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Functions of Yeast Tel2 in Genomic Stability 

By Carol Myrick Anderson 

 

Abstract 

Telomeres are nucleoprotein structures at the ends of linear chromosomes. One of their 

critical functions is to protect the natural ends of chromosomes from being treated by the 

cell as broken DNA, and subjected to inappropriate repair events. In spite of the 

importance of distinguishing between telomeres and sites of DNA damage, many proteins 

involved in responding to DNA damage localize to telomeres and are required for their 

maintenance. We sought to gain greater understanding of the connection between 

telomere biology and the DNA damage response by investigating one such protein, Tel2, 

in the yeast Saccharomyces cerevisiae. Tel2 is an essential protein conserved throughout 

eukaryotes. It has been implicated in telomere length regulation, the DNA damage 

response, and aging, but its exact role in all of these processes is unknown. We 

investigated Tel2 function from three different angles. First, our studies of the function of 

Tel2 in the DNA damage response revealed that Tel2 physically interacts with the Tel1 

kinase, and is required for the localization of Tel1 to double-strand breaks and its 

activation of downstream targets. We also found that Tel2 is predicted to be structurally 

similar to Ddc2, a partner of the Mec1 kinase that is required for the Mec1-dependent 

response to DNA damage. Second, we investigated the reasons Tel2 is essential for 

viability. We found that cells lacking functional Tel2 show defects in progression into 

and through S phase, suggesting that Tel2 regulates some aspect of DNA replication. A 

high-copy suppressor screen identified the genes SLX5 and CDC7, which both play roles 
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in the survival of replication stress. Third, we examined the function of Tel2 in telomere 

length regulation by analysis of the tel2-1 point mutation, which abrogates the function of 

Tel2 in the Tel1-dependent DNA damage response. In combination with other mutations 

relevant to telomere maintenance, the tel2-1 mutation caused telomere shortening by a 

mechanism that appears to act primarily through the Tel1 pathway, with a slight 

contribution outside that pathway. 
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Chapter 1: Introduction 

 

Telomeres and telomerase 

Early cytologists recognized that telomeres, the ends of linear chromosomes, were 

special; whereas chromosome breaks were almost always rejoined, the natural ends of 

chromosomes seemed to be protected from involvement in joining events (McClintock 

1931; McClintock 1932; Muller 1938). The cell’s ability to distinguish between a natural 

chromosome end and a DNA break is critical. End-to-end fusion of chromosomes 

followed by cell division could lead to missegregation and cycles of chromosome 

breakage and fusion, which are potentially lethal alterations to the genome.   

What distinguishes a telomere from a DNA break? Part of the answer came with 

the discovery that telomeres possess a special repetitive DNA sequence (TG1-3  in the 

5’3’ direction in Saccharomyces cerevisiae), which is maintained by the enzyme 

telomerase (Blackburn and Gall 1978; Greider and Blackburn 1985; Blackburn 1990). 

The discovery of telomerase also helped explain how cells solve the “end replication 

problem;” because the DNA replication machinery is unable to replicate the extreme 3’ 

end of a linear DNA molecule, some DNA is lost from the ends of chromosomes with 

each cell division. Telomerase circumvents this problem by adding telomeric repeats to 

the ends of chromosomes, using its RNA component as a template (Greider and 

Blackburn 1987; Greider and Blackburn 1989).    

Telomere repeat tracts are maintained within a regulated length range which 

varies from organism to organism. How telomere length is regulated is not well 

understood. In S. cerevisiae, average telomere length is typically 300 ± 75 bp (Louis 
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1995). Among the proteins required for telomere length homeostasis in budding yeast are 

Rap1, Rif1, and Rif2, which bind the telomeric repeat tracts. These proteins are proposed 

to form a structure that inhibits access of telomerase to long telomere ends, mediating a 

switch between telomerase-extendible and non-extendible states (Levy and Blackburn 

2004; Teixeira et al. 2004). Many other genes of diverse function have been implicated in 

telomere length regulation, including those involved in DNA replication, transcription, 

chromatin structure, and even vacuolar protein sorting (Askree et al. 2004; Gatbonton et 

al. 2006). In most cases the mechanism of these effects is unknown and may be quite 

indirect. Proteins of the DNA damage response have also been consistently linked with 

telomere length regulation, and I discuss these links in more detail below. 

In the absence of telomerase activity, the shortening of telomeres imposes a limit 

on the number of times cells can divide. Most mammalian somatic cells have very low or 

undetectable levels of telomerase activity, and when grown in culture, their telomeres 

gradually shorten and division eventually stops. Cells remain metabolically active but 

arrested in a G0-like state, unless induced to continue dividing by oncogenic 

transformation. This cessation of division, known as replicative senescence, can be 

avoided by continual expression of telomerase (Bodnar et al. 1998). Many authors have 

suggested that telomeres constitute a “mitotic clock” measuring the number of times a 

cell has divided. One implication of this model is that telomere shortening acts as a 

tumor-suppressor mechanism, preventing the uncontrolled cell division required to form 

a tumor; this is supported by the observation that about 85% of human tumors possess 

telomerase activity (Shay and Bacchetti 1997). On the other hand, senescent human cells 

secrete tumor-promoting factors (Krtolica et al. 2001), so the role of low telomerase in 
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carcinogenesis is still under debate. Another implication of the mitotic clock theory is 

that replicative senescence might occur naturally in some cell types that divide frequently 

throughout an organism’s lifetime. This might contribute to some features of aging. 

While these notions are compelling, the roles of telomere shortening in both cancer and 

aging remain unresolved. 

 

 

Responses to DNA damage 

Damage to cellular DNA is a fact of life for all cells. Alterations to DNA can occur due 

to a variety of environmental insults, such as exposure to ultraviolet light, ionizing 

radiation, and chemicals. DNA damage also results from spontaneous chemical reactions 

within the cell such as base loss, deamination, or oxidation by endogenous reactive 

oxygen species. The process of DNA replication itself is also hazardous, since normal 

events such as replication fork stalling or collapse can lead to DNA lesions. If DNA 

replication and cell division are allowed to proceed in the presence of DNA damage, 

genetic information can be irretrievably lost. To protect the genome against loss or 

alteration of information, all cells have highly efficient mechanisms for recognizing and 

repairing DNA damage. In eukaryotes, DNA damage triggers activation of “checkpoints” 

that slow or halt cell cycle progression to allow time for repair; in multicellular 

organisms, checkpoint activation may also trigger programmed cell death (Nyberg et al. 

2002). The response to DNA damage also upregulates the expression and activity of 

repair machinery (Nyberg et al. 2002). The two principal pathways of DNA repair are 

homologous recombination (HR) and non-homologous end-joining (NHEJ). The 
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importance of these two pathways varies between different organisms and cell types 

(Shrivastav et al. 2008). 

 Proteins involved in the DNA damage response are often categorized as sensors, 

mediators, transducers, and effectors (Melo and Toczyski 2002; Nyberg et al. 2002; 

McGowan and Russell 2004). Although there is considerable overlap between some of 

these categories, they provide a useful framework for understanding the response. 

Sensors are the first proteins to recognize a DNA lesion; in budding yeast, Mec1, Tel1, 

the Ddc1-Mec3-Rad17 complex, and the Mre11-Rad50-Xrs2 complex have all been 

proposed as sensors. The Mec1 and Tel1 kinases initiate a phosphorylation cascade; 

mediators and transducers are kinases that relay and amplify the signal. In yeast these 

include Rad9, Mrc1, Rad53, and Chk1. Finally, effectors are the proteins that do the work 

of slowing or stopping the cell cycle, or activating DNA repair. 

 In the absence of a functional DNA damage response, cells continue to divide in 

the presence of DNA damage; this can lead to propagation of mutations and DNA breaks.  

If broken DNA is improperly repaired in a subsequent cell cycle, the result can be a series 

of fusion-breakage-bridge cycles that lead to scrambling of the genome. Thus, a defective 

DNA damage response can lead to serious genomic instability and accumulation of 

mutations, which in unicellular organisms can be lethal, and in higher organisms may 

result in cancer. 

 

 

Connections between telomere biology and the DNA damage response 
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Despite the distinction that cells need to make between telomeres and DNA damage sites, 

many DNA damage response components are required for normal telomeric DNA 

maintenance. For example, Mec1 and Tel1 localize both to sites of DNA damage and to 

telomeres (Kondo et al. 2001; Rouse and Jackson 2002; Nakada et al. 2003; Takata et al. 

2004). Mutating either TEL1 or MEC1 impairs normal telomerase-mediated maintenance 

of telomeric DNA (Lustig and Petes 1986; Ritchie et al. 1999). When both genes are 

mutated, telomeres gradually shorten and cells eventually lose viability, as they do when 

telomerase is deleted (Naito et al. 1998; Ritchie et al. 1999; Chan et al. 2001). In the 

nematode Caenorhabditis elegans, the gene mrt-2 encodes a component of the 9-1-1 

complex (Ddc1-Mec3-Rad17 in S. cerevisiae), which loads onto sites of DNA damage 

and plays a key role in initiating DNA damage signaling. mrt-2 mutant worms undergo 

progressive telomere shortening leading to sterility (Ahmed and Hodgkin 2000). These 

and other similar observations led to the model that telomeres at least transiently elicit a 

type of DNA damage response, but in normal cells this promotes telomerase action rather 

than DNA repair (Blackburn 2000). In support of this model, it was shown that proteins 

of the DNA damage response localize to telomeres in cycling human cells during G2 

phase (Verdun et al. 2005), indicating that telomeres are “seen” as DNA damage during a 

normal cell cycle. Recent work has also shown that the S. cerevisiae DNA damage 

response protein Tel1 preferentially localizes to short telomeres, and this localization is 

observed primarily in S-phase, when telomerase elongates telomeres (Bianchi and Shore 

2007; Hector et al. 2007; Sabourin et al. 2007). In wildtype yeast cells, short telomeres 

are more likely than long telomeres to be elongated by telomerase (Teixeira et al. 2004); 

in tel1∆ cells, this preferential elongation of short telomeres is abolished (Arneric and 
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Lingner 2007; Chang et al. 2007), and recruitment of telomerase components to bulk 

telomeres is reduced (Goudsouzian et al. 2006). These results support the model that 

DNA damage sensors help direct telomerase action to critically short telomeres. 

 The work in this thesis focuses on Tel2, another protein with dual roles in both 

telomere length regulation and the DNA damage response. Tel2 is an essential protein 

conserved throughout eukaryotes. Prior to the initiation of this work, mutations in TEL2 

and its orthologs were known to affect organismal longevity, telomere length, and DNA 

damage signaling, but the mechanisms underlying its involvement in these processes 

were not understood.  

 

Discovery of TEL2 

The first discovery of a TEL2 ortholog was in the nematode Caenorhabditis elegans.  The 

gene was identified in a screen for radiation-sensitive mutants as the allele rad-5(mn159) 

(Hartman and Herman 1982). The allele clk-2(qm37) was found in a later screen in C. 

elegans for mutations causing the Clock phenotype (Lakowski and Hekimi 1996), a set of 

characteristics that includes slow development, a slowing of various behaviors such as 

swimming and defecation, and extended lifespan. rad-5 and clk-2 were later found to be 

alleles of the same gene (Ahmed et al. 2001). 

 In 1986, Arthur Lustig and Tom Petes published the results of a screen in S. 

cerevisiae for mutations affecting telomere length (Lustig and Petes 1986). They 

screened a library of temperature-sensitive mutations by telomere southern blot, and 

identified telomere-shortening mutations in two complementation groups, which they 

named TEL1 and TEL2. (In both cases, the temperature sensitivity turned out to be caused 
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by other mutations.) Tel1 was later recognized as the yeast ortholog of the human disease 

gene ATM (Greenwell et al. 1995; Morrow et al. 1995). The Tel1/ATM kinase has been 

extensively studied in many organisms and is now known to encode a kinase critical to 

the response to double-strand breaks. However, TEL2 was not the subject of much further 

investigation.  

 

Previous work on S. cerevisiae TEL2 

Prior to the initiation of the work described in this thesis, a total of four papers had been 

published on S. cerevisiae TEL2 (Lustig and Petes 1986; Runge and Zakian 1996; Kota 

and Runge 1998; Kota and Runge 1999), with minor references to TEL2 in a few other 

papers (Longtine et al. 1993; Ahmed et al. 2001). The TEL2 gene was cloned and 

sequenced, and found to encode an essential protein with no obvious domains or motifs 

(Runge and Zakian 1996). Based on analysis of cells carrying the only copy of TEL2 on 

an unstable plasmid, loss of TEL2 gave rise to large, spherical cells with 1-4 knobs 

(Runge and Zakian 1996). The tel2-1 allele, which was originally isolated by Lustig and 

Petes, was found to contain a single nucleotide change encoding a serine-to-asparagine 

substitution at amino acid 129. tel2-1 mutants have defects in position-effect silencing at 

telomeres, but not at the silent mating-type loci (Runge and Zakian 1996). One report 

found slightly elevated levels of chromosome loss in tel2-1 mutants (Runge and Zakian 

1996), while another study found no significant defect in segregation of a telomeric-

repeat-containing plasmid (Longtine et al. 1993). A mild growth defect was observed 

when tel2-1 cells with shortened telomeres (80-100 generations after sporulations) were 

grown at 37˚C. Perhaps most intriguingly, the Tel2 protein was found to bind to double- 
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and single-stranded yeast telomeric DNA and RNA oligonucleotides in vitro (Kota and 

Runge 1998; Kota and Runge 1999). 

  

Studies of Tel2 in other organisms 

The most well-studied Tel2 ortholog is the C. elegans gene clk-2/rad-5. RNAi against 

clk-2/rad-5 produces embryonic lethality (Benard et al. 2001; Lim et al. 2001). clk-

2(qm37) mutants show temperature-sensitive embryonic lethality; the behavioral and 

developmental defects that constitute the Clock phenotype are seen at both permissive 

and restrictive temperatures. A careful temperature-shift experiment showed that clk-2 

was only required for development up to the 2-4 cell stage; worms developed normally if 

the shift occurred later, although their fertility and behavior were still impaired (Benard et 

al. 2001). All phenotypes of clk-2 except reduced fertility can be maternally rescued. An 

interpretation of this suggested by the authors of that study was that CLK-2 is required to 

establish an epigenetic state, which is erased in the germline (Benard et al. 2001).  

Both the rad-5(mn159) and clk-2(qm37) alleles cause sensitivity to DNA 

damaging agents and defects in checkpoint responses to DNA damage and replication 

stress (Hartman and Herman 1982; Gartner et al. 2000; Ahmed et al. 2001; Lim et al. 

2001). The radiation sensitivity of clk-2 mutants is enhanced by mutations in mrt-2 or 

hus-1, components of the 9-1-1 complex (Ddc1/Mec3/Rad17 in S. cerevisiae) (Ahmed et 

al. 2001), which suggests that CLK-2 acts independently of this complex. While the work 

described in this thesis was underway, it was reported that rad-5(mn159) mutants have 

constitutively high levels of single-stranded DNA and double-strand breaks in the mitotic 

cells of the germline, as indicated by RAD51 and RPA staining (Garcia-Muse and 
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Boulton 2005). Recruitment of the ATR/Mec1 ortholog ATL-1 to sites of damage is not 

impaired in rad-5 mutant worms (Garcia-Muse and Boulton 2005). Interestingly, the 

developmental delay of both rad-5 and clk-2 mutants can be rescued by mutation of the 

sole p53 homolog in worms, cep-1, or mutation of its downstream target, the cell cycle 

regulator phg-1 (Derry et al. 2007). The authors of this study suggest that constitutive 

DNA damage and/or replication stress in the developing clk-2 mutant animal triggers a 

CEP-1 dependent checkpoint, resulting in slower development. This model is supported 

by the observation that cep-1 clk-2 double mutants show synthetic embryonic lethality. 

Studies of telomere length in clk-2/rad-5 mutants have variously shown 

lengthening (Benard et al. 2001), shortening (Lim et al. 2001), or no signficant effect 

(Ahmed et al. 2001). The most thorough of these studies (Benard et al. 2001) used both 

telomeric and subtelomeric probes and showed convincing lengthening in clk-2 mutants, 

as well as dramatic shortening when CLK-2 was overexpressed from a transgene. 

However, subsequent studies of C. elegans telomere length showed wide variability even 

between clonal lines of genetically identical worms (Raices et al. 2005). Hence, the 

interpretation of the reported effects of clk-2/rad-5 mutations in C. elegans is unresolved. 

In human cells, knockdown of Tel2 is lethal, and cells do not arrest at any one 

cell-cycle stage (Jiang et al. 2003). Overexpression of Tel2 causes telomere lengthening, 

as well as sensitivity to HU (hydroxyurea) and oxidative stress. Overexpressed Tel2 is 

distributed throughout the cell, and subcellular fractionation showed that it was 

associated with all fractions tested (Jiang et al. 2003). 

Work on Schizosaccaromyces pombe Tel2, published while our study was in 

progress, found that transcriptional repression of Tel2 expression caused some of the 
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cells in a population to arrest with 1C DNA content (Shikata et al. 2007). This study also 

found that Tel2 is required for the response to replication stress. Repression of tel2+ 

expression abrogated phosphorylation of Mrc1 and Cds1 (S. cerevisiae Rad53) after 

treatment with HU, indicating that Tel2 functions upstream of Mrc1 and Cds1 in the 

response to replication stress. During S and possibly G2 phase, tel2+-repressed cells 

showed high levels of foci of Rad22-YFP, the S. pombe Rad52 homolog, indicating high 

levels of spontaneous DNA damage. This is reminiscent of the results in C. elegans rad-5 

mutants showing constitutively high levels of RPA and RAD51 foci. This S. pombe study 

also found that tel2+ repression combined with deletion of swi1+ gave synthetic 

lethality. Since Swi1 is part of a replication-fork protection complex (Noguchi et al. 

2004), this suggests that Tel2 has a role in replication fork stability. 

Two papers published while the work described in this thesis was underway found 

that Tel2 interacts with multiple phosphatidylinositol 3-kinase-like protein kinases 

(PIKKs). Hayashi et al. found that S. pombe Tel2 interacted with Tor1, Tor2, Rad3 

(Mec1 in S. cerevisiae), Tra1, and several other proteins. No functional consequences of 

these interactions were shown (Hayashi et al. 2007). Takai et al. found that human Tel2 

interacted with all known mammalian PIKKs (Takai et al. 2007). They showed that upon 

deletion of Tel2, PIKK protein stability was compromised and DNA damage signaling 

was reduced. They propose that Tel2’s function is to stabilize PIKKs via an unknown 

mechanism, and, furthermore, that changes in PIKK stability account for all of the 

phenotypes of Tel2 knockdown or mutation in various organisms. There are reasons to 

doubt the completeness of this model, however. First, our work (Chapter 2) shows that 

although tel2-1 completely disrupts the function of the PIKK Tel1 in the DNA damage 
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response, this disruption is not, in fact, a result of lower Tel1 protein levels. Second, 

Takai et al. note that in C. elegans, rad-5 has a phenotype similar to ATL-1 knockdown, 

which they hypothesize to be a result of lower ATL-1 protein levels in the mutant worms.  

However, ATL-1 immunostaining of mitotic cells in rad-5 mutant worms is actually 

stronger than in wildtype worms  (Garcia-Muse and Boulton 2005). We currently favor a 

model in which Tel2 interacts with PIKKs to modulate their function, but its main 

function is not to regulate their stability; rather, we propose that the loss of PIKK stability 

seen upon mutation or knockdown of Tel2 is merely a side-effect of loss of a binding 

partner. 

 

Overview of the work described in this thesis 

When this work was begun, Tel2 was known to be involved in telomere length 

regulation, aging, and the response to DNA damage. However, its exact role in all of 

these processes was unknown. As an essential, conserved, yet not intensively studied 

protein, it was an ideal subject for investigation. 

 Our initial goals were to characterize Tel2’s role in telomere length regulation and 

to determine why it is required for viability. We focused initially on telomere length, 

taking advantage of the tel2-1 point mutation identified by Lustig and Petes. A published 

report had claimed that TEL1 and TEL2 were epistatic for telomere length (Runge and 

Zakian 1996). This study also found that overexpression of the Rap1 C-terminus, which 

causes telomere lengthening, was unable to cause lengthening in both tel2-1 and tel1-1 

cells, suggesting an important role for Tel2 in telomere length regulation via Rap1 and its 

partners Rif1 and Rif2. Our attempts to corroborate these results produced some 
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discrepancies from the published work. We found that Tel1 and Tel2 were not fully 

epistatic, and that deletions of RIF1 and RIF2 are still able to cause telomere lengthening 

in tel2-1 cells. We also analyzed the relationship between TEL2 and telomerase, MEC1, 

and SML1. Taken together, our results suggest that Tel2 influences telomerase action 

mainly via the Tel1 pathway, with a slight additional contribution outside the Tel1 

pathway. These experiments are described in Chapter 4. 

Initial experiments revealed that tel2-1 point mutation, in addition to causing 

telomere shortening, also caused a defect in DNA damage signaling. This observation 

developed into a new arm of the thesis research: to characterize Tel2’s role in DNA 

damage signaling. By combining the tel2-1 mutation with deletions of MEC1 and TEL1 

and analyzing effects on downstream effectors of the DNA damage response, we 

determined that Tel2 acts in the Tel1 pathway of DNA damage signaling. We also found 

that recruitment of Tel1 protein to a double-strand break was impaired in tel2-1 mutant 

cells. By computational analysis, we found that Tel2 is predicted to have structural 

similarity to Ddc2, a binding partner of Tel1 that is required for its recruitment to sites of 

DNA damage. This suggests that the Tel1-Tel2 and Mec1-Ddc2 complexes might be 

evolutionarily related. These experiments are contained in Chapter 2. 

 In Chapter 3, I describe experiments carried out to determine the reason(s) Tel2 is 

essential for viability. To characterize the null phenotype, we analyzed cells deleted for 

TEL2, and cells expressing an inducibly-degradable Tel2 protein. We found that cells 

lacking Tel2 accumulated in G1 and showed defects in chromosome segregation. We also 

carried out a high-copy suppressor screen to find genes whose overexpression could 

compensate for lack of Tel2. This screen identified the genes SLX5 and CDC7, which 
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both have roles in DNA replication and repair. We discuss these experiments in Chapter 

3. 

 Finally, in Chapter 5, I consider the implications of our findings and propose 

future directions for investigation arising out of this thesis research. 

 

 

References 

Ahmed, S., Alpi, A., Hengartner, M.O., and Gartner, A. 2001. C. elegans RAD-5/CLK-2 

defines a new DNA damage checkpoint protein. Curr Biol 11: 1934-1944. 

Ahmed, S. and Hodgkin, J. 2000. MRT-2 checkpoint protein is required for germline 

immortality and telomere replication in C. elegans. Nature 403: 159-164. 

