequences immediately up-
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and downstream of targeted gene ORF (Brachmann et al., 1998). Such fragments 

were generated with the aid of PCR (Figure 9). PCR was carried out using 1 ng 

/reaction of plasmid pRS400 as a template, and 20 pmoles of each primer. 

PCR conditions: 30 cycles (1 min at 94°C, 1 min 53°C and 3 min at 72°C) followed by 

15 min at 72°C. The polymerase used for the reaction was FastStart Taq DNA 

Polymerase (Roche Diagnostic Corp.). The DNA fragment obtained was transformed 

into diploid strain ML Y1 OO (Larrivée and Wellinger, 2006). Potential positive clones 

with the targeted respective gene replaced by the KanMX4 replacement cassette 

were selected on YPD media containing 200 ng/µI of G-418 (Geneticin, Gibco RBL) 

(Figure 9). 

The primers used to create the KanMX4 replacement cassette for deletion of: 

T/01 (RDH54) 

TID1deltaFWD: 

TID1 deltaREV: 

PTC2 

PTC2deltaFWD: 

PTC2deltaREV: 

5'-CTC GGT ATA TCA AAC GGT ATT TGA TTC CGG TAC 

TAC TCAAAG ATT GTA CTG AGA GTG CAC-3' 

5'-ATA GCT ATT TTA m AGT ATA TAA GTG TCC ATA m 
GGC GCT GTG CGG TAT TTC ACA CCG-3' 

5'-TCC ATT GTT GTA TAA AAT ATA GAG AAC CAG AAA 

AAG AAA AAG ATT GTA CTG AGA GTG CAC-3" 

5'-GTA TAT AGG TAT GTA TAT ATA ATG AAG GAT GGA 

AGA TCC TCT GTG CGG TAT TTC ACA CCG-3' 
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Figure 9. T/01 and PTC2 deletion using a KanMX4 replacement cassette. 

T/01orPTC2 
upstream Il- sequence 

See text for details. 

T/01orPTC2 
downstream 
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i-----j/ 
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HOMOLOGOUS 
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T/01-up T/01-down 
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PTC2-up PTC2-down ---! 
DIPLOID 

TLC 1 tic 1 Li 
CDC13 cdc13â 

T/01-up 

T/01-up 
or 

PTC2-up 

T/01-down 

T/01-down 
or 

PTC2-down 

The deletion of T/01 and PTC2 genes was verified by PCR. PCR was carried out 

using 50 ng /reaction of total genomic DNA, and 20 pmoles of each primer. 

PCR conditions: 30 cycles (30 sec at 95°C, 1 min 57°C and 2 min at 72°C) followed 

by 7 min at 72°C. The polymerase used for the reaction was FastStart Taq DNA 

Polymerase (Roche Diagnostic Corp.). 

The primers used to verifiy the replacement of a gene ORF with KanMX4 cassette: 

tid1 ::KanMX4 

TID1 promoterFWD: 5'-AGG ATC TTC TCT CTT CGT CGA GGT -3' 

KMXORFverifREV: 5'-GCC TGA GCG AGA CGA MT AC -3' 
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ptc2::KanMX4 

PTC2promoterFWD: 5'-TGC TAC GAT GGA CCA TAG CCC TTT-3" 

KMXORFverifREV: 5'-GCC TGA GCG AGA CGA AAT AC -3' 

Ali PCR products were visualized in a 1 % agarose gel by ethidium bromide 
staining. 

Pop-in I pop-out method 

The rfa1-t11 mutant strain was constructed via a two step replacement of the wt 

RFA1 gene with the rfa1-t11 allele by the pop-in/pop-out method (Rothstein, 1991) 

(Figure 10). 

Pop-in (carried out by R. Wellinger) 

rfa1-t11 is a point mutation at nt 2696 consisting in a replacement of a T with a G 

leading to a single aminoacid K45E replacement in the protein. The plasmid pJH1741 

containing the rfa1-t11 mutant allele and URA3 marker was linearized by cleaving at 

the Nhel site located 1310 bp downstream of the RFA 1 open reading frame and was 

subsequently transformed into a haploid wt strain (Mata ade1 /eu2 /ys5 ura3 trp1). 

The resulting strain contains a RFA 1::URA3::rfa1-t11 locus, and it was selected on 

synthetic medium lacking uracil (YC -U). Verification of pop-in was done by Southern 

blotting. After pop-in, all of the region of the RFA1 gene contained on the pJH1741 

plasmid is now duplicated in the genome. 
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Figure 10. Pop-in I pop-out method. 

POP-IN step 0 -
x I 

POP-OUT step 

doJ-111 OR RfAJ 

FOA, 300C 

Simplified scheme of a two step replacement of the wt RFA 1 gene with the rfa 1-t11 
a lie le. 

Pop-out: 

Verified positive clones were transferred to non-selective YPD medium, allowing for 

homologous recombination between the duplicated sequences to excise the 

intervening sequerices, including the URA3 marker. ln theory, this can yield two 

different strains: one in which the wt RFA 1 allele was reconstituted or a second in 

which the rfa1-t11 allele was left behind. ln both cases however, the U RA3 marker is 

lost and therefore, candidate clones were selected on complete synthetic medium 

containing 1g/L of 5'FOA (Bioshop Canada lnc.). The selected strains showed a Ura-

growth phenotype (Boeke et al., 1984; Boeke et al., 1987). Among the 5-FOA-
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resistant clones, cells with the rfa1-t11 allele were identified by virtue of their 

increased sensitivity to DNA damaging agents (Umezu et al., 1998). Cells were 

exposed to 0.05% MMS on solid media and sensitive clones identified. At this point, 

the presence of rfa1-t11 point mutation was verified by sequencing (McGill University 

and Genome Quebec Innovation Center). 

Generation of post-senescence survivor strains 

Haploid yeast strains were grown for about 120 generations at 23°C in order for the 

cells to pass through senescence and generate post-senescence survivors. Yeast 

cells lacking TLC1, the gene encoding the telomerase RNA component, were passed 

by streaking on YPD plates. Single isolated colonies were taken for each subsequent 

re-streak. Cells were grown at 23°C until isolated colonies were formed (3 days). 

Cells in one colony of average size of 1 mm were considered to have passed 20 

generations. After 60 to 1 OO generations, most of the cells had suffered telomere 

degradation and stopped dividing. However, rare isolated survivor colonies were still 

clearly distinguishable. Those isolated survivor colonies were taken for the next 

streak and eventually gave rise to subsequent generations of post-senescence 

survivors. 

Crosses, sporulation, spore isolation via 
microdissection and spore analysis 

Crosses and selection for diploids 

Standard procedures for yeast cell mating were followed (Curran and Bugeja, 2006). 

Haploid strains of opposite mating type were mated on petri dishes containing YPD 
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media, and incubated at 30°C until well developed cell masses were formed. Then, 

the cells were streaked on appropriate selective media and/or selective conditions 

allowing growth of only the diploid issue of the mating. 

Sporulation and spore isolation via microdissection 

The sporulation and spore isolation was realised according to standard procedures 

(Curran and Bugeja, 2006) with some slight modifications. Diploids were sporulated 

in an aqueous solution of KAc (0.5% w/v) at 23°C for at least 72 heurs with 

continuous agitation. The sporulation rate was verified by microscopie observation. 

After sporulation, cells were treated with Zymolyase-100T (MJS Biolynx lnc.) in order 

to digest asci and liberate spores. 

The individual spores from every tetrad were isolated and positioned on a YPD 

containing petri dish with microdissection manipulator. Haploid spores were 

incubated in appropriate constant temperature conditions. After spores formed well 

developed colonies, they were analysed via replica plating on appropriate selective 

media. 

Synthetic Genetie Array experiment 

ln order to perform the Synthetic Genetie Array (SGA) experiment, the five step 

procedure described below was carried with a robotized manipulator: 

1. A query strain Mata, carrying a query mutation (cdc13-1) linked to a dominant 

selectable marker (NatR), conferring the resistance to antibiotic nourseothricin 

(CloNat, Weber BioAgets), and a reporter MFA1pr-HIS3, was crossed with 

Mata deletion strains, which were placed in an ordered array. Each deletion 

strain carried a single non-essential gene deletion linked to a marker 
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(KanMX4), conferring resistance ta the antibiotic geneticin (G418, Gibco). 

Growth of resulting heterozygous diploids was selected for on a medium 

containing bath antibiotics: nourseothricin and geneticin (YPD + CloNAT(100 

µg/ml) + G418(200 µg/ml). Each cross was made in duplicate. 

2. The heterozygous diploids were transferred ta plates containing nutrition 

media with reduced levels of carbon and nitrogen in order ta induce 

sporulation and the formation of haploid meiotic spore progeny. 

3. After sporulation, spores were transferred ta plates containing media lacking 

histidine. This medium selects for growth of only Mata haploid meiotic 

progeny due ta the haploid specific Mata-H/S3 reporter construct. Only Mata 

haploid cells are able ta express HIS3 from this construct. 

4. Mata haploids were transferred ta media containing bath antibiotics: 

nourseothricin and geneticin (YPD + CloNAT(100 µg/ml) + G418(200 µg/ml) 

in order ta provide selective conditions for double mutants (query mutation 

cdc13-1 +single ORF deletion mutation). 

5. Double mutant Mata haploids were then transferred ta YPD plates and in 

parallel exposed ta permissive (23°C) and restrictive (33°C) temperatures. 

Pictures documenting growth characteristics of each strain were taken after 

48 and 96 heurs of exposure ta above temperatures. Growth properties of 

individual double mutants at different temperatures were then analysed and 

compared ta individual single mutants. 

Validation of Synthetic Genetie Array experiment 

1. The same query strain Mata, carrying a query mutation (cdc13-1) linked ta a 

dominant selectable marker (NatR), conferring the resistance ta antibiotic 
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nourseothricin and a reporter MFA 1 pr-HIS3, was crossed again with selected 

Mata deletion strains. Each deletion strain carried a single non-essential gene 

deletion mutation, linked to a marker (KanMX4) conferring resistance to 

antibiotic geneticin. Growth of resulting heterozygous diploids was selected 

for on the medium containing both antibiotics: nourseothricin and geneticin 

(YPD + CloNAT(100 µg/ml) + G418(200 µg/ml). As opposed to the SGA 

experiment, here 38 crosses were made by hand and validated individually. 

2. The sporulation was induced in above heterozygous diploids by placing them 

in aqueous solution of KAc (see sporulation method description) at 23°C for at 

least 72 heurs with continuous agitation. 

3. After sporulation, individual spores from every tetrad were isolated, positioned 

on YPD plates and incubated at 23°C. After spores formed well developed 

colonies, they were replica plated or re-streaked on the plates containing 

YPD, YPD+CloNAT(100 µg/ml), YPD+G418(200 µg/ml). Cells placed on YPD 

plates were aise exposed in parallel to 23°C (control) for 72 heurs, 30°C, 32°C 

and 37°C for 48 heurs. Cells placed on YPD+antibiotic media were incubated 

at 23°C for 72 heurs. 

4. Growth properties of the double and single mutants at different temperatures 

were then analysed and compared. 

Colony growth tests (spot tests) 

Strains of interest were grown in liquid media at indicated constant temperature until 

exponential growth phase (OD66onm = 0.7 - 1.0). Every culture then was serially 

diluted in a way to provide from 10 (minimum) to 1 OO 000 (maximum) cells per 

volume of 1 OµI. After mixing and separating cells by vortexing, 1 OµI aliquots of a 
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complete dilution series (1/10 dilution factor between spots) were spotted on petri 

dishes containing respective selective media. The resulting plates were incubated for 

72 to 150 heurs at appropriate constant temperature until single colonies were clearly 

visible for positive control strains. 

Analyses of colony growth 

5 ml liquid cultures of strains of interest were grown in appropriate media. Synthetic 

nutrition medium lacking uracil was used for strains containing pcdc13-1 plasmid and 

complete synthetic medium was used for 8.13 cells. Cultures were grown at 23°C with 

continuous agitation. Growth was monitored by taking OO measurements at a 

wavelength of 660nm at regular intervals. After the cultures reached 00660=0.5, 

100µ1 of the culture were spread on a marked area of a pre-heated (30°C) YPD plate. 

Using a micromanipulator stage on a microscope, single, round, unbudded cells were 

arrayed on a YPD plate as quickly as possible (max time was 15 minutes). For a 

typical experiment, 16 cells were arrayed on one plate. Total number of arrayed cells 

for the same strain was 64. 

The plates with arrayed cells were then incubated at 30°C. Morphology and growth of 

cells were inspected microscopically every 2 heurs and colony growth progression 

was evaluated by counting cells as follows: 

Round unbudded cells were scored as single cells still in G1. 

Mother cells with a bud or cells showing a dumbbell morphology were scored as 2 

ce lis. 

Round unbudded cells attached to a mother cell with a bud were scored as 3 cells. 

Two mother cells with buds were scored as 4 cells, etc. 
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The cell count progression was observed for 10 heurs (5 counts every 2 heurs). The 

plates were further incubated at 30°C up to 24 heurs and cells were counted again at 

this point. This incubation at 30°C was followed by an incubation at 37°C for another 

24 heurs. The number of cells was registered at this point once again. The plates 

were left at 37°C for another 72 heurs in order to evaluate whether complete colonies 

could form and photos were taken at this point. 

Quantification of the rate of adaptation to telomere 
deprotection (events I cell division, fluctuation 
analysis) 

Yeast strains of interest were pre-grown in 5 ml synthetic medium lacking uracil (Yc-

U) at 23°C until saturation. The optical density (OD) of cultures was measured by 

spectrophotometer at wavelength 660nm (OD66onm). The actual number of cells per 

ml was determined using a conversion table which had been created based on 

previously performed cell counting experiments using a haemocytometer. Using this 

way to determine cell density, 2 x 106 cells were inoculated in 5 ml YPD liquid 

medium and incubated at 30°C in a rotary drum with constant rotation for exactly 24 

heurs. After 24 heurs, the OD66onm culture was measured again and cell-

concentration was determined using the above mentioned conversion table. 104 cells 

were plated on YPD plates and one plate was incubated at 23°C (viability control) 

and another at 37°C (in order to determine number of adapted cells) in parallel for at 

least 72 heurs. On each plate, well developed colonies were counted. This procedure 

was performed 20 times for each strain using independent colonies for initial culture 

inoculation. 
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Ta calculate the adaptation rate ta telomere deprotection for different strains, we 

used the equation proposed by Luria and Delbrück (Luria, 1943). 

-ln(~j 
A 

M 

A - adaptation rate (number of adaptation events per cell division) 
N0 - number of experiments that resulted in 0 adapted cells (plates with NO 

colonies after incubation at 37°C 
N - number of experiments (number of plates) 
M - number of cells entereing each experiment (number of cells plated per plate) 

Yeast genomic DNA extraction 

Total yeast genomic DNA was isolated using a glass bead method (Huberman et al., 

1987; Wellinger et al., 1993b). Briefly, this method consists of cell lysis via physical 

disruption of cell walls with glass beads and vigorous vortexing in lysis buffer (0.1 M 

Tris, 50 mM EDTA, 1 % SOS pH8.0). Cleared cell extract is then treated with RNAse 

A and Proteinase K, and subsequently extracted with phenol-chlorophorm and 

chlorophorm. DNA is precipitated from the aqueous phase with 100% ethanol, 

pelleted in a microcentrifuge at 9500 x g for 20 min at 4 °C and washed with 70% 

ethanol and spinning in microcentrufuge at 9500 x g for 10 min at 4 °C. The pellet 

was dried at room temperature for 30 ta 60 minutes. The pellet was resuspended in 

TE buffer (10mM Tris-HCI pH8.0; 1mM EDTA pH8.0) 
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Telomere gel 

For the determination of which type of survivor was generated after telomerase loss, 

a telomere gel technique was used. Total purified genomic DNA (1 µg) was digested 

with the Xho/ restriction enzyme. A conserved Xhol restriction site is located inside of 

all Y' sequence elements and most telomeres do have at least one Y' element (Louis 

and Haber, 1990b). Therefore, this digestion of total genomic DNA with Xho/ releases 

terminal restriction fragments (TRF) of known lengths for wild type cells (about 1.2 

kb). The lengths of these TRFs and the degree of Y' sequence amplification allow us 

to determine survivor type (see "Introduction"). The digested DNA was loaded onto 

an agarose gel (0.75% (w/v) agarose in 1X TBE) and the DNA fragments separated 

by electrophoresis for several heurs at 0.8 V/cm. Separated DNA fragments were 

transferred to nylon membrane and the TRFs detected by hybridization to specific 

radioactively labelled probes (see "Southern Blotting"). 

Southern blotting 

DNA analysis via Southern blotting was performed as described originally (Southern, 

1975) with some modifications (Dionne and Wellinger, 1996; Louis and Haber, 

1990b). After completion of gel electrophoresis (see "Telomere gel"), the gel was 

soaked in a solution of 0.25M HCI for 15 minutes at RT in order to depurinate the 

DNA. This ensures subsequent transfer of long DNA fragments to nylon membranes. 

DNA depurination was followed by DNA denaturation by soaking the gel in 

denaturation solution (1.5M NaCI, 0.5M NaOH) for 1 hour at RT. Finally, the gel was 

equilibrated in transfer solution (0.4M NaOH), for 15 min at RT. The DNA was 

transferred to positively charged nylon membranes (Hybond-XL, GE Healthcare) via 

capillary flow in denaturing conditions during at least 12 heurs at RT. The membrane 
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with the transferred DNA was air-dried and pre-hybridized with pre-hybridisation 

solution (50% deionized formamide; 5x SSC (sodium chloride/sodium sulphate) [20x 

SSC: 3M NaCI, 300 mM sodium citrate-2H20 pH 7.0]; 1x Denhardt's solution [100x 

Denhardt's solution: 2% (w/v) polyvinylpyrrolidone; 2% (w/v) Ficoll (GE Healthcare); 

2% (w/v) bovine serum albumine]; 1 mg/ml herring sperm DNA (degraded free-acid, 

boiled); 2% (w/v) SDS; 0.5% low-fat milk powder) at 37°C for at least 2 heurs. A 

denatured radiolabelled DNA probe was first diluted in hybridisation solution (pre-

hybridisation solution containing 10% (w/v) dextran sulphate) and then added ta the 

membrane in a sealable plastic bag. Hybridisation was allowed ta proceed at 42°C 

for at least 10 heurs. After hybridisation, the membrane was washed in 50 ml of 

2xSSC solution (0.3M NaCI, 30mM NasC5012H20 pH7.0) for 20 minutes at RT, 

followed by washing in 0.1 xSSC containing 0.1 % v/v SOS 15 ta 20 minutes at RT. 

The washed membrane was exposed ta film (Kodak, Biomax MS) at -80°C. 

DNA labelling with [a-32P]dCTP by extension of 

random primers 

The indicated [a-32P]dCTP labelled DNA probe was made according ta a protocol 

utilizing random primers for DNA synthesis (Feinberg and Vogelstein, 1984). [a-

32P]dCTP's specific activity was 3000Ci/mmole. 

