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dangerously, cancerous transformations. It is therefore imperative for every 

eukaryotic cell to maintain and preserve telomere integrity. 

In budding yeast, a telomeric dedicated RPA complex (the t-RPA 

complex), formed by the three essential proteins Cdc13, Stn1 and Ten1 sits at 

the central node of telomere homeostasis. According to the current model, the 

trimer, binding tightly to the telomeric single stranded repeats, ensures the 

elongation of the telomeres by recruiting the cellular retro-transcriptase 

telomerase. On the other hand, it also supposedly involved in protecting 

telomeres from uncontrolled resection through a still poorly understood 

mechanism.  

This dissertation describes my efforts in using the homology between the 

t-RPA and the original RPA complex, to decipher the overall structure of the t-

RPA complex: first pinpointing the molecular details of the Ten1-Stn1 interaction 

and then identifying a domain of the t-RPA complex that specifically evolved to 

perform a new telomeric-specific function. Subsequently, the attentive review of a 

key temperature sensitive allele of Cdc13 together with a number of published 

observations, casted significant doubts on the current interpretation of the role of 

the t-RPA complex at telomeres, forcing the conception of a new model for 

telomere maintenance where the essential function of the t-RPA complex is not 

the protection of chromosome ends, but is actually the efficient replication of the 

telomere as a telomeric specific complex that becomes part of the replisome as 

the replication fork advances through the duplex telomeric DNA. The last 
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sections of this manuscript describe the experimental approaches used 

successfully test the new hypothesis, leading to the confirmation of the t-RPA 

complex as a telomere dedicated replicative factor and fundamentally changing 

the paradigm of telomere homeostasis. 
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Telomeres are the ends of linear chromosomes and their integrity is 

essential to guarantee the global genomic stability of every eukaryotic cell. With 

the exception of D. melanogaster and a few other insects, they are characterized 

by repetitive TG-rich sequences of different length: from the ~350bps of S. 

cerevisiae, to the multiple kilo-bases of human telomeres (Shampay et al. 1984; 

de Lange et al. 1990). The 5’ to 3’ TG-strand is maintained longer than the 

complementary CA-strand so that every telomere bears at its very end a 3’ TG-

rich overhang whose size is cell-cycle regulated (Wright et al. 1997; Dionne & 

Wellinger 1996). The particular TG-rich sequence of both the duplex and the 

single stranded telomeric DNA guarantees the recruitment of a number of factors 

whose function is to protect the telomeres and maintain their length 

(Smogorzewska & de Lange 2004). The complex synergic relationship between 

the DNA sequence and the protein factors is the basis of telomere homeostasis.  

 

The end-replication problem 

Being the end of linear string of DNA, telomeres inevitably lose a fraction 

of their length after each DNA replication. As a replisome advances towards the 

end of chromosome, the leading strand machinery is capable of fully replicating 

its substrate as its polymerase activity proceeds in a 5’ to 3’ orientation untill the 

end of CA-strand. On the other hand, the lagging strand machinery replicates the 

TG-rich strand in a discontinuous pattern: the DNA pol α/primase generates short 

RNA/DNA primers (Okazaki fragments) that are then used to initiate the 
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synthesis of the complementary strand by the DNA polymerase δ in the opposite 

direction of the fork progression. Once the polymerase reaches the previous 

Okazaki fragment, the RNA primer is degraded and substituted by DNA. Finally, 

DNA ligase I joins the contiguous DNA fragments to complete replication. At 

telomeres this mechanism translates in the inevitable loss of sequence in the 

lagging strand daughter strand given that a string minimally long as the RNA 

primer is necessarily lost at its 5’ end during each DNA replication (Olovnikov 

1973; Watson 1972). Furthermore, as the DNA replication is complete, 

chromosome ends need to be immediately processed to generate terminal 3’ TG-

rich overhangs of proper length. This process has been proposed to involve a 

complex network of nucleases, therefore further contributing to telomere 

shortening (Bonetti et al. 2009). Over the course of multiple cellular duplications, 

in the absence of a counteracting mechanism, these processes eventually lead to 

the progressive shortening of the telomeres with the activation of DNA damage 

response pathways and gradual deterioration of fitness till cellular death, a 

process known as replicative senescence (Lendvay et al. 1996).  

To counteract this deleterious process, the cellular reverse trascriptase 

telomerase evolved: this conserved nucleoprotein is capable of adding new 

telomeric repeats at the 3’ overhang of each telomere using a particular RNA 

molecule embedded in its structure as template (Greider & Blackburn 1985; 

Lingner et al. 1997). Although highly conserved, the molecular mechanism that 

underlies the addition of new telomeric repeats by telomerase varies and dictates 
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the different characteristic of the telomeric repeats from species to species. While 

in mammals, telomerase add reiterations of the same exact sequence TTAGGG 

(Meyne et al. 1989), generating telomeres with perfect repeats, in yeast the 

degenerate use of the template RNA creates telomeres with a TG1-3 consensus 

(Shampay et al. 1984). 

In most somatic cells of the multicellular organism, the enzyme telomerase 

is not active and these cells undergo the aforementioned replicative senescence 

critically contributing to the progressive and physiological aging of the organism. 

On the other hand, telomerase is maintained in an active state in germ line as 

well as in stem cells in order to maintain normal telomere length in these vital 

compartments. Despite the small number of cells where telomerase can actually 

function, a collection of serious maladies including idiopathic pulmonary fibrosis 

and dyskeratosis congenita has been associated with malfunctioning of the 

telomerase holoenzyme and its consequent telomere shortening (Armanios & 

Blackburn 2012).  

 

The end-protection problem 

The DNA damage response has evolved to detect abnormal DNA 

structures and coordinate the cellular response to either correct the defect when 

possible or permanently arrest the cell cycle if the damage is beyond repair. Of 

the many defects that can trigger the DNA damage response (DDR), double 

strand breaks are the most dangerous as they can lead to chromosome 
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translocation and catastrophic genomic rearrangements. After detection, both 

sides of the break are handled by several different complexes and eventually 

repaired either via homologous recombination (HR) or non-homologous end 

joining (NHEJ)(Jasin & Rothstein 2013). As the normal architecture of each 

telomere strongly resembles the features of a double strand break, the second 

critical challenge of telomere homeostasis is to avoid detection from the DNA 

damage sensors and inhibit dangerous end-to-end fusions or other modifications 

that would critically compromise genomic stability.  

In mammals, the shelterin complex formed by the proteins TRF1, TRF2, 

RAP1, TIN2, POT1 and TPP1 sits at the very end of the chromosome playing an 

essential role in the protection of telomeres. Impairment of the shelterin complex 

results in activation of the DNA damage sensors with the formation of DNA 

damage foci at telomeres, loss of telomeric sequence and even the creation of 

dangerous end-to-end fusions with the formation of multi-centric chromosomes. 

In the past twenty years, the attentive functional dissection of the components of 

this complex has shown how each subunit specifically evolved to inhibit a 

particular branch of the DNA damage response, completely shielding the 

telomeres from the DNA damage sensors. The complex mediates also the 

physical masking of chromosome ends through the formation of the T-loop, 

allowing the terminal telomeric ss-DNA to curl back and bury its very end into the 

duplex telomeric DNA (de Lange 2009). Lastly, recent studies have shown that 

the sub complex POT1-TPP1 mediates the recruitment of telomerase although its 
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precise mechanism is still under intense investigation (Nandakumar et al. 2012).   

While the shelterin complex has been identified in multiple species, 

including S. pombe, in budding yeast only one of the 6 subunits, Rap1, has been 

found (Li et al. 2000; Pardo & Marcand 2005): in S. cerevisiae in fact, a 

completely different set of proteins seems to be binding telomeres and mediating 

their maintenance.  

 

The critical player in telomere homeostasis in S. cerevisiae 

In budding yeast, a trimeric complex formed by the essential proteins 

Cdc13, Stn1 and Ten1, plays a critical role in telomere maintenance. It’s recruited 

at telomeres thanks to the high affinity for telomeric ss-DNA conferred by the 

DNA binding domain of its main subunit Cdc13, an 

oligonucleotide/oligosaccharide binding fold (OB-fold) domain capable of tying a 

telomeric oligonucleotide (11nts) with an extremely high affinity (KD= 3pM, 

(Mitton-Fry et al. 2002; Anderson et al. 2002; Hughes et al. 2000)). Similarly to 

the shelterin complex, once bound to the end of the chromosomes, this complex 

is responsible of both maintaining telomere length and ensuring telomere 

integrity.  

After the completion of DNA replication and consequent processing of the 

ends, the Cdc13-Stn1-Ten1 complex is believed to bind to the newly formed 3’ 

TG-rich overhang and to play its essential role in the “capping” of the telomere 

ends, protecting them from the DNA damage sensors and unwanted catastrophic 
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modification of telomere architecture. The deletion of any of the components of 

this complex leads to immediate cell death in G2/M phase, so the study of the 

Cdc13-Stn1-Ten1 complex has relied greatly on temperature sensitive alleles or 

hypomorphic mutations. The thermolabile mutant cdc13-1 was recovered in the 

original Cdc- screen by Hartwell and colleagues (Weinert & Hartwell 1988). While 

allowing an almost normal growth at permissive temperature, once exposed to 

the non permissive temperature the cdc13-1 allele was shown to cause the 

immediate arrest of the cell cycle in G2/M caused by the accumulation of single 

stranded DNA at telomeres that partially extended several kilo-bases towards the 

centromere with the consequent activation of the RAD9-dependent check-point 

(Lydall & Weinert 1995; Zubko et al. 2004; Garvik et al. 1995). The middle 

subunit Stn1 and the small subunit Ten1 were discovered as a high copy 

suppressor of the cdc13-1 and of the stn1 allele, stn1-13, respectively (Grandin 

et al. 1997; Grandin et al. 2001). The analysis of temperature sensitive alleles of 

STN1 and TEN1, whose growth was only partially impaired at semi-permissive 

temperature, showed an accumulation of telomeric ss-DNA coupled with a 

significant elongation of telomere length. Similarly to the cdc13-1 allele, the 

growth defect associated with Stn1 or Ten1 impairment was dependent on the 

RAD9 check point and interaction studies conducted in vitro or by 2-hybrid 

showed the interaction between the three subunits (Grandin et al. 1997; Grandin 

et al. 2001). As the growth defect as well as the ss-DNA accumulation of the 

thermolabile alleles of three proteins, could be partially rescued by the loss of 
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EXO1, the essential function of Cdc13- Stn1-Ten1 complex was proposed to be 

the ability to inhibit EXO1-mediated resection at telomeres, avoiding the 

activation of DNA damage signal and therefore “capping” telomeres(Maringele & 

Lydall 2002). 

Furthermore, the Cdc13-Stn1-Ten1 complex recruits the nucleoprotein 

telomerase to its 3’ overhang substrate thanks to a direct interaction between the 

recruitment domain of the Cdc13 subunit and one of the components of the yeast 

telomerase complex, Est1 (Evans & Lundblad 1999). This interaction is pivotal to 

the maintenance of telomere length as its impairment phenotypically mirrors the 

loss of telomerase, triggering replicative senescence and eventually inducing cell 

death after ~75/100 generations (Lendvay et al. 1996).  

 

Regulators of telomere length in S. cerevisiae  

As telomerase acts only on 7% of telomeres during each cell cycle, the 

Cdc13-Stn1-Ten1 complex sits at the receiving end of a complex and still not 

completely understood mechanism that regulate telomere length (Teixeira et al. 

2004). In the past years, a number of labs have investigated the potential 

phosphorylation of the recruitment domain of Cdc13 as the key regulatory 

element of the Est1-Cdc13 interaction. In particular, Teng and colleagues 

proposed that TEL1 (the yeast homolog of the mammalian ATM kinase) 

positively regulates telomere length, directly phosphorylating the conserved 

Ser249 and Ser255 of Cdc13 and promoting the recruitment of telomerase at the 
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shortest telomeres where the protein Tel1 is know to preferentially localize 

(Tseng et al. 2006).  

These assumptions imply the existence of a sensing mechanism able to 

distinguish between short telomere from normal ones. The “counting” model 

proposed by the Shore lab postulates that another trimeric complex formed by 

the only shelterin component identified in budding yeast, Rap1, and its two 

associated factors Rif1 and Rif2, is able to measure the length of each telomere. 

The complex binds to the duplex telomeric DNA thanks to the specificity of the 

Myb DNA binding domain of Rap1 and since deletion of its components leads to 

telomere elongation, they are believed to mediated a inhibitory signal for 

telomerase: the more Rap1-Rif1-Rfi2 complex accumulates at a given telomere, 

the less probably telomerase will be recruited(Marcand et al. 1997).  

The MRX complex, formed by the subunits Mre11, Rad50 and Xrs2 sitting 

at the boundary between the duplex and the single stranded telomeric DNA has 

been proposed to be able to pass on the length information from the Rap1-Rif1-

Rfi2 complex to the 3’ overhang. In fact Rif2 and Tel1 are believed to compete for 

the binding of same the C-terminal domain of Xrs2 (Hirano et al. 2009). If a 

telomere has normal or long telomeres, the amount of Rif2 bound to the duplex 

telomeric DNA as part of the Rap1-Rif1-Rif2 complex outcompetes Tel1; on the 

other hand, if a telomere is short then Tel1 can be recruited at telomere via 

interaction with Xrs2 and mediate the phosphorylation of the recruitment domain 

of Cdc13 allowing telomerase to be summoned at telomeres. 
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Figure 1.1 – Cartoon of the current model for telomere maintenance. X=Xrs2, R=Rad50 and 
M=Mre11.  
 

Collectively, the current model for telomere maintenance in budding yeast 

states that after the completion of DNA replication and processing of the ends, 

the Cdc13-Stn1-Ten1 complex binds to the telomeres where it receives the 

output of a complex network of signalling. The complex therefore globally 

coordinates telomere integrity: capping the telomeres to protect them from the 

DNA damage sensors and promoting the access of telomerase to the shortest 

telomeres to maintain a physiological telomere length (Figure 1.1).  

 
Revisiting the current model for telomere maintenance in S. cerevisiae 

Despite representing an organic synthesis of a number of different studies, 

recent observations have weakened some of the pillars of this model, leaving 
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space for a potential re-interpretation of some of the published data. As already 

mentioned, the phosphorylation of a cluster of serines on the surface of the 

recruitment domain of Cdc13 had been proposed to mark telomeres for 

elongation, promoting the interaction between Cdc13 and the telomerase 

component Est1 (Tseng et al. 2006). A recent publication form the Lundblad lab, 

re-examined the molecular basis of this proposal. The proximity of the most 

conserved serines in the proposed phosphorylated cluster (Ser 249 and Ser255) 

to the original cdc13 mutant known to completely ablate the interaction with Est1 

(cdc13-E252K,(Evans & Lundblad 1999)), raised the possibility that the short 

telomere phenotype associated with un-phosphorylatable mutants might be 

completely unrelated to a potential phosphorylation by Tel1 but just due to the 

physical impairment of the Cdc13-Est1 interaction. As this kinase (whose 

mammalian homolog is ATM) is known to require a glutamine prior to its serines 

or threonines targets(Kim et al. 1999; Smolka et al. 2007; Chen et al. 2010), each 

SQ or TQ site of Cdc13 was mutated into an SA or a TA site in order to eliminate 

every potential Tel1 target, making Cdc13 immune to Tel1-mediated 

phosphorylation. Unexpectedly, such a mutant maintained almost normal 

telomere length, casting doubts on the involvement of the kinase TEL1 in the 

control of telomerase recruitment(Gao et al. 2010).  

Another recent publication from the Lundbald lab examined the effect of 

several known telomere regulators on the progression of replicative senescence. 

According to the current model, if the function of Tel1 and of the MRX complex is 
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to regulate telomerase access to its substrate, their loss should not affect the 

progression of senescence in a strain lacking telomerase. However, loss of either 

TEL1 or the MRX components Xrs2 or Rad50, significantly slow down the 

progression of senescence (Ballew & Lundblad 2013). 

In the same study the role of the Rap1-Rif1-Rif1 complex was also 

revisited. The counting model predicts that impairment of this complex shouldn’t 

affect the rate of senescence: while this prediction was confirmed in the case of 

RIF1, the loss of RIF2, greatly accelerated the progression of senescence 

(Ballew & Lundblad 2013)  This data challenge the foundation of the counting 

model and support a potential role of Rap1, Rif1 and Rif2 in telomere resection 

as proposed by the Longhese lab (Martina et al. 2012; Bonetti et al. 2009).  

Cumulative, these findings suggest that neither the counting model nor the 

phosphorylation of the recruitment domain of Cdc13 are part of the complex 

mechanism that guarantees telomere maintenance and strongly call for a general 

re-examination of the current model.  

 

The Cdc13-Stn1-Ten1 complex is telomeric dedicated RPA complex.  

The revision of the current model started with the identification of the 

Cdc13-Stn1-Ten1 complex as a distant paralog of the highly conserved RPA 

complex and its renaming to t-RPA complex for telomere dedicated RPA 

complex(Gao et al. 2007). Like the t-RPA complex, the original RPA complex it’s 

a trimeric complex formed by the proteins RPA1, RPA2 and RPA3 (RPA70, 
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RPA32 and RPA14 in mammals). Being the major single stranded activity in 

every eukaryotic cells, multiple studies have dissected its structure and its 

functions.  

Figure 1.2 – The RPA complex and its trimerization core. The domain distribution of the RPA 
complex is shown with boxes of solid color indicating OB-fold domains. The arrows indicate the 
domains involved in the trimerization whose cartoon is shown on the right (adapted from 
Bockareva et al, 2000) 
 

The original RPA complex is formed collectively by six OB-fold domains: a 

β-barrel like structure known to mediate protein-protein as well as DNA-protein 

interaction. The two central OB-folds of its large subunit RPA1 are responsible for 

much of the affinity for the ss-DNA but also the other OB-fold domains retain the 

ability to bind DNA(Wyka et al. 2003). Importantly, none of the domains show any 

particular specificity: the RPA complex binds ss-DNA through the genome with 

the same affinity. The trimer is kept together by the interaction between the C-

terminal OB-fold domain of RPA1 and the two OB-folds of the smaller subunits. 

The analysis of the crystal structure revealed that each OB-fold contributes to the 

interaction through an hydrophobic α-helix that runs parallel to the main cavity of 

each β-barrel: a complex network of hydrophobic interaction between the three 

helices guarantees the trimerization of the complex (figure 1.2)(Bochkareva et al. 
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2002).   

The RPA complex is involved in critical processes as recombination and 

DNA repair: in both cases it binds the ss-DNA right after its formation and it 

handles it over to the filamentous protein RAD51 that guides the search for an 

homologous DNA sequence to eventually repair the damage or to complete the 

recombination step. However, its most essential role is played in DNA replication 

where it travels with the replisome as an essential component of the DNA lagging 

machinery. As described above, the lagging strand is replicated discontinuously 

and in the opposite direction of the fork movement: the RPA complex coats the 

unwinded ss-DNA that is about to be replicated, avoiding the formation of 

secondary structure and promoting the activity of the DNA pol α/primase complex 

through direct interaction. 

Figure 1.3 – The homology between the RPA and the t-RPA complex. The RPA and the t-
RPA share a similar domain distribution. The solid boxes indicate OB-fold domain whose 
structure have been solved or predicted. The striped box indicates a wHTH domain  
 

Despite the limited knowledge regarding the telomeric t-RPA complex, the 

homology between the two complexes was initially driven by several 

observations. First, as the RPA complex, the proposed t-RPA complex is a 

trimeric complex with high affinity for ss-DNA. Secondly, the structure and the 
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domain distribution of the t-RPA complex resemble the RPA complex. In fact, as 

in the RPA complex, the main single stranded binding activity of the t-RPA 

complex had been shown to reside in the central OB-fold of the large subunit 

CDC13(Mitton-Fry et al. 2002). Furthermore, despite the notorious difficulties in 

the identification of OB-fold domain, structural predictions for both the N-terminal 

of Stn1 and for the small subunit Ten1 indicated the presence of 2 OB-folds, 

again as in the relative RPA subunits RPA2 and RPA3. Lastly, it was shown that 

the predicted OB-fold of Stn1 could be successfully substitute to the Rpa2 OB-

fold and still maintaining a functional RPA complex, underling the extend of 

structural resemblance between the two complexes(Gao et al. 2007).  

The proposed homology between the two complexes offers a unique 

starting point to study the structural and functional features of the t-RPA complex. 

In the following chapters, first under a structural and then after a functional point 

of view, the similarities between the RPA and the t-RPA complex are explored, 

progressively leading to the establish the t-RPA complex effectively as a 

telomeric specific replication factor, overhauling the current model for telomere 

maintenance.  
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Chapter 2: 
 

Structure prediction-driven genetics 
identifies an interface between the 

t-RPA proteins Stn1 and Ten1 
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In Saccharomyces cerevisiae, Cdc13, Stn1 and Ten1 are essential for 

both chromosome capping and telomere length homeostasis. These three 

proteins have been proposed to perform their roles at chromosome termini as a 

telomere-dedicated t-RPA complex, based on several parallels with the 

conventional RPA complex. In this chapter, several approaches were used to test 

whether a predicted α-helix in the N-terminal domain of the S. cerevisiae Stn1 

protein is required for formation of the proposed t-RPA complex, in a manner 

analogous to the comparable helix in Rpa2. Analysis of a panel of Rpa2-OBStn1 

chimeras indicates that whether a chimeric protein contains the Rpa2 or Stn1 

version of this α-helix dictates its ability to function in place of Rpa2 or Stn1, 

respectively. In addition, mutations introduced into a hydrophobic surface of the 

predicted Stn1 α-helix eliminated association with Ten1. Strikingly, allele-specific 

suppression of a stn1 mutation in this helix (stn1-L164D) by a ten1 mutation 

(ten1-D138Y) resulted in a restored Stn1-Ten1 interaction, supporting the 

identification of a Stn1-Ten1 interface. The findings described here show that 

Stn1 interacts with Ten1 through an α-helix, in a manner analogous to the 

interaction between the comparable subunits of the RPA complex. 
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INTRODUCTION 

In the budding yeast S. cerevisiae, a trio of essential proteins – Cdc13, 

Stn1 and Ten1 – orchestrate a number of interactions in order to ensure 

chromosome end protection and telomere length homeostasis.  In cells depleted 

for any of these three proteins, telomeres become subject to unregulated 5’ to 3’ 

resection of the C-strand of telomeres, resulting in extensive single-stranded 

regions that signal cell cycle arrest and lethality if left unrepaired (Weinert & 

Hartwell 1993; Garvik et al. 1995; Lydall & Weinert 1995; Grandin et al. 1997; 

Grandin et al. 2001; Vodenicharov & Wellinger 2006). The exact mechanism by 

which these three proteins protect chromosome termini has not been elucidated. 

In addition to an essential role in telomere protection, this complex regulates 

telomere length, through both positive and negative mechanisms.  Cdc13 

interacts with the telomerase Est1 subunit, in order to recruit the telomerase 

enzyme to its site of action  (Nugent et al. 1996; Pennock et al. 2001; Bianchi et 

al. 2004) while all three proteins also contribute to negative regulation of telomere 

length (Grandin et al. 1997; Chandra et al. 2001; Grandin et al. 2001; Gelinas et 

al. 2009), although the mechanism by which this second regulatory step occurs 

remains unclear.  

Increasing evidence supports the hypothesis that Cdc13, Stn1 and Ten1 

form a telomere-dedicated version of the RPA complex (Gao et al. 2007; Gelinas 

et al. 2009; Sun et al. 2009),  dubbed the t-RPA complex, which acts at 

chromosome ends in a manner that is potentially analogous to how the canonical 
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replication protein A (RPA) complex performs its genome-wide roles.  The 

heterotrimeric RPA complex is the major single-strand DNA binding activity in 

eukaryotic cells, participating in multiple DNA transactions throughout the 

genome through its ability to bind single-stranded DNA with high affinity but low 

specificity (Wold 1997).  In contrast, the proposed t-RPA complex is exclusively 

localized to chromosome ends as a consequence of the high specificity and 

affinity that the Cdc13 protein exhibits for single-stranded telomeric DNA (Nugent 

et al. 1996; Anderson et al. 2002). The t-RPA complex is further distinguished 

from the conventional RPA complex by the acquisition of an additional domain at 

the C-terminus of Stn1 which confers a telomere-specific function whose analysis 

is reported in chapter 3. (Gelinas et al. 2009). 

The t-RPA hypothesis was initiated with the observation that the N-

terminal OB-fold domains of the Stn1 and RPA32 protein families exhibit notable 

protein similarities (Gao et al. 2007).  Consistent with this, a chimeric Rpa2-

OBStn1 protein, in which the OB-fold domain of the yeast Rpa2 protein was 

replaced by the comparable region of Stn1, retains Rpa2 function in vivo.  

Furthermore, the Stn1-Ten1 and Rpa2-Rpa3 sub-complexes share several 

biochemical properties (Gao et al. 2007).  More direct support for an evolutionary 

relationship has come from two recent structural studies, which have 

demonstrated that Stn1 and Ten1 proteins are composed of several domains 

with striking structural similarities to comparable domains found in RPA32 and 

RPA14 (Gelinas et al. 2009; Sun et al. 2009).  (The middle and small subunits of 
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the RPA complex are called RPA32 and RPA14 in humans, and Rpa2 and Rpa3 

in budding yeast). 

In the conventional RPA complex, interaction between the middle and 

small subunits is mediated through two α-helices located on the C-terminal side 

of the OB-fold present in each protein (Bochkarev et al. 1999; Bochkareva et al. 

2002).  As an additional experimental test of the t-RPA hypothesis, this current 

study asked whether the S. cerevisiae Stn1 and Ten1 proteins interact through a 

similar interface (figure 2.1). 

Figure 2.1 – Schematic of the trimerization of the human RPA complex and cartoon of the 
proposed Stn1-Ten1 dimer. Top: the domain composition of the human RPA complex and its 
trimerization core as crystallized in Bochkareva et al.; bottom: crystal structure of the RPA32-
RPA14 interaction and cartoon of the hypothesized Stn1-Ten1 dimer as predicted by the t-RPA 
hypothesis. 
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 The starting point for this analysis employed a statistically robust 

prediction for the structure of the N-terminus of the S. cerevisiae Stn1 protein. 

Specifically, mutagenesis was used to demonstrate that an α-helix in the 

predicted OB-fold domain of the S. cerevisiae Stn1 protein was required for 

interaction with Ten1.  Mutations in residues on one surface of this helix 

eliminated association with Ten1, as monitored by two different biochemical 

assays.  These stn1¯ mutations were subsequently used to identify mutations in a 

potential interaction surface in Ten1.  This analysis ultimately led to a pair of 

stn1¯ and ten1¯ mutations (stn1-L164D and ten1-D138Y) which exhibited allele-

specific reciprocal co-suppression, as the result of a restored interaction between 

these mutant Stn1 and Ten1 proteins.  Therefore, these in vivo data have 

identified amino acids which are required for the S. cerevisiae Stn1-Ten1 

interface and presumably are in close proximity in the Stn1-Ten1 complex. These 

observations indicate that Stn1 interacts with Ten1 through an α-helix, analogous 

to the interaction between the comparable subunits of the RPA complex. 

 

RESULTS 

 

Domain swaps between Rpa2 and Stn1 implicate a helical region common to 

both proteins  

As the starting point for this study, a former member of the Lundblad lab, 
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Edward Mandell, constructed a predicted structure for the N-terminal domain of 

the S. cerevisiae Stn1 protein. Structure predictions were performed by 

comparing the results from HHpred, SAM-T08 and I-TASSER severs (Karplus et 

al. 2005; Söding et al. 2005; Zhang 2008), as described in a previous publication 

of the Lundblad lab (Gao et al. 2007).  Structural alignment between the HHpred 

model and models from SAM and I-TASSER using the TM-Align server gave an 

average TM-score of 0.7±0.1 and an R.M.S.D. of 2.2 ± 0.7 angstrom, 

representing highly similar predicted structures (Zhang & Skolnick 2005). These 

were used to construct a 3-dimensional structural model of the S. cerevisiae Stn1 

protein, based on the HHpred profile-profile comparison (figure 2.2).  

Figure 2.2 – Proposed Stn1 OB-fold structure and crystal structure of RPA32. Comparison 
of the predicted structure of the N-terminal domain of the S. cerevisiae Stn1 protein and the 
structure of the comparable domain of human RPA32 (Bochkarev et al. 1999), visualized using 
PyMol; hydrophobic residues proposed to be involved in the interaction face with Ten1 or RPA14, 
respectively, are highlighted in yellow.  Since the model shown for S. cerevisiae Stn1 is from a 
predicted structure, the position and orientation of the hydrophobic side chains is only 
hypothetical.   
 
In a previous test of this structural prediction, a chimeric Rpa2 protein, in which 
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the N-terminal OB-fold of the yeast Rpa2 protein, which is required for viability, 

was replaced by the predicted OB-fold of Stn1 (Gao et al. 2007) was tested in 

vivo.  This Rpa2-OBStn1 chimera (chimera #1, Figure 2.3A) was still capable of 

performing the essential role(s) of Rpa2, indicating that the OB-folds of Rpa2 and 

Stn1 are functionally related, which supports an evolutionary relationship 

between these two proteins. 

Figure 2.3 – In vivo assessment of Rpa2-OBStn1 chimeric proteins. The predicted structure of 
the N-terminal domain of the three chimeras are shown as ribbon representations, with the 
position of the domain relative to each full length Rpa2-OBStn1 protein; Rpa2 and Stn1 sequences 
are depicted in blue or red, respectively. Viability of a rpa2-∆ strain (YVL2924) or a stn1-∆ strain 
(YVL2394), following eviction of a RPA2 or STN1 plasmid by passage on 5-FOA-containing 
media, is shown on the left and right half of each plate, as indicated; the ability of each chimera to 
rescue the lethality of rpa2-∆ or stn1-∆ is compared to control plasmids expressing the intact 
RPA2 or STN1 genes. 
 

The design of this Rpa2 chimera was based on the structural prediction for 

Stn1, described above, and also incorporated a particular observation about the 
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RPA complex. Structural analysis of the human RPA complex has revealed that a 

trimerization interface is formed through contacts between three α-helices, 

contributed by each of the three RPA subunits ((Bochkareva et al. 2002) figure 

2.1). The α-helix of the middle RPA subunit (called RPA32 in H. sapiens and 

Rpa2 in S. cerevisiae) contains two hydrophobic surfaces that interact with the 

other two subunits of the complex. Therefore, chimera #1 was designed to retain 

the α-helix of Rpa2, on the assumption that this helix would be essential for RPA 

complex formation. Consistent with this, chimera #1 rescued the inviability of a 

rpa2-∆ null strain, but not that of a stn1-∆ strain (figure 2.3A), as expected if this 

chimera associated with Rpa1 and Rpa3. 

This further predicts that an Rpa2-OBStn1 chimera which includes the C-

terminal α-helix of Stn1 would be unable to rescue rpa2-∆, but instead should 

rescue the lethality of a stn1-∆ strain. To test this, we constructed chimera #2, 

which extended the boundary of chimera #1 to include this α-helix.  

Unexpectedly, this second chimera was incapable of rescuing either strain (figure 

2.3B). This could be due to non-specific reasons, such as protein instability.  

However, an alternative possibility was that chimera #2 did not contain all of the 

elements necessary for complex formation with the other subunits of the 

proposed t-RPA complex. In particular, we considered the possibility that a 

second smaller α-helix present on the N-terminal side of the OB-fold of Rpa2 (as 

well as the predicted OB-fold of Stn1) might also contribute, given the location of 

this second helix in the RPA32-RPA14 interface (Bochkareva et al. 2002; 
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Bochkarev et al. 1999). To test this, we constructed a third chimera which 

replaced the Rpa2 OB-fold, as well as the flanking N- and C-terminal α-helices, 

with the comparable region of Stn1 (chimera #3). Strikingly, this Rpa2 chimera 

exhibited an in vivo behavior that was the reciprocal of that of chimera #1, in that 

chimera #3 restored viability to the stn1-∆ strain, but did not rescue an rpa2-∆ 

strain (figure 2.3C). 

The behaviour of this set of three chimeric proteins argues that the ability 

of a given Rpa2-OBStn1 protein to functionally replace either Rpa2 or Stn1 is 

determined by the two α-helices that flank either side of the b barrel of the OB-

fold. Thus, chimera #2, which contained the N-terminal α-helix of Rpa2 but the C-

terminal α-helix of Stn1, was non-functional. In contrast, Rpa2-OBStn1 chimeras 

that possessed both helices, from either Rpa2 or Stn1, dictated whether the 

resulting chimeric protein could function as a subunit of the RPA or t-RPA 

complexes, respectively. 

 

One surface of the predicted α-helix of Stn1 is required for interaction with Ten1 

In the RPA complex, the interface between RPA32 and RPA14 (the 

equivalent of Rpa2 and Rpa3, in S. cerevisiae) is mediated by hydrophobic 

interactions between the α-helices of these two proteins. To determine whether 

Stn1 might similarly employ such an interface to interact with Ten1, the surface of 

the predicted structure of the α-helix of Stn1 was examined, as well as a primary 

sequence alignment of this same region of Stn1. Particular attention was 
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dedicated to the side of the Stn1 helix which, by analogy with RPA32, should 

contact Ten1 ( the mutagenesis and phenotypic analysis of the other surfaces of 

this helix are described in appendix A). As shown in figure 2.4, four residues – 

L164, I168, W171 and M175 – define a hydrophobic surface of the proposed 

α-helix; furthermore, three of these four hydrophobic residues are highly 

conserved among an alignment of 10 Stn1 proteins. 

Figure 2.4 – The predicted Stn1 α-helix. Left: alignment of the predicted Stn1 α-helix, for 10 
Stn1 proteins; amino acids 163 to 181 for the S. cerevisiae protein are shown. Right: predicted 
structure of the α-helix of the S. cerevisiae protein, with the hydrophobic face indicated in yellow. 
 

To determine whether this proposed surface of Stn1 is required for 

interaction with Ten1, three conserved hydrophobic residues (L164, I168, W171) 

were mutated, such that each was changed to either alanine (A), a bulky residue 

(F or H), a charged residue (D) or a polar residue (S). This panel of 12 mutations 

was initially examined for effects on interaction with Ten1 using an in vitro co-

immunoprecipitation assay and a two hybrid test. Previous studies had shown 

that Stn1 and Ten1 form a stable complex in vitro (Gao et al. 2007) using an 

assay that monitors radio-labeled Stn1 and Ten1 proteins expressed in 

reticulocyte extracts, followed by immunoprecipitation of Stn1 (which bears an N-
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terminal FLAG tag). Notably, 11 of the 12 mutations introduced into the 

hydrophobic surface of the Stn1 α-helix substantially destabilized the Stn1-Ten1 

interaction, as assessed in this in vitro assay (figure 2.5). The only Stn1 mutant 

protein (Stn1-L164F) that retained a wild type interaction with Ten1 contained a 

amino acid change that appears to be well tolerated at this position, based on the 

sequence of the wild type S. castellii Stn1 protein at this same position (figure 

2.4). 

Figure 2.5 – The 12 stn1- α-helix mutants tested in vitro co-immuno-precipitation assay 
with Stn1. FLAG-Stn1 (pVL2848, or the indicated missense mutations introduced into pVL2848) 
and Ten1 (pVL3115) were translated in a coupled transcription/translation reaction with 35S-
methionine, aliquots were subjected to FLAG-immuno-precipitation, and immunoprecipitates were 
resolved on a 15% SDS-PAGE gel. 

Figure 2.6 – The 12 stn1- α-helix mutants in a two hybrid test with Ten1 and Cdc13. Yeast 
two hybrid analysis of the interaction between Stn1 (wild type or mutant versions of pVL859) and 
either Ten1 (upper panel; pVL2678) or Cdc13 (lower panel; pVL3125); dilutions of the S. 
cerevisiae strain pJ69-4A, co-expressing Gal4AD-Stn1 and either Gal4DBD-Ten1 or Gal4DBD-
Cdc13, were plated on appropriate selective plates to monitor viability (not shown) and the ability 
to activate the GAL2-ADE2 reporter gene. 
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Surprisingly, however, the in vitro binding defects were not recapitulated in 

the two hybrid assay (figure 2.6).  For residues L164 and I168, three of the four 

mutant changes still exhibited an interaction with Ten1, as assessed by this two 

hybrid test. For residue W171, all four mutational changes exhibited a weak two 

hybrid interaction. Thus, only Stn1-L164D and Stn1-I168D failed to interact with 

Ten1 by both the in vitro and two hybrid assays. Significantly, all the 12 mutations 

tested retained their two hybrid interaction with Cdc13 (figure 2.6). 

Figure 2.7 – The effect of the 12 stn1- α-helix mutants on viability. Viability of stn1¯ missense 
mutations, expressed by the STN1 native promoter and on a CEN plasmid (wild type or mutant 
versions of pVL1492), which were transformed into a stn1-∆ / p STN1 URA3 shuffle strain 
(YVL2394); serial dilutions were plated on selective plates to monitor total viable cells (not shown) 
and on 5-FOA-containing plates, to monitor viability following loss of the covering STN1 plasmid.	  
	  
These 12 mutations were also examined for their effects on telomere function in 

vivo.  Each mutation was sub-cloned into the STN1 gene, expressed by its native 

promoter and on a single copy CEN plasmid, and examined in a stn1-∆ strain for 

effects on viability (figure 2.7) and telomere length (figure 2.8). Notably, the two 

mutations in residues L164 and I168 which were defective for Ten1 interaction by 

both interaction assays also displayed a severe growth defect: stn1-L164D was 

barely viable, and stn1-I168D was inviable, whereas the remaining mutations in 

these two residues did not display a noticeable growth defect (figure 2.7). 
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Figure 2.8 – The effect of the 12 stn1- α-helix mutants on telomere length. Telomere length 
analysis of a panel of stn1¯ missense mutations introduced into pVL1492, and transformed into 
the stn1-∆ / p STN1 URA3 shuffle strain (YVL2394); strains were propagated for ~25 generations 
following evicting of the covering STN1 plasmid, prior to preparing genomic DNA for analysis of 
telomere length.	  
	  