Arneric, M. and Lingner, J. 2007. Tel1 kinase and subtelomere-bound Tbf1 mediate 

preferential elongation of short telomeres by telomerase in yeast. EMBO Rep 8: 

1080-1085. 

Askree, S.H., Yehuda, T., Smolikov, S., Gurevich, R., Hawk, J., Coker, C., Krauskopf, 

A., Kupiec, M., and McEachern, M.J. 2004. A genome-wide screen for 

Saccharomyces cerevisiae deletion mutants that affect telomere length. Proc Natl 

Acad Sci U S A 101: 8658-8663. 

Benard, C., McCright, B., Zhang, Y., Felkai, S., Lakowski, B., and Hekimi, S. 2001. The 

C. elegans maternal-effect gene clk-2 is essential for embryonic development, 

encodes a protein homologous to yeast Tel2p and affects telomere length. 

Development 128: 4045-4055. 

13



Bianchi, A. and Shore, D. 2007. Increased association of telomerase with short telomeres 

in yeast. Genes Dev 21: 1726-1730. 

Blackburn, E.H. 1990. Telomeres and their synthesis. Harvey Lect 86: 1-18. 

Blackburn, E.H. 2000. Telomere states and cell fates. Nature 408: 53-56. 

Blackburn, E.H. and Gall, J.G. 1978. A tandemly repeated sequence at the termini of the 

extrachromosomal ribosomal RNA genes in Tetrahymena. J Mol Biol 120: 33-53. 

Bodnar, A.G., Ouellette, M., Frolkis, M., Holt, S.E., Chiu, C.P., Morin, G.B., Harley, 

C.B., Shay, J.W., Lichtsteiner, S., and Wright, W.E. 1998. Extension of life-span 

by introduction of telomerase into normal human cells. Science 279: 349-352. 

Chan, S.W., Chang, J., Prescott, J., and Blackburn, E.H. 2001. Altering telomere structure 

allows telomerase to act in yeast lacking ATM kinases. Curr Biol 11: 1240-1250. 

Chang, M., Arneric, M., and Lingner, J. 2007. Telomerase repeat addition processivity is 

increased at critically short telomeres in a Tel1-dependent manner in 

Saccharomyces cerevisiae. Genes Dev 21: 2485-2494. 

Derry, W.B., Bierings, R., van Iersel, M., Satkunendran, T., Reinke, V., and Rothman, 

J.H. 2007. Regulation of developmental rate and germ cell proliferation in 

Caenorhabditis elegans by the p53 gene network. Cell Death Differ 14: 662-670. 

Garcia-Muse, T. and Boulton, S.J. 2005. Distinct modes of ATR activation after 

replication stress and DNA double-strand breaks in Caenorhabditis elegans. Embo 

J 24: 4345-4355. 

Gartner, A., Milstein, S., Ahmed, S., Hodgkin, J., and Hengartner, M.O. 2000. A 

conserved checkpoint pathway mediates DNA damage--induced apoptosis and 

cell cycle arrest in C. elegans. Mol Cell 5: 435-443. 

14



Gatbonton, T., Imbesi, M., Nelson, M., Akey, J.M., Ruderfer, D.M., Kruglyak, L., 

Simon, J.A., and Bedalov, A. 2006. Telomere length as a quantitative trait: 

genome-wide survey and genetic mapping of telomere length-control genes in 

yeast. PLoS Genet 2: e35. 

Goudsouzian, L.K., Tuzon, C.T., and Zakian, V.A. 2006. S. cerevisiae Tel1p and Mre11p 

are required for normal levels of Est1p and Est2p telomere association. Mol Cell 

24: 603-610. 

Greenwell, P.W., Kronmal, S.L., Porter, S.E., Gassenhuber, J., Obermaier, B., and Petes, 

T.D. 1995. TEL1, a gene involved in controlling telomere length in S. cerevisiae, 

is homologous to the human ataxia telangiectasia gene. Cell 82: 823-829. 

Greider, C.W. and Blackburn, E.H. 1985. Identification of a specific telomere terminal 

transferase activity in Tetrahymena extracts. Cell 43: 405-413. 

Greider, C.W. and Blackburn, E.H. 1987. The telomere terminal transferase of 

Tetrahymena is a ribonucleoprotein enzyme with two kinds of primer specificity. 

Cell 51: 887-898. 

Greider, C.W. and Blackburn, E.H. 1989. A telomeric sequence in the RNA of 

Tetrahymena telomerase required for telomere repeat synthesis. Nature 337: 331-

337. 

Hartman, P.S. and Herman, R.K. 1982. Radiation-sensitive mutants of Caenorhabditis 

elegans. Genetics 102: 159-178. 

Hayashi, T., Hatanaka, M., Nagao, K., Nakaseko, Y., Kanoh, J., Kokubu, A., Ebe, M., 

and Yanagida, M. 2007. Rapamycin sensitivity of the Schizosaccharomyces 

15



pombe tor2 mutant and organization of two highly phosphorylated TOR 

complexes by specific and common subunits. Genes Cells 12: 1357-1370. 

Hector, R.E., Shtofman, R.L., Ray, A., Chen, B.R., Nyun, T., Berkner, K.L., and Runge, 

K.W. 2007. Tel1p preferentially associates with short telomeres to stimulate their 

elongation. Mol Cell 27: 851-858. 

Jiang, N., Benard, C.Y., Kebir, H., Shoubridge, E.A., and Hekimi, S. 2003. Human CLK2 

links cell cycle progression, apoptosis, and telomere length regulation. J Biol 

Chem 278: 21678-21684. Epub 22003 Mar 21631. 

Kondo, 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. 

Kota, R.S. and Runge, K.W. 1998. The yeast telomere length regulator TEL2 encodes a 

protein that binds to telomeric DNA. Nucleic Acids Res 26: 1528-1535. 

Kota, R.S. and Runge, K.W. 1999. Tel2p, a regulator of yeast telomeric length in vivo, 

binds to single-stranded telomeric DNA in vitro. Chromosoma 108: 278-290. 

Krtolica, A., Parrinello, S., Lockett, S., Desprez, P.Y., and Campisi, J. 2001. Senescent 

fibroblasts promote epithelial cell growth and tumorigenesis: a link between 

cancer and aging. Proc Natl Acad Sci U S A 98: 12072-12077. 

Lakowski, B. and Hekimi, S. 1996. Determination of life-span in Caenorhabditis elegans 

by four clock genes. Science 272: 1010-1013. 

Levy, D.L. and Blackburn, E.H. 2004. Counting of Rif1p and Rif2p on Saccharomyces 

cerevisiae telomeres regulates telomere length. Mol Cell Biol 24: 10857-10867. 

16



Lim, C.S., Mian, I.S., Dernburg, A.F., and Campisi, J. 2001. C. elegans clk-2, a gene that 

limits life span, encodes a telomere length regulator similar to yeast telomere 

binding protein Tel2p. Curr Biol 11: 1706-1710. 

Longtine, M.S., Enomoto, S., Finstad, S.L., and Berman, J. 1993. Telomere-mediated 

plasmid segregation in Saccharomyces cerevisiae involves gene products required 

for transcriptional repression at silencers and telomeres. Genetics 133: 171-182. 

Louis, E.J. 1995. The chromosome ends of Saccharomyces cerevisiae. Yeast 11: 1553-

1573. 

Lustig, A.J. and Petes, T.D. 1986. Identification of yeast mutants with altered telomere 

structure. Proc Natl Acad Sci U S A 83: 1398-1402. 

McClintock, B. 1931. Cytological observations of deficiencies involving known genes, 

translocations, and an inversion in Zea mays. Missouri Agric Exp Sta Res Bull 

163: 1-30. 

McClintock, B. 1932. A Correlation of Ring-Shaped Chromosomes with Variegation in 

Zea Mays. Proc Natl Acad Sci U S A 18: 677-681. 

McGowan, C.H. and Russell, P. 2004. The DNA damage response: sensing and 

signaling. Curr Opin Cell Biol 16: 629-633. 

Melo, J. and Toczyski, D. 2002. A unified view of the DNA-damage checkpoint. Curr 

Opin Cell Biol 14: 237-245. 

Morrow, D.M., Tagle, D.A., Shiloh, Y., Collins, F.S., and Hieter, P. 1995. TEL1, an S. 

cerevisiae homolog of the human gene mutated in ataxia telangiectasia, is 

functionally related to the yeast checkpoint gene MEC1. Cell 82: 831-840. 

Muller, H.J. 1938. The remaking of chromosomes. The Collecting Net 8: 182-195. 

17



Naito, T., Matsuura, A., and Ishikawa, F. 1998. Circular chromosome formation in a 

fission yeast mutant defective in two ATM homologues. Nat Genet 20: 203-206. 

Nakada, D., Shimomura, T., Matsumoto, K., and Sugimoto, K. 2003. The ATM-related 

Tel1 protein of Saccharomyces cerevisiae controls a checkpoint response 

following phleomycin treatment. Nucleic Acids Res 31: 1715-1724. 

Noguchi, E., Noguchi, C., McDonald, W.H., Yates, J.R., 3rd, and Russell, P. 2004. Swi1 

and Swi3 are components of a replication fork protection complex in fission 

yeast. Mol Cell Biol 24: 8342-8355. 

Nyberg, K.A., Michelson, R.J., Putnam, C.W., and Weinert, T.A. 2002. Toward 

maintaining the genome: DNA damage and replication checkpoints. Annu Rev 

Genet 36: 617-656. 

Raices, M., Maruyama, H., Dillin, A., and Karlseder, J. 2005. Uncoupling of longevity 

and telomere length in C. elegans. PLoS Genet 1: e30. 

Ritchie, K.B., Mallory, J.C., and Petes, T.D. 1999. Interactions of TLC1 (which encodes 

the RNA subunit of telomerase), TEL1, and MEC1 in regulating telomere length 

in the yeast Saccharomyces cerevisiae. Mol Cell Biol 19: 6065-6075. 

Rouse, J. and Jackson, S.P. 2002. Lcd1p recruits Mec1p to DNA lesions in vitro and in 

vivo. Mol Cell 9: 857-869. 

Runge, K.W. and Zakian, V.A. 1996. TEL2, an essential gene required for telomere 

length regulation and telomere position effect in Saccharomyces cerevisiae. Mol 

Cell Biol 16: 3094-3105. 

Sabourin, M., Tuzon, C.T., and Zakian, V.A. 2007. Telomerase and Tel1p preferentially 

associate with short telomeres in S. cerevisiae. Mol Cell 27: 550-561. 

18



Shay, J.W. and Bacchetti, S. 1997. A survey of telomerase activity in human cancer. Eur 

J Cancer 33: 787-791. 

Shikata, M., Ishikawa, F., and Kanoh, J. 2007. Tel2 is required for activation of the 

Mrc1-mediated replication checkpoint. J Biol Chem 282: 5346-5355. 

Shrivastav, M., De Haro, L.P., and Nickoloff, J.A. 2008. Regulation of DNA double-

strand break repair pathway choice. Cell Res 18: 134-147. 

Takai, H., Wang, R.C., Takai, K.K., Yang, H., and de Lange, T. 2007. Tel2 regulates the 

stability of PI3K-related protein kinases. Cell 131: 1248-1259. 

Takata, H., Kanoh, Y., Gunge, N., Shirahige, K., and Matsuura, A. 2004. Reciprocal 

association of the budding yeast ATM-related proteins Tel1 and Mec1 with 

telomeres in vivo. Mol Cell 14: 515-522. 

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. 

Verdun, R.E., Crabbe, L., Haggblom, C., and Karlseder, J. 2005. Functional human 

telomeres are recognized as DNA damage in G2 of the cell cycle. Mol Cell 20: 

551-561. 

 

 

19



Chapter 2: Tel2 mediates activation and localization of ATM/Tel1 kinase to a  

double-strand break 

 

Carol M. Anderson1, Dmitry Korkin2,3, Dana L. Smith1, Svetlana Makovets1, 

Jeffrey J. Seidel1, Andrej Sali2, and Elizabeth H. Blackburn1 

1Department of Biochemistry and 2Departments of Biopharmaceutical Sciences 

and Pharmaceutical Chemistry, and California Institute for Quantitative 

Biomedical Research, University of California, San Francisco, CA 

3Present address: Informatics Institute and Department of Computer Science, University 

of Missouri, Columbia, MO  

 

Abstract 

The kinases ATM and ATR (Tel1 and Mec1 in the yeast Saccharomyces cerevisiae) 

control the response to DNA damage.  We report that S. cerevisiae Tel2 acts at an early 

step of the TEL1/ATM pathway of DNA damage signaling. We show that Tel1 and Tel2 

interact, and that even when Tel1 protein levels are high, this interaction is specifically 

required for Tel1 localization to a DNA break and its activation of downstream targets.  

Computational analysis revealed structural homology between Tel2 and Ddc2 (ATRIP in 

vertebrates), a partner of Mec1, suggesting a common structural principle used by 

partners of PI3-kinase-like kinases. 

 

Introduction 
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To guard against loss or alteration of genetic information, all cells have mechanisms for 

recognizing and repairing DNA damage. The DNA damage response slows or halts cell 

cycle progression to allow time for repair and upregulates expression of repair 

machinery. Defects in this response lead to accumulation of mutations, genomic 

instability, and, in higher organisms, cancer. 

The PI3-kinase-like kinases (PIKKs) ATM and ATR control the response to DNA 

damage (Abraham 2001). These proteins share structural homology and perform partially 

redundant roles. ATM (Tel1 in S. cerevisiae) responds mainly to double-strand breaks 

(DSBs), whereas ATR (S. cerevisiae Mec1) is activated in response to single-stranded 

DNA (Abraham 2001). ATR/Mec1 constitutively associates with ATRIP (Ddc2 in S. 

cerevisiae); the ATR-ATRIP complex binds to regions of exposed single-stranded DNA 

via an interaction with the single-stranded binding protein RPA (Rouse and Jackson 

2002; Zou and Elledge 2003). In contrast, ATM/Tel1 localizes to double-strand breaks 

via an interaction with the Mre11-Rad50-Nbs1 complex (Mre11-Rad50-Xrs2 in S. 

cerevisiae, called MRX) (Nakada et al. 2003a; Falck et al. 2005; You et al. 2005).  

Tel2 is an essential gene conserved throughout eukaryotes. Evidence from various 

organisms has implicated Tel2 in the response to DNA damage (summarized in Chapter 

1) (Ahmed et al. 2001; Collis et al. 2007; Shikata et al. 2007; Takai et al. 2007). 

However, the exact function of Tel2 has remained unknown. 

Here, we report that S. cerevisiae Tel2 functions at a specific step in the 

ATM/Tel1 pathway in the response to DNA damage. Analyses of damage sensitivity, 

cell-cycle progression after DNA damage, and phosphorylation of key proteins of the 

DNA damage signaling network, together showed that Tel2 is an upstream component of 
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the TEL1 signaling pathway. We demonstrate that Tel1 and Tel2 interact, and that the 

tel2-1 mutation completely disrupts the Tel1-Tel2 interaction and interferes with 

localization of Tel1 to an induced DSB in vivo. While loss of the Tel1-Tel2 interaction 

modestly decreases the total amount of Tel1 protein in cells, we demonstrate that the loss 

of Tel1 function caused by the tel2-1 mutation is not a result of lower protein levels of 

either Tel2 or Tel1. Computational analysis showed structural similarity of Tel2 to Ddc2 

(ATRIP in vertebrates), a binding partner of Mec1 required for recruitment of Mec1 to 

sites of DNA damage. We show that like Ddc2, Tel2 interacts with an α-superhelical 

region in a portion of Tel1 N-terminal to the kinase domain. These findings reveal that 

the interaction of α-superhelical modules is general strategy used by the PIKKs to 

interact with their partner proteins. 

 

Results  

Because TEL2 orthologs in other organsims play roles in the DNA damage and 

replication checkpoints, we first determined whether the essential S. cerevisiae Tel2 

protein also affects DNA damage signaling. For these experiments, we used the tel2-1 

allele, which encodes the single amino acid change S129N. This mutation causes 

telomere shortening and mild temperature sensitivity, but cell growth is otherwise 

apparently normal (Runge and Zakian 1996). In plate growth assays, the tel2-1 mutation 

alone did not confer damage sensitivity, but when combined with a deletion of MEC1, 

cells grew more slowly on normal medium and were more sensitive to DNA damaging 

agents than either single mutant (Figs. 2-1a and 2-2). This is reminiscent of the 

previously reported damage sensitivity of tel1∆ strains, which, similarly, is uncovered in 
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a mec1∆ background (Fig. 2-1a) and (Morrow et al. 1995). In contrast, tel1∆ tel2-1 cells 

showed no damage sensitivity. Notably, the phenotypes of the double mutants mec1∆ 

tel2-1 and mec1∆ tel1∆, and the triple mutant mec1∆ tel1∆ tel2-1, were all 

indistinguishable from each other. These data therefore provided evidence that TEL2 acts 

in the TEL1 pathway of DNA damage signaling.  

Either Mec1 or Tel1 can initiate activation of Rad53, a central transducer of DNA 

damage signaling (Fig. 2-1c) (Sanchez et al. 1996). The tel2-1 mutation alone caused a 

delay in Rad53 phosphorylation after treatment with DNA damaging agents (Fig. 2-1b).  

This delay occurred when damage was inflicted in either G1 or S phase of the cell cycle, 

but not in G2/M (Fig. 2-3a); there was a corresponding failure of tel2-1 cells to halt the 

cell cycle properly after DNA damage was inflicted in G1 or S, but not G2/M (Fig. 2-3b, 

c, and d). To abolish Rad53 phosphorylation, both MEC1 and TEL1 must be deleted.  

Strikingly, double mutant tel2-1 mec1∆ cells completely failed to phosphorylate Rad53 

after DNA damage (Fig. 2-1b). In contrast, in tel1∆ tel2-1 cells the phosphorylation of 

Rad53 after phleomycin treatment occurred to a similar extent, and at approximately the 

same rate, as in each of the single mutants. Hence, we conclude that tel2-1 disrupts the 

Tel1 pathway, rather than the Mec1 pathway, of DNA damage signaling. 

We next examined the stage in the Tel1 DNA damage response signaling pathway 

at which the tel2-1 mutation exerted its effect. Two proteins, Mrc1 and Rad9, act in 

parallel pathways downstream of Mec1 and Tel1 to activate Rad53 (Fig. 2-1c) (Alcasabas 

et al. 2001; Tanaka and Russell 2001). In tel2-1 cells, following DNA damage the 

phosphorylation of these two proteins was significantly delayed (Fig. 2-1d), 

demonstrating that Tel2 acts upstream of Rad9 and Mrc1. 
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Xrs2 is temporally one of the earliest proteins to localize to sites of DNA damage 

and is required for the TEL1-dependent response to double-strand breaks (Wu et al. 2000; 

Zhao et al. 2000; Usui et al. 2001). Xrs2 is phosphorylated in a strictly TEL1-dependent 

manner after DNA damage and is a substrate for Tel1 in vitro (D'Amours and Jackson 

2001; Usui et al. 2001; Mallory et al. 2003; Nakada et al. 2003b). We found that tel2-1 

significantly delayed phosphorylation of Xrs2 after DNA damage (Fig. 2-1d). Taken 

together, all these results indicate that Tel2 acts as an upstream component of the TEL1 

signaling pathway. 

Mec1 has been shown to associate constitutively with Ddc2, which is required for 

the localization of Mec1 to sites of DNA damage (Rouse and Jackson 2002). TEL2 and 

DDC2 encode proteins of similar size and share 24% identity at the primary sequence 

level (Fig. 2-4). To test for structural similarity between these proteins, we employed 

sequence-structure threading. This computational method uses both primary sequence 

and predicted secondary structure to compare a given protein against a database of known 

protein folds (see Materials and Methods). Strikingly, for both Tel2 and Ddc2, the 

highest-scored protein fold prediction identified the same protein: importin-β (Fig. 2-5a). 

These predictions were made with high confidence (p-value < 0.0001 for Ddc2 and < 

0.001 for Tel2). Importin-β belongs to the ARM-repeat superfamily of protein folds, as 

defined by the SCOP classification of protein structures (Murzin et al. 1995). This 

includes HEAT repeat, Armadillo repeat, and other protein families, all of which adopt 

α-superhelical three-dimensional structures. α-superhelices are found in proteins of 

diverse function, but many share the property of interaction with other α-superhelices. 
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Tel1 and Mec1 have previously been predicted to contain α-superhelices in 

regions N-terminal to their kinase domains (Perry and Kleckner 2003). Our independent 

analysis of Tel1 and Mec1 corroborated these predictions (Fig 2-5b).  Specifically, the N-

terminal part of each protein was predicted to consist of two ARM repeat α-superhelices 

separated by another α-superhelix composed of tetratricopeptide (TP) repeats; the C-

terminal segment was predicted to contain a domain structurally similar to the 

phoshoinositide 3-kinase (PIK) catalytic domain (Fig. 2-5b). Based on the predictions of 

helical regions in the structures of Mec1 and Tel1, and because Ddc2 is known to interact 

with the N-terminal α-superhelical region of Mec1 (Wakayama et al. 2001), we predicted 

that Tel2 and Tel1 would also interact.  

Indeed, epitope-tagged Tel2 and Tel1 expressed from their native promoters could 

be coimmunoprecipitated from whole cell yeast extracts (Figs. 2-6a and 2-6b), and this 

interaction was mediated by the ARM/TP-repeat region of Tel1 (Figs. 2-7 and 2-8). The 

interaction did not require the Tel1 kinase domain itself. The interaction detected by 

coimmunoprecipitation was unchanged by DNA damage (Figs. 2-6a and 2-6b).  In 

contrast, Tel2-1 protein failed to coimmunoprecipitate with Tel1 (Fig. 2-6c), indicating 

that the tel2-1 point mutation disrupts the interaction of Tel2 with Tel1. The expression 

levels of Tel2 and the mutant Tel2-1 were identical (Fig. 2-6c, input lanes and Fig. 2-9c). 

TEL2 is essential, yet cells expressing tel2-1 as their only copy of the TEL2 gene are alive 

and grow apparently normally (Fig. 2-1a), indicating that the Tel2-1 protein is not 

globally misfolded or degraded.   

Tel1 interacts with the Xrs2 subunit of the Mre11-Rad50-Xrs2 (MRX) complex, 

an interaction required for Tel1 localization to sites of DNA damage (Nakada et al. 
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2003a; Falck et al. 2005; You et al. 2005). However, this Tel1-Xrs2 interaction remained 

intact in tel2-1 cells (Fig. 2-6d). Furthermore, the interaction between Tel1 and Tel2 did 

not require XRS2 (Fig. 2-6e). Finally, no interaction between Tel2 and Xrs2 was detected 

by coimmunoprecipitation (data not shown). We conclude that the Tel1-Tel2 interaction 

does not involve Xrs2. 