The probe used in this study for Southern blotting was a 300 bp fragment generated 

by digestion of the vector pCT300 with EcoRI (Wellinger et al., 1993b). This DNA 

fragment essentially contains only yeast telomeric repeat sequences. 
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RESULTS 

1. A SGA Approach To Discover Suppressors Of The 
cdc13-1ts Temperature Sensitive Phenotype 

ln attempt ta identify genes that are involved in the deleterious outcome of an 

absence of telomere capping (see "Introduction"), we have screened the yeast gene 

knock-out library for genes, a deletion of which could suppress the growth defect of 

cdc13-11s cells at 33°C. 

The reason why we selected the cdc13-11s mutant allele as a query strain is its 

temperature sensitive growth property (Garvik et al., 1995) in particular: 

• yeast strains harbouring the cdc13-11s allele display a robust temperature 

sensitive growth phenotype: at restrictive temperatures (above 28°C), cells 

undergo a G2/M arrest, suffer progressive chromosome instability and 

eventually die (Garvik et al., 1995; Weinert et al., 1994). 

growth characteristics of cdc13-11s strains incubated at permissive 

temperatures (below 28°C) are not affected and are virtually the same as 

those of CDC13 wild type strains (Garvik et al., 1995). 

At permissive temperature (<28°C), the Cdc13-1 p mutant protein retains ail its 

functionality and efficiently protects telomeres. The growth phenotype of such cells is 

not distinguishable from the one of CDC13 wt cells. ln the SGA screen, these 

conditions served as cell growth contrais. 

At restrictive conditions (temperature >28°C), the Cdc13-1 p mutant protein is notable 

ta protect the telomere against 5'-end resection (see above) and cells should die. 
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However, a combination of the cdc13-1 15 allele and a deletion of a gene involved in 

telomere 5'-end degradation would allow these cells to survive, even at restrictive 

temperatures (33°C) and the cdc13-115 temperature sensitivity should be suppressed 

(Figure 11 ). 

Figure 11 . Rationale for the SGA experiment. 

Permissive conditions: T<29°C 
s·----------~--.... 3• > 
3 

Cdc13-1p 
----------s·~~~ 

=> 

Restrictive conditions: T>28°C 
3' 

=> 

a. 

Restrictive conditions: T>28°C j 
~ ~ 

3'·----------s· 
Simplified scheme representing general idea of Synthetic Genetie Array, see text for 
details. 

For the purpose of identification of gene deletion mutants capable of suppressing 

cdc13-115 temperature sensitivity, we performed a Synthetic Genetie Array (SGA) 

experiment. The methodology of the SGA experiment is described in detail in the 

"Materials and Methods" section. The large scale robotized SGA experiment was 

performed by R. Wellinger in the laboratory of M. Peter (Biochemistry Department, 

ETH Zürich). 

62 



4900 Mata single gene deletion (yfgf:i) strains were crossed with the query Mata 

cdc13-11s mutant strain. Ali these 4900 loci are known to be non-essential genes. We 

used 96 heurs incubation time for the final comparative analysis of the growth 

properties of haploid double mutants (cdc13-11s yfgf:i) at restrictive and permissive 

temperatures. Cells incubated for only 48 heurs did not demonstrate distinguishable 

differences in growth when arrayed on the same plate at restrictive conditions (33°C) 

(Figure 12). 

Figure 12. Comparison of growth of double mutants (cdc13-1 1s yfgf:i) after 48 and 
96 heurs of incubation 

23°C 33°C 
1 2 3 4 5 6 7 8 9 JO 11 12 l 2 3 4 5 6 7 8 9 10 11 12 

A 

c 

48h D 
E 

G 

H 

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 IO II 12 

96h 

Example of plates with double mutants cdc13-11s yfgf:i grown at permissive (23°C) 
and restrictive (33°C) conditions for 48 and 96 heurs. The plates incubated at 23°C 
served as cell viability and growth control. The white square indicates an example of 
two pairs of double mutant colonies. 
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ln the analysis of the growth properties of individual double mutants at restrictive 

conditions, colony sizes of respective strains were compared to those of 

neighbouring double mutants arrayed on the same plate (Figure 13). As the double 

mutant strains were placed on plates in duplicate, we were taking into account only 

strains where both clones were able to develop colonies of similar size. ln cases 

where just one clone out of two showed significantly better growth, the result was not 

retained as a potential positive hit (Figure 13). 

Figure 13. 

A • 
• B E3 

c • 
• 

D 

• 
E 

• ~ 

G ~ 
H • 

An example of the comparative analysis of growth properties at 33°C 
after 96 heurs of incubation. 

10 Il 12 

• • • • • • • ' 
• • • • .. • • • • .. .. • • • ,, • ·B · • 

• • • • • 
• ~ • • • • • " • • .. • • .. • • • • • 
• .. ' • • • • • • • 
• • .. • ·B · • .. • • • • .. • • • • • 

... • • • • • • • 
• • .. • • • • • • 
• • • • .. • • • • 
• • • • • • • • .. .. 
• ,, • • • • • • 

• • • • • • 
• • • • ., • • 

The frames indicate strains in duplicate showing apparently better growth compared 
to the neighbouring strains at restrictive (33°C) temperature. Note that we compared 
patch sizes directly with the neighbouring strains. 

As control for possible unrelated and non-relevant growth advantage of the candidate 

strains, the same comparison on control plates exposed to permissive 23°C 
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temperature was carried out (Figure 14). Only double mutants without any growth 

defects at permissive conditions were included in the list of potential positive hits. 

Based on these criteria , we identified 111 primary potential positive hits . Ali these 

double mutants demonstrated an apparent growth at restrictive temperature for the 

cdc13-1 allele. 

Figure 14. 

• • 
96h • 

• 
a. "7' 

Growth properties of a primary candidate double-mutant at both 
permissive and restrictive conditions. 

23°C 33°C 

• • 
• • 
• • • 
• • e 
l!}_l>.. • e ll(l.i 

An example of the comparative analysis for a potential positive hit. The particular 
double mutant (framed in white) formed well developed healthy colonies (in duplicate) 
at both permissive 23°C and restrictive 33°C temperatures. 

We assumed that the products of our potential gene hits operate on telomeres. 

Therefore , it seemed likely that the particular proteins should reside in the nucleus. 

Upon inspection of all the candidate genes for their reported subcellular localization 

65 



on the "Saccharomyces Genome Database" (http://www.yeastgenome.org) website, 

genes with no association with the nucleus were excluded from further study. 

This analysis reduced the list of potential candidates to 38 genes. They were 

included in the final stage of SGA verification. We noted amongst those candidates a 

number of genes with known functions, but aise annotated ORFs encoding 

hypothetical proteins. 

For the final validation of the results of the large scale SGA screen, ail the remaining 

38 Mata single deletion strains were again crossed with a Mata cdc13-1ts query 

strain. The obtained diploids were sporulated, microdissected and haploid double 

mutants (cdc13-1 15 yfgf).) were isolated. The colonies obtained from isolated spores 

were replica platted on appropriate media and exposed to permissive conditions 

(YPD; 23°C) and a series of restrictive temperatures (YPD; 30°C, 32°C, 37°C). 

Colony morphologies were analysed for ail spores after the replica plated colonies 

had developed enough (usually after 2-3 days). First, spores containing a single 

mutation and double mutants were identified by assessing growth on selective media 

for the mutations (Figure 15 A). ln this particular example, we can see that spore "A" 

of the tetrad is a double mutant cdc13-115 ypr023cf).. lt does grow on both YPD 

containing geneticin (G418) and on media containing nourseothricin (CloNAT). The 

resistance to two antibiotics is conferred by presence of both KanMX4 deletion 

cassette (deletion mutant marker) and NatR (cdc13-1 ts mutation linked marker). 

Spore "D" of this tetrad is a single mutant, as it formed a well developed colony on 

CloNA T containing media, but was not able to form a viable colony on media 

containing G418. Consequently, this haploid contains only the cdc13-115 temperature 

sensitive allele. 
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Figure 15. Verification of SGA results . Tetrad analysis. Replica plating . Example. 

A. 

OO 
~ 
<; (.) c• Il. .., 
> '+' 

!;( 
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(.).., 
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(.) 

c8 Il. ..., >+ 

0 
Q 0 
Il. ::! > + 

0 c 0 
Il. ... >'+' 

A. Identification of single and double mutants. Red circle indicates haploid harboring 
double mutation cdc13-115 ypr023ctJ. (apparent growth in presence of either G418 
or CloNA T). This growth is provided by the presence of bath mutation-linked 
marker geens conferring resistance to bath antibiotics. 
Green circle indicates haploid harbouring single mutation cdc13-1 ts. This single 
mutant is able to grow on YPD+CloNAT only as the deletion cassette KanMX4 
conferring resistance to G418 is absent, therefore, wt gene is still present in its 
locus. 
Although four colonies are seen on YPD+G418 medium just the colonies A and B 
are viable. Underdeveloped colonies C and D consist of dead cells . These small 
colonies were able to form due to relatively high number of replica-plated cells . 
The drug G418 did not kill the cells immediately and allowed them to make a few 
divisions. 

B. Contrai confirming equal grow capabilities of all four analysed spores at permissive 
temperature in the absence of antibiotics. 

C. Haploid growth at a series of restrictive temperatures. Single and double mutant 
haploids are equally unable to grow at restrictive temperatures. 
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Second, single and double mutants' growth rates were compared on plates exposed 

to permissive temperature, in order to assure the absence of non-genetic factors 

influencing either single or double mutants' growth (Figure 15 B). 

Finally, the growth patterns of single and double mutants were compared, scoring for 

prevalent growth of double mutants at restrictive temperature conditions (30°C and 

above). Clearly, for the tetrad we have selected as an example, there is no difference 

in growth properties between the spore harbouring the cdc13-115 allele alone as 

compared to the spore with both mutations (cdc13-1 15 ypr023c11) (Figure 15 C). As 

control and as expected, spores "B" and "C" bearing a wt CDC13 allele are perfectly 

able to growth at temperatures exceeding 30°C (Figure 15 C). The same negative 

results were obtained with the remaining 37 candidate genes (data net shown). ln 

order to ascertain the obtained negative results, another technique for colony growth 

comparison was used, patching instead of replica plating after microdissection. 1 

considered this technique to be more sensitive and could probably reveal subtle 

differences in growth properties which were net detectable by the replica-plating 

technique. However, the analysis of patched tetrads yielded the same negative 

result. As an example see Figure 16 (A and B). 
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Figure 16. Verification of SGA results. Tetrad analysis. Patching. Example. 

A. 

B. 

Geneticin CloNAT +23oC +30oC +32oC +37oC 

Red arrow or dot indicates haploid harboring double mutation cdc13-1ts ypr160c!J. 
and cdc13-1ts ypr101w!J.. 
Green arrow or dot indicates haploid harbouring single mutation cdc13-1ts. 
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2. Adaptation To Telomere Uncapping 

2.1. Genes Regulating Adaptation To DSB Are Aise 
Required For Adaptation To Uncapped Telomeres ln tlc111 
Survivors 

Based on the structural similarity of DSB and unprotected telomeres (discussed in 

"Introduction") and aise on the fact that telomerase- and cap-negative survivors 

demonstrate abrogated checkpoint responses (Larrivée and Wellinger, 2006), we 

hypothesized that the genetic pathway controlling adaptation ta a single irreparable 

DSB aise contrais the adaptation ta telomere uncapping in telomerase negative 

survivors. ln order ta verify this hypothesis, we have selected a set of genes known ta 

be involved in successful adaptation ta an irreparable DSB (see "Introduction" for 

details): 

T/01 - involved in chromatin regulation and homologous recombination. tid1.lJ. cells 

fail ta adapt ta irreparable DSB (Lee et al., 2001); 

PTC2 - phosphatase involved in checkpoint regulation, believed ta have a raie in 

Rad53p dephosphorylation. ptc2.lJ. cells are defective in adaptation ta irreparable 

DSB (Leroy et al., 2003); 

RFA1 - largest subunit of RPA (Replication Protein A). lnvolved in DNA replication, 

repair and recombination. The rfa1-t11 allele suppresses tid1.lJ. and ptc2.lJ. 

phenotypes. Permanent arrest of tid1 .lJ. or ptc2.lJ. induced by irreparable DSB is 

alleviated by the rfa1-t11 allele. Therefore, with respect ta adaptation, the rfa1-t11 
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allele is considered to be a suppressor of tid1 L1 and ptc2L1 mutations (reviewed in 

Harrison and Haber, 2006). 

2.1.1. Strain Constructions 

The construction of strains harbouring a tid1 L1 or a ptc2L1 allele was performed using 

the standard gene replacement protocol. The KanMX4 selective cassette flanked by 

40 nt sequences that were perfectly homologous to the sequences immediately up-

and downstream of target gene ORF was used as selective marker as described in 

"Material and Methods". The resulting strains containing T/01 and PTC2 ORF 

deletions, VKY19 and VKY12, were tested by means of PCR for successful 

integration of KanMX4 deletion cassette (Figure 17 A and 8). The PCR used a 

forward primer complementary to sequences located upstream of endogenous gene 

locus and a reverse primer complementary to KanMX4 sequence. Ali deletions were 

carried out in diploid strain ML Y1 OO (Larrivée and Wellinger, 2006). Resulting 

heterozygous strains (tid1fY T/01 and ptc2/ PTC2) were transformed with the 

plasmid pcdc13-1 (Larrivée and Wellinger, 2006), sporulated, tetrads microdissected 

and tetrad analysis was carried out via replica plating on respective auxotrophic and 

YPD+G418 plates in order to isolate triple mutants (tlc1L1 cdc13L1 and tid1L1 or ptc2L1 

respectively). The deletion of COC13 gene in each strain was covered by the cdc13-1 

temperature sensitive allele present on the plasmid pcdc13-1. The resulting haploid 

strains VKY12 and VKY19 (see "Materials and Methods") were used for further 

experiments. 
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Figure 17. T/01 and PTC2 ORF deletion verification . 

A. B. 

1 Kb - 1.6 Kb-

T/01 upstream 
sequence 

962bp 

KanMX4 -rev 

1Kb -

PTC2 upstream 
sequence 

fwd - KanMX4 

rev 

1411 bp 

A. PCR reaction using total genomic DNA extract from strain VKY19 
(tid1 ::KanMX4), in which the T/01 ORF is completely replaced with the 
KanMX4 cassette. Primers used for PCR: "TID1 promoterFWD" forward primer 
(fwd) and "KMXORFverifREV" reverse primer (rev) . Expected fragment size is 
962 bp. For wt T/01 (diploid wt strain) no band was expected, as the reverse 
primer has no homologous sequence to hybridise and the PCR product 
cannot be formed. PCR products were analysed on 1 % agarose gel stained 
with ethidium bromide. 

B. PCR reaction using total genomic DNA extract from strain VKY12 
(ptc2::KanMX4), in which the PTC2 ORF is completely replaced with the 
KanMX4 cassette. Primers used for PCR: "PTC2promoterFWD" forward 
primer (fwd) and "KMXORFverifREV" reverse primer (rev). Expected fragment 
size is 1411 bp. Analysis was carried out as in A. 
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The construction of the strain harbouring the rfa 1-t11 mutation was performed using 

a two step gene replacement method, aise known as pop-in/pop-out method. 

Pop-in step. The integrative plasmid pJH1741 containing the rfa1-t11 allele was 

introduced into ha plaid strain RWY105 (Mata ade2-1 /eu2f11 /ys2-801 ura3-52 

trp1Ll63 his3Ll200 DIA5-1 (ADE2-VR), resulting in the pop-in strain RWY106 (Mata 

RFA 1 ::URA3::rfa1-t11 ade2-1 /eu2Ll 1 /ys2-801 ura3-52 trp1Ll63 his3Ll200 DIA5-1 

(ADE2-VR) (see "Materials and Methods", Figure 9). The presence of the integrated 

plasmid was verified by Southern blet. The above part of rfa1-t11 mutant strain 

construction was performed by R. Wellinger. 

Pop-out step. Due ta the presence of large areas of homologous sequences, a 

certain proportion of cells may lose a large DNA fragment containing the URA3 

marker via homologous recombination events involving the flanking regions of the 

duplicated RFA 1 locus. Such events can result in two types of ura· clones: RFA 1 and 

rfa1-t11, growth of which was selected on YC complete + 5'FOA plates. The 

identification of rfa1-t11 mutant strain was performed by replica-plating on MMS 

containing plates, as rfa1-t11 mutants are MMS sensitive (see "Materials and 

Methods", Figure 9). After identification of MMS-sensitive clones, the presence of 

rfa1-t11 mutation was confirmed by sequencing ("Genome Quebec Innovation 

Center", McGill University, Montreal). 

Triple mutant strain construction. The Mata rfa1-t11 strain was crossed with the 

double mutant Mata tlc1Ll::LEU2 cdc13Ll::NatR ade1 leu2 lys5 ura3 trp1 strain. 

Deletions of TLC1 and CDC13 in this strain were complemented with wt TLC1 gene 

on the pTLC1 plasmid and the temperature sensitive allele cdc13-1 on the pcdc13-1 

plasmid. The resulting diploid was sporulated, microdissected and triple mutants 

tlc1Ll cdc13Ll rfa1-t11 containing the pcdc13-1 plasmid were identified via replica 

plating of haploid colonies on appropriate auxotrophic media. 
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The selection was performed as follows: 

growth on YC lacking leucine for tlc1!J. ::LEU2; 

growth on YC lacking tryptophan for pTLC1 (TRP1) ; 

growth on YC lacking uracile for pcdc13-1 (URA3) ; 

growth on YPD containing CloNAT (100 µg/ml) for cdc13!J.::NatR; 

sensitivity to MMS (0.05% w/v) for rfa1-t11 (Figure 18). 

Figure 18. Isolation of rfa1-t11 mutant via colony growth test (spot test) . 

YPD 

wt 

rad5211 

RFA1 

RFA1 

rfa1-t11 

Pop-out clones in which the endogenous RFA 1 has been restored are able to grow in 
the presence of MMS, while the clone containing the rfa 1-t11 allele shows high 
sensitivity to MMS. A rad52!J. strain , known to be sensitive to DNA damaging agents 
was included as a control. The same strains were spotted on drug-free YPD medium 
as control. 

The presence of the rfa1-t11 allele was once again verified by sequencing in the final 

pop-out strain. Cells were streaked on non-selective rich YPD medium and after that 

replica-plated on YC media lacking tryptophan (YC -T) or uracil (YC-U) . Clones able 

to grow on YC-U (selection for pcdc13-1 plasmid presence) and not able to grow on 

YC-T (selection for loss of pTLC1 plasmid) were used for generation of survivors in 

the following experiments. 
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2.1.2. Generation Of Survivor Strains 

The above mentioned haploid strains were grown for about 120 generation at 23°C in 

order for the cells to pass through senescence and generate post-senescence 

survivors (Figure 19). The procedure is explained in details in "Materials and 

Methods" section. 