The only mutant strain that was completely wild type for telomere length 

regulation was stn1-L164F (Figure 2.8). In contrast, the stn1-L164A, stn1-L164S, 

stn1-I168A, stn1-I168F, and stn1-I168S strains all exhibited substantially 
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elongated telomeres in vivo (figure 2.8), consistent with the inability of these 

mutant Stn1 proteins to form a stable complex with Ten1 as assessed by in vitro 

co-immuno-precipitation (figure 2.5).  These results underscore the fact that the 

ability to detect an interaction between two proteins in a two hybrid assay 

provides an extremely minimal assessment of protein function. 

Strains expressing any of the four mutations introduced into residue W171 

exhibited extreme telomere elongation phenotypes (figure 2.8), as well as a 

range of growth phenotypes (figure 2.7).  Because all four amino acid changes 

introduce at this location conferred what appear to be non-specific effects on 

Stn1 function, mutations at amino acid W171 were not included in further 

experiments. 

 

Increased levels of Ten1 suppresses mutations in residues L164 and I168 of 

Stn1 

As a further test of whether these two residues define an interaction 

surface between Stn1 and Ten1, mutant strains were examined for whether 

viability or telomere length could be influenced by over-expression of Ten1.  As 

shown in figure 2.9A, the growth defects exhibited by the stn1-L164D and stn1-

I168D strains were suppressed by increased expression of Ten1.  Furthermore, 

the severe telomere elongation phenotype of the stn1-L164D strain was restored 

to almost wild type in the presence of increased levels of Ten1 (figure 2.9B).  
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Figure 2.9 – Ten1 over-expression suppresses stn1-L164D and stn1-I168D.  (A) The stn1-∆ 
shuffle strain (YVL2394), with a control vector (pVL248) or a vector expressing Ten1 by the 
strong constitutive ADH promoter (pVL3541), as well as pVL1492 (STN1), pVL3573 (stn1-
L164D), pVL3577 (stn1-L164D) or YCplac111 (control vector); cultures of single colony isolates of 
strains expressing the indicated mutations were plated on selective media, to monitor total viable 
cells, and on 5-FOA-containing media, to monitor viability following loss of the covering STN1 
plasmid. (B) Telomere length analysis of the selected strains from panel (A), analyzed after ~25 
generations following loss of the covering STN1 plasmid. 
	  

In contrast, the stn1-II68D + ADH-TEN1 strain, although viable, still 

exhibited elongated telomeres, indicating that this mutation was not fully 

suppressed by Ten1 over-expression (figure 2.10).  The telomere elongation 

phenotypes of the remaining mutations in L164 and I168 were also suppressed 
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by Ten1 over-expression (figure 2.10). 

Figure 2.10 – Ten1 over-expression suppresses the telomere phenotype of most stn1- α-
helix mutants. Telomere length of stn1-∆ strains with pVL1492 (STN1) or derivatives of pVL1492 
with the indicated stn1¯ mutations, with a control vector (pVL248) or a vector expressing ADH-
Ten1 (pVL3541), analyzed after ~25 generations following loss of the covering STN1 plasmid 

 
 

Reciprocal co-suppression identifies a site on Ten1 that interacts with Stn1 

The over-expression suppression data supported the premise that a 

surface of Stn1, minimally defined by amino acids L164 and I168, mediated 

interaction with Ten1.  To test this directly, we screened for mutations in Ten1 

that could restore interaction with Stn1 proteins bearing mutations at either of 

these two residues, using two hybrid as a screening tool.  The details of this 

screen, which are described in Materials and Methods, are briefly summarized 

here.  The Gal4DBD-Ten1 plasmid was mutagenized by passage through an E. 

coli mutator strain and transformed into a two hybrid strain, to identify mutant 

Gal4DBD-Ten1 plasmids that interacted with either Gal4AD-Stn1-L164D or 
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Gal4AD-Stn1-I168D.  A large number of candidates bearing missense mutations 

in multiple residues of Ten1 were recovered; the high number of hits in this 

screen is presumably a reflection of the fact that this two hybrid assay is sensitive 

to even minimal levels of interaction between Stn1 and Ten1. Therefore a 

secondary screen was necessary to identify Gal4DBD-Ten1 plasmids that were 

positive in this assay with only one of the two mutant Gal4AD-Stn1 constructs.  

This criterion led to two Gal4DBD-Ten1 plasmids, bearing two different missense 

mutations in the same amino acid (ten1-D138A and ten1-D138Y), which 

interacted with Gal4AD-Stn1-L164D, but not with Gal4AD-Stn1-LI168D (figure 

2.11). 

Figure 2.11 – Yeast two hybrid analysis of the interaction between Stn1 and Ten1 proteins. 
Dilutions of the S. cerevisiae strain pJ69-4A, co-expressing the indicated proteins as Gal4DBD-
Ten1 (wild type or mutant versions of pVL2678) or Gal4AD-Stn1 (wild type or mutant versions of 
pVL859), were plated on selective plates to monitor total viable cells and the ability to activate the 
GAL2-ADE2 reporter gene 

 
Unexpectedly, Ten1-D138A and Ten1-D138Y also interacted with wild 

type Stn1 in this two hybrid test (figure 2.11), which again may reflect the 

sensitivity of this assay. However, the allele-specific behavior of the stn1-L164D 

and stn1-I168D mutations in this two hybrid test prompted a further analysis of 

the genetic and biochemical behavior of mutations in residue D138 of Ten1 (the 

rest of the candidates recovered in the two hybrid screens are discussed in 
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Appendix B). 

To examine whether ten1-D138A or ten1-D138Y exhibited allele-specific 

suppression of either stn1-L164D or stn1-I168D, a double shuffle strain was 

constructed with genomic ten1-∆ and stn1-∆ mutations, which was kept alive by a 

URA3 plasmid that contained both STN1 and TEN1.  Additional plasmids, 

expressing mutant versions of STN1 or TEN1 (both expressed by their native 

promoters and on CEN plasmids), were transformed into this strain, and the 

covering URA3 plasmid was shuffled out by propagation on 5-FOA.  Examination 

of the growth defect of various mutant combinations, using this double mutant 

shuffle strain, demonstrated that the ten1-D138A and ten1-D138Y mutations 

were capable of suppressing the near lethal phenotype of a stn1-L164D strain, 

but not the inviability of a stn1-I168D strain (figure 2.12 and data not shown).   

Figure 2.12 – stn1-L164D and ten1-D138Y show reciprocal co-suppression in vivo. Viability 
of stn1-∆ ten1-∆ strains, containing pVL1492 (STN1) or pVL3573 (stn1-L164D) and pVL3779 
(TEN1) and pVL3858 (ten1-D138Y), following loss of the covering STN1 TEN1 plasmid.  In this 
experiment, single colony isolates of each strain were identified following propagation on 5-FOA-
containing media, grown in liquid culture and serial dilutions plated on rich media. 

 



35 

	  

An additional allele of TEN1, ten1-D138L, was also tested for its ability to 

suppress stn1-L164D; as shown in figure 2.13, the stn1-L164D ten1-D138L strain 

(constructed in the stn1-∆ ten1-∆ shuffle strain) exhibited the same growth defect 

as the stn1-L164D TEN1 strain. 

Figure 2.13 – stn1-L164D and ten1-D138L don’t show reciprocal co-suppression in vivo. 
Viability of stn1-∆ ten1-∆ strains, with pVL1492 (STN1) or pVL3573 (stn1-L164D) and pVL3779 
(TEN1) or pVL3902 (ten1-D138L), following loss of the covering STN1 TEN1 plasmid; single 
colony isolates of each strain were identified after growth on 5-FOA-containing media, grown in 
liquid culture and serial dilutions plated on rich media.	  
 

The in vivo co-suppression data predicts that the Ten1-D138A and Ten1-

D138Y proteins should be capable of forming a complex with the Stn1-L164D 

protein.  To test this, extracts were prepared from strains expressing mutant or 

wild type Stn1-(myc)7 and Ten1-(FLAG)3 proteins (expressed from a single copy 

CEN plasmid and by the native STN1 and TEN1 promoters, respectively – 

constructs discussed in appendix C).  These extracts were subjected to 

immunoprecipitation with anti-FLAG antibodies, and immunoprecipitates (IPs) 

were examined on anti-myc and anti-FLAG westerns.  
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Figure 2.14 – stn1-L164D and ten1-D138Y show reciprocal co-suppression in a co-
immunoprecipitation assay. Western analysis of mutant or wild type Stn1-(myc)7 and Ten1-
(FLAG)3 proteins, following anti-FLAG immunoprecipitation.  The Ten1-D138Y-(FLAG)3 protein 
consistently displayed lower protein levels in immunoprecipitates, suggesting that this protein 
might be unstable 
	  

An interaction between the wild type Stn1 and Ten1 proteins could be 

readily detected in IPs (figure 2.14), consistent with the results shown in figure 

2.5 with reticulocyte-expressed proteins.  As expected, no interaction between 

Stn1-L164D and wild type Ten1 was observed.  The mutant Ten1-D138Y protein 

was also defective for the ability to associate with the wild type Stn1 protein 

(figure 2.14), although a longer exposure suggested a very weak interaction (data 

not shown).  This is consistent with the observation that a ten1-∆/ p ten1-D138Y 

strain was viable, although not completely healthy (figure 2.12).  Strikingly, Stn1-

L164D and Ten1-D138Y could be co-immunoprecipitated, indicating that these 

two mutant proteins could physically interact, even though neither mutant protein 

was capable of forming a complex with its wild type partner (figure 2.14).  Thus, 

these genetic and biochemical observations demonstrate that stn1-L164D and 

ten1-D138Y are reciprocal co-suppressing mutations, indicating that amino acid 

L164 of Stn1 and D138 of Ten1 are in close proximity in the S. cerevisiae Stn1-

Ten1 complex. 
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In contrast, the Ten1-D138A mutant protein did not behave as expected in 

these biochemical experiments, as Ten1-D138A could be co-immunoprecipitated 

with the wild type Stn1 protein, but not with Stn1-L164D (figure 2.14 and data not 

shown).  This was inconsistent with the apparent ability of the ten1-D138A 

mutation to suppress the stn1-L164D mutation, when assayed in the stn1-∆ ten1-

∆ shuffle strain, with the ten1¯ and stn1¯ missense mutations introduced as CEN 

plasmids.  However, at several points during this study, certain observations 

suggested that even slight alterations in Ten1 expression levels, presumably due 

to fluctuations in plasmid copy number, can greatly influence the ability to 

suppress stn1¯ mutations.  Therefore, as a more rigorous assessment of 

potential co-suppression between alleles of TEN1 and STN1, two diploid strains 

were constructed, as described in Materials and Methods, with the relevant stn1¯ 

and ten1¯ mutations integrated into the genome.  These two strains – stn1-

L164D/STN1 ten1-D138A/TEN1 and stn1-L164D/STN1 ten1-D138Y/TEN1 – 

were sporulated, and haploid strains following dissection were analyzed for 

viability and telomere length regulation.  Examination of the phenotypes of stn1¯ 

and ten1¯ strains revealed several differences, when compared with strains in 

which the comparable missense mutations were present on plasmids over the 

relevant null mutations.  As previously noted, the stn1-∆/p stn1-L164D strain was 

viable (although just barely).  In contrast, the stn1-L164D strain (with the 

integrated allele) was inviable: stn1-L164D spores underwent a single cell 

division following spore germination, arresting as two large budded cells (figure 
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2.15).  

Figure 2.15 – A strain carrying stn1-L164D at its genomic locus is inviable. Photo 
micrograph of a stn1-L164D strain, following dissection of YVL3421, photographed after three 
days growth with a Zeiss Axioskop 50 with a Nikon Digital Sight DS-5M camera 
 

Similarly, the haploid ten1-D138Y mutant strain generated from dissection 

of the relevant diploid was also inviable, in sharp contrast to the viable (although 

slightly sick) ten1-∆/p ten1-D138Y strain.  We assume that the differing behavior, 

when comparing plasmid-borne versus integrated alleles for both of these 

mutations, was due to selective pressure driving up the copy number of plasmids 

expressing the stn1-L164D and ten1-D138Y mutations.  In contrast to the 

inviability of the ten1-D138Y strain, the ten1-D138A strain generated from a 

diploid strain was viable, although it exhibited a notable growth defect and 

extremely elongated telomeres (figure 2.16). Thus, the in vivo phenotypes of the 

three haploid mutant strains (generated from these dissections) correlated well 

with the in vitro co-immunoprecipitation data:  the only missense mutation which 

was viable (ten1-D138A) was also the only mutant protein which formed a 

complex with the wild type Stn1 protein (figure 2.14).   
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Figure 2.16 – Characterization of a strain bearing stn1-D138A at its genomic locus. Left: 
viability of a ten1-D138A strain, generated by dissection of a diploid strain with the ten1 allele 
integrated into the genome; serial dilutions of cultures of ten1-D138A and TEN1 strains were 
plated on rich media and allowed to grow for 3 days at 30°. Right: telomere length analysis of the  
same strains. 
 

Finally, these diploid strains were used to examine whether either ten1-

D138A or ten1-D138Y could suppress the stn1- L164D mutation, with all 

mutations integrated at their corresponding genomic loci.  Dissection of the  stn1-

L164D/STN1 ten1-D138A/TEN1 diploid strain never yielded more than two viable 

spores, and genotype analysis of the viable spores led to the conclusion that the 

stn1-L164D ten1-D138A haploid strain was inviable.  In contrast, dissection of 

the stn1-L164D/STN1 ten1-D138Y/TEN1 strain resulted in viable stn1-L164D 

ten1-D138Y haploid strains. The double mutant stn1-L164D ten1-D138Y strain 

exhibited a growth defect (figure 2.17) and elongated telomeres (data not 

shown), indicating that suppression was incomplete.  However, this partial co-

suppression might be simply a consequence of the lower expression of the Ten1-

D138Y protein (figure 2.14). To test this, a stn1-L164D ten1-D138Y strain bearing 

a single copy CEN ten1-D138Y plasmid (generated by dissection of the parental 

diploid transformed with this plasmid) was examined.  As shown in figure 2.17, a 
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modest increase in ten1-D138Y gene dosage conferred a substantial growth 

advantage on the stn1-L164D ten1-D138Y strain (although still not quite 

comparable to a wild type strain). 

Figure 2.17 – stn1-L164D and ten1-D138Y show reciprocal co-suppression in vivo when 
both mutations are integrated at their genomic locus. Single colony streak-outs of STN1 
TEN1, stn1-L164D ten1-D138Y and stn1-L164D ten1-D138Y /pCEN ten1-D138Y strains, 
generated by dissection of YVL3422 transformed with pVL3858 (CEN TRP1 ten1-D138Y), 
propagated on rich media at 30° C for 3 days.  
 

In contrast, dissection of a stn1-L164D/STN1 ten1-D138Y/TEN1 diploid 

strain transformed with a CEN TEN1 plasmid failed to give rise to viable haploid 

stn1-L164D ten1-D138Y strains bearing the wild type TEN1 plasmid, further 

supporting the specificity of the interaction between the mutant Stn1-164D and 

Ten1-D138Y proteins. 

Thus, a strain bearing inviable mutations in two genes is nevertheless 

viable.  This demonstrates that stn1-L164D and ten1-D138Y are reciprocal co-

suppressing mutations, consistent with the ability of these two mutant proteins to 

form a complex; the correlations between the biochemical and the genetic data 

(with mutations integrated at their corresponding genomic loci) are summarized 

in figure 2.18.  Collectively, these observations indicate that amino acid L164 of 
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Stn1 and D138 of Ten1 are in close proximity in the S. cerevisiae Stn1-Ten1 

complex. 

Figure 2.18 – Summary of the viability and co-immuno-precipitation data. 
 

CONCLUSION 

 

In this chapter, a structural prediction for the S. cerevisiae Stn1 protein has 

been the basis for testing whether Stn1 and Ten1 interact through an interface 

that is analogous to the interaction between the comparable subunits of the 

conventional RPA complex. These experiments originated with the previous 

observation that the OB-fold of Rpa2 could be substituted with the predicted OB-

fold of Stn1, resulting in an Rpa2-OBStn1 chimera that was capable of rescuing an 

rpa2-∆ strain (Gao et al. 2007). This chimera retained a key feature of the Rpa2 

OB-fold, which was an α-helix that had been previously proposed to be essential 

for RPA complex formation(Deng et al. 2007; Bochkarev et al. 1999). The in vivo 
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behavior of two additional Rpa2-OBStn1 chimeras described here indicates that 

whether a given Rpa2-OBStn1 chimera can functionally replace either Rpa2 or 

Stn1 is determined by two α-helices flanking either side of the β-barrel of the OB-

fold.  This suggests that the proposed trimerization interface of the RPA complex 

may involve more than just the α-helices flanking the C-terminal side of the three 

OB-folds of each RPA subunit.  

These chimera experiments also provided the impetus for a more detailed 

examination of residues required for the formation of the Stn1-Ten1 sub-complex.  

Mutagenesis of a hydrophobic surface of the proposed Stn1 α-helix resulted in an 

inability to bind Ten1, although the only mutations that resulted in lethality (and 

thus would be amenable to a search for suppressing mutations in TEN1) were 

due to introduction of aspartic acid at amino acids L164 or I168.  Introducing a 

charged residue into a hydrophobic surface would normally be expected to 

disrupt protein structure in a non-specific manner. Nevertheless, we successfully 

recovered a mutation in TEN1 (ten1-D138Y) which was capable of suppressing 

stn1-L164D. Thus, as depicted schematically in figure 2.19, residue 164 of Stn1 

can be either L (in S. cerevisiae) or F (in S. castellii), paired with residue D138 of 

Ten1, in the wild type situation.  The reciprocal suppression data showed that this 

interaction could still be maintained if residue 164 of Stn1 was replaced with D 

and residue 138 of Ten1 with Y.  These observations are consistent with the 

prediction that the S. cerevisiae Stn1 and Ten1 proteins interact through 

α-helices that flank the C-terminus of the OB-fold found in each protein, as 
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portrayed in figure 2.19. 

Figure 2.19 – The proposed interaction between Stn1 and Ten1. A schematic representation 
is shown for the S. cerevisiae and S. castellii wild type proteins, as well as for the double mutant 
S. cerevisiae stn1-L164D ten1-D138Y proteins. The position of residue L164 of Stn1 is shown 
based on structure predictions of this region of the S. cerevisiae Stn1 protein in contrast, the 
structure of the proposed Ten1 α-helix, and the proposed location of D138 on this helix in 
particular, is hypothetical, due to our inability to generate a reliable structural prediction for the S. 
cerevisiae Ten1 protein 
 

The completion of this study coincided with the publication of the 

structures for the N-terminal Stn1 domain complexed with Ten1, from S. pombe 

and C. tropicalis (Sun et al. 2009). Therefore, this provided an opportunity to 

evaluate the validity of the structural prediction used in our experiments, as well 

as the resulting co-suppression data.  As shown in figure 2.20, a comparison of 

the S. cerevisiae Stn1 prediction with the actual structure of the C. tropicalis Stn1 

protein revealed a very similar overall topology, with regard to both the OB-fold 

and the position of the α-helix that was the focus of our experiments (see the 

legend of figure 2.20 for further discussion).  The structural characterization of 

the S. pombe and C. tropicalis Stn1-Ten1 sub-complexes by Lei and colleagues 

has also demonstrated that the Stn1-Ten1 interface is mediated by contacts 

between α-helices located C-terminal to OB-folds present in both proteins (Sun et 
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al. 2009). 

Figure 2.20– Comparison of predicted and crystalized structures of the Stn1 protein. The 
structural prediction for the S. cerevisiae Stn1 OB-fold (aa 31-183) used for this paper (in red, part 
A); the structural prediction for the same region of S. cerevisiae Stn1 generated after the 
publication of the N-terminal domains of Stn1 from C. tropicalis and S. pombe (in blue, part B); 
and the actual structure of the C. tropicalis Stn1 OB-fold (in green, part C; (Sun et al. 2009)).  
Comparison of the model shown in (A) with either the actual structure of the C. tropicalis Stn1 
protein (C) or the revised Stn1 prediction (B) revealed a very similar overall topology with regard 
to the OB-fold and in particular the long α-helix that was the subject of our investigation; the most 
significant differences are the boundaries of the β-strands (particularly β1) that comprise the 
central β barrel and our failure to detect the short α-helix between strands β3 and β4 
 

The S. cerevisiae Stn1-Ten1 interface presumably relies on a similar 

structural architecture, although reliable prediction for the structure of the S. 

cerevisiae Ten1 protein is available. Thus, while structural predictions place 

amino acid L164 on the α-helix of Stn1, the position of Ten1-D138 could not be 

determined (although the location of the ten1-D138Y mutation in the 160 amino 

acid Ten1 protein is at least consistent with the premise that D138 is in/near the 

predicted Ten1 α-helix). 

 

In vivo phenotypes of stn1¯ and ten1¯ mutations are exquisitely dosage-sensitive   

Several results presented in this chapter suggest that prior observations 

about the requirements for interactions between Cdc13, Stn1 and Ten1 may 
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need to be re-evaluated.  In particular, the comparison between biochemical 

assessments of the ability of mutant Stn1 and Ten1 proteins to interact, versus 

the behavior of these same proteins in two hybrid assays, indicates that the 

threshold for a positive result in a Stn1-Ten1 two hybrid test is very low.  For 

example, Ten1-D138A and Ten1-D138Y cannot be distinguished from each other 

on the basis of a two hybrid test; however, these two proteins exhibit strikingly 

different abilities to interact with Stn1+ versus Stn1-L164D when assessed by 

both co-immunoprecipitation and in vivo criteria.  This caveat potentially 

extrapolates to the ability of Stn1 (including truncation alleles of Stn1) to interact 

with Cdc13 in a two hybrid test. In such an assay, Cdc13 interacts with the C-

terminus of Stn1, which is dispensable for viability, but not with the N-terminus of 

Stn1, an observation which has been used to argue that Cdc13 is dispensable for 

the essential capping function performed by this protein complex (Petreaca et al. 

2007; Puglisi et al. 2008). However, if this Stn1-Cdc13 two hybrid test is similarly 

assessing only a minimal level of protein function, this leaves open the question 

of whether the determinant(s) that dictate the interaction between Stn1 and 

Cdc13 have been adequately analysed (New studies assessing this problem are 

presented in Appendix C). 

The in vivo phenotype of strains expressing certain stn1¯ and ten1¯ 

mutations also appears to be strikingly sensitive, with differences in viability 

observed even when a given allele is present on a single copy CEN vector over 

the respective null mutation versus integrated into the genome. This suggests 
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that the selective pressure for viability may alter expression levels of plasmid-

borne alleles, potentially by driving up plasmid copy number.  Thus, conclusions 

about the biological role of Stn1 or Ten1 based on the viability of particular 

mutant alleles, particularly alleles that are over-expressed, should be viewed with 

some caution (Puglisi et al. 2008). 

 

Further perspectives 

Elucidation of in vivo function through the analysis of phenotypes following 

mutagenesis has been described as “blindly smashing many cars with a hammer 

and then determining which broken parts matter by attempting to drive each 

machine” (Endy 2008). This potentially turns into a demolition derby, if randomly 

generated mutations become the starting point for the identification of reciprocal 

co-suppressing mutations in prospective binding partners.  Although a fortuitous 

mutation in CDC13, cdc13-2, led to a reciprocal mutation in EST1 (Pennock et al. 

2001), such successes are rare. In contrast, reliance on a structure prediction for 

Stn1, rapidly directed our attention to a limited set of mutations (stn1-L164D and 

stn1-I168D) as the basis for a search for reciprocal mutations in TEN1. This 

suggests that structure-based genetics can be an experimentally tractable 

approach for probing predicted protein-protein interactions through co-

suppressing mutations.   
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MATERIALS AND METHODS 

 

Strains and plasmids 

A list of the yeast strains, as well as details of construction, is shown in 

table 2.1; all yeast strains used for genetic analysis were isogenic.  A list of the 

plasmids, as well as the starting vectors used for each set of plasmid 

constructions, is shown in table 2.2 to 2.4.  All plasmids containing missense 

mutations were generated by QuickChange mutagenesis, and either a 

sequenced restriction fragment was sub-cloned back into an unmutagenized 

backbone or the relevant gene (STN1 or TEN1) was completely sequenced.  The 

Stn1-(G)9-(myc)7 and Ten1-(G)8-(FLAG)3 constructs used for co-

immunoprecipitation experiments were expressed by the respective STN1 and 

TEN1 native promoters on CEN plasmids; these tagged proteins were functional, 

as determined by telomere length analysis in stn1-∆ or ten1-∆ strains, 

respectively (see appendix C). 
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Table 2.1 – Strains used in this study. YVL3137 was constructed by mating YVL2394 with an 
isogenic ten1-∆ shuffle strain, evicting the individual STN1 and TEN1 plasmids and transforming 
with pVL3732 (CEN URA3 STN1 TEN1), followed by dissection to generate YVL3137.	  YVL3421 
and YVL3422 were constructed by first integrating the stn1¯ mutation into a haploid strain, as a 
URA3 pop-in construct, to generate an integrated full length copy of the wild type STN1 gene as 
well as a partial copy (aa 37-494) of stn1-L164D, which was subsequently mated to a wild type 
haploid strain.  The ten1-D138A and ten1-D138Y alleles were introduced into the resulting diploid 
by selecting for a KANMX6 cassette which had been cloned downstream of each mutant ten1 
gene.  Finally, Ura¯ “pop-outs” were selected on 5-FOA and the status of the STN1 locus was 
assessed by PCR and sequencing, to identify heterozygous stn1-L164D/STN1 strains.	  	  	  
YVL2924 MATa rpa2-∆::TRP1 ura3-52 lys2-801 trp1-∆1 his3-∆200 leu2-

∆1/  
p CEN URA3 RPA2 

GAO et al. 2007 

YVL2394 MATa stn1-∆::KAN  ura3-52  lys2-801 trp1-∆1 his3-∆200 leu2-∆1 
ade2-101/  
p CEN URA3 STN1 

GAO et al. 2007 

YVL3137 MATa stn1-∆::KAN ten1-∆::KAN ura3-52  lys2-801 trp1-∆1 his3-
∆200 leu2-∆1 ade2-101/ p CEN URA STN1 TEN1 

This study 

YVL3421 MATa/MATa stn1-L164D/STN1 ten1-D138A::KANMX6/TEN1 
ura3-52/URA3 lys2-801/LYS2 trp1-∆1/ TRP1 his3-∆200/HIS3 
leu2-∆1/LEU2 

This study 

YVL3422 MATa/MATa stn1-L164D/STN1 ten1-
D138Y::KANMX6/TEN1ura3-52/URA3  
lys2-801/LYS2 trp1-∆1/ TRP1 his3-∆200/HIS3 leu2-∆1/LEU2 

This study 

.  
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Table 2.2 – Plasmids used in this chapter	  
Plasmid Description Backbone 
pVL1131 2µ LEU2 ADH-STN1 YEplac181 
pVL3016 2µ LEU2 ADH-RPA2 YEplac181  
pVL3017 2µ LEU2 ADH-RPA21-57 - STN162-159 - RPA2156-273 pVL3016 
pVL4486 2µ LEU2 ADH-RPA21-57 - STN162-183 - RPA2180-273 pVL3016 
pVL4485 2µ LEU2 ADH-RPA21-38 - STN133-183 - RPA2180-273 pVL3016 
pVL1492 CEN LEU2 STN1 YCplac111 
pVL859 2µ LEU2 ADH-GAL4-AD-STN1aa5-494 pACT1 
pVL2848 PT7-FLAG-Stn1 pRSET.A (Invitrogen) 
pVL3115 PT7-Ten1 pRSET.A (Invitrogen) 
pVL248 2µ TRP1 ADH YEplac112  
pVL3541 2µ TRP1 ADH-TEN1 pVL248 
pVL2678 2µ TRP1 ADH-GAL4-DBD-TEN1  pAS1 
pVL3125 2µ LEU2 ADH-GAL4-DBD-cdc13-R635A pAS1 
pVL3779 CEN TRP1 TEN1 YCplac22 
pVL4283 CEN URA3 TEN1-(G)8-(FLAG)3 YCplac333 
pVL4330 CEN LEU2 STN1-(G)9-(myc)7 pVL1492 
pVL4577 CEN LEU2 stn1-L164D-(G)9-(myc)7 pVL1492 
pVL4493 URA3 stn1-L164Daa37-494 YIplac211 
pVL4677 ten1-D138Aaa90-160::KANMX6 YIplac211 
pVL4678 ten1-D138Yaa90-160::KANMX6 YIplac211 
	  
Table 2.3 – Panel of missense mutations introduced in the Stn1 gene 	  
Mutation Parental plasmid 
 pVL1492 pVL2848 pVL859 
stn1-L164A pVL3571 pVL3546 pVL3668 
stn1-L164F pVL3572 pVL3547 pVL3669 
stn1-L164D pVL3573 pVL3548 pVL3670 
stn1-L164S pVL3574 pVL3549 pVL3671 
stn1-I168A pVL3575 pVL3550 pVL3672 
stn1-I168F pVL3576 pVL3551 pVL3673 
stn1-I168D pVL3577 pVL3552 pVL3674 
stn1-I168S  pVL3578 pVL3553 pVL3675 
stn1-W171A pVL3582 pVL3557 pVL3679 
stn1-W171H pVL3579 pVL3554 pVL3676 
stn1-W171D pVL3580 pVL3555 pVL3677 
stn1-W171S pVL3584 pVL3556 pVL3678 
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Table 2.4 – Panel of missense mutations introduced in the Ten1 gene 	  
Mutation Parental plasmid 
 pVL3779 pVL2678 pVL4283 
ten1-D138A pVL3857 pVL3927 pVL4574 
ten1-D138Y pVL3858 pVL3930 pVL4575 
ten1-D138L pVL3902 n.a. n.a. 

	  
 

Genetic methods 

Diploid strains with integrated stn1¯ and ten1¯ mutations were dissected 

and haploid spores allowed to germinate on rich media.  For spores that 

generated visible colonies, TEN1 genotype was determined by Kan resistance, 

whereas STN1 genotype was determined by sequence analysis of PCR products 

of the relevant region of the STN1 gene.  Spores that did not give rise to a visible 

colony were examined under the microscope, which revealed two classes of 

inviable spores: spores that failed to germinate, and spores that underwent ≥ 1 

divisions following germination.  Tetrads with spores that failed to germinate were 

excluded from subsequent analysis.  For each dissection, a minimum of a dozen 

tetrads were analyzed for genotype and growth phenotype, thereby ensuring that 

the inferred genotype of the inviable spores was correctly identified.  Other 

standard genetic methods (telomere length analysis, plasmid shuffle, viability 

assays and two hybrid tests) were performed as previously described (Lendvay 

et al. 1996; Bertuch & Lundblad 2003; Gao et al. 2007). 
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Biochemical methods 

The biochemical association between Stn1 and Ten1, and various mutant 

versions, was determined by co-immunoprecipitation of proteins expressed either 

in reticulocyte extracts or in yeast.  In the first method, FLAG-Stn1 and Ten1 

were translated in a coupled transcription/translation reaction with 35S-

methionine, subjected to immunoprecipitation with anti-FLAG M2 beads (Sigma), 

and radio-labeled proteins in the immunoprecipitates were resolved on a 15% 

SDS-PAGE gel, as described previously (Gao et al. 2007).  For experiments in 

yeast, myc-tagged Stn1 and FLAG-tagged Ten1 proteins were expressed from 

single copy plasmids by native promoters in the protease-deficient strain JB811 

(with intact genomic copies of STN1 and TEN1).  Extract preparation and 

immunoprecipitations with anti-FLAG M2 beads (Sigma) were performed as 

described previously (Evans & Lundblad 2002); proteins were detected on 15% 

SDS-PAGE gels with anti-myc 2272 (Cell Signaling Technology) or anti-FLAG 

F7425 (Sigma) antibodies. 

 

Screening for mutations in TEN1 that suppressed stn1-L164D 

The Gal4DBD-Ten1 plasmid (pVL2678) was mutagenized by passage 

through an E. coli mutator strain (XL1Red).  Plasmid DNA was recovered from ~ 

60,000 transformants grown as single colonies for ~36 hours at 37°.  Two 

variants of the S. cerevisiae strain pJ69-4A(James et al. 1996), containing either 

pVL3670 (Gal4AD-Stn1-L164D) or pVL3674 (Gal4AD-Stn1-I168D), were 
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transformed with the mutagenized pVL2678 library and plated on media that 

selected for expression of either the ADE2 or HIS3 reporter genes; an estimated 

300,000 transformants were screened for each.  Candidate plasmids were 

rescued, re-transformed to confirm the phenotype, and subsequently sequenced 

to identify potential missense mutations.  A total of 15 plasmids, corresponding to 

mutations in 5 different amino acid residues in TEN1, were recovered from the 

screen with pVL3670 (Gal4AD-Stn1-L164D); ten1-D138A and ten1-D138Y were 

recovered twice and once, respectively.  From the screen with pVL3674 

(Gal4AD-Stn1-I168D), 13 plasmids were recovered, corresponding to missense 

mutations in 10 different amino acids (which did not include mutations in residue 

D138).  The in vivo analysis of these additional mutations in TEN1 are described 

in appendix B. 

 

Chapter 2 contains excerpts from material as it appears in Paschini M., 

Mandell E. K. & Lundblad V. (2010). Structure prediction-driven genetics in 

Saccharomyces cerevisiae identifies an interface between the t-RPA proteins 

Stn1 and Ten1. Genetics, (185), 11-21. On this publication, I was the primary 

author. Vicki Lundblad directed and supervised the writing that provides the basis 

of this chapter. 
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Chapter 3: 
 

A cluster of residues on the surface of 
the C-terminal domain of Stn1 plays a 
critical role in telomere maintenance 
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The conserved trimeric complex formed by the essential proteins Cdc13, 

Stn1 and Ten1 critically contributes to telomere homeostasis in S. cerevisiae. 

This complex, not only protects the ends of the chromosomes by preventing the 

accumulation of telomeric single-strand DNA, but it also plays a central role in 

telomere length regulation, controlling both positively and negatively the activity 

of telomerase. Despite its implication in many important mechanisms, little is 

known about how these functions are carried out. In 2007 the Lundblad lab, on 

the basis of bioinformatic and biochemical observations, proposed this trimeric 

complex as a telomere-dedicated RPA complex and dubbed it t-RPA complex. 

Since then, this concept has been supported by a number of observations that 

have demonstrated how the two complexes share an almost identical domain 

distribution and structure.  

In this chapter, the attention is focused on the in vivo analysis of the C-

terminal portion of Stn1 that was performed to support the publication of the 

crystal structure of this same domain by Debbie Wuttke and colleagues, long 

time collaborators of the Lundblad lab. The extensive mutagenesis of the surface 

of this domain driven by the solved structure, lead to the identification of a patch 

of residues specifically evolved in the t-RPA complex to perform a previously 

unknown telomeric function.  

 

 
 
 



55 

	  

INTRODUCTION 

In S. cerevisiae telomeres are maintained and regulated by a complex 

network of genes identified mostly by genetics means. While the telomerase 

complex (EST1, EST2 and EST3) was readily identified thanks to the phenotypic 

analysis of mutations in its subunits (genomic deletion of its components leads to 

progressive shortening of telomeres and eventually senescence,(Lendvay et al. 

1996)), the role and the functions of other genes remain less evident. In general, 

another group of genes is thought to bind to the telomeric duplex tract regulating 

telomere length (RIF1, RIF2 and RAP1, (Marcand et al. 1997; Hirano et al. 

2009)) through the interconnection with another set of genes reputed capable or 

regulating the access of telomerase to the end of the chromosome (TEL1 and the 

MRX complex, (Tseng et al. 2006; Hirano et al. 2009)). Thirdly, a nuclease 

activity, presumably formed by a network multiple nucleases, has been proposed 

to act on telomeres under strictly controlled conditions (Dionne & Wellinger 1996; 

Bonetti et al. 2009).  

Despite different, and sometimes conflicting, models have been proposed 

to describe the interplay between these different groups of genes, they all seem 

to significantly converge on a complex of three conserved proteins – Cdc13, Stn1 

and Ten1 - that binds with high affinity on the 3’-TG-rich single stranded over-

hang of each telomere. While in physiological conditions, this complex protects 

the telomeres from unwanted resection(Garvik et al. 1995; Zubko et al. 2004) and 

binds telomerase through a direct interaction between Est1 and the recruitment 
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domain of Cdc13 (Evans & Lundblad 1999; Pennock et al. 2001) critically 

contributing to telomere length homeostasis, impairment of any of its components 

leads to significant alterations in telomere architecture with accumulation of 

single stranded DNA and changes in telomere length through unknown 

mechanisms.  

Given its conspicuous structural and biochemical similarity with the well-

known RPA complex, the Cdc13-Stn1-Ten1 complex has been proposed to form 

a telomeric dedicated RPA complex (t-RPA complex), a trimeric single-stranded 

DNA binding complex with high affinity for telomeric DNA (Gao et al. 2007). In 

chapter 2, this analogy was successfully exploited to define the interaction 

between the proteins Stn1 and Ten1 on the model of the interaction between the 

relative subunits of the RPA complex (Rpa32 and Rpa14 in mammals and Rpa2 

and Rpa3 in S. cerevisiae). The genetic data presented in chapter 2, were further 

supported by the crystal structure of the Stn1-Ten1 dimer in S. pombe and C. 

tropicalis: the two proteins interacts through hydrophobic surfaces constituted by 

two α-helices on the side of their respective OB-fold domains as expected for two 

subunits of an RPA-like complex. 