We found that the tel2-1 mutation abrogated recruitment of Tel1 to a double-

strand break. First, we found that tel2-1 did not alter nuclear localization of Tel1 (Fig. 2-

9d), so the effects of the tel2-1 mutation cannot be explained by a failure of Tel1 to reach 

its DNA damage targets in the nucleus. We then performed chromatin 

immunoprecipitation (ChIP) using strains in which a single double-strand break could be 

induced by growth in galactose (Fig. 2-10). FLAG-Tel1 was specifically enriched at the 

break, as previously reported (Nakada et al. 2003a; Lisby et al. 2004). In tel2-1 cells, 

enrichment of FLAG-Tel1 at the break dropped from ~30-fold to ~7.5 fold over the 

background signal from an untagged control strain (Fig. 2-10a). A recent study of Tel2 in 

mammalian cells reported that lack of Tel2 caused destabilization of ATM protein (Takai 

et al. 2007). The tel2-1 mutation, which we found disrupts the Tel1-Tel2 interaction, also 

led to somewhat lower Tel1 levels; however, in yeast the drop in protein levels was less 

dramatic than reported in the mammalian situation, with FLAG-Tel1 still being 

maintained at about 60-80% of its normal level (Fig. 2-9a). Loss of protein stability is 

commonly seen when a protein cannot interact with one of its usual partners; for 

example, we also observed lower Tel1 protein levels when XRS2 was deleted (Fig. 2-6e). 

We ruled out the possibility that reduced Tel1 protein levels might have accounted for the 

reduced association with the DSB. We expressed a second copy of FLAG-Tel1 in tel2-1 
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cells from a plasmid, thereby boosting the FLAG-Tel1 expression level to above the level 

found in a TEL2 strain (Fig. 2-10b). In these tel2-1 cells, FLAG-Tel1 localization to a 

DSB was still defective (Fig. 2-10b) in spite of its overexpression. Hence, the tel2-1 

mutation impairs Tel1 recruitment to a site of damage, and this impairment is not a result 

of lowered protein level of the PIKK Tel1.    

MRX binding to sites of damage precedes Tel1 localization, and the Tel1-Xrs2 

interaction is required for recruitment of Tel1 to a DNA break (Nakada et al. 2003a; 

Lisby et al. 2004; Falck et al. 2005; You et al. 2005). We found that Xrs2 localization to a 

DSB remained normal in tel2-1 cells (Fig. 2-10c). Hence, in tel2-1 cells Tel1 remains 

competent to interact with Xrs2 (Fig. 2-6d) and Xrs2 binds normally to a DSB, yet Tel1 

localization to a DSB is impaired.   

We were unable to detect an interaction of Tel2 itself with a DNA break in vivo 

by ChIP or immunofluorescence in strains with an induced HO cut, or by 

immunofluorescence on meiotic chromosome spreads (data not shown). Therefore we 

propose that the Tel1-Tel2 complex substantially or completely dissociates prior to (or 

upon) binding of Tel1 to a DSB. This is consistent with experiments on purified human 

ATM, in which localization to double-stranded DNA in vitro required only Mre11-

Rad50-Nbs1 (Lee and Paull 2005). Our results now suggest the possibility that the lack of 

added Tel2 in those experiments may help explain why that study did not recapitulate 

certain aspects of ATM activation in vivo.  

 

Discussion 
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These results provide the first mechanistic understanding of how the conserved Tel2 

protein acts in the response to DNA damage. Tel2 has been prevously shown to have a 

role in DNA damage responses in C. elegans, S. pombe, and mammalian cells. Detailed 

mechanistic studies of Tel2 in these organisms have been hindered by the fact that 

depletion or mutation of Tel2 also causes constitutive replication stress and, in the case of 

depletion, inviability. Here we show that Tel2 is a binding partner for Tel1. In this study 

we also used a separation-of-function point mutation that specifically disrupts checkpoint 

responses but does not cause constitutive replication stress or reduced viability, allowing 

us to dissect Tel2’s role in the DNA damage response. We have shown that this mutation 

disrupts the Tel1-Tel2 complex, preventing Tel1 from being recruited to a DNA break 

and causing defects in the TEL1 signaling pathway. We and others have found that in 

budding yeast, the effects of TEL1 deletion on the DNA damage response are most 

significant in G1 and S phases of the cell cycle (Nakada et al. 2003b; Javaheri et al. 

2006). Similarly, we found that the effects of tel2-1 on DNA damage checkpoints were 

significant only in G1 and S phases. The observation that tel2-1 and tel1∆ cells have 

intact G2/M checkpoints may explain the fact that they are not sensitive to growth on 

media containing DNA-damaging drugs.  

In an independent report on findings made during the same time as the research 

described in the present paper (Takai et al. 2007), it was suggested that the entire effect of 

mammalian Tel2 on the ATM pathway is due to destabilization of ATM protein. This 

decreased stability upon experimentally-induced loss or mutation of Tel2 may reflect 

ATM’s or Tel1’s loss of normal interaction with its binding partner. While we find that 

loss of the yeast Tel1-Tel2 interaction leads to moderately lower Tel1 protein levels, our 
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work clearly demonstrates that a lower Tel1 protein level cannot account for the effects 

of Tel2 on the Tel1 signaling pathway; rather, our results show that Tel2 is necessary for 

localization of Tel1 to a DSB even with full levels of Tel1 present. 

The defects in tel2-1 cells were largely specific for the Tel1 pathway. Studies in S. 

pombe and mammalian cells have demonstrated a physical interaction between Tel2 and 

other PIKKs, a family that includes Tel1/ATM and Mec1/ATR. (Collis et al. 2007; 

Hayashi et al. 2007; Takai et al. 2007). Our data do not rule out an interaction between 

Tel2 and Mec1 (or other PIKKs) in budding yeast. Indeed, we note that Rad53 

phosphorylation after DNA damage was slightly delayed in tel1∆ tel2-1 cells compared 

to each single mutant, consistent with Tel2 having additional functions that do not lie 

upstream of Tel1. Such additional roles are also suggested by the fact that TEL2 is 

essential for viability, while TEL1 is not. However, the available data indicate that TEL2 

is not essential due to an interaction with the essential MEC1 gene, because we found that 

sml1∆, which rescues the lethality of mec1∆, could not rescue the lethality of tel2∆ (data 

not shown). Therefore Tel2 is likely to have an essential function or functions unrelated 

to Mec1/Tel1-dependent DNA damage signaling. Studies in other organisms suggest 

these other functions may include a role in DNA replication or survival of replication 

stress (Garcia-Muse and Boulton 2005; Collis et al. 2007; Shikata et al. 2007). 

Our work reveals that both Tel2 and Ddc2 are structurally similar to importin-β, 

adopting a common α-superhelical fold. Like Ddc2, Tel2 interacts with the ARM-repeat-

containing N-terminal region of Tel1. Therefore, this mode of protein-protein interaction 

may represent a general strategy by which various classes of proteins (including the PI3-

like kinases) interact with their binding partners. 
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Materials and  Methods 

Plasmids 

Plasmid pGal-HO, expressing HO endonuclease under the control of the GAL10 

promoter, was obtained from A. Murray. Plasmid pEHB3212, which was used to tag the 

C-terminus of Rad53, contains sequence encoding the C-terminus of Rad53 followed by 

two HA tags and six His tags. This was constructed by moving a XhoI-BamHI fragment 

from pRS304Rad53HA-HIS (obtained from J. Li) into the MET15-marked plasmid 

pRS401 (Brachmann et al. 1998). Plasmid pEHB13068 (pFLAG-Tel1) contains the 

FLAG-tagged Tel1 ORF, along with 1125 bp of upstream sequence and 418 bp of 

downstream sequence, in the vector pRS316. It was constructed by introducing the FLAG 

tags via gap repair of pRS316-Tel1 (obtained from the R. Wellinger lab) in a strain 

containing FLAG-Tel1 at the endogenous TEL1 locus. Two additional rounds of gap 

repair were also carried out to fix preexisting mutations in pRS316-Tel1; the sequence of 

the entire insert was confirmed by sequencing. 

 

Yeast strains 

All strains are in the S288C strain background and are isogenic with BY4736 

(EHB13029) (Brachmann et al. 1998), except as noted in the table below. The tel2-1 

mutation was introduced into the S288C strain background by crossing AJL1291D (a gift 

from A. Lustig) to BY4736, then backcrossing to BY4736 at least 5 times. Rad53 was 

HA-tagged in wt and tel2-1 strains by integration of plasmid pEHB3212 (see Materials 

and Methods). All other Rad53-tagged strains were derived from crosses of these strains.  

30



Segregation of tel2-1 was scored by PCR using the forward primers 

AAGGCCCTTTTCTTTGGCAG (wt) or AAGGCCCTTTTCTTTGGCAA (tel2-1), in 

combination with reverse primer TGCCTCACGTTCATTGCTAC. Note that in addition 

to the tel2-1 point mutation, the forward primers contain an internal mismatch to the 

endogenous sequence to enhance specificity of the PCR (Okimoto and Dodgson 1996).  

The MEC1, SML1, TEL1, and XRS2 open reading frames were deleted by PCR-mediated 

gene disruption (Longtine et al. 1998). Tel2, Mrc1, and Xrs2 were tagged by PCR-

mediated gene disruption. Tel1 and Rad9 were N-terminally tagged by two-step gene 

replacement using PCR products from pMPY3xMyc, pMPY3xHA(Schneider et al. 1995) 

or pMPY3xFLAG (Seidel et al., manuscript in preparation). tel2-1 was tagged in 

TEL2/tel2-1 heterozygous diploids by PCR-mediated gene disruption. Diploids were 

sporulated and scored by PCR to determine which allele was tagged. To make strains 

with an inducible double strand break, the MAT locus of BY4736 was converted to 

MATa-inc, which is not cleavable by HO endonuclease, via two-step gene replacement 

using plasmid pJH32 obtained from D. Toczyski. This strain was mated to a FLAG-Tel1 

tel2-1 MATα strain, and the resultant diploid was transformed with a BamHI-NsiI 

fragment of pDG3 (Galgoczy and Toczyski 2001) to integrate a recognition site for HO 

endonuclease at TRP5. Presence and cleavability of the HO site was confirmed by 

Southern blot, using strains transformed with pGal-HO. After sporulation of the diploid, 

segregants were scored by PCR for presence of the HO site, FLAG-Tel1, and  tel2-1.  

Haploids were transformed with pGal-HO.  

 

Damage sensitivity 
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For analysis of damage sensitivity on plates, logarithmically growing cells were counted 

on a hemocytometer, and 5-fold serial dilutions were prepared from a starting 

concentration of 4 x 106 cells/ml.  After spotting on plates, some of the plates were 

irradiated at 254 nm in a Stratalinker (Stratagene) as indicated.  Plates were photographed 

after incubation at 30˚C for 2 days. 

 

Cell cycle experiments  

All yeast cultures were grown at 30˚ C with shaking at 225 rpm. To test the G1 

checkpoint, cells were grown to an A600 of 0.2 and arrested in G1 by addition of α-

factor to 5 µg/ml for 2.5 hours. Cultures were then split in half, and phleomycin was 

added to one culture to a concentration of 5 µg/ml. After 15 min, cells were recovered by 

filtration and resuspended in fresh, prewarmed YPD medium. At 15 min intervals after 

resuspension, 500 µl aliquots of cells were fixed by addition of 1.1 ml ethanol.  

To test S-phase checkpoint responses, cells were arrested in α-factor as described above, 

collected by filtration, and resuspended in prewarmed medium containing 0.04% MMS.  

Aliquots were collected at 15 min intervals and fixed as described.   

To analyze responses in G2/M, cells were arrested in α-factor as described, filtered and 

released into medium containing 15 µg/ml nocodazole, and incubated for 100 min. 

Phleomycin was added to 5 µg/ml and the cultures incubated an additional 60 min. Cells 

were collected by filtration and resuspended in prewarmed medium containing 5 

µg/ml α-factor. Aliquots were collected every 30 min and fixed as described. 

For flow cytometry, fixed cells were stained with SYBR Green I as described (Fortuna et 

al. 2001).  Data were collected on a FACScalibur (BD Biosciences).  
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Western blotting 

For detection of Rad53 phosphorylation, 1 ml of cells from a culture at an A600 of  ~0.5 

was collected at each time point. Protein was prepared by TCA precipitation (O'Rourke 

and Herskowitz 1998)  and 10% of the sample was run on a 6% SDS-PAGE gel.  For 

detection of Mrc1-Myc, Xrs2-Myc, and HA-Rad9, 20 ml of cells at an an A600 of  ~0.5 

were collected and protein was prepared by bead-beating in urea buffer (20 mM Tris-HCl 

pH 7.4, 7 M urea, 2 M thiourea, 4% CHAPS, 1% DTT). For HA-Rad9, 20 µg total 

protein were run on a 5% SDS-PAGE gel.  For Mrc1-Myc, 15 µg total protein were 

loaded on a 6% SDS-PAGE gel and run for 350 Volt-hours (until the 160 kD prestained 

marker band was at least halfway down the gel). For Xrs2-Myc, 10 µg protein were run 

on a 7.5 % gel for 600 volt-hours (until the 160 kD prestained marker band was at least 

halfway down the gel). Proteins were transferred to Hybond P membrane (Amersham). 

HA-tagged proteins were detected with rat monoclonal anti-HA antibodies (clone 3F10, 

Roche) at a concentration of 0.2 µg/ml. Myc-tagged proteins were detected with mouse 

monoclonal anti-Myc antibodies (clone 9E10, Covance) at a 1:2000 dilution.  

 

Computational methods 

The alignment of Tel2 and Ddc2 (Fig. 2-4) was obtained using the T-coffee server 

(Notredame et al. 2000). 

To structurally characterize Tel2, Ddc2, Tel1, and Mec1 (Fig. 2-5), we 

determined their domain architectures and a three-dimensional fold of each domain using 

the PSIPRED protein structure prediction server (McGuffin et al. 2000). Specifically, the 
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folds were assigned by threading the whole sequence through a library of all known 

folds, relying on similarities in sequence, predicted secondary structure, and statistical 

potentials for residue accessibilities and residue-residue distances as implemented in 

GenTHREADER (McGuffin and Jones 2003). For each predicted fold, a p-value was also 

calculated that estimates the probability of a false prediction and a confidence level was 

assigned which relates to the p-value within a particular range. The current 

implementation of GenTHREADER requires that the target sequence is shorter than 

1,000 residues. When the target was longer, it was divided into segments of 1,000 

residues that overlap by 300 residues, each of which was independently processed by 

PSIPRED. Next, the top-scoring non-overlapping folds that maximized the coverage of 

the entire sequence were selected. The fold families were assigned using the structural 

classification of protein domains, SCOP (Murzin et al. 1995). All folds were predicted at 

the highest confidence level (CERTAIN, p-value < 0.0001), except for Tel2 and the first 

domain of Tel1, which were predicted at the second-highest level (HIGH, p-value < 

0.001). For both Tel2 and Ddc2, the highest-scored protein fold prediction identified the 

same protein, importin-β (PDB ID: 2BKU, chain B). The two closest structures for the 

first ARM repeats of Tel1 and Mec1 were importin-β structures solved independently 

(PDB IDs: 2BKU, chain B and 1QGR, respectively). The closest known structures to the 

TP repeat domain (PDB ID: 1W3B) as well as to the second ARM repeat together with 

PI3K catalytic domain (PDB ID for both: 1E8X) were the same for Tel1 and Mec1.  

 

Coimmunoprecipitation 
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100 ml cultures in YPD were grown to an OD of 0.5-0.7, harvested by centrifugation, 

washed with cold water and the pellets frozen in liquid nitrogen. Frozen pellets were 

resuspended in 500 µl lysis buffer (25 mM HEPES pH 7.5, 150 mM KCl, 1 mM EDTA, 

1 mM EGTA, 1 mM MgCl2, 0.1% NP40, 10% glycerol, and a cocktail of protease 

inhibitors (Mini Complete -EDTA tablet, Roche) and lysed by bead-beating five times for 

30 seconds in a mini-beadbeater 8 (Biospec), with a one-minute incubation on ice in 

between beat-beating sessions. The lysate was centrifuged at 18,000 g at 4˚ C for 15 min, 

and the supernatant collected. Supernatant was centrifuged again at 18,000 g, 4˚ C for 5 

min, and the supernatant collected. The protein concentration of the supernatant was 

measured by Bradford assay and equalized by addition of lysis buffer. 1.5-3.0 mg protein 

in a total volume of 200 µl was used for each IP.  Samples were pre-cleared by rotation 

for one hour at 4˚ C with 50 µl magnetic protein G Dynabeads (Invitrogen) equilibrated 

in lysis buffer. 1% of the cleared material was saved as “input.” 1 µl anti-Myc antibody 

(clone 9E10, Covance) was added to the cleared lysate and the samples rotated at 4˚C for 

one hour.  50 µl protein G dynabeads equilibrated in lysis buffer were added and the 

samples rotated at 4˚ for one hour. Beads were washed three times for one minute each 

with lysis buffer, and the protein eluted by addition of 20 µl 2X SDS sample buffer (125 

mM Tris-Cl pH 6.8, 4% SDS, 20% glycerol, 0.2 M DTT, 0.02% Bromopheonol Blue) 

followed by incubation at 95˚C for 5 min. Samples were loaded on a 6% (for detection of 

Tel2) or 5% (for detection of Tel1) SDS-PAGE gel. Proteins were transferred to Hybond 

P membrane and detected by western blotting as described above. FLAG-tagged proteins 

were detected with mouse monoclonal anti-FLAG antibody (clone M2, Sigma) at a 
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1:1000 dilution. HA- and Myc-tagged proteins were detected as described above 

(“Western blotting”). 

 

Nuclear-cytoplasmic fractionation 

500 ml cultures were collected at an OD600 of ~0.3. Cells were washed twice in water, 

resuspended in 10 ml 100 mM Tris pH 9.4, 10 mM DTT, and incubated 10 min at 30˚C 

with shaking at 60 rpm. Cells were collected by centrifugation, washed once in 50 ml 

water, once in 30 ml 1.1 M sorbitol, and resuspended in a final volume of 3 ml 1.1 M 

sorbitol.  300 µl glusulase (PerkinElmer), 90 µl of 10 mg/ml zymolyase 20T (Seikagaku 

America), and 15 µl 1 M DTT were added, and the cells were shaken at 60 rpm, 30˚ C for 

3 hrs. Cells were collected by centrifugation at 1500g for 5 min and resuspended in 2 ml 

PVP lysis buffer (described in (Kipper et al. 2002)). 1 ml of the suspension was 

homogenized by 15 strokes in a Dounce “A” homogenizer. The homogenate was 

centrifuged for 1 min at 500 g, 4˚C to remove undisrupted cells. The supernatant (“whole 

cell extract”) was then centrifuged for 10 min at 1000 g, 4˚ C. The supernatant was saved 

as “cytoplasm” and the pellet was resuspend in 1 ml PVP lysis buffer and saved as 

“nuclei.” For detection of proteins, samples were concentrated by methanol precipitation 

as described (Kipper et al. 2002).  Anti-3-phosphoglycerate kinase (PGK1) antibody 

(Molecular Probes) was used as a cytoplasmic marker at a 1:5000 dilution. Nuclear pore 

complex proteins were detected with Mab414 (Covance) at a 1:5000 dilution. 

 

Chromatin IP 
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For Tel1 chromatin IP, 100 ml cultures were grown overnight at 30˚ C in –URA medium 

(or –URA –HIS for Fig. 2-10b) containing 2% raffinose and 0.02% glucose. After the 

cultures reached an OD600 of 0.2, α-factor was added to a final concentration of 5 µg/ml 

and the cultures grown for 2.5 hours. Cultures were split in half, and galactose was added 

to one culture to a final concentration of 2% to induce expression  of HO endonuclease.  

An additional 5 µg/ml α-factor was also added to both cultures to maintain the G1 arrest.  

After one hour in galactose, cells were fixed by adding formaldehyde to 1% and shaking 

the cultures at 30˚C for 30  minutes. To quench fixation, glycine was added to a final 

concentration of 0.125 M. Cells were collected by centrifugation and washed once with 

50 ml HBS (50mM HEPES pH 7.4, 140 mM NaCl, 1 mM EDTA) and once with 10 ml 

ChIP lysis buffer (50mM HEPES pH 7.4, 140 mM NaCl, 1 mM EDTA, 1% IGEPAL 

CA-630, 0.1% sodium deoxycholate, 1mM PMSF), then frozen in liquid nitrogen. For 

Xrs2 chromatin IP, conditions were identical except for the length of formaldehyde 

crosslinking, which was reduced to 5 minutes. 

Chromatin IP was performed essentially as described (Taggart et al. 2002).  

Frozen pellets were resuspended in 600 µl lysis buffer with protease inhibitors (Mini 

Complete –EDTA, Roche) and lysed by bead-beating three times for 5 minutes in a mini-

beadbeater 8 (Biospec), with a 5 minute rest between sessions.  Lysate was centrifuged at 

18,000 g, 4˚ C for 30 min, and the pellet resuspended in 500 µl lysis buffer with protease 

inhibitors.  Chromatin was sheared to an average size of 500 bp by sonication with a 

Branson sonifier. The lysate was centrifuged twice at 5,000 g, 4˚C for 5 min, and the 

supernatant incubated with 50 µl protein G Dynabeads (Invitrogen) at 4˚C for 1 hour with 

rotation.  The cleared lysate was then moved to a fresh tube and incubated with 1 µl anti-
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FLAG M2 antibody (Sigma) or 2 µl anti-Myc antibody (clone 9E10, Covance).  10 µl of 

cleared lysate was saved as “input.”  After 1 hour of rotation at 4˚C, samples were added 

to 50 µl protein G Dynabeads and rotated for an additional hour at 4˚C. Beads were 

washed with the following buffers for 5 min each with rotation at room temperature: 500 

µl ChIP lysis buffer (two washes), 1 ml high salt buffer (50 mM HEPES pH 7.5, 1 M 

NaCl, 1mM EDTA), 500 µl T/L (20 mM Tris-HCl pH 7.5, 250 mM LiCl, 1 mM EDTA, 

0.5% IGEPAL CA-630, 0.5% sodium deoxycholate). Beads were quickly washed twice 

with TE (20 mM Tris-HCl pH 7.5, 0.1 mM EDTA), resuspended in 145 µl TE + 1% 

SDS, and incubated at 65˚C for 3 min to elute protein and DNA. 125 ml of TE + 1% SDS 

was also added to the input samples, and eluates and inputs were incubated at 65˚C 

overnight to reverse crosslinks. DNA was recovered with Qiaquick columns (Qiagen).   

 Quantitative real-time PCR reactions were set up using the Brilliant SYBR Green 

QPCR Master mix (Stratagene), and run on an MxP3000 thermal cycler (Stratagene).  