After generation of the rfa1-t11 mutant survivor strain the presence of the mutation 

was re-verified by sequencing. 

Figure 19. Examples of generation of telomerase independent survivors. 

Generations: 20-40 40-60 60-80 80-100 100-120 

Ali three mutant strains underwent senescence between approximately 60 and 1 OO 
generations. After 100 to 120 generations, telomerase-independent survivors arose. 
Generations indicated above represent approximate number of cells divisions after 
beginning of incubation at restrictive temperature conditions. 
Red arrowheads point to the plates where massive cell death was observed 
( senescence ). 
Green arrowheads point to the plates with emerging telomerase-independent 
survivors 
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Southern blot analysis revealed that all three mutant strains generated type Il 

survivors (Figure 20). Therefore, in all experiments described below, these mutants 

are compared to a control type Il survivor strain. The failure to generate type 1 

survivors could be due to a significant difference in growth properties between type 1 

and type Il survivors (discussed below). 

Figure 20. Mutant strains survivor type. 

M 

5Kb 

3Kb -* 
2Kb -

1Kb -

Total genomic DNA was digested with Xhol, subjected to electrophoresis in a 0.75% 
agarose gel, and analyzed by Southern blotting, using a telomeric probe (PCT300). 
The arrow points to wild-type (wt) terminal restriction fragment (TRF) (1) liberated by 
Xhol cleavage. Telomerase positive non-survivor strain (2) shows wt telomere. 
Mutants survivor strains (3-5) demonstrate heterogeneously sized TRFs, which is 
typical for type Il survivors. 
M - marker (1 Kb ladder) 
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2.1.3. Single-Cel! Analysis Of Cell Cycle Progression ln The 
Adaptation Mutant Strains. 

ln order to study the process of adaptation of newly created survivor mutants to 

telomere uncapping, the cells were exposed to restrictive temperature for Cdc13-1 p. 

Single unbudded cells (presumably cells being in G1 phase of the cell cycle) were 

arrayed on YPD plates using a micromanipulator, exposed to 30°C and the cell cycle 

progression of each individual cell was monitored as described in "Materials and 

methods". Non survivor strain VKY20 (cdc13Ll. deletion complemented with cdc13-1 

on plasmid) and type Il survivor isogenic strains, ML Y112 and ML Y113, were used as 

controls. For each strain harbouring a mutation in an adaptation related gene, two 

independent clones were included in the experiment. Thirty two individual cells per 

clone were subjected to the analysis, totalling 64 cells per strain. 

Four heurs after induction of telomere deprotection by exposure to restrictive growth 

conditions, about 30% of the control non-survivor cdc13Ll strain exhibited a clearly 

visible bud or were arrested prier to anaphase in G2/M (two cells stage) (Figure 21 

A). After 8 heurs, more than twice as much cells (about 67%) progressed from single 

round unbudded G1 to two-cells stage and remained arrested at G2/M border up to 

at least 10 heurs after telomere deprotection. After 24 heurs, the vast majority of cells 

adapted to and escaped from G2/M arrest, resumed their cell cycle progression and 

formed microcolonies of up to 25 - 50 cells in size (Figure 21 A). During extended 

exposure for another 24 heurs at 37°C, the size of microcolonies did not significantly 

increase. Further exposure to 37°C for another 72 heurs resulted in cell death. 

ln the other control strain, a telomerase-negative survivor (type Il survivor), the G2/M 

arrest occurred much faster, already after 4 to 6 heurs of exposure to restrictive 
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temperature, about 50% of the cells were arrested (Figure 21 8). After 8 heurs at 

30°C, a fair proportion of cells (-32%) were able to escape from G2/M arrest and 

resume division. Severa! microcolonies of 7-12 cells in size were observed at this 

time. Later on, 10 heurs after telomere uncapping, about 14% of cells initially 

deposited on the plate formed microcolonies of up to 12 cells in size. However, about 

20% of the cells remained arrested in G2/M after 10 heurs. After 24 heurs of 

exposure to 30°C, as many as 50 to 1 OO cells could be counted in some 

microcolonies, but the majority (approx. 25%) did not exceed 13 to 24 cells per 

colony (Figure 21 8). Further exposure to 37°C for another 24 heurs resulted in 

formation of relatively big microcolonies of more than 1 OO cells in -9% of initial G1 

cells, but the majority did not proliferate further than 13 to 50 cells per microcolony 

(-40% of initial G1 cells). After another 72 heurs of incubation, none of these 

microcolonies were able to form viable colonies. However, on three out of four plates, 

in the areas where numerous cells were placed for micromanipulation, a small 

number of viable colonies emerged. Such rare viable colonies were observed only for 

the type Il survivor control strain (data not shown and see below Fig. 25). 

Survivor strains (Figure 20) harbouring deletions of genes involved in 088 adaptation 

(tid1J). and ptc2J).) displayed, after telomere deprotection, a very different cell cycle 

progression pattern as compared to control type 11 survivor. 8oth mutant strains 

showed a rapid accumulation of G2/M arrested cells already 2 hrs after incubation at 

restrictive conditions (Figure 21 C and D) After 4 heurs of incubation at restrictive 

conditions about 45% of cells (both tid1J). and ptc2J).) were arrested in G2/M. After 6 

heurs, the number of G2/M arrested cells reached 65% and 50% for tid1J). and ptc2J)., 

respectively. The maximal proportion of cell arrested in G2/M was observed after 10 

heurs: 70% for tid1J). and 60% for ptc2J). cells. For both adaptation defective mutants, 
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there was net a dramatic reduction of the amount of G2/M arrested cells even after 

24 heurs at 30°C. About 55% of tid1/J. and ptc2/J. cells were still arrested in G2/M at 

this time (Figure 21 C and D). 

A very modest number of small micracolonies were able to form during subsequent 

incubation at 37°C for 24 hrs (Figure 21 C and D). However, all these cells died after 

further incubation of another 72 heurs and no viable colonies were able to develop. 

Contrary to tid1/J. and ptc2/J. cells, the rfa1-t11 mutant survivors (Figure 20) reacted to 

telomere uncapping in a manner generally similar to the type Il survivor contrai strain 

(Figure 21 Band E), with two remarkable differences to be noted: 

first, the fast progression of approximately 55% of G1 cells to G2/M in just 2 

heurs where they remained up to 4-6 heurs. After 6 heurs, there was a steady 

reduction of the number of cells arrested in G2/M due to resumed cell 

division; 

second, the rfa1-t11 cells apparently underwent just 2 to 3 cell cycle divisions 

because they could form small micracolonies of no more than 6 cells after 10 

heurs at 30°C (Figure 21 E). 

After 24 heurs at 30°C, just slightly more than 10% of rfa1-t11 mutant survivor cells 

were still blocked in G2/M, similarly to type Il survivor contrai strain. ln very rare 

occasions, some micracolonies were fond to reach the size of almost 50 cells. 

However, the majority of micracolonies did net exceed 6 cells. Most importantly, 

unlike type Il survivor contrai strain, none of above 3 mutant strains praduced any 

viable colonies after continuous incubation for 96 heurs at 37°C. Ali cells bearing 

defects in genes required for adaptation to DSB eventually died in our situation of 

telomere depratection. 

79 



Figure 21. 
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Figure 21. Requirement for gene products involved in adaptation to DSB in the 
formation of cap-independent survivors. (Continuation) 
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Figure 21. 

E. 

Requirement for gene products involved in adaptation to DSB in the 
formation of cap-independent survivors. (Continuation) 
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The number of cells (% of total observed cells for each strain) derived from G1 round 
unbudded cells, incubated on YPD non-selective media at conditions provoking 
telomere uncapping (see text for more details). 

2.1.4. The Rate Of Adaptation Events ln Response To Telomere 
Uncapping. 

Having observed a difference in adaptation to telomere deprotection between 

survivors harbouring mutations in genes required for adaptation to a single 

irreparable DSB and a contrai survivor strain, 1 decided to determine the rate of this 

event per cell division cycle. For this purpose, 1 carried out fluctuation tests and used 

the Luria and Delbrück equation to calculate the rate of successful events of 

adaptation to continuous telomere deprotection per cell division (Luria, 1943) (see 
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"Material and Methods" for detailed description). This equation was originally used ta 

calculate the mutation rate in bacteria, but it can aise be employed ta determine the 

rate of any rare event, assuming that ail the cells divide at equal speed. The value, 

resulting from this equation, represents the frequency of a rare event per cell division 

(per generation) and, in our case, it indicates how often the adaptation ta telomere 

deprotection can happen per cell division cycle. ln other words, this value represents 

the number of cells required in order for one event of adaptation ta continuous 

telomere deprotection ta take place. Moreover, in my experimental setup, 1 was able 

ta detect just those events of adaptation ta telomere uncapping which resulted in a 

viable colony. 

The results of the fluctuation tests are presented in Figure 22. The rate for the contrai 

survivor strain was at 2.88 x 10-5 events of adaptation ta telomere deprotection per 

cell division. Type Il survivors harbouring deletions of genes important for adaptation 

ta a DSB showed a dramatically lower rate, 4.3 x 10-10 for tid111 and 9.16 x 10-9 for 

ptc211. These values were similar ta the one obtained for a negative contrai strain, a 

non-survivor telomerase positive strain (cdc1311 + pcdc13-115 ), namely 1.39 x 10-9
. 

The survivor strain with the rfa1-t11 allele aise yielded a very low rate of adaptation ta 

telomere uncapping, i.e. 1.30 x 1 o-9
, a value very close ta that for the other 

adaptation defective mutant survivor strains and telomerase-positive contrai strain 

(Figure 22). 
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Figure 22. The rate of successful adaptation to telomere uncapping in survivors 
harbouring mutations in genes required for adaptation to a single DSB. 
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Survivor strains bearing mutations in genes required for adaptation to a single DSB 
fail to adapt to continuous telomere uncapping. 
Ali strains included in the experiment are type Il telomerase-independent survivor 
strains with the exception of telomerase positive cdc13Ll non-survivor control. The 
adaptation rate values were obtained as a result of 20 independent experiments with 
each strain. 

2.2. The Telomerase- And Cap-lndependent Survivors 
Recall Having Been ln The Adapted State. 

The adaptation to telomere uncapping is a complex process that may involve 

significant changes in gene expression patterns and serious perturbations in cellular 

metabolism. ln an attempt to verify if adaptation-associated modifications are 

reversible or not, 1 reintroduced the pcdc13-1 plasmid into two stable b.13 strains 

(Larrivée and Wellinger, 2006), one of type 1 and the other type Il (Figure 23). The 

telomeric cap in transformed cells was restored since these cells were grown at 

23°C, permissive conditions for Cdc13-1p. 

84 



Figure 23. 
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Schematic presentation of the procedure used to generate S2 survivors and second generation A2 cap-independent 
survivors. 

Growth Growth Growth Growth Growth 

Survivors, at >30°C .,_ at >30°C at 23°C at >30°C .,_ at >30°C 
~ â13-I - c:: .,_ Survivors, ~ M3-I 0 ' 

/typel 
.,_ :.;::::: C"') type 1 

.,_ 
Growth B ro .,_ .g 
at 23°C E .g (.) 

Survivors Growth a. Growth 0 (.) Growth a. .... 'lii a. Growth 0 Growth 
~ Survivors, 

0 at >30°C at >30°C c:: .r: at 23°C Survivors, at >30°C at >30°C Ul 
~~ 

Ul 

type Il Ul â13-ll - type Il Ul â13-ll 0 0 
....1 ....1 

1 1 1 1 
51 survivors A1 â13s 52 survivors A2 â13s 

S1 survivors and A1 .613s were generated by M. Larivée. S2 survivor strains were derived from A1 .613s. These cells were grown for 
up to 220 generations after transformation with the plasmid carrying the cdc13-1 allele. For A2 .613s, the loss of plasmid was verified 
by growing on FOA synthetic medium. 
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For simplicity, these descendants of L\13s transformed with the pcdc13-1 plasmid 

(L\13s +pcdc13-1) were named "82 survivors", while "A2 L\13s" were derived from 82 

survivors after pcdc13-1 loss. As "81 survivors" 1 refer ta the telomerase negative 

classical survivors that are ancestors of "A1 L\13" cells (Figure 23). 

2.2.1. Cell Cycle Progression Of S1 And S2 Survivors Following 
Telomere De protection. 

81 survivor, L\13 and 82 survivor strains of bath 1 and Il types were examined, at 

single cell level, for their progression through the cell cycle following telomere 

uncapping in a manner similar ta the one described in section 2.1.3 of "Results". The 

results of these experiments are presented in Figure 24. 

81 survivors of bath types in which telomere capping is challenged for a very first 

time clearly show G2/M arrest after 4-6 hours of exposure ta telomere uncapping 

conditions (Figure 24 A and B). 8ubsequently, the vast majority of these cells 

successfully overcome the G2/M arrest and they resume their cell cycle progression. 

Adaptation is faster in type Il 81 survivor cells than in type 1 81 survivors. The 

number of G2/M arrested cells begins ta decrease after 8 hours for a type Il strain 

(Figure 24 A). The majority of type 1 81 survivor cells, however, remain arrested even 

after 10 hours (Figure 24 B). Further exposure (up ta 24 hours) ta telomere 

deprotective conditions resulted in more cells escaping form G2/M arrest and bigger 

microcolonies are formed in type Il 81 survivors than in 81 survivor cells (Figure 24 A 

and B). The same tendency continued during the subsequent 24 hours of additional 

incubation at 37°C. The proliferation of 81 type Il survivors was more vigorous 

compared ta 81 type 1 survivor cells. Thus, 81 type Il survivors produced more viable 
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colonies and they were bigger in size that those formed by S1 type 1 survivors (Figure 

24 A and 8). 

The first progeny of cap-independent b.13 survivors (A 1) of bath type 1 and type 11 

were included in the experiment as contrais. Surprisingly, a significant difference in 

cell cycle progression was observed between b.13-1 and b.13-11 strains. b.13-11 cells 

did net demonstrate any pronounced G2/M arrest, progressed steadily thought the 

cell cycle and quickly formed microcolonies (Figure 24 8). Almost 30% of initial G1 

cells formed microcoloines of 7 ta 12 cells in size already after 8 heurs. Due ta this 

rapid cell growth, 45% of the initial cells formed colonies of more than 1 OO cells in 

size. Further exposure ta 37°C for 24 heurs allowed the vast majority of the cells 

(87%) ta form colonies bigger that 1 OO cells per colony (Figure 24 8). Unexpectedly, 

most of the round unbudded b.13-1 cells (up ta 62%) never resumed their cell cycle 

progression (Figure 24 A). Presumably, they remained arrested in G1. Amongst 

those b.13-1 cells that escaped G1 arrest, a significant proportion (17%) remained at 

the 2 cell stage, even after 24 heurs (Figure 24 A), which suggests that they were 

permanently arrested in G2/M. The remaining 21% of b.13-1 cells monitored in the 

experiment successfully resumed cell division. These proliferating cells were able ta 

form microcolonies of up ta 24 cells after 10 heurs and up ta >1 OO cells after 24 

heurs (Figure 24 A). 
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Figure 24. Cell cycle progression in S1 survivors, S2 survivors and A 1 !113 strains after telomere uncapping. 
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Figure 24. Cell cycle progression in S1 survivors, S2 survivors and A 1 ll.13 strains after telomere uncapping. (Continuation). 
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Figure 24. Cell cycle progression in 81 survivors, 82 survivors and A1 ~13 
strains after telomere uncapping. 

81 - survivor cells, which were never subjected te adaptation te telomere 
deprotection. Prier te the experiment these cells were always incubated at 23°C. 
~ 13 (A 1) - telomerase- and cap-independent survivors (Larrivée and Wellinger, 
2006). 
82 - ~13 cells transformed with pcdc13-1 plasmid. Grown for approximately 50 
generations after transformation at 23°C. 

64 round unbudded cells of each strain were arrayed on a YPD plate surface .. Prier 
te the experiment, cells were grown in YC liquid synthetic medium lacking uracil te 
select for pcdc13-1 plasmid (except ~13 strains: they were grown in complete 
synthetic medium). Cells were grown te mid-log phase at 23°C and then 
micromanipulated on YPD plates and exposed te 30°C. Cells were inspected visually 
at the indicated times for morphology and recorded as in Figure 21. 
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Type 1 and type Il S2 survivor cells behaved quite differently after telomere 

uncapping. S2 type 1 survivors cells, similarly to S1 type 1 survivors, exhibited a 

pronounced G2/M arrest with a clear maximum of 44% at about 6 to 8 hrs after 

incubation at high temperature (Figure 24 A). lt is noteworthy, however, that the 

adaptation and, respectively, the resumption of the cell cycle took place earlier in S2 

survivors than in S1 type 1 survivors (Figure 24 A). Moreover, type Il survivors did not 

show any signs of cell cycle arrest in G2/M. Their cell cycle progression pattern was 

very similar to the one of 1113-11 and they did not display any visible accumulation in 

G2/M after exposure to telomere uncapping conditions (Figure 24 8). Therefore, after 

24 hours of incubation at 30°C, bath types of S2 survivor strains formed 

microcolonies of much bigger size as compared to S1 survivors of the respective type 

(Figure 24 A and 8). ln S2 type Il survivor strain this effect was even more 

pronounced. 

The improved proliferation capacity of S2 survivor strains after telomere deprotection 

was further confirmed after incubation of the plates at 37°C for another 24 hours 

(Figure 24 A and 8) and for additional 72 hours at 37°C (Figure 25 A and 8). From 

the observations made in these experiments (Figure 25), it became apparent that the 

recurrent telomere deprotection in S2 survivor cells leads to a development of viable 

1113 strains at a substantially higher rate. 

1 refer to this phenomenon as a "memory effect" in order to highlight the ability of 

cells, like S2 survivor cells, that have earlier resided in an adapted state, to produce 

cap-independent 1113 survivors more easily as compared to classical S1 survivors 

that have never been in a 1113 state before. Thus, some important characteristics that 

cells acquire in the course of their first adaptation to telomeric damage remain stably 

present in those cells and help them to adapt faster during a subsequent exposure to 

telomere uncapping. 
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Figure 25. Both type 1 and type Il S2 survivors are able to form well developed 

viable colonies at a much higher rate as compared to 81 survivors. 

A. Type 1 

8urvivor 81-1 l::.13-1 8urvivor 82-1 

B. Type Il 

8urvivor 81-11 l::.13-11 8urvivor 82-11 

Cells were first incubated for 24 heurs at 30°C, followed by 96 heurs at 37°C. 
The frames indicate areas where cells were arrayed on the plates for microscopie 
observation. The arrows point to the area where the main mass of cells was 
positioned for further micromanipulation. 
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2.2.2. Rate Of Adaptation Events To Telomere Uncapping ln S1 
And S2 Survivors. 