The interaction between Stn1 and Ten1 as well as between Rpa32/Rpa2 

and Rpa14/Rpa3 is essential for viability and, as expected, strains carrying 

partial deletions of the non-essential C-terminus of either RPA2 or STN1 show a 

growth comparable to wild type strains (Gao et al. 2007). Even if the C-terminal 

domains of both Rpa2 and Stn1 are dispensable for viability, they are involved in 
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other important regulatory networks. In fact, the C-terminus of Rpa32 (the 

mammalian homolog of Rpa2) is believed to act as a hub in DNA damage 

response, matching the proper DNA repair pathway to the kind of DNA damage 

detected(Mer et al. 2000). The domain is formed by a single winged-helix-turn-

helix (wHTH) domain, a structure usually used for protein-protein interaction; one 

particular surface of this domain has been shown to alternatively interact with a 

variety of different downstream effectors (Rad52, UNG, XPA and TIPIN), each 

one of them connecting the RPA complex with a different repair pathway (Mer et 

al. 2000; Xie et al. 2014).  

On the other hand, the C-terminal domain of Stn1 seems to act as a 

negative regulator of telomerase as its deletion sustains an healthy growth but 

causes a very significant telomere elongation (Petreaca et al. 2007); moreover, 

its over expression has been reported to cause a general mis-regulation of DNA 

replication timing through out the genome, indicating a potential interaction with 

the DNA replication machinery(Gasparyan et al. 2009). Neither of these two 

possible roles has been mechanistically elucidated and no separation-of-function 

point mutants have been identified in this particular domain of Stn1. 

As the Wuttke lab finally solved the structure of the C-terminus of Stn1, a 

collaborative endeavour was established to determine the functions of this 

domain. At first look, the domain appears once again similar to its RPA counter 

part, but instead of one winged Helix-Turn-Helix motive (wHTH), the C-terminus 

of Stn1 is composed of two wHTH domains, arranged in tandem. Using the 
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solved structure as a guide, the surface of the domain was screened to identify 

residues involved in telomere maintenance. The mutagenesis (80 mutations in 45 

solvent-exposed and conserved residues) yielded a cluster of 3 amino-acids in 

the second t-RPA specific wHTH domain, that when mutated, caused telomere 

elongation and in the most severe case (stn1-W466R) a significant delay in the 

progression of the cell-cycle. The structural and the in vivo data suggest that the 

C-terminal of Stn1 shares strong similarities with the relative domain of the RPA 

middle subunit Rpa32/Rpa2 but it plays its main functions through a second 

telomere specific wHTH domain where a cluster of three residues defines a new 

telomeric function.  

Figure 3.1 – The homology between the RPA and the t-RPA complex and crystal structure 
of the C-terminal of Rpa32 and Stn1. Top: domain distribution of the human RPA complex and 
the yeast t-RPA complex. Bottom: the crystal structure of the C-terminus of Rpa32 and the newly 
solved structure of the C-terminal domain of Stn1 by the Wuttke lab. 
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RESULTS 

Structure of the C-Terminal Domain of Stn1 Reveals Tandem wHTH Motifs 

While a solid mathematical model had correctly predicted an OB-fold 

domain for the N-terminus of Stn1 well before the publication of the actual 

crystalized structure(Gao et al. 2007; Paschini et al. 2010), sequence analysis 

and structure predictions failed to identify any tertiary structure motifs in the C-

terminal domain of Stn1. Ultimately, the crystal structure of this domain, solved 

by the Wuttke laboratory, revealed a tertiary structure formed by two tightly 

packed tandem wHTH (winged helix-turn-helix) motifs: the N-lobe and the C-lobe. 

The C-terminus domain of the Rpa2 protein is formed by a single wHTH motive: 

hence the Stn1 protein seems to have evolved an extra wHTH fold at its C-

terminus (figure 3.1(Gelinas et al. 2009)). 

The winged helix-turn-helix domain is a globular domain canonically 

formed by 3 α-helices and 3 (or 4) β-sheets. Two of the helices can be capable of 

binding duplex DNA while the surface generated by the β-sheets is generally a 

docking site for protein-protein interaction. When analysed separately, the N-lobe 

wHTH domain shows a strong resemblance to its RPA counterpart: the single 

WHTH domain present at the C-terminus of the Rpa2 protein. The C-lobe, on the 

other hand, still maintaining the general structure of a wHTH fold bears unusually 

long β-sheets. A network of hydrophobic interactions that presumably allow for 

very limited movement keeps the two lobes together. The groove formed 

between them, despite showing a strong acidic chemical quality, doesn’t seem to 
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be involved in any protein-DNA interaction. In fact, the whole domain doesn’t 

show any ability to bind double or single stranded DNA of telomeric or non-

telomeric sequence exactly as the C-terminal of RPA middle subunit, Rpa2 

(assessed in vitro gel-shift and NMR by the Wuttke lab(Gelinas et al. 2009)).  

 

Mutagenesis of the surface of the C-terminal domain of Stn1. 

To support the publication of the solved structure, an extensive 

mutagenesis of the surface of the C-terminal domain of Stn1 was performed. The 

highest priority was given to conserved residues whose side chain was mostly 

exposed to the solvent: 25 residues were identified on the N-lobe and 20 on the 

C-lobe (figure 3.2 and table 3.1). As expected most of the chosen residues 

carried a polar or charged side chain expect two of them: a pair of highly 

conserved W on the C-ter lobe (W466 and W467). 

Figure 3.2 – Surface of the C-terminal domain of Stn1. In RED the mutagenized residues. 
 

Instead of the canonical alanine scan, each residue was mutated to 

completely revert its chemical and spatial properties: in general, charged amino 

acids were swapped to the opposite charge, polar residues were either turned 
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into an hydrophobic one or into a charged one and bulky hydrophobic side chains 

were turned into small, polar or charged residues. In the N-lobe, 37 mutations 

were introduced targeting 25 different residues while 43 mutants were generated 

on 20 amino acids of the C-lobe (table 3.1).  

Table 3.1 – Mutations on the C-terminal domain of Stn1. Left: N-lobe. Right: C-lobe. 
RESIDUE MUTATION  RESIDUE MUTATION 
K316 stn1-K316A  R411 stn1-R411A 

stn1-K316E  stn1-R411E 
Q327 stn1-Q327A  K417 stn1-K417A 

E330 stn1-E330A  stn1-K417E 
stn1-E330R  Q419 stn1-Q419A 

D335 stn1-D335A  Y421 stn1-Y421A 
stn1-D335R  stn1-Y421F 

Y337 stn1-Y337A  Q426 stn1-Q426A 
stn1-Y337R  H429 

stn1-H429A 

K338/K340 stn1-K338A K340A  stn1-H429E 
stn1-K338E K340E  stn1-H429F 

E341 stn1-E341R  Y438 stn1-Y438A 

F352 stn1-F352A  stn1-Y438F 
stn1-F352H  K449 stn1-K449A 

3Qs stn1-Q355A Q356A Q357A  stn1-K449E 
3Qs+N358A stn1-Q355A Q356A Q357A N358A  E450 stn1-E450A 
M362 stn1-M362R  stn1-E450R 

D366 stn1-D366R  K453 stn1-K453A 
stn1-D366A  stn1-K453E 

E369 stn1-E369R  K457 stn1-K457A 
stn1-E369A  stn1-K457E 

E371 stn1-E371R  E461 stn1-E461A 
stn1-E371A  stn1-E461R 

R374 stn1-R374E  K464 stn1-K464A 
stn1-R374A  stn1-K464E 

R379 stn1-R379E  W466 
stn1-W466A 

stn1-R379A  stn1-W466E 

K389 stn1-K389A  stn1-W466R 
stn1-K389E  

W467 

stn1-W467A 

D390 stn1-D390A  stn1-W467E 
stn1-D390R  stn1-W467R 

K391 stn1-K391A  stn1-W467H 
stn1-K391E  D469 

stn1-D469A 
T392 stn1-T392A  stn1-D469R 
E394 stn1-E394A  stn1-D469K 

D397 stn1-D397A  D471 stn1-D471A 
stn1-D397R  stn1-D471R 

   H486 stn1-H486A 

   stn1-H486D 

   E488 stn1-E488A 

   stn1-E488R 

   Y489 stn1-Y489A 

   stn1-Y489F 

 

The C-terminal wHTH Motif Confers a Telomere-Specific Function on Stn1 

The mutations were initially introduced in a CEN plasmid carrying the 

STN1 under its own native promoter; each mutated plasmid was then 
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transformed in a yeast strain lacking the genomic copy of STN1 kept alive by a 

URA3 plasmid carrying STN1. After eviction of the recovery URA3 plasmid by 

propagation on 5FOA containing media, each mutant was assessed by growth 

on rich media and cell cycle analysis by flow cytometry. Given the dispensability 

of this domain for yeast survival, all the stn1- mutants were expected to perform 

as well as STN1 in both these assays; however two mutations on residue W466, 

in the C-lobe of the domain (stn1-W466E and stn1-W466R), showed significant 

impairment in the growth rate (data not shown) due to a strong G2/M delay as 

observed in the cell-cycle progression analysis (figure 3.3). Such a delay is 

usually indicative of an ongoing DNA damage response: the phenotypes 

associated with stn1-W466E and stn1-W466R were in fact, fully or partially, 

rescued by deletion of both RAD9 and RAD24 (figure 3.3). None of the mutants 

showed sensitivity to DNA damage agents as UV or MMS.  

Figure 3.3 – Cell-cycle profile of stn1-W466 mutant. Flow cytometry profile of log-phase 
cultures of the indicated strains, fixed and stained with SYTOX green; each graph represents data 
from 50,000 cells 

The same strains were used to survey the telomere length of each one of the 80 
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mutations after approximately 30 generations following the eviction of the 

recovery STN1 URA3 plasmid. As previously observed, the loss of the C-terminal 

domain resulted in a significant elongation of the telomeres (figure 3.4-5).  

Figure 3.4 – Telomere length analysis of the N-lobe mutants – part 1 of 2. Strains expressing 
the indicated stn1- mutations obtained as described in text, were grown in 2mls of YPAD, 
genomic DNA was extracted and digested with XhoI over night. The digested genomic DNA was  
run on an 0.8% gel, transferred on membrane and probed with telomeric probe. After the 
appropriate washes, the blot was exposed to film and developed. In ORANGE, mutations that 
show a telomere length phenotype.  
 

Surprisingly, none of the N-lobe stn1- mutations showed a significant 

telomere elongation, on the contrary the vast majority was able to maintain a 

telomere length close to wt. Of the 37 mutations introduced only 4  (on 3 different 

positions) showed a noticeable telomere length phenotype but in no case the 
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effect was comparable to the complete loss of the C-terminal domain. Notably, 

the mutants didn’t cluster together but they were scattered throughout the surface 

of the N-lobe (figure 3.6). 

Figure 3.5 – Telomere length analysis of the N-lobe mutants – part 2 of 2. Samples treated 
as described in figure 3.4 In ORANGE, mutations that show a telomere length phenotype. 

Figure 3.6 – Long telomere mutants identified on the N-lobe. The C-terminal domain is 
displayed as surface exposed to solvent. The N-lobe is shown in purple, the C-lobe in grey. The 3 
mutants with long telomere identified in figure 3.4-5 are shown in ORANGE.   
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Figure 3.7 – Telomere length analysis of the C-lobe mutants – part 1 of 2. Samples treated 
as described in figure 3.4. Mutations that showed a strong telomere length phenotype .in RED, 
les severe mutants in ORANGE 

Figure 3.8 – Telomere length analysis of the C-lobe mutants – part 2 of 2. Samples treated 
as described in figure 3.4.  Mutations that showed a strong telomere length phenotype .in RED, 
les severe mutants in ORANGE 
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On the other hand, the C-lobe, revealed a more interesting pattern. Of the 

43 mutations generated, 10 stn1- mutants distributed in 7 different residues 

caused telomere elongation (figure 3.7-8). If mutations in amino acids H429 and 

D471 were associated with a modest phenotype, mutants in the residues R411, 

E450, H486 and Y489 resulted in very significant extension of the telomere 

length. Unexpectedly, the same mutations that were previously associated with a 

growth defect (stn1-W466R and stn1-W466E), showed even longer telomeres 

than the phenotype caused by the loss of the entire C-terminal domain (figure 

3.8-9). While the residues H429, D471 and E450 are distantly positioned on the 

upper side of the domain, the rest of the identified residue are all located in the 

lower face of the C-lobe. Peculiarly, the phenotypes and position of a cluster of 

the aromatic residues (W466, H486 and Y489) on the surface of the β-sheet of 

the C-lobe define a previously unappreciated functional surface in Stn1. 
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Figure 3.9 – Summary of long telomere mutants and their position in the C-lobe structure.  
Left: the indicated mutations were sub-cloned and sequenced in the same CEN plasmid in order 
to avoid any unwanted mutations and processed as described in figure 3.4 to confirm the 
telomere length phenotypes observed in figure 3.7-8. Right: the position of the residue on the 
structure of the C-lobe wHTH domain. Notably, W466, H486 and Y489 cluster on the surface of 
the extended β-sheet of the C-lobe. 
 

Initial characterization of the cluster of aromatic residues on the second telomere 

specific wHTH domain of Stn1 

In a wHTH domain, the surface generated by the three β-sheets is usually 

employed in protein-protein interaction(Mer et al. 2000). Therefore the 

identification of a cluster of point mutants on the surface of the C-lobe that shares 

similar phenotypes and recapitulates the same effects of the complete loss of the 

domain, strongly suggests that an interaction surface has been identified. Before 
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proceeding into genomic or biochemical screens to identify the putative 

interacting partner, a number of small tests were performed to better characterize 

the cluster and particularly its most severe mutants: stn1-W466E and stn1-

W466R.  

Even if the proximity of the three residues involved (W466, H486 and 

Y489) strongly suggested a common function, a potential destabilization of the C-

lobe was ruled out by both biochemical and genetics means. Firstly it was 

observed how the protein level of a wild type Stn1 protein is comparable to the 

one of the most severe mutant (stn1-W466R) in whole cell extracts. (figure 3.10).  

Figure 3.10 – Stability of stn1-W466R vs. STN1. Steady state protein levels of the Stn1-W466R 
mutant protein are comparable from that of wild type; several other mutant alleles of Stn1 are also 
indicated. Detection of the housekeeping gene PGK is used as an internal loading control.  
 

Secondly, to further corroborate this data, the same plasmids used to 

assess viability and telomere length in the Stn1 shuffle strain, were transformed 

into a WT yeast strain (YVL2967). These strains therefore carried a wild type 

copy of STN1 from its genomic locus and a mutated copy from a low-copy 

number plasmid.  After ~25 and ~50 generations, telomere length was probed 

(figure 3.11). The stn1-W466E and stn1-W466R alleles showed a very strong 
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dominant negative phenotype, being able to influence significantly the telomere 

length of a WT strain when present in comparable quantity to the genomic wild 

type copy of Stn1. The combination of these two pieces of data, established the 

most severe mutants of the Stn1 C-terminal cluster as bona fide separation of 

function mutants.   

Figure 3.11 – The alleles stn1-W466E and stn1-W466R are dominant negative mutants. Wt 
strains carrying the indicated extra copy of Stn1 on low-copy number plasmids were grown for 25 
or 50 generation and their telomere length was probed as described in figure 3.4.  
 

The attentive analysis of the Western blot analysis showed in figure 3.10 

hints to a possible difference in the phosphorylation status of Stn1 (topic 

discussed in appendix C). A reiteration of the same experiment was executed 

testing all the stn1-W466 mutants in the presence or absence of a phosphatase 
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(figure 3.12). The experiment showed how the loss of phosphorylation correlates 

perfectly with the severity of the in vivo phenotypes associated with the mutants: 

the allele stn1-W466A that doesn’t show any telomere elongation or viability 

deficit is indistinguishable from the control STN1, while in stn1-W466E, a mutant 

that show an extreme telomere elongation, the phosphorylation is detectable only 

on the darker exposure. Lastly, the most severe mutant of the lot that 

accompanies the most acute telomere elongation with a significant impairment in 

growth (stn1-W466R), looks to have lost completely the phosphorylation-induced 

band-shift. 

Figure 3.12 – stn1-W466E and stn1-W466R are not phosphorylated. While a wt Stn1 and the 
stn1-W466E proteins are equally phosphorylated, the phosphorylation-induced band shift is very 
weak in stn1-W466E and completely lost in stn1-W466R. The treatment in the presence of CIP 
(calf intestinal alkaline phosphatase) didn’t technically work as the band-shift is retained in all 
eligible lanes.(compare to figure C.6)  
 

Lastly, the most significant mutants of the cluster were tested for 

interaction with Ten1 and Cdc13 by two hybrid. Despite the deceptive and volatile 

nature of this assay, at the time, it was considered not just a way to grossly test 

the interaction between the stn1 mutants and the other 2 subunits of the t-RPA 
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complex but also a further test of protein stability (figure 3.13).  

Figure 3.13 – The stn1- mutants in the C-lobe cluster in a two hybrid test with Ten1 and 
Cdc13. Yeast two hybrid analysis of the interaction between Stn1 (wild type or mutant versions of 
pVL859) and either Ten1 (pVL2678) or Cdc13 (pVL3125); dilutions of the S. cerevisiae strain 
pJ69-4A, co-expressing Gal4AD-Stn1 and either Gal4DBD-Ten1 or Gal4DBD-Cdc13, were plated 
on appropriate selective plates to monitor viability (control), the ability to activate the GAL2-ADE2  
and the GAL2-HIS reporter genes (0, 50 or 150mM of 3-AT were used to adjust the selective 
pressure on the leaky GAL2-HIS promoter). 
 

As expected, all the mutants retained their interaction with the smaller 

subunit of the t-RPA complex Ten1: the C-terminal domain of Stn1 is, in fact, not 

involved in the constitution of the Stn1-Ten1 dimer. Interestingly, a number of 

mutants showed a weaker interaction with Cdc13: once again the mutant stn1-

W466R shows the most severe phenotype, losing the interaction signal not only 

in the GAL-HIS2 test but even in the GAL-ADE2. Further studies will be 

necessary to validate this potential loss of interaction but preliminary results 
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presented in appendix C don’t seem to support a specific role for W466 in the 

Cdc13-Stn1 interaction.  

 

Epistasis analysis of Stn1-mutants 

To better place the role of Stn1 in the telomerase regulation network and 

to cast a light on the its role in DNA replication, a set of stn1- mutants in the OB-

fold N-terminal and in the second wHTH motive of the C-terminal domain were 

tested for their epistatic relationship with a selected subset of genes involved in 

both mechanisms.  

In the essential N-terminal OB-fold domain, 5 point mutants were chosen: 

2 of them were located in the α-helix that in chapter 2 was shown to mediated the 

interaction between Stn1 and Ten1 (stn1-L164A and stn1-I168A), one in the 

putative OB-fold-facing surface of the same helix (stn1-R178E, appendix A) and 

two located in the OB-fold (stn1-D99E also know as stn1-63 and stn1-G137S, 

both discussed in chapter 4). When tested in vivo, the 5 mutants showed various 

degree of telomere elongation denoting a telomere dysfunction, but while four 

mutants sustained viability, the stn1-D99E mutant greatly impaired growth.  

To address questions about the function of the C-terminal domain, a 

mutant carrying a complete deletion of the domain was used as well as a set of 4 

point mutants in the functional patch pin-pointed on the second wHTH domain: 

stn1-W466A, stn1-W466R, stn1-H468D and stn1-Y489A.  

All the discussed constructs were placed on a low-copy number plasmid 
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and placed under the control of the Stn1 native promoter. In addition, since the 

Nugent lab reported a number of DNA replication-related phenotypes associated 

with the over-expression of the C-terminal domain of Stn1, the full length protein, 

its N-terminal OB-fold or its C-terminal pair of wHTH domains were placed in an 

over expression construct and used in the epistasis analysis (the three constructs 

carried also a C-terminal MYC7 tag). 

Simultaneously, a yeast strain bearing a genomic deletion of Stn1 covered 

by a URA+ plasmid carrying a fully functional copy of the same gene (YVL2394), 

was modified to obtain a set of stn1-∆/ pSTN1 CEN URA3 strain carrying a 

deletion in telomere related genes such as RIF1 and RIF2 as well as genes 

involved in DNA replication/DNA damage like SGS1, SAE2, RRM3, SRS2 and 

EXO1. The general strategy was to transform the 12 stn1- variants into the 7 

YVL2394-derivative knock-out strains, then passage each strain on 5FOA 

containing media to evict the URA3 recovery plasmid and finally compare cell 

viability of the obtained strains to identify potential epistatic interactions. 

Despite the telomere elongation phenotype associated with the lack of the 

Stn1 C-terminal domain or carrying a mutation in H486 and Y489, these mutants 

didn’t show any genetic interaction with the 7 genes tested (figure 3.14). 

Surprisingly, the growth of stn1-W466A, the only mutant on residue W466 that 

didn’t show any significant phenotype, was significantly impaired when the strain 

was forced to grow at higher temperature (36C, figure 3.14). This temperature 

sensitive phenotype is exacerbated by the lack of SRS2 and it’s rescued by 
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exo1-∆, rrm3-∆ and rif2-∆. The more sever mutant, stn1-W466R, confirms the 

rescue in the absence of EXO1 even at 30C (physiological condition for yeast) 

but in general the interpretation of these epistatic relationships results very 

complex given the challenges that telomere homoeostasis faces at higher 

temperature (discussed in chapter 4).  

Figure 3.14 – Epistasis analysis of she stn1- mutants in the C-lobe cluster. Mutant alleles of 
STN1 were transformed into the indicated yfg-∆ stn1-∆/ pCEN STN1 URA3 shuffle strain. The 
resulting strains were grown overnight in culture and viability was assessed by plating serial 
dilutions on pre-warmed 5FOA containing media plates, incubating at 23, 30 or 36 degrees and 
photographing after 3 days. In RED, negative epistatic interactions; in GREEN, positive epistatic 
interactions.  
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Figure 3.15 – Epistasis analysis of she stn1- mutants in the N-terminal OB-fold domain. 
Mutant alleles were transformed into the indicated yfg-∆ stn1-∆/ pCEN STN1 URA3 shuffle strain. 
The resulting strains were processed as described in figure 3.14. In RED, negative epistatic 
interactions; in GREEN, positive epistatic interactions. 
 

Between the stn1- mutations in the N-terminal domain that were tested in 

the epistasis analysis, only stn1-D99E showed a negative genetic interaction with 

the gene SRS2. The rest of the interaction detected (both positive and negative) 

seem to coincide at least partially with the ones observed in the C-terminal 

domain mutants, but once again they could be detected only at 36C and the 

interpretation of their epistatic interaction was complicated by the effect of high 
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temperature on telomere maintenance documented in chapter 4. Given the 

results obtained, it would be interesting to repeat the experiment showed in figure 

3.14-15 at lower temperature (33-34C) where the effects of the TEMP phenotype 

are minimized.  

Lastly, the tests with the over expression constructs of Stn1 didn’t yield 

any significant phenotype (figure 3.16). The over expression of the C-terminal 

domain needs to repeated in the presence of a recovery plasmid to observe 

potential genetic interactions.  

Figure 3.16 – Epistasis analysis of the over-expressed Stn1 construct. Over-expressed 
constructs of Stn1 were transformed into the indicated yfg-∆ stn1-∆/ pCEN STN1 URA3 shuffle 
strain.  The resulting strains were processed as described in figure 3.14.  
 

In general, no significant genetic interaction could be recovered but the 

epistasis analysis of the stn1 mutants could be further expanded as the original 

Stn1 shuffle strain (Y2394) was subjected to a new round of one-step gene 

replacement targeting CTF18 (YVL3726), RAD52 (YVL3728), XRS2 (YVL3733) 
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and RAD51 (YVL3738). 

 

DISCUSSION 

 The RPA complex is the major single stranded DNA binding activity in 

every eukaryotic cells; it’s known to play critical role in a number of processes 

from DNA replication to recombination. In particular, the middle subunit, 

Rpa32/Rpa2, has been proposed to coordinate the role of the RPA complex in 

DNA damage response thanks to a network of interaction mediated by its C-

terminal wHTH domain. A particular surface of this domain is in fact able to 

alternately bind a variety of different proteins, connecting the RPA complex to the 

various branches of the DNA damage response(Xie et al. 2014; Mer et al. 2000).  

 The crystal structure of the C-terminal domain of Stn1 revealed the 

presence of two consecutive wHTH domains: while the first one (the N-lobe) 

strongly resembled the only wHTH of the RPA subunit Rpa32/Rpa2 (Gelinas et 

al. 2009), the second one (the C-lobe) presents an unusually extended β-sheet. 

Mutations introduced on 25 solvent-exposed and conserved residues of the first 

wHTH of Stn1 didn’t affect Stn1 function in a significant way, ruling out the N-lobe 

subdomain from harbouring any major telomere function. On the other hand, 

extensive mutagenesis of the C-lobe identified mutations in at least 7 different 

residues that caused a significant telomere elongation. Moreover, in the most 

extreme case the mutation caused also a pronounced delay in cell-cycle 

progression presumably due to an on-going DNA damage response. Even more 
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interestingly, 3 of these residues, including the one harbouring the most severe 

mutant, clustered on the surface formed by the three β-sheets: a region usually 

used by wHTH domain for protein-protein interaction. This data suggest that 

residues W466, H486 and Y489 define a new functional surface of Stn1 involved 

in a previously unappreciated telomere length control pathway. Notably, this 

patch is located in a domain of the t-RPA complex that doesn’t have its 

counterpart in the RPA complex: the mutagenesis has then identified a telomere 

specific function in a telomeric specific domain of the t-RPA complex.  

  Of the residues that form this cluster, mutations on residue W466 are the 

ones showing the strongest disruption of telomere homeostasis. This residue, 

despite its hydrophobic chemical quality, exposes its side chain to the solvent. 

This feature is usually typical of residues involved in tight protein-protein 

interactions where the hydrophobic moiety is buried between the two interacting 

partner and critically mediates the network of bonds between the two proteins. 

Significantly, mutations in this residue that completely disrupt its chemical 

attributes (stn1-W466E and stn1-W466R), don’t phenocopy the deletion of the 

entire C-terminal domain of Stn1 but they actually exacerbate its phenotypes, 

showing longer telomeres and, in the case of stn1-W466R, also disrupting the 

progression of the cell cycle. To investigate the role of the C-terminal domain of 

Stn1, these two mutants are therefore the perfect candidates for both an 

epistasis approach testing potential genetic interactions with a number of genes 

involved in telomere maintenance and in DNA replication/repair and for a 
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proteomic analysis of the Stn1 interactome (discussed in appendix D).  

 The structural and functional analysis of the C-terminal od Stn1, if on one 

side critically contributes to establish the complex form by Cdc13, Stn1 and Ten1 

as a telomere dedicated RPA complex, on the other side casts a light on the 

critical role of those domains that differentiate the two complexes: while the 

Rpa32/Rpa2 C-terminal domain contains a single wHTH domain, its t-RPA 

counterpart has two. Structural analysis showed that the first wHTH domain of 

Stn1 greatly resembles the one present of the Rpa32/Rpa2 protein but doesn’t 

seem to carry out any specific telomeric function. On the other hand, the data 

presented in this chapter suggests that the second wHTH, the domain only 

present in Stn1 but not in Rpa32/Rpa2, seems to have specifically evolved in the 

t-RPA complex to contribute to telomere homeostasis. A proposed function for 

this domain will be discussed in chapter 7.  

 

MATERIALS AND METHODS 

Strains and plasmids 

A list of the yeast strains, as well as details of construction, is shown in 

table 3.2; all yeast strains used for genetic analysis were isogenic.  A list of the 

plasmids, as well as the starting vectors used for each set of plasmid 

constructions, is shown in table 3.3 to 3.5.  All plasmids containing missense 

mutations were generated by QuickChange mutagenesis, and either a 

sequenced restriction fragment was sub-cloned back into an unmutagenized 
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backbone or the relevant gene (STN1) was completely sequenced.  The Stn1-

(G)9-(myc)7 constructs used for biochemical experiments were expressed by the 

respective the STN1 native promoter on CEN plasmids; these tagged proteins 

were functional, as determined by telomere length analysis in stn1-∆ strain, 

respectively (see appendix C). 

Table 3.2 – Strains used in this study. All the strains derived from YVL2394 were generated 
introducing a cassette carrying the cNAT gene flanked by extended regions of homology 
upstream and downstream of each target gene. 	  
YVL2394 MATa stn1-∆::KAN 

ura3-52  lys2-801 trp1-∆1 his3-∆200 leu2-∆1 ade2-101/pVL1046 
GAO et al. 2007 

YVL2967 MATa ura3-52  lys2-801 trp1-∆1 his3-∆200 leu2-∆1 WT strain 
YVL3724 MATa stn1-∆::KAN sgs1-∆::cNAT 

ura3-52  lys2-801 trp1-∆1 his3-∆200 leu2-∆1 ade2-101/pVL1046 
from YVL2394 

YVL3725 MATa stn1-∆::KAN sae2-∆::cNAT 
ura3-52  lys2-801 trp1-∆1 his3-∆200 leu2-∆1 ade2-101/pVL1046 

from YVL2394 

YVL3727 MATa stn1-∆::KAN rrm3-∆::cNAT 
ura3-52  lys2-801 trp1-∆1 his3-∆200 leu2-∆1 ade2-101/pVL1046 

from YVL2394 

YVL3729 MATa stn1-∆::KAN srs2-∆::cNAT 
ura3-52  lys2-801 trp1-∆1 his3-∆200 leu2-∆1 ade2-101/pVL1046 

from YVL2394 

YVL3730 MATa stn1-∆::KAN exo1-∆::cNAT 
ura3-52  lys2-801 trp1-∆1 his3-∆200 leu2-∆1 ade2-101/pVL1046 

from YVL2394 

YVL3731 MATa stn1-∆::KAN rif1-∆::cNAT 
ura3-52  lys2-801 trp1-∆1 his3-∆200 leu2-∆1 ade2-101/pVL1046 

from YVL2394 

YVL3732 MATa stn1-∆::KAN rif2-∆::cNAT 
ura3-52  lys2-801 trp1-∆1 his3-∆200 leu2-∆1 ade2-101/pVL1046 

from YVL2394 

Strains constructed but not used in this study 
YVL3726 MATa stn1-∆::KAN ctf18-∆::cNAT 

ura3-52  lys2-801 trp1-∆1 his3-∆200 leu2-∆1 ade2-101/pVL1046 
from YVL2394 

YVL3728 MATa stn1-∆::KAN rad52-∆::cNAT 
ura3-52  lys2-801 trp1-∆1 his3-∆200 leu2-∆1 ade2-101/pVL1046 

from YVL2394 

YVL3733 MATa stn1-∆::KAN xrs2-∆::cNAT 
ura3-52  lys2-801 trp1-∆1 his3-∆200 leu2-∆1 ade2-101/pVL1046 

from YVL2394 

YVL3738 MATa stn1-∆::KAN rad51-∆::cNAT 
ura3-52  lys2-801 trp1-∆1 his3-∆200 leu2-∆1 ade2-101/pVL1046 

from YVL2394 
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Table 3.3 – Plasmid used in this chapter  
Plasmid Description Backbone 
pVL1046 CEN URA3 STN1 YCplac33 
pVL1492 CEN LEU2 STN1 YCplac111 
pVL4330 CEN LEU2 STN1-(G)9-(myc)7 pVL1492 
pVL859 2µ LEU2 ADH-GAL4-AD-STN1aa5-494 pACT1 
pVL2678 2µ TRP1 ADH-GAL4-DBD-TEN1  pAS1 
pVL3125 2µ LEU2 ADH-GAL4-DBD-cdc13-R635A pAS1 
pVL5444 2µ TRP ADH-STN1-(G)9-(myc)7 YEPlac112 
pVL5488 2µ TRP ADH-STN1aa1-199-(G)9-(myc) YEPlac112 
pVL5490 2µ TRP ADH-STN1aa311-494-(G)9-(myc) YEPlac112 
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Table 3.4 – Panel of missense mutations introduced in the first wHTH domain.	  
Mutation Parental plasmid 
 pVL1492 pVL4330 pVL859 
stn1-K316A pVL4829 n.a. n.a. 
stn1-K316E pVL4830 n.a. n.a. 
stn1-Q327A pVL4831 n.a. n.a. 
stn1-E330A pVL4414 n.a. n.a. 
stn1-E330R pVL4415 n.a. n.a. 
stn1-D335A pVL4406 n.a. n.a. 
stn1-D335R pVL4407 n.a. n.a. 
stn1-Y337A pVL4832 n.a. n.a. 
stn1-Y337R pVL4833 n.a. n.a. 
stn1-K338A K340A pVL4834 n.a. n.a. 
stn1-K338E K340E pVL4835 n.a. n.a. 
stn1-E341R pVL4836 n.a. n.a. 
stn1-F352A pVL4421 n.a. n.a. 
stn1-F352H pVL4422 n.a. n.a. 
stn1-Q355A Q356A Q357A pVL4420 n.a. n.a. 
stn1-Q355A Q356A Q357A N358A pVL4837 n.a. n.a. 
stn1-M362R pVL4838 n.a. n.a. 
stn1-D366R pVL4839 n.a. n.a. 
stn1-D366A pVL4840 n.a. n.a. 
stn1-E369R pVL4841 n.a. n.a. 
stn1-E369A pVL4842 n.a. n.a. 
stn1-E371R pVL4843 n.a. n.a. 
stn1-E371A pVL4844 n.a. n.a. 
stn1-R374E pVL4845 n.a. n.a. 
stn1-R374A pVL4846 n.a. n.a. 
stn1-R379E pVL4847 n.a. n.a. 
stn1-R379A pVL4848 n.a. n.a. 
stn1-K389A pVL4408 n.a. n.a. 
stn1-K389E pVL4409 n.a. n.a. 
stn1-D390A pVL4410 n.a. n.a. 
stn1-D390R pVL4411 n.a. n.a. 
stn1-K391A pVL4412 n.a. n.a. 
stn1-K391E pVL4413 n.a. n.a. 
stn1-T392A pVL4419 n.a. n.a. 
stn1-E394A pVL4418 n.a. n.a. 
stn1-D397A pVL4416 n.a. n.a. 
stn1-D397R pVL4417 n.a. n.a. 
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Table 3.5 – Panel of missense mutations introduced in the second wHTH domain.	  
Mutation Parental plasmid 
 pVL1492 pVL4330 pVL859 
stn1-R411A pVL4377 n.a. pVL5410 
stn1-R411E pVL4378 n.a. n.a. 
stn1-K417A pVL4379 n.a. n.a. 
stn1-K417E pVL4380 n.a. n.a. 
stn1-Q419A pVL4381 n.a. n.a. 
stn1-Y421A pVL4382 n.a. n.a. 
stn1-Y421F pVL4383 n.a. n.a. 
stn1-Q426A pVL4384 n.a. n.a. 
stn1-H429A pVL4385 n.a. n.a. 
stn1-H429E pVL4386 n.a. n.a. 
stn1-H429F pVL4387 n.a. n.a. 
stn1-Y438A pVL4388 n.a. n.a. 
stn1-Y438F pVL4389 n.a. n.a. 
stn1-K449A pVL4286 pVL4765 n.a. 
stn1-K449E pVL4287 pVL4766 n.a. 
stn1-E450A pVL4390 n.a. n.a. 
stn1-E450R pVL4391 n.a. pVL5411 
stn1-K453A pVL4288 pVL4767 n.a. 
stn1-K453E pVL4289 n.a. n.a. 
stn1-K457A pVL4290 n.a. n.a. 
stn1-K457E pVL4291 pVL4768 n.a. 
stn1-E461A pVL4392 n.a. n.a. 
stn1-E461R pVL4393 n.a. n.a. 
stn1-K464A pVL4394 pVL4795 n.a. 
stn1-K464E pVL4395 pVL4796 n.a. 
stn1-W466A pVL4292 pVL4793 pVL5403 
stn1-W466E pVL4293 pVL4794 pVL5404 
stn1-W466R pVL4399 pVL4800 pVL5405 
stn1-W467A pVL4396 pVL4797 n.a. 
stn1-W467E pVL4397 pVL4798 n.a. 
stn1-W467R pVL4398 pVL4799 n.a. 
stn1-W467H pVL4849 n.a. n.a. 
stn1-D469A pVL4294 n.a. n.a. 
stn1-D469R pVL4295 pVL4770 n.a. 
stn1-D469K pVL4296 pVL4771 n.a. 
stn1-D471A pVL4400 n.a. n.a. 
stn1-D471R pVL4401 n.a. n.a. 
stn1-H486A pVL4297 pVL4772 pVL5406 
stn1-H486D pVL4298 pVL4773 pVL5407 
stn1-E488A pVL4402 n.a. n.a. 
stn1-E488R pVL4403 n.a. n.a. 
stn1-Y489A pVL4404 n.a. pVL5408 
stn1-Y489F pVL4405 n.a. pVL5409 
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Genetic methods 

Standard genetic methods (telomere length analysis, plasmid shuffle, 

viability assays and two hybrid tests) were performed as previously 

described(Lendvay et al. 1996; Bertuch & Lundblad 2003; Gao et al. 2007). 

 

Biochemical methods 

A plasmid carrying a copy of Stn1 tagged with at its C-terminus with 

multiple myc peptide (pVL4330) was mutagenized as previously described and 

transformed in the protease-deficient strain JB811.  The stability of product of the 

stn1- mutants was determined by whole cell extract resolved on a 15% SDS-

PAGE gel, and consequentially probed by with anti-myc 2272 (Cell Signaling 

Technology).  

 
Chapter 3 contains excerpts from material as it appears in Gelinas AD, 

Paschini M, Reyes FE, Héroux A, Batey RT, Lundblad V & Wuttke DS (2009) 

Telomere capping proteins are structurally related to RPA with an additional 

telomere-specific domain. Proc. Natl. Acad. Sci. U.S.A. 106, 19298–19303. On 

this publication, I was the secondary author.. 