Input DNA was diluted 1:20 and immunoprecipitated DNA was diluted 1:2, and 5 µl of 

each dilution were used as template DNA in a 25 µl reaction. Triplicate reactions were 

run for each primer/template combination. For each experiment, a standard curve for each 

primer pair was constructed using serial dilutions of pooled input DNA ranging from 

1:10 to 1:10,000, and the standard curve was used to calculate relative starting quantities 

of DNA for input and IP samples. DNA adjacent to the HO cut was detected using the 

following primers, yielding a 191 bp product: ATA AAC CCT GGT TTT GGT TTT G, 

GGA CGA ATT CTT TGC CTT TC. Fold enrichment at the HO cut was calculated as 

[(IPHO)/(inputHO)]. The enrichment of the untagged control strain was set to 1. Note that 

for the untagged and uncrosslinked controls, only galactose-induced cultures were 
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analyzed. As a reference, the same samples were also amplified using the ARO primers 

(Fisher et al. 2004), giving  a 371 bp product:  TGACTGGTACTACCGTAACGGTTC, 

GAATACCATCTGGTAATTCTGTAGTTTTGAC.  Signals from the ARO primers are 

shown in Fig. 2-11.   
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Figure legends 

Figure 2-1. Tel2 is an upstream component of the TEL1 pathway of DNA damage 

signaling. Note that all mec1∆ strains also contain a deletion of SML1. (A) 5-fold serial 

dilutions of logarithmically growing cells were plated onto media containing DNA-
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damaging drugs. For UV treatment, cells were irradiated at 254 nm immediately after 

plating. (B) α-factor arrested cells were treated with 5 µg/ml phleomycin, and samples 

collected every 10 min for western blots. (C) Diagram of DNA damage signaling 

pathways in S. cerevisiae. (D) α-factor arrested cells were treated with 5 µg/ml 

phleomycin, and samples collected every 20 min for western blots. 

 

Figure 2-2.  (A) tel2-1 alone does not cause DNA damage sensitivity.  Higher doses of 

DNA-damaging drugs were used than those shown in Fig. 2-1a.  5-fold serial dilutions of 

logarithmically growing cells were plated onto media containing DNA-damaging drugs.  

For UV treatment, cells were irradiated at 254 nm immediately after plating. (B) Triple 

mutant mec1∆ tel1∆ tel2-1 cells are not more damage-sensitive than double mutant 

mec1∆ tel1∆ cells.  Cells were grown and irradiated with the indicated dose of UV light 

as in part (A) above. 

 

Figure 2-3.  tel2-1 causes DNA damage checkpoint defects in G1 and S phases, but not in 

G2/M. (A) G1 and S phase defects in Rad53 phosphorylation. Top panel, α-factor 

arrested cells were treated with 5 µg/ml phleomycin, and samples collected every 10 min 

for analysis of Rad53 phosphorylation by western blot.  Middle panel, α-factor arrested 

cells were released into medium containing 0.04% MMS, and samples collected every 10 

min. Bottom panel, nocodazole-arrested cells were treated with 5 µg/ml phleomycin, and 

samples collected every 10 min. Note that nocodazole treatment itself causes some Rad53 

phosphorylation.  (B) Arrest defect after DNA damage in G1 phase. α-factor arrested 

cells were treated with 5 µg/ml phleomycin for 15 minutes, then cells were released into 
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fresh medium and collected at 15-minute intervals for analysis of DNA content by flow 

cytometry. (C) Arrest defect after DNA damage in S phase. α-factor arrested cells were 

released into medium containing 0.04% MMS, and samples collected at 15-min intervals 

for analysis of DNA content. (D) Lack of significant arrest defect after DNA damage in 

G2/M phase. Nocodazole-arrested cells were treated with 5 µg/ml phleomycin for 60 

minutes, then released into fresh medium containing α-factor.  Samples were collected 

every 30 min for analysis of DNA content.   

 

Figure 2-4.  Sequence alignment of Tel2 and Ddc2. The alignment was obtained using the 

T-coffee server (Notredame et al. 2000). Color coding highlights regions of high or low 

similarity as indicated.  The residue mutated in tel2-1 is boxed. 

 

Figure 2-5. Predicted structures of Tel1 and Tel2. (A) Computational prediction of 

domain architectures for Tel2 and Ddc2. Both proteins are predicted to have the fold of 

importin-β, an α-superhelical protein in the ARM-repeat family. (B) Computational 

prediction of domain architectures for Tel1 and Mec1. Both proteins are predicted to 

share the same domain architecture consisting of two ARM repeat α-superhelices 

separated by another α-superhelix composed of tetratricopeptide (TP) repeats, followed 

by a domain structurally similar to the phoshoinositide 3-kinase catalytic domain (PIK). 

 

Figure 2-6. Interaction of Tel1 and Tel2. All proteins were expressed from their 

endogenous chromosomal loci as the only copy of the gene. (A and B) Tel1 and Tel2 

constitutively interact. In each experiment, half of the doubly tagged culture was treated 
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with 5 µg/ml phleomycin for 30 minutes before collection of cells. (C) Tel2-1 fails to 

interact with Tel1. Extracts were prepared from diploid strains TEL2/tel2-1, TEL2-

Myc/tel2-1, and TEL2/tel2-1-Myc. Top panels, inputs and IPs were subjected to anti-

FLAG immunoblotting. Bottom panels, the same blots were stripped and reprobed with 

anti-Myc antibody. The faint band in the first lane is a result of Tel2-Myc protein 

bleeding over from the adjacent lane. (D) The Tel1-Xrs2 interaction does not depend on 

TEL2. More cells were used in the tel2-1 IPs, in order to load approximately equal 

amounts of FLAG-Tel1 protein in each IP. (E) The Tel1-Tel2 interaction does not depend 

on XRS2. Note that expression levels of FLAG-Tel1 were lower in xrs2∆ strains.  

 

Figure 2-7.  An α-superhelical region of Tel1 is required for association with Tel2. Each 

FLAG-tagged deletion mutant of Tel1 was expressed from the endogenous chromosomal 

TEL1 locus, and hence was the only Tel1 protein in the cell. Deletion mutants were tested 

for interaction with Tel2-Myc by coIP as in Fig 2-6.  (A) Diagram showing the deletion 

mutants tested.  Right-hand column, “+” indicates an assocation interaction with Tel2-

Myc was detected; “-” indicates no interaction detected. (B) N-terminal deletions of Tel1.  

Sizes in kDa of the molecular weight markers are indicated on the left. Position on the 

blot of each Tel1 deletion mutant is indicated along the right side of the figure. The 

asterisk indicates a band of unknown identity found in this particular strain and not in any 

other strains.  “Full length” refers to FLAG-Tel1(2-2787). (C) Internal deletions of Tel1.  

Deletions ∆1384-1859 and ∆1860-2405 spanning the ARM and TP repeat regions (which 

are related α-superhelical folds) abrogate interaction with Tel2. 
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Figure 2-8.  Summary of Tel1-Tel2 interaction data.  (A) The region of Tel1 required for 

its interaction with Tel2 is indicated, as inferred from the data in Fig. 2-7. Domain 

boundaries are the same as in Fig. 2-5 and were derived from our computational analysis 

as described in the Materials and Methods. (B) Same as part (A), except the diagram of 

Tel1 is drawn to show the previously defined FAT, kinase, and FATC domains to 

facilitate comparison with the ATM diagram in part (C) below and in (Takai et al. 2007). 

Domain boundaries were obtained from the Entrez Conserved Domain Database 

(Marchler-Bauer et al. 2007) and (Bosotti et al. 2000). (C) Summary of published human 

ATM-Tel2 interaction results (Takai et al. 2007), determined by in vitro binding assays 

using recombinant GST-ATM fusion proteins with recombinant human Tel2 protein. 

Domain boundaries were obtained from the Entrez Conserved Domain Database 

(Marchler-Bauer et al. 2007) and (Bosotti et al. 2000).  HEAT and ARM repeats are 

closely related repeats and the nomenclature used varies in different publications. 

 

Figure 2-9.  Effects of tel2-1 on Tel1 and Tel2 levels and distribution 

(A) Tel1 levels are lower in tel2-1 cells. Top panel, four isolates of each genotype (TEL2 

or tel2-1) containing FLAG-Tel1 were analyzed. Equal quantities (as measured by OD600) 

of logarithmically growing cells were collected, and whole cell extracts were prepared by 

TCA precipitation and subjected to anti-FLAG immunoblotting. The same samples were 

run on a separate gel, and the blot probed with anti-PGK1 antibody as a loading control.  

Bottom panel, TEL2 extract was diluted with SDS-PAGE loading buffer to various final 

concentrations (for example, “80%” indicates the sample was diluted to 80% of its 

original concentration, which is a 4:5 dilution). Dilutions were run alongside undiluted 

49



tel2-1 extract and subjected to anti-FLAG immunoblotting. The blot was stripped and 

reprobed with anti-tubulin antibody as a loading control. (B) Tel2 levels are not 

influenced by tel1∆. Three isolates of each genotype (TEL1 or tel1∆) were analyzed. 

Logarithmically growing cells were collected and whole-cell extracts prepared by bead-

beating in urea buffer. Equal amounts of total protein were loaded in each lane and 

subjected to anti-HA immunoblotting. The blot was stripped and reprobed with anti-

tubulin antibody as a loading control. (C) Tel2 protein levels are not altered by the tel2-1 

mutation. Four diploid TEL2-HA/tel2-1 and five diploid TEL2/tel2-1-HA strains were 

analyzed. Logarithmically growing cells were collected and whole-cell extracts prepared 

by bead-beating in urea buffer. Equal amounts of total protein were loaded in each lane 

and subjected to anti-HA immunoblotting. The blot was stripped and reprobed with anti-

tubulin antibody as a loading control (D) tel2-1 does not affect the nuclear-cytoplasmic 

distribution of Tel1. Logarithmically growing cells were homogenized to yield whole-cell 

extract (W), then separated into nuclear (N) and cytoplasmic (C) fractions by differential 

centrifugation. Fractions were analyzed by immunoblotting with anti-FLAG, anti-PGK1, 

or anti-nuclear pore complex (NPC) antibodies.  

 

Figure 2-10. Tel1 localization to a double-strand break depends on its interaction with 

Tel2.  A single double-strand break was induced in α-factor-arrested cells by addition of 

2% galactose for one hour. All strains contained a recognition site for HO endonuclease 

integrated at the TRP5 locus and a plasmid expressing HO endonuclease under the 

control of a galactose-inducible promoter; the endogenous HO recognition site at MATa 

was mutated to MATa-inc. DNA adjacent to the break site was detected by quantitative 
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PCR. Data shown are the average of three experiments; error bars represent standard 

deviation of the mean. (A) Tel1 localization to a DSB is reduced in a tel2-1 strain.  (B) 

Reduced localization of Tel1 to a DSB is not a result of lower expression levels.  An 

extra copy of FLAG-Tel1 was expressed from the CEN plasmid pRS316 in tel2-1 cells, 

boosting the expression level above that seen in a TEL2 strain.  Lower panel, western 

blots of cells collected just before formaldehyde fixation of cultures for ChIP. (C) Xrs2 

localization to a DSB is not affected by tel2-1. 

 

Figure 2-11. Chromatin IP controls 

Data from Fig. 2-10 are shown alongside the results from a reference primer set which 

amplifies the ARO1 locus on chromosome IV. Fold enrichment was calculated as IP/input 

for each primer pair, and the signal from the untagged strain was set to 1. Data shown are 

the average of three experiments; error bars are shown for all data points and represent 

standard deviation of the mean. Note that for the untagged and uncrosslinked controls, 

only galactose-induced cultures were analyzed. (A) Tel1 localization to a DSB is reduced 

in a tel2-1 strain. (B) Reduced localization of Tel1 to a DSB is not a result of lower 

expression levels. An extra copy of FLAG-Tel1 was expressed in tel2-1 cells, boosting 

the expression level above that seen in a wt strain. (C) Xrs2 localization to a DSB is not 

affected by tel2-1. 

51



Table 2-1: Strains used in Chapter 2 

All strains are in the S288C strain background and are isogenic with BY4736 
(EHB13029),  except as noted in the table below. 
 

Strain 
number 

Relevant genotype 

EHB13029 ade2∆::hisG his3∆200 met15∆0 trp1∆63 ura3∆0 MATa 
EHB13136 tel2-1 MATa 
EHB13236 tel1∆::HIS3 MATa 
EHB13238 tel2-1 tel1∆::HIS3 MATa 
EHB13232 mec1∆::KAN sml1∆::TRP1 MATa 
EHB13234 tel2-1 mec1∆::KAN sml1∆::TRP1 MATa 
EHB13240 tel1∆::HIS3 mec1∆::KAN sml1∆::TRP1 MATa 
EHB13242 tel2-1 tel1∆::HIS3 mec1∆::KAN sml1∆::TRP1 MATa 
EHB13164 RAD53-HA2-His6-MET15  MATa 
EHB13166 tel2-1 RAD53-HA2-His6-MET15  MATa 
EHB13222 tel1∆::HIS3 RAD53-HA2-His6-MET15  MATa 
EHB13224 tel2-1 tel1∆::HIS3 RAD53-HA2-His6-MET15  MATa 
EHB13218 mec1∆::KAN sml1∆::TRP1 RAD53-HA2-His6-MET15  MATa 
EHB13220 tel2-1 mec1∆::KAN sml1∆::TRP1 RAD53-HA2-His6-MET15  MATa 
EHB13226 tel1∆::HIS3 mec1∆::KAN sml1∆::TRP1 RAD53-HA2-His6-MET15  

MATa 
EHB13228 tel2-1 tel1∆::HIS3 mec1∆::KAN sml1∆::TRP1 RAD53-HA2-His6-MET15 

MATa 
EHB3189 ADE2 his3∆1 leu2∆0 HA3-RAD9 MATa 
EHB13214 ADE2 his3∆1 leu2∆0 HA3-RAD9 tel2-1 MATa 
EHB13208 leu2∆0 lys2∆0 XRS2-Myc13-KAN MATa 
EHB13210 leu2∆0 lys2∆0 XRS2-Myc13-KAN tel2-1 MATa 
EHB13188 his3∆1 MRC1-Myc13-KAN MATa 
EHB13186 his3∆1 MRC1-Myc13-KAN tel2-1 MATa 
EHB13255 FLAG3-TEL1 MATa 
EHB13252 FLAG3-TEL1 TEL2-Myc13-TRP1 MATa 
EHB13263 leu2∆0 TEL2-HA3-TRP1 MATa 
EHB13261 leu2∆0 TEL2-HA3-TRP1 Myc3-TEL1 MATa 
EHB13303 TEL2/tel2-1 FLAG3-TEL1/TEL1 MATa/α 
EHB13300 TEL2-Myc13-TRP1/tel2-1 FLAG3-TEL1/TEL1 MATa/α 
EHB13302 TEL2/tel2-1-Myc13-TRP1 FLAG3-TEL1/TEL1 MATa/α 
EHB13335 FLAG3-TEL1 XRS2-Myc13-KAN MATa 
EHB13348 FLAG3-TEL1 tel2-1 MATa 
EHB13337 FLAG3-TEL1 XRS2-Myc13-KAN tel2-1 MATa 
EHB13279 FLAG3-TEL1 xrs2∆::HIS3 MATa 
EHB13277 FLAG3-TEL1 xrs2∆::HIS3 TEL2-Myc13-TRP1 MATa 
EHB13257 trp5::(HO recognition site-TRP1) MATa-inc pGAL-HO-URA3 
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EHB13258 trp5::(HO recognition site-TRP1) FLAG3-TEL1 MATa-inc pGAL-HO-
URA3 

EHB13260 trp5::(HO recognition site-TRP1) FLAG3-TEL1 tel2-1 MATa-inc pGAL-
HO-URA3 

EHB13375 trp5::(HO recognition site-TRP1) FLAG3-TEL1 MATa-inc pGAL-HO-
URA3 pRS413 

EHB13382 trp5::(HO recognition site-TRP1) FLAG3-TEL1 tel2-1 MATa-inc pGAL-
HO-URA3 pRS413 

EHB13381 trp5::(HO recognition site-TRP1) FLAG3-TEL1 tel2-1 MATa-inc pGAL-
HO-URA3 pFLAG-TEL1 (pEHB13068) 

EHB13360 trp5::(HO recognition site-TRP1) XRS2-Myc13-KAN MATa-inc pGAL-
HO-URA3 

EHB13361 trp5::(HO recognition site-TRP1) XRS2-Myc13-KAN tel2-1 MATa-inc 
pGAL-HO-URA3 

EHB13248-
249 + two 
unnumbered 
sister isolates 

FLAG3-TEL1 MATα 

EHB13246-
247 + two 
unnumbered 
sister isolates 

FLAG3-TEL1 tel2-1 MATα 

EHB13290-
293 

TEL2-HA3-HIS3/tel2-1  MATa/α 

EHB13294-
298 

TEL2/tel2-1-HA3-HIS3  MATa/α 

EHB12849C ADE2 his3Δ1 leu2Δ0 TEL2- Myc13-kanMX6 MATα 
EHB12182A ADE2 his3Δ1 leu2Δ0 FLAG3-TEL1 MATa 
EHB12915A ADE2 his3Δ1 leu2Δ0  FLAG3-TEL1 TEL2-Myc13-kanMX6 MATa 
EHB12196A ADE2 his3Δ1 leu2Δ0 FLAG3-tel1-Δ(419-649) MATa  
EHB12922A
  

ADE2 his3Δ1 leu2Δ0 FLAG3-tel1-Δ(419-649) TEL2-Myc13-kanMX6 
MATa 

EHB12195A ADE2 his3Δ1 leu2Δ0 FLAG3-tel1-Δ(650-939) MATa 
EHB12921A
  

ADE2 his3Δ1 leu2Δ0 FLAG3-tel1-Δ(650-939) TEL2-Myc13-kanMX6 
MATa 

EHB12197A ADE2 his3Δ1 leu2Δ0 FLAG3-tel1-Δ(940-1383) MATa  
EHB12923A
  

ADE2 his3Δ1 leu2Δ0 FLAG3-tel1-Δ(940-1383) TEL2-Myc13-kanMX6 
MATa 

EHB12194A
  

ADE2 his3Δ1 leu2Δ0 FLAG3-tel1-Δ(1384-1859) MATa  

EHB12920A ADE2 his3Δ1 leu2Δ0 FLAG3-tel1-Δ(1384-1859) TEL2-Myc13-kanMX6 
MATa 

EHB12193A ADE2 his3Δ1 leu2Δ0 FLAG3-tel1-Δ(1860-2405) MATa   
EHB12919A ADE2 his3Δ1 leu2Δ0 FLAG3-tel1-Δ(1860-2405) TEL2-Myc13-kanMX6 
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MATα 
EHB12183A
  

ADE2 his3Δ1 leu2Δ0 FLAG3-tel1-ΔN567 MATa  

EHB12916A ADE2 his3Δ1 leu2Δ0 FLAG3-tel1-ΔN567 TEL2-Myc13-kanMX6 MATa 
EHB12184A ADE2 his3Δ1 leu2Δ0 FLAG3-tel1-ΔN1729 MATa  
EHB12917A
  

ADE2 his3Δ1 leu2Δ0 FLAG3-tel1-ΔN1729 TEL2-Myc13-kanMX6 MATα 

EHB12185A ADE2 his3Δ1 leu2Δ0 FLAG3-tel1-ΔN2458 MATa 
EHB12918A ADE2 his3Δ1 leu2Δ0 FLAG3-tel1-ΔN2458 TEL2-Myc13-kanMX6 MATa 
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BAD AVG GOOD

Tel2 MVLETLKQGLDSSQIHEALIQLDSYPREPVDLDASMVLIKFVIPVYPSLPERSK
Dcd2 MRRETVGE-FSSDDDDDILLELGTRPPRFTQIPPSSAALQTQI---PTTLEVTT
Cons *  **: : :.*.: .: *::*.: * . .:: .* . ::  * *:  * :.

Tel2 VILRRLASKSFTFLCQIVTFSRTISG--RDGLQEIRIYQEILEDIISFEPGCLT
Dcd2 TTLNNKQSKNDNQLVNQLNKAQGEASMLRDKINFLNIEREKEKNIQAVKVNELQ
Cons . *..  **. . * : :. ::  :. ** :: :.* :*  ::* :.: . * 

Tel2 F---------------------YLKASTTSKADRDSIKALFFGSKLFNVLANRI
Dcd2 VKHLQELAKLKQELQKLEDEKKFLQMEARGKSKREVITNVKPPSTTLSTNTNTI
Cons . :*: .: .*:.*: *. :   *. :.. :* *

Tel2 DMAKYLGYLRLQWKFLLESNETDPPGFLGEW----------------LVSSFLL
Dcd2 TPDSSSVAIEAKPQSPQSKKRKISDNLLKKNMVPLNPNRIIPDETSLFLESILL
Cons    .    :. : :   ..:.. . .:* : ::.*:**

Tel2 NPVLAADMLLGELF-LLKESYF--FSFQKIISASSLIDQKRLIAKFLLPYIQVI
Dcd2 HQIIGADLSTIEILNRLKLDYITEFKFKNFVIAKGAPIGKSIVSLLL-------
Cons : ::.**:   *::  ** .*: *.*:::: *..    * ::: :*

Tel2    VTLENLNDVRKILRRFDLDKIISLSVLFEIQSLPLKEVIVRLMSNHSSTKFVSA
Dcd2    ----------RCKKTLTLDRFID-TLLEDIAVL-IKEISVHPNESKLAVPFLVA
Cons : : : **::*. ::* :*  * :**: *:  ..: :. *: *

Tel2 LVSKFADF---TDEEVDTKTCELLVLFAVHNLNH-----------SQREE----
Dcd2 LMYQIVQFRPSATHNLALKDCFLFICDLIRIYHHVLKVPIHESNMNLHVEPQIF
Cons *: ::.:* : .::  * * *::   ::  :* . : *

Tel2    ---------IAHDERFLNGVTKHLGSNEREARERAMFIAKLLSGGHLKYESDFK
Dcd2    QYELIDYLIISYSFDLLEGILRVLQSHPKQT-YMEFFDENILKSFEFVYKLALT
Cons *::.  :*:*: : * *: :::    :*  ::*.. .: *:  :.