The discovery of a "memory effect" in 82 survivors, which helps them to adapt more 

efficiently to telomere deprotection, prompted us to examine the difference in 

adaptation rates between 81 and 82 survivors in more detail. To this end, the 

fluctuation analysis was carried out as described in "Materials and Methods". ln this 

experiment, 1 compared 81 survivors of both types to two 82 survivor strains: (i) 82 

survivor cells grown for approximately 50 generations after transformation of 8.13 

cells with the pcdc13-1 plasmid; and (ii) 82 survivor cells grown for approximately 

220 generations after transformation of 8.13 cells with the pcdc13-1 plasmid. 

By including in the experiment 82 cells at different generations (50G and 220G) 1 

hoped to obtain an indication as to whether the changes characterising the "memory 

effect" would be stably maintained and inherited in the cells during multiple mitotic 

cycles. 

As expected from the results obtained in the cell cycle progression experiment, in 

both types of 82 survivors at 50G, the rate of adaptation to permanent telomere 

deprotection was significantly higher than for 81 survivors of the same survivor type 

(Figure 26). 82 type 1 survivors were able to generate viable 8.13 colonies with the 

rate of -105 times higher as compared to 81 survivors of the same type. 82 type Il 

survivors were -103 times more likely to produce cap-independent survivors as 

compared to 81 type Il survivors. 

A comparison between 82 survivors grown for 50 and 220 generations did not reveal 

any dramatic reduction of their ability to produce A2 cap-independent 8.13 survivors. 

ln the cells, grown for 220G after telomeric cap restoration prior to the second 
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telomeric uncapping, the increased capability ta adapt ta constant loss of Cdc13p 

was still retained, similarly ta G50 82 survivor cells. This enhanced ability ta tolerate 

a second telomere uncapping was observed for bath survivor types (Figure 24 A and 

B). 

lt should be emphasized here that there is a striking difference in the ability of type 1 

and type Il survivors ta produce Li 13 cells, the rates being lower for type 1 cells as 

compared ta type Il survivors (Figure 26 A and B). ln fact, the value of successful 

adaptation ta permanent telomere deprotection in type 1 survivor cells is similar ta the 

one obtained for non-survivor cells: 7.99 x 10-9 and 1.39 x 10-9 events per cell 

division, respectively (Figure 26 A and Figure 22), while type Il survivors give rise ta 

Li 13s at the rate of 2.88 x 10-5 events per cell division (Figure 26 B). 
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Figure 26. The rate of successful adaptation to telomere uncapping in S2 
survivors. 
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The telomere uncapping adaptation rate values were obtained as a result of 20 
independent experiments with each strain. See text for more details. 
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2.2.3. Suppression Of Checkpoint Response ln A2 8.13 cells. 

lt was demonstrated earlier that ti 13 cells are sensitive to agents causing DNA 

damage and replication stress such as MMS and hydroxyurea (HU). However, the 

reintroduction of a functional Cdc13p re-establishes functional checkpoints and the 

cells re-acquire the ability to resist to the drugs as wt cells do (Larrivée and Wellinger, 

2006). 

ln the present study, the re-introduction of Cdc13-1 p in S2 survivor cells should 

restore telomere protection if they are grown at permissive temperature of 23°C and, 

respectively, to reverse the sensitivity of their A1 t::.13 predecessors to DNA 

damaging agents. Furthermore, the checkpoint suppression and increased sensitivity 

to DNA damaging agents are predicted to re-appear again in A2 li 13 cells derived 

from S2 survivors following their adaptation to a second telomere uncapping event. 

ln order to test those predictions, the sensitivity of A2 li 13 cells derived from S2 

survivors to HU was examined in a spot test assay. The serially diluted cell cultures 

were spotted on YPD solid medium containing 50mM HU (Figure 27.) As expected, 

S2 strains of both types appeared to be resistant to HU and demonstrated the same 

robust growth on HU-containing medium as S1 survivors. lnterestingly, A2 â13 cells 

fail to grow on HU medium, just as the A1 ti13s did that were derived directly from S1 

survivors (Figure 27). 
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Figure 27. 
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The abbreviations on the left indicate the strains used: 

Type 1 

Type Il 

S1 - survivor cells which were never subjected to adaptation to telomere 
deprotection. These cells were always incubated at 23°C. 

A 1 - b.13s, telomerase- and cap-independent survivors derived from S 1 cells. 
S2 - b.13 cells transformed with pcdc13-1 plasmid. Cells are grown at 23°C for 

approximately 50 generations after transformation. 
A2 -b.13s, telomerase- and cap-negative survivors derived from S2 cells. 

Right: The depicted cells were incubated for 72 heurs at 23°C on YPD media 
containing the indicated concentration of HU. A DNA repair defective haploid rad52li 
strain was used as contrai for HU sensitivity. 
Left: The same serially diluted cell cultures were spotted on drug-free YPD solid 
medium as growth contrai. 
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DISCUSSION AND CONCLUSIONS 

1. A Genetie Screen 
Temperature Sensitivity 
cdc13-1 Alle le. 

For 
Of 

Suppressors Of 
Cells Harbouring 

The 
The 

By performing a SGA-based screen, we hoped to identify the factors implicated in 

degradation of telomeric 5'-ends which occurs in the absence of the protective 

function of Cdc13p. At the beginning of this study, the results from a large scale SGA 

screen for genetic interactions between the cdc13-115 allele and a single yeast ORF 

deletion appeared to be very promising. The initial analysis of growth properties of 

the entire panel of double mutants produced more than hundred potential candidates. 

Ali 111 double mutants demonstrated apparently better growth properties as 

compared to the neighbouring double mutants arrayed on the same plate and 

exposed to the same restrictive temperature conditions (see Figure 12 and Figure 

13). Ali of them were able to produce healthy looking patches at 33°C (see Figure 14 

for an example). The improved growth of these potentially positive double mutants 

could mean that the deletion of the corresponding single ORF leads to a reduced 

nucleolytic degradation at unprotected telomeres, thus suppressing the temperature 

sensitivity of cdc13-115 cells. 

A further verification of these results however did not confirm my initial expectations. 1 

crossed the original strain harbouring the cdc13-1ts allele with the corresponding 

candidate suppressor strains derived from the Yeast Knock-Out collection. The 

resulting diploids were sporulated, microdissected and the genotype of individual 

haploids were carefully verified. ln the SGA experiment, the photographed colonies 

arose from a group of cells, while during the consecutive verification, ail tested 
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strains, both single and double mutants, were derived from a single haploid spore. 

Generation of haploids from respective isolated single spores ensured reliable and 

clearly distinguishable phenotypes. 

As mentioned in the "Results" section, none of the putative suppressor genes found 

in the large scale SGA experiment reproduced a suppression of the cdc13-115 

temperature sensitivity. These negative results could be explained in two 

independent ways. One possibility could be the consequence of a technical detail of 

the query strain used for the SGA screen. As described in "Materials and Methods", 

the fourth step of the SGA screen procedure consists in transferring spores to solid 

nutrition medium lacking the amino-acid histidine. The medium lacking histidine was 

used to ensure selective growth of Mata meiotic progeny, as only these cells were 

expected to be able to express H/S3, due to the presence of the MFA 1 pr-HIS3 

reporter construct. Sorne tests were performed in order to verify the stringency of 

selective growth for Mata haploids on histidine lacking medium. These tests, carried 

out by R. Wellinger, showed that the expression of HIS3 driven by the Mata specific 

promoter (MFA 1 pr-HIS3) was not strictly selective for Mata haploids. Owing to some 

leakiness in the MFA 1 pr promoter, HIS3 was not only expressed in Mata haploid 

spores but aise in Mata. The growth of haploids of both mating types allowed them to 

mate and form diploids, which were then able to survive and proliferate on media 

lacking histidine. Therefore, the lack of a tight selectivity for Mata haploids led to the 

formation of heterozygous diploids, which were not temperature sensitive due to the 

presence of wt CDC13 and gave rise to false positive, healthy-looking patches that 

were scored as candidate cdc13-115 suppressors in the initial large scale SGA screen. 

A second very possible explanation for the negative results could stem from the well-

documented redundancy for exonuclease genes in yeast. My approach would only 
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work if a single exonuclease was responsible for the telomeric DNA degradation after 

loss of protection. The caveat of this genetic screen then is that other exonuclease 

activities could compensate the absence of the one deleted in the double mutant 

strain. Hence, it would be very difficult to register any cdc13-1 15 suppression and 

improved viability at temperatures above 30°C in double mutants if another 

exonuclase substituted for the absence of function of the deleted one. The fact that 

the large scale SGA screen did not reveal any exonucleases known to be implicated 

in telomere processing, such as Mre11p (Larrivée et al., 2004), Exo1p, Rad17p or 

Rad24p (Lydall, 2003), supports of the above notion. lndeed, none of the double 

mutants cdc13-1 mre11ll, cdc13-1 exo1ll, cdc13-1 rad17ll or cdc13-1 rad24ll did 

reveal any cdc13-115 suppression at 33°C (data not shown). 

As well, the possibility of reversion of temperature sensitivity mutation cannot be 

neglected. This even, although having very low probability, could mask the effect of 

deletion mutation contributing to the improved growth of some patches in the first 

large-scale stage of the SGA screen. 

lt is important to mention that only non-essential genes were included in the screen 

as only non-essential gene deletion can generate viable haploid strain suitable for 

this type of experiment. Possible role of one or several essential genes in 

unprotected telomere degradation is still to be investigated. 

The above results reemphasize that careful re-examination and individual verification 

of candidates obtained by large scale SGA approaches are indispensable 

experiments before going on to more involved projects using the identified genes. 
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2. Similarities And Differences Between Adaptation To 
A DNA Double-Strand Break And To Telomere 
Uncapping. 

2.1. Adaptation To A Double-Strand Break And To 
Telomere Deprotection Rely On the Same Set Of Genes. 

Previously, it had been shown that a certain proportion of telomerase-negative 

survivor cells, both of types 1 and Il, is able to survive in the absence of the telomere 

capping protein Cdc13p (Larrivée and Wellinger, 2006). The authors introduced the 

cdc13-1 15 allele on a plasmid into a yeast strain where TLC1 and CDC13 were 

deleted and subjected the transformants to restrictive growth conditions, where 

mutant Cdc13-1 p was no longer able to protect telomeres (Larrivée and Wellinger, 

2006). Sorne of these cells were able to adapt to telomere uncapping, giving rise to 

telomerase- and cap-independent survivors called b.13-1 and b.13-11 (Larrivée and 

Wellinger, 2006). These strains were characterized in some detail and one of their 

newly-discovered features was their striking ability to continuously inactivate the DNA 

damage checkpoints. ln addition, b.13 strains were shown to be sensitive to DNA 

damaging and replication stress-inducing agents, such as MMS and HU respectively 

(Larrivée and Wellinger, 2006). ln b.13 cells exposed to DNA damaging agents, the 

phosphorylation of Rad53p, which is an important hallmark of checkpoint activation 

(Sanchez et al., 1996), is dramatically reduced (Larrivée and Wellinger, 2006). These 

data suggested that the checkpoint response in b.13 cells is abrogated. A similar 

phenomenon, namely cells dividing in the presence of irreparable DNA damage has 

been reported in the literature and is called adaptation (Lee et al., 1998; Toczyski et 

al., 1997). Those cells aise had abolished their DNA damage response, which 

explains their ability to re-enter the cell cycle. Furthermore, certain genes were 
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shown to be required for this adaptation to occur (reviewed in Harrison and Haber, 

2006). 

Severa! important questions remained unanswered in the earlier studies from our 

laboratory (Larrivée and Wellinger, 2006). For example, in the present study 1 have 

attempted to verify whether the molecular mechanisms regulating adaptation to a 

single irreparable DSB do aise regulate adaptation to a loss of telomere capping. To 

address this question, 1 assessed the possibility of generation of b.13 cells in survivor 

strains lacking genes known to be required for adaptation to a single DSB. The 

contre! non-survivor strain showed an accumulation of cells arrested prier to 

anaphase (G2/M arrest) after 6 to 8 heurs of exposure to restrictive temperature 

conditions (30°C). These cells remain arrested in G2/M for at least 2 more heurs. 

After 24 heurs, however, the vast majority of them escape from the G2/M arrest and 

form microcolonies (Figure 21 A). Similar observations were made by Toczyski and 

colleagues (Toczyski et al., 1997). They exposed cdc13-1 15 cells to restrictive 

temperature (32°C) and registered G2/M arrest after 4 heurs with subsequent 

resumption of the cell cycle. ln their experiment, cdc13-1 15 cells were able to form 

microcolonies after 24 heurs of exposure to restrictive temperature (Toczyski et al., 

1997), similar to what 1 observed in my study (Figure 21 A). Yet, cdc13-115 non-

survivor cells exposed for longer time periods to restrictive temperature (24 heurs at 

30°C and 24 heurs at 37°C) are net able to proliferate indefinitely and do net form 

viable colonies. 

These data suggest that after loss of telomere protection in normal cells, the cells 

eventually are able to escape from the G2/M arrest. They appear to adapt to the 

continuous presence of ssDNA, a product of the telomeric 5'-end resection, that is 

aise a major signal for checkpoint activation (Garvik et al., 1995; Zou and Elledge, 

2003). A similar effect was documented for the cells where a single irreparable DSB 
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was artificially introduced (Toczyski et al., 1997). ln bath cases, the cells sense the 

accumulation of ssDNA, activate the checkpoint and initiate G2/M arrest. After a 

certain time (up ta 12- 16 heurs), the cells inactivate the checkpoint, escape from the 

G2/M arrest and resume the cell cycle progression. However, it is important ta 

emphasize that normal (non-survivor) cells harbouring the cdc13-11s allele are net 

capable ta proliferate continuously. At best, such cells undergo about two ta three 

divisions and eventually, they all die. ln exceptionally rare cases, some cdc13-11s 

cells could continue dividing and survive. If the latter happens, the rate of such an 

event is very low. Using fluctuation analyses, 1 determined that value as being as low 

as 1.39 x 10·9 events per cell division in these cells (Figure 22). 

Due ta the significant differences between type 1 and type Il survivors in their reaction 

ta telomere deprotection (Figure 24 and Figure 26) and due ta the fact that 1 could 

obtain following deletion of adaptation related query genes only type Il survivors 

(Figure 20), only type Il survivors were included in the comparative cell cycle 

progression experiment (Figure 21 8). The initial reaction ta restrictive conditions of 

telomerase-negative type Il survivor cells was generally similar as compared ta a 

normal (non-survivor) cdc13-11s strain. Exposure ta restrictive temperature caused a 

marked cell cycle arrest in G2/M. However, as compared ta normal cells, a more 

rapid accumulation of G2/M arrested (dumbbell-shaped) cells was observed in 

survivor cells, peaking 2 heurs earlier (Figure 21 8). Moreover, unlike non-survivor 

cells, the proportion of G2/M arrested cells decreased form -52% at 6 heurs to -33% 

at 8 heurs in type Il survivors after exposing the unbudded G1 cells to restrictive 

conditions (Figure 21 8). This indicates that type Il survivor cells adapt more rapidly 

to the presence of ssDNA at their telomeres as compared ta cdc13-11s non-survivor 

cells. The faster adaptation in type Il survivors was accompanied by a higher number 
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of microcolonies of upto 50-1 OO cells after 24 heurs at restrictive temperature 30°C 

(Figure 21 B). 

Another important difference was revealed after further incubation at 37°C. Unlike 

non-survivor cdc13-115 cells, type Il survivors were able to produce larger 

microcolonies. Nine percent of cells initially arrayed on the plate formed 

microcolonies of more than 1 OO cells (Figure 21 8). Yet, none of the microcolonies 

observed during the experiment developed into a viable colony after prolonged 

incubation at 37°C. However, 1 was able to observe some colonies in the sector on 

the plate where the large mass of the initial survivor cells was placed for 

micromanipulation. The latter indicates that toleration of prolonged telomere 

deprotection tends to happen more frequently in type Il telomerase-negative 

survivors, which maintain their telomeres via homologous recombination dependent 

mechanism, as compared to non-survivor cells that rely on telomerase to elongate 

their telomeres. This conclusion was supported by fluctuation test data (Figure 26 A 

and B). Type Il survivors demonstrated about four magnitude higher rate of 

successful adaptation to telomere uncapping as compared to type 1 survivors (2.88 x 

10-5 for type Il vs 7.99 x 10-9 for type 1). These quantitative results confirm initial 

qualitative observation on substantially higher ability of type Il survivors to tolerate 

telomere deprotection. 

Type Il survivor strains harboring deletions of either T/01 or PTC2, two genes 

independently known to mediate the adaptation to a single DSB, demonstrated a 

similar behaviour at restrictive conditions. After telomere deprotection, both 

adaptation defective survivor cells very rapidly arrested in G2/M (Figure 21 C and D). 

They were not able to progress further in the cell cycle, even after 10 heurs of 
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exposure to 30°C. The behaviour of adaptation deficient type Il survivors to telomere 

deprotection therefore resembled closely that of non-survivor cells suffering an 

irreparable DSB (Lee et al., 2001; Leroy et al., 2003). Almost none of cells arrested in 

G2/M was able to resume the cell cycle after 10 hours of exposure to 30°C. 

Moreover, the vast majority of the arrested cells remained arrested, even after 24 

hours. The latter was true for both adaptation mutant survivor strains (Figure 21 C 

and D). Hence, very few mutant survivor cells were able to accomplish one or two 

cell division cycles and form microcolonies of less than 6 cells (Figure 21 C and D). 

These results show that, in spite of being dependant on recombination for 

maintenance of their telomeres, DSB adaptation defective mutant survivors are not 

able to adapt to the loss of telomeric capping. These cells are notable to overcome 

the G2/M checkpoint-mediated arrest caused by accumulation of ssDNA at telomeres 

and, therefore, fail to adapt. These findings support the hypothesis that the same set 

of proteins controls the adaptation to telomere deprotection and to irreparable DSB. 

As a consequence, only a very small number of cells was able to pass through one or 

two divisions and no viable colonies could be formed. 

A very interesting result was obtained from a similar experiment carried out with a 

type Il survivor strain containing the rfa1-t11 allele. This allele has been reported to 

rescue a tid1 ..1 adaptation defective phenotype in non-survivor cells in which a single 

irreparable DSB is introduced (Lee et al., 1998). The rfa1-t11 allele by itself does not 

have any visible effect on adaptation to damage-induced G2/M arrest (Lee et al., 

1998). Yet, it helps otherwise wild-type cells to overcome the permanent arrest in 

response to two irreparable DSBs (Pellicioli et al., 2001). ln my experiment, the type 

Il survivor cells harbouring the rfa1-t11 mutation demonstrated a more rapid 
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adaptation to telomere deprotection as compared to both non-survivor cdc13-1 15 and 

wt type Il survivor strains (Figure 21 A, B and E). The proportion of dumbbell-shaped 

cells reached its maximum after only 4 heurs at 30°C and 2 heurs later it begun to 

decline progressively (Figure 21 E). This observation conforms with the previous data 

showing that the raf1-t11 allele facilitates adaptation of arrested cells suffering two 

irreparable DSBs (Lee et al., 1998; Pellicioli et al., 2001). 