	  
	  
	  
	  
	  
	  
	  
	  



85 

	  

 
 
 
 
 

 
 

Chapter 4: 
 

A naturally thermolabile activity 
compromises genetic analysis of 
telomere function in S. cerevisiae 
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The core assumption driving the use of conditional loss-of-function 

reagents such as temperature-sensitive mutations is that the resulting 

phenotype(s) are solely due to depletion of the mutant protein under non-

permissive conditions. However, prior published data, combined with 

observations presented here, challenge the generality of this assumption at least 

for telomere biology:  for both wild type yeast and strains bearing null mutations 

in telomere protein complexes, there is an additional phenotypic consequence 

when cells are grown above 34°. In this chapter, this synthetic phenotype is 

proposed to be due to a naturally thermolabile activity that confers a telomere-

specific defect, which is named the Tmp¯ phenotype. This prompted a re-

examination of commonly used cdc13-ts and stn1-ts mutations, which indicates 

that these alleles are instead hypomorphic mutations that behave as apparent 

temperature-sensitive mutations due to the additive effects of the Tmp¯ 

phenotype. A new set of cdc13-ts reagents which are non-permissive below 34° 

were therefore generated to allow examination of cdc13-depleted phenotypes in 

the absence of this temperature-dependent defect. A return-to-viability 

experiment following prolonged incubation at 32°, 34° and 36° with one of these 

new cdc13-ts alleles argues that the accelerated inviability previously observed at 

36° in cdc13-1 rad9-∆ mutant strains is a consequence of the Tmp¯ phenotype. 

Although this study focused on telomere biology, viable null mutations which 

confer inviability at 36° have been identified for multiple cellular pathways. Thus, 

phenotypic analysis of other aspects of yeast biology may similarly be 
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compromised at high temperatures by pathway-specific versions of the Tmp¯ 

phenotype.  

 
INTRODUCTION 

Telomere research in the budding yeast Saccharomyces cerevisiae has 

made substantial contributions for ~ 30 years, starting with the cloning of yeast 

telomeres(Szostak & Blackburn 1982; Shampay et al. 1984) and the identification 

of the first mutant strains with altered telomere length (Lustig & Petes 1986; 

Carson & Hartwell 1985). Subsequent studies have identified numerous factors 

that contribute to yeast telomere function. Two key complexes are telomerase 

(composed of the TLC1 RNA and the three Est proteins) which is responsible for 

elongating the G-rich strand of chromosome termini, and a heterotrimeric 

complex which the Lundblad lab has called the t-RPA complex ((Gao et al. 2007) 

composed of the essential genes CDC13, STN1 and TEN1) which recruits 

telomerase to chromosome ends and also confers an essential protective 

function. In addition, numerous proteins share roles at telomeres and double-

strand breaks (Tel1, the Mre11/Rad50/Xrs2 complex and the Ku heterodimer are 

three examples), and a cohort of proteins negatively regulate telomere length 

(Rap1, Rif1 and Rif2, as well as components of DNA replication machinery). 

Genome-wide efforts have expanded this list with the inclusion of several 

hundred additional genes (Askree et al. 2004; Gatbonton et al. 2006), which 

impact telomere function either directly or indirectly. Collectively, this very large 
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panel of defined mutations in known genes has been the basis for numerous in 

vivo analyses of the consequences of perturbing telomere homeostasis. 

In this study, an additional factor that impacts chromosome termini even in 

wild type yeast is addressed: the temperature at which cells are propagated. 

Compelling evidence for a temperature-induced impact on telomeres was first 

uncovered with the characterization of yeast strains bearing null mutations in 

either of the two subunits of the Ku heterodimer. Although viable at lower 

temperatures, yku70-∆ and yku80-∆ strains exhibit a RAD9-dependent terminal 

arrest phenotype at 36°, halting after limited propagation as large budded cells 

(Feldmann & Winnacker 1993; Feldmann et al. 1996; Barnes & Rio 1997). This is 

accompanied by a DNA damage response (Barnes & Rio 1997; Teo & Jackson 

2001), arguing that cell death is due to unrepaired DNA damage (although the 

molecular basis for inviability is a subject of some speculation; (Fellerhoff et al. 

2000; Gravel & Wellinger 2002; Smith et al. 2008).  Regardless of mechanism, 

the temperature-dependent change in phenotype of strains bearing null 

mutations in the Ku heterodimer reveals a thermolabile activity which is Ku-

independent.  Several other data points are also consistent with a temperature-

dependent contribution, as telomeres in wild type yeast become slightly shorter 

when cells are propagated at 37° (Grandin et al. 2001).  In addition, est1-∆ null 

strains have a more exacerbated growth defect when propagated at higher 

temperatures (Lundblad & Szostak 1989).  

These observations suggest that the phenotype of strains with mutations 
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in any gene affecting telomere maintenance might become more severe at higher 

temperature. In this chapter, the contribution of temperature to the growth 

properties of strains bearing null mutations in two key telomere complexes 

(telomerase and the t-RPA complex) is systematically examined. The analysis 

has revealed a pronounced impact on growth and viability in these null mutant 

strains at temperatures above 34° providing further support for a naturally 

occurring thermolabile activity, called Tmp¯ (Tmp is an abbreviation for 

“temperature”) which, when impaired at higher temperatures, gives rise to a 

telomere-specific phenotype.  This also raises the possibility that mutations in 

CDC13, STN1 and TEN1 which exhibit temperature-sensitive (ts) growth may not 

be ts for activity, but instead are partial loss-of-function mutations at all 

temperatures.  Consistent with this, data presented here indicate that the widely 

used cdc13-1 mutation encodes a protein which is impaired for function even at 

the permissive temperature of 23°, rather than a thermolabile protein.  Similarly, 

analysis of an extensive panel of stn1¯ missense mutations, including the 

previously isolated stn1-13 and stn1-63 mutations, reveals a strikingly similar 

phenotype:  defective telomere maintenance at 23° combined with impaired 

growth only at temperatures above 34°. This growth phenotype could be 

explained as the combined result of a hypomorphic stn1¯ mutation and the Tmp¯ 

phenotype, rather than a temperature-dependent impairment of STN1 function.  

A similar explanation potentially applies to a recently reported panel of ten1¯ 

mutations (Xu et al. 2009), which we surmise may also be partial loss-of-function 
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mutations rather than ts alleles. 

Numerous prior studies with the cdc13-1 mutant strain have been 

performed at 36°.  However, if the cdc13-1 encodes a protein which is severely 

impaired at all temperatures, and if a naturally thermolabile activity further impairs 

function above 34°, this raises questions about phenotypic analysis of cdc13-1 

strains at 36°. Therefore a new panel of cdc13-ts mutant strains that encode 

thermolabile proteins and exhibit non-permissive temperatures from 30° to 33° 

were generate, thereby allowing a re-investigation of phenotypes in cells 

depleted for the Cdc13 protein under conditions where the Tmp¯ phenotype does 

not contribute.  Previous analysis has indicated that cdc13-1 strains rapidly 

become inviable following incubation at 36° through a RAD9-dependent 

mechanism.  However, when this experiment was repeated with one of the newly 

isolated cdc13-ts strains, loss of viability in the absence of RAD9 was minimal at 

the fully non-permissive temperature of 32° and only became substantial at 34° 

to 36°.  This indicates that inviability is the combined consequence of three 

defects (in CDC13, RAD9 and the thermosensitive activity) and further suggests 

that analysis of phenotype(s) of cdc13-ts strains at ≥ 34° may be monitoring 

defect(s) that are not solely attributable to loss of CDC13 function.  
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RESULTS 

Telomere shortening activity(s) are enhanced at 36° in wild type S. cerevisiae 

Figure 4.1 — Telomere length in wild type S. cerevisiae is temperature-sensitive.  Left: 
each haploid strain was propagated for ~100 generations by successive serial dilution of 
duplicate cultures at the indicated temperatures and genomic DNA prepped for telomere length 
analysis. Right: the same experiment as on the left of the panel with samples from 90 and 100 
generation cultures grown at 36° displayed immediately adjacent to a sample grown at 23°. 

 
A number of prior studies have indicated that telomere function is impaired 

by growth at 36° to 37°, including even telomere length in wild type yeast 

(Grandin et al. 2001). The effect of temperature on telomere length was 

assessed by propagating two wild type haploid strains (which were MATα or 

MATa but otherwise isogenic) in liquid culture at 23°, 30°, 34° and 36° for ~100 
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generations. Comparison of telomere length showed that the samples grown at 

30° and 34° underwent a very slight decline in telomere length, relative to the 

length displayed by the same cultures which had been propagated at 23° (figure 

4.1).  This change in telomere length homeostasis was reached within 10 

generations of growth, with no further length decline upon extended propagation 

at the higher temperature. At 36°, telomeres underwent a further decline in 

length, so that the difference in length between cultures grown at 23° vs. 36° was 

clearly evident (figure 4.1). 

There are two possible explanations for this temperature-dependent effect 

on telomere length:  (i) elongation of telomeres by telomerase is impaired at 

higher temperatures or (ii) one or more processes which actively shorten 

telomeres is enhanced at higher temperatures. To distinguish between these two 

possibilities, the senescence phenotype of a telomerase null strain propagated at 

23°, 30°, 32°, 34° and 36° was examined by successive streak-outs at each 

temperature, following dissection of a TLC1/tlc1-∆ diploid strain by Bari Ballew, a 

former member of the Lundblad lab. Senescence was assessed by monitoring 

the growth characteristics of a large number of isolates, in order to overcome the 

variability of the senescence phenotype displayed by telomerase-defective 

strains (Rizki & Lundblad 2001; Gao et al. 2010). Figure 4.2 compares the growth 

characteristics of 42 tlc1-∆ isolates grown at 23° vs. 36° for three successive 

streak-outs, which demonstrates that the senescence progression was clearly 

exacerbated by growth at 36° even by the second set of streak-outs (which 
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corresponds roughly to 50 generations of growth).  The histogram in figure 4.3, 

which summarizes the relative change in the senescence score at 30°, 34° and 

36° relative to 23°, shows that senescence is also accelerated at 30° and 34°, 

although not to the same degree as at 36°. 

Figure 4.2 — Senescence profile of a tlc-∆ strain grown at 30°, 34° and 36° (executed by 
Bari Ballew).  Histogram displaying the growth characteristics of 42 tlc1-∆ isolates grown at 23° 
vs. 36° for three successive streak-outs, corresponding to ~25, ~50 and ~75 generations of 
growth; isolates were scored for six phenotypic categories, ranging from a scale of 1 (severe 
senescence) to 6 (comparable to wild type growth), and a student’s t-test was used to assess the 
statistical significance between the two temperatures, as described previously (GAO et al. 2010) 
 

Thus, at higher temperatures, telomeres are shorter in the presence of 

telomerase, and senescence is enhanced in the absence of telomerase, which is 

consistent with the premise that some process by which telomeres are shortened 
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is more active at 34° to 36° (the Tmp¯ phenotype).  We therefore propose that the 

growth characteristics of the tlc1-∆ strain at elevated temperatures is due to the 

combined result of the Est¯ and Tmp¯ phenotypes. 

Figure 4.3 — Normalization of senescence data in figure 4.2. Averaged phenotypic scores for 
the 42 tlc1-∆ isolates propagated at 30°, 34° or 36° normalized to growth at 23°, with a negative 
value indicating enhanced senescence at a given time point, relative to the behavior of the same 
set of isolates at 23°  
 
 
Microcolony growth of cdc13-∆ rad24-∆ and stn1-∆ rad24-∆ strains is reduced at 

34° to 36° 

Although cdc13-∆, stn1-∆ and ten1-∆ null strains are inviable, several 

prior observations have suggested that the lethality of strains bearing null 

mutations in this complex might be partially bypassed by loss of RAD24 function 

(Weinert et al. 1994; Lydall & Weinert 1995; Small et al. 2008). This phenotype 

was re-examined by monitoring growth of cdc13-∆ and cdc13-∆ rad24-∆ isolates 

following dissection of a cdc13-∆/CDC13 rad24-∆/RAD24 diploid strain. Whereas 

22 cdc13-∆ strains were capable of only 1 to 2 cell divisions, all 22 cdc13-∆ 

rad24-∆ newly generated haploid strains underwent sufficient cell divisions to 
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form a microcolony (a representative example is shown in figure 4.4). This 

behaviour extended to the other subunits of the proposed t-RPA complex: 30 of 

30 stn1-∆ strains and 22 of 22 ten1-∆ strains arrested after 1 to 2 cell divisions, 

whereas 29 out of 30 stn1-∆ rad24-∆ strains and 21 out of 22 ten1-∆ rad24-∆ 

strains produced microcolonies. These cdc13-∆ rad24-∆, stn1-∆ rad24-∆ and 

ten1-∆ rad24-∆ microcolonies were not capable of further propagation, although 

rare “escaper” clones could be recovered at very low frequencies (data not 

shown). Figure 4.4 further demonstrates that the ability to partially bypass cdc13-

∆ lethality was a property that extended to other members of the RAD24 epistasis 

group (Lydall & Weinert 1995; Paulovich et al. 1997), as cdc13-∆ rad17-∆ and 

cdc13-∆ mec3-∆ strains exhibited a comparable ability to form microcolonies. 

Figure 4.4 —Lethality of cdc13-∆ is partially rescued by the RAD24 epistasis group. 
Isogenic diploid strains bearing null mutations of the indicated genotype were dissected and 
germinated spores were photographed after growth was complete (48 hours at 30) with a Zeiss 
Axioskop 50 with a Nikon Digital Sight DS-5M camera; multiple isolates were examined for each 
genotype, and representative examples are shown.  The grid on the cdc13-∆ image corresponds 
to 62.5 x 62.5 µm; all images were at the same magnification 
 

The ability to observe a limited degree of growth in t-RPA null strains in 

the absence of RAD24 function provided an assay for examining whether this 

phenotype was also sensitive to temperature. To test this, the cdc13-∆/CDC13 
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rad24-∆/RAD24 diploid strain was dissected at 23°, 26°, 28°, 30°, 32°, 34° and 

36°, and cdc13-∆ rad24-∆ spore products were identified. Microcolony size 

demonstrated a reduction in size (> 2-fold) for microcolonies grown at 34° and 

36° vs. lower temperatures (figure 4.5 and 4.6).  Similar results were observed 

when comparing multiple stn1-∆ rad24-∆ isolates following dissection of a stn1-

∆/STN1 rad24-∆/RAD24 diploid strain at 23° to 36° (Figure 4.6). Thus, similar to 

the situation with telomerase-defective yeast strains, the consequence of loss of 

the t-RPA complex is sensitive to elevated temperatures.  

Figure 4.5 —	  Microcolony growth of cdc13-∆ rad24-∆ spores is temperature-sensitive. 	  
Photographs of cdc13-∆ rad24-∆ microcolonies from germinated spores generated by dissection 
of cdc13-∆/CDC13 rad24-∆/RAD24 strain, following incubation for 3 days at the indicated 
temperature. 
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Figure 4.6 —	   Microcolony growth of cdc13-∆ rad24-∆ and stn1-∆ rad24-∆ spores is 
temperature-sensitive. Left: each cdc13-∆ rad24-∆ microcolony image shown in figure 4.5 was 
selected and the sum of the pixels in the selected area was quantitated using Photoshop.  The 
maximum and minimum values were eliminated from each temperature group; mean and 
standard variation are shown. Right: quantitation of stn1-∆ rad24-∆ microcolonies from a stn1-
∆/STN1 rad24-∆/RAD24 strain, processed as described in figure and 4.5. The stn1-∆ rad24-∆ 
microcolonies were ~ 2- to 3-fold smaller than cdc13-∆ rad24-∆ microcolonies, although the 
experiments shown were performed separately, which precluded a more quantitative comparison. 
	  
	  
Analysis of current temperature-sensitive alleles of CDC13 and STN1 

Since even strains with null mutations in CDC13 and STN1 are 

susceptible to growth temperature, this findings prompted the re-examination of 

the characteristics of previously isolated ts mutations in these genes.  In 

particular, it was probed whether strains with previously described ts alleles 

displayed the properties expected for a bona fide temperature-sensitive mutation: 

fully functional at permissive temperature(s) vs. null (or greatly reduced for 

function) at non-permissive temperature(s). 

The widely used cdc13-1 strain exhibits reduced viability at 23° and 

lethality at 25° - 26°.  Growth is further impaired by the presence of mutations in 

other telomere-related genes; for example, cdc13-1 tlc1-∆ and cdc13-1 yku80-∆ 

strains are extremely sick at 23° (Nugent et al. 1996; Polotnianka et al. 1998).  
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The severity of this synthetic phenotype suggested that Cdc13 function was 

impaired even at permissive temperatures. In fact, examination of steady state 

protein levels of the mutant Cdc13-1-(myc)18 protein compared to the wild type 

Cdc13-(myc)18 protein (expressed on a CEN plasmid in a wild type protease-

deficient strain) did not reveal behavior consistent with a thermo-labile protein.  

Instead, the Cdc13-1-(myc)18 mutant protein displayed a 4-fold reduction in 

protein levels at 23°, relative to the wild type protein, and Cdc13-1-(myc)18 levels 

were not reduced further when the strain was incubated at 36° (figure 4.7). 

Figure 4.7 — The product of the ts allele cdc13-1 is not a thermolabile protein. Steady state 
protein levels of the wild type Cdc13-(myc)18 and mutant Cdc13-1-(myc)18 proteins, expressed 
from a CEN vector; extracts were prepared from strains grown at 23° or at 36° for 3.5 hours and 
analyzed by anti-myc western on 8% SDS-PAGE.  The strain also expresses an Est1-(myc)13 
protein (as an integrated tagged construct), which provided an internal control for protein levels. 

 
These observations argue that the cdc13-1 mutation results in a 

hypomorphic protein which is associated with a substantial reduction in protein 

levels (and presumably function) even at permissive temperatures, thereby 

explaining the synthetic growth characteristics.  The Cdc13-1 protein may be 

thermosensitive as well, but the lack of change in protein levels at 36° vs. 23° 

suggests that at least some Cdc13 function is retained at higher temperatures.  
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Consistent with this, in vivo association of the mutant Cdc13-1 protein with 

telomeres is unchanged at 37° relative to 23° (Vodenicharov & Wellinger 2006), 

arguing that the Cdc13-1 protein still retains DNA binding activity and potentially 

other functions at 36°. The phenotypes exhibited by a cdc13-1 strain might then 

be due to a severe hypomorphic mutation in CDC13 combined with the Tmp¯ 

phenotype, rather than due to conditional depletion of the Cdc13 protein. 

Figure 4.8 — Growth profile and telomere length associated with the stn1-63 alleles. Left: 
comparison of stn1-∆/pCEN STN1 vs. stn1-∆/pCEN stn1-63, as assessed by single colony 
propagation on rich media or cell cycle progression of liquid cultures grown at 23° and 36°; 
arrows indicate that cell division still occurs at 36°. Right: telomere length of the stn1-∆/pCEN 
stn1-63 strain compared to the isogenic stn1-∆/pCEN STN1 strain at 23°. 

 
For STN1, two mutations, stn1-13 and stn1-63, have been used in several 

previous studies (Grandin et al. 1997; Puglisi et al. 2008).  The stn1-13 allele 

(containing six missense mutations throughout the protein) is only minimally 
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impaired for growth even at 37° ((Grandin et al. 1997; Grandin et al. 2001); data 

not shown), and thus it was not included in our subsequent analysis.  The stn1-

63 strain (Puglisi et al. 2008), which contains a single missense mutation in the 

essential N-terminal domain (D99E), showed a more substantial impairment for 

growth at 36° although the strain was not completely inviable at this temperature 

(figure 4.8). Somewhat surprisingly, FACS analysis revealed that the stn1-63 

strain did not exhibit a pronounced defect in cell cycle progression at 36° (figure 

4.8), as would be expected if a subunit of the t-RPA complex had been depleted 

by a conditional lethal mutation. 

Figure 4.9 — Viability of the stn1-∆/pCEN stn1-63 strain at the indicated temperatures. 
serial dilutions were plated on pre-warmed rich media plates and photographed after 2.5 days (for 
≥ 28° incubations) or 4 days (for 23° and 25°).	  	   
 

A more careful examination of the growth of the stn1-63 strain revealed 

that a reduction in viability was only observed at 34° and 36° (figure 4.9).  Steady 

state protein levels of the Stn1-63-(myc)7 mutant protein were also unaffected 

when the culture was shifted to higher temperature (figure 4.10), in contrast to 

the expectations for a thermolabile protein which should be depleted (or at least 

diminished) at the non-permissive temperature. Furthermore, as previously 

observed (Puglisi et al. 2008), the stn1-63 strain exhibited greatly elongated 

telomeres even at 23° (figure 4.8), indicating that the Stn1 protein is substantially 

impaired even at permissive temperature.  
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Figure 4.10 — Protein stability of the stn1-63 allele at the indicated temperatures. Steady 
state protein levels of the Stn1-63-(myc)7 protein, expressed from a CEN vector, assessed as 
described in figure 4.7. 
 

These data indicate that the stn1-63 mutation, like cdc13-1, encodes a 

hypomorphic protein that exhibits a temperature-independent defect, rather than 

a thermolabile mutant protein. The reduced growth at 34° to 36° in the stn1-63 

strain background might also be due to an additive effect: the partial loss-of-

function defect in STN1 in combination with the Tmp¯ phenotype. This hypothesis 

is tested further in a later section which examines an expanded panel of 

missense mutations in STN1. 

Since protein levels and/or function appeared to be severely impaired at 

the presumed permissive temperature for the existing cdc13 and stn1 alleles, 

these alleles cannot be considered bona fide conditional lethal reagents.  This 

prompted to screen for new ts alleles of CDC13 and STN1, as described in the 

next sections, with the goal of identifying alleles in each gene which are fully 

functional under permissive conditions (such as 23°) and completely null for 

function under non-permissive conditions (such as ≤ 32°) that would be minimally 

influenced by the Tmp¯ phenotype. 

 



102	  

	  

Identification of new temperature-sensitive alleles of CDC13 using both forward 

and reverse mutagenesis 

Two forward mutagenesis screens had been performed by former 

members of the Lundblad lab, mutagenizing either the full length CDC13 gene by 

passage through an E. coli mutator strain or the essential DNA binding domain 

(DBD) of CDC13 (Mitton-Fry et al. 2002) by low-fidelity PCR. Both collections of 

mutagenized plasmids were transformed into a cdc13-∆ shuffle strain kept alive 

by the presence of a covering CEN URA3 CDC13 plasmid, and yeast 

transformants were screened for ts growth by replica-plating onto media that 

selected for loss of the covering plasmid (see Materials and Methods for details). 

Rescued plasmids were subsequently re-tested following re-transformation into 

the cdc13-∆ shuffle strain and sequenced to identify mutation(s). 

Screening the mutagenized full length CDC13 gene resulted in 26 

candidate cdc13-ts alleles, corresponding to seven unique mutations (figure 

4.11).  Five alleles contained a single missense mutation:  one mutation in the N-

terminus of the protein (cdc13-S56F), three mutations in the DBD (cdc13-V530G, 

cdc13-S531F and cdc13-D546G) and one C-terminal allele (cdc13-T847M).  The 

remaining 21 alleles had a frame shift mutation at either residue 686 (2 isolates) 

or residue 707 (19 isolates), resulting in truncation of the protein just past the 

boundary of the DBD (with either 10 or 65 amino acids added to the end of the 

protein as a result of the frame shift mutation).  Recovery of these two frame shift 

mutations, as well as cdc13-T847M, was somewhat unexpected because a 
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previously well-characterized allele of CDC13 (cdc13-5), which contained a stop 

codon introduced at amino acid 694, does not exhibit thermolabile growth 

(Chandra et al. 2001) and figure 4.12). 

Figure 4.11 — Identification of new cdc13-ts mutations, part I (former member of the lab). 
Mutant alleles recovered from forward mutagenesis of the full length CDC13 gene (top panel), 
forward mutagenesis directed at the DBD of CDC13 (middle panel) or reverse mutagenesis of the 
DBD of CDC13 (bottom panel) were transformed into a cdc13-∆/ pCEN CDC13 URA3 shuffle 
strain and subsequently streaked on 5-FOA media at 23°, to recover isolates which had lost the 
wild type CDC13 plasmid. The resulting strains were grown overnight in culture and viability was 
assessed by plating serial dilutions on pre-warmed rich media plates and photographing after 2.5 
days (for ≥ 28° incubations) or 4 days (for 23° and 25°) 
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Figure 4.12 — Identification of new cdc13-ts mutations, part II (former member of the lab). 
Additional mutant alleles, as discussed in the text, were analysed as described in figure 4.11. 
 

The second screen, which targeted the DBD of CDC13, yielded 18 alleles 

with ts phenotypes.  Sequence analysis revealed that all but two of these alleles 

had multiple missense mutations, a common problem with error-prone PCR 

protocols.  However, several clusters of amino acids (aa 525 to 544, 611 to 618 

and 683 to 684) appeared to be over-represented (figure 4.12, table 4.1), 

suggesting that this information might be useful in identifying the causative 

mutation for at least a subset of these 18 isolates.  Therefore, a panel of single 

missense mutations in residues in these clusters was constructed and tested for 

ts growth.  This analysis identified 6 alleles – cdc13-L529Q, cdc13-V543F, 

cdc13-S611L, cdc13-G614V, cdc13-F683L and cdc13-F684S – which conferred 

a ts phenotype, with impaired growth at temperatures ranging from 30° to 36° 

(figure 4.11). 
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Table 4.1 — Identification of new cdc13-ts mutations, part III (former member of the lab). )  
Missense mutations identified in a panel of cdc13-ts alleles, following mutagenesis of the DNA 
binding domain with error-prone PCR; clusters of residues discussed in the text are color coded 
as indicated. 

 
 

In parallel with these two forward mutagenesis screens, a reverse 

mutagenesis approach was pursued by Ed Mandell, another former member of 

the Lundbald lab. Using a computational method called Evolutionary Trace (ET) 

he identified residues in the DBD domain as targets for reverse mutagenesis. ET 

combines structural information with amino acid diversity to determine the 

evolutionary pressure at a given residue, which can identify functionally 

significant residues (Lichtarge et al. 1996; Lichtarge & Sowa 2002).  A total of 14 

amino acids in Cdc13 with an ET score of ≤ 10% were selected for mutagenesis 

(excluded from this set were residues that contact DNA, which are under analysis 

in next chapters). Each residue was mutated to alanine, and the resulting 

collection of plasmids were introduced into a cdc13-∆ shuffle strain and assayed 

 
 

 
Allele 

 
Mutations present 

(cluster 1,  cluster 2,  cluster 3)  
 

isolate 22 V543F 
isolate 23 N609D 
isolate 26 N609D, Y626F 
isolate 19 L599P, S650P 
isolate 16 M525T, I633V 
isolate 30 T507A, L529Q 
isolate 21 S533L, V616A 
isolate 15 M463I, S611L  
isolate 31 P506S, G614V 
isolate 28 K618E, F683S 
isolate 20 N631D, F684S 
isolate 17 D535G, P651L, F683L 
isolate 24 V481E, A489T, L562Q 
isolate 25 T496S, E519V, I578T 
isolate 27 F575L, N627S, Y680C, I686V  
isolate 29 M498V, F544L,T586M, K629E 
isolate 18 S531T, I563V, E608V, K629E, L693P 
isolate 14 N455D, T473A, D492G, I552T, F574S       
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as described above.  Four of these 14 strains displayed growth defects: one 

allele, cdc13-D546A, conferred lethality (data not shown), whereas strains 

expressing alanine mutations in 3 residues (F547, N609 and F684) exhibited ts 

growth (figure 4.11).   

Collectively, these three screens yielded missense mutations in 13 amino 

acids of Cdc13 which conferred conditional lethal growth.  To determine which of 

these cdc13-ts alleles were fully functional at permissive temperatures but null 

with regard to both phenotype and protein levels at higher temperatures, the cell 

cycle progression of strains carrying these mutants was analyzed at 23° and 36°. 

Two mutants (cdc13-V543F and cdc13-T847M) did not exhibit a complete cell 

cycle arrest at 36°, and one mutant (cdc13-S56F) had a slight cell cycle delay 

even at 23° (data not shown); these three mutants were discarded from further 

analysis. As a next step, seven mutants which were fully viable at temperatures 

above 28° were examined for Cdc13 protein levels (mutant strains with defects in 

viability at ≤ 28° were not analysed, on the assumption that this would correlate 

with reduced function and/or protein levels even at permissive temperatures). 

Each of these seven mutations were introduced into a plasmid construct 

expressing Cdc13-(myc)18, and extracts prepared from strains expressing these 

mutant Cdc13-(myc)18 proteins grown at 23° and 36° were examined for protein 

levels by western analysis.  In contrast to the Cdc13-1 protein (figure 4.7), all 

seven mutant proteins behaved like thermolabile proteins, with protein levels 

substantially reduced at 36°, relative to protein levels at 23° (figure 4.13). 
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However, two mutant proteins displayed > 3-fold reduction in protein levels even 

at 23° (cdc13-F547A and cdc13-L529A) and were excluded from the next stage 

of analysis. 

Figure 4.13 — Biochemical characterization of new cdc13-ts mutations. Steady state protein 
levels of mutant Cdc13-(myc)18 proteins compared to wild type Cdc13-(myc)18, assessed as in 
figure 4.7. 
 

Each of the remaining five mutations were integrated into the genome in 

place of the wild type CDC13 gene for subsequent analysis, to exclude possible 

artifacts due to variations in plasmid copy number and/or altered gene expression 

by plasmid-borne alleles.  The resulting cdc13-ts strains were screened for 

effects on viability and cell cycle progression at a range of temperatures between 

23° and 34°.  Cell viability assays demonstrated that these new cdc13-ts alleles 

were fully viable at 28° and inviable at temperatures ranging from 30° to 33° 

(figure 4.14). It is also worth noting that each of the resulting integrated strains 

exhibited a ts phenotype which was slightly more severe than the comparable 
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mutation when examined on a CEN plasmid in a cdc13-∆ null strain (compare 

figure 4.11 with figure 4.14). This parallels previous comparisons from our 

laboratory of the viability of the cdc13-1 allele as an integrated vs. plasmid-borne 

allele (data not shown), as well as comparisons of integrated vs. plasmid-borne 

stn1¯ and ten1¯ alleles (Paschini et al. 2010). 

Figure 4.14 — In vivo characterization of new cdc13-ts mutations. Viability of the indicated 
strains, with cdc13-ts mutations integrated into the genome, assessed as in figure 4.9.	  
 
A return-to-viability experiment demonstrates that phenotypes of cdc13-ts strains 

at 34° to 36° are not solely due to loss of CDC13 function 

These cdc13-ts mutant strains provide a set of reagents for analysis of 

CDC13 under conditions where Cdc13 is functional at 23° and fully impaired at 

temperatures below 34° to 36°.  As a first step in assessing this, a return-to-
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viability experiment that has previously been used to analyze Cdc13-related 

defects in the presence or absence of RAD9 function in a cdc13-1 strain was 

repeated (Weinert & Hartwell 1993; Lydall & Weinert 1995; Addinall et al. 2011). 

In this protocol, cdc13-1 cells grown at 23° are shifted to non-permissive 

temperature for varying time periods and subsequently assessed for viability at 

permissive temperature (23°). Prior versions of this experiment have used 36° or 

38° as the non-permissive temperature, whereas in the experiment presented 

here, the cdc13-S611L strain was incubated at 32°, 34° or 36°. As expected 

based on the observations in figure 4.14, cdc13-S611L cells failed to undergo cell 

division when incubated for 8 hours at 32°, which was accompanied by a cell 

cycle arrest. The response at 32° was indistinguishable from that at 34° (figure 

4.15 and 4.16), confirming that 32° was fully non-permissive for this cdc13-ts 

strain.  

Figure 4.15 — Temperature-dependent effects on viability of a cdc13-S611L rad9-∆ strain.   
Mid-log cultures grown at 23° of cdc13-S611L (left panel) or cdc13-S611L rad9-∆ (right panel, 
duplicate samples) strains were shifted to the indicated temperatures and incubated for up to 8 
hours; viability was determined by plating appropriate dilutions on rich media plates which were 
incubated at 23° for three days. Three independent repetitions of this experiment produced 
essentially identical results 
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Figure 4.16 — Temperature-dependent effects on viability of a cdc13-S611L rad9-∆ strain.   
Flow cytometry profile of log-phase cultures of the indicated strains from the experiment shown in 
figure 4.15, fixed and stained with SYTOX green. 
 

Consistent with previous analysis of the cdc13-1 strain (Weinert & Hartwell 

1993), arrest of the cdc13-S611L strain resulted in no more than a 1.5-fold loss of 

viability, even after eight hours at 32°, 34° or 36° (figure 4.15 and data not 

shown). As was also expected from prior observations, loss of RAD9 function 

prevented cell cycle arrest when the cdc13-S611L rad9-∆ strain was incubated at 

32° (figure 4.16). Incubation of cdc13-S611L rad9-∆ cells at the non-permissive 

temperature (32°) was accompanied by modest reduction in viability (5-fold by 8 

hours).  However, when cells were incubated at 34°, there was a striking effect in 
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the absence of RAD9 function, as viability was reduced by 65-fold at the 8 hour 

time point (figure 4.15). Increasing the incubation temperature to 36° reduced 

viability even further (data not shown).  Thus, the RAD9-dependent effect at 34° 

to 36°, which was well above the non-permissive temperature for the cdc13-

S611L strain, indicated that an additional defect which is independent of CDC13 

function, but RAD9-dependent, contributed to inviability at 34° to 36°.  

 

Reverse mutagenesis of the essential N-terminal domain of STN1 

In an attempt to recover conditional lethal alleles of STN1, two reverse 

mutagenesis strategies which targeted the essential N-terminal domain of the 

protein were deployed. Because the Evolutionary Trace (ET) protocol was so 

effective with CDC13 (3 out of 14 mutations yielded a thermolabile protein, 

including two of the mutations shown in figure 4.14), ET was similarly applied to 

the predicted OB-fold domain of Stn1. The top 20 residues were mutated to 

alanine, and a subset were also mutated to serine. These 30 stn1 missense 

mutations were transformed into a stn1-∆/p CEN URA3 STN1 strain, and yeast 

transformants were screened for ts growth following loss of the covering plasmid 

(figure 4.17). Roughly half of these mutant strains had no noticeable growth 

defect and were eliminated from further analysis. The remaining strains exhibited 

a range of growth phenotypes, which fell roughly into three categories.  One 

subset (stn1-N67A, stn1-E167A, stn1-W171S, stn1-L181S stn1-L70A, stn1-I73S 

and stn1-G77A) grew approximately as well as wild type at lower temperatures 
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but exhibited growth defects at 34° to 36° (figure 4.17); however, examination of 

telomere length revealed that substantial telomere elongation had occurred even 

when these strains were grown at permissive temperature (figure 4.18). 

Figure 4.17 — Identification of new stn1-ts alleles. A stn1-∆/ pCEN STN1 URA3 shuffle strain 
and subsequently streaked on 5-FOA media at 23°, to recover isolates which had lost the wild 
type STN1 plasmid. The resulting strains were grown overnight in culture and viability was 
assessed by plating serial dilutions of two isolates for each genotype on pre-warmed rich media 
plates and photographing  after 2.5 days (for ≥ 28° incubations) or 4 days (for 23° and 25°). 
 

Strains in the second category (stn1-L41S, stn1-F64A, stn1-F64S and 

stn1-L70S) were somewhat impaired for growth at temperatures ranging from 23° 

to 34°, with the growth phenotype more severe at 36°; all four of these strains 

exhibited even more extensive telomere elongation at 23° (figure 4.17 and 4.18). 

The last category (stn1-G77S, stn1-D98A and stn1-D99A) exhibited the most 

severe growth defect, as all three strains were barely viable at temperatures up 
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to 32° to 34° and inviable at 36° (figure 4.17).  

Figure 4.18 — Telomere length of strains expressing stn1¯ missense mutations in 
residues selected for reverse mutagenesis. stn1-∆ strains with CEN plasmids expressing the 
indicated mutations were grown at 23° prior to preparing genomic DNA for telomere length 
analysis.    
 

In every case, the growth defect associated with a given mutation became 

more pronounced at 36°, a pattern that was very similar to that described above 
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in Figure 4 for stn1-63.  Furthermore, cell cycle progression as assessed by 

FACS demonstrated that the reduced growth at high temperatures did not 

exacerbate the relatively modest cell cycle defect displayed by most of these 

mutants (data not shown).  Thus, this first attempt at recovering one or more ts 

alleles of STN1 appeared to be unsuccessful. 

However, inspection of the position of this collection of mutations on the 

predicted structure of the Stn1 protein suggested a possible structural correlation: 

mutations with the most severe growth defects were located in residues that 

comprised, or were in close proximity to, the β-barrel of the OB-fold (G77, L70, 

D98, D99). This suggested that mutagenesis that targeted this particular region 

of the Stn1 protein might be more successful. Specifically, another member of the 

Lundblad lab, John Lubin, directed his attention to a panel of 11 hydrophobic 

residues (I73, L75, I79, I93, L97, L106, L140, V142, L153, V155 and L158) with 

side chains located in the interior of the β-barrel of Stn1, on the assumption that 

(partial) destabilization of the OB-fold might have a higher probability of 

generating thermo-sensitive proteins. Each of these 11 residues were mutated to 

alanine, serine and tyrosine (based on the results described above for Cdc13, 

which indicated that restricting mutagenesis to alanine missense mutations might 

be insufficient). The resulting panel of 33 plasmids bearing stn1 missense 

mutations in the β-barrel were introduced into a stn1-∆ shuffle strain and 

examined at a range of temperatures from 23° to 36°. 
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Table 4.2 — Summary of viability and telomere length of a panel of stn1¯ missense 
mutations. Telomere length of selected mutant isolates is shown in figure4.18. The results for 
mutagenesis of two highly conserved glycine residues are also included. 