Tel2 IN---IPNVKFESNSDDKIIDFQSLKNPSICNTQTDVGKDKITEVSGHVQSLTL
Dcd2 ISYKPMVNVIFSAVEVVNIITSIILNMDNSSDLKSLISGSWWRDCITRLYALLE
Cons *. : ** *.: .  :**    *:  . .: :: :. .   :   :: :*

Tel2 DCSDSDDEDENDEREIVKRIVFLKDLMKEYEKTGESRKAPLIPLL-----KQTV
Dcd2 KEIKSGDVYNENVDTTTLHMSKYHDFFGLIRNIGDNELGGLISKLIYTDRLQSV
Cons .  .*.*  :::    . ::   :*::   .: *:.. . **. *  *:*

Tel2 KLIRQKADFQLEVGYYAQGILSSIVCLNNEFDEPLFEQWRINALTSILVVLPE-
Dcd2 PRVISKEDIGMDSDKFTAPIIGY-----------KMEKWLLKLKDEVLNIFENL
Cons   : .* *: :: . ::  *:.  :*:* ::   .:* :: : 

Tel2    -KVNGAINILFNSELSLQQRMSLLSALGLSARELRGLDDPTI-VKPKFDFPTNR
Dcd2    LMIYGDDATIVNGEMLIHSSKFLSREQALMIERYVGQDSPNLDLRCHLIEHTLT
Cons  : *    :.*.*: ::.   *    .*  ..  * *.*.: :: ::   *

Tel2 LPWDDQSHHNSRLVEVQESTSMIKKTKTVWKSRKLGKDREKGTQNRFRKYAGLF
Dcd2 IIYRLWKDHFKQLREEQIKQVESQLIMSLWRFLVCQTETVTANEREMRDHRHL-
Cons : :   ..* .:* * * .    :   ::*:     .:  ...:..:*.:  * 

Tel2    FYPLAHGWLNGIDVGTYNQLFKS-------HYLTTLRIIYSCANPVHDFESMTE
Dcd2    -VDSLHDLTIKDQASYYEDAFEDLPEYIEEELKMQLNKRTGRIMQVKYDEKFQE
Cons     *.     :.. *:: *:. .    *.   .    *:  *.: *
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Cons : . *:.* ::**. **  .
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Chapter 3: Investigations into the essential function of budding yeast Tel2 
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Abstract 

Loss of Tel2 function is lethal in all organisms tested to date, but the reasons for this are 

unknown. Here, we investigate the consequences of loss of Tel2 function in 

Saccharomyces cerevisiae. Examination of tel2∆ progeny of a heterozygous diploid 

parent immediately after germination revealed that tel2∆ cells spent longer-than-normal 

periods of time as unbudded or small-budded cells, and all of the final cells in a tel2∆ 

colony were either unbudded or small-budded. When Tel2 was conditionally inactivated 

via a heat-inducible degron system, cells showed defects in progression into and through 

S phase, as measured by analysis of budding and measurement of DNA content by flow 

cytometry. DAPI staining of Tel2-inactivated cells showed defects in chromosome 

segregation and a variety of aberrant staining patterns. Finally, we carried out a high-

copy suppressor screen to identify genes whose overexpression could rescue growth of 

cells with Tel2 transcriptionally repressed. This screen identified the genes CDC7 and 

SLX5, which both play roles in survival of DNA replication stress. These results suggest 

that Tel2 is essential for viability due to a role in DNA replication fork progression or 

stability. 
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Introduction 

Tel2 is an essential protein with roles in telomere length regulation, aging, and DNA 

damage signaling. Although significant progress has been made in understanding Tel2’s 

mechanism of action in DNA damage signaling (Chapter 2 and (Ahmed et al. 2001; 

Collis et al. 2007; Shikata et al. 2007; Takai et al. 2007)), the reason it is essential for 

viability remains unknown. Experiments in Schizosaccharomyces pombe showed that 

cells lacking Tel2 accumulated with 1C DNA content, suggesting a defect in entry to S 

phase (Shikata et al. 2007). A study in S. cerevisiae found that loss of an unstable 

plasmid carrying the only copy of TEL2 gave rise to large, unbudded cells with 1-4 blebs 

(Runge and Zakian 1996), supporting the notion that Tel2 is required for S phase entry. 

In the nematode Caenorhabditis elegans, mutations in the Tel2 ortholog Clk-2/Rad-5 

produce temperature-sensitive lethality (Benard et al. 2001). At the permissive 

temperature, these mutants display pleiotropic effects including delayed development, 

slowing of various behaviors, reduced fertility, and greater longevity (Hartman and 

Herman 1982; Lakowski and Hekimi 1996; Benard et al. 2001). A careful temperature-

shift experiment found that functional Clk-2 is only required for development before the 

two- to four-cell stage. However, adults without functional Clk-2 still show reproductive 

defects. Based on this, a model was suggested in which Clk-2/Rad-5 is required to 

establish an epigenetic state, which is erased in the germline (Benard et al. 2001).  

Experiments in S. pombe, C. elegans, and mammalian cells have all shown that 

partial loss of Tel2 function leads to high levels of spontaneous DNA damage or 

replication stress (Collis et al. 2007; Shikata et al. 2007), pointing to a role in DNA 
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replication. In a recent study of mammalian cells showing that Tel2 interacted with 

various PI3-kinase-like kinases (PIKKs), it was suggested that the inviability of Tel2-

minus cells was due to loss of function of one or more essential PIKKs (Takai et al. 

2007). However, as the culprit(s) were not identified, this remains to be tested.   

 Here, we have investigated Tel2 function by three different approaches. First, we 

examined tel2∆ progeny of a heterozygous diploid parent immediately after germination. 

Analysis of budding and cell morphology revealed impaired progression into and through 

S phase. Second, we conditionally inactivated Tel2 using a heat-inducible degron system. 

Analysis of DNA content, budding index, and DAPI staining all support the conclusion 

that Tel2 is required for entry to, and passage through, S phase. Third, we carried out a 

high-copy suppressor screen to identify genes whose overexpression could compensate 

for lack of Tel2. This screen identified Cdc7 and Slx5, which both play roles in DNA 

replication and repair. Based on these results, we speculate that Tel2 is essential for some 

aspect of DNA replication, perhaps maintenance of replication fork stability. 

 

Results 

To determine the phenotype of cells lacking TEL2, we sporulated a diploid containing a 

heterozygous deletion of TEL2. Immediately after germination of the haploid spores, we 

used a micromanipulator to separate each daughter cell from its mother after each cell 

division. We found that tel2∆ cells stopped dividing after 2-6 divisions, with a final 

colony size of 14-27 cells (Table 3-1 and Figure 3-1). The final 14-27 cells in a tel2∆ 

colony were all either unbudded or small-budded. Compared to wild type cells from the 

same tetrad, tel2∆ cells began to show markedly slower budding after the third division. 

68



We observed that these slowly dividing cells spent the majority of their time as either 

unbudded or small-budded cells; we never observed cells spending more time than usual 

in a large-budded state. These results suggest that lack of Tel2 causes defects in the 

progression from G1 to S phase and from early S to late S phase. 

To further explore the consequences of loss of Tel2, we used a heat-inducible 

degron system to trigger degradation of Tel2 (Dohmen et al. 1994). In this tel2td strain the 

TEL2 promoter has been replaced with the methionine-repressible MET10 promoter, and 

Tel2 has an N-terminal tag which unfolds when the culture is grown at high temperature 

(37˚), causing the entire protein to be targeted for degradation by the proteasome. In 

addition, both the tel2td strain and the control strain possess a galactose-inducible copy of 

UBR1, which encodes a ubiquitin ligase that enhances degradation of the tagged protein. 

Shutoff of Tel2 is induced by transferring cells to 37˚ and into medium containing 

galactose and 2 mM methionine. Tel2td levels were drastically reduced within 15 minutes 

after the shift to restrictive conditions (Fig. 3-2) and were barely detectable after 4 hours.  

However, the tel2td strain grew at a normal rate for at least 6 hours after the shift and 

remained viable for at least 24 hours, with growth slowing drastically between 12 and 24 

hours after the shift (data not shown). This ability to continue growing for several 

population doublings may be due to the continuing presence of low levels of degradation-

resistant Tel2td.  

After 21 hours of growth under restrictive conditions, the tel2td culture showed an 

dramatic enrichment of unbudded cells (Fig. 3-3a). 76% of the tel2td cells were unbudded 

at this time point, compared with 43% of the TEL2 culture. Furthermore, DAPI staining 

of DNA showed that after 21 hours of shutoff, a majority of the large-budded tel2td cells 
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had only one DNA mass, whereas most of the control cells had two masses (Fig. 3-3b). 

This severe defect in nuclear division suggests these cells have a problem in some aspect 

of DNA replication and/or chromosome segregation. Consistent with this, flow 

cytometric analysis of DNA content showed that the tel2td strain had many cells with sub-

G1 or greater than G2 DNA content (Fig. 3-3c). In addition, after shutoff of tel2td we 

observed many cells with anomolous DAPI staining patterns; these included no staining, 

speckles distributed throughout the cell, and chromatin bridges (Fig. 3-4). tel2td cellls 

were also larger than TEL2 cells (compare left and right panels in Fig. 3-4a), a phenotype 

often associated with mutations affecting DNA replication, chromosome segregation, and 

cell division. 

To examine cell-cycle progression in the absence of Tel2, we arrested cells in α-

factor, induced degradation of tel2td for five hours, and then released cells from the arrest 

and monitored budding. We found that tel2td cells were slower to begin budding than 

control cells (Fig. 3-5a). After beginning to bud,  the tel2td cells also proceeded from 

small- to large-budded more slowly than untagged cells, as indicated by the broadening 

of the peak in the left panel (Fig. 3-5a). Analysis of DNA content by flow cytometry 

showed that compared to TEL2 cells, tel2td cells were slower to undergo DNA replication 

(Fig 3-5b, compare especially the 30 and 45 minute time points).   

Taken together, these results suggest that lack of Tel2 causes defects in DNA 

replication and/or chromosome segregration. To gain insight into the mechanism of 

Tel2’s involvement in these processes, we carried out a high-copy suppressor screen to 

identify genes which, when maintained at high copy number, could compensate for lack 

of Tel2. We used a strain in which the only copy of the TEL2 gene was placed under a 
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galactose-inducible promoter. When this strain was grown on plates containing glucose, 

TEL2 expression was repressed and the cells were nearly inviable. We transformed this 

strain with a yeast genomic library constructed in a URA3-marked plasmid containing the 

2 µm origin of replication, which is maintained in multiple copies by yeast cells. Of 

approximately 5400 colonies screened, we found 12 with plasmid-dependent growth on 

glucose. Of these, two contained a portion of the GAL4 gene; six contained the TEL2 

gene; and four contained a region of chromosome IV. The regions of chromosome IV 

contained in these plasmids are shown in Fig. 3-6a. The only complete open reading 

frame (ORF) common to all three plasmids was the SLX5 gene. However, two plasmids 

also encompassed the CDC7 gene, whose protein product was previously shown to 

interact with Tel2 ((Uetz et al. 2000) and S. Nautiyal and EHB, unpublished data). To 

further characterize these plasmids, we deleted the SLX5 ORF from two of the plasmids; 

we found that these SLX5-deleted plasmids could no longer rescue growth of Gal-Tel2 

cells on glucose (Fig. 3-6b).  Furthermore, a 2 µm plasmid containing only the SLX5 gene 

could rescue growth of Gal-Tel2 cells on glucose (Fig 3-6c). Therefore we conclude that 

SLX5 is responsible for the ability of this region of chromosome IV to compensate for 

lack of Tel2 expression. However, we also transformed Gal-Tel2 cells with a 2 µm 

plasmid encoding only CDC7, and found that this plasmid could also rescue growth of 

Gal-Tel2 cells. This was slightly unexpected, because a plasmid derived from the 

genomic library (which is also 2 µm-based) containing CDC7 but not SLX5 was unable to 

rescue growth of Gal-Tel2 cells (Figure 3-6b, plasmid B). This discrepancy might be 

explained by the fact that library plasmid is much larger than the plasmid containing only 

CDC7, and therefore might be maintained at lower copy number. 
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The SLX5 gene was originally identified in a synthetic lethal screen for genes 

required in the absence of Sgs1, a yeast homolog of the human WRN and BLM helicases 

(Mullen et al. 2001). Slx5 forms a complex with Slx8, and both of these proteins are 

required for genome stability and have genetic interactions with many genes involved in 

replication fork stability and DNA repair (Mullen et al. 2001; Tong et al. 2004; Mullen et 

al. 2005; Pan et al. 2006; Yang et al. 2006; Zhang et al. 2006). The Slx5-Slx8 complex 

has ubiquitin ligase activity and may also be a SUMO ligase (Wang et al. 2006; Burgess 

et al. 2007; Ii et al. 2007a; Ii et al. 2007b; Xie et al. 2007). Several apparent substrates of 

Slx5-Slx8 are involved in DNA replication and repair; these are discussed in more detail 

below.   

Cdc7 is a kinase required for initiation of DNA replication. It associates with the 

regulatory protein Dbf4 during G1 phase, and the Cdc7-Dbf4 complex localizes to 

origins of replication and plays a key role in licensing of origins (reviewed in (Masai and 

Arai 2002)). Cdc7 has also been implicated in the regulation of translesion synthesis 

(TLS), a role we discuss further below. 

To examine the interaction of these two genes with TEL2, we asked whether 

combining the point mutation tel2-1 with a deletion or mutation of CDC7 or SLX5 caused 

synthetic lethality. Deletion of CDC7 alone causes lethality; therefore, we used cdc7-1, a 

well-characterized temperature-sensitive allele of CDC7 that abrogates initiation of DNA 

replication at the restrictive temperature (Hereford and Hartwell 1974). When we 

combined this mutation with tel2-1, we found that tel2-1 did not cause any additional 

growth defect at any of the temperatures tested (Fig. 3-7a). slx5∆ cells are viable but 

slow-growing; we found that double mutant slx5∆ tel2-1 cells were no more slow-
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growing than slx5∆ cells (Fig. 3-7b). However, as we discuss below, our inability to 

observe a genetic interaction of tel2-1 with either slx5∆or cdc7-1 may be due to the 

nature of the tel2-1 allele used, rather than a true lack of interaction amongst these genes. 

We also examined the effects of the cdc7-1 and slx5∆ mutations on telomere 

length. cdc7-1 caused telomere shortening in both TEL2 and tel2-1 cells (Fig. 3-7c). 

Deletion of SLX5 caused either no effect, or slight telomere lengthening, in the five 

tetrads tested; the effects were again similar in both TEL2 and tel2-1 cells (Fig. 3-7d). 

The high-copy suppressor screen was carried out in a Gal-Tel2 strain that may 

have had some residual expression of Tel2 even on glucose; this is suggested by the fact 

that the strain often produced a few small colonies on glucose plates. Therefore, we asked 

whether overexpression of CDC7 or SLX5 could also rescue a complete deletion of TEL2.  

We first sporulated a TEL2/tel2∆ diploid carrying either a CDC7- or SLX5- containing 2 

µm plasmid. Among the haploid progeny, viability segregated 2:2, and no tel2∆ viable 

progeny were recovered from the 20 tetrads dissected for each strain (data not shown).  

However, the 2 µm plasmid is very poorly maintained during meiosis, and a a similar 

procedure using a TEL2-containing 2 µm plasmid gave rise to very few tel2∆ viable 

progeny (7 out of 80 spore colonies). We next constructed TEL2/tel2∆ diploids in which 

one copy of either CDC7 or SLX5 was placed under the control of the GAL1 promoter.  

We then sporulated the diploids and dissected tetrads onto galactose-containing plates, 

which should induce overexpression of either CDC7 or SLX5.  Viability of the haploid 

progeny again segregated 2:2, and no tel2∆ viable progeny were recovered (data not 

shown).  However, we do not know whether Cdc7 and Slx5 were truly overexpressed in 

these cells compared to their normal expression levels. A final test of whether CDC7 or 
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SLX5 overexpression can rescue tel2∆, which we have not yet carried out, would be to do 

a plasmid shuffle using tel2∆ haploid cells maintained with a TEL2 plasmid; these cells 

could be transformed with a CDC7 or SLX5-overexpressing plasmid, while 

simultaneously selecting against the TEL2 plasmid. 

 

Discussion 

Here we have shown that loss of Tel2 function causes defects in progression into and 

through S phase. Previous work in S. pombe had shown that deletion of tel2+ caused cells 

to accumulate with 1C DNA content (Shikata et al. 2007). Consistent with this, we found 

that when Tel2 protein was depleted in budding yeast, either by sporulation of a 

heterozygous deletion mutant or by conditional degradation of Tel2 protein, cells 

accumulated in G1 and S phases. We also found that synchronized Tel2-depleted cells 

were slower to initiate budding than TEL2 cells, a sign that progression into S phase was 

impaired. Furthermore, after prolonged depletion of Tel2, a majority of large-budded 

cells had only one DAPI-staining mass, an indication of  problems with DNA replication 

and/or chromosome segregation. 

  We performed a high-copy suppressor screen to generate leads that might help us 

narrow down Tel2’s exact function. We found that SLX5 and CDC7, expressed from 

high-copy plasmids, could rescue the growth of GAL-TEL2 cells on glucose. 

Overexpression of Slx5 and Cdc7 did not rescue a null mutation in TEL2, as assayed by 

two different methods. Although this awaits a third, more definitive, test (by plasmid 

shuffle), this result suggests that the rescue requires low levels of Tel2 protein. Contrary 

to our expectations, slx5∆and cdc7-1 did not cause synthetic lethality when combined 
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with the tel2-1 point mutation. However, the tel2-1 mutation is a separation-of-function 

allele that impairs DNA damage signaling while having no significant effect on growth 

under standard conditions. Therefore, a better test of synthetic lethality would be to 

combine the tel2td allele with slx5∆ or cdc7-1 and assay growth under semi-permissive 

conditions.  

SLX5 is required for genome stability; slx5∆ cells are sensitive to HU and display 

increased levels of gross chromosomal rearrangements (Zhang et al. 2006). Genetic and 

biochemical evidence indicate that Slx5 functions as a complex with Slx8 (Mullen et al. 

2001; Yang et al. 2006).  slx5∆ and slx8∆ mutants have increased levels of Ddc2-YFP 

DNA repair foci and Rad52-CFP recombination foci (Zhang et al. 2006; Burgess et al. 

2007), suggesting an increase in spontaneous DNA lesions. This increase is particularly 

intriguing because loss of Tel2 function also leads to an increase in spontaneous lesions 

in several species (Collis et al. 2007; Shikata et al. 2007). Deletion of SLX8 also leads to 

elevated levels of recombination, apparently mainly through a Rad52-dependent, Rad51-

independent mechanism (Burgess et al. 2007). It is unclear whether the increase in 

recombination is merely a result of the increase in lesions, or an independent effect, 

although the authors of this study argue that it is independent. Although we have not 

measured rates of recombination in TEL2 mutants, we do know that the lethality of tel2∆ 

is not a result of hyperrecombination, because it cannot be rescued by simultaneous 

deletion of RAD52 (data not shown). 

Slx5 and Slx8 both have RING domains, a motif found in ubiquitin and SUMO 

ligases. SLX5 and SLX8 interact genetically with many genes involved in SUMO 

metabolism (Tong et al. 2004; Pan et al. 2006; Wang et al. 2006); deletion of SLX5 
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and/or SLX8  appears to increase global SUMO modification (Ii et al. 2007b; Xie et al. 

2007), although a separate study showed a decrease in sumoylation of Rad52, Rad59, 

Rfa1, and Rfa2 upon deletion of SLX5 or SLX8 (Burgess et al. 2007).  More recently, 

Slx8 has been shown to act as an E3 ubiquitin ligase (Ii et al. 2007a; Xie et al. 2007). 

Interestingly, Slx5 binds to SUMO-modified proteins, and this binding apparently 

stimulates ubiquitination of the sumoylated proteins by Slx8 (Xie et al. 2007). Slx5/Slx8 

is therefore a member of a class of proteins known as “SUMO-targeted ubiquitin ligases” 

or STUbLs. Rad52 and Rad57 are substrates for ubiquitination by Slx8/Slx5 in vitro (Ii et 

al. 2007a; Xie et al. 2007). Many other DNA replication and repair proteins are known to 

be sumoylated upon DNA damage (Muller et al. 2004). Ubiquitination of these proteins 

can lead to their subsequent degradation by the proteasome, or can cause other effects 

such as changes in localization or protein-protein interactions.   

A published high-copy suppressor screen identified Slx5 as a suppressor of ulp1ts 

and ulp1∆ (Xie et al. 2007). Ulp1 is an essential desumoylating enzyme; null and 

conditional mutants arrest in G2/M, although the exact reason for this is unknown (Li and 

Hochstrasser 1999).  The authors of this study suggest that Ulp1 promotes cell-cycle 

progression by desumoylating an unknown protein (“Protein X”) that, in its sumoylated 

form, inhibits passage through G2/M; overexpression of Slx5 might substitute for loss of 

Ulp1 by enhancing ubiquitination and subsequent degradation of the sumoylated Protein 

X. Although quite speculative, this model suggests an interpretation of the results of our 

high-copy suppressor screen. Loss of Tel2 might cause an accumulation of specific 

sumoylated (but not ubiquitinated) proteins, either through effects on SUMO or ubiquitin 

metabolism or through an unknown mechanism. This could be crudely tested by 
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monitoring levels of sumoylated proteins in the tel2td conditional mutant, in both HEX3 

and hex3∆ cells. Alternatively, both Tel2 and Slx5 might regulate the localization or 

activity of an unknown protein(s) through different mechanisms; for example, Tel2 might 

inhibit a certain protein-protein interaction through phosphorylation of the target proteins, 

while Hex3 could inhibit the same interaction by ubiquitination. 

 The identification of CDC7 as a high-copy suppressor of Gal-Tel2 was not 

entirely unexpected, given the fact that Cdc7 and Tel2 had been previously shown to 

interact in a whole genome yeast 2-hybrid screen (Uetz et al. 2000). However, as with 

SLX5, the meaning of this interaction is not immediately apparent. Cdc7 has a well-

characterized role in promoting initiation of DNA replication through phosphorylation of 

the preinitiation complex (Masai and Arai 2002). Cdc7 also has a less-well-characterized 

role in the response to DNA damage (Jares et al. 2000). CDC7 mutants are sensitive to 

DNA damaging agents, and epistasis analysis places this phenotype in the RAD6 pathway 

(Njagi and Kilbey 1982). Rad6 is a E2 ubiquitin-conjugating enzyme that interacts with 

various E3 ubiquitin ligases and ubiquitinates a variety of targets. Upon DNA damage, 

Rad6 ubiquitinates the polymerase sliding clamp Pol30 (PCNA) (Hoege et al. 2002), an 

event which activates translesion synthesis (TLS) via polymerases eta and zeta (Rad30 

and Rev3) (Haracska et al. 2001). The role of Cdc7 in this process is unknown, but it is 

notable that Cdc7 mutants show defects in UV-induced mutagenesis, which indicates that 

error-prone TLS is impaired (Njagi and Kilbey 1982); conversely, overexpression of 

Cdc7 has been shown to enhance induced mutation frequency (Sclafani et al. 1988). 