However, in spite of the very rapid and efficient escape from the G2/M arrest after 

telomere deprotection and relatively good growth of microcolonies (Figure 21 E), the 

raf1-t11 mutant type Il survivors did net yield any viable colonies. 

This result suggests that the raf1-t11 mutant allele plays a positive role by improving 

the chances for G2/M arrested survivor cells to adapt to telomere-uncapping and 

accelerates the re-entry into the subsequent cell cycle. However, under those 

experimental conditions, in spite of an elevated proportion of adapted rfa 1-t11 

survivor cells, this mutation does net yield a corresponding increase in the number of 

live 8.13 colonies. This phenomenon most probably can be explained by 

recombination deficient features of Rfa 1-L45Ep prote in encoded by rfa 1-t11 allele 

(Umezu et al., 1998). Active and efficient homologous recombination seems to be 

required for successful adaptation to prolonged telomere uncapping and possibly a 

recombination-defective mutation rfa1-t11 does net allow the cells to generate viable 

cap-negative survivors. Since the rfa1-t11 itself is defective for producing cap-

independent survivors double mutants tid111 rfa 1-t11 and ptc211 rfa 1-t11 were net 

tested for a suppression phenotype. 

ln order to reveal possible differences in the rate of generation of cap-independent 

survivors for all tested strains, fluctuation analyses were carried out. This analysis 
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confirmed the dramatic difference in the rate of events leading to toleration of 

continuous telomere uncapping between type Il survivors and non-survivor cdc13-1 15, 

the former having a -105 times higher chance to produce viable ô.13 cells and 

colonies. This dramatic difference confirms that the processes allowing the cells to 

maintain their telomeres in a telomerase-independent manner, i.e. by using 

homologous recombination, greatly facilitates the generation of type Il cap-negative 

survivors. However, telomere maintenance via homologous recombination is not a 

sufficient factor to facilitate the generation of survivors type 1 ô.13 cells. The rate of 

ô.13s emergence from type 1 and type Il survivor cultures differed dramatically. Type 

Il survivors generate cap-independent cells at the rate of 2.88 x 10-5 events per cell 

division versus 7.99 x 10-9 events per cell division for type 1 survivors (Figure 26). lt is 

very difficult to explain this significant difference. One possibility, however, could be 

related to a previously reported chromosome circularization in these cells (Larrivée 

and Wellinger, 2006). Presumably, chromosome circularization leads to a significant 

degree of genome instability, thus greatly reducing the fitness and viability of ô.13-1 

ce lis. 

Type Il survivors lacking genes required for adaptation demonstrated very low rate of 

generation of ô.13 cells, the rates being very similar to non-survivor control strains 

(Figure 22). ln both tested adaptation defective mutants, tid111 and ptc211, the vast 

majority of the cells fail to adapt and escape from the G2/M checkpoint arrest. These 

cells quickly die and the pool of cells which potentially could give rise to ô.13 

survivors is not created. 

As compared to normal type Il survivors, the rfa1-t11 mutant survivor strain aise 

showed a much decreased rate of generating cap independent survivors. ln fact, the 

rate is very similar to the one of adaptation defective mutant survivors and non-
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survivor cells: 1.39 x 10-9 (Figure 22). As noted above, the rfa1-t11 allele does net 

have any positive influence on the rate of appearance of L\ 13-11 from these cells. 

Moreover, the results from cell cycle progression experiment and fluctuation test 

analysis suggest that, despite an apparent adaptation ta telomere deprotection, the 

rfa1-t11 allele rather has a negative influence on the L\13-11 generation. The 

underlying mechanisms of this negative raie remain ta be uncovered. 

These data support the idea that adaptation ta DSB and adaptation ta telomere 

uncapping are very similar processes that share regulatory pathways. However, the 

overlap may be limited ta the initial stages of the generation of cap-independent 

survivors. Based on the experiments described above, 1 hypothesize that the 

generation of cap- and telomerase-independent survivors is at least a two-stage 

process. ln the first stage, immediately after telomere deprotection (in this study 

achieved via mutant Cdc13-1 p inactivation), the telomeric 5'-end is resected and 

ssDNA rapidly accumulates. This accumulation of ssDNA at the telomeres evokes a 

G2/M checkpoint activation and the cell cycle is arrested (Garvik et al., 1995). This 

cell cycle arrest was observed in all tested strains irrespective of their genotype or 

the way they maintain their telomeres (Figure 21 ). After several heurs of a G2/M 

arrest and despite the continuous presence of telomeric DNA damage, the black 

causing the cell cycle arrest is abolished and cells re-enter the cell cycle. The 

resumption of the cell cycle is a necessary, but net sufficient, step for generating cap-

independent survivors. For example, telomerase positive non-survivor and rfa 1-t11 

survivor strains are able ta resume cell division but fail ta produce viable colonies 

(Figure 21 and Figure 22). The latter suggests that an additional second step is 

required ta take place in order ta allow the cells ta tolerate constitutive telomere 

uncapping and continue ta divide. The first stage supposedly creates a pool of cells 
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that is insensitive to telomeric ssDNA damage. However, only a small proportion of 

those cells would be able to progress through the second stage and give rise to 

telomerase- and cap-independent survivors. The exact nature of the second stage is 

not entirely clear. Our data showing a low rate of adaptation to telomere uncapping in 

recombination defective mutant rfa1-t11 (Figure 22) suggest that active and highly 

efficient homologous recombination is one, but perhaps not the only, key factor for 

successful generation of cap-independent survivors. 

2.2. IJ.13 Survivors Retain "Memory" For Telomeric Cap 
Loss. 

ln their work, Larrivée and Wellinger, have reported on changes occurring in ô 13 

telomerase- and cap-independent survivors after reintroduction of a wt copy of 

Cdc13p (Larrivée and Wellinger, 2006). The authors noted that the expression of wt 

CDC13 leads to restoration of TRF in type 1 ô 13 survivors and loss of sensitivity to 

DNA damaging agents and replication stress. The latter observation is an indication 

for a reactivation of the ability to indu ce a checkpoint response in ô 13 cells 

expressing wt CDC13 (Larrivée and Wellinger, 2006). 

ln this study 1 addressed the question whether the reestablishment of a functional 

telomeric cap can completely reverse all changes the cells have acquired in the 

process of transition to cap-independent growth. To answer this question 1 

reintroduced the pcdc13-1 plasmid into ô13 cells of both, type 1 and type Il. The 

resulting 82 survivors were grown at permissive temperature 23°C (Figure 23). Next, 

to assay the ability of 82 survivors (both type 1 and type 11) to adapt to telomere 

deprotection, individual unbudded cells were exposed to the restrictive temperature 
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for CDC13-1 (30°C) and their cell cycle progression was monitored. As Cdc13-1p 

was being inactivated at 30°C, the cells had once again te adapt te telomeric capping 

loss. Cell cycle progression of 82 survivors was compared te the one of 81 survivors 

that had never been exposed te restrictive temperature earlier. Aise, A 1 1113 strains 

were included in the experiment as a contrai. 

Type 1 and type Il 82 survivors behave similarly after exposure te restrictive 

temperature. This similarity is manifested by a pronounced G2/M checkpoint 

response te telomere deprotection followed by adaptation and cell cycle re-entry 

(Figure 24 A). However, a considerable increase in the proliferative capacity of 82 

type 1 survivors after adaptation te telomere deprotection distinguishes them from 

their 81 ancestors. Comparing the size of the microcolonies developed after 24 

heurs, it is easy te note the growth advantage of 82 survivors over 81 survivors. 82 

always formed microcolonies of much bigger size than those of 81 survivors (Figure 

24 A) and subsequent incubation at 37°C resulted in even larger colonies for 82 

survivors, something that 1 never observed for 81 (Figure 24 A). This result clearly 

indicates that in type 1 82 survivors, the capacity te tolerate repetitive and continuous 

telomere uncapping has been significantly improved as compared te type 1 81 

survivors that had never experienced a loss of capping. 

The A 1 1113-1 contrai strain showed very complex cell cycle progression pattern 

which is difficult te interpret (Figure 24 A). 1 speculate that the significant proportion of 

1113-1 cells arrested in either G1 (62%) or in G2/M (17%) could be attributed te the 

presence in these cells of complex genomic rearrangements and ongoing genome 

instability, such as chromosome circularization (Larrivée and Wellinger, 2006). This 

type of genome rearrangement could reduce the potential for regrowth of the majority 
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of h.13-1 cells. However, a small proportion of A 1 h.13-1 cells manages to escape both 

G1 and G2/M arrests and they are able to form microcolonies, which subsequently 

develop into viable colonies (Figure 24 A and Figure 25). 

ln type Il survivors, the difference between 81 and 82 is more dramatic. The cell 

cycle progression pattern of type 11 82 survivors does not display any distinguishable 

marks of a G2/M checkpoint response activation. 1 was unable to register any 

significant accumulation of dumbbell-shaped (G2/M) cells within the first 10 heurs of 

exposure to 30°C (Figure 24 B). The observed cell cycle progression pattern of 82 

survivors is very similar to the one of a h.13-11 strain, known to have an abrogated 

G2/M checkpoint (Larrivée and Wellinger, 2006), exposed to the same conditions 

(Figure 24 8). Considering the previously published (Larrivée and Wellinger, 2006) 

and my own data (Figure 27) showing that 82 survivors restore their G2/M 

checkpoint, this result demonstrates that in type Il 82 survivors, the adaptation to 

telomeric DNA damage progresses significantly faster as compared to 81 type Il 

survivors. 8imilarly to 82 type 1 cells, 82 survivors of type Il proliferate much better 

under restrictive growth conditions as compared to 81 type Il survivors. Moreover, in 

type Il cells, this difference is even more pronounced than in type 1. After 24h heurs 

at 30°C, -37% of type Il cells were able to form colonies with more than 1 OO cells 

(Figure 24 B). After another 24 heurs exposure to 37°C, the proportion of 

microcolonies of 100 cells and above increased to 52% (Figure 24 B). These results 

support the idea that 82 survivor cells retain some of the properties of their h.13 

predecessors from the time before re-introduction of Cdc13p. The presence of some 

sort of "memory" in 82 survivors allows them to tolerate better the continuous 

telomere uncapping as compared to 81 survivors that have never been exposed to 

telomere deprotecting conditions. The results presented in Figure 25 lend additional 
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support to the notion that S2 telomerase negative survivors generate viable colonies 

of cap-independent cells much more readily than classical S1 survivors. S2 survivors 

were able to form 9 (type 1) and 26 (type Il) colonies out of 64 cells initially arrayed on 

the plate, while their S1 ancestors never formed any viable colonies (Figure 25 A and 

B). 

The abovementioned findings showing improved fitness and growth of S2 survivor 

cells at restrictive conditions were confirmed by quantitative fluctuation analysis 

carried out with the same strains (Figure 26). For this assay, two pools of cells were 

used. First, cells were grown for approximately 50 generations after transformation of 

.l\13 strain with pcdc13-1 15 plasmid (50G); and second, the same strains following 

outgrowth for approximately 220 generations (220G). Surprisingly, 1 did not observe 

any major change in the rate of A2 L\ 13s generation in the cells grown for 220 

generations after telomeric cap restoration as compared to their younger generation 

(50G) counterparts. There is a slight reduction of the rate of A2 L\ 13s formation for 

advanced generation (220G) cells as compared to 50G cells. The latter is true for 

both survivor types (Figure 26 A and B). This slight reduction might indicate a graduai 

but very slow loss of the "memory" effect in S2 survivors in the course of generations. 

ln order to characterise further the S2 survivors and their A2 .l\13 progeny, 1 

assessed their HU sensitivity as described by Larrivée and Wellinger (Larrivée and 

Wellinger, 2006). ln this experiment, 1 also included A2 L\ 13 telomerase- and 

capping-independent survivor strains derived form S2 survivors of the respective type 

(Figure 27). The results of this assay confirmed the previously observed reversai of 

HU-sensitivity phenotype in A 1 L\ 13 cells. After the reintroduction of functional 

Cdc13p, S2 survivors became resistant to HU-induced replication stress, suggesting 
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reactivation of cell cycle checkpoint response (Figure 27). The regained checkpoint 

response and resistance ta HU is entirely dependent on Cdc13p expression in the 

cells because after eviction of the pcdc13-1 plasmid, the HU sensitivity becomes 

once again apparent in A2 1113 cells. The restored checkpoint response in 82 

survivors would have ta be shut-off in these cells again in order for A2 1113s ta arise. 

Based on the above data 1 speculate that the observed improvement in 82 survivors 

fitness at restrictive growth conditions could be explained by some sort of irreversible 

(or very slowly reversible) modifications acquired by the cells after the loss of 

Cdc13p. lt appears that 82 survivor cells are able ta retain ta a certain extent these 

modifications even after telomeric capping has been re-established via reintroduction 

of Cdc13p. One way ta test this hypothesis would be ta cross A 1 1113 cells with wt 

cells, regenerate de nova 81 survivor cells (CDC13 deletion must be complemented 

with pcdc13-1) and repeat the assays described above. If there is no significant 

difference in the rate of 1113s generation between "81 survivors" and "de nova 81 

survivor'', this experiment would indicate that there are no permanent or genetic 

changes in 1113 cells. Another explanation for the discovered "memory phenomenon" 

takes into account possible structural rearrangements at terminal telomeric 

sequences acquired by A 1 1113 cells of both types. If such structural rearrangements 

take place, they may subsequently be retained irrespective of whether a telomeric 

cap is present or not. A comparative analysis of chromosome terminal sequences in 

both 81 survivors and A 1 1113 strains potentially may allow one ta decipher this 

complex phenomenon in future. 

ln summary, my work demonstrated that the same subset of genes regulating 

adaptation to 088 is also required for adaptation to uncapped telomeres in t/c1fJ. 
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survivors in yeast Saccharomyces cerevisiae. 1 also discovered that if yeast cells had 

once experienced a telomere cap-independent state, they will re-produce capping 

negative survivors much more readily. ln our laboratory we are currently examining 

this "memory" phenomenon and expect to reveal structural differences in telomere 

sequence arrangements. 

114 



ACKNOWLEDGEMENTS 

1 would like to thank my superviser Dr. Raymund Welliger for accepting me to study 

and work in his laboratory. 1 would also like to express my great appreciation for all 

his help and guidance with my research. lt was a great pleasure to work in his 

laboratory over the past years. 

1 must also express my immense gratitude to Dr. Momchil Vodenicharov who 

generously shared his knowledge of molecular biology with me and who gave me 

many precious advises during day-to-day laboratory life. Thank you Momchil for all 

the scientific (and not-so-much-scientific) discussions we had and for being a very 

good friend of mine. 

1 would also like to thank all the members of the lab bath past and present for being 

friendly and supportive over the years that 1 was in the lab. 

Finally, 1 thank Dr. Raymund Wellinger, Dr. Kerri Kobryn and Dr. Simon Labbé for 

having accepted to review my thesis. Their comments and critics were greatly 

appreciated. 

115 



REFERENCES 

Abraham, R. T. (2001). Cell cycle checkpoint signaling through the ATM and ATR 
kinases. Genes & Development 15, 2177-2196. 

Alexander, M. K., and Zakian, V. A. (2003). Rap1 p telomere association is not 
required for mitotic stability of a C(3)TA(2) telomere in yeast. EMBO Journal 22, 
1688-1696. 

Anderson, E. M., Halsey, W. A., and Wuttke, D. S. (2002). Delineation of the high-
affinity single-stranded telomeric DNA-binding demain of Saccharomyces cerevisiae 
Cdc13. Nucleic Acids Research 30, 4305-4313. 

Aparicio, O. M., Billington, B. L., and Gottschling, D. E. (1991). Modifiers of position 
effect are shared between telomeric and silent mating-type loci in S. cerevisiae. Cell 
66, 1279-1287. 

Arneric, M., and Lingner, J. (2007). Tel1 kinase and subtelomere-bound Tbf1 mediate 
preferential elongation of short telomeres by telomerase in yeast. EMBO Reports 8, 
1080-1085. 

Baumann, P., and Cech, T. R. (2001). Pot1, the putative telomere end-binding 
protein in fission yeast and humans.[see comment][erratum appears in Science 2001 
Jul 13;293(5528):214]. Science 292, 1171-1175. 

Baumann, P., Podell, E., and Cech, T. R. (2002). Human Pot1 (protection of 
telomeres) protein: cytolocalization, gene structure, and alternative splicing. 
Molecular & Cellular Biology 22, 8079-8087. 

Bernards, A., Michels, P. A., Lincke, C. R., and Barst, P. (1983). Growth of 
chromosome ends in multiplying trypanosomes. Nature 303, 592-597. 

Biessmann, H., and Masan, J. M. (1988). Progressive loss of DNA sequences from 
terminal chromosome deficiencies in Drosophila melanogaster. EMBO Journal 7, 
1081-1086. 

Biessmann, H., and Masan, J. M. (1992). Genetics and molecular biology of 
telomeres. Advances in Genetics 30, 185-249. 

116 



Biessmann, H., and Masan, J. M. (1997). Telomere maintenance without telomerase. 
Chromosoma 106, 63-69. 

Blackburn, E. H. (1992). Telomerases. Annual Review of Biochemistry 61, 113-129. 

Blackburn, E. H., and Challoner, P. B. (1984). Identification of a telomeric DNA 
sequence in Trypanosoma brucei. Cell 36, 447-457. 

Blackburn, E. H., and Gall, J. G. (1978). A tandemly repeated sequence at the termini 
of the extrachromosomal ribosomal RNA genes in Tetrahymena. Journal of Molecular 
Biology 120, 33-53. 

Blier, P. R., Griffith, A. J., Craft, J., and Hardin, J. A. (1993). Binding of Ku protein to 
DNA. Measurement of affinity for ends and demonstration of binding to nicks. Journal 
of Biological Chemistry 268, 7594-7601. 

Boeke, J. D., LaCroute, F., and Fink, G. R. (1984). A positive selection for mutants 
lacking orotidine-5'-phosphate decarboxylase activity in yeast: 5-fluoro-orotic acid 
resistance. Molecular & General Genetics 197, 345-346. 

Boeke, J. D., Trueheart, J., Natsoulis, G., and Fink, G. R. (1987). 5-Fluoroorotic acid 
as a selective agent in yeast molecular genetics. Methods in Enzymology 154, 164-
175. 

Boulton, S. J., and Jackson, S. P. (1996). Identification of a Saccharomyces 
cerevisiae Ku80 homologue: raies in DNA double strand break rejoining and in 
telomeric maintenance. Nucleic Acids Research 24, 4639-4648. 