 Viable? Telomere length 23º 36º 
I73A  Very long + +/- 
I73S Nearly inviable Extremely long +/- — 
I73Y  Very long + +/- to (+) 

     

L75A  Med long + (+) to + 
L75S  Very long (+) to + +/- to (+) 
L75Y inviable    

     

I79A  Med long ++ + 
I79S  Very long + to ++ (+) 
I79Y inviable    

     

I93A  Med long ++ + 
I93S  Very long + +/- to (+) 
I93Y  Slightly long ++ + 

     

L97A  Very long (+) +/- 
L97S inviable    
L97Y  Very long (+) to + +/- 

     

L106A  Wild type ++ ++ 
L106S  Wild type ++ ++ 
L106Y  Wild type ++ ++ 

     

L140A  Wild type ++ ++ 
L140S  Wild type ++ ++ 
L140Y  Wild type ++ ++ 

     

V142A  Slightly long + to ++ + 
V142S Nearly inviable n.t. +/- — 
V142Y inviable    

     

L153A  Very long (+) +/- 
L153S inviable    
L153Y  Very long (+) +/- 

     

V155A  Very long + (+) 
V155S Nearly inviable n.t. +/- — 
V155Y inviable    

     

L158A  Very long + + 
L158S  Very long + + 
L158Y  n.t. (+) +/- 

     

G77A  Very long (+) to + +/- to + 
G77S  n.t. (+) +/- 
G77Y Nearly inviable n.t. +/- — 

     

G137A + Very long +(+) (+) 
G137S + Long ++ + 
G137Y inviable    

 
 

Not unexpectedly, a large number (27%) of the resulting strains were 
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inviable or nearly inviable.  Many of the viable strains exhibited a range of growth 

defects and once again, the severity of the defect was enhanced in each case 

when the strains were propagated at 34° to 36° (summarized in table 4.2).  

Furthermore, the majority of the viable strains exhibited elongated telomeres 

even when the strains were propagated at permissive temperatures (figure 4.18).  

Only two residues, L106 and L140, appeared to be immune to mutagenesis, as 

the strains expressing mutations in either amino acid exhibited wild type growth 

at all temperatures with no telomere length defect, despite the fact that these two 

bulky hydrophobic residues were predicted to be on the interior of the barrel of 

the OB-fold (data not shown). 

 

Analysis of integrated stn1¯ alleles 

 Very few, if any, of the panel of stn1¯ mutations described above behaved 

as expected for a thermolabile protein. However, in a previous study, differences 

in viability when comparing stn1¯ alleles present on a plasmid in a stn1-∆ strain 

vs. integrated into the genome were observed (Paschini et al. 2010).  Since this 

current set of stn1¯ mutations were also expressed on a CEN plasmid in a stn1-∆ 

strain, fluctuations in plasmid copy number might be masking a ts phenotype. To 

test this, diploid strains which were heterozygous for STN1 were constructed by 

integrating candidate stn1-ts alleles into the genome (see Materials and Methods 

for details), and haploid stn1 strains were generated by dissection. Five alleles 

(stn1-I73A, stn1-I73S, stn1-I79S, stn1-G137A and stn1-G137S) were chosen for 
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this analysis, based on the magnitude of the difference comparing growth at 23° 

vs. 36° when assessing the plasmid-based phenotype in a stn1-∆ strain (figures 

4.16 and table 4.2). 

Figure 4.19 — Characterization of stn1-I73S. Photo-micrographs of germinated stn1-I73S and 
stn1-I73S rad24-∆ spores. 
 

Dissection of the stn1-I73S/STN1 diploid revealed that the haploid stn1-

I73S strain was inviable, as germinated stn1-I73S spores were capable of 

undergoing only 1 to 2 divisions even at 23° (figure 4.19). This indicates that 

stn1-I73S is a null mutation, since stn1-I73S and stn1-∆ strains resulted in the 

same phenotype following dissection. Furthermore, germinated stn1-I73S rad24-

∆ spores were capable of forming microcolonies (figure 4.19), similar to our 

observations for stn1-∆ rad24-∆. Therefore, the apparent ts plasmid-based 

phenotype (viability at 23° to 32° and inviable at ≥ 34°) was not due to a 

thermolabile protein; consistent with this, western analysis did not reveal any 

change in steady state levels of the Stn1-I73S protein when examined by 

western analysis from extracts grown at 23° versus 36° (data not shown). This 

data suggested that viability of the stn1-∆ strain expressing the plasmid-borne 
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stn1-I73S mutation was due to increased plasmid copy number in response to 

selective pressure for viability. 

In contrast, dissection of the other heterozygous strains gave rise to viable 

stn1¯ haploid strains. Among this set of four strains, only the stn1-I73A strain 

exhibited a possible thermosensitive phenotype, as the mutant strain exhibited a 

noticeable growth defect at 30° compared to 23°, although growth was once 

again more severely affected at 34° to 36° (figure 4.20). 

Figure 4.20 — Characterization of stn1-I73A. Left: single colony streak-outs of isogenic stn1-
I73A and STN1 haploid strains (generated by dissection of a stn1-I73A/STN1 diploid), incubated 
at 23°, 30° and 36°. Right: telomere length analysis of stn1-I73A and STN1 isolates after ~40 
generations of growth at 23° or 30° 
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This slow gradient of impairment suggested that the stn1-I73A mutation 

might encode a partially defective protein even at permissive temperatures.  

Consistent with this, telomere length was substantially affected in the stn1-I73A 

strain even at 23°, although telomeres were further elongated when the strain 

was propagated at higher temperatures (figure 4.20).  Thus, the stn1-I73A 

encodes a protein which is most likely both hypomorphoric and thermolabile, with 

a partial loss of function at permissive temperature which is further exacerbated 

by growth at higher temperatures. 

 

Re-examination of a cdc13-1 suppressor reveals a complex genetic interaction 

between null mutations, cold-sensitivity and the Tmp¯ phenotype 

Several genome-wide screens for genes that enhance or suppress the ts 

growth of a cdc13-1 strain have yielded several hundred genes, implicating a 

wide number of molecular pathways in telomere capping (Downey et al. 2006; 

Addinall et al. 2008).  The analysis above indicates that temperature alone can 

impact telomere-related phenotypes, which adds an additional layer of complexity 

when interpreting the results from cdc13-1-based screens. To investigate this 

more closely, one candidate (CGI121) recovered from a cdc13-1 suppressor 

screen was re-examined. Since loss of Cgi121 function is capable of rescuing the 

temperature-dependent growth defects displayed by the hypomorphic cdc13-1 

strain and a yku80-∆ null strain(Downey et al. 2006), the question was whether a 

cgi121-∆ mutation would have a similar impact on the senescence phenotype of 
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a tlc1-∆ strain or the microcolony growth of a cdc13-∆ rad24-∆ strain. 

Dissection of cgi121-∆/CGI121 diploids revealed an unexpected surprise, 

however, which was that the cgi1-∆ strain was itself cold-sensitive for growth.  A 

comparison of colony sizes for CGI121 vs. cgi121-∆ strains following sporulation 

at 23°, 30° and 36° demonstrated that the cgi121-∆ strain exhibited a substantial 

growth defect at 23° which was largely alleviated by growth at 36° (figure 4.21). 

Figure 4.21 —Analysis of growth of cgi121-∆ strains and bypass of cdc13-∆. Left: 
comparison of colony sizes of CGI121 and cgi121-∆ isogenic strains, propagated at the indicated 
temperatures. Right: comparison of colony size of rad24-∆ cgi121-∆ vs. cdc13-∆ rad24∆ cgi121-
∆.  
 

A re-examination of prior published data by Durocher and colleagues 

indicates that a cold-sensitive growth defect had been previously observed for 

cgi121-∆ as well as for a strain with a null mutation in BUD32 (another member of 

the same complex(Downey et al. 2006)), supporting the results reported here.  

Thus, the growth phenotype of a cgi121-∆ strain is the consequence of two 

activities:  loss of Cgi121 function combined with an activity which is naturally 

impaired for function at 23° but not 36°.   

To assess for effects on senescence, tlc1-∆ and tlc1-∆ cgi121-∆ strains 

were propagated for ~75 generations following dissection at either 32° or 36° (at 

lower temperatures, the significant growth defect due to cgi121-∆ overwhelmed 



121	  

	  

the senescence phenotype). As shown in figure 4.22 (experiment conducted by 

Bari Ballew), loss of Cgi121 function significantly attenuated senescence at both 

temperatures. Thus, a null mutation in CGI121 acts as a partial bypass 

suppressor of a null mutation in telomerase, at least at high temperatures. 

Figure 4.22 — Loss of CGI121 function bypasses null mutations in telomerase. Comparison 
of the senescence phenotypes of 26 tlc1-∆ CGI121 isolates with 22 tlc1-∆ cgi121-∆ isolates at 
32° and 36°, analyzed as in figure 4.3. 
 

In contrast, the genetic interaction between null mutations in CGI121 and 

CDC13 was more complex. At 23°, the cgi121-∆ mutation was capable of 

bypassing the near-lethality of a cdc13-∆ rad24-∆ strain: CDC13 was no longer 

an essential gene in a cgi121-∆ rad24-∆ background, such that CDC13 cgi121-∆ 

rad24-∆ and cdc13-∆ cgi121-∆ rad24-∆ strains gave rise to equal sized (although 

small) colonies (figure 4.21). However, at higher temperatures, the difference 

between these two sets of strains became more obvious (data not shown). This 

reveals a complex genetic interaction between the cold-sensitive growth 

properties of the suppressor strain (cgi1121-∆) and the temperature-enhanced 

phenotypes of the cdc13-∆ rad24-∆ strain, as four genetic factors contributed to 
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the growth characteristics of the cdc13-∆ cgi121-∆ rad24-∆ strain at different 

temperatures (loss of Cdc13 function, loss of Cgi121 function, the Tmp¯ 

phenotype and the cold-sensitive activity).  Thus, whether the enhanced growth 

properties of the cdc13-∆ cgi121-∆ rad24-∆ strain is due to a genetic relationship 

between CDC13 and CGI121 cannot be determined. 

 

DISCUSSION 

Figure 4.23 — Effects of the Tmp¯ phenotype. A schematic depiction of the additive 
contribution of the Tmp¯ phenotype to the viability of strains bearing mutations in telomere-related 
proteins, based on a decline in “telomere function” which occurs with increasing temperature.  
Since the molecular basis for the Tmp¯ phenotype is unknown, “telomere function” is defined as 
the collection of activities that maintain chromosome ends as fully replicated and capped 
telomeres.	  
 

The results presented here, as well as in several prior studies, establish 

that there is an additional phenotypic consequence at telomeres when cells are 

grown at higher temperatures, particularly above 34°.  This phenotype can be 

observed even in wild type yeast and also contributes to the severity of 
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phenotypes displayed by yeast strains bearing null mutations in the Ku 

heterodimer (Feldmann & Winnacker 1993; Feldmann et al. 1996; Boulton & 

Jackson 1996), telomerase (figure 4.3) and the t-RPA complex (figure 4.6). In this 

chapter, the enhanced phenotype at higher temperatures is proposed to be the 

result of a synthetic genetic effect, as illustrated schematically in figure 4.23, 

between a mutation in a telomere-related complex combined with an additional 

defect which becomes particularly apparent at 34° to 36°. 

This temperature-dependent defect also complicates the analysis of 

missense mutations in subunits of each of these complexes, particularly for the 

essential genes CDC13, STN1 and TEN1, which suggests that a number of 

mutations in these three genes have been incorrectly categorized as 

temperature-sensitive alleles and are instead hypomorphic alleles. In particular, 

several observations argue against the long-standing assumption that cdc13-1 

encodes a conditional mutation. Even at 23°, cdc13-1 cells have reduced protein 

levels (figure 4.7) and thus presumably reduced CDC13 activity, which is 

consistent with the synthetic lethality even at 23° that occurs when cdc13-1 is 

combined with other telomere-specific mutations (Nugent et al. 1996; Polotnianka 

et al. 1998)(. Furthermore, Cdc13-1 protein levels (figure 4.7) as well as the 

ability of the mutant protein to associate with telomeres (Vodenicharov & 

Wellinger 2006) are unchanged following a shift to 36°. Given that the defect 

encoded by cdc13-1 is so substantial that it is barely compatible with viability at 

23°, we suggest that the combination of the cdc13-1 mutation with the defect that 
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gives rise to the Tmp¯ phenotype is responsible for inviability at 25° - 26°. 

Although the Tmp¯ phenotype is most obvious at 34° to 36° (where it affects the 

viability of telomerase- and Ku-defective strains), telomere length in wild type 

cells is slightly reduced even at 30° relative to 23°. Furthermore, in yku80-∆ cells, 

the robust DNA damage response that occurs at 37° (as measured by 

autophosphorylation of Rad53) can also be detected at 30° although to a lesser 

degree (Teo & Jackson 2001). These observations are consistent with the idea 

that the Tmp¯ phenotype can confer a synthetic defect even at lower 

temperatures (as illustrated in figure 4.23) in the presence of a severe mutation 

such as cdc13-1. 

The Tmp¯ phenotype is potentially the basis for incorrectly assigning ts 

properties to hypomorphic mutations in STN1 and TEN1 as well. In the extensive 

panel of stn1¯ missense mutations reported here, every stn1¯ strain which 

exhibited a telomere length defect at 23° (corresponding to mutations in 24 amino 

acids) was accompanied by reduced viability at 34° to 36°, a characteristic also 

displayed by the previously reported stn1-13 and stn1-63 mutant strains.  This 

behavior is also similar to a recently reported panel of ten1¯ mutations, which 

confer extremely elongated telomeres at permissive temperature, with growth 

impaired at 36° but not at lower temperatures (Xu et al. 2009). We suggest that 

these ten1 alleles are also hypomorphs, rather than mutations that confer 

thermolabile Ten1 function. Collectively, we propose that there are currently no 

bona fide stn1-ts or ten1-ts reagents that are wild type at permissive temperature 
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and depleted for the essential function encoded by STN1 or TEN1 following a 

temperature shift. 

 

Implications for analysis of telomere function at 36° 

Although attempts to identify conditional lethal mutations in STN1 were 

unsuccessful, we did recover five new cdc13-ts alleles with non-permissive 

temperatures between 30° and 33°. Unlike cdc13-1, these five mutations encode 

Cdc13 proteins that retain wild type, or near wild type, protein levels at 23° but 

are reduced by more than 10-fold at 36°. All five mutations map to the DNA 

binding domain (Mitton-Fry et al. 2002), with three residues (S531, N609 and 

S611) in close physical proximity (data not shown).  This suggests a region of the 

DBD that might be particularly prone to thermo-sensitive perturbations. 

The identification of these new cdc13-ts strain allowed to re-investigate a 

prior observation about the viability of Cdc13-depleted strains at non-permissive 

temperatures. Previous experiments, which have monitored the viability of cdc13-

1 vs. cdc13-1 rad9-∆ strains following prolonged incubation at 36° (Weinert & 

Hartwell 1993; Lydall & Weinert 1995) have concluded that loss of Cdc13 

function creates structure(s) which if left unrepaired, are lethal in the absence of 

Rad9 function (presumably as a consequence of unchecked cell cycle 

progression). The re-examination of this observation using a newly generated 

cdc13-ts allele (cdc13-S611L) which was non-permissive for growth at 30° (figure 

4.14), which allowed us to compare the loss of viability in the absence of RAD9 at 
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32°, 34° and 36°. Even though 32° was fully non-permissive for CDC13 function, 

loss of viability was minimal. However, elevating the temperature to 34° or 36° 

resulted in a substantial further reduction in viability. Collectively, these 

observations suggest that even in the absence of RAD9, loss of CDC13 function 

does not lead to inviability per se.  Instead, that lethality is the consequence of an 

additional defect occurring at 34° to 36°, when combined with rad9-∆ and cdc13 

depletion. If this proposal is correct, this suggests that hypotheses about the role 

of Cdc13 at telomeres as well as models derived from cdc13-1-induced DNA 

damage based on observations made at 34° to 36° may need to be re-visited, as 

the resulting phenotypes may be due to a more intricate set of genetic 

interactions than simply depletion of Cdc13.  This point is further illustrated by the 

complex epistatic interaction that we observed between cgi121-∆ and cdc13-∆ 

mutations at different temperatures (figure 4.21-22). 

These results also have implications for genome-wide suppression and 

enhancer screens which have monitored viability of cdc13-1 and yku70-∆ strains 

at temperatures ranging from 36° to 37.5°(Downey et al. 2006; Addinall et al. 

2008; Addinall et al. 2011).  At least some subset of genes recovered from these 

screens are presumably due to a genetic interaction with the Tmp¯ phenotype, 

rather than with either CDC13 or YKU70.  Although this does not negate the 

importance of these studies, the potential for such genes to further our 

understanding of telomere biology will require a fuller understanding of what 

telomeric process(es) are impaired by elevated temperature. 
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In addition, the impairment due to the reduction in Cdc13-1 protein levels 

suggests that a subset of genes recovered from such screens are involved in 

protein stability and/or turn-over, rather than telomere biology.  

 

What is the molecular basis for the Tmp¯ phenotype? 

This phenotype appears to be the consequence of a telomere-specific 

activity which is naturally temperature-labile even in wild type cells, as evidenced 

by telomere shortening at higher temperatures. This defect is presumably also 

responsible for the inviability observed in yku70-∆ and yku80-∆  strains, the 

enhanced senescence of telomerase-null strains and the reduced microcolony 

growth of RAD24-deficient cdc13-∆, stn1-∆ and ten1-∆ null strains at 36°. 

Consistent with the premise that a common defect is responsible, the 

appearance of inviability in Ku-depleted cells exhibits phenotype lag (Barnes and 

Rio 1997). Similarly, the additive effect of temperature on telomerase-defective 

strains becomes more pronounced in later generations (Figure 2). 

The temperature-induced inviability that occurs in yku70-∆ and yku80-

∆ strains propagated at 36° has been characterized in detail by multiple 

laboratories, although with somewhat differing conclusions as to the molecular 

basis for the causative lesion (Fellerhoff et al. 2000; Teo & Jackson 2001; Gravel 

& Wellinger 2002; Maringele & Lydall 2002; Smith et al. 2008).  Several studies 

have lent support to the idea that an altered terminal DNA structure, which is 

generated when telomeres fall below a minimal length, is responsible. The 
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shortening rate at 36° in Ku-depleted cells is inconsistent with a telomerase 

defect (Gravel & Wellinger 2002), which is also supported by our results 

indicating that the temperature-dependent reduction in telomere length is not due 

to an impaired ability of telomerase at 36°. These observations therefore argue 

for an active shortening mechanism which occurs at high temperature. 

Regardless of the molecular defect that underlies the Tmp¯ phenotype, 

this telomere-specific response is just one aspect of a pleiotrophic set of 

responses by cells to higher temperatures.  Cells have a well-orchestrated 

mechanism for response to temperature fluctuations.  Thus, other cellular 

pathways may also experience an analogous version of the Tmp¯ phenotype.  

The results described here also raise a cautionary note about using phenotypic 

analysis as the sole basis for categorizing ts mutations.  This suggests that 

efforts to create genome-wide epistasis maps using a comprehensive array of 

temperature-sensitive reagents may need to take this into account (Ben-Aroya et 

al. 2008; Li et al. 2011). 
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MATERIALS AND METHODS 

 

Yeast strains and plasmids: 

All yeast strains, described in table 4.3, were isogenic. Integrated alleles of 

CDC13 and STN1 were introduced into the genome as URA3 pop-in integrants, 

Ura¯ “pop-outs” were selected on 5-FOA, and the status of the CDC13 or STN1 

locus was assessed by PCR and sequencing, to confirm that the relevant 

mutation was correctly integrated.  A list of the plasmids, as well as the starting 

vectors used for each set of plasmid constructions, is shown in table 4.4 and 4.5. 

 

Genetic methods 

Standard genetic methods (telomere length analysis, tetrad dissection, 

plasmid shuffle, viability assays and flow cytometry) were performed as 

previously described (Lendvay et al. 1996; Paschini et al. 2010).  For senescence 

assays, the relevant diploid strains were dissected, and the growth 

characteristics of tlc1-∆ strains were analyzed by three successive streak-outs on 

rich media and scored for growth after 3 days.  This assay employed very large 

numbers of isolates, in order to address the high degree of variability displayed 

by telomerase-defective strains undergoing senescence; senescence was also 

assessed genotype-blind for the analysis shown in figure 4.22 (see (Gao et al. 

2010) for a more detailed discussion of this protocol).   
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Table 4.3 — Yeast strains used in this chapter. Additional genotype: *=ura3-52/ura3-52 lys2-
801/lys2-801 trp1-∆1/trp1-∆1 his3-∆200/his3-∆200  leu2-∆1/leu2-∆1 ; **=bar1-∆::cNAT ura3-52 lys2-801 
trp-∆1 his3-∆200 leu2-∆1 
Strain    Genotype   

 
JB811 MATa leu2 trp1 ura3-52 prb¯ prc¯ pep4-3 
YVL3006 MATα  cdc13-Δ::LYS2 ura3-52 lys2-801 trp1-∆1 his3-∆200 leu2-∆1 / pVL438 
YVL2394 MATa stn1-∆::kanMX6  ura3-52  lys2-801 trp1-∆1 his3-∆200 leu2-∆1 ade2-101/ p1046 
YVL3584* MATa/α  tlc1-Δ::HIS3/TLC1  
YVL3621* MATa/α  tlc1-Δ::HIS3/TLC1 cgi1121-∆::kanMX6/CGI121 ade2-101/ade2-101 
YVL2004* MATa/MATα  cdc13-∆::LYS2/CDC13 rad24-∆::HIS3/RAD24 ade2-101/ade2-101 
YVL3644* MATa/MATα  cdc13-∆::LYS2/CDC13 rad24-∆::HIS3/RAD24 ade2-101/ade2-101   

cgi1121-∆::cNAT/CGI121 
YVL2005* MATa/MATα  cdc13-∆::LYS2/CDC13 rad17-∆::HIS3/RAD17 ade2-101/ade2-101 
YVL2060* MATa/MATα  cdc13-∆::LYS2/CDC13 mec3-∆::kanMX6/MEC3 ade2-101/ade2-101 
YVL2072* MATa/MATα  cdc13-∆::LYS2/CDC13 rad50-∆::kanMX6/RAD50 ade2-101/ade2-101 
YVL2090* MATa/MATα  stn1-∆::kanMX6/STN1 rad24-∆::HIS3/RAD24 ade2-101/ade2-101 
YVL2091* MATa/MATα  ten1-∆::kanMX6/TEN1 rad24-∆::HIS3/RAD24 ade2-101/ade2-101 
YVL3461* MATa/MATα  stn1-I73A/STN1 
YVL3463* MATa/MATα  stn1-I73S/STN1 
YVL3474* MATa/MATα  stn1-G137A/STN1 
YVL3470* MATa/MATα  stn1-G137S/STN1 
YVL3658** MATa cdc13-S611L 
YVL3660** MATa cdc13-F684S 
YVL3662** MATa cdc13-S531F 
YVL3664** MATa cdc13-N609A 
YVL3666** MATa cdc13-F683L 
YVL3806** MATa cdc13-S611L rad9-∆::kanMX6 
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Table 4.4 — Plasmids used in this chapter 
 Plasmid                        Description                                              Vector backbone 

 
pVL438 CEN URA3 CDC13   
pVL440 CEN LEU2 CDC13   
pVL1086 CEN LEU2 CDC13-(myc)18   
pVL4222 CEN LEU2 cdc13-1-(myc)18   
pVL439 URA3 CDC13   
pVL1492 CEN LEU2 STN1 YCplac111 
pVL4919 CEN LEU2 stn1-63 YCplac111 
pVL4330 CEN LEU2 STN1-(G)9-(myc)7 pVL1492 
pVL4992 CEN LEU2 stn1-63-(G)9-(myc)7 pVL4330 
pVL4951 URA3 stn1-I73A YIplac211 
pVL4952 URA3 stn1-I73S YIplac211 
pVL4858 URA3 stn1-G137A YIplac211 
pVL4956 URA3 stn1-G137S YIplac211 

 
 
Table 4.5 — The panel of temperature-sensitive missense mutations introduced into the CDC13 
gene 

               Mutation                        Parental plasmids 
 

 pVL440 pVL1086 pVL439 

    
cdc13-F684S pVL3945 pVL5156 pVL5439 
cdc13-S531F pVL3948 pVL5157 pVL5440 
cdc13-F683L pVL3943 pVL5155 pVL5453 
cdc13-N609A pVL3956 pVL5158 pVL5441 
cdc13-S611L pVL3939 pVL5154 pVL5438 

 
Mutagenesis protocols 

Two forward mutagenesis screens of CDC13 were conducted. In the first, 

pVL440 (containing the intact CDC13 gene) was propagated in an E. coli mutator 

strain as described previously (Bertuch & Lundblad 2003) to generate a mutant 

library of 17,000 plasmids, which was transformed into YVL3006 (a cdc13-∆/ p 

CDC13 URA3 shuffle strain).  Transformants were subsequently screened for 

viability at 23° and 36° by replica-plating onto 5-FOA-containing media. In the 
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second screen, a DNA fragment encompassing the DNA binding domain (DBD) 

of Cdc13 (amino acids 452 to 694) was subjected to PCR under error-prone 

conditions in the presence of 10 mM MnCl2 and one-by-one limiting 

concentrations of each of the four dNTPs.  Pooled PCR products were co-

transformed with pVL440 gapped by digestion with BamHI and NruI into the 

cdc13-∆/ p CDC13 URA3 shuffle strain.  The resulting 30,000 yeast 

transformants bearing the gap-repaired plasmids were screened for viability at 

23°, 30° and 36° by replica-plating onto 5-FOA-containing media. For both 

screens, candidate plasmids were rescued, re-transformed to confirm the ts 

phenotype and subsequently sequenced. Residues for reverse mutagenesis 

were selected by submitting the Cdc13 DBD or the Stn1 N-terminal OB-fold 

domain to the Evolutionary Trace server (http://pdbjets.protein.osaka-u.ac.jp/); 

residues ranked in the top 10% (for Cdc13) or the top 20 residues (for Stn1) were 

chosen for mutagenesis. 

 

Chapter 4 contains excerpts from material as it appears in Paschini M., 

Toro T.B., Lubin J.W., Braunstein-Ballew B.J., Morris D.K., & Lundblad V. (2012). 

A naturally thermolabile activity compromises genetic analysis of telomere 

function in Saccharomyces cerevisiae. Genetics, (191), 79-83. On this 

publication, I was the primary author. Vicki Lundblad directed and supervised the 

writing that provides the basis of this chapter. 
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Chapter 5: 
 

Two classes of t-RPA alleles define a 
new essential function for the t-RPA 

complex. 
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In chapters 2 and 3, the t-RPA complex was mainly examined by a 

structural point of view: little was known about the Cdc13-Stn1-Ten1 complex, 

and the homology with the RPA complex was exploited to start defining the 

general structure and the domain distribution of the three subunits of the t-RPA 

complex through genetic and bioinformatics means. As of now, after a number of 

published structural studies, the t-RPA and the RPA complex are known to share 

an almost identical physical organization with some critical differences: the 

exquisite affinity of the large subunit Cdc13 for single-stranded telomeric DNA 

and the presence of second wHTH domain at the C-terminus of Stn1. These two 

domains can be therefore used to dissect the specific functions of the t-RPA 

complex. 

The phenotypic analysis of mutants in the DNA-binding-domain of Cdc13 

that disrupt the affinity for telomeric DNA presented in this chapter, revealed a 

significant challenge to the canonical “capping” function of the t-RPA complex. 

Furthermore the epistatic analysis of these mutants and of those mutations 

associated with the destruction of the proposed interacting surface of Stn1 

identified in chapter 3, revealed a similar network of genetic interactions. Notably, 

despite the opposite effects on telomere length, the two classes of mutants 

equally exacerbated the progression of senescence in yeast strains lacking 

telomerase.  
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INTRODUCTION 

In S. cerevisiae, a trimeric complex formed by the essential proteins 

Cdc13, Stn1 and Ten1, plays a critical role in telomere maintenance. According 

to the canonical model, after DNA replication is complete, this complex binds to 

end of each chromosome thanks to the high affinity of the DNA binding domain of 

its main subunit, Cdc13, for telomeric single-stranded DNA(Hughes et al. 2000; 

Mitton-Fry et al. 2002). Once bound, the t-RPA complex is thought to ultimately 

mediate two main pathways: one that guarantees telomere integrity and the other 

one that regulates telomere length. 

The t-RPA complex is in fact, believed to protect the telomere architecture 

preventing the resection of the telomeres themselves by a complex network of 

nucleases, a function dubbed “telomere capping”. This assumption is based on 

the observation that mutants in any of t-RPA subunits cause the uncontrolled 

accumulation of telomeric single-stranded DNA that, in the most extreme cases, 

is thought to induce a DNA damage response and eventually a cell cycle 

arrest(Garvik et al. 1995; Weinert & Hartwell 1993). The loss of the nuclease 

Exo1 has been showed to restore both viability and ss-DNA accumulation, 

framing this protein as one of the major responsible for telomere 

resection(Maringele & Lydall 2002).  

 At the same time, the t-RPA complex is involved in telomere length 

control through a direct interaction between the telomerase regulatory component 

Est1 and the recruitment domain of Cdc13(Evans & Lundblad 1999; Pennock et 
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al. 2001): single point mutations that disrupt this interaction, prevent the 

recruitment of telomerase to telomeres, phenocopying the complete of loss of 

telomerase enzymatic activity. Furthermore, the t-RPA complex seems to have a 

negative regulatory function on the action of telomerase given how multiple t-RPA 

mutants show a significant telomere elongation as for example those described in 

chapter 3(Chandra et al. 2001; Grandin et al. 2001; Gelinas et al. 2009). 

A number of other factor are believed to be involved in both processes: the 

Rif1-Rif2-Rap1 complex can supposedly measure the length of each telomere 

and negatively regulate the access of telomerase to its substrates when 

needed(Marcand et al. 1997); on the other side, strains carrying null mutants of 

the kinase Tel1 maintain very short telomeres. Mutations in Pol12, one of the 

components of the DNA polymerase α/primase machinery, show accumulation of 

ss-DNA coupled with a significant telomere elongation(Grossi et al. 2004) while 

mutants in the Ku80/Ku70 dimer match the accumulation of telomeric ss-DNA 

with extremely short telomeres(Feldmann & Winnacker 1993; Feldmann et al. 

1996).  

The molecular mechanisms that underlie the relationships between all 

these factors and complexes are still largely unknown and more importantly, 

many of them have been recently challenged in their core assumptions by a 

number of published observations. For example, if the Rif1-Rif2-Rap1 complex 

controls the activity of telomerase, counting the length of each telomere, loss of 

any of its components shouldn’t show any additive or negative effect when 
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combined with a telomerase null-mutation. This is not the case, in fact a tlc1-∆ 

rif2-∆ senescence, much faster than a tlc1-∆ strain, suggesting a more complex 

role for, at least, the Rif2 protein in telomere homeostasis(Ballew & Lundblad 

2013). Along the same lines, despite showing a short telomere phenotype in the 

presence of telomerase, the loss of tel1-∆ slows down the progression of 

senescence in a strain lacking telomerase, hinting once again to a more complex 

role than just regulation of telomerase activity(Ballew & Lundblad 2013). 

The building blocks of the current model stemmed largely from a single 

allele of Cdc13, cdc13-1. This allele was extensively used for phenotypic and 

epistatic studies on the assumption that at non-permissive temperature (usually 

36° or 37°), its thermolabile properties would ensure its ablation from the cellular 

context. As demonstrated in chapter 4, the results of all these studies are 

susceptible to two main problems; first, even at non-permissive temperature, the 

protein Cdc13-1 is not degraded and it’s actually still bound to telomeres; 

secondly, at temperature higher than 34, telomere homeostasis is already 

compromised by a complex and still unknown temperature-dependent 

process(Paschini et al. 2012).  

Furthermore, the basic observation that supports telomere “capping” as 

the essential function of the t-RPA complex is based on the accumulation of 

telomeric single-stranded DNA and subsequent arrest of the cell cycle when a 

strain carrying the cdc13-1 allele, is shifted at non-permissive temperature. The 

model in fact postulate how telomeres deprived of their “cap”, are now subject to 
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uncontrolled resection of their CA-rich strand. This assumption predicts a 

continuity of the single stranded accumulation as the CA-rich strand gets 

systematically resected (figure 5.1). Notably, a piece of data buried in a 

publication from the Nugent lab seems to unequivocally show that the single-

stranded DNA accumulation is actually interspersed as it doesn’t result to be 

sensitive to systematic degradation by the 3’-5’ Exonuclease I from E. coli (figure 

5.1, (Xu et al. 2009)). 

Figure 5.1 – Possible conformation of the observed telomeric ss-DNA accumulation. Top: 
schematic of a normal telomere; in RED the telomeric sequence. Bottom: the two possible 
conformations of accumulated ss-DNA at telomere. On the left the model expected by the current 
model (continuous resection); on the right the alternative interspersed model supported by the 
Exonuclease I resistance tested by the Nugent lab. 
 

To better investigate these inconsistencies, the homology between the 

RPA and the t-RPA complex was used to elucidate the function of the Cdc13-

Stn1-Ten1 complex, shifting the attention on those features that critically 

differentiate the two complexes: the exquisite affinity for telomeric ss-DNA of the 

DNA binding domain of Cdc13 and the extra wHTH domain found at the C-

terminal of Stn1. Therefore, instead of using mutations that grossly impaired the 



139	  

	  

function of each protein, single point mutants that surgically impaired each of the 

two domains were used. 

Studies described in chapter 3, lead to the identification of three clustered 

residues in the C-terminal domain of Stn1 that when mutated resulted in the 

impairment of a specific telomeric function. On the other hand, analyses 

preformed by multiple former members of the Lundblad lab (and the described in 

the below), identified a set of point mutants in the DNA contact residues of 

Cdc13(Anderson et al. 2002) that, at various degrees, impaired the affinity of the 

DNA binding domain for telomeric sequence. These two classes of mutants 

(Cdc13DBD and Stn1Cter mutants) were integrated into the genome and their 

phenotypic and epistatic features were analysed. Despite opposite 

consequences on telomere architecture, the two sets of mutants shared the 

ability to activate a DNA damage response. Even more interestingly in the 

absence of telomerase, both classes of alleles strongly accelerated senescence. 

 

RESULTS 

 

Characterization of single point mutants in the DNA contact residues of Cdc13 

(performed entirely by former members of the Lundblad lab) 

The crystal structure of the DNA binding domain (DBD) of Cdc13, solved 

by the Wuttke lab, allowed the precise identification of the residues responsible 

for binding with high affinity the telomeric ss-DNA(Anderson et al. 2002; Mitton-
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Fry et al. 2002; Mitton-Fry et al. 2004). Each of these residues was mutated into 

alanine and tested for the ability to bind telomeric ss-DNA in vitro (Wuttke lab, 

(Anderson et al. 2002) and personal communication) and for their phenotype in 

vivo when substituted to the wild type Cdc13 (performed by Tasha Toro, 

Lundblad lab). 

Mutations in a group of 4 conserved and clustered residues binding the 5’-

end of the telomeric oligonucleotide, caused a significant loss of affinity for 

telomeric DNA in vitro (more than 500x, (Anderson et al. 2002)) paired with a 

complete loss of viability when tested in vivo. These observations suggest that 

the high affinity of the DNA binding domain of CDC13 for TG-rich ss-DNA is 

necessary to sustain the essential function of the t-RPA complex (figure 5.2). 

Figure 5.2 – The cluster of 4 essential residues in the DBD of Cdc13. Top: DNA binding 
domain of CDC13, in RED the 4 residues whose KD is reported in the table (Anderson et al. 
2002). Bottom: viability of cdc13DBD mutations, expressed by the CDC13 native promoter and on 
a CEN plasmid (wild type or mutant versions of pVL440), which were transformed into a cdc13-∆ / 
p CDC13 URA3 shuffle strain (YVL3006); serial dilutions were plated on selective plates to 
monitor total viable cells and on 5-FOA-containing plates, to monitor viability following loss of the 
covering CDC13 plasmid. 
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Alanine mutations introduced in the other 14 DNA-contact residues 

resulted in a varied but less pronounced loss of affinity for the telomeric ss-DNA 

in vitro; when tested in vivo, these mutants similarly showed a variety of 

phenotype from almost inviable ones to mutant fully able to sustain normal 

growth (figure 5.3). Notably, the viability phenotype didn’t always correlate 

perfectly with the in vitro data from the Wuttke lab; a possible explanation of this 

phenomenon could be related to the thermodynamic properties that regulate the 

contact DNA-Cdc13 in vitro vs. in vivo.  

Figure 5.3 – The viable mutants on the DNA contact residues of Cdc13 DBD domain. Top: 
DNA binding domain of CDC13, in GREY the 4 residues reported in figure 5.2; from ORANGE to 
YELLOW: location of the viable mutants from more severe (DARK ORANGE) to less severe 
(YELLOW). Bottom: viability of cdc13DBD mutations as tested in figure 5.2 and table to summarize 
the in vitro data from the Wuttke lab(Anderson et al. 2002).  
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Initially, a modified chromatin immuno-precipitation experiment (ChIP) 

performed by Ed Mandell, confirmed in vivo the loss of affinity reported in vitro by 

the Wuttke lab. In this assay myc-tagged versions of the most significant mutants 

were expressed in yeast from their native promoter and used in whole cell extract 

pulled-downs with an anti-myc antibody without chromatin crosslinking. The 

resulted samples were then tested by q-PCR to assess the presence of telomeric 

DNA (figure 5.4).  

Figure 5.4 – Modified ChIP assay confirms the loss of affinity for telomeric DNA. Left: 
qPCR quantification of telomere 15R vs. the house-keeping gene ACT1. Right: Western blot 
analysis of the myc pull-downs shows equal amount of Cdc13.  
 