Therefore it appears that Cdc7 is required for, and is limiting for, TLS. The identification 

of Cdc7 as a high-copy suppressor for Gal-Tel2 thus suggests that lack of Tel2 may 
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inhibit TLS, and this inhibition may be bypassed by Cdc7 overexpression. If Tel2 is 

required for TLS, this might also explain why mutation or repression of Tel2 in various 

organisms causes high levels of spontaneous DNA lesions: failure of TLS would lead to 

persistent fork stalling and/or fork collapse. However, another possible interpretation of 

these data is that lack of Tel2 causes an increase in spontaneous lesions by a mechanism 

unrelated to TLS, and this increase leads to death unless TLS is boosted by Cdc7 

overexpression. 

 Both Cdc7 and Slx5 participate in ubiquitin-mediated regulation of DNA repair.  

Taken together, these results suggest that Tel2 may regulate fork stability or fork restart 

via a ubiquitin-dependent mechanism.  

 

Materials and Methods 

Strain construction 

Genotypes of the strains used are listed in Table 3-2. TEL2 and SLX5 were deleted via 

PCR-mediated gene disruption (Longtine et al. 1998). The GAL1 promoter was placed 

upstream of TEL2, SLX5, and CDC7 by PCR-mediated gene disruption (Longtine et al. 

1998). cdc7-1 strains were constructed by two-step gene replacement using plasmid 

pEHB13059. tel2-1 strains were derived from AJL1291D as described in Chapter 2. 

For construction of the Tel2td strain, the TRP1 ORF was disrupted by integration of the 

NAT (nourseothricin resistance) gene by PCR-mediated gene disruption (Longtine et al. 

1998). The Gal-UBR1 (pEHB13054) plasmid was then integrated at the TRP1 locus; 

integration was confirmed by Southern blot. Finally, plasmid pEHB13060 containing the 

degron tag was integrated at the TEL2 locus.  
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Plasmids 

pEHB13054, used for integrating Gal-UBR1, was obtained from Leslie Chu. 

pEHB13059, used for introducing the cdc7-1 mutation by loop-in/loop-out, was obtained 

from Joachim Li. To make plasmid pEHB13064, a 2 µm-based plasmid containing SLX5, 

the SLX5 gene was PCR-amplified from genomic DNA and cloned into the plasmid 

pRS426. The entire insert was sequenced. Plasmid pRS239, a 2 µm-based plasmid 

encoding CDC7, was obtained from Joachim Li.  pEHB13060, used for introducing the 

Tel2 ts-degron tag, was constructed in multiple steps.  Plasmid pEHB13053 (also known 

as pLC124, obtained from Leslie Chu) was digested with HindIII, filled in with Klenow 

Fragment, and then digested with XhoI to remove SIR1 sequences. A 250-bp region of 

the beginning of the TEL2 ORF was amplified from genomic DNA using primers 

oEHB13114 and 13099, then digested with SmaI and XhoI and ligated to the plasmid 

backbone. The resulting plasmid was digested with NotI, and a NotI fragment from 

pEHB13052 was inserted to add the triple HA tag. The resulting plasmid contained the 

tel2td construct under the control of the CUP1 promoter. To replace this with the MET10 

promoter, the plasmid was digested with EcoRI and SacII, and an EcoRI-SacII fragment 

from pEHB13065 (also known as pLC120, obtained from Leslie Chu) was inserted.  

 

Pedigree analysis 

Strain 13175 (tel2∆/TEL2) was sporulated and dissected onto YPD. For pedigree 

analysis, a single tetrad was dissected onto a plate, and cells were monitored at least once 

per hour and budding status was noted. Each daughter cell was separated from its mother 
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and moved to a new location on the plate; the lineage of each daughter and the time it 

was separated from its mother was recorded. Although I attempted to distinguish between 

mothers and daughters, I am not 100% sure I was always correct. All mothers and 

daughters were monitored until cells derived from two of the four original spores ceased 

dividing; these were assumed to be the tel2∆ spores. This process was carried out for 

three different tetrads. A sample pedigree is shown in Figure 3-1.  

 

Inducibly degraded Tel2 

Strain 13184 contained the ts-degron tag integrated upstream of the TEL2 ORF, as well 

as the Gal-UBR1 construct integrated at the TRP1 locus. As a control, we used strain 

13169, which posseses the wildtype TEL2 gene and the Gal-UBR1 construct. 

For analysis of asynchronous cultures, cells were grown overnight in YEP raffinose 

medium at 23˚C with shaking at 225 rpm.  Overnight cultures were filtered and 

resuspended in YEP galactose medium supplemented with 2mM methionine, and grown 

at 37˚ with shaking at 225 rpm. Cells were collected at the indicated times for analysis of 

Tel2td protein degradation, budding, DAPI staining, and DNA content.  

For analysis of synchronized cells, cultures were grown overnight in YEP raffinose 

medium at 23˚C with shaking at 225 rpm. α-factor was added at a final concentration of 5 

µg/ml, and growth at 23˚ in raffinose was continued for one hour. Cells were then filtered 

and resuspended in in YEP galactose medium supplemented with 2mM methionine and 5 

µg/ml α-factor, and grown at 37˚ with shaking at 225 rpm for five hours to fully arrest 

cells in G1 and degrade Tel2td.  After a total of six hours of exposure to α-factor and five 

hours of growth under restrictive conditions, cells were released into YEP galactose 
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medium supplemented with 2mM methionine. Cells were collected every 15 minutes for 

for analysis of Tel2td protein degradation, budding, DAPI staining, and DNA content. 

Flow cytometric analysis of DNA content was carried out as described in Chapter 2. For 

measurement of budding index, ethanol-fixed cells were washed and resuspended in 0.1 

M potassium phosphate, pH 7.5. For each time point, three sets of 100 cells each were 

counted and classified as small-budded, large-budded, or unbudded. For DAPI staining, 

the resuspension buffer contained 200 ng/ml DAPI. 

For analysis of Tel2td protein, protein was prepared by bead-beating in urea buffer 

amount was run on a 6% SDS-PAGE gel and transferred to Hybond P membrane (GE 

Healthcare) for immunoblotting. Tel2td protein was detected with rat monoclonal anti-HA 

antibodies (clone 3F10, Roche) at a concentration of 0.2 µg/ml 

 

High-copy suppressor screen 

Strain 13158, in which the only copy of TEL2 is expressed from a galactose-inducible 

promoter, was transformed with a yeast genomic library obtained from David Toczyski.  

This library was constructed in the 2 µm-based plasmid yEP24, and had previously been 

amplified in E. coli. Transformed cells were plated onto –URA glucose medium; a 

sample of the culture was also plated onto –URA galactose medium to assess the total 

number of transformants screened. Transformants that grew on glucose plates were 

streaked to 5-FOA to select for loss of the plasmid and to determine whether growth on 

glucose was dependent on the presence of the plasmid.  Of an estimated 5400 original 

transformants, we identified 12 strains with plasmid-dependent growth on glucose. Of 

these, two contained a portion of the GAL4 gene; six contained the TEL2 gene; and four 
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contained a region of chromosome IV. The chromosomal coordinates of the chromosome 

IV inserts were the following: 420901-431751 (two plasmids), 427803-441755 (one 

plasmid), and 423743-431437 (one plasmid). For later experiments, the HEX3 gene was 

disrupted in the first plasmid by digestion with AgeI and SgrAI, followed by re-ligation; 

the new boundaries of the insert were 420901-429723. The HEX3 gene was deleted from 

the second plasmid by digestion with PacI, followed by treatment with Klenow Fragment 

and re-ligation; the new boundaries of the insert were 431015-441755. 

 

Assay for synthetic lethality 

Logarithmically growing cells were counted on a hemocytometer, and 5-fold serial 

dilutions were prepared from a starting concentration of 4 x 106 cells/ml.  Plates were 

incubated at the indicated temperatures and photographed after 3 days. 

 

Telomere southern blots 

Haploid strains were passaged on plates for the number of passages indicated in each 

figure legend. Southern blotting was performed essentially as described (Prescott and 

Blackburn 1997). 900 µg genomic DNA were digested with XhoI and subjected to 

agarose gel electrophoresis on 0.8% gels. DNA was transferred from gels to Hybond-XL 

membranes (Amersham) and probed with a γ32P end-labeled wild-type telomeric repeat 

oligonucleotide (oDL107, whose sequence is TGTGGTGTGTGGGTGTGGTG). 
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Figure legends 

Figure 3-1. Pedigree analysis of tel2∆ cells. A single tel2∆ spore was monitored; after 

each cell division, the daughter cell was moved to a new location on the plate. A single 

sample pedigree is shown here. Mothers and daughters are not distinguished in this 

diagram; for example, the two red circles shown alongside the number “1” are the mother 

and daughter resulting from the first cell division. 

 

Figure 3-2.  Conditional inactivation of Tel2. 

Western blot showing Tel2td at the indicated time points after the shift from permissive to 

restrictive conditions during asynchronous growth.  The blot was probed with anti-HA 

antibody to detect the triple HA tag at the N-terminus of Tel2td.   

 

Figure 3-3.  Conditional inactivation of Tel2 in an asynchronous culture.   

(A) Budding after Tel2 inactivation. Cells were collected and fixed at 5.5 hours and 21 

hours after the shift to restrictive conditions. Cells at each cell-cycle stage were counted. 

Each bar represents the average of triplicate counts from a single experiment; error bars 

represent standard deviation of the mean. (B) DAPI staining after Tel2 inactivation. Cells 

were stained with DAPI, and large-budded cells were scored for the presence of two 

well-separated DAPI masses, a single DAPI mass in one of the two attached cells, or a 
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single DAPI mass at the bud neck. Each bar represents the average of triplicate counts 

from a single experiment; error bars represent standard deviation of the mean. (C) FACS 

analysis of DNA content.  Cells were collected, fixed and stained for DNA content under 

fully permissive conditions (Glu), after overnight growth in raffinose immediately prior 

to the shift to restricitive conditions (Raff), and after 5.5 and 21 hours of growth under 

restrictive conditions (Gal 5.5 h and Gal 21 h). 

 

Figure 3-4.  DAPI staining of cells after Tel2 inactivation.  

(A) TEL2 and tel2td cells were fixed and stained with DAPI after 21 hours of growth 

under restrictive conditions. The two photos are shown at the same magnification; note 

that many of the tel2td cells are enlarged compared to the TEL2 cells. (B) A variety of 

tel2td cells with aberrant DAPI-staining patterns are shown at higher magnification. 

 

Figure 3-5. Cell-cycle progression after Tel2 inactivation. Asynchronously growing tel2td 

cells were treated with α-factor for one hour, then shifted to restrictive conditions while 

maintaining the α-factor treatment for an additional 5 hours. After a total of 6 hours of  

arrest, α-factor was washed out and cells were collected every 15 minutes for DNA 

staining and measurement of budding index.  

(A) Budding after Tel2 inactivation. The number of small- or large-budded cells as a 

percentage of all cells is plotted. (B) DNA content after Tel2 inactivation. 

 

Figure 3-6. Results of the high-copy suppressor screen.   
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(A) ORF map of the region of chromosome IV spanning the plasmids recovered.  

Plasmid inserts are depicted below the map. (B) SLX5 accounts for the rescue of Gal-Tel2 

growth on glucose. A Gal-Tel2 strain was transformed with two of the plasmids 

recovered in the screen (plasmids A and C), or the same plasmids with the SLX5 ORF 

removed (plasmids B and D). (C) SLX5 and CDC7 can both rescue Gal-Tel2 growth on 

glucose. A Gal-Tel2 strain was transformed with 2µm plasmids carrying the indicated 

genes. Unlike the plasmids in part (B), these SLX5 and CDC7 plasmids contained only 

the indicated gene and its promoter, without large amounts of flanking sequence. 

 

Figure 3-7.  Phenotypes of slx5∆ and cdc7-1 in combination with tel2-1.  

(A and B) Serial 5-fold dilutions of logarithmically growing cells were plated onto YPD 

and incubated at the indicated temperature for 3-4 days. (C) Two independent isolates of 

each genotype were passaged at room temperature for 5 streaks prior to preparation of 

DNA. (D) Five tetrads were streaked for 7 passages after sporulation prior to preparation 

of DNA. 
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Table 3-1: Pedigree analysis of TEL2/ tel2∆ progeny 
Results are the average ± standard deviation from analysis of six tel2∆ spores from three 
different tetrads 
Final total # of cells 22 ± 6.5 
unbudded 21± 7 
small budded 6 ± 6 
large budded 0 
 

 

 

 

 

Table 3-2: Strains used in Chapter 3 
All strains are in the S288C strain background.  
 
Strain 
number 

 
Genotype 

EHB13029 ade2∆::hisG his3∆200 met15∆0 trp1∆63 ura3∆0 MATa 
EHB13175 his3∆1/his3∆1 leu2∆0/leu2∆0 LYS2/lys2∆0 met15∆0/MET15 

ura3∆0/ura3Δ0 TEL2/tel2∆::HIS3MX6 MATa/MATα 
EHB13169 his3∆1 leu2∆0 met15∆0 ura3∆0  trp1::NAT::Gal-UBR1 MATa 
EHB13184 his3∆1 leu2∆0 met15∆0 ura3∆0 trp1::NAT::Gal-UBR1 tel2::ts-degron-

HA3-TEL2-URA MATa 
 EHB13158 ade2∆::hisG his3∆200 met15∆0 trp1∆63 ura3∆0  tel2::HIS3-Gal1-TEL2 

MATa 
 EHB13191 his3∆1 leu2∆0 met15∆0 ura3∆0 cdc7::KANMX6-Gal1-CDC7 MATa 
 EHB13192 his3∆1 leu2∆0 met15∆0 ura3∆0 slx5::KANMX6-Gal1-SLX5 MATa 
 EHB13171, 
13172 

ade2∆::hisG his3∆200 met15∆0 trp1∆63 ura3∆0 cdc7-1MATa 

EHB13136  ade2∆::hisG his3∆200 met15∆0 trp1∆63 ura3∆0 tel2-1 MATa 
EHB13137 ade2∆::hisG his3∆200 met15∆0 trp1∆63 ura3∆0 tel2-1 MATα 
EHB13182 ade2∆::hisG his3∆200 met15∆0 trp1∆63 ura3∆0 cdc7-1 tel2-1 MATa 
EHB13179 ade2∆::hisG his3∆200 leu2∆0 lys2∆0  met15∆0 trp1∆63 ura3∆0 

slx5∆::HIS3 MATα 
EHB13206 ade2∆::hisG his3∆200 leu2∆0 lys2∆0  met15∆0 trp1∆63 ura3∆0 tel2-

1slx5∆::HIS3 MATα 
EHB13207 ade2∆::hisG his3∆200 leu2∆0 lys2∆0  met15∆0 trp1∆63 ura3∆0 tel2-

1slx5∆::HIS3 MATa 
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Chapter 4: The role of Tel2 in telomere length regulation 

 

Carol M. Anderson and Elizabeth H. Blackburn 

Department of Biochemistry and Biophysics 
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San Francisco, CA 94158 

 

Abstract 

The conserved, essential TEL2 gene has effects on DNA damage signaling, longevity, 

and telomere length regulation. In the budding yeast Saccharomyces cerevisiae, TEL2 

was originally discovered based on its effect on telomere length. Here we investigate the 

mechanism by which Tel2 regulates telomere length in budding yeast. We find that 

combining the tel2-1 mutation with a deletion of the RNA component of telomerase 

(TLC1) does not lead to accelerated telomere shortening, suggesting that Tel2 acts via 

regulation of telomerase. The type of telomerase-independent survivors arising in the 

double mutant tel2-1 tlc1∆ strains tended to be Type I, which is consistent with Tel2 

acting through Mec1 or Tel1. Deletions of the negative length regulators RIF1 and RIF2 

were still able to cause telomere lengthening in a tel2-1 background.  To determine 

whether Tel2 acts in the Tel1 or Mec1 pathway of telomere length regulation, we 

combined tel2-1 with deletions of MEC1 and TEL1.  Our results indicate that although 

Tel2 acts mainly in the Tel1 pathway, it has an additional effect that is not upstream of 

Tel1.   
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Introduction 

Telomeres are specialized protective structures at the ends of linear chromosomes.  One 

of their critical functions is to prevent the normal chromosomal DNA ends from being 

treated by the cell as damaged DNA, and subjected to repair processes such as 

homologous recombination and non-homologous end joining.  In most eukaryotes, 

telomeres consist of long tracts of a short, tandemly repeated DNA sequence terminating 

in a 3’ single-stranded overhang; these repeat tracts are maintained at a regulated length 

by the enzyme telomerase. Telomeric DNA binds various protein complexes, which 

regulate telomerase action, telomere replication, and end protection.   

Despite the distinction that cells need to make between telomeres and DNA 

damage sites, many proteins involved in the DNA damage response also localize to 

telomeres and play key roles in telomere maintenance. These tend to be proteins with 

upstream roles in the DNA damage response, i.e. sensors or upstream kinases (d'Adda di 

Fagagna et al. 2004). For example, Mec1 and Tel1 localize both to sites of DNA damage 

and to telomeres (Kondo et al. 2001; Rouse and Jackson 2002; Nakada et al. 2003; 

Takata et al. 2004). Deletion of both genes in yeast causes dramatic telomere shortening 

(Ritchie et al. 1999).   

TEL2 is an essential Saccharomyces cerevisiae gene identified in a screen for 

mutations causing short telomeres (Lustig and Petes 1986). The mutant allele tel2-1 

causes telomeres to shorten to a stable length of 100-150 nucleotides (compared to a wild 

type length of ~350 bp). This mutation also causes loss of telomere position-effect 

silencing and mild temperature sensitivity (Runge and Zakian 1996). TEL2 encodes a 

novel 79 kD protein conserved throughout eukaryotes. Tel2 has been shown to bind 
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double- and single-stranded telomeric DNA in vitro (Kota and Runge 1998; Kota and 

Runge 1999). 

Work in our lab and others (Chapter 2 and (Ahmed et al. 2001; Collis et al. 2007; 

Shikata et al. 2007; Takai et al. 2007)) showed that Tel2 plays an important role in DNA 

damage signaling. Our work indicates that in S. cerevisiae, this occurs primarily through 

effects on the Tel1 pathway. However, Tel2’s role in telomere length regulation has been 

less well-characterized. An early paper (Runge and Zakian 1996) stated that double 

mutant tel1-1 tel2-1 cells had telomeres that were no shorter than in each single mutant. 

This statement led to the widespread, oft-cited belief that Tel2 acts in the Tel1 pathway of 

telomere length regulation. As its source for the telomere length analysis of the double 

mutants, the Runge paper cited an earlier paper (Lustig and Petes 1986), which was the 

original report on the discovery of TEL1 and TEL2. However, that paper did not actually 

show data comparing the telomere length in double and single mutants. 

 Studies of the Caenorhabditis elegans Tel2 ortholog, Clk-2/Rad-5, have shown 

various effects on telomere length: mutations caused lengthening (Benard et al. 2001), 

shortening (Lim et al. 2001), or no significant change (Ahmed et al. 2001). In human 

cells, overexpression of Tel2 caused progressive telomere lengthening in one study of 

tumor cells (Jiang et al. 2003); in another study, both overexpression of Tel2 and shRNA 

knockdown of Tel2 were reported to have no effect on telomere length in tumor cells or 

primary human fibroblasts (Takai et al. 2007). Repression of Tel2 expression in 

Schizosaccharomyces pombe was reported to have no effect on telomere length (Shikata 

et al. 2007). Such species-specific effects on telomere length regulation have been seen 

with other telomeric proteins. 
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 Here, we investigate the role of Tel2 in regulation of telomere length in S. 

cerevisiae. We find that tel2-1 causes no dramatic change in the rate of telomere 

shortening in the absence of the RNA component of telomerase (TLC1), suggesting that 

Tel2 regulates telomere length via telomerase. We note that the double mutant tlc1∆ tel2-

1 cells preferentially form Type I survivors, which is also a characteristic of cells lacking 

either Tel1 or Mec1. Based on our work on DNA damage signaling, we hypothesized that 

the effects of tel2-1 on telomere length would be mediated by Tel1. We examine this by 

combining tel2-1 with deletions of TEL1 and MEC1. Our results suggest that Tel2 acts 

mainly in the Tel1 pathway, but the effects of tel2-1 are less severe than those of tel1∆, 

and tel2-1 may also have effects outside of the TEL1 pathway. Finally, we investigate the 

interaction of tel2-1 with deletions of RIF1 and RIF2, and find that wildtype Tel2 is not 

required for telomere lengthening in response to those deletions.  

 

Results 

We first tested whether tel2-1 regulates telomere length via the telomerase pathway by 

monitoring telomere shortening in strains deleted for the RNA component of telomerase, 

TLC1.  In tlc1∆ cells, progressive telomere shortening leads to death of most of the cells; 

the culture is then taken over by “survivors” that maintain their telomeres by 

recombination (Lundblad and Blackburn 1993). We found that the rate of telomere 

shortening in tlc1∆ and tel2-1 tlc1∆ cells was the same, as measured by the number of 

passages required to generate survivors (Fig. 4-1). However, we found a difference in the 

types of survivors formed in tlc∆ tel2-1 cells compared to tlc1∆ alone.  Yeast produce 

two main types of survivors, known as Type I and Type II (Lundblad 2002). Telomeres 
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in Type I survivors possess amplified subtelomeric elements, and are maintained via a 

RAD51-dependent mechanism. In Type II survivors, telomeres have elongated TG repeat 

tracts which are maintained via a mechansim requiring RAD50 and SGS1. We found that 

compared to tlc1∆ cells, tlc1∆ tel2-1 cells preferentially formed Type I survivors (Fig. 4-

1).  

Previous work had shown that overexpression of the Rap1 C-terminus, which 

normally causes telomere lengthening, did not cause lengthening in tel2-1 cells (Runge 

and Zakian 1996). Rap1 regulates telomere length by tethering the negative length 

regulators Rif1 and Rif2 to telomeres via its C-terminus (Levy and Blackburn 2004). 

Therefore, overexpression of the Rap1 C-terminus presumably lengthens telomeres by 

titrating Rif1 and Rif2. The reported lack of telomere lengthening in tel2-1 cells 

overexpressing the Rap1 C-terminus implies that telomere lengthening in response to loss 

of Rif1/Rif2 localization to telomeres requires Tel2. We tested this by combining 

deletions of RIF1 and RIF2 with the tel2-1 mutation (Fig. 4-2).  Deletions of RIF1 and 

RIF2 still caused telomere lengthening in the tel2-1 background; however, the 

lengthening was significantly less dramatic than that seen in TEL2 cells. Nevertheless, 

this indicates that telomere lengthening in response to loss of Rif1 and Rif2 still occurs in 

tel2-1 cells.   