Boums, B. D., Alexander, M. K., Smith, A. M., and Zakian, V. A. (1998). Sir proteins, 
Rif proteins, and Cdc13p bind Saccharomyces telomeres in vivo. Molecular & 
Cellular Biology 18, 5600-5608. 

Brachmann, C. B., Davies, A., Cast, G. J., Caputo, E., Li, J., Hieter, P., and Boeke, J. 
D. (1998). Designer deletion strains derived from Saccharomyces cerevisiae S288C: 
a useful set of strains and plasmids for PCR-mediated gene disruption and other 
applications. Yeast 14, 115-132. 

Brand, A. H., Micklem, G., and Nasmyth, K. (1987). A yeast silencer contains 
sequences that can promote autonomous plasmid replication and transcriptional 
activation. Cell 51, 709-719. 

117 



Brill, S. J., and Stillman, B. (1991). Replication factor-A from Saccharomyces 
cerevisiae is encoded by three essential genes coordinately expressed at S phase. 
Genes & Development 5, 1589-1600. 

Bryan, T. M., Englezou, A., Gupta, J., Bacchetti, S., and Reddel, R. R. (1995). 
Telomere elongation in immortal human cells without detectable telomerase activity. 
EMBO Journal 14, 4240-4248. 

Bryan, T. M., Marusic, L., Bacchetti, S., Namba, M., and Reddel, R. R. (1997). The 
telomere lengthening mechanism in telomerase-negative immortal human cells does 
not involve the telomerase RNA subunit. Human Molecular Genetics 6, 921-926. 

Cangiano, G., and La Volpe, A. (1993). Repetitive DNA sequences located in the 
terminal portion of the Caenorhabditis elegans chromosomes. Nucleic Acids 
Research 21, 1133-1139. 

Celli, G. B., Denchi, E. L., and de Lange, T. (2006). Ku70 stimulates fusion of 
dysfunctional telomeres yet protects chromosome ends from homologous 
recombination. Nature Cell Biology 8, 885-890. 

Cesare, A. J., and Griffith, J. D. (2004). Telomeric DNA in ALT cells is characterized 
by free telomeric circles and heterogeneous t-loops. Mol Cell Biol 24, 9948-9957. 

Chai, W., Du, Q., Shay, J. W., and Wright, W. E. (2006). Human telomeres have 
different overhang sizes at leading versus lagging strands. Mol Cell 21, 427-435. 

Chakhparonian, M., and Wellinger, R. J. (2003). Telomere maintenance and DNA 
replication: how closely are these two connected? Trends Genet 19, 439-446. 

Chan, C. S., and Tye, B. K. (1983a). A family of Saccharomyces cerevisiae repetitive 
autonomously replicating sequences that have very similar genomic environments. 
Journal of Molecular Biology 168, 505-523. 

Chan, C. S., and Tye, B. K. (1983b). Organization of DNA sequences and replication 
origins at yeast telomeres. Cell 33, 563-573. 

Chandra, A., Hughes, T. R., Nugent, C. 1., and Lundblad, V. (2001). Cdc13 both 
positively and negatively regulates telomere replication. Genes & Development 15, 
404-414. 

118 



Chen, Q., ljpma, A., and Greider, C. W. (2001). Two survivor pathways that allow 
growth in the absence of telomerase are generated by distinct telomere 
recombination events. Molecular & Cellular Biology 21, 1819-1827. 

Cheng, L., van Steensel, B., Broccoli, D., Erdjument-Bromage, H., Hanish, J., 
Tempst, P., and de Lange, T. (1995). A human telomeric protein. Science 270, 1663-
1667. 

Cimino-Reale, G., Pascale, E., Battiloro, E., Starace, G., Verna, R., and D'Ambrosio, 
E. (2001). The length of telomeric G-rich strand 3'-overhang measured by 
oligonucleotide ligation assay. Nucleic Acids Research 29, E35. 

Clerici, M., Mantiero, D., Lucchini, G., and Longhese, M. P. (2006). The 
Saccharomyces cerevisiae Sae2 protein negatively regulates DNA damage 
checkpoint signalling. EMBO Reports 7, 212-218. 

Clerici, M., Paciotti, V., Baldo, V., Romano, M., Lucchini, G., and Longhese, M. P. 
(2001 ). Hyperactivation of the yeast DNA damage checkpoint by TEL 1 and DDC2 
overexpression. EMBO Journal 20, 6485-6498. 

Cohen, H., and Sinclair, D. A. (2001). Recombination-mediated lengthening of 
terminal telomeric repeats requires the Sgs1 DNA helicase. Proceedings of the 
National Academy of Sciences of the United States of America 98, 317 4-3179. 

Cohn, M., and Blackburn, E. H. (1995). Telomerase in yeast. Science 269, 396-400. 

Conrad, M. N., Wright, J. H., Wolf, A. J., and Zakian, V. A. (1990). RAP1 protein 
interacts with yeast telomeres in vivo: overproduction alters telomere structure and 
decreases chromosome stability. Cell 63, 739-750. 

Cooper, J. P., Nimmo, E. R., Allshire, R. C., and Cech, T. R. (1997). Regulation of 
telomere length and function by a Myb-domain protein in fission yeast.[see 
comment]. Nature 385, 744-747. 

Counter, C. M., Avilion, A. A., LeFeuvre, C. E., Stewart, N. G., Greider, C. W., Harley, 
C. B., and Bacchetti, S. (1992). Telomere shortening associated with chromosome 
instability is arrested in immortal cells which express telomerase activity. EMBO 
Journal 11, 1921-1929. 

Counter, C. M., Meyerson, M., Eaton, E. N., and Weinberg, R. A. (1997). The 
catalytic subunit of yeast telomerase. Proceedings of the National Academy of 
Sciences of the United States of America 94, 9202-9207. 

119 



Curran, B. P., and Bugeja, V. (2006). Basic investigations in Saccharomyces 
cerevisiae. Methods in Molecular Biology 313, 1-13. 

d'Adda di Fagagna, F., Hande, M. P., Tong, W. M., Roth, D., Lansdorp, P. M., Wang, 
Z. Q., and Jackson, S. P. (2001). Effects of DNA nonhomologous end-joining factors 
on telomere length and chromosomal stability in mammalian cells. Current Biology 
11, 1192-1196. 

de Bruin, D., Zaman, Z., Liberatore, R. A., and Ptashne, M. (2001). Telomere looping 
permits gene activation by a downstream UAS in yeast. Nature 409, 109-113. 

de la Torre-Ruiz, M. A., Green, C. M., and Lowndes, N. F. (1998). RAD9 and RAD24 
define two additive, interacting branches of the DNA damage checkpoint pathway in 
budding yeast normally required for Rad53 modification and activation. EMBO 
Journal 17, 2687-2698. 

de Lange, T. (2004). T-loops and the origin of telomeres.[erratum appears in Nat Rev 
Mol Cell Biol. 2004 Jun;5(6):492]. Nature Reviews Molecular Cell Biology 5, 323-329. 

Dionne, 1., and Wellinger, R. J. (1996). Cell cycle-regulated generation of single-
stranded G-rich DNA in the absence of telomerase. Proceedings of the National 
Academy of Sciences of the United States of America 93, 13902-13907. 

Downs, J. A., and Jackson, S. P. (2004). A means to a DNA end: the many roles of 
Ku. Nature Reviews Molecular Cell Biology 5, 367-378. 

Dunham, M. A., Neumann, A. A., Fasching, C. L., and Reddel, R. R. (2000). 
Telomere maintenance by recombination in human cells.[see comment]. Nature 
Genetics 26, 447-450. 

Dunn, B., Szauter, P., Pardue, M. L., and Szostak, J. W. (1984). Transfer of yeast 
telomeres to linear plasmids by recombination. Cell 39, 191-201. 

Durocher, D., and Jackson, S. P. (2001). DNA-PK, ATM and ATR as sensors of DNA 
damage: variations on a theme? Current Opinion in Cell Biology 13, 225-231. 

Durocher, D., Taylor, 1. A., Sarbassova, D., Haire, L. F., Westcott, S. L., Jackson, S. 
P., Smerdon, S. J., and Yaffe, M. B. (2000). The molecular basis of FHA 
domain:phosphopeptide binding specificity and implications for phospho-dependent 
signaling mechanisms. Molecular Cell 6, 1169-1182. 

120 



Dynan, W. S., and Yoo, S. (1998). Interaction of Ku protein and DNA-dependent 
protein kinase catalytic subunit with nucleic acids. Nucleic Acids Research 26, 1551-
1559. 

Espejel, S., Franco, S., Rodriguez-Perales, S., Souffler, S. O., Cigudosa, J. C., and 
Blasco, M. A. (2002). Mammalian Ku86 mediates chromosomal fusions and 
apoptosis caused by critically short telomeres. EMBO Journal 21, 2207-2219. 

Evans, S. K., and Lundblad, V. (1999). Est1 and Cdc13 as comediators of 
telomerase access. Science 286, 117-120. 

Evans, S. K., and Lundblad, V. (2002). The Est1 subunit of Saccharomyces 
cerevisiae telomerase makes multiple contributions to telomere length maintenance. 
Genetics 162, 1101-1115. 

Featherstone, C., and Jackson, S. P. (1999). Ku, a DNA repair protein with multiple 
cellular functions? Mutation Research 434, 3-15. 

Feinberg, A. P., and Vogelstein, B. (1984). "A technique for radiolabeling DNA 
restriction endonuclease fragments to high specific activity". Addendum. Analytical 
Biochemistry 137, 266-267. 

Feldmann, H., and Winnacker, E. L. (1993). A putative homologue of the human 
autoantigen Ku from Saccharomyces cerevisiae. Journal of Biological Chemistry 268, 
12895-12900. 

Feng, J., Funk, W. O., Wang, S. S., Weinrich, S. L., Avilion, A. A., Chiu, C. P., 
Adams, R. R., Chang, E., Allsopp, R. C., and Yu, J. (1995). The RNA component of 
human telomerase. Science 269, 1236-1241. 

Fisher, T. S., Taggart, A. K., and Zakian, V. A. (2004). Cell cycle-dependent 
regulation of yeast telomerase by Ku. Nature Structural & Molecular Biology 11, 
1198-1205. 

Formosa, T., and Alberts, B. M. (1986). DNA synthesis dependent on genetic 
recombination: characterization of a reaction catalyzed by purified bacteriophage T4 
proteins. Cell 47, 793-806. 

Frank, C. J., Hyde, M., and Greider, C. W. (2006). Regulation of telomere elongation 
by the cyclin-dependent kinase CDK1. Mol Cell 24, 423-432. 

121 



Fukushima, T., Takata, M., Morrison, C., Araki, R., Fujimori, A., Abe, M., Tatsumi, K., 
Jasin, M., Dhar, P. K., Sonoda, E., et al. (2001). Genetie analysis of the DNA-
dependent protein kinase reveals an inhibitory raie of Ku in late S-G2 phase DNA 
double-strand break repair. Journal of Biological Chemistry 276, 44413-44418. 

Galgoczy, D. J., and Toczyski, D. P. (2001). Checkpoint adaptation precedes 
spontaneous and damage-induced genomic instability in yeast. Molecular & Cellular 
Biology 21, 1710-1718. 

Gao, H., Cervantes, R. B., Mandell, E. K., Otera, J. H., and Lundblad, V. (2007). 
RPA-like proteins mediate yeast telomere function.[see comment]. Nature Structural 
& Molecular Biology 14, 208-214. 

Garvik, B., Carson, M., and Hartwell, L. (1995). Single-stranded DNA arising at 
telomeres in cdc13 mutants may constitute a specific signal for the RAD9 checkpoint. 
Mol Cell Biol 15, 6128-6138. 

Gietz, R. D., and Woods, R. A. (2002). Transformation of yeast by lithium 
acetate/single-stranded carrier DNA/polyethylene glycol method. Methods in 
Enzymology 350, 87-96. 

Gilbert, C. S., Green, C. M., and Lowndes, N. F. (2001). Budding yeast Rad9 is an 
ATP-dependent Rad53 activating machine. Molecular Cell 8, 129-136. 

Gilson, E., Roberge, M., Giralda, R., Rhodes, D., and Gasser, S. M. (1993). 
Distortion of the DNA double helix by RAP1 at silencers and multiple telomeric 
binding sites. Journal of Molecular Biology 231, 293-310. 

Gotta, M., Laroche, T., Formenton, A., Maillet, L., Scherthan, H., and Gasser, S. M. 
(1996). The clustering of telomeres and colocalization with Rap1, Sir3, and Sir4 
proteins in wild-type Saccharomyces cerevisiae. Journal of Cell Biology 134, 1349-
1363. 

Gottschling, D. E., Aparicio, O. M., Billington, B. L., and Zakian, V. A. (1990). Position 
effect at S. cerevisiae telomeres: reversible repression of Pol Il transcription. Cell 63, 
751-762. 

Gottschling, D. E., and Cech, T. R. (1984). Chromatin structure of the molecular ends 
of Oxytricha macronuclear DNA: phased nucleosomes and a telomeric complex. Cell 
38, 501-510. 

122 



Gottschling, D. E., and Zakian, V. A. (1986). Telomere proteins: specific recognition 
and protection of the natural termini of Oxytricha macronuclear DNA. Cell 47, 195-
205. 

Grandin, N., Damon, C., and Charbonneau, M. (2000). Cdc13 cooperates with the 
yeast Ku proteins and Stn1 to regulate telomerase recruitment. Molecular & Cellular 
Biology 20, 8397-8408. 

Grandin, N., Damon, C., and Charbonneau, M. (2001a). Cdc13 prevents telomere 
uncapping and Rad50-dependent homologous recombination. EMBO Journal 20, 
6127-6139. 

Grandin, N., Damon, C., and Charbonneau, M. (2001 b). Ten1 functions in telomere 
end protection and length regulation in association with Stn1 and Cdc13. EMBO 
Journal 20, 1173-1183. 

Grandin, N., Reed, S. 1., and Charbonneau, M. (1997). Stn1, a new Saccharomyces 
cerevisiae protein, is implicated in telomere size regulation in association with Cdc13. 
Genes & Development 11, 512-527. 

Gravel, S., Larrivée, M., Labrecque, P., and Wellinger, R. J. (1998). Yeast Ku as a 
regulator of chromosomal DNA end structure. Science 280, 741-744. 

Gravel, S., and Wellinger, R. J. (2002). Maintenance of double-stranded telomeric 
repeats as the critical determinant for cell viability in yeast cells lacking Ku. Molecular 
& Cellular Biology 22, 2182-2193. 

Greider, C. W., and Blackburn, E. H. (1985). Identification of a specific telomere 
terminal transferase activity in Tetrahymena extracts.[see comment]. Cell 43, 405-
413. 

Griffith, J. D., Corneau, L., Rosenfield, S., Stansel, R. M., Bianchi, A., Moss, H., and 
de Lange, T. (1999). Mammalian telomeres end in a large duplex loop. Cell 97, 503-
514. 

Griffiths, D. J., Barbet, N. C., McCready, S., Lehmann, A. R., and Carr, A. M. (1995). 
Fission yeast rad17: a homologue of budding yeast RAD24 that shares regions of 
sequence similarity with DNA polymerase accessory proteins. EMBO Journal 14, 
5812-5823. 

Hackett, J. A., Feldser, D. M., and Greider, C. W. (2001). Telomere dysfunction 
increases mutation rate and genomic instability. Cell 106, 275-286. 

123 



Hardy, C. F., Sussel, L., and Shore, D. (1992). A RAP1-interacting protein involved in 
transcriptional silencing and telomere length regulation. Genes & Development 6, 
801-814. 

Harrington, L., McPhail, T., Mar, V., Zhou, W., Oulton, R., Bass, M. B., Arruda, 1., and 
Robinson, M. O. (1997a). A mammalian telomerase-associated protein.[see 
comment]. Science 275, 973-977. 

Harrington, L., Zhou, W., McPhail, T., Oulton, R., Yeung, D. S., Mar, V., Bass, M. B., 
and Robinson, M. O. (1997b). Human telomerase contains evolutionarily conserved 
catalytic and structural subunits. Genes & Development 11, 3109-3115. 

Harrison, J. C., and Haber, J. E. (2006). Surviving the breakup: the DNA damage 
checkpoint. Annual Review of Genetics 40, 209-235. 

Hector, R. E., Shtofman, R. L., Ray, A., Chen, B. R., Nyun, T., Berkner, K. L., and 
Runge, K. W. (2007). Tel1 p preferentially associates with short telomeres to stimulate 
their elongation. Molecular Cell 27, 851-858. 

Hediger, F., Neumann, F. R., Van Houwe, G., Dubrana, K., and Gasser, S. M. 
(2002). Live imaging of telomeres: yKu and Sir proteins define redundant telomere-
anchoring pathways in yeast. Current Biology 12, 2076-2089. 

Henderson, E. R., and Blackburn, E. H. (1989). An overhanging 3' terminus is a 
conserved feature of telomeres. Molecular & Cellular Biology 9, 345-348. 

Henson, J. D., Neumann, A. A., Yeager, T. R., and Reddel, R. R. (2002). Alternative 
lengthening of telomeres in mammalian cells. Oncogene 21, 598-61 O. 

Higashiyama, T., Noutoshi, Y., Fujie, M., and Yamada, T. (1997). Zepp, a LINE-like 
retrotransposon accumulated in the Chlorella telomeric region. EMBO Journal 16, 
3715-3723. 

Hockemeyer, D., Daniels, J. P., Takai, H., and de Lange, T. (2006). Recent 
expansion of the telomeric complex in redents: Two distinct POT1 proteins protect 
mouse telomeres.[see comment]. Cell 126, 63-77. 

Horowitz, H., and Haber, J. E. (1985). Identification of autonomously replicating 
circular subtelomeric Y' elements in Saccharomyces cerevisiae. Molecular & Cellular 
Biology 5, 2369-2380. 

124 



Hsu, H. L., Gilley, D., Galande, S. A., Hande, M. P., Allen, B., Kim, S. H., Li, G. C., 
Campisi, J., Kohwi-Shigematsu, T., and Chen, D. J. (2000). Ku acts in a unique way 
at the mammalian telomere ta prevent end joining. Genes & Development 14, 2807-
2812. 

Huang, P., Pryde, F. E., Lester, D., Maddison, R L., Borts, R H., Hickson, 1. D., and 
Louis, E. J. (2001 ). SGS1 is required for telomere elongation in the absence of 
telomerase. Current Biology 11, 125-129. 

Huberman, J. A., Spotila, L. D., Nawotka, K. A., el-Assouli, S. M., and Davis, L. R 
(1987). The in vivo replication origin of the yeast 2 microns plasmid. Cell 51, 473-481. 

Hughes, T. R, Evans, S. K., Weilbaecher, R G., and Lundblad, V. (2000a). The Est3 
protein is a subunit of yeast telomerase. Current Biology 10, 809-812. 

Hughes, T. R, Weilbaecher, R G., Walterscheid, M., and Lundblad, V. (2000b). 
Identification of the single-strand telomeric DNA binding demain of the 
Saccharomyces cerevisiae Cdc13 protein. Proceedings of the National Academy of 
Sciences of the United States of America 97, 6457-6462. 