According to the canonical model, the phenotypes of this class of mutants 

are easily explained by the fact that the loss of Cdc13 at telomeres, is expected 

to induce the accumulation of telomeric ss-DNA and consequentially a DNA 

damage response followed by a complete cell cycle arrest in the most severe 

mutants. To test this model, the telomere architecture of some mutants was test 

to measure the extension of the single stranded G-rich sequence (figure 5.5).  
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Figure 5.5 – Cdc13DBD mutants have a normal telomere structure. Left: Native southern blot 
probed with a P32-labeled telomeric oligonucleotide. Right: Blot showed on the left after 
denaturation and probed with the same P32-labeled telomeric oligonucleotide. 
 

Surprisingly, as shown in figure 5.5, all the mutants tested showed not 

only a wild type telomere length, but, most importantly, an accumulation of G-rich 

ss-DNA comparable to a wild type strain.  Even those mutants that showed a 

significant delay in the progression of the cell-cycle (cdc13-F539A and cdc13-

K622A), seemed able to maintain a normal telomere structure even when grown 

at high temperature (experiment performed by Hua Gao).  

This unexpected result promoted a careful analysis of the causes of the 

growth defect shown by these mutants. A cell cycle progression analysis showed 

a significant G2/M delay in all the growth-impaired mutants that could be rescued 

by loss of Rad9 or Rad24 (figure 5.6, performed by Tasha Toro). Strains carrying 

cdc13-F539A or cdc13-K622A showed a significant induction of Rad53 hyper-

phosphorylation (figure 5.7, performed by Hua Gao) and an increase in genomic 
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instability as assessed through the extra-chromosome loss assay (figure 5.8, 

performed by Bari Ballew, (Hieter et al. 1985)). 

Figure 5.6 – Cdc13DBD mutants are rescued by loss of RAD9 or RAD24. Flow cytometry 
profile of log-phase cultures, fixed and stained with SYTOX green shows the cell cycle 
progression analysis of the indicated strains; each graph represents data from 50,000 cells 
Strains obtained as described in figure 5.2. The rad9-∆ cdc13-∆ / p CDC13 URA3  and rad24-∆ 
cdc13-∆ / p CDC13 URA3 shuffle strains were obtained by one-step gene replacement with a 
KanMX6 cassette. 

Figure 5.7 – Rad53 is hyper-phosphorylated in strains carrying the cdc13DBD mutants.  
In a cdc13-∆ / p CDC13 URA3  shuffle strain carrying the Rad53-(FLAG)6 construct at its genomic 
locus, the indicated myc-tagged cdc13DBD mutants were tested after eviction of the URA3 
recovery plasmid. Protein whole cell extracts treated or mock-treated with λ-PPase were resolved 
on a SDS-PAGE and probed with anti-myc antibody. 
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Figure 5.8 – Genomic instability is increased in strains carrying the cdc13DBD mutants. A 
CDC13 shuffle strain carrying a dispensable artificial chromosome was transformed with 
pVL440 or mutant derivatives of pVL440, were plated on adenine-deficient medium 
(following loss of the covering wild type CDC13 plasmid) and incubated for 5 to 7 days, 
to allow the appearance of sectored colonies, corresponding to loss of a non-essential 
chromosome.  
 

Collectively this data strongly suggest that impairment of the DNA 

interacting surface, despite not resulting in any gross modification of telomere 

structure, springs a significant DNA damage response that in the most severe 

cases is only barely compatible with viability. 

 

Epistasis analysis of Cdc13 mutants. 

To cast a light on the mechanism behind the DNA damage response 

triggered by mutations in the DNA binding domain of Cdc13, an epistatic screen 

was performed to determine the genetics interactions of this particular class of 

mutants with genes involved in telomere maintenance as well as in DNA 

replication and repair.  

The original cdc13-∆ / p CDC13 URA3 shuffle strain of Cdc13 was 
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modified via one-step gene replacement in order to generate a set of strains 

carrying single genomic deletion in the following genes: RAD51, SGS1, RAD50, 

RRM3, RAD52, SRS2, EXO1, RIF1, RIF2 and XRS2. As in the Stn1 epistatic 

analysis reported in Chapter 3 each one of these strain was transformed with a 

set of Cdc13 plasmids carrying different Cdc13DBD mutants chosen to represent 

the variety of phenotypes observed in vivo (figure 5.10):  three apparent 

innocuous mutants (cdc13-I578A, cdc13-Y556A and cdc13-Y561A), two severe 

ones (cdc13-K622A and cdc13-D505A) and one of the lethal alleles (cdc13-

Y522A).  

Given the high potential and the fairly repetitive nature of this kind of 

analysis, other Cdc13 alleles, probing other functions of Cdc13 and therefore not 

primary topics of this chapter, were included. Two of the temperature sensitive 

alleles described in chapter 4 (cdc13-S611L and cdc13-F684S, figure 5.9, 

(Paschini et al. 2012)) were compared to the widely used hypomorphic mutant 

cdc13-1 (figure 5.9). Two other classic alleles of Cdc13 were probed: cdc13-2, 

the senescing allele carrying a point mutant in the recruitment domain that is 

incapable of recruiting telomerase (figure 5.11, (Lendvay et al. 1996)), and 

cdc13-5, a frame-shift mutation that causes the loss of the C-terminal OB-fold 

(figure 5.9, (Chandra et al. 2001)). The framework of the epistatic analysis was 

completed by 4 other point mutants, 2 in the N-terminal OB-fold and 2 in the C-

terminal OB fold of Cdc13, known to cause an alteration of telomere length 

(cdc13-K129E, cdc13-D150R, cdc13-E862R and cdc13-E867R, figure 5.11, 
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personal communication from John Lubin).  

The 15 Cdc13 alleles, along with the wild type CDC13, were transformed 

in each one of the 10 modified yfg-∆ cdc13-∆ / p CDC13 URA3 shuffle strains 

and after eviction of the URA3 recovery plasmid the growth of each strain was 

compared to identify genetic interactions. 

Figure 5.9 – Epistasis analysis of the cdc13-ts mutants and cdc13-5. Mutant alleles of 
CDC13 were transformed into the indicated yfg-∆ cdc13-∆/ pCEN CDC13 URA3 shuffle strain. 
The resulting strains were grown overnight in culture and viability was assessed by plating serial 
dilutions on pre-warmed 5FOA containing media plates, incubating at 23, 28, 30, 32 or 3 degrees 
and photographing after 3 days. 
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Figure 5.10 – Epistasis analysis of the cdc13DBD mutants. Mutant alleles of CDC13 were 
transformed into the indicated yfg-∆ cdc13-∆/ pCEN CDC13 URA3 shuffle strain. The resulting 
strains were grown overnight in culture and viability was assessed by plating serial dilutions on 
pre-warmed 5FOA containing media plates, incubating at 23, 30 or 36 degrees and 
photographing after 3 days. 
 

The obtained results are summarized in table 5.1 for clarity. The alleles 

cdc13-2 and cdc13-5 didn’t yield any particular result. In the case of the cdc13-2 

mutant, each strain should have been probably propagated for a longer period of 
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time to reveal senescence associated phenotypes.  

Figure 5.11 – Epistasis analysis of cdc13-1, and the first and fourth Cdc13 OB-folds 
mutants. Mutant alleles of CDC13 were transformed into the indicated yfg-∆ cdc13-∆/ pCEN 
CDC13 URA3 shuffle strain. The resulting strains were grown overnight in culture and viability 
was assessed by plating serial dilutions on pre-warmed 5FOA containing media plates, 
incubating at 23, 30 or 36 degrees and photographing after 3 days 
 
Table 5.1 – Summary of the epistasis analysis showed in fig. 5.9 to 5.11. The growth of each 
indicated strain is reported from completely wt (++++) to extremely sick (+). In the case of the 
temperature sensitive alleles, the lowest non-permissive temperature is reported.  

 

 
- rad51-Δ sgs1-Δ rad50-Δ rrm3-Δ rad52-Δ srs2-Δ rif1-Δ xrs2-Δ rif2-Δ exo1-Δ 

CDC13 +++++ ++++ +++++ ++++ +++++ ++++ +++++ +++++ ++++ +++++ +++++ 
cdc13-2 +++++ +++++ +++++ ++++ +++++ ++++ +++++ +++++ ++++ +++++ +++++ 
cdc13-5 +++++ ++++ ++++ +++ +++++ +++ +++++ +++ +++ +++++ +++++ 
cdc13-1 29 28 28 26 30 28 26 26 26 31 34 
F684S 35 34 34 32 35 32 34 33 33 >36 >36 
S611L 31 29 29 27 33 29 29 30 26 33 34 
I578A +++++ ++++ +++++ ++ +++++ +++ +++++ +++++ +++ +++++ +++++ 
Y561A +++++ +++ +++++ +++ +++++ ++++ +++++ +++++ ++++ +++++ +++++ 
Y556A +++++ +++ +++++ +++ +++++ ++++ +++++ +++++ +++ +++++ +++++ 
K622A - - - - + - - - - ++ ++ 
D505 - - - - - - - - - + + 
Y522A - - - - - - - - - - - 
D150R +++++ ++++ +++++ +++ +++++ +++ +++++ +++++ ++++ +++++ +++++ 
K129E +++++ ++++ ++++ +++ +++++ +++ +++++ +++++ ++++ +++++ n/a 
E862R ++++ +++ ++++ ++ ++++ +++ ++++ ++++ ++++ +++++ ++++ 
E867R +++++ +++++ +++++ ++++ +++++ ++++ +++++ +++++ ++++ +++++ +++++ 
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The mutants in the first and fourth OB-fold domains of Cdc13 were 

similarly not useful to isolate particular genetic interactions that would cast a light 

on the functions of these two domains. On the other hand, the temperature 

sensitive alleles cdc13-S611L and cdc13-F684S were significantly rescued by 

loss of EXO1 or RIF2 while the absence of the MRX complex (data from the two 

components RAD50 and XRS2) and to a lesser extent of RIF1, RAD52 and 

SRS2 exacerbated the temperature sensitive phenotype lowering the maximal 

non-permissive temperature.  

Returning to the analysis of the DNA binding domain mutants of Cdc13 

and at the cause of the DNA damage response that they trigger, similarly to the 

Cdc13 ts alleles, also the almost lethal cdc13-K622A and cdc13-D505A 

mutations were rescued by loss of both RIF2 and EXO1. At the same time, the 

apparent healthy alleles cdc13-I578A, cdc13-Y561A and cdc13-Y556A showed a 

negative genetic interaction with the two members of the MRX complex. 

Interestingly, when tested at high temperature, the loss of the single stranded 

binding protein RAD51, became incompatible with these same mutants leading to 

an almost complete loss of viability. Notably, even thought the alleles cdc13-

I578A, cdc13-Y561A and cdc13-Y556A had shown wild type-like phenotypes in 

the tests mentioned above, their defect can be exposed in particular genetic 

backgrounds. 
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Genomic integration of cdc13DBD and stn1Cter mutants 

 Both the epistasis studies on the Cdc13 as well as on the Stn1 mutants 

showed in chapter 3, were conducted using low copy number plasmids to carry 

the various alleles in the yeast cells. The reason for this strategy was the obvious 

speed in the execution of the experiment that this kind of approach guaranteed. 

However, as mentioned already in this dissertation, the use of plasmids (even 

low-copy number ones) is subjected to a selective pressure that can drive up the 

number of copies present in each single cell and greatly mitigate the actual 

phenotype associated with a certain allele(Paschini et al. 2010). Moreover, some 

of the gene deletions tested in these studies could themselves have an effect on 

the number of plasmids that a given yeast strain can support, further complicating 

the analysis. To ensure the proper analysis of the cdc13DBD mutants as well as of 

the stn1Cter mutants, yeast strains were generated bearing these mutants at their 

original genomic locus by pop-in/pop-out gene replacement. 

As expected, the integration of the mutants lead to a general exacerbation 

of the phenotypes observed. In the case of the cdc13DBD mutants, while the 

integration of the mild alleles cdc13-I578A and cdc13-Y561A yielded yeast 

strains whose growth was essentially comparable to a wild type strain (data not 

shown), the severe mutant cdc13-F539A was barely viable as assessed by the 

dissection of a cdc13-F539A/CDC13 diploid strain, (figure 5.12). With a similar 

approach (dissection of a cdc13-K622A/CDC13 diploid strain), it was determined 

that an haploid yeast strain carrying the mutant cdc13-K622A at its genomic 



152	  

	  

locus, can, at the most, execute 2-5 cell divisions before arresting as judged by 

the formation of micro-colonies of various sizes 3 days post dissection (figure 

5.12).  

Figure 5.12 – Growth phenotype of cdc13-F539A and cdc13-K622A – integrated mutants. 
Left: tetrad dissection from diploid strain cdc13-F539A/CDC13. Right: After dissection of diploid 
strain cdc13-K622A/CDC13, cdc13-K622A spores were photographed after growth was complete 
(72 hours at 30) with a Zeiss Axioskop 50 with a Nikon Digital Sight DS-5M camera; multiple 
isolates were examined for each genotype, and representative examples are shown. 
 

Figure 5.13 – Growth phenotype of cdc13-Y556A Y558A – integrated mutant. Left: tetrad 
dissection from diploid strain cdc13-Y556A Y558A/CDC13. 
 

The integration of the cdc13DBD allele, yielded two healthy strains (cdc13-

I578A and cdc13-Y561A) and a significantly impaired one (cdc13-F539A). In 

order to best cover the range of phenotypes induced by the impairment of the 

Cdc13-DBD domain, a new allele was integrated whose resulting growth was 
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moderately impaired but not as radically as in a strain carrying the cdc13-F539A 

mutant (figure 5.13). This mutant carries two apparently innocuous single point 

mutants (tested separately in figure 5.3): their combination causes a significant 

delay in the cell cycle that is presumably mediated by the loss of affinity for the 

telomeric ss-DNA in vitro (test in progress by the Wuttke lab).  

Figure 5.14 – Telomere length of the integrated cdc13DBD mutants. The indicated strains 
were grown for ~25 generations in solid rich media, single colonies were grown O/N in liquid rich 
media and genomic DNA was extracted by Wizard prep. The gDNA was digested and analyzed 
by southern blot with a telomeric specific probe.  
 

As shown in figure 5.5, telomere length wasn’t affected by any of these 

mutants when they were expressed from a low-copy number plasmid. However, 
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when integrated, these same mutations showed a subtle but highly repeatable 

telomere elongation (figure 5.14) that didn’t correlate proportionally with the 

severity of the growth phenotype given the similarity between the healthy mutants 

(cdc13-I578A and cdc13-Y561A) and the sicker cdc13-Y556A Y558A. Notably, in 

a strain carrying the severe mutant cdc13-F539A, the usual arrangement of 

telomeric bands generated by the XhoI digestion resulted slightly distorted, and in 

at least one isolate, it strongly resembled the pattern of a type-2 senescence 

survivor yeast strain(Lundblad & Blackburn 1993). 

Figure 5.15 – Growth impairment associated with stn1-W466E – integrated mutant. Two 
isolate each for wild type and stn1-W466E were streaked out on rich media and photographed 
after 3 days of incubation at 30°. 
 

Similarly, mutations in the hypothetical interacting surface of the C-

terminal domain of Stn1, discussed in chapter 3, were integrated at the Stn1 

genomic locus. The mutants stn1-H486A, stn1-H486D, stn1-Y489A and stn1-

Y489F maintained a physiological growth (data not shown) accompanied by a 

telomere length elongation more severe than what showed in chapter 3 where 

these same mutants were expressed from a low copy number plasmid. On the 

other hand mutations in the W466 residue, lead to severe growth impairment: 

stn1-W466R resulted incompatible with viability while the stn1-W466E mutant 
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showed a significant delay in the cell cycle progression paired with extreme 

telomere elongation (figure 5.15 and 5.16).  

Figure 5.16 – Telomere length of the integrated stn1Cter mutants. The indicated strains were 
grown for ~25 generations in solid rich media, single colonies were grown O/N in liquid rich media 
and genomic DNA was extracted by Wizard prep. The gDNA was digested and analyzed by 
southern blot with a telomeric specific probe.  
 
Epistasis studies with integrated cdc13DBD and stn1Cter mutants 

The cdc13DBD integrated mutants were firstly used to confirm the genetic 

interactions uncovered in the epistasis screen described above. To minimize the 

onset of artifacts, for every combination of mutants tested, a heterozygote diploid 

strain was constructed and consequently dissected. As expected from the 

epistasis screen, the loss of the nuclease Exo1, significantly but not completely 

rescued the growth phenotype of cdc13-F539A and the lethality of cdc13-K622A 
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(figure 5.17).  

Figure 5.17 – The loss of EXO1 rescues the cdc13DBD mutants. Left: dissection of cdc13-
F539A/CDC13 exo1-∆/EXO1. Right: dissection of cdc13-K622A/CDC13 exo1-∆/EXO1. Dissection 
plates were photographed after 3 days on incubation at 30 and genotyped. 
 

Figure 5.18 – The loss of RAD51 exacerbate the growth impairment of cdc13-F539A. Two 
isolate each for cdc13-F539A and rad51-∆ cdc13-F539A were streaked out on rich media and 
photographed after 3 days of incubation at 30°. 
 

On the other hand, in the epistatic screen, the loss of RAD51 had showed 

a negative effect on the growth of the healthier cdc13DBD mutants. After 

dissection from a diploid strain heterozygous for the loss of RAD51 and for one of 

the cdc13DBD mutants, cdc13-I578A or cdc13-Y561A spores were compared to 

sister spores carrying also the RAD51 deletion. At 30°, no growth differences 
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could be recognized between any of the healthier cdc13DBD mutants vs. rad51-∆ 

cdc13DBD spores (data not shown). However, in more challenging conditions, the 

poor growth of cdc13-F539A, is even further exacerbated by the loss of RAD51 

(figure 5.18). 

Similarly the stn1Cter mutants were tested in a heterozygous diploid strain 

for their potential genetic interaction with RAD51. None of the mutants tested, 

(stn1-W466E, stn1-Y486A, stn1-Y486D, stn1-Y489A and stn1-Y489F) showed 

any kind of epistatic relationships with the loss of RAD51: the viability of the 

strains was unchanged as was their gross average telomere length as judged by 

southern blot analysis (data not shown).  

Figure 5.19 – The cdc13DBD mutants are synthetic lethal with the stn1Cter alleles. Top: 
dissection of cdc13-Y561A/CDC13 stn1-W466E/STN1. Middle: dissection of cdc13-I578A/CDC13 
stn1-W466E/STN1. Bottom: dissection of cdc13-Y556A Y558A/CDC13 stn1-W466E/STN1. 
Dissection plates were photographed after 3 days on incubation at 30 and genotyped.  
 

Finally, to better characterize the stn1-W466E allele, its genetic interaction 
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with the cdc13DBD alleles was assessed. Diploid strains heterozygous for stn1-W466E 

and for one of the cdc13DBD alleles were constructed and dissected. In all three 

cases, the stn1-W466E growth phenotype was exacerbated by any of the three 

cdc13DBD mutants: notably the addition of cdc13-I578A mutant to the stn1-

W466E produced an inviable yeast strain, able to replicate only an handful of 

times before arresting. Given the healthy phenotype normally associated with 

cdc13-I578A, the two classes of mutants are synthetic lethal (figure 5.19).  

 

The cdc13DBD and stn1Cter mutants exacerbate the progression of senescence 

The telomere length of a wild type yeast strain is maintained at ~350bp. 

This number is determined by the equilibrium of two forces: the constant erosion 

of telomeric repeats associated with each replicative cycle (the end-replication 

problem) and the action of telomerase that adds new telomeric sequences at the 

end of the telomeres. In yeast, the telomerase nucleo-protein complex is formed 

by the regulatory subunits Est1 and Est3, the catalytic core Est2 and the template 

RNA Tlc1(Lendvay et al. 1996; Singer & Gottschling 1994). Any of these 4 

components are essential for adding new telomeric repeats to the ends of the 

chromosome and the loss of any of them, leads to replicative senescence: the 

progressive shortening of the telomeres coupled with increasing impairment to 

the cell-cycle progression and eventually death.  
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To further assess their involvement in telomere maintenance, both classes 

of alleles, the Cdc3 DNA-binding domain and the Stn1 C-terminal domain 

mutants, were tested for their effect on the progression of senescence in a strain 

lacking telomerase activity. This experiment was conducted comparing the 

growth profile on rich media over multiple generations of yeast strains lacking 

telomerase in the presence or absence of the Cdc13 or Stn1 mutant (Ballew & 

Lundblad 2013; Gao et al. 2010). For each strain, a large number of isolates 

were tested to deal with the high phenotypic variation usually associated with 

senescence.  

Figure 5.20 – The cdc13-I578A mutants greatly exacerbate senescence. Spores from the 
dissection of the cdc13-I578A/CDC13 tlc1-∆/TLC1 diploid strain were consequentially strecked 
out on rich media to evaluate fitness. Each consecutive streak was judged to require ~25 
generations. Two isolated per genotype are represented.  
 

Surprisingly, both the Cdc13 and Stn1 alleles shared an identical result: 

when introduced in a strain lacking a functional telomerase, they significantly 

accelerate the progression of senescence. In particular, a tlc1-∆ strain, also 
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carrying either of the healthy cdc13DBD mutants (cdc13-I578A and cdc13-

Y561A), only after 25 generations showed a strong impairment of growth and the 

early appearance of survivors, while their CDC13 tlc1-∆ counter parts were still 

able to produce healthy colonies (figure 5.20). By 50 generations, the tlc1-∆ 

cdc13-I578A (or cdc13-Y561A, data not show) most tlc1-∆ cdc13-I578A spores 

were barely alive while the tlc1-∆ CDC13 spores were just beginning to show 

growth defects (figure 5.20 and 5.21). 

Figure 5.21 – The alleles cdc13-I578A and cdc13-Y561A greatly exacerbate senescence. 
Averaged phenotypic scores the cdc13DBD tlc1-∆ isolates were normalized to the tlc1-∆ spores 
with a negative value indicating enhanced senescence. Those spores categorized as survivors 
were not included in the calculation. Experiment repeated three times with comparable results. 

 
Analogous results were obtained when the Stn1 C-terminal domain 

mutants were tested in the same kind of assay: stn1Cter tlc1-∆ spores senesced 

much faster than isogenic tlc1-∆ spores (figure 5.22 and 23). Notably, the 

penetrance of the phenotype directly correlated with the extent of telomere 

elongation caused by the same stn1Cter mutants in the presence of telomerase 
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(table 5.2). In fact, the stn1Cter mutants that caused only a mild telomere 

elongation (stn1-H486A and stn1-Y489F), showed only a mild enhancement of 

senescence while strong alleles stn1-H486D and stn1-Y489A significantly 

exacerbated senescence.  

Figure 5.22 – Raw and normalized senescence data associated with stn1-H486A and stn1-
H486D. Averaged phenotypic scores the stn1-H486A or stn1-H486D tlc1-∆ isolates were 
normalized to the tlc1-∆ spores with a negative value indicating enhanced senescence. Those 
spores categorized as survivors were not included in the calculation. Experiment repeated twice 
with comparable results. 
 
Table 5.2 – Summary of the phenotypes associated with the stn1Cter mutants in the 
presence and in the absence of telomerase.  

 
TELOMERASE+ telomerase- 

 
viability telo length senescence p-value 

stn1-
H486A like WT long 

very sl accelerated 
senescence 

not 
significant 

stn1-
H486D like WT very long 

very accelerated 
senescence 

very 
significant 

stn1-
Y489A like WT very long 

very accelerated 
senescence 

very 
significant 

stn1-
Y489F like WT long 

medium accelerated 
senescence 

significant at 
50g and 70g 
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Figure 5.23 – Raw and normalized senescence data associated with stn1-Y489F and stn1-
Y489A. Averaged phenotypic scores the stn1-Y489F or stn1-Y489A tlc1-∆ isolates were 
normalized to the tlc1-∆ spores with a negative value indicating enhanced senescence. Those 
spores categorized as survivors were not included in the calculation. Experiment repeated twice 
with comparable results. 
 

The statistical approach used so far to assess the effect on the 

progression of senescence of a given mutant can be applied only to alleles that 

don’t affect the growth profile of the yeast strain that carries them. In order to test 

the more severe mutants cdc13-Y566A Y558A and stn1-W466E, right after 

dissection, the growth of the relevant spores was simply compared after 25 

generation.  

The analysis of the tetrads from the dissection of two independent cdc13-

Y556A Y558A/CDC13 tcl1-∆/TLC1 strains immediately revealed an additive 

phenotype: the loss of telomerase exacerbated the growth defect of the cdc13-

Y556A Y558A allele (figure 5.24). Once these same tetrads were propagated on 

rich media, the growth of the double mutant spores (tlc1-∆ cdc13-Y556A Y558A) 
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showed a conspicuous drop in viability whose features resembled the late stage 

of senescence (poor but varied growth, figure 5.24).  

Figure 5.24 – The loss of telomerase exacerbates the growth defect of cdc13-Y556A 
Y558A. Top: 10 genotyped tetrads from the dissection of cdc13-Y556A Y558A/CDC13 tlc1-
∆/TLC1 diploid strain. Bottom: growth after 25 generation on rich media of the indicted tatrads. 
Experiment repeated twice with comparable results.  

 
Figure 5.25 – The stn1-W466E mutant accelerate senescence in the absence of 
telomerase. After dissection of a stn1-W66E/STN1 tlc1-∆/TLC1 diploid strains, STN1 tlc1∆ or 
stn1-W466E tlc1-∆ spores were propagated on rich media for ~25 or ~50 generations. All the 
strains showed are tlc1-∆ while the STN1 allele is labelled in the figure.  
 

Similarly, in the absence of telomerase activity, tcl1∆ stn1-W466E spores 

fully senesced after just 50 generations while their isogenic tcl1∆ STN1 spores 
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were still producing healthy progeny indistinguishably from a wild type strain. The 

apparent delay in the progression of senescence in the tlc1-∆ spores is probably 

due to the dominant negative effect of the stn1-W466E, discussed in chapter 3, 

that is expected to increase the telomere length of the heterozygous diploid strain 

(see chapter 3 for a similar effect and (Ballew & Lundblad 2013)). 

 

DISCUSSION 

In budding yeast the conserved complex formed by Cdc13, Stn1 and Ten1 

plays a critical role in telomere maintenance. In 2007, the Lundblad lab proposed 

this trimeric complex as a telomeric specific paralog of the well-known RPA 

complex: while the RPA complex binds ss-DNA with no specificity, the t-RPA 

complex evolved to bind specifically the TG-rich strand of the telomeres(Gao et 

al. 2007). This similarity was used very successfully to decipher the structure of 

the t-RPA complex modelling it on the well-known structure of the RPA-complex. 

Thanks to this approach, the interaction Stn1-Ten1 was revealed using 

bioinformatic and genetics tools (chapter 2, (Paschini et al. 2010)) and a number 

of publications further corroborated this homology showing a nearly identical 

domain distribution between the RPA and the t-RPA complex(Sun et al. 2009; 

Sun et al. 2011; Mitchell et al. 2010; Mason et al. 2013; Gelinas et al. 2009). 

Having elucidated and solved the t-RPA complex structure, the homology 

between the two complexes can be now exploited on the next level: to answer 

question about the specific function of the telomeric specific complex, elucidating 
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the mechanisms that underlie its function. The starting point for this kind of 

analysis was identified into those domains that mostly differentiate the t-RPA 

complex from the RPA complex: the DNA binding domain of Cdc13 responsible 

for the high affinity for telomeric ss-DNA proper of the t-RPA complex(Mitton-Fry 

et al. 2002) and the C-terminal domain of Stn1, particularly its second wHTH 

domain whose RPA counterpart is absent(Gelinas et al. 2009; Sun et al. 2009).  

In chapter 3, the functional characterization of this latter domain lead to a 

patch of clustered residues on the surface of the t-RPA specific wHTH domain 

that when mutated recapitulated and even exacerbated the phenotypes 

associated with the loss of the entire C-terminal domain. Mutations in these 

cluster showed a very significant telomere elongation that in the most severe 

cases was associated with the activation of DNA damage response.  

The current paradigm of telomere biology is based on the notion that 

telomeres need to be protected by uncontrolled resection and masked from the 

DNA damage sensors that could recognize them as double-strand breaks(de 

Lange 2009). In budding yeast, the critical player of “telomere capping” is the 

telomeric ss-DNA binding protein Cdc13 and its binding partners Stn1 and Ten1. 

Supposedly, the t-RPA complex, after the completion of replication, binds 

telomeres thanks to the high affinity of the DNA binding domain (DBD) of Cdc13 

for telomeric ss-DNA, inhibiting the resection of telomeres through a yet-to-be-

elucidated mechanism. This model predicts that loss of Cdc13, translates into an 

immediate resection of the telomeres with an accumulation of ss-DNA 
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incompatible with the progression of the cell-cycle. This prediction apparently 

was confirmed by a temperature sensitive allele of Cdc13, cdc13-1(Garvik et al. 

1995; Weinert et al. 1994; Lydall & Weinert 1995; Maringele & Lydall 2002). A 

strain carrying this mutant, once shifted at non-permissive temperature 

accumulated an extreme amount of ss-DNA that effectively lead to an immediate 

arrest of the cell-cycle in late S-phase. This piece of data quickly became the 

core observation of the model describing telomere maintenance that has been 

supported for the past many years. However, a more accurate look at the 

characteristic of the ss-DNA generated by the cdc13-1 mutant at high 

temperature revealed a degradation pattern incompatible with the linear resection 

of the CA-strand but instead it appeared as interspersed sections of single 

stranded DNA between regions of duplex DNA(Xu et al. 2009). Furthermore, as 

described in chapter 4, a detailed analysis of the cdc13-1 allele revealed how at 

non permissive temperature, not only the Cdc13 protein is still present in the 

yeast cell(Paschini et al. 2012), but it’s actually still bound to the 

telomeres(Vodenicharov & Wellinger 2006), exposing these allele as an 

hypomorphic mutant rather than a bona fide temperature sensitive allele. 

In order to dissect the first telomeric specific domain of the t-RPA complex, 

in this chapter, single-point mutations were designed to disrupt the affinity of 

Cdc13 for the telomeric ss-DNA: as expected these alleles when tested in vitro 

lost interaction with a telomeric oligo-nucleotide while in vivo, they caused a 

significant activation of the DNA damage response and in some cases the arrest 
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of the cell cycle. A priori, this phenotype was explained similarly to the effects of 

the cdc13-1 allele: cdc13DBD alleles can’t bind telomeres, which become 

unprotected and susceptible to uncontrolled resection; however, the examination 

of the 3’ TG-rich tails of the telomeres revealed a substantial integrity of the 

physiological architecture with no detectable accumulation of ss-DNA even in the 

most impaired mutant strains. These findings are in open contrast with the 

“capping” function supposedly carried out by the t-RPA complex and pose a 

significant challenge to the current model used to describe telomere maintenance 

and the essential function of the t-RPA complex.  

The two class of mutants in the t-RPA specific domains, the Stn1 C-

terminal clustered mutants and the Cdc13 DNA binding domain alleles, don’t 

share the same telomere architecture: while mutants in the second wHTH 

domain of Stn1 lead to an extreme telomere elongation, mutations in the DNA 

contact residues of Cdc13 maintain an almost physiological telomere structure 

with only a very subtle, almost undetectable, increase in telomere length. 

Although, despite this difference, both classes are capable of eliciting a DNA 

damage response since their phenotype can be partially rescued by the loss of 

RAD24(Gelinas et al. 2009). Similarly from the limited epistatic screens 

performed, they seem at least to share a positive genetic interaction with RIF2 

and EXO1.  

The most interesting piece of data probably comes from the analysis of the 

accelerated senescence progression induced by these mutants. The Lundblad 
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lab, in a recent publication, has shown that in the absence of telomerase, 

telomere maintenance and the progression of senescence are controlled by a 

complex network of genes similarly to what happens in the presence of 

telomerase activity. In fact, a number of genes, thought to be involved just in the 

control of telomerase access to telomeres (RIF2, TEL1) or just in the generation 

of late-stage senescence survivors (RAD52) were found to have profound effect 

of the progression of early-stage senescence(Ballew & Lundblad 2013).  

Both sets of mutants were then tested in the absence of telomerase and 

their senescence profile was compared to the normal progression of a yeast 

strain lacking telomerase but otherwise wild type. Strikingly, despite the lack of 

any detectable telomeric abnormality, the cdc13DBD mutants, showed an extreme 

exacerbation of senescence progression such that after just 25 generations, the 

cdc13DBD tlc1-∆ strains were severely impaired while the isogenic CDC13 tlc1-∆ 

spores were still growing largely at a physiological rate. A similar result was 

obtained with the Stn1 C-terminal domain mutants, where interestingly, the 

severity of the telomere elongation induced in the presence of telomerase 

strongly correlated with the exacerbation of the progression of replicative 

senescence in the absence of telomerase activity.  

The observations discussed in this chapter together with the discrepancies 

of the canonical telomere maintenance model exposed by a number of recent 

publication, paved the way to the conception of a new model for telomere 

homoeostasis where the essential function of the t-RPA complex is not to protect 
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telomeres but to guarantee their efficient replication, ensuring the flawless 

progression of the replication fork through the duplex telomeric DNA. This new 

model will be the main topic of the next two chapters.  

 

MATERIALS AND METHODS 

 

Yeast strains and plasmids: 

All yeast strains, described in table 5.3 and 5.4, were isogenic. Integrated 

alleles of CDC13 and STN1 were introduced into the genome as URA3 pop-in 

integrants, Ura¯ “pop-outs” were selected on 5-FOA, and the status of the CDC13 

or STN1 locus was assessed by PCR and sequencing, to confirm that the 

relevant mutation was correctly integrated. Single-step gene replacements were 

preformed as described in(Longtine et al. 1998). A list of the plasmids, as well as 

the starting vectors used for each set of plasmid constructions, is shown in table 

5.5 to 5.7.  

 

Genetic methods 

Standard genetic methods (chromosome loss, telomere length analysis, 

G-tail analysis,  tetrad dissection, plasmid shuffle, viability assays and flow 

cytometry) were performed as previously described (Lendvay et al. 1996; 

Paschini et al. 2010).  For senescence assays, the relevant diploid strains were 

dissected, and the growth characteristics of tlc1-∆ strains were analysed by three 
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successive streak-outs on rich media and scored for growth after 3 days.  This 

assay employed very large numbers of isolates, in order to address the high 

degree of variability displayed by telomerase-defective strains undergoing 

senescence. 

 

Table 5.3 — Haploid yeast strains used in this chapter. *= not used. Additional genotype for 
all strains but YVL3197: ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1.  
Strain    Genotype     origin 
YVL2967 MATa   
YVL3006 MATα  cdc13-Δ::LYS2/pVL438 YVL2967 
YVL3197 MATa cdc13-Δ::KAN RAD53-(FLAG)6 / pVL438 

leu2 trp1 ura3-52 prb¯ prc¯ pep4-3 
JB811 

YVL3290 MATα  cdc13-Δ::LYS2 pVL438 CF [TRP1 SUP11 CEN4 D8B]  
YVL3712 MATα  rad51-∆::cNAT cdc13-Δ::LYS2/pVL438 YVL3006 
YVL3713 MATα  sgs1-∆::cNAT cdc13-Δ::LYS2/pVL438 YVL3006 
YVL3714 MATα  rad50-∆::cNAT cdc13-Δ::LYS2/pVL438 YVL3006 
YVL3716 MATα  rrm3-∆::cNAT cdc13-Δ::LYS2/pVL438 YVL3006 
YVL3717 MATα  rad52-∆::cNAT cdc13-Δ::LYS2/pVL438 YVL3006 
YVL3718 MATα  srs2-∆::cNAT cdc13-Δ::LYS2/pVL438 YVL3006 
YVL3719 MATα  rif1-∆::cNAT cdc13-Δ::LYS2/pVL438 YVL3006 
YVL3720 MATα  xrs2-∆::cNAT cdc13-Δ::LYS2/pVL438 YVL3006 
YVL3722 MATα  rif2-∆::cNAT cdc13-Δ::LYS2/pVL438 YVL3006 
YVL3723 MATα  exo1-∆::cNAT cdc13-Δ::LYS2/pVL438 YVL3006 
YVL3715* MATα  sae2-∆::cNAT cdc13-Δ::LYS2/pVL438 YVL3006 
YVL3721* MATα  ctf18-∆::cNAT cdc13-Δ::LYS2/pVL438 YVL3006 
YVL3319 MATα  rad9-∆::cNAT cdc13-Δ::LYS2/pVL438 YVL3006 
YVL3327 MATα  rad24-∆::cNAT cdc13-Δ::LYS2/pVL438 YVL3006 
YVL3912** MATa cdc13-I578A YVL2967 
YVL3913** MATa cdc13-Y561A YVL2967 
YVL4256** MATa cdc13-Y556A Y558A  
YVL4020** MATa stn1-H486A  
YVL4644** MATa stn1-H486D  
YVL4643** MATa stn1-H489A  
YVL4021** MATa stn1-H489F  
YVL4642** MATa stn1-W466E  
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Table 5.4 — Diploid yeast strains used in this chapter. Additional genotype for all strains: 
ura3-52/ura3-52 lys2-801/lys2-801 trp1-∆1/trp1-∆1 his3-∆200/his3-∆200  leu2-∆1/leu2-∆1 ; 
Strain    Genotype     
YVL4097 MATa/MATα  cdc13-F539A/CDC13 exo1-∆/EXO1 
YVL4098 MATa/MATα  cdc13-K622A/CDC13 exo1-∆/EXO1 
YVL4012 MATa/MATα  cdc13-F539A/CDC13 rad51-∆/RAD51 
YVL4845 MATa/MATα  cdc13-I578A/CDC13 stn1-W466E/STN1 
YVL4846 MATa/MATα  cdc13-Y561A/CDC13 stn1-W466E/STN1 
YVL4847 MATa/MATα  cdc13-Y556A Y558A/CDC13 stn1-W466E/STN1 
YVL3914 MATa/MATα  cdc13-I578A/CDC13 tlc1-∆/TLC1 
YVL3915 MATa/MATα  cdc13-Y561A/CDC13 tlc1-∆/TLC1 
YVL4294 MATa/MATα  cdc13-Y556A Y558A/CDC13 tlc1-∆/TLC1 
YVL4209 MATa/MATα  stn1-H486A/STN1 tlc1-∆/TLC1 
YVL4211 MATa/MATα  stn1-H486D/STN1 tlc1-∆/TLC1 
YVL4205 MATa/MATα  stn1-H489A/STN1 tlc1-∆/TLC1 
YVL4207 MATa/MATα  stn1-H489F/STN1 tlc1-∆/TLC1 
YVL4495 MATa/MATα  stn1-W466E/STN1 tlc1-∆/TLC1 
 
 
Table 5.5 — Plasmids used in this chapter – part 1 

 Plasmid                        Description                                                     Vector backbone 
pVL438 CEN URA3 CDC13   
pVL440 CEN LEU2 CDC13   
pVL1086 CEN LEU2 CDC13-(myc)18   
pVL439 URA3 CDC13  YIplac211 
pVL5883 URA3 cdc13-I578A pVL439 
pVL5885 URA3 cdc13-Y561A pVL439 
pVL7013 URA3 cdc13-Y556A Y558A pVL439 
pVL5887 URA3 cdc13-F539A pVL439 
pVL5886 URA3 cdc13-K622A pVL439 
pVL4584 URA3 stn1Cter- H486A YIplac211 
pVL4585 URA3 stn1Cter- H486D YIplac211 
pVL4582 URA3 stn1Cter- H489A YIplac211 
pVL4583 URA3 stn1Cter- H489F YIplac211 
pVL4581 URA3 stn1Cter- W466E YIplac211 
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Table 5.6 — The panel of Cdc13DBD mutants 
               Mutation                        Parental plasmids 

 pVL440 pVL1086 
cdc13-R635A pVL2226 pVL2815 
cdc13-Y522A pVL2228 n/a 
cdc13-I633A pVL2223 pVL2817 
cdc13-Y580A pVL2833 n/a 
cdc13-Y561A pVL2232 n/a 
cdc13-Y556A pVL2219 pVL2824 
cdc13-Y626A pVL2224 n/a 
cdc13-F539A pVL2834 pVL2820 
cdc13-Y558A pVL2231 n/a 
cdc13-I578A pVL2893 n/a 
cdc13-K622A pVL2831 n/a 
cdc13-D505A pVL3634 n/a 
cdc13-K568A pVL2234 n/a 
cdc13-Y565A pVL2233 n/a 
cdc13-K536A pVL2220 n/a 
cdc13-K629A pVL2221 n/a 
cdc13-K624A pVL3730 n/a 
cdc13-K576A pVL2235 n/a 

 
Table 5.7 — The panel of the other Cdc13 mutants used in the epistasis screen.  