Because we found that TEL2 regulates the response to DNA damage largely 

through the TEL1 pathway (Chapter 2), we hypothesized that it would also influence 

telomere length through TEL1. tel1∆ and tel2-1 strains both maintain telomeres at a 

shorter-than-wildtype length. A previous report (Runge and Zakian 1996) had stated that 

telomeres in strains with mutations in both TEL1 and TEL2 were no shorter than in either 
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single mutant, but the primary data cited in that paper were never published. We tested 

whether these two genes function in the same pathway for telomere length maintenance 

by analyzing telomere length in tel1∆ tel2-1 strains.  We found that telomeres in tel1∆ 

tel2-1 cells were slightly shorter than in either single mutant (Fig. 4-3). This indicates that 

although Tel1 and Tel2 may function largely in the same pathway, Tel2 must perform an 

additional function that is not upstream of Tel1. This is consistent with the observation 

reported in Chapter 2 that Rad53 phosphorylation was slightly delayed in tel1∆ tel2-1 

cells compared to either single mutant.   

Mutation of MEC1 causes telomere shortening (Ritchie et al. 1999), but this 

shortening is rescued by concomitant deletion of SML1, which also rescues the lethality 

of mec1∆ by boosting nucleotide levels (Longhese et al. 2000). This implies that telomere 

shortening in MEC1 mutants is due to lower nucleotide levels. We tested whether the 

same was true of telomere shortening in tel2-1 cells by analyzing telomere length in tel2-

1 sml1∆ double mutants (Fig. 4-4). The tel2-1 mutation still caused dramatic telomere 

shortening in a sml1∆ background, indicating that telomere shortening in tel2-1 cells is 

not a result of altered nucleotide pools. 

Deletion of MEC1 along with SML1 does not cause telomere shortening, but this 

double deletion in a tel1∆ background does cause further telomere shortening in that 

background: in the triple mutant tel1∆ mec1∆ sml1∆, telomeres are reported to undergo 

progressive shortening leading to replicative senescence as in telomerase-null cells 

(Ritchie et al. 1999; Chan et al. 2001). We found that tel2-1 mec1∆  sm11∆ (hereafter 

referred to as just tel2-1 mec1∆) telomeres were slightly shorter than tel2-1 alone (Fig. 4-

5), but telomeres were still maintained at a stable length and the cells did not senesce. 
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During seven days of continuous growth in liquid culture, mec1∆ tel2-1 cells initially lost 

viability and then recovered, which coincided with a slight lengthening of their telomeres 

(Fig. 4-6).  This lengthening might have occurred due to the culture being taken over by 

cells with suppressing mutations, or even reversion of the tel2-1 point mutation. 

However, we also found that in our strain background, mec1∆ tel1∆ cells did not reliably 

(if ever) undergo senescence and generate survivors. In the same seven-day liquid culture 

experiment, we found that the viability of mec1∆ tel1∆ cells seemed to stabilize at 15% 

after 6-7 days, yet the telomeres did not show any of the characteristics of survivors (Fig. 

4-6).  However, seven days may not have been long enough to generate survivors; 

therefore, we carried out a longer experiment in which several isolates of both mec1∆ 

tel1∆ and mec1∆ tel2-1 strains were streaked for 20 passages on plates. During this 

longer experiment, we never observed a significant change in viability for either 

genotype (data not shown). Analysis of the telomeres in four of these strains is shown in 

Fig. 4-7.  Of the two mec1∆ tel1∆ strains shown here, one (Fig. 4-7a) showed the 

characteristic amplification of Y’ repeats found in Type I survivors; the other isolate did 

not (Fig. 4-7b). Consistent with the results of the liquid experiments, mec1∆ tel2-1 

telomeres showed either no length change (Fig. 4-7c) or lengthening (Fig. 4-7d).   

 

Discussion 

Our results suggest that the effects of tel2-1 on telomere length regulation are mediated 

by telomerase. We found that during serial passaging of pairs of tlc1∆ and tel2-1 tlc1∆ 

strains, telomeres did not appear to shorten faster in tel2-1 tlc1∆ strains, and telomerase-

independent survivors arose at the same passage regardless of whether TEL2 was 
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wildtype or mutant. However, mutation of TEL2 created a preference for formation of 

Type I survivors, which have amplified subtelomeric repeats. The effect of tel2-1 on 

survivor type is consistent with Tel2 acting in the Tel1 and/or Mec1 pathways. Like tel2-

1, deletions of MEC1 and TEL1 have been shown to create a preference for Type I 

survivors, and the mec1∆ tel1∆ tlc1∆ triple mutant does not form Type II survivors at all 

(Tsai et al. 2002). 

 To further dissect whether tel2-1 affected telomere length through the Mec1 or 

Tel1 pathway(s), we combined tel2-1 with deletions of MEC1 and TEL1. The double 

mutant tel1∆ tel2-1 had telomeres that were slightly shorter than each single mutant. As 

noted above, it had previously been reported that the double mutant had telomeres that 

were no shorter than each single mutant, but the original data were never published 

(Runge and Zakian 1996). The additional shortening that we saw in double mutants may 

have been so slight as to be undetectable in those previous experiments, especially if the 

resolution of the gels used was low. We conclude that although there may be major 

overlap between the Tel1 and Tel2 pathways of telomere maintenance, Tel2 must also 

have an effect that is not upstream of Tel1.  

 Mutation of TEL2, like deletion  of TEL1, caused telomere shortening in mec1∆ 

cells; this supports the hypothesis that Tel2 acts in the Tel1 pathway. However, the 

effects of tel2-1 on telomere length and viability of mec1∆ cells were less severe than 

those of tel1∆. Since mec1∆ tel1∆ cells have been reported to undergo senescence, we 

initially expected that the same would be true of tel2-1 mec1∆ cells. We found that not 

only was this not the case, but tel1∆ mec1∆ cells also did not reliably undergo senescence 

in our strain background. During successive streaking of six isolates, we never saw a 
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dramatic loss of viability, and teloblots of two isolates revealed that only one strain had 

the Y’ amplification characteristic of Type I survivors. This suggests that mec1∆ tel1∆ 

cells are capable of maintaining stably short telomeres, but the culture may sometimes be 

taken over by faster-growing clones with amplified Y’ elements. In Chapter 5, I discuss 

possible reasons for the discrepancy between our findings and previously published 

results.  

 In summary, our analysis suggests that tel2-1 affects telomere length mainly 

through the TEL1 pathway, because 1) telomere length of tel2-1 tel1∆ double mutants is 

only very slightly shorter than each single mutant; 2) like deletion of TEL1, the tel2-1 

mutation causes telomere shortening in mec1∆ cells; and 3) like mec1∆ tel1∆ cells, tel2-1 

mec1∆ cells do not undergo senescence. 

We found that deletions of RIF1 and RIF2 caused telomere lengthening in tel2-1 

cells. This result was unexpected, because of the previously published observation that 

overexpression of the Rap1 C-terminus did not cause lengthening in tel2-1 cells (Runge 

and Zakian 1996). Close examination of the published experiment shows that even in 

TEL2-wildtype cells, the lengthening induced by overexpression of the Rap1 C-terminus 

was not nearly as dramatic as the lengthening seen in our rif1∆ and rif2∆ strains; 

therefore, the dynamic range of that assay may simply have been so small that only 

extreme changes in telomere length were detectable. In our, more sensitive, assay, we can 

see that tel2-1 rif1∆ rif2∆ cells have longer telomeres than tel2-1 cells. We conclude that 

wildtype Tel2 is not required for the telomere-lengthening effects of loss of Rif1 and 

Rif2. 
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 Taken together, these results suggest that the effects of tel2-1 on telomere length 

are mainly mediated by the Tel1 pathway. However, tel2-1 also has a slight Tel1-

independent effect.  tel2-1 is a separation-of-function mutation that disrupts the 

interaction of Tel2 with Tel1 (Chapter 2) and Mec1 (data not shown) and possibly other 

PI3-kinase-like kinases (PIKKs), while leaving Tel2’s essential function(s) intact. 

Therefore, the Tel1-independent effects of tel2-1 on telomere length may be mediated by 

other PIKKs. However, it remains to be seen whether the failure to interact with PIKKs is 

the only defect caused by this point mutation. 

 

Materials and Methods 

Strain construction 

Haploid strains were derived from crosses of the strains in Table 4-1. Strains in Figure 4-

1 were derived from a cross of EHB13076 x EHB13136. Strains in Figure 4-2 were 

derived from a cross of EHB11190 x EHB13136. Strains in Figure 4-3 were derived from 

a cross of EHB13133 x EHB13136. Strains in Figure 4-4 were derived from a cross of 

EHB13135 x EHB3145. Strains in Figures 4-5, 4-6, and 4-7 were derived from crosses of 

the progeny of EHB13166 x EHB3153 and EHB13166 x EHB13133. All deletions were 

made by PCR-mediated gene disruption, except for the deletion of TLC1, which was 

made by integration of a plasmid (pRS316-Tlc1). The tel2-1 strain EHB 13136 was 

derived from repeated backcrossing of AJL1291D as described in Chapter 2.  

 

Telomere southern blots 
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Haploid strains were passaged on plates for the number of passages indicated in each 

figure legend. Southern blotting was performed essentially as described (Prescott and 

Blackburn 1997).  900 µg genomic DNA was digested with XhoI and subjected to 

agarose gel electrophoresis on 0.8% gels. DNA was transferred from gels to Hybond-XL 

membranes (Amersham) and probed with a γ32P end-labeled wild-type telomeric repeat 

oligonucleotide (oDL107, whose sequence is TGTGGTGTGTGGGTGTGGTG). 

 

Liquid time course and viability measurements 

For figure 4-6, freshly sporulated mec1∆ tel1∆ and mec1∆ tel2-1 haploids were grown in 

YPD liquid cultures. Once every 24 hours, cells were counted on a hemacytometer to 

determine cell density. Cell counts were used to determine the number of population 

doublings elapsed, and cultures were then diluted to maintain logarithmic growth.  For 

measurement of viability, 200 cells were plated out each day on 3 triplicate plates per 

strain.  After two days of growth, colonies were counted.  Percent viability was 

determined by dividing these colony counts by the number of colonies formed by a 

wildtype strain grown, counted, and plated according the same procedure.   
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Figure Legends 

Figure 4-1. tel2-1 cells preferentially form Type I survivors. Pairs of strains were 

passaged seven times on plates, and DNA was prepared from each passage for teloblot.  

Each pair of strains was derived from the same tetrad.   
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Figure 4-2. The telomere lengthening effects of rif1∆ and rif2∆ are dampened, but not 

abrogated, by tel2-1. Two haploids of each genotype were passaged sixteen times on 

plates after sporulation from triply heterozygous tel2-1 rif1∆ rif2∆ diploids. 

 

Figure 4-3. TEL1 and TEL2 influence telomere length through partially overlapping 

pathways. DNA was prepared from four tetrads which had been passaged eight times on 

plates. Arrows indicate the tel2-1 tel1∆ double mutants. 

 

Figure 4-4.  sml1∆ does not rescue telomere shortening in tel2-1 cells. DNA was prepared 

from three tetrads which had been passaged 5-6 times on plates. 

 

Figure 4-5. mec1∆ causes telomere shortening in tel2-1 cells. For each genotype, cells 

from three independent tetrads were passaged eight times on plates prior to preparation of 

DNA. 

 

Figure 4-6.  Comparison of telomere shortening and loss of viability during continuous 

growth of mec1∆ tel1∆ and mec1∆ tel2-1 cells. Liquid cultures were diluted once every 

24 hours to maintain logarithmic growth. Cells were counted on a hemocytometer each 

day and plated to measure viability (B), as well as collected for teloblot (A). Note that on 

Day 2, the mec1∆ tel1∆ culture was too dilute to collect sufficient cells for the teloblot.    

 

Figure 4-7. Comparison of telomere shortening during continuous growth of mec1∆ tel1∆ 

and mec1∆ tel2-1 cells. Cells were passaged 20 times on plates, and DNA was prepared 
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from the indicated passages for teloblot. Streaks 6, 8, and 20 in part (D) show some 

degradation of the DNA, which occurred during XhoI digestion and was visible on the 

ethidium-stained gel (not shown). 
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Table 4-1 Strains used in Chapter 4 
 
All strains are in the S288C strain background and are isogenic with BY4736 
(EHB13029),  except as noted in the table below. 
 
Strain 
number 

 
Relevant genotype 

EHB13029 ade2∆::hisG his3∆200 met15∆0 trp1∆63 
ura3∆0 MATa 

EHB13136 tel2-1 MATa 
EHB13135 tel2-1 MATα 
EHB13133 lys2∆0 leu2∆0 tel1∆::HIS3 MATα 
EHB3145 sml1::TRP1 MATα 
EHB13166 tel2-1 Rad53-HA3-MET15 
EHB3153 sml1∆::TRP1 mec1∆:: kanMX6 MATa 
EHB13076 lys2∆0 leu2∆0 tlc∆::TRP1 pRS316-TLC1 

MATα 
EHB11190 lys2∆0 leu2∆0 rif1∆::TRP1 rif2∆::kanMX6 

MATα 
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Chapter 5: Conclusions and future directions 

 

The role of Tel2 in the DNA damage response 

In Chapter 2, we showed that Tel2 functions in the Tel1-mediated DNA damage response 

pathway. We found that Tel1 and Tel2 interact, and that the tel2-1 mutation disrupts this 

interaction and the function of Tel1 in the DNA damage response, preventing Tel1 from 

localizing properly to a site of DNA damage. How does Tel2 regulate Tel1 recruitment to 

sites of damage? More precisely, our ChIP assay for Tel1 recruitment is actually a 

readout of Tel1 accumulation at a DSB, rather than initial recruitment per se. In 

mammalian cells, the mechanism of ATM accumulation at a DSB is currently a subject 

of intense study. The available evidence suggests that ATM accumulation is a multistep 

process, although there is considerable controversy as to the exact order of events. 

Nevertheless, the requirements for accumulation are believed to include interaction with 

MRN, ATM autophosphorylation, and the dissociation of ATM dimers into monomers 

(Bakkenist and Kastan 2003; Lee and Paull 2005; Cerosaletti et al. 2006). In yeast, the 

interaction of Tel1 with MRX is a demonstrated requirement for Tel1-dependent DNA 

damage signaling (Nakada et al. 2003). Tel1 autophosphorylation and monomerization 

have not been demonstrated in yeast, but it is reasonable to assume these processes are 

also a part of Tel1 activation. Our work suggests that Tel2 does not play a part in 

modulating the interaction of Tel1 with MRX (Chapter 2). Hence Tel2 may be required 

for other aspects of Tel1 function: for example, it may regulate Tel1 kinase activity, or 

may help regulate dimer/monomer dynamics. These possibilities are presently difficult to 

test. Tel1 kinase activity against a model substrate has been demonstrated in vitro; this 
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was carried out with Tel1 protein immunoprecitated from whole cell extracts, which may 

or may not have had Tel2 associated with it (Mallory and Petes 2000). If this kinase 

activity were found to be defective in protein immunoprecitated from tel2-1 mutant cells, 

that would be a useful starting point for understanding Tel2’s mechanism of action. 

However, to convincingly test the hypothesis that Tel2 modulates Tel1 kinase activity 

will likely require a more physiologically relevant activity assay. Similarly, the idea that 

Tel2 regulates dimer/monomer dynamics awaits testing for monomerization in yeast. 

 Our discovery that Tel2 and Ddc2 are predicted to be structurally similar initially 

led us to hypothesize that, like the Ddc2-Mec1 complex, the Tel2-Tel1 complex would 

localize to sites of damage as a unit. We devoted much effort to attempting to detect Tel2 

at sites of DNA damage. In Chapter 2, these are briefly summarized as “data not shown.” 

Here, I provide more detail about those experiments. For all of the experiments described 

below, we varied a number of conditions including cell-cycle phase (α-factor arrested or 

asynchronous), time after Gal induction, and time of crosslinking, and repeated all 

experiments multiple times. Initial efforts focused on using ChIP to detect Tel2-Myc at a 

DSB induced by HO endonuclease. We were unable to detect a ChIP signal significantly 

above controls. We verified that Tel2-Myc is fully functional by measuring telomere 

length, and by measuring damage sensitivity in a mec1∆ background. We subsequently 

carried out similar ChIP experiments with an N-terminally FLAG-tagged version of Tel2, 

also with negative results. In contrast, as described in Chapter 2, we obtained positive 

ChIP results for FLAG-Tel1 and Xrs2-Myc, validating that the approaches used could 

indeed produce positive ChIP results upon DSB induction. In the Tel2-Myc strain, we 

also used immunofluorescence to observe cellular Tel2 distribution before and after 
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induction of the DSB (see Appendix 1). The distribution appeared unchanged by DNA 

damage. We also attempted to directly visualize a C-terminally GFP-tagged version of 

Tel2 in live cells. Since this strain did not possess an inducible DSB, we attempted this 

before and after treatment with phleomycin. We were unable to detect any GFP signal 

either before or after phleomycin treatment. This was surprising, since visualization of 

Tel2-myc by immunofluorescence and western blot suggest it is abundant. We have 

never attempted to detect Tel2-GFP on a western blot, so we do not know if the GFP-

tagged version fails to be expressed at its normal levels. Finally, we analyzed meiotic 

chromosome spreads to determine whether Tel2-Myc could be detected at the multiple 

DSBs that are normally induced in the course of meiosis. We detected foci of Mre11 (a 

positive control) on these chromosomes, but not of Tel2-Myc, while unbroken cells on 

the same slides showed strong cytoplasmic Tel2-Myc staining, another positive control 

indicating that the antibody staining worked. In summary, although we cannot 

definitively rule out that Tel2 may bind DNA breaks under some circumstances, together, 

our results suggest that Tel2 spends at most only a transient period at a DSB, and that it 

may have a major locus of action elsewhere in the cell. Indeed, our immunostaining 

(Appendix 1) shows Tel2 distributed throughout the cell, in a pattern reminiscent of the 

endoplasmic reticulum.  It would be interesting to address this in the future by co-staining 

Tel2-Myc cells with markers of the ER and other cellular compartments. If Tel2 is a 

resident ER protein, it may regulate a post-translational modification important for the 

function of Tel1 (and possibly other proteins). On the other hand, our analysis of Tel2’s 

essential function (Chapter 3 and see below) suggests that Tel2 does important work in 
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the nucleus. Therefore, the extranuclear staining may represent a step in Tel2 maturation 

rather than its final destination. 

After this work was largely completed, two other groups reported that Tel2 

orthologs also interacted with many other PIKKs (Hayashi et al. 2007; Takai et al. 2007). 

Our data do not rule out an interaction between Tel2 and other PIKKs besides Tel1, and 

we are currently in the process of testing the interaction of S. cerevisiae Tel2 with other 

PIKKs. Preliminary results reveal that Tel2 interacts with Mec1, and this interaction is 

disrupted by the tel2-1 mutation (data not shown). This was initially a surprising result, 

since our findings clearly show that the tel2-1 mutation specifically disrupts the Tel1 

pathway of DNA damage signaling, and does not significantly affect Mec1-dependent 

DNA damage signaling. Hence, this suggest the possibility that although Tel2 interacts 

with many PIKKs, not all of these interactions have functional significance. Future 

experiments on the Tel2-Mec1 interaction will test whether Mec1 protein stability and 

localization to sites of DNA damage are compromised in tel2-1 mutants, to clarify 

whether the Tel2-Mec1 interaction has physiological relevance.  

 Our computational analysis shows that Tel2 shares structural similarity with the 

Mec1 partner Ddc2, suggesting that these two complexes may have evolved from a single 

ancestral partnership. Both Tel2 and Ddc2 are predicted to be structurally similar to 

importin-β.We note that the S129N mutation in tel2-1 lies immediately adjacent to the 

sequence FFG;  “FXFG motifs” are found in many nucleoporins, and are known to 

mediate the interaction between importins/exportins and the nuclear pore (Terry et al. 

2007).  A related “FXF” motif was shown in S. pombe to mediate the interaction of Nbs1 
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with specific ARM/HEAT repeats in Tel1 (You et al. 2005). Therefore, this mode of 

interaction may be much more widespread than previously thought. 

 

The essential function of Tel2 

Our analysis of cells lacking Tel2, along with a similar published set of experiments in S. 

pombe (Shikata et al. 2007), suggest that Tel2 is required for entry to and passage 

through S phase. The reason for this remains to be determined. Tel2’s regulation of Tel1 

activity does not provide the explanation, because Tel1 itself is not essential. 

Furthermore, we ruled out Mec1 as the essential target of Tel2 action by showing that 

deletion of SML1 (which rescues mec1∆ lethality) does not rescue tel2∆ cells. In a recent 

paper showing that Tel2 interacts with many PIKKs, it was suggested that Tel2 is 

essential due to an interaction with an unspecified essential PIKK (Takai et al. 2007). In 

S. cerevisiae, the essential PIKKs include Mec1, Tra1, and Tor2. One approach to testing 

this hypothesis would be to determine whether overexpression of any or all of these 

proteins would suppress the lethality of TEL2 deletion.  

 A strong clue to the essential function of Tel2 came from our high-copy 

suppressor screen, which identified Slx5 and Cdc7. Both of these proteins have roles in 

ubiquitin-mediated regulation of DNA repair. This suggests that Tel2 may also have such 

a role. A possible future approach to investigating this would be to determine whether 

previously characterized damage-dependent ubiquitination events (such as PCNA 

modification) are impaired in the tel2td conditional mutant. Slx5 is a SUMO-dependent 

ubiquitin ligase, and its overexpression has been proposed to increase turnover of 

sumoylated proteins. As we note in Chapter 3, this suggests the possibility that loss of 
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Tel2 might somehow cause a lethal accumulation of specific sumoylated proteins; Slx5 

overexpression would suppress the lethality of this event by causing increased 

degradation of the relevant protein(s). This model could be crudely tested by monitoring 

levels of sumoylated proteins in the tel2td conditional mutant, in both SLX5 and slx5∆ 

cells. 

A more unbiased approach to understanding Tel2 function would be to analyze 

DNA replication in this strain: is origin firing or fork progression delayed? These 

questions can be answered by use of microarrays and two-dimensional DNA gels. It 

would also be straightforward (conceptually, at least) to determine by ChIP whether Tel2 

is present at origins of replication, and whether it moves with replication forks. Another 

potentially informative approach would be to undertake a forward genetic screen for 

mutations that can rescue tel2∆ cells. Just as the discovery that sml1∆ could rescue 

mec1∆ cells demonstrated that regulation of nucleotide levels is the essential function of 

Mec1, perhaps such a screen would provide insight into the essential function of Tel2. 