Jacob, N. K., Skopp, R, and Price, C. M. (2001). G-overhang dynamics at 
Tetrahymena telomeres. EMBO Journal 20, 4299-4308. 

Jones, J. M., Gellert, M., and Yang, W. (2001). A Ku bridge over broken DNA. 
Structure 9, 881-884. 

Kaye, J. A., Melo, J. A., Cheung, S. K., Vaze, M. B., Haber, J. E., and Toczyski, D. P. 
(2004). DNA breaks promote genomic instability by impeding proper chromosome 
segregation.[see comment]. Current Biology 14, 2096-2106. 

Kelleher, C., Teixeira, M. T., Forstemann, K., and Lingner, J. (2002). Telomerase: 
biochemical considerations for enzyme and substrate. Trends in Biochemical 
Sciences 27, 572-579. 

Kim, N. W., Piatyszek, M. A., Prowse, K. R, Harley, C. B., West, M. D., Ho, P. L., 
Coviello, G. M., Wright, W. E., Weinrich, S. L., and Shay, J. W. (1994). Specific 
association of human telomerase activity with immortal cells and cancer.[see 
comment]. Science 266, 2011-2015. 

Kipling, D., and Cooke, H. J. (1990). Hypervariable ultra-long telomeres in mice. 
Nature 347, 400-402. 

125 



Klobutcher, L. A., Swanton, M. T., Donini, P., and Prescott, D. M. (1981). Ali gene-
sized DNA molecules in four species of hypotrichs have the same terminal sequence 
and an unusual 3' terminus. Proceedings of the National Academy of Sciences of the 
United States of America 78, 3015-3019. 

Kendo, T., Wakayama, T., Naiki, T., Matsumoto, K., and Sugimoto, K. (2001). 
Recruitment of Mec1 and Ddc1 checkpoint proteins to double-strand breaks through 
distinct mechanisms. Science 294, 867-870. 

Konig, P., Giraldo, R., Chapman, L., and Rhodes, D. (1996). The crystal structure of 
the DNA-binding demain of yeast RAP1 in complex with telomeric DNA. Cell 85, 125-
136. 

Kowalski, D., Kroeker, W. D., and Laskowski, M., Sr. (1976). Mung bean nuclease 1. 
Physical, chemical, and catalytic properties. Biochemistry 15, 4457-4463. 

Kraus, E., Leung, W. Y., and Haber, J. E. (2001). Break-induced replication: a review 
and an example in budding yeast. Proceedings of the National Academy of Sciences 
of the United States of America 98, 8255-8262. 

Kyrion, G., Boakye, K. A., and Lustig, A. J. (1992). C-terminal truncation of RAP1 
results in the deregulation of telomere size, stability, and function in Saccharomyces 
cerevisiae. Molecular & Cellular Biology 12, 5159-5173. 

Lange, T. d. (2001 ). CELL BIOLOGY: Enhanced: Telomere Capping--One Strand 
Fits Ali. Science 292, 1075-1076. 

Laroche, T., Martin, S. G., Gotta, M., Gorham, H. C., Pryde, F. E., Louis, E. J., and 
Gasser, S. M. (1998). Mutation of yeast Ku genes disrupts the subnuclear 
organization of telomeres. Current Biology 8, 653-656. 

Larrivée, M., LeBel, C., and Wellinger, R. J. (2004). The generation of proper 
constitutive G-tails on yeast telomeres is dependent on the MRX complex. Genes 
Dev 18, 1391-1396. 

Larrivée, M., and Wellinger, R. J. (2006). Telomerase- and capping-independent 
yeast survivors with alternate telomere states. Nat Cell Biol 8, 741-747. 

Le, S., Moore, J. K., Haber, J. E., and Greider, C. W. (1999). RAD50 and RAD51 
define two pathways that collaborate to maintain telomeres in the absence of 
telomerase. Genetics 152, 143-152. 

126 



Lee, S. E., Moore, J. K., Holmes, A., Umezu, K., Kolodner, R. D., and Haber, J. E. 
(1998). Saccharomyces Ku70, mre11/rad50 and RPA proteins regulate adaptation ta 
G2/M arrest after DNA damage. Cell 94, 399-409. 

Lee, S. E., Pellicioli, A., Malkova, A., Foiani, M., and Haber, J. E. (2001). The 
Saccharomyces recombination protein Tid1 p is required for adaptation from G2/M 
arrest induced by a double-strand break. Current Biology 11, 1053-1057. 

Lee, S. E., Pellicioli, A., Vaze, M. B., Sugawara, N., Malkova, A., Foiani, M., and 
Haber, J. E. (2003). Yeast Rad52 and Rad51 recombination proteins define a second 
pathway of DNA damage assessment in response ta a single double-strand break. 
Molecular & Cellular Biology 23, 8913-8923. 

Lejnine, S., Makarov, V. L., and Langmore, J. P. (1995). Conserved nucleoprotein 
structure at the ends of vertebrate and invertebrate chromosomes. Proceedings of 
the National Academy of Sciences of the United States of America 92, 2393-2397. 

Lendvay, T. S., Morris, D. K., Sah, J., Balasubramanian, B., and Lundblad, V. (1996). 
Senescence mutants of Saccharomyces cerevisiae with a defect in telomere 
replication identify three additional EST genes. Genetics 144, 1399-1412. 

Leroy, C., Lee, S. E., Vaze, M. B., Ochsenbien, F., Guerois, R., Haber, J. E., and 
Marsolier-Kergoat, M. C. (2003). PP2C phosphatases Ptc2 and Ptc3 are required for 
DNA checkpoint inactivation after a double-strand break.[erratum appears in Mol 
Cell. 2003Apr;11(40):1119]. Molecular Cell 11, 827-835. 

Levy, D. L., and Blackburn, E. H. (2004). Counting of Rif1 p and Rif2p on 
Saccharomyces cerevisiae telomeres regulates telomere length. Molecular & Cellular 
Biology 24, 10857-10867. 

Li, B., Oestreich, S., and de Lange, T. (2000). Identification of human Rap1: 
implications for telomere evolution. Cell 101, 471-483. 

Lin, J. J., and Zakian, V. A. (1995). An in vitro assay for Saccharomyces telomerase 
requires EST1. Cell 81, 1127-1135. 

Lin, J. J., and Zakian, V. A. (1996). The Saccharomyces CDC13 protein is a single-
strand TG1-3 telomeric DNA-binding protein in vitro that affects telomere behavior in 
vivo. Proceedings of the National Academy of Sciences of the United States of 
America 93, 13760-13765. 

127 



Lingner, J., Cech, T. R., Hughes, T. R., and Lundblad, V. (1997). Three Ever Shorter 
Telomere (EST) genes are dispensable for in vitro yeast telomerase activity. 
Proceedings of the National Academy of Sciences of the United States of America 
94, 11190-11195. 

Lingner, J., Cooper, J. P., and Cech, T. R. (1995). Telomerase and DNA end 
replication: no longer a lagging strand problem? Science 269, 1533-1534. 

Liu, Z. P., and Tye, B. K. (1991). A yeast protein that binds to vertebrate telomeres 
and conserved yeast telomeric junctions. Genes & Development 5, 49-59. 

Longhese, M. P. (2008). DNA damage response at functional and dysfunctional 
telomeres. Genes Dev 22, 125-140. 

Longhese, M. P., Foiani, M., Muzi-Falconi, M., Lucchini, G., and Plevani, P. (1998). 
DNA damage checkpoint in budding yeast. EMBO Journal 17, 5525-5528. 

Longhese, M. P., Fraschini, R., Plevani, P., and Lucchini, G. (1996). Yeast pip3/mec3 
mutants fail to delay entry into S phase and to slow DNA replication in response to 
DNA damage, and they define a functional link between Mec3 and DNA primase. 
Molecular & Cellular Biology 16, 3235-3244. 

Longhese, M. P., Paciotti, V., Fraschini, R., Zaccarini, R., Plevani, P., and Lucchini, 
G. (1997). The navel DNA damage checkpoint protein ddc1 p is phosphorylated 
periodically during the cell cycle and in response to DNA damage in budding yeast. 
EMBO Journal 16, 5216-5226. 

Longhese, M. P., Plevani, P., and Lucchini, G. (1994). Replication factor Ais required 
in vivo for DNA replication, repair, and recombination. Molecular & Cellular Biology 
14, 7884-7890. 

Lapez, C. C., Nielsen, L., and Edstrom, J. E. (1996). Terminal long tandem repeats in 
chromosomes form Chironomus pallidivittatus. Molecular & Cellular Biology 16, 3285-
3290. 

Louis, E. J. (1995). The chromosome ends of Saccharomyces cerevisiae. Yeast 11, 
1553-1573. 

Louis, E. J., and Haber, J. E. (1990a). Mitotic recombination among subtelomeric Y' 
repeats in Saccharomyces cerevisiae. Genetics 124, 547-559. 

128 



Louis, E. J., and Haber, J. E. (1990b). The subtelomeric Y' repeat family in 
Saccharomyces cerevisiae: an experimental system for repeated sequence 
evolution. Genetics 124, 533-545. 

Louis, E. J., and Haber, J. E. (1992). The structure and evolution of subtelomeric Y' 
repeats in Saccharomyces cerevisiae. Genetics 131, 559-57 4. 

Louis, E. J., Naumova, E. S., Lee, A., Naumov, G., and Haber, J. E. (1994). The 
chromosome end in yeast: its mosaic nature and influence on recombinational 
dynamics. Genetics 136, 789-802. 

Lowndes, N. F., and Murguia, J. R. (2000). Sensing and responding ta DNA damage. 
Current Opinion in Genetics & Development 10, 17-25. 

Lundblad, V., and Blackburn, E. H. (1993). An alternative pathway for yeast telomere 
maintenance rescues est1- senescence. Cell 73, 347-360. 

Lundblad, V., and Szostak, J. W. (1989). A mutant with a defect in telomere 
elongation leads ta senescence in yeast. Cell 57, 633-643. 

Luria, S., Delbrück, M (1943). Mutations of Bacteria from Virus Sensitivity ta Virus 
Resistance. Genetics 28(6), 491-511. 

Lustig, A. J. (2001). Cdc13 subcomplexes regulate multiple telomere functions. 
Nature Structural Biology 8, 297-299. 

Lustig, A. J. (2003). Glues ta catastrophic telomere loss in mammals from yeast 
telomere rapid deletion. Nature Reviews Genetics 4, 916-923. 

Lustig, A. J., and Petes, T. D. (1986). Identification of yeast mutants with altered 
telomere structure. Proceedings of the National Academy of Sciences of the United 
States of America 83, 1398-1402. 

Lydall, D. (2003). Hiding at the ends of yeast chromosomes: telomeres, nucleases 
and checkpoint pathways. J Cell Sei 116, 4057-4065. 

Lydall, D., and Weinert, T. (1995). Yeast checkpoint genes in DNA damage 
processing: implications for repair and arrest. Science 270, 1488-1491. 

129 



Makarov, V. L., Hirose, Y., and Langmore, J. P. (1997). Long G tails at bath ends of 
human chromosomes suggest a C strand degradation mechanism for telomere 
shortening. Cell 88, 657-666. 

Marcand, S., Watten, D., Gilson, E., and Shore, D. (1997). Rap1p and telomere 
length regulation in yeast. Ciba Foundation Symposium 211, 76-93; discussion 93-
103. 

Maringele, L., and Lydall, D. (2002). EX01-dependent single-stranded DNA at 
telomeres activates subsets of DNA damage and spindle checkpoint pathways in 
budding yeast yku70Delta mutants. Genes & Development 16, 1919-1933. 

Martin, V., Du, L. L., Rozenzhak, S., and Russell, P. (2007). Protection of telomeres 
by a conserved Stn1-Ten1 complex. Proceedings of the National Academy of 
Sciences of the United States of America 104, 14038-14043. 

McClintock, B. (1941 ). The stability of broken ends of chromosomes in 
Zea mays. Genetics 1041, 234-282. 

McEachern, M. J., and Blackburn, E. H. (1994). A conserved sequence motif within 
the exceptionally diverse telomeric sequences of budding yeasts. Proceedings of the 
National Academy of Sciences of the United States of America 91, 3453-3457. 

McEachern, M. J., and Blackburn, E. H. (1996). Cap-prevented recombination 
between terminal telomeric repeat arrays (telomere CPR) maintains telomeres in 
Kluyveromyces lactis lacking telomerase. Genes & Development 10, 1822-1834. 

McEachern, M. J., and Haber, J. E. (2006). Break-induced replication and 
recombinational telomere elongation in yeast. Annu Rev Biochem 75, 111-135. 

McEachern, M. J., and Hicks, J. B. (1993). Unusually large telomeric repeats in the 
yeast Candida albicans. Molecular & Cellular Biology 13, 551-560. 

McElligott, R., and Wellinger, R. J. (1997). The terminal DNA structure of mammalian 
chromosomes. EMBO Journal 16, 3705-3714. 

Meyerson, M., Counter, C. M., Eaton, E. N., Ellisen, L. W., Steiner, P., Caddie, S. D., 
Ziaugra, L., Beijersbergen, R. L., Davidoff, M. J., Liu, Q., et al. (1997). hEST2, the 
putative human telomerase catalytic subunit gene, is up-regulated in tumor cells and 
during immortalization. Cell 90, 785-795. 

130 



Meyne, J., Ratliff, R. L., and Moyzis, R. K. (1989). Conservation of the human 
telomere sequence (TTAGGG)n among vertebrates. Proceedings of the National 
Academy of Sciences of the United States of America 86, 7049-7053. 

Mishra, K., and Shore, D. (1999). Yeast Ku protein plays a direct role in telomeric 
silencing and counteracts inhibition by rif proteins. Current Biology 9, 1123-1126. 

Mitton-Fry, R. M., Anderson, E. M., Hughes, T. R., Lundblad, V., and Wuttke, D. S. 
(2002). Conserved structure for single-stranded telomeric DNA recognition. Science 
296, 145-147. 

Moretti, P., Freeman, K., Coodly, L., and Shore, D. (1994). Evidence that a complex 
of SIR proteins interacts with the silencer and telomere-binding protein RAP1. Genes 
& Development 8, 2257-2269. 

Moyzis, R. K., Buckingham, J. M., Cram, L. S., Dani, M., Deaven, L. L., Jones, M. D., 
Meyne, J., Ratliff, R. L., and Wu, J. R. (1988). A highly conserved repetitive DNA 
sequence, (TTAGGG)n, present at the telomeres of human chromosomes. 
Proceedings of the National Academy of Sciences of the United States of America 
85, 6622-6626. 

Muller, H. J. (1938). The remaking of chromosomes. The Collecting Net 13, 181-195, 
198. 

Munoz-Jordan, J. L., Cross, G. A., de Lange, T., and Griffith, J. D. (2001). t-loops at 
trypanosome telomeres. EMBO Journal 20, 579-588. 

Murti, K. G., and Prescott, D. M. (1999). Telomeres of polytene chromosomes in a 
ciliated protozoan terminate in duplex DNA loops. Proceedings of the National 
Academy of Sciences of the United States of America 96, 14436-14439. 

Myung, K., Ghosh, G., Fattah, F. J., Li, G., Kim, H., Dutia, A., Pak, E., Smith, S., and 
Hendrickson, E. A. (2004). Regulation of telomere length and suppression of 
genomic instability in human somatic cells by Ku86. Molecular & Cellular Biology 24, 
5050-5059. 

Myung, K., and Kolodner, R. D. (2002). Suppression of genome instability by 
redundant S-phase checkpoint pathways in Saccharomyces cerevisiae. Proceedings 
of the National Academy of Sciences of the United States of America 99, 4500-4507. 

131 



Nakada, D., Shimomura, T., Matsumoto, K., and Sugimoto, K. (2003). The ATM-
related Tel1 protein of Saccharomyces cerevisiae contrais a checkpoint response 
following phleomycin treatment. Nucleic Acids Research 31, 1715-1724. 

Nakamura, T. M., and Cech, T. R. (1998). Reversing time: origin of telomerase. Cell 
92, 587-590. 

Nakamura, T. M., Morin, G. B., Chapman, K. B., Weinrich, S. L., Andrews, W. H., 
Lingner, J., Harley, C. B., and Cech, T. R. (1997). Telomerase catalytic subunit 
homologs from fission yeast and human.[see comment]. Science 277, 955-959. 

Negrini, S., Ribaud, V., Bianchi, A., and Shore, D. (2007). DNA breaks are masked 
by multiple Rap1 binding in yeast: implications for telomere capping and telomerase 
regulation. Genes & Development 21, 292-302. 

Nikitina, T., and Woodcock, C. L. (2004). Closed chromatin loops at the ends of 
chromosomes. Journal of Cell Biology 166, 161-165. 

Nugent, C. 1., Bosco, G., Ross, L. O., Evans, S. K., Salinger, A. P., Moore, J. K., 
Haber, J. E., and Lundblad, V. (1998). Telomere maintenance is dependent on 
activities required for end repair of double-strand breaks. Current Biology 8, 657-660. 

Nugent, C. 1., Hughes, T. R., Lue, N. F., and Lundblad, V. (1996). Cdc13p: a single-
strand telomeric DNA-binding protein with a dual raie in yeast telomere maintenance. 
Science 274, 249-252. 

Olovnikov, A. M. (1973). A theory of marginotomy. The incomplete copying of 
template margin in enzymic synthesis of polynucleotides and biological significance 
of the phenomenon. Journal of Theoretical Biology 41, 181-190. 

Paciotti, V., Lucchini, G., Plevani, P., and Longhese, M. P. (1998). Mec1p is essential 
for phosphorylation of the yeast DNA damage checkpoint protein Ddc1 p, which 
physically interacts with Mec3p. EMBO Journal 17, 4199-4209. 

Paillard, S., and Strauss, F. (1991 ). Analysis of the mechanism of interaction of 
simian Ku protein with DNA. Nucleic Acids Research 19, 5619-5624. 

Parenteau, J. and R. J. Wellinger (2002). Differential processing of leading- and 
lagging-strand ends at Saccharomyces cerevisiae telomeres revealed by the 
absence of Rad27p nuclease. Genetics 162(4), 1583-94 

132 



Paulovich, A. G., Margulies, R. U., Garvik, B. M., and Hartwell, L.H. (1997a). RAD9, 
RAD17, and RAD24 are required for S phase regulation in Saccharomyces 
cerevisiae in response to DNA damage. Genetics 145, 45-62. 

Paulovich, A. G., Toczyski, D. P., and Hartwell, L.H. (1997b). When checkpoints fail. 
Cell 88, 315-321. 

Pellicioli, A., Lee, S. E., Lucca, C., Foiani, M., and Haber, J. E. (2001). Regulation of 
Saccharomyces Rad53 checkpoint kinase during adaptation from DNA damage-
induced G2/M arrest. Molecular Cell 7, 293-300. 