               Mutation                        Parental plasmids 
 pVL440 

cdc13-1 pVL762 
cdc13-2 pVL690 
cdc13-5 pVL1033 
cdc13-S611L pVL3939 
cdc13-F684S pVL3945 
cdc13-E862R pVL5205 
cdc13-E867R pVL5206 
cdc13-D150R pVL5257 
cdc13-K129E pVL5254 

 
Detection of the phosphorylation status of Rad53: 

Extracts prepared from a strain expressing Rad53-(FLAG)6 (YVL3197) and either wild 

type or mutant Cdc13 proteins were treated (or mock-treated) with λ phosphatase and 

examined by western analysis with anti-FLAG antibodies;  the MMS-treated strain was 

incubated at a final concentration of 0.1% for 1 hr, immediately prior to extract 

preparation. Whole cell extracts were resolved on a SDS-PAGE, transferred on a 

membrane and probed with anti-FLAG antibody (F7425 from Sigma)



173 

 
 

 
 

 
Chapter 6: 

 
A new model for telomere maintenance: 

the t-RPA complex as a telomere 
specific replication factor 
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In budding yeast, the current model for telomere maintenance proposes 

that after telomeres are fully replicated the t-RPA complex, a telomere dedicated 

RPA complex, binds the TG-rich 3’ over-hang of each telomere coordinating 

telomere elongation and telomere protection(Gao et al. 2007; Hughes et al. 2000; 

Gelinas et al. 2009; Garvik et al. 1995). In the previous chapters, a number of 

inconsistencies that challenged the current interpretation of the t-RPA complex 

essential function, have been uncovered through multiple experimental 

approaches as well as by an accurate analysis of the literature. These studies 

not only underlined the weaknesses of the current model, but, more importantly, 

they laid the ground for a new paradigm for telomere maintenance that 

completely overhauls the existent one, refuting the role of the t-RPA complex a 

an end-binding factor.  

The core of the new model in fact introduces the t-RPA complex as 

telomeric specific replication factor whose essential function is not “capping” the 

telomeres but ensuring their faithful and efficient replication. The t-RPA complex, 

as its paralog the RPA complex, is proposed to be part of the lagging strand 

machinery, binding the TG-rich ss-DNA as the progression of the fork unwinds it 

from the CA-strand. The new model present the t-RPA complex as part of the 

DNA replication machinery, promoting the replication of the duplex telomeric DNA 

and preventing the stall of the replication fork on this well-known difficult to 

replicate region of the genome(Sfeir, Kosiyatrakul, Hockemeyer, MacRae, 

Karlseder, Schildkraut & de Lange 2009a). Furthermore, the model proposes that 
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in case of replication fork collapse the t-RPA complex heals the broken fork by 

recruiting telomerase, establishing a collapsed fork as potential telomerase 

substrate. Interestingly, many of the genes historically involved in telomere 

homeostasis have also been involved in replication fork dynamics: their specific 

role should be then re-examined as they might be playing analogous replication-

related roles in genome as well as in telomere replication. In the next two 

chapters, two different experimental approaches to test this model are described.  

 

INTRODUCTION 

 

The current model for telomere maintenance  

In S. cerevisiae, the critical player in telomere maintenance is a trimeric 

complex formed by the essential proteins Cdc13, Stn1 and Ten1. The structural 

and biochemical similarities between this complex and the conserved RPA 

complex, lead the Lundblad lab to propose the telomeric trimer as a telomere 

dedicated RPA complex(Gao et al. 2007; Gelinas et al. 2009): while the 

canonical RPA complex binds ss-DNA through out the genome with no 

specificity, the t-RPA has evolved to bind only telomeric DNA thanks to the high 

affinity of the DNA binding domain of its main subunit, Cdc13, for TG-rich ss-

DNA(Hughes et al. 2000; Mitton-Fry et al. 2002). The two complexes share an 

almost identical domain distributions (Paschini et al. 2010; Gelinas et al. 2009; 

Sun et al. 2009; Sun et al. 2011; Mitchell et al. 2010; Mason et al. 2013) and 
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preliminary data (Appendix C) suggest that the trimerization of the three 

components might be mediated exactly by the same domains that form the 

trimerization core of the RPA complex.  

The RPA complex is the major ss-DNA binding activity in every eukaryotic 

cell and it is involved in every process where ss-DNA is exposed. It plays critical 

roles in DNA recombination and DNA repair where it’s responsible to bind the 

newly resected DNA and coordinate a number of downstream processes binding 

specifically a variety of DNA repair effectors as well as mediating the creation of 

the filament nucleoprotein that can be then bound by Rad51(Jasin & Rothstein 

2013). The essential role of the RPA complex is played during DNA replication: 

the RPA complex is in fact part of the lagging strand replication machinery where 

it binds to the naked ss-DNA after the unwinding of the duplex DNA. The RPA 

critically contributes not only to prevent the formation of secondary structure that 

could impair the normal progression of replication fork but it also promotes the 

activity of the Polymerase α/Primase complex, responsible for the synthesis of 

the Okazaki fragments(Oakley & Patrick 2010).  

On the other hand, the t-RPA complex is believed to be an end-binding 

factor that binds to the telomeres only after the completion of DNA replication. 

Once bound to the end of the chromosomes, the complex plays its essential role 

protecting them from degradation through an unknown mechanism(Maringele & 

Lydall 2002; Lydall & Weinert 1995). Thanks to a direct interaction with one of the 

subunit of the telomerase complex, the t-RPA complex can also recruit 
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telomerase, mediating the addition of new telomeric repeats(Evans & Lundblad 

1999; Pennock et al. 2001). On this simple model, numerous other players have 

been added during the years contributing to the design of a complex network of 

interactions dedicated to the control of telomere length and to the preservation of 

telomere architecture. In the past chapters, a number of experimental and 

theoretical observations that partially weaken the core assumptions of this 

paradigm have been discussed. The crucial temperature sensitive allele used to 

determine the essential function of the t-RPA complex, cdc13-1, was actually 

revealed as an hypomorphic mutant whose stability and ability to bind to 

telomeres remained intact at non-permissive temperature(Paschini et al. 2012). 

Furthermore, the “capping” function of the t-RPA complex was challenged by 

findings from the Nugent lab showing that the accumulation of ss-DNA triggered 

by the impairment of the t-RPA complex (using again the cdc13-1 allele) is not 

due to the linear uncontrolled resection of the CA-strand but it’s actually 

interspersed between sections of duplex telomeric DNA(Xu et al. 2009). 

Furthermore, surgical impairment of the high affinity of the t-RPA complex for 

telomeric ss-DNA, despite causing significant cell progression troubles and 

eliciting a DNA damage response, doesn’t result in any gross modification of the 

telomere architecture, in complete opposition to what the current model would 

predict (Chapter 5). Finally, studies carried on in the absence of telomerase, 

revealed that a number of genes thought to be involved in the regulation of 

telomerase access to its substrate, have in fact a great impact on the progression 
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of senescence, uncovering a telomerase independent role for these factors and 

casting a light on the previously unappreciated complexity of the senescence 

phenotype (Chapter 5).  

 

The t-RPA complex is a telomere dedicated replication factor 

Collectively, these observations greatly eroded the solidity of the current 

interpretation of the massive body of data that the field has been accumulating 

since the early 90s and paved the way to the conception of a new model for 

telomere homeostasis able to explain these new experimental evidences. Given 

how successfully the similarity with the RPA complex helped answering structural 

questions about the t-RPA complex, a similar approach was used to redefine the 

functions of the t-RPA complex. As already mentioned, the essential role of the 

RPA-complex is played in replication, as a critical component of the lagging 

strand replication machinery.  

Interestingly, for the particular architecture that underlies every telomere, 

during replication, the lagging strand is always the TG-rich strand and therefore 

the one the t-RPA will be able to bind to. Furthermore, the mammalian homolog 

of the t-RPA complex was finally identified, suggesting a potentially conserved 

role of this complex in cell survival(Miyake et al. 2009). Since their isolation, 

numerous studies have been published trying to define the function of the 

mammalian t-RPA complex: despite sometimes contradicting conclusions, it 

seems evident how its functions expand beyond the telomeres and how its roles 
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might be actually connected with DNA replication(Gu et al. 2012). Interestingly, 

two of its components, AAF-132 and AAF-44 (respectively homologs of Cdc13 

and Stn1) were firstly identified as accessory factor of the lagging strand 

replication machinery(Casteel et al. 2009). Finally and as already mentioned, in 

mammals, telomeres have been identified as genomic fragile sites: their 

repetitive sequence makes the telomere difficult to replicate increasing the 

chances of mishaps of the DNA replication machinery(Sfeir, Kosiyatrakul, 

Hockemeyer, MacRae, Karlseder, Schildkraut & de Lange 2009a). 

The new model therefore proposes that the t-RPA complex might not be 

an end-binding factor, but analogously to the RPA-complex, it might be playing its 

essential role as a critical component of the lagging strand machinery, physically 

substituting the original RPA complex once the replication fork starts unwinding 

the duplex telomeric region. As part of the replication machinery the t-RPA would 

carry out its essential role: to ensure the faithful and efficient replication of the 

duplex telomeric DNA, avoiding the formation of secondary structure and 

preventing any stall of the replication fork (figure 6.1).  

The high affinity of the DNA binding domain of Cdc13 for telomeric repeats 

was inferred from an in vitro binding assay with a telomeric oligonucleotide; 

interestingly the same level of affinity was detected when regions of duplex DNA 

flanked the ss-DNA telomeric substrate(Nugent et al. 1996). This observation 

suggests that the t-RPA complex doesn’t need a free end to be loaded on its 

substrate and it can bind telomeres in the context of the replication fork, 
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competing out the RPA complex at the boundary sub-telomeric/telomeric region. 

Figure 6.1 – The t-RPA complex is a telomere dedicated replication factor. Schematic of the 
new model for telomere maintenance: the leading and lagging strand machineries are omitted for 
simplicity  
 

The new model explains the activation of the DNA damage response 

signal caused by mutations in the DNA binding domain of Cdc13 or in the C-

terminal of Stn1: the model predicts it as the direct consequence of increased 

replication stress at telomeres. The model also exquisitely explains the 

accelerated senescence observed in the absence of telomerase with these same 

mutants: increased replicative stress leads to an higher frequency of replication 

fork collapse with the net results of significant loss of telomeric repeats and 

consequent acceleration of telomere shortening (figure 6.2).  
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Figure 6.2 – Impairment of t-RPA complex leads to accelerated senescence. An impaired t-
RPA function leads to an increase in replicative stress and replication fork collapse, leading to 
loss of telomeric repeats 
 
The t-RPA complex recruits telomerase at collapsed replication fork 

The t-RPA complex is also responsible for the recruitment of telomerase at 

chromosome ends: a point mutant that disrupts the interaction between Cdc13 

and Est1 leads to a senescence phenotype indistinguishable from a strain 

lacking telomerase activity(Lendvay et al. 1996). The second part of the new 

model proposes that in case of replication fork collapse, the t-RPA complex still 

bound to the TG-rich strand before the collapse point, can mediate the 

recruitment of telomerase which adding new telomeric repeats, would be then 

able to restore telomere length. The mechanistic details of this process can be 

explained by multiple models: the one shown in figure 6.3 invokes the regression 

of the fork and the formation of a particular and well-documented DNA structure 

called “chicken foot”. One of the free arms of this structure perfectly resembles 
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the typical telomerase substrate with a 3’ TG-rich overhang bound by the t-RPA 

complex. The model postulated that the addition of new telomeric repeats heals 

the fork and re-establish a physiological telomere length. The structure can then 

be finally resolved just by sliding the apparent know till the end of the telomere 

given the homology of the two arms.  

Figure 6.3 – A collapsed replication fork is a substrate for telomerase. A collapsed fork can 
be used as a substrate by telomerase and telomere length can re re-established to a 
physiological condition. 
 

These assumptions postulate that every mutant that disrupts the function 

of the t-RPA complex should display a telomere elongation given the increased 

amount of potential telomerase substrates. This prediction seems to be fulfilled 

when mutations are introduced in the C-terminal domain of Stn1: telomeres are 
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significantly elongated (chapter 5).  

Figure 6.4 – The same model explains different phenotypes associate with t-RPA mutants. 
Schematic of the explanation of the cdc13DBD and stn1Cter mutant phenotypes according to the 
new model for telomere maintenance.  
 

However, mutations in the DNA binding domain of Cdc13 maintain an 

almost normal telomere length. The particular features of these mutants can 

explain this apparent contradiction. In fact, the loss of affinity of the t-RPA for 

telomeric repeats has two consequences: while on one side it induces replicative 

stress at telomere, generating more telomerase substrates, on the other it 

reduces the chances of telomerase recruitment because less t-RPA molecules 

accumulate at telomeres. The resulting telomere length is the product of these 

two opposite factors: more substrates for telomerase but less chances of 

productive elongation. On the other hand, in the Stn1 C-terminal mutations, the 

amount of t-RPA complex at telomeres is unchanged while its function is 

impaired leading to a net increase of possible substrates for telomerase and 

therefore elongating telomeres (figure 6.4) 
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Telomere length regulators mediate replication fork dynamics  

A number of factors have been implicated in telomere maintenance: some 

were identified through genetic interactions with mutants of other known telomere 

regulators (as for example the cdc13-1 allele) while others were shown to 

modulate telomere length in wide genome screens (Askree et al. 2004; Addinall 

et al. 2008). Most of these genes have been proposed to be involved in the 

control of telomere length and in the decision of whether or not recruit telomerase 

at a certain telomere, although the mechanisms underlying these processes is 

largely unexplained.  

The new model, introducing the replication of the duplex telomeric DNA as 

a new essential component of telomere homeostasis suggests the idea that at 

least some of these telomere regulators might actually be involved in ensuring 

the progression of the DNA replication machinery through the telomere or playing 

critical roles in the handling of a stalled or collapsed replication fork. While the 

exploration of this third hypothesis goes beyond the scope of this thesis, there is 

at least one gene whose published phenotypes can be explained by the new 

model. The loss of the gene RIF2 mirrors in fact the same phenotypes observed 

for the Stn1Cter mutants: a strain carrying a null mutation in Rif2, in the presence 

of telomerase sports long telomeres while in the absence of it, its senescence 

progression is greatly exacerbated(Ballew & Lundblad 2013). 
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Historically telomere homeostasis has been framed as the equilibrium 

between two opposite forces acting both on last nucleotides of each telomere: 

the shortening due to the loss of sequences after each replicative cycle (the end 

–replication problem) and the elongation through the action of the nucleoprotein 

complex of telomerase. The new model that the Lundblad lab is proposing, 

introduces the efficient replication of the duplex telomere DNA as a third force 

that critically contributes to telomere homeostasis. The essential role of the t-RPA 

complex changes spatially and temporally: from an end binding factor that 

contacts the 3’ TG-rich ss-DNA at the end of each telomere, it becomes a 

telomeric specific replication factor that supervise the efficient replication and the 

integrity of the duplex telomeric DNA as part of the DNA replication machinery 

(figure 6.5)  

Figure 6.5 – The current model vs. the new model for telomere maintenance. The 
comparison between the two diagrams shows the change in space and in time of the t-RPA 
essential function.  
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Experimental challenges of the new model 

The model just presented significantly changes the paradigm used for the 

last twenty years by the telomere field: the focus of the action is in fact shifted 

from just the very tip of each telomere (the 3’ TG-rich single stranded over hang) 

to the duplex telomeric DNA, from the sub-telomeric/telomeric boundary 

outwards. Furthermore the canonical model relies on assays like southern blots 

and chromatin immuno-precipitation whose level of resolution cannot support 

studies on the efficient replication of the ~350bp of each telomeres. 

Figure 6.6 – Southern blot analysis of yeast WT telomeres. The 4 samples were processed 
as described in the text. Arrows and brackets identify known telomeres.  
 

In the measurement of telomere length by southern blots, genomic DNA 

from millions of yeast cells is digested with the restriction enzyme XhoI and 
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resolved by size on an agarose gel. The gel is then transferred on a membrane 

and probed with a TG-rich probe that detects multiple bands in a characteristic 

pattern. Some of these bands can be attributed to specific X element containing 

telomeres (figure 6.6) while all the Y’ containing telomeres are condensed in the 

lower band (figure 6.6) whose elongated shape reflects the accumulation of many 

different Xho-digested telomeres of similar length (the Y’ element contains a XhoI 

restriction site). So even in the best scenario (telomere 6R or 11R for example), 

each labelled band reflects the average of millions of telomeres while the 

detection of less-represented outlier telomere species is inevitably lost. 

Furthermore, the resolution capability of this technique is limited by the ability of 

the agarose gel to significantly separate bands of different length. Given that the 

size of the telomeric Xho1-digested bands is in every case larger than 1 Kbp, 

differences in telomere length below 50bps, corresponding to ~15% of a normal 

telomere, are very challenging to detect (see figure 5.14 and compare to 6.10). 

Finally, the southern blot analysis either in denaturing or native conditions, gives 

information about the length of the telomeric tract, but it cannot provide any 

insight in the composition or in changes of the actual telomere sequence.  

The other main tool historically used to study the function of protein bound 

to telomeres has been chromatin immuno-precipitation: this assay is based on 

the in vivo cross-linking of the protein of interest to its binding partners and 

immediate immuno-precipitation from whole cell extracts of the same protein. The 

resulting material is then probed by quantitative PCR to detect selected region of 
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interests in the telomeric region or in the rest of the genome using DNA template 

100-150bp long. The interpretation of the result of this technique is not straight 

forward. In fact, this assay not only does not distinguish between a direct or an 

indirect interaction between the protein of interest and the telomeres but also it 

cannot spatially differentiate between events that take place in the sub-telomeric 

region vs. the telomeric TG-rich region or even between the duplex TG-rich 

region vs. the single-stranded TG-rich over hang. 

The testing of the new model than requires the development of new 

investigative tools the increase the resolution of the telomeric analysis to a 

nucleotide level and that allow the differentiation of events proper of the telomeric 

duplex DNA vs. the rest of the genome. In this chapter the attention is focused on 

the first challenge and in particular to the design, the troubleshooting and the 

application of a method to analyse the nucleotide sequence of single telomeres 

with the aim of studying the replication of telomeres in its most minimal details 

and identifying the footprints that replicative stress events leaves on the telomeric 

sequence.  

 

RESULTS 

 

Single nucleotide analysis of telomeres: the telo-PCR protocol. 

The kingpin of the new model for telomere maintenance is the shift in the 

essential function of the t-RPA complex from a post replicative telomeric end-
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binding factor to a telomeric specific replication factor with active functions in the 

efficient progression of the replication fork through the duplex telomeric DNA. 

This model predicts that impairment of the t-RPA function should lead to an 

increase in replicative stress at telomeres. This assumption is indirectly 

supported by the activation of a DNA damage response and by the exacerbation 

of the senescence progression in the absence of telomerase but direct evidence 

is needed to fully support this claim. The canonical method to detect replication 

fork mishaps is the 2D-gel assay that by resolving the native genomic DNA not 

only by size but also by shape can detect the accumulation of stalled or collapsed 

replication fork. Despite its features, this assay cannot be applied to this case: in 

fact as for the southern blot technique, this assay survey millions of genomes at 

once. The stall or the collapse of replication fork at telomere in viable t-RPA 

mutants is expected to be a relatively rare event, significantly below the detection 

level of a 2-D gel assay. 

Alternatively, replicative errors can be detected through the consequences 

that their resolutions leave in the DNA sequence itself. Deep sequencing studies 

have in fact identified modification of the wild type yeast genome due to 

replicative events such as single nucleotide exchange, deletion and duplication of 

short DNA sequences(Stirling et al. 2014). A similar deep-sequencing approach 

cannot be applied to the study of telomere replication: telomeres as other highly 

repetitive genomic areas (centromeres and ribosomal genes) are systematically 

excluded from this kind of analysis given the impossibility to precisely assign the 
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short strings of sequence to a specific region.  

 In 2000, the Lingner lab introduced an innovative assay to determine the 

nucleotide sequence of single telomeres, dubbed telo-PCR(Förstemann et al. 

2000). This assay is based on the PCR-amplification of a certain telomere (one 

out of the 32) and the subsequent cloning of the PCR product into a plasmid for 

sequencing by the standard method. The application of this technique has varied 

from the initial study on the degenerate nature of the telomeric 

repeats(Förstemann et al. 2000) to more complex protocols to pinpoint the 

addition of new telomeric repeats by telomerase in different genomic 

backgrounds(Teixeira et al. 2004; Chang et al. 2007). In order to study the 

accumulation of replicative stress in the duplex telomeric DNA, a modified 

version of the telo-PCR protocol was devised that allowed the detection of 

replicative mistakes comparing each fully sequenced telomere with its siblings. 

When a replication fork travelling through the duplex telomeric DNA stalls, 

one of three things are expected to happen:  

1 - The cause of the stall is resolved and it proceeds without any effect on 

the telomeric sequence (figure 6.7) 

2 – The fork slips along the repetitive telomeric DNA and restart creating a 

gap in the newly generated strand of the lagging strand telomere that will 

result in a gap in the telomeric sequence after the following replication 

(figure 6.7) 

3 – The fork collapses generating either a short telomere or according to 
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the new model it can potentially be used as substrate by telomerase with 

the addition of new telomeric repeats with a new sequence different from 

the original (figure 6.7) 

Figure 6.7 – Possible outcome of replicative stress events at telomeres. In case of fork stall, 
(1) the replication can resume without changes of the daughter telomeres or (2) the replication 
resume after a slippage with the creation of a gap that would become a new telomere in the 
following generation or (3) the fork collapses generating either a short telomere or being used as 
a substrate by telomerase.  
 

To be able to observe these changes the telo-PCR protocol was applied 

as follows; a single yeast cell was let growing for 2 days into a full-size colony 

(>30 million cells), the genomic DNA was extracted and used as substrate for a 

tailing reaction designed to add multiple dCTPs at every free 3’-OH end. The 

d(C)-tailed genomic DNA was then used to amplify one specific telomere via PCR 

reaction using a d(G) oligonucleotide specific for the dC tails and an oligo specific 
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for the left telomere of chromosome I (telomere 01L). A small fraction of the PCR 

reaction partially was run on an agarose gel to visualize the success of the 

reaction and evaluate the average length of the telomere while the majority of the 

many amplified telomeres 01L were purified by precipitation and cloned into a 

TA-vector to generate a library of telomere 01L. After transformation in E. coli a 

number of colonies were grown in selective media and the plasmids obtained 

after the extraction were send for sequencing. The starting point of the 

experiment was purposely one single yeast cell containing a single telomere 01L 

with a specific sequence: this expedient guarantees that all the telomeres 

sequenced at the last step share the same original sequence and can therefore 

be compared to identify those predicted variations described above (figure 6.8). 

Being a PCR-based assay and being the differences in siblings telomeres 

the main point of interest in this protocol, a few changes to the canonical telo-

PCR protocol were introduce to minimize the occurrence of artefacts. Primarily, 

the number of PCR cycles used to specifically amplified telomere 01L was 

reduced from 40 to 25. Secondly, in the original protocol, after PCR amplification, 

the samples is run on an agarose gel and a cube of agar containing the amplified 

telomeres 01L is cut and purified. This method while on one side guarantees the 

exclusion of potential unspecific bands accidentally amplified by PCR, it excludes 

the shortest as well as the longest telomere to be extracted and further 

processed. To avoid this size-restriction, after PCR amplification, the product was 

simply precipitated in order to collect telomeres of every possible size.  
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Figure 6.8 – Schematic of telo-PCR protocol adapted to monitor replicative stress at 
telomeres.  
 
 
The allele cdc13-Y556A Y558A shows telomeric replicative stress 

The newly proposed model, predicts that a strain carrying a t-RPA 

complex impaired in its ability to bind the telomeric ss-DNA (as in the cdc13DBD 

mutants) should experience replicative stress mostly localized in the duplex 

telomeric sequence more proximal to the sub-telomeric/telomeric boundary. In 

fact, as the replication machinery starts unwinding the duplex telomeric DNA, the 

impaired t-RPA complex will only partially be able to bind its telomeric ss-DNA 

substrate and perform its essential function. Therefore, if the new model is 

correct a strain carrying a cdc13DBD allele is expected to accumulate replicative 
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errors in the sub-telomeric proximal region of the duplex telomeric sequence.  

To directly test this prediction, a CDC13 strain and a strain carrying the 

cdc13-Y556A Y558A allele integrated at its genomic locus were analysed by telo-

PCR as described above. The sequence of 53 unique 01L telomeres were 

collected from 6 isogenic wild type isolates, while 61 01L telomeres were 

obtained from 7 cdc13-Y556A Y558A isogenic isolates.  

Figure 6.9 – Length distribution of sequenced telomere from wild type vs. cdc13-Y556A 
Y558A strains. The distribution of the length of the telomeres for each genotype is reported. The 
red area of the graph marks the 125bps length: telomeres below this length are considered 
originated by a fork collapse.  
 

As expected, in the wild type dataset, the distribution of telomere length 

was centred between ~350bps with ~56% of the telomeres falling between 300 

and 400bps. Only 1 out of the 53 sequenced telomeres was longer than 450bps 

(~2%) while 4 were shorter than 125bps (~7%). On the other hand the 

distribution of telomeres from strains carrying the cdc13-Y556A Y558A allele 

peaked between 350bps and 450bps (~39%) showing a much wider range of 

telomere length variation: in fact, at least 8 telomeres were over 450bps (~18%), 

with five of them even longer than 500bp, and 12 of them shorter than 125bp 
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(~19%).  

Figure 6.10 – Aligned sequences of cloned telomeres 01L from a wild type vs. cdc13-
Y556A Y558A strains. Each line represents a telomere, with Ts in RED, Gs in Green and the 
final tail of Cs used to amplify specifically the telomere 01L in blue.  
 

While the canonical southern blot analysis generates information about the 

average telomere length, the telo-PCR protocol cast a light on the increased 

number of outlier telomeres in a strain carrying the cdc13-Y556A Y558A allele vs. 

wild type: the number of ultra-long telomeres increases from 2% to 18% and 

even more interestingly the number of ultra-short telomeres (<125bp) shifts from 

7% in the wild type strain to 19% in the mutant strain. (figure 6.10) 

This latter category was in fact already identified and discussed in a 

publication from the Lingner lab(Chang et al. 2007) where Chang and colleagues, 

after computing in a mathematical model all the known elements of telomere 
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length regulation, concluded that in the presence of telomerase, the physiological 

replicative erosion could not explain the existence of telomeres shorter than 

125bp. They finally speculated that only the occurrence of a blunt event could 

justify the generation of this class of telomeres. The new model for telomere 

maintenance hereby proposed, identifies the collapse of the replication fork near 

the sub-telomeric/telomeric region as the abrupt event generating these ultra-

short telomeres and their significant increase in strains carrying an impaired t-

RPA complex confirms not only the predicted accumulation of replicative stress 

but also its localization. Finally, the existence of ultra-short telomeres in a wild 

type strain suggests that errors in the replication of the telomeric DNA happen 

even in the presence of a functional t-RPA complex. 

The telo-PCR protocol, besides enabling the analysis of telomere length 

with an unprecedented resolution, allows comparing the nucleotide sequence of 

each cloned telomere to its siblings searching for replicative errors. The 125bp 

from the sub-telomeric/telomeric boundary was once again used as the threshold 

below which any modification to the telomeric sequence was considered due to 

replicative events instead of physiological erosion and elongation. Looking 

closely at these early-variant telomeres, three types of variations were identified: 

slippages, abrupt truncations and divergences (complete change of the telomeric 

sequence) – exactly the three possible outcomes of replication errors predicted 

by the new model.  

The extent of the observed slippages spanned from 1 nucleotide to a 
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maximum of 147nts, with most of the events below 10 nucleotides. The 

interpretation of this class of event is problematic since such modifications could 

be accidentally introduced by either the PCR amplification or the propagation in 

E. coli. In this experimental setting, slippage events cannot therefore be taken 

into account when assessing replicative stress. However, slippage events do 

take place at telomeres: in at least three independent cases, all telomeres from a 

single yeast colony showed the same clonal slippage when compared to the 

telomeres of a related colony (two were gaps and one was a duplication). In this 

experimental context, the data rules out any potential artefacts and strongly 

suggests the occurrence of a bona fide replication error on the telomere 01L of 

the original cell that gave rise to the colony (figure 7.5 and data not shown). 

Table 6.1 – Impairment of the t-RPA complex leads to accumulation of replicative stress at 
telomeres. Summary of the sequence analysis of single telomeres from wild type vs. cdc13-
Y556A Y558A strains.  

 

 
On the other hand, both truncation and divergences are less prone to be 

introduced by any of the telo-PCR protocol step given that they are framed by 

recognizable and stable elements (the beginning of telomere 01L and the dC tail 

attached at the end of each telomere) and in the case of the divergence they 

show a complete overhaul of the original TG-rich sequence that only the in vivo 
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action of telomerase could explain. In a wild type strain, ~15% of observed 

telomeres showed truncation or divergence within the 125th telomeric nucleotide 

while this percentage rose to ~25% in strains carrying the cdc13-Y556A Y558A 

allele. The data suggest that not only a t-RPA mutant strain has a higher 

frequency of fork collapse but also that as expected the action of telomerase 

directly on the stalled fork or in the successive cell cycles, is less probable: while 

in a wild type strain, only 1 out of 8 early-variant telomeres is a blunt truncation, 

this frequency triples in the cdc13-Y556A Y558A mutant (table 6.1). 

Figure 6.11 – Length distribution of sequenced telomere from wild type vs. cdc13-Y556A 
Y558A strains – 2nd replica. The distribution of the length of the telomeres for each genotype is 
reported. The red area of the graph marks the 125bps length: telomeres below this length are 
considered originated by a fork collapse. 
 

Similar conclusions were supported by an independent replica of this 

experiment based on the analysis of 83 telomeres from 8 isolates for the wild 

type dataset and 75 telomeres from 8 isolate for the cdc13DBD mutant strain. The 

telomere length analysis by telo-PCR confirmed the average increase in telomere 

length and also the much more varied length profile of the mutant vs. the wild 

type strain, particularly noticeable in the accumulation of ultra-long and ultra short 
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telomeres evenly distributed between the 8 isolates (figure 6.11). Notably, in this 

experiment the ultra-log telomeres spanned till 755 bps, with 12 telomeres longer 

than 600bps; on the other hand, the amount of ultra-short telomeres increased 

from less than 3% in the wild type strain to ~12% in t-RPA mutant strain 

confirming the same critical result of figure 6.9. Similarly the sequence analysis 

revealed that truncations or divergences within the first 125bps significantly 

increased in the mutant strain with a strong preference for the accumulation of 

short truncated telomeres (Table 6.2). 

Table 6.2 – Impairment of the t-RPA complex leads to accumulation of replicative stress at 
telomeres – 2nd replica. Summary of the sequence analysis of single telomeres from wild type 
vs. cdc13-Y556A Y558A strains. 

 
Collectively this data support the prediction that mutations in the DNA 

binding domain of Cdc13 that impair the ability of the t-RPA complex to bind 

telomeres, accumulate replicative stress at telomeres as implied by the 

accumulation of replicative errors in the region of duplex telomeric DNA proximal 

to the sub-telomeric/telomeric boundary. Technical challenges related to the 

telomere elongation associated with all the stn1Cter mutants, preclude a similar 

study on those mutant: telomeres longer than ~800-900 bps cannot be amplified.   
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The allele cdc13-Y556A Y558A shows increased variation in telomere length 

The telo-PCR data showed above highlighted a previously under-

appreciated aspect of telomere length regulation: its variation. Generally, the 

telomere length of a certain strain is assigned on the basis of a southern blot 

analysis that, as already mentioned, conveys only limited information on the bulk 

of the telomeres. The modified telo-PCR protocol described above, if on one side 

is restricted to the analysis of just one telomere (telomere 01L), on the other it 

provides a comprehensive picture of the telomere length distribution. 

Figure 6.12 – Telomere length of 10 related colonies obtained by specific amplification of 
telomere 01L. For each genotype, 10 yeast colonies with a common ancestor were prepped for 
PCR amplification of telomere 01L. The amplified products were resolved on a 2% agarose gel 
and their average length was calculated using the 100bp ladder from NEB as a reference. 
 

The data showed in figure 6.9 and 6.11, pointed out how the telomere 

length distribution of a strain carrying a t-RPA mutant significantly deviates from a 

wild type. To further explore this phenotype, a measure of telomere length 

variation was obtained from the comparison of the telomere 01L length from 10 

yeast colonies sharing a common ancestor. The exact telomere length was 
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acquired by resolution on agarose gel of the amplified telomere 01L from the 10 

colonies and normalized on the average length (figure 6.12).  

The particular design of this experiment differs from a normal southern blot 

in the detailed analysis of just one telomere at higher resolution and at the same 

time simplifies the telo-PCR analysis excluding the numerous steps that could 

accidentally interfere or mask the phenotype. The normalized telomere length 

variation of the offspring of 4 wild type independent ancestors were compared to 

the offspring of 4 cdc13-Y556A Y558A mutant strains: as expected the range of 

variation resulted much grater in the mutant strain than in the wild type (figure 

6.13). 

Figure 6.13 – An impaired t-RPA complex induces a greater variation in telomere 
maintenance. Combination of telomere length variation data from 10 yeast colonies from 4 
common ancestors per each genotype.  
 

This result doesn’t directly test the solidity of the new model but strongly 

implies that telomeres undergo profound molecular changes that cannot be 

detected using the usual tools on which the telomere field has relied so far. To 

truly study telomere dynamics, it’s necessary to implement a new set of 

experimental procedures to analyse telomere maintenance at a much higher 



202	  

	  

resolution.  

 

An alternative high throughput protocol for the analysis of telomere sequences.  

The telo-PCR protocol is the only available protocol that allows the 

nucleotide-level analysis required to observe the footprints that replication fork 

mishaps leave on the duplex telomeric DNA, however it presents a number of 

contraindications. As shown in the two data sets relative to the wild type vs. 

cdc13-Y556A Y558A experiment, the assay shows a substantial sample to 

sample variation and the differences observed between the wild type isolates and 

the mutants are statistically significant but not strikingly deep. These two 

elements together with the limitation of analysing just one telomere out of the 32 

and cloning less than 100 telomeres 01L per genotype, make the extension of 

this protocol to other mutants difficult. Moreover, the time and the cost associated 

with the analysis of each genotype make the transformation of this protocol to a 

high throughput assay simply not feasible.  

 Next-generation sequencing technology have been rapidly evolving in the 

last 5 years: they are generally based on the high efficiency sequencing of DNA 

library built shearing the target DNA into millions of short DNA strings (from ~30 

to ~150bps). This approach, despite its tremendous output of data, is not 

applicable to the deep sequencing of telomere because it would require the 

shearing of the telomeric DNA below 150bps and giving the repetitive nature of 

the telomeric repeats, completely losing the integrity of each telomere necessary 
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to allow the downstream comparison. However, the last year, Illumina started 

finally marketing a MiSeq dedicated kit able to cover DNA strings of 600bp: a 

measure well above the full length of a WT telomere. Hence, this new tool makes 

potentially practicable the deep sequencing of intact yeast telomeres and, given 

its predicted output of 15Gbps, the ability to analyse multiple genotypes at once 

with an extremely favourable ratio between data acquired and cost. 