 

Tel2 and telomere length regulation 

Our finding that the tel2-1 point mutant of TEL2 did not affect the rate of senescence in 

cells lacking telomerase is in contrast to published results with tel1∆ tlc1∆ strains, in 

which survivors are reported to arise more slowly than in TEL1 tlc1∆ strains (Ritchie et 

al. 1999). Based on our findings placing Tel2 in the Tel1 DNA-damage response pathway 

(Chapter 2), we expected a similar delay in senescence in tel2-1 tlc1∆ cells. There are 

several possible reasons for this apparent discrepancy. First, our experiments were 

performed in a different strain background (S288A, whereas Ritchie et al. used W303a 
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and AMY125). Since tel2-1 tlc1∆ and tel1∆ tlc1∆ cells have not been compared side-by-

side in the same strain background, we do not know if this is a background-specific 

difference or perhaps a difference in other experimental conditions.  One of the two 

experiments published by Ritchie et al. (their Figure 8b using the AMY125 strain) looks 

quite similar to ours: survivors arise at the same subculturing in both strains, and the 

tel1∆ tlc1∆ strain generates Type I survivors while the tlc1∆ strain gives rise to Type II 

survivors. This supports the idea that there is some strain background specificity to the 

effect. Second, because tel2-1 is not a complete deletion, tel2-1 strains may retain some 

Tel1-dependent signaling. This interpretation is suggested by the observation that mec1∆ 

tel2-1 strains have consistently higher viability and longer telomeres than mec1∆ tel1∆ 

strains (Fig. 4-6). Third, tel2-1 apparently has effects that are not upstream of TEL1; we 

conclude this based on the findings that tel2-1 tel1∆ strains have telomeres that are 

shorter than in either single mutant (Fig. 4-3) and Rad53 signaling that is slightly delayed 

compared to either single mutant (Fig. 2-1b). These non-Tel1-pathway effects may 

accelerate senescence, effectively counteracting any Tel1-related delay in senescence.  

 Since our data indicate that tel2-1 disrupts Tel1 signaling (Chapter 2), we 

expected that like tel1∆ mec1∆ cells, tel2-1 mec1∆ cells would undergo progressive 

telomere loss leading to senescence. To our surprise, we found that neither of these 

strains exhibited all the features of senescence. Closer examination of the published 

claims of senescence in mec1 tel2 mutants reveals reasons to view them skeptically. The 

strains used in the initial study (Ritchie et al. 1999) carried the mec1-21 mutation (rather 

than mec1∆) and did not have SML1 deleted. MEC1 mutant strains are known to have 

telomere shortening that can be rescued by sml1∆ (Longhese et al. 2000); therefore, the 
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senescent phenotype may be partially caused by low nucleotide levels due to the mec1-21 

mutation. A later study in our lab (Chan et al. 2001) used complete deletions of MEC1, 

TEL1, and SML1 in the same strain background used in the present study (S288C); in this 

report, the double mutants lost some viability at least, but they did not completely lose 

viability and did not generate survivors (as judged by teloblot patterns) within seven 

streaks after sporulation. Since the experiments in that paper did not include later streaks, 

we do not know if these strains went on to achieve a short, stable telomere length or 

generated survivors. Although many authors have noted that deletion of both MEC1 and 

TEL1 causes senescence in budding yeast, conclusive data are lacking; our data suggest 

that at least in our strain background, short telomeres can be stably maintained in mec1∆ 

tel1∆ cells.  

Our data are consistent with the model that Tel2 regulates telomere length 

primarily through the Tel1 pathway. In Chapter 2, we showed that the Tel1-Tel2 

interaction regulates Tel1 localization to sites of DNA damage and its ability to activate 

its downstream targets. Based on these results, we predict that tel2-1 also impairs 

recruitment of Tel1 to telomeres. Recent reports have indicated that Tel1 binds 

preferentially to very short telomeres, and that in a wildtype strain it is only detectable on 

bulk telomeres during S-phase (Bianchi and Shore 2007; Hector et al. 2007; Sabourin et 

al. 2007). Consistent with this, we did not detect any binding of Tel1 to telomeres in the 

G1-arrested cells used for our ChIP experiments; therefore, in the studies shown in 

Chapter 2, we were unable to test whether Tel1 localization to telomeres is TEL2-

dependent. The question of whether tel2-1 affects Tel1 recruitment to telomeres could be 

addressed in the future by ChIP to a telomere that can be inducibly shortened (as in 
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(Sabourin et al. 2007)). Synchronizing the cells and collecting samples from throughout 

the cell cycle would also improve detection of Tel1 localization. Although technically 

cumbersome, the analysis of single telomere-lengthening events pioneered by Joachim 

Lingner’s lab (Teixeira et al. 2004) would be very informative in determining whether the 

tel2-1 and tel1∆  mutations have similar effects on telomerase action. 
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Appendix 1: The distribution and dynamics of Tel2 protein 

 

Carol M. Anderson, Dana L. Smith, and Elizabeth H. Blackburn 

Department of Biochemistry and Biophysics  

University of California, San Francisco  

San Francisco, CA 94158 

 

Results and Discussion 

Previous work had shown that when overexpressed, the human and C. elegans Tel2 

orthologs were distributed throughout the cell (Benard et al. 2001; Jiang et al. 2003). 

Immunostaining of endogenous human Tel2 with direct antibodies showed that the 

protein is mainly nuclear, with low levels of Tel2 protein also in the cytoplasm (Collis et 

al. 2007; Takai et al. 2007). We first attempted to determine the subcellular distribution 

of Tel2 protein in S. cerevisiae by a visualizing a C-terminally GFP-tagged version of 

Tel2 in live cells, but did not detect any fluorescence above background (data not shown). 

Next, we carried out anti-Myc immunostaining of cells expressing Tel2-Myc from the 

endogenous TEL2 locus, as the only Tel2 protein in the cell. The protein appeared to be 

distributed throughout the cytoplasm, and perhaps excluded from the nucleus. Its 

localization was not altered by the tel2-1 point mutation (Fig. A1-1). We also performed 

Tel2-Myc staining before and after induction of a DSB via HO endonuclease; we did not 

observe any change in Tel2 localization after 20, 40, or 60 minutes of Gal induction (data 

not shown). This is consistent with results in human cells, which showed no change in 

Tel2 localization after DNA damage (Collis et al. 2007; Takai et al. 2007). The 
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distribution we observed in both damaged and undamaged cells, however, is quite 

different from the Tel2 distribution seen in human cells. It is possible that the Myc tag 

alters Tel2 distribution; future experiments should be carried out with different epitope 

tags, or, ideally, with a direct antibody.  

 As noted in Chapters 2 and 5, we hypothesized that Tel2 might localize to the 

regulated DSBs induced during meiosis. Therefore, we performed immunostaining of 

meiotic chromosome spreads. As expected, we observed foci of Mre11, a positive control 

(Fig. A1-2a). We did not observe any Tel2-Myc staining on the meiotic chromosomes 

(Fig. A1-2b), although we did see strong signal from unbroken cells on the same slides, 

verifying that the antibody staining worked (data not shown). These results are discussed 

in detail in Chapter 5. 

 In a whole-genome expression study, TEL2 was classified as a cell-cycle 

regulated gene whose transcript levels peak during S-phase (Spellman et al. 1998). To 

determine whether Tel2 protein levels vary throughout the cell cycle, we synchronized 

cells with α-factor and collected cells for analysis of protein level and cell-cycle stage at 

various time points after release. Levels of Tel2-HA expressed from the endogenous Tel2 

locus were determined by immunoblotting (Fig. A1-3). The level of Tel2 protein did not 

appear to change significantly throughout the cell cycle. We also determined whether 

treatment with DNA damaging agents affected Tel2 expression levels. Treatment with 

MMS, HU, and phleomycin resulted in Tel2 protein levels that appeared similar to (or 

perhaps slightly elevated compared to) controls (Fig. A1-3). We also noted that treatment 

with DNA damaging agents did not give rise to any Tel2 bands of altered mobility. 

Although the resolution of the gel shown in Fig. A1-3 is low, we also failed to observe 
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any additional Tel2 bands after DNA damage in several other experiments in which 

higher-resolution gels were used (data not shown). This does not rule out that Tel2 may 

be post-translationally modified after DNA damage, but it does rule out easy detection of 

such a modification. 

 

Materials and Methods 

Strain construction 

Tel2 was tagged with HA and Myc by the Pringle method (Longtine et al. 1998). Strains 

with an inducible DSB were constructed as described in Chapter 2. The rad50s/rad50s 

diploid for meiotic chromosome spreads was obtained from Jennifer Fung. Tel2 was 

Myc-tagged in this strain by the Pringle method. A homozygously-tagged diploid was 

generated by sporulation of a heterozygote, followed by mating of a and α Myc-tagged 

progeny. 

  

Immunostaining 

For the immunostaining in Figure A1-1, logarithmically growing cells were collected 

fixed essentially as described (Burke et al. 2000); the fixation in 10% formaldehyde was 

allowed to proceed for 40 minutes. Cells were immunostained as described (Burke et al. 

2000). Tel2-Myc was detected with mouse monoclonal anti-Myc antibody (clone 9E10, 

Covance), at a 1:1000 dilution, followed by Cy3-conjugated donkey anti-mouse antibody 

(Jackson Immunoresearch) at a 1:8000 dilution. Cells were also stained with 200 ng/ml 

DAPI. 
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Meiotic spreads 

Diploids used were homozygous for the rad50s allele, which causes meiotic DSBs to 

persist longer than usual. Cells were sporulated in 2% potassium acetate at 30°C for 10–

22 hours; samples were collected every two hours and meiotic spreads were performed 

essentially as described (Engebrecht and Roeder 1990), except that paraformaldehyde 

fixation lasted one hour. Cells shown in Figure A1-2, part A were collected after 19 hours 

of sporulation; spreads were visualized on a Deltavision deconvolution microscope 

photographed with a Photometrics Coolsnap HQ camera. Cells shown in Figure A1-2b 

were collected after 22 hours of sporulation; spreads were visualized on a Nikon E600 

microscope and photographed with a Photometrics Coolsnap fx camera. Mre11 was 

detected with guinea pig anti-Mre11 antibody (a gift from Jennifer Fung) at a 1:50 

dilution, followed by FITC-conjugated donkey anti-guinea pig (Jackson 

Immunoresearch) at a 1:200 dilution. Spreads were also stained with 200 ng/ml DAPI.  

 

Cell cycle synchronization, protein preparation, and Western blotting 

Asynchronous, logarithmically growing cells were treated with the indicated drug for two 

hours, or arrested in α-factor for two hours and then released from the arrest. For analysis 

of Tel2-HA protein levels, protein was prepared by bead-beating in urea buffer as 

described in Chapter 2. Protein concentration was measured by Bradford assay, and 10 

µg total protein were run on a 6% SDS-PAGE gel, transferred to Hybond-P membrane 

(GE Healthcare), and probed with anti-HA antibody as described in Chapter 2. For 

analysis of DNA content by flow cytometry, cells were fixed in ethanol, and stained and 

analyzed as described in Chapter 2.  
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Figure Legends 

Figure A1-1. Tel2-myc immunostaining. Logarithmically growing cells were 

formaldehyde fixed and immunostained with anti-Myc antibody (red) and DAPI (blue).   

(A) Untagged cell. (B) TEL2-Myc cell. (C) tel2-1-Myc cell. 

 

Figure A1-2. Meiotic chromosome spreads. After 19-22 hours of sporulation, cells were 

fixed with paraformaldehyde and chromosome spreads were prepared. (A) Mre11 

immunostaining (green) and DAPI staining (blue). Images were collected on a 

Deltavision deconvolution microscope. Scale bar, 5 µm. (B) Tel2-Myc immunostaining 

(red), Mre11 immunostaining (green) and DAPI staining (blue). Images were collected 

on a Nikon E600 microscope. 
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Figure A1-3. Changes in Tel2 protein levels during the cell cycle and after DNA damage. 

Logarithmically growing cells were arrested in α-factor, then released into the cell cycle 

and collected at the indicated times.  For treatment with DNA damaging agents, 

asynchronous cultures were exposed to the indicated drug for two hours. (A) Equal 

quantities of total protein were loaded for all time points. Tel2-HA was detected by anti-

HA immunoblotting. (B) Flow cytometric analysis of DNA content for the α-factor 

arrest-and-release shown in part (A). (C) Flow cytometric analysis of DNA content for 

the asynchronous cultures shown in part (A). The profile after treatment with the 

indicated drug (blue) is shown superimposed on the profile before treatment (red), which 

is the same for all three cultures.  
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Table A1-1 Strains used in Appendix 1 
 
All strains except 13365 and 13368 are in the S288C strain background and are isogenic 
with BY4736 (EHB13029),  except as noted in the table below. Strains 13365 and 13368 
are in the BR1919-8b strain background, a derivative of S288C. 
 
Strain 
number 

Relevant genotype 

EHB13029 ade2∆::hisG his3∆200 met15∆0 trp1∆63 ura3∆0 MATa 
EHB13136 tel2-1 MATa 
EHB13139 TEL2-HA3-TRP1 MATa 
EHB13103 MATα 
EHB13304 TEL2-Myc13-TRP1 MATα 
EHB13305 tel2-1-Myc13-TRP1 MATα 
EHB13257 trp5::(HO recognition site-TRP1) MATa-inc pGAL-HO-URA3 
EHB13274 trp5::(HO recognition site-TRP1) TEL2-Myc13-TRP1  MATa-inc pGAL-

HO-URA3 
EHB13365 leu2-3,112/ leu2-3,112/ his4-260/his4-260 ura3-1/ura3-1 thr1-4/thr1-4 

rad50s::URA3/rad50s::URA3 
EHB13368 leu2-3,112/ leu2-3,112/ his4-260/his4-260 ura3-1/ura3-1 thr1-4/thr1-4 

rad50s::URA3/rad50s::URA3 TEL2-Myc13-TRP1/ TEL2-Myc13-TRP1 
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Appendix 2: Potentially useful plasmids and strains 

 

GFP reporter plasmids 

These were constructed for the purpose of monitoring telomere dysfunction by flow 

cytometry. Six different promoters were placed upstream of GFP in four different 

plasmid backbones (pRS413, pRS414, pRS423, and pRS424). The six different 

promoters were selected based on the changes in their associated transcript levels during 

the response to DNA damage (Gasch et al. 2001) and the telomerase deletion response 

(TDR) (Nautiyal et al. 2002). I selected two genes that were activated by DNA damage 

but not the TDR (PCL5 and SET6), two that were specifically activated in response to 

loss of telomerase but not DNA damage (YHR115C and RRP43), and two that were 

activated by both DNA damage and loss of telomerase (RNR2 and RNR4). All reporters 

produced green fluorescence (as determined by examination under a light microscope), 

and the fluorescence was detectable in the SYBR Green channel of a FACScalibur 

machine (BD Biosciences) after brief paraformaldehyde fixation of cells. A pilot 

experiment showed that MMS treatment produced an increase in fluorescence in cells 

carrying the RNR2 reporter, but not the YHR115C reporter, as expected (data not shown). 

However, a separate experiment examining tlc1∆ cells undergoing progressive telomere 

shortening did not show a response of the TDR-specific YHR115C reporter, contrary to 

expectations; the RNR2 reporter was induced as expected in this experiment. Therefore, 

the YHR115C reporter should be used with caution; proper validation should be done 

before relying on it as a TDR-specific reporter. 
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Plasmid construction 

Plasmids pEHB13002-13005 were made by digesting the indicated pRS vector 

(Brachmann et al. 1998) with BamHI, then inserting a BamHI-BglII fragment containing 

GFP from pEHB13001 (Longtine et al. 1998). The GFP ORF in these plasmids does not 

have a start codon. Plasmids pEHB13006-13030 were made by digesting the appropriate 

parent plasmid (pEHB13002-13005) with BamHI and XhoI and ligating in a BamHI-

XhoI-digested PCR product containing the indicated promoter region, plus a start codon. 

The length of upstream DNA included in each construct was the following: RNR2, 

YHR115C, and RRP43: 600 bp; PCL5: 558 bp; RNR4: 572 bp; SET6: 598 bp. 
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Table A2-1 GFP reporter plasmids 
 
 
pEHB# 

 
Description 

13001 pFA6a-GFP(S65T)-kanMX6 
13002 pRS423-GFP 
13003 pRS424-GFP 
13004 pRS413-GFP 
13005 pRS414-GFP 
13006 pRS423-RNR2-GFP 
13007 pRS424-RNR2-GFP 
13008 pRS413-RNR2-GFP 
13009 pRS414-RNR2-GFP 
13011 pRS423-YHR115C-GFP 
13012 pRS424-YHR115C-GFP 
13013 pRS413-YHR115C-GFP 
13014 pRS414-YHR115C-GFP 
13015 pRS423-RRP43-GFP 
13016 pRS424-RRP43-GFP 
13017 pRS413-RRP43-GFP 
13018 pRS414-RRP43-GFP 
13019 pRS423-PCL5-GFP 
13020 pRS424-PCL5-GFP 
13021 pRS413-PCL5-GFP 
13022 pRS414-PCL5-GFP 
13023 pRS423-RNR4-GFP 
13024 pRS424-RNR4-GFP 
13025 pRS413-RNR4-GFP 
13026 pRS414-RNR4-GFP 
13027 pRS423-SET6-GFP 
13028 pRS424-SET6-GFP 
13029 pRS413-SET6-GFP 
13030 pRS414-SET6-GFP 
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Strains with inducibly shortened telomeres 

These strains contain a single telomere (VIIL) which can be shortened by Gal-induced 

expression of Flp recombinase, as in (Marcand et al. 1999; Marcand et al. 2000). The 

original strains and plasmids from Stephane Marcand contained constructs that turned out 

to have the internal TG1-3  cassettes in the reverse orientation relative to the telomere (i.e., 

they were actually C1-3A cassettes). I created a plasmid (13055) with a 270 bp TG1-3 

cassette in the correct orientation.  

To create these strains, it is necessary to cure the parent strain of endogenous of 2 µm 

plasmids. A mutant form of Flp recombinase expressed from plasmid 13052 allows this 

to be done easily (Tsalik and Gartenberg 1998). The mutant Flp initiates recombination 

but cannot complete it, creating nicked DNA that effectively arrests growth of any cells 

containing 2 µm plasmids. Colonies that grow up are cir0, and can then be cured of the 

Flp305L plasmid by growth on 5-FOA. 

 

Plasmid construction 

Plasmids 13046 and 13047 contain internal 270 bp TG1-3 cassettes that are in the opposite 

orientation to the telomeric 81 bp cassette. I made them from Stephane’s building blocks 

(sp225 and  pLTel) according to his method (Marcand et al. 1999) in an attempt to create 

plasmids with the TG1-3 cassette in the correct orientation. However, all plasmids 

recovered had C1-3A cassettes. To create plasmid 13055 with a 270 bp TG1-3 cassette in 

the correct orientation, I first subcloned a SphI-EcoRI fragment of 13048 into the pUC18 

backbone. Then I inserted a 270 bp TG1-3 cassette from 13031 and verified by sequencing 

that it was in the correct orientation. I successfully integrated this into strains and 
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checked by southern that Flp-induced shortening worked, but did not freeze down those 

strains. 

 

Strain construction 

All strains should be checked by southern blot prior to use (EcoRV/HindIII digest, URA3 

probe made with oligos oEHB11185 and oEHB11186) to ensure that the marked 

telomere is present and can be altered by Flp recombinase. Strains must be maintained on 

–URA plates to ensure propagation of the marked telomere. Strains 13027 and 13028 are 

originally derived from a strain obtained from Stephane Marcand, which was supposedly 

his strain Lev212. I obtained that strain from Simon Chan via Shang Li and determined 

that it was URA+, and therefore must have contained a marked telomere and could not be 

Lev212. I generated a URA- derivative of this by growing it on galactose to induce 

expression of Flp recombinase; this derivative is 13028. I then transformed 13028 with 

plasmid pEHB13047 to generate strain 13027. 

To build strains in the S228C background with an inducibly shortened telomere, I 

started by disrupting the LEU2 gene in strain 13029 (BY4736) with the nourseothricin 

(NAT) gene, leaving behind the sequences necessary to later integrate the LEU2-based 

plasmid encoding Flp recombinase (this created strains 13089 and 13094). I then cured 

13094 of 2 µm plasmids using the Flp1 mutant described above, generating strains 13095 

and 13096. Finally, I integrated plasmids 13047 and 13048, giving rise to strains 13121-

13124. 
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Table A2-2 Plasmids for constructing strains with inducibly shortened telomeres 
 
pEHB
# 

Previous 
name 

 
Description 

 
Source 

13032 sp59 adh4::URA3-TG1-3(81) (Marcand et 
al. 1997) 

13048 sp225 adh4::FRT-URA3-FRT-TG1-3(81) (Marcand et 
al. 1999) 

13046 equivalent 
to sp229 

adh4::FRT-URA3-C1-3A (270)-FRT-TG1-3(81) This study 

13047 equivalent 
to sp242 

adh4::FRT-URA3-C1-3A (270)-C1-3A (270)-FRT- 
TG1-3(81) 

This study 

13055  adh4::FRT-URA3-TG1-3(270)-FRT-TG1-3(81) This study 
13052 pBIS-

GALkFLP
(URA) 

pRS416-FLP(H305L) for curing strains of 2 µm 
plasmid 

(Tsalik and 
Gartenberg 
1998) 

13031 pLTel source of 270 bp telomeric DNA cassette (Gilson et al. 
1993) 

13070 pFV17 LEU2-GAL10-FLP1 integrating  (Volkert and 
Broach 1986) 

 
 
Table A2-3 Strains with inducibly shortened telomeres 
 
EHB# 

 
Genotype 

Strain 
background 

13028 ade2-1 his3-1 trp1-1 bar1::TRP1 leu2::LEU2-GAL10-FLP1 
adh4::FRT-TELVIIL  MATa [cir0] 

W303a 

13027 ade2-1 his3-1 trp1-1 bar1::TRP1 leu2::LEU2-GAL10-FLP1 
adh4::FRT-URA3-C1-3A (270)-C1-3A (270)-FRT-TELVIIL 
MATa [cir0] 

W303a 

13089 ade2∆::hisG his3∆200 met15∆0 trp1∆63 ura3∆0 leu2::NAT 
MATa 

S288C 

13094 ade2∆::hisG his3∆200 met15∆0 trp1∆63 ura3∆0 leu2::NAT 
leu2::LEU2-GAL10-FLP1 MATa 

S288C 

13095, 
13096 

ade2∆::hisG his3∆200 met15∆0 trp1∆63 ura3∆0 leu2::NAT 
leu2::LEU2-GAL10-FLP1 MATa [cir0] 

S288C 

13121, 
13122 

ade2∆::hisG his3∆200 met15∆0 trp1∆63 ura3∆0 leu2::NAT 
leu2::LEU2-GAL10-FLP1 adh4::FRT-URA3-C1-3A (270)-C1-

3A(270)-FRT-TELVIIL MATa [cir0] 

S288C 

13123,
13124 

ade2∆::hisG his3∆200 met15∆0 trp1∆63 ura3∆0 leu2::NAT 
leu2::LEU2-GAL10-FLP1 adh4::FRT-URA3-FRT-TELVIIL 
MATa [cir0] 

S288C 
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