Pennock, E., Buckley, K., and Lundblad, V. (2001). Cdc13 delivers separate 
complexes to the telomere for end protection and replication. Cell 104, 387-396. 

Peterson, S. E., Stellwagen, A. E., Diede, S. J., Singer, M. S., Haimberger, Z. W., 
Johnson, C. O., Tzoneva, M., and Gottschling, D. E. (2001). The function of a stem-
loop in telomerase RNA is linked to the DNA repair protein Ku. Nature Genetics 27, 
64-67. 

Petreaca, R. C., Chiu, H. C., Eckelhoefer, H. A., Chuang, C., Xu, L., and Nugent, C. 1. 
(2006). Chromosome end protection plasticity revealed by Stn1 p and Ten1 p bypass 
of Cdc13p. Nature Cell Biology 8, 748-755. 

Petukhova, G., Sung, P., and Klein, H. (2000). Promotion of Rad51-dependent D-
loop formation by yeast recombination factor Rdh54/Tid1. Genes & Development 14, 
2206-2215. 

Pierce, A. J., Hu, P., Han, M., Ellis, N., and Jasin, M. (2001). Ku DNA end-binding 
protein modulates homologous repair of double-strand breaks in mammalian cells. 
Genes & Development 15, 3237-3242. 

Pluta, A. F., Kaine, B. P., and Spear, B. B. (1982). The terminal organization of 
macronuclear DNA in Oxytricha fallax. Nucleic Acids Research 10, 8145-8154. 

Polotnianka, R. M., Li, J., and Lustig, A. J. (1998). The yeast Ku heterodimer is 
essential for protection of the telomere against nucleolytic and recombinational 
activities. Current Biology 8, 831-834. 

Porter, S. E., Greenwell, P. W., Ritchie, K. B., and Petes, T. D. (1996). The DNA-
binding protein Hdf1 p (a putative Ku homologue) is required for maintaining normal 
telomere length in Saccharomyces cerevisiae. Nucleic Acids Research 24, 582-585. 

133 



Qi, H., and Zakian, V. A. (2000). The Saccharomyces telomere-binding protein 
Cdc13p interacts with both the catalytic subunit of DNA polymerase alpha and the 
telomerase-associated est1 protein. Genes & Development 14, 1777-1788. 

Ribes-Zamora, A., Mihalek, 1., Lichtarge, O., and Bertuch, A. A. (2007). Distinct faces 
of the Ku heterodimer mediate DNA repair and telomeric functions. Nature Structural 
& Molecular Biology 14, 301-307. 

Richards, E. J., and Ausubel, F. M. (1988). Isolation of a higher eukaryotic telomere 
from Arabidopsis thaliana. Cell 53, 127-136. 

Roth, C. W., Kobeski, F., Walter, M.F., and Biessmann, H. (1997). Chromosome end 
elongation by recombination in the mosquito Anopheles gambiae. Molecular & 
Cellular Biology 17, 5176-5183. 

Rothstein, R. (1991 ). Targeting, disruption, replacement, and allele rescue: 
integrative DNA transformation in yeast. Methods in Enzymology 194, 281-301. 

Rouse, J., and Jackson, S. P. (2002a). Interfaces between the detection, signaling, 
and repair of DNA damage. Science 297, 547-551. 

Rouse, J., and Jackson, S. P. (2002b). Lcd1p recruits Mec1p to DNA lesions in vitro 
and in vivo. Molecular Cell 9, 857-869. 

Sambrooke, J., Fritsch, E. and Maniatis, T., ed. (1989). Molecular cloning; a 
laboratory manual (Cold Spring Harbor, New York, Cold Spring Harbor Laboratory 
Press). 

Sanchez, Y., Desany, B. A., Jones, W. J., Liu, Q., Wang, B., and Elledge, S. J. 
(1996). Regulation of RAD53 by the ATM-like kinases MEC1 and TEL 1 in yeast cell 
cycle checkpoint pathways.[see comment]. Science 271, 357-360. 

Sandell, L. L., and Zakian, V. A. (1993). Loss of a yeast telomere: arrest, recovery, 
and chromosome loss. Cell 75, 729-739. 

Seto, A. G., Zaug, A. J., Sobel, S. G., Wolin, S. L., and Cech, T. R. (1999). 
Saccharomyces cerevisiae telomerase is an Sm small nuclear ribonucleoprotein 
particle.[erratum appears in Nature 1999 Dec 23-30;402(6764):898]. Nature 401, 
177-180. 

134 



Sfeir, A. J., Chai, W., Shay, J. W., and Wright, W. E. (2005). Telomere-end 
processing the terminal nucleotides of human chromosomes.[see comment]. 
Molecular Cell 18, 131-138. 

Shakirov, E. V., Surovtseva, Y. V., Osbun, N., and Shippen, D. E. (2005). The 
Arabidopsis Pot1 and Pot2 proteins function in telomere length homeostasis and 
chromosome end protection. Molecular & Cellular Biology 25, 7725-7733. 

Shampay, J., Szostak, J. W., and Blackburn, E. H. (1984). DNA sequences of 
telomeres maintained in yeast. Nature 310, 154-157. 

Shay, J. W., and Bacchetti, S. (1997). A survey of telomerase activity in human 
cancer. European Journal of Cancer 33, 787-791. 

Shay, J. W., and Wright, W. E. (1996). The reactivation of telomerase activity in 
cancer progression. Trends in Genetics 12, 129-131. 

Shippen-Lentz, D., and Blackburn, E. H. (1990). Functional evidence for an RNA 
template in telomerase. Science 247, 546-552. 

Shore, D. (1994). RAP1: a protean regulator in yeast. Trends in Genetics 10, 408-
412. 

Shore, D. (1997). Telomere length regulation: getting the measure of chromosome 
ends. Biological Chemistry 378, 591-597. 

Siede, W., Friedberg, A. S., Dianova, 1., and Friedberg, E. C. (1994). Characterization 
of G1 checkpoint control in the yeast Saccharomyces cerevisiae following exposure 
to DNA-damaging agents. Genetics 138, 271-281. 

Siede, W., Friedberg, A. S., and Friedberg, E. C. (1993). RAD9-dependent G1 arrest 
defines a second checkpoint for damaged DNA in the cell cycle of Saccharomyces 
cerevisiae. Proceedings of the National Academy of Sciences of the United States of 
America 90, 7985-7989. 

Sikorski, R. S., and Hieter, P. (1989). A system of shuttle vectors and yeast host 
strains designed for efficient manipulation of DNA in Saccharomyces cerevisiae. 
Genetics 122, 19-27. 

Singer, M. S., and Gottschling, D. E. (1994). TLC1: template RNA component of 
Saccharomyces cerevisiae telomerase.[see comment]. Science 266, 404-409. 

135 



Smogorzewska, A., and de Lange, T. (2004). Regulation of telomerase by telomeric 
proteins. Annual Review of Biochemistry 73, 177-208. 

Smogorzewska, A., Karlseder, J., Holtgreve-Grez, H., Jauch, A., and de Lange, T. 
(2002). DNA ligase IV-dependent NHEJ of deprotected mammalian telomeres in G1 
and G2.[see comment]. Current Biology 12, 1635-1644. 

Southern, E. M. (1975). Detection of specific sequences among DNA fragments 
separated by gel electrophoresis. Journal of Molecular Biology 98, 503-517. 

Steiner, B. R., Hidaka, K., and Futcher, B. (1996). Association of the Est1 protein with 
telomerase activity in yeast. Proceedings of the National Academy of Sciences of the 
United States of America 93, 2817-2821. 

Stellwagen, A. E., Haimberger, Z. W., Veatch, J. R., and Gottschling, D. E. (2003). 
Ku interacts with telomerase RNA ta promote telomere addition at native and broken 
chromosome ends.[see comment]. Genes & Development 17, 2384-2395. 

Strahl-Bolsinger, S., Hecht, A., Luo, K., and Grunstein, M. (1997). SIR2 and SIR4 
interactions differ in core and extended telomeric heterochromatin in yeast. Genes & 
Development 11, 83-93. 

Sugawara, N., and Szostak, J. W. (1986). Telomeres of Schizosaccharomyces 
pombe. Yeast (Suppl) 1, 373. 

Sung, S. C., and Laskowski, M., Sr. (1962). A nuclease from mung bean sprouts. 
Journal of Biological Chemistry 237, 506-511. 

Sussel, L., Vannier, D., and Shore, D. (1995). Suppressors of defective silencing in 
yeast: effects on transcriptional repression at the HMR locus, cell growth and 
telomere structure. Genetics 141, 873-888. 

Sweeney, F. D., Yang, F., Chi, A., Shabanowitz, J., Hunt, D. F., and Durocher, D. 
(2005). Saccharomyces cerevisiae Rad9 acts as a Mec1 adapter ta allow Rad53 
activation. Current Biology 15, 1364-1375. 

Syljuasen, R. G. (2007). Checkpoint adaptation in human cells. Oncogene 26, 5833-
5839. 

Taddei, A., and Gasser, S. M. (2006). Repairing subtelomeric DSBs at the nuclear 
periphery. Trends in Cell Biology 16, 225-228. 

136 



Taddei, A., Hediger, F., Neumann, F. R., Sauer, C., and Gasser, S. M. (2004). 
Separation of silencing from perinuclear anchoring functions in yeast Ku80, Sir4 and 
Esc1 proteins. EMBO Journal 23, 1301-1312. 

Taggart, A. K., Teng, S. C., and Zakian, V. A. (2002). Est1 pas a cell cycle-regulated 
activator of telomere-bound telomerase. Science 297, 1023-1026. 

Teixeira, M. T., Arneric, M., Sperisen, P., and Lingner, J. (2004). Telomere length 
homeostasis is achieved via a switch between telomerase- extendible and -
nonextendible states. Cell 117, 323-335. 

Teng, S.-C., and Zakian, V. A. (1999). Telomere-Telomere Recombination ls an 
Efficient Bypass Pathway for Telomere Maintenance in Saccharomyces cerevisiae. 
Mol Cell Biol 19, 8083-8093. 

Teng, S. C., Chang, J., McCowan, B., and Zakian, V. A. (2000). Telomerase-
independent lengthening of yeast telomeres occurs by an abrupt Rad50p-dependent, 
Rif-inhibited recombinational process. Molecular Cell 6, 947-952. 

Tham, W. H., and Zakian, V. A. (2002). Transcriptional silencing at Saccharomyces 
telomeres: implications for other organisms. Oncogene 21, 512-521. 

Toczyski, D. P., Galgoczy, D. J., and Hartwell, L. H. (1997). CDC5 and CKll control 
adaptation to the yeast DNA damage checkpoint. Cell 90, 1097-1106. 

Tommerup, H., Dousmanis, A., and de Lange, T. (1994). Unusual chromatin in 
human telomeres. Molecular & Cellular Biology 14, 5777-5785. 

Tsukamoto, Y., Taggart, A. K., and Zakian, V. A. (2001). The role of the Mre11-
Rad50-Xrs2 complex in telomerase- mediated lengthening of Saccharomyces 
cerevisiae telomeres. Current Biology 11, 1328-1335. 

Umezu, K., Sugawara, N., Chen, C., Haber, J. E., and Kolodner, R. D. (1998). 
Genetie analysis of yeast RPA1 reveals its multiple functions in DNA metabolism. 
Genetics 148, 989-1005. 

van Steensel, B., Smogorzewska, A., and de Lange, T. (1998). TRF2 protects human 
telomeres from end-to-end fusions. Cell 92, 401-413. 

137 



Vaze, M. B., Pellicioli, A., Lee, S. E., Ira, G., Liberi, G., Arbel-Eden, A., Foiani, M., 
and Haber, J. E. (2002). Recovery from checkpoint-mediated arrest after repair of a 
double-strand break requires Srs2 helicase. Molecular Cell 10, 373-385. 

Vega, L. R., Mateyak, M. K., and Zakian, V. A. (2003). Getting to the end: telomerase 
access in yeast and humans. Nat Rev Mol Cell Biol 4, 948-959. 

Venclovas, C., and Thelen, M. P. (2000). Structure-based predictions of Rad1, Rad9, 
Hus1 and Rad17 participation in sliding clamp and clamp-loading complexes. Nucleic 
Acids Research 28, 2481-2493. 

Vialard, J. E., Gilbert, C. S., Green, C. M., and Lowndes, N. F. (1998). The budding 
yeast Rad9 checkpoint protein is subjected to Mec1ffel1-dependent 
hyperphosphorylation and interacts with Rad53 after DNA damage. Emba J 17, 
5679-5688. 

Viscardi, V., Baroni, E., Romano, M., Lucchini, G., and Longhese, M. P. (2003). 
Sudden telomere lengthening triggers a Rad53-dependent checkpoint in 
Saccharomyces cerevisiae. Molecular Biology of the Cell 14, 3126-3143. 

Viscardi, V., Bonetti, D., Cartagena-Lirola, H., Lucchini, G., and Longhese, M. P. 
(2007). MRX-dependent DNA damage response to short telomeres. Molecular 
Biology of the Cell 18, 3047-3058. 

Viscardi, V., Clerici, M., Cartagena-Lirola, H., and Longhese, M. P. (2005). 
Telomeres and DNA damage checkpoints. Biochimie 87, 613-624. 

Vodenicharov, M. D., and Wellinger, R. J. (2006). DNA degradation at unprotected 
telomeres in yeast is regulated by the CDK1 (Cdc28/Clb) cell-cycle kinase. Mol Cell 
24, 127-137. 

Vodenicharov, M. D., and Wellinger, R. J. (2007). The cell division cycle puts up with 
unprotected telomeres: cell cycle regulated telomere uncapping as a means to 
achieve telomere homeostasis. Cell Cycle 6(10), 1161-1167. 

Walmsley, R. W., Chan, C. S., Tye, B. K., and Petes, T. D. (1984). Unusual DNA 
sequences associated with the ends of yeast chromosomes. Nature 310, 157-160. 

Wang, R. C., Smogorzewska, A., and de Lange, T. (2004). Homologous 
recombination generates T-loop-sized deletions at human telomeres. Cell 119, 355-
368. 

138 



Wang, S. S., and Zakian, V. A. (1990). Sequencing of Saccharomyces telomeres 
cloned using T4 DNA polymerase reveals two demains. Molecular & Cellular Biology 
10, 4415-4419. 

Watson, J. D. (1972). Origin of concatemeric T7 DNA. Nature - New Biology 239, 
197-201. 

Wei, C., and Price, C. M. (2004). Cell cycle localization, dimerization, and binding 
demain architecture of the telomere protein cPot1. Molecular & Cellular Biology 24, 
2091-2102. 

Weinert, T. A., and Hartwell, L. H. (1988). The RAD9 gene contrais the cell cycle 
response to DNA damage in Saccharomyces cerevisiae. Science 241, 317-322. 

Weinert, T. A., and Hartwell, L. H. (1993). Cell cycle arrest of cdc mutants and 
specificity of the RAD9 checkpoint. Genetics 134, 63-80. 

Weinert, T. A., Kiser, G. L., and Hartwell, L. H. (1994). Mitotic checkpoint genes in 
budding yeast and the dependence of mitosis on DNA replication and repair. Genes 
& Development 8, 652-665. 

Wellinger, R. J., Ethier, K., Labrecque, P., and Zakian, V. A. (1996). Evidence for a 
new step in telomere maintenance. Cell 85, 423-433. 

Wellinger, R. J., Wolf, A. J., and Zakian, V. A. (1993a). Origin activation and 
formation of single-strand TG1-3 tails occur sequentially in late S phase on a yeast 
linear plasmid. Mol Cell Biol 13, 4057-4065. 

Wellinger, R. J., Wolf, A. J., and Zakian, V. A. (1993b). Saccharomyces telomeres 
acquire single-strand TG1-3 tails late in S phase. Cell 72, 51-60. 

Wellinger, R. J., and Zakian, V. A. (1989). Lack of positional requirements for 
autonomously replicating sequence elements on artificial yeast chromosomes. 
Proceedings of the National Academy of Sciences of the United States of America 
86, 973-977. 

Watten, D., and Shore, D. (1997). A navel Rap1 p-interacting factor, Rif2p, 
cooperates with Rif1 p to regulate telomere length in Saccharomyces cerevisiae. 
Genes & Development 11, 748-760. 

139 



Wright, J.H., Gottschling, D. E., and Zakian, V. A. (1992). Saccharomyces telomeres 
assume a non-nucleosomal chromatin structure. Genes & Development 6, 197-210. 

Wright, J. H., and Zakian, V. A. (1995). Protein-DNA interactions in soluble telosomes 
from Saccharomyces cerevisiae. Nucleic Acids Research 23, 1454-1460. 

Wright, W. E., Piatyszek, M. A., Rainey, W. E., Byrd, W., and Shay, J. W. (1996). 
Telomerase activity in human germline and embryonic tissues and cells. 
Developmental Genetics 18, 173-179. 

Wright, W. E., Tesmer, V. M., Huffman, K. E., Levene, S. D., and Shay, J. W. (1997). 
Normal human chromosomes have long G-rich telomeric overhangs at one end. 
Genes & Development 11, 2801-2809. 

Wright, W. E., Tesmer, V. M., Liao, M. L., and Shay, J. W. (1999). Normal human 
telomeres are not late replicating. Experimental Cell Research 251, 492-499. 

Yoo, H. Y., Kumagai, A., Shevchenko, A., Shevchenko, A., and Dunphy, W. G. 
(2004). Adaptation of a DNA replication checkpoint response depends upon 
inactivation of Claspin by the Polo-like kinase.[see comment]. Cell 117, 575-588. 

Yu, G. L., Bradley, J. D., Attardi, L. D., and Blackburn, E. H. (1990). ln vivo alteration 
of telomere sequences and senescence caused by mutated Tetrahymena telomerase 
RNAs.[see comment]. Nature 344, 126-132. 

Zakian, V. A. (1995). Telomeres: beginning ta understand the end. Science 270, 
1601-1607. 

Zakian, V. A., and Blanton, H. M. (1988). Distribution of telomere-associated 
sequences on natural chromosomes in Saccharomyces cerevisiae. Molecular & 
Cellular Biology 8, 2257-2260. 

Zhou, B. B., and Elledge, S. J. (2000). The DNA damage response: putting 
checkpoints in perspective. Nature 408, 433-439. 

Zou, L., and Elledge, S. J. (2003). Sensing DNA damage through ATRIP recognition 
of RPA-ssDNA complexes.[see comment]. Science 300, 1542-1548. 

Zubko, M. K., Guillard, S., and Lydall, D. (2004). Exo1 and Rad24 differentially 
regulate generation of ssDNA at telomeres of Saccharomyces cerevisiae cdc13-1 
mutants. Genetics 168, 103-115. 

140 



Zubko, M. K., and Lydall, D. (2006). Linear chromosome maintenance in the absence 
of essential telomere-capping proteins. Nature Cell Biology 8, 734-740. 

141 