Telomeres correspond to less than 0.1% of the whole yeast genome and 

as already mentioned, they are among the most difficult to replicate (and 

therefore sequence) regions: these two elements strongly argue that a successful 

deep sequencing experiment will require the preferential enrichment of telomeric 

repeats in the construction of the target library. In order to separate selectively 

the telomeres from the rest of the genomic DNA, an hairpin as shown in figure 

6.14 was constructed. 

Figure 6.14 – Schematic of the hairpin designed to capture telomeres. At the 3’ end, a CA-
randomized string of 8 nucleotides captures the 3’ overhang of any telomere. In the body of the 
hairpin, the location of the uracil nucleotide is labeled in blue and downstream of it, the 
biotinylated nucleotide is marked in orange. At the 5’ the template of the sequencing standard 
sequencing primer is in purple.  
 

A sequence of 8 randomized dC or dA nucleotides was designed at the 3’ 
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end of the hairpin in order to form a single-stranded bait complementary to the 

TG-rich 3’ overhang of any yeast telomere (labeled in dark red in figure 6.14). 

Once annealed, the hairpin was covalently ligated to its binding partners (the 

telomeres) through its 5’ end and the genomic DNA was sheared in strings of 

~550bp with a Covaris ultra-sonicator (the shearing size is well above the 

expected length of wild type telomeres to preserve their integrity). The biotin tag 

(labelled in orange, figure 6.14) was then used to selectively isolate the hairpin-

bound DNA from the rest of the genome using magnetic beads coated with 

streptavidin. Once firmly bound to the magnetic beads, the enriched telomeres 

were repaired to produce a blunt end on the free side of each molecule and 

ligated with the proper adaptor sequence dictated by the Illumina chemistry. After 

excision of the uracil base through USER enzyme treatment, the TG-rich strand 

is separated by the beads-bound CA-rich strand with a brief denaturing step. The 

TG-rich ss-DNA strings are, after purification, used as a template for a low-cycle 

PCR step to independently barcode and further enrich each sample. (figure 

6.15). Such a protocol is theoretically able to capture randomly all the 32 yeast 

telomere and for each of them provide a coverage of thousands of readings, 

dramatically enhancing the resolution of the assay and therefore the ability to 

isolated phenotypically relevant mutants.  

The efficiency of this protocol was initially tested on genomic DNA 

extracted from a wild type strain analysing the composition of the final PCR 

amplification (15 cycles). The amplified product was cloned and transformed into 
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E. coli; 30 single colonies were selected and their plasmids were sequenced by 

standard method. The sequence analysis revealed the high efficiency of the 

proposed protocol for the telomeric library construction: in fact 28 of the 30 

inserts contained telomeric sequence, and for 10 of them, the sub-telomeric 

region sequence allowed the assignment to a specific telomere.  

Figure 6.15 – Schematic of telomeric library construction. Cartoon visually describing the 
construction of a telomeric library to be sequenced by the (2x300) FC MiSeq kit. 
 

The success of the library construction strongly suggests that to study 

telomeric sequences on a large scale, the proposed deep-sequencing approach 

can be feasible. In fact, the library preparation protocol can be coupled with a 

sample multiplexing mediated by the Illumina methodology and allow for the 



206	  

	  

analysis of up to 96 different yeast strain per experiment with a potential 

coverage of over 2000 readings per each of the 32 yeast telomeres (allowing half 

of the flow cell capacity for random sequence DNA in order to guarantee the 

balance of the flow cell itself).  

 

DISCUSSION 

A trimeric complex formed by the three essential proteins Cdc13, Stn1 and 

Ten1 is the critical player of telomere maintenance in budding yeast. The 

structural homology of its components with the subunits of the well-known RPA 

complex helped establishing the Cdc13-Stn1-Ten1 complex as telomeric 

dedicated RPA complex (t-RPA complex): while the canonical RPA complex 

binds ss-DNA with no sequence specificity, the t-RPA binds only telomeric ss-

DNA thanks to the affinity of its main subunit, Cdc13, for TG-rich oligonucleotides 

(Gao et al. 2007; Gelinas et al. 2009; Hughes et al. 2000; Mitton-Fry et al. 2002). 

According to the canonical model, the complex binds telomeres only after the 

completion of replication and once bound to the 3’ TG-rich overhang, its essential 

role is to protect telomeres from degradation while at the same time mediating 

the access of telomerase to its substrate. In the previous chapters a number of 

evidences have been discussed that significantly weaken the core assumptions 

that underlie this model. In this chapter, this line of reasoning is brought a step 

forward with the proposal of a new model for telomere maintenance where the 

essential function of the t-RPA complex is drastically shifted from an end-binding 
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factor to a telomeric specific replication factor. The original RPA complex plays its 

essential role as a component of the lagging strand machinery coating the ss-

DNA unwinded by the fork and stimulating the activity of the polymerase α/ 

primase complex(Oakley & Patrick 2010); the new model proposes that as the 

replication fork advances from the sub-telomeric region to the duplex telomeric 

DNA, the t-RPA complex substitute physically and functionally the RPA complex 

in the lagging strand machinery. The similarity between the RPA complex and the 

t-RPA complex, so far limited to their structure, would be significantly extended 

further to harmonize also the core of their essential function: ensuring the 

efficient replication of DNA.  

To directly test this model, new tools needed to be developed to assess 

the status of the replication dynamics at telomeres. A strictly molecular approach 

to the problem is discussed in this chapter involving the single-nucleotide 

comparison of several sibling telomeres to identify the footprints of replicative 

errors such as slippages or collapses of the fork. The only available protocol to 

achieve a nucleotide level resolution of the telomeres is a PCR-based method 

designed by the Lingner lab called telo-PCR(Förstemann et al. 2000). A slightly 

modified version of this protocol was therefore used to compare the telomeres of 

a wild type yeast strain against a strain carrying a mutation in the DNA binding 

domain of Cdc13 that impaired the affinity of Cdc13 for telomeric ss-DNA. 

According to the new model, the inability of the t-RPA to properly bind the 

unwinded TG-rich lagging strand and the failure to replace the RPA complex in 
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the lagging strand machinery, should induce an accumulation of replicative errors 

particularly localized near the sub-telomeric/telomeric boundary. As predicted, 

the detailed analysis of over 100 telomeres per genotype showed in the mutant 

strain a significant enrichment of telomeres whose sequences reflected the 

consequences of replicative errors especially in the first 125bp of duplex 

telomeric DNA from the sub telomeric/telomeric boundary. This data, repeated 

twice, not only confirmed the prediction derived from the new model that 

replicative stress accumulates at telomeres if the t-RPA function is impaired, but 

also highlighted how an high resolution analysis of telomeres is essential to 

uncover phenotypes that would be otherwise undetected.  

A standard southern blot analysis of the cdc13DBD telomeres in fact only 

displayed a slight telomere length elongation while the telo-PCR analysis 

revealed not just the accumulation of ultra short telomeres and replicative errors 

but also the very different distribution of telomere length that characterize this 

mutant (further confirmed by a different protocol in figure 6.13). These elements 

argue that a very consistent part of the mechanisms that regulate telomere 

maintenance have been neglected because below the detection limit of the main 

analytical tools that the field has been largely relying on for the past twenty years. 

Furthermore, this notion propels the need for a high-throughput analysis of single 

telomeric sequences that would allow a comprehensive revision of role of the 

many factors involved in telomere maintenance especially in the light of the 

importance of the replication of the duplex telomeric DNA postulated by the new 
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model for telomere maintenance. The design of a new assay to efficiently and 

cost-effectively sequence yeast telomeres minimally needs to guarantee the 

integrity of each telomere: in fact given their repetitive nature, the sequence of 

any given telomere cannot recomposed by aligning 2 or more partial readings but 

it can only be determined in a unique sequencing reaction that covers the entire 

length of telomere itself. This basic requirements excludes all those approaches 

that rely on the deep sequencing of millions of DNA strings shorter than ~400bp 

which corresponds to the average length of a wt telomeres. However the recent 

marketing of MiSeq sequencing kit able to cover 600bp DNA string, opens the 

concrete possibility of using the this new sequencing technology to transform the 

sequencing of yeast telomeres into an high throughput assay. The successful 

construction of a pilot telomeric library using a specific bait to separate telomeres 

from the rest of the genome effectively paves the way to a new protocol for 

telomere sequencing that allows the collection of data from multiple genotypes at 

once, extends the analysis to all the telomeres and very significantly increases 

the number of readings per telomeres. Finally it reduces drastically the accidental 

introduction of artefacts, minimizing the number of steps that require the 

replication of the target sequences: while the telo-PCR protocol relied on a 25-

cycle PCR step and the amplification of each cloned telomere in E. coli, the 

telomeric library construction limits the in vitro replicative step to a 15-20 cycles 

PCR step. 
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MATERIALS AND METHODS 

 

Yeast strains: 

The yeast strains, described in table 6.3, were isogenic. The integrated 

allele of CDC13 were introduced into the genome as URA3 pop-in integrant, Ura¯ 

“pop-outs” were selected on 5-FOA, and the status of the CDC13 locus was 

assessed by PCR and sequencing, to confirm that the relevant mutation was 

correctly integrated.  

Table 6.3 — Yeast strains used in this chapter.  
Strain    Genotype     origin 
YVL2967 MATa   

ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
 

YVL4256 MATa cdc13-Y556A Y558A 
ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 

YVL2967 

 
Modified telo-PCR protocol: 

For each genotype, a single colony streaked out on rich solid media, and 

after 2 days of growth ≥6 single colonies were grown in liquid rich media over 

night. Genomic DNA was extracted from each liquid culture (Wizard kit from 

Promega) and 150ng were used to in a terminal transferase reaction in the 

presence of excess dCTPs. The end-tailed samples were used as template for a 

25 cycle PCR reaction as described in (Förstemann et al. 2000) using a d(G)s 

oligonucleotide (complementary to the dC tails) and  a specific primer for 

telomere 01L. Half of the amplified product was resolved on a 2% agarose get to 

confirm the efficient and specific amplification of telomere 01L, while the other 
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half was precipitated over night in the presence of ammonium acetate and 

ethanol. The purified DNA was cloned into the pCR2.1 vector using the TA 

cloning kit from Life Technologies and transformed into E.coli. After overnight 

growth, ≥10 single colonies were expanded and prepped using the QIAprep spin 

miniprep kit from Qiagen and sequenced by Sanger method at EtonBio. 

Sequences were analyzed using the alignment visualization toolkit MacVector. 

Table 6.4 — Oligonucleotides used in the telo-PCR protocol for telomere 01L.  
VL5199 CGGGATCCGGGGGGGGGGGGGGGGGG 
VL5168 GCGGTACCAGGGTTAGATTAGGGCTG 

 

Variation of telomere 01L length. 

For each genotype, N independent but isogenic isolates (in figure 6.13, 

N=4) were streaked out on solid rich media. For each isolate, after 2 days of 

growth, 10 colonies were grown overnight in liquid rich media and genomic DNA 

was extracted. Telomere 01L was specifically amplified as described previously 

and the 10 PCR products were resolved on a 2%agarose gel. The 100bp ladder 

was used to accurately determine the average length of each band. The 10 

telomere 01L lengths were then normalized to their average and each relative 

variation was calculated as a percentage of the average and compared to the 

other isolates and genotypes. 

 

Telomeric library construction for next generation sequencing assay.  

For each isolate, 10mg of genomic DNA (obtained via nanodrop and 
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corresponding to 40fmols od genomic DNA) was mixed with a 2X excess of the 

previously annealed bait hairpin (temperature gradient in STE buffer from 98° to 

5°) in ligase buffer for 1 hour at room temperature. The samples were then 

treated with T4 ligase (NEB) at room temperature to covalently link the hairpin to 

its substrate (mostly telomeres). The reaction was stopped after one hour and the 

DNA was purified with a phenol/chloroform extraction and resuspended in 140ul 

of TE buffer. For each sample, 10 ul were saved to test via PCR the efficiency of 

the ligation (using an hairpin specific primer and a telomere 01L specific primer), 

while the rest of the samples was sheared at ~550bp using a Covaris 

Ultrasonicator. The efficiency of the sonication was checked resolving 10ul of the 

post-sonication samples on a 2% gel. The sheared DNA was then mixed to 

MyOne™ Streptavidin T1 Dynabeads® from Life Technology as advised by the 

manufacturer to allow the biotin molecule of the hairpin to bind the streptavidin 

coating the magnetic beads. The unbound DNA was washed away with 2 

TE+0.1% tween-20 washes and the DNA bound to the beads was repaired with a 

30’ incubation at 20° in the presence of DNA-PK and T4 DNA polymerase. After 

2 washes in ligase buffer, the beads-bound DNA was ligated with the proper 

Illumina adaptors IS1/IS3 (previously annealed with a temperature gradient in 

STE buffer from 98° to 5°). After 2 more washed in NEB buffer 4, the beads were 

treated with the NEB USER enzyme and the TG-rich single stranded strings were 

separated from the beads-bound CA-rich complementary strings by incubation at 

95° for 5 minutes in 1x SSC. The supernatant was quickly removed and purified 
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with the QIAquick PCR Purification Kit and used as a template for a 18 cycles 

PCR reaction to barcode and enrich each sample. To confirm the efficiency of the 

library construction, the amplified product was cloned and sequenced as 

described previously. All the oligonucleotide used in this protocol are listed in 

table 6.5. 

Table 6.5 — Oligonucleotides used in the telomeric library construction. The last two were 
just used to test the efficiency of the protocol and they need to be substituted with the proper 
barcoded oligonucleotides once the experiment is actually performed (“*”= phosphorothioate).  

 
 
 
 

Hairpin TELO2 /5Phos/AGATCGGAAGAGCACACGTCTGAACTCCAGUCTCT/iBiodT/T
CCCTACACGACGCTCTTCCGATCTMMMM*M*M*M*M 

IS1 adapter.P5 A*CACTCTTTCCCTACACGACGCTCTTCCGATC*T 
IS3 
adapter.P5+P7 

A*GATCGGAAGAG*C 

Solexa primer AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCT 

PCR primer 4 
(barcoding in 
lowercase) 

CAAGCAGAAGACGGCATACGAGATtggtcaGTGACTGGAGTTCAGACG
TGTGCTCTTCCGATCT 
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Chapter 7: 
 

A new genetic assay to monitor the 
efficient and faithful replication of 

telomeres. 
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In the previous chapter, a new model for telomere maintenance was 

introduced. While according to the current model the essential trimeric complex 

formed by the protein Cdc13, Stn1 and Ten1, binds to telomeres after replication 

and it protects their structural integrity from degradation, the new model proposed 

that these trimeric complex acts like a telomeric dedicated RPA complex (t-RPA 

complex). As the original RPA complex travels with the replication fork as an 

essential component of the lagging strand machinery, the t-RPA complex 

becomes part of the fork once it reaches the duplex telomeric DNA thanks to the 

high affinity for telomeric ss-DNA ensured by its large subunit Cdc13. From an 

end-binding factor, the t-RPA complex becomes a telomere dedicated replication 

factor whose essential function is to ensure the correct replication of well known 

difficult to replicate regions of the genome: the telomeres. To directly test the new 

model, innovative tools to study the dynamics of telomere replication needed to 

be devised. While, in the previous chapter, a strictly molecular assay was 

discussed, here a genetic approach based on analysis of interstitial telomeric 

tracts cloned away from chromosomes ends and placed between two selectable 

marker is presented. This experimental design allows to isolate the dynamics 

associated with the replication of the telomeres from all the other modification 

that normally occur at telomeres such as elongation by telomerase or shortening 

of the telomeric repeats by physiological erosion. The data shows that the 

perturbation of the t-RPA function or the complete loss of one of its components, 

significantly impairs the replication of this internal telomeric tract not only 



216	  

	  

confirming the results obtained by the telo-PCR assay but most importantly 

showing how the t-RPA function is essentially disjointed from the telomeres 

themselves but exquisitely dependent from the replication of a TG-rich sequence.  

 

INTRODUCTION 

In budding yeast, the critical player in telomere maintenance it’s a trimeric 

complex formed by the three essential proteins Cdc13, Stn1 and Ten1. In 2007, 

the Lundblad lab, proposed this complex as a distant telomere dedicated paralog 

of the RPA complex and dubbed it t-RPA complex(Gao et al. 2007). For the past 

20 years, the telomere field has been studying the properties of this complex 

focusing on its role as an end binding factor and its role in telomere 

“capping”(Garvik et al. 1995; Nugent et al. 1996; Maringele & Lydall 2002). 

Recently a number of experimental observations discussed in the previous 

chapters, significantly weaken this model and progressively paved the way to the 

conception of a new model to describe the essential function of the t-RPA 

complex and redesign the blueprint of telomere maintenance.  

The new paradigm stems from the similarities between the RPA and the t-

RPA complex, proposing that as the RPA complex essential role is played during 

replication as a component of the lagging strand machinery, similarly the t-RPA 

complex carries out its essential function in the replication of the telomeric DNA, 

substituting the RPA complex role in the lagging strand machinery as the 

replisome enters the duplex telomeric region of each telomere. As part of the 
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replication machinery at telomeres, the role of the t-RPA proposed by the new 

model is to bind the TG-rich ss-DNA as it gest unwinded by the fork, preventing 

the formation of secondary structure and ensuring the smooth progression of the 

fork till the end of the telomeres. Furthermore, in case of a replication fork 

collapse, the direct interaction between the t-RPA complex and telomerase can 

guarantee the re-establishment of telomere length, proposing a collapsed fork as 

a potential telomerase substrate.  

The length and the sequence of each telomere are subjected to a number 

of phenomena mostly acting at the very end of each telomere: the constant loss 

of terminal repeats caused by replication, the occasional addition of new repeats 

by telomerase and finally the presumed controlled resection happening after 

every DNA replication cycle to generate the 3’ overhang in the leading strand 

telomeres. Introducing faithful DNA replication as critical component of telomere 

maintenance means adding yet another layer of complexity to an already intricate 

picture whose many aspects aren’t fully elucidated. To study telomere replication 

and particularly to observe the accumulation of replicative stress associated with 

impairments of the t-RPA complex predicted by the new model, a molecular 

approach based on the analysis of the nucleotide sequence of several sibling 

telomeres was discussed in chapter 6. The analysis of the complex data sets 

obtained, seemed to confirm the prediction of the new model, identifying signs of 

replicative stress thanks to the footprints of the replication errors engraved in the 

telomeric nucleotide sequence. 
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In this chapter the attention is focused on another investigative approach. 

Given the complexity that characterize telomeres and numerous modification 

they are subjected to, the need for a simplified setting to closely monitor the 

replication of telomeric DNA emerged. To achieve this goal, an interstitial 

telomeric sequence was introduced at twp different genomic locations more than 

25Kbp from the chromosome ends. In all three cases, the loss of distal portion of 

the chromosome was compatible with viability, allowing recovery of events due to 

fork collapse during the replication of the ectopic telomeric DNA. These interstitial 

telomeric regions behaved as fragile sites in response to replication defects, as 

loss of the distal segment was increased in the presence of HU or in a strain 

bearing a mutation in the DNA pol alpha/primase complex. Notably, in strains 

carrying defects in the t-RPA complex, the stability of the internal telomeric tract 

was significantly compromised. This data strongly suggest that the role of the t-

RPA complex it’s not dependent from the proximity to a chromosome end but it’s 

primarily intended to ensure the correct replication of TG-rich sequences 

wherever they may occur. 

 

RESULTS 

 

The internal telomere assay 

Natural telomeres are subjected to numerous mechanisms capable of 

influencing their length and changing their nucleotide sequence: from the 
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inevitable loss of telomeric repeats after each DNA replication to the addition of 

new telomeric sequence by telomerase. The new model proposed here, adds the 

efficient replication of the duplex telomeric DNA as yet another contributor to this 

already complex framework. To isolate this latter element from the others, an 

assay to monitor the replication of an interstitial telomeric repeats was designed. 

Figure 7.1 – The internal telomeric construct and its locations in the genome. Top: 
schematic of the interstitial telomeric construct; in the RED box, the cloned telomere flanked by 
the two nutritional markers: UP for upstream marker and DOWN for downstream marker. Bottom: 
the final construct at two chosen genomic locations. All the ORFs downstream of the inserted 
constructs are not essential and can lost following a replication fork collapse.  
 

A full length telomere 01L of 391bps and a portion of its upstream sub-

telomeric region (300bps) were cloned from the genomic DNA of a wild-type 

yeast strain via PCR amplification (as described in chapter 6) and cloned 

between two selectable nutritional markers (figure 7.1). The genomic locations 

used for the insertion of this internal telomere construct were chosen on basis of 
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two critical requirements: (i) downstream of well-characterized strong origin to 

guarantee the directionality of the replication and (ii) upstream of dispensable 

chromosomal regions to allow the recovery of replication fork collapse events. 

The internal telomere construct was then introduced at two locations: either 

downstream of AR1595.5 (38Kbps upstream of telomere 15R, figure 7.1) or 

downstream of ARS922 (27Kbps upstream of telomere 9R, figure 7.1). Finally, 

the orientation of the telomeric sequence relative to the origin of replication was 

chosen to guarantee, during DNA replication, the TG-rich strand as the lagging 

strand, perfectly mirroring the position of the natural telomeres.  

Thanks to this construct, the loss of the nutritional marker downstream of 

the telomeric sequences is expected to represent a replication fork collapse at 

the internal telomeric tract with complete loss of the downstream sequences. To 

confirm this assumption, a wild type yeast strain was modified to bear the internal 

telomere construct near ARS922 and carrying as distal marker the gene URA3 

(figure 7.2, YVL4639, YVL4640). After ~25 generations in rich media, several 

independent URA+ isolates were propagated on 5-FOA containing media 

allowing only those yeast cells that had lost the distal URA3 marker to form 

colonies. Experiments are on-going to confirm that as expected, 50 independent 

URA3- colonies derived from 50 independent URA+ isolates after selection on 

5FOA, effectively lost all the sequences downstream of the internal telomere 

while maintaining in all cases the integrity of the upstream nutritional marker. 

Furthermore, the molecular analysis via telo-PCR and sequencing will be carried 
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out to confirm that the interstitial telomeric tract turned into the new bona fide 

telomere. Notably, isolates from an isogenic URA3+ strain bearing the internal 

telomeric construct stripped on the interstitial telomeric repeats (sub-telomeric 

and telomeric regions, YVL4637, YVL4638) could not be propagated on 5-FOA 

containing media under any circumstances.  

Figure 7.2 – The internal telomeric after a fork collapse. Schematic of the yeast used to test 
the effectiveness of the construct. The loss of the downstream URA3 marker is detected by 
growth on 5-FOA containing media and corresponds to the loss of the distal part of the 
chromosome while the internal telomere becomes the new end of the chromosome. 
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The internal telomere assay detects replicative stress 

In order to facilitate even further the detection of fork collapse events, the 

gene ADE2 (that had been previously knocked out from its genomic locus) was 

introduced downstream of the internal telomeric tract inserted at ARS922. 

Thanks to this alteration, when a replication fork collapses at the internal 

telomeric tract, the loss of the ADE2 gene will lead to the accumulation of a red 

pigment that eventually will turn the affected cell and its progeny red, facilitating 

their visualization and eliminating the necessity of testing the loss of the 

nutritional marker with a further experimental step. (figure 7.3).  

Figure 7.3 – The introduction of ADE2 downstream of the internal telomeric tract 
guarantees the visual identification of replication fork collapse events. With the introduction 
of the ADE2 gene (previously knocked out from its original genomic locus) downstream of the 
internal tract, the collapse of a replication fork on the internal telomere can be detected by the 
accumulation of a red pigment in the progeny of the affected cells. 
 

As a single yeast cell bearing these modifications duplicates and grows 
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into a colony, it develops red sectors of different sizes as a consequence of when 

a replication fork collapse at the internal telomeric tract occurs. If a replication 

fork collapse takes place during the early cell cycles, a large portion of the colony 

will be red showing ½, ¼ or even ⅛ red sectors. On the other hand if the collapse 

happens during a later division, only a very thin slice of the colony will turn red 

(figure 7.4). Surveying a large number of colonies for the number and the size of 

sectors can therefore give a measure of the ability of each yeast strain to 

correctly and efficiently replicate the internal telomeric tract.  

Figure 7.4 – Examples of ½ and ¼ sectors. If a replication fork collapse at the internal 
telomeric tract happens in the earlier cell cycles, a large sector maximally covering half of the 
colony will form. The intensity of the pigmentation (orange or red) is solely dependent on the 
efficiency of the accumulation and it can vary from strain to strain.  
 

To test the effectiveness of the internal telomere construct in detecting 

replicative stress, its sensitivity to chemical or genetic alterations of DNA 

replication was scrutinized. An appropriated dilution of two independent wild type 

yeast strains bearing the internal telomeric tract and the ADE2 gene downstream 

of ARS922 (YVL4835 and YVL4836) was plated on rich media in the presence of 

increasing amounts of hydroxyurea (HU), a toxic chemical compound capable of 
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depleting the cellular dNTPs pool and therefore impairing the progression of DNA 

replication. While a high concentration of HU leads normally to immediate cell 

death, the dosages of HU used in this experiment guaranteed only a partial 

impairment of replication, minimally affecting the progression of the cell cycle and 

preserving the viability of the strains (data not shown). After extended incubation 

at 30° to allow the formation of colonies and the accumulation of the red pigment, 

~4000 single colonies per condition and per strain were surveyed and classified 

according to their sectoring (table 7.1). 

Table 7.1 – The internal telomere construct can detect replication stress induced by HU 
treatment. Raw data. Classification of the surveyed colonies from the indicated strains plated at 
progressive HU concentrations on rich media for 7 days.  

 
HU RED  1/2  1/4 1/8 <1/8 total colonies 

YVL4834    NO telo 
0mM 0 0 0 0 0 4381 

40mM 0 0 0 0 0 4388 
80mM 0 0 0 0 0 4284 

YVL4835    telo 
0mM 4 4 3 4 24 4263 

40mM 11 3 16 22 68 4238 
80mM 11 8 10 12 67 3720 

YVL4836    telo 
0mM 12 5 2 4 17 3823 

40mM 17 6 10 15 65 4098 
80mM 10 10 14 22 81 4002 

 
The vast majority of the colonies, even at the highest HU concentration 

(80mM), were white, indicating the faithful replication of the internal telomeric 

tract. Notably, in the presence of HU the amount of colonies bearing a ¼, ⅛ and 

<⅛ red sector significantly increased (3-4 folds), suggesting that indeed the 

internal telomeric assay responds to replicative stress accumulation (figure 7.5-

6). The attenuated effect of HU on the frequency of ½ sectors colonies is 

explicable considering that, in the first cell cycle after plating, the yeast cell’s 

dNTP pool is probably still intact and the DNA replication proceeds with little 
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disturbances. Notably, completely red colonies were excluded from the analysis 

given that the yeast cell originating them, had already lost the sequences 

downstream of the internal tract prior to the HU treatment. Finally, a yeast strain 

carrying the internal telomeric construct but lacking the telomere 01L insertion 

(telomeric and sub-telomeric sequences) was similarly tested: none of the over 

4000 colonies tested for each condition (0, 40 and 80mM) showed a red sector of 

any size suggesting the telomeric sequence itself as a replicative fragile site. 

Figure 7.5 – The internal telomere construct can detect replication stress induced by HU 
treatment. Normalized data. Table and graphs that describe the amount of ½, ¼, 1/8 and <1/8 
sectors observed in 0, 40 or 80mM HU normalized by the number of colonies surveyed.  
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Figure 7.6 – The internal telomere construct can detect replication stress induced by HU 
treatment. Final summary. The data from the two independent strains YVL4835 and YVL4836 
are combined and grouped by sector size. The p-value calculated with a χ2-test on the ½ and ¼ 
sectors between the 0mM and the 40mM or 80mM HU conditions is <0.001 in both cases.  
 

To further test the ability of the internal telomere construct to detect 

replicative stress, the stability of construct shown in figure 7.3 was tested in two 

independent strains carrying the pol1-1 allele, a temperature sensitive mutation in 

the essential catalytic subunit of the DNA polymerase I alpha/primase complex, 

POL1 (YVL4854 and YVL4855, (Lucchini et al. 1988)). This particular mutant 

when shifted at non permissive temperature (33°) doesn’t immediately stop its 

cell cycle but, oppositely to what was described for the temperature sensitive 

alleles of Cdc13 in chapter 4, it progressively slows down its growth till arresting 

after a few generations as a micro-colony (data not shown). Given this particular 

feature, 2 different experimental approaches were pursued: a proper dilution of 

the pol1-1 strains along with an isogenic WT was plated on rich media and either 

incubated constantly at semi-permissive temperature (30° and 31°, figure 7.7 and 

table 7.2) or incubated transiently for 6 or 8 hours at non-permissive temperature 

(33°, figure 7.8 and table 7.3).  

 



227	  

	  

Table 7.2 – The internal telomere construct can detect replication stress induced by 
continuous growth at semi-permissive temperature of strains carrying a pol1-1 mutant vs. 
POL1. Raw data. Classification of the surveyed colonies from the indicated strains plated at 23°, 
30° or 31°. 

    RED  1/2  1/4  1/8 <1/8 total # of colonies 

POL1 YVL4836 
23° 5 1 2 6 27 2716 
30° 3 2 1 1 12 2767 
31° 6 0 2 1 9 2466 

pol1-1 YVL4854 
23° 3 0 2 3 29 852 
30° 0 0 2 8 43 851 
31° 7 0 5 9 65 768 

pol1-1 YVL4855 
23° 3 3 1 5 14 956 
30° 1 1 2 14 78 1188 
31° 5 4 11 21 112 1168 

 

Figure 7.7 – The internal telomere construct can detect replication stress induced by 
continuous growth at semi-permissive temperature of strains carrying a pol1-1 mutant vs. 
POL1. Top: normalization of data shown on table 7.2. Bottom: data from top chart are presented 
focusing on the 1/2, ¼, and 1/8 sectored colonies. The p-value is calculated with a χ2-test on the 
½, ¼ and 1/8 sectored colonies between the indicated data set. 
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Table 7.3 – The internal telomere construct can detect replication stress induced by 
transient incubation for 6 or 8 hours at non-permissive temperature of strains carrying a 
pol1-1 mutant vs. POL1. Raw data. Classification of the surveyed colonies from the indicated 
strains transiently incubated at 33° for 6 or 8 hours and consequently allowed to grow at 23°. 

    RED  1/2  1/4  1/8 <1/8 total # of colonies 

POL1 
YVL4836 

23° 5 1 2 6 27 2716 
33° 6hrsè23° 3 4 2 5 21 2612 
33° 8hrsè23° 6 2 2 4 21 2328 

pol1-1 
YVL4854 

23° 3 0 2 3 29 852 
33° 6hrsè23° 1 1 3 6 13 968 
33° 8hrsè23° 0 0 8 5 22 836 

pol1-1 
YVL4855 

23° 3 3 1 5 14 956 
33° 6hrsè23° 3 3 3 9 18 948 
33° 8hrsè23° 7 2 6 10 10 1003 

 
 
 

Figure 7.8 – The internal telomere construct can detect replication stress induced by 
transient incubation for 6 or 8 hours at non-permissive temperature of strains carrying a 
pol1-1 mutant vs. POL1. Normalized data. Top: normalization of data shown on table 7.3. 
Bottom: data from top chart are presented focusing on the 1/2, ¼, and 1/8 sectored colonies. The 
p-value is calculated with a χ2-test on the ½, ¼ and 1/8 sectored colonies between the indicated 
data set. 
 

Remarkably, as for the HU experiment, none of the conditions tested 
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affected the overall ability of the pol1-1 yeast cells to form a full size colony (data 

not shown) avoiding any possible masking effects induced by lethality. The 

frequency of the ½-sectored colonies wasn’t significantly affected by the 

impairment of the POL1 function in neither of the two experiments: an occurrence 

probably connected to the delay in the onset of the cell cycle arrest after pol1-1 

mutants are shifted at non-permissive temperature. On the other hand an 

increase in colonies carrying smaller sectors was observed in both experimental 

settings when comparing the two independent pol1-1 strains with a wild type 

control. Particularly, when the pol1-1 mutant strains were grown continuously at 

the semi-permissive temperature of 30° or 31°, the frequency of colonies bearing 

¼, ⅛ and smaller sectors sensibly increased. A statistical analysis comparing the 

frequency distribution of ½, ¼ and ⅛ sectored colonies showed that the 

difference between a pol1-1 strain grown at 23° vs. 31° was statistically 

significant with a p-value below 0.001. An identical statistical method also 

established that the difference observed between a wild type and the pol1-1 

strain is statistically significant only at both semi-permissive temperatures (figure 

7.7 and table 7.2). 

On the other hand, the temporary exposure of a pol1-1 strain to non-

permissive temperature while confirming the overall increase in sectored 

colonies, showed a particular pattern with a substantial increase only in the ¼ or 

⅛ sectored colonies while the fraction of colonies bearing smaller sectors (<1/8) 

was unchanged. The interpretation of this apparently disconcerting result points 
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out the extreme sensitivity of the internal telomere assay presented here: in the 

6-8 hours that the pol1-1 strain was exposed at non permissive temperature, the 

strain proceeded through a limited number of slow cell cycles (as described 

above) accumulating replicative defects; once the cells were returned to 

permissive temperature, the efficiency of the DNA replication recovered and cell 

cycle progression returns to normality. The internal telomeric construct seems 

able to perfectly detect the temporary impairment of the replicative process: a 

replication fork collapse at the internal telomere in the first cell cycles (those ones 

happening with difficulties in the 6-8 hours of incubation at 33°), generates a 

colony with a large red sector, while the lack of smaller sectors reflects the return 

to an efficient replication once the yeast cells were retuned at permissive 

temperature (figure 7.8 and table 7.3).  

Collectively this data confirms that the internal telomere assay is capable 

to detect with temporal precision errors that specifically occur when the TG rich 

repeats of the construct are begin replicated. Furthermore the data supports a 

model where in case of a replication fork collapse and loss of the natural 

telomere, the resolution of the damaged fork generates a new end at the internal 

telomeric independently from telomerase.  
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The distinctive features of the new assay 

In 1999, the Gottschling group proposed a similar experimental design 

that, after the creation of a double-strand break downstream of an internal TG-

rich tract, measured the ability of a given yeast strain to form a new telomere and 

survive(Diede & Gottschling 1999). The two assays, while sharing the embedding 

of telomeric repeats in the genome away from their physiological location, assess 

very different phenomena: while the Gottschling assay observed the downstream 

events of an artificially induced break near a telomeric sequence, the internal 

telomeric assay presented here, allows the observation of the physiological 

mishaps of the replisome as it progresses through a telomeric sequence 

Figure 7.9 – The loss of telomerase doesn’t affect the internal telomere assay. Strains 
carrying the internal telomere construct with or without the telomeric insertion were compared to 
isogenic tlc1-∆ strains, obtained from the dissection of tlc1-∆/TLC1 strains ( NO telo: YVL4775, 
YVL4776; plus telo: YVL4777, YVL4778). After growth in rich media, serial dilutions of saturated 
cultures were plated on 5FOA containing media to select for ura3- yeast cells.  
 

The seminal difference between the two assays is further confirmed by 

their behaviour in the absence of a functional telomerase complex. As reported in 

the original paper, in the Gottschling assay, following the induction of the double-

strand break near the internal TG-rich sequence, the formation of a new telomere 
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is completely dependent on telomerase: it seems that only the addition of new 

telomeric repeats can guarantee the healing of the break into a new telomere and 

therefore survival. On the other side, in a strain carrying the internal telomeric 

construct downstream of either ARS1529.5 or ARS922, the absence of a 

functional telomerase doesn’t impair the recovery of ura- colonies (figure 7.9). 

Subsequent molecular analyses of the construct confirmed the loss of the distal 

sequences and the transformation of the internal tract into the new telomere. In 

fact, when analysed by southern blot, the tlc1-∆ ura- isolates, similarly to their 

TLC1 ura- counterparts, showed the loss of the downstream sequence with a 

difference in size between the TLC1 and the tlc1∆ samples that perfectly 

reflected the expected shortening of the latter group’s telomeres (figure 7.10). 

Figure 7.10 – Southern blot analysis of ura3- isolates with or without an active telomerase. 
Single colonies from figure 7.3 were propagated in rich media and their genomic DNA was tested 
via southern blot analysis (XmnI digestion) using a probe against the nucleotide sequence of the 
upstream nutritional marker TRP1 (intact constructà3.9Kbps, after collapseà2.3Kbps). URA3+ 
TLC1+ samples (lane 1 and 2) were compared to 4 URA3- TLC1 isolates (lane 3 to 6) and 4 
URA3- tlc1-∆ isolates (lane 7 to 10). The original strains carried the internal telomeric tract 
downstream of the ARS922. 
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Furthermore, the molecular analysis of 8 ura- tlc1-∆ isolates, showed that, 

following the collapse of a replication fork at the internal telomere, the new 

chromosome end simply takes over the role of the lost natural telomere with no 

further modification: the original sequence of the internal telomere is in 

maintained in all cases (figure 7.11). Notably, in the first ura- tlc1∆ isolate all the 

sequenced telomeres show an identical slippage of ~40bps: this data strongly 

supports the hypothesis discussed in the precious chapter that even if hard to 

isolate, bona fide replication fork slippage do occur in vivo.  

Figure 7.11 – Single-nucleotide analysis of the internal telomeric tract following 
replication fork collapse and loss of the downstream sequences. Telo-PCR analysis was 
performed on 8 ura3- tlc1-∆ isolates as described in the precious chapter using an oligonucleotide 
specific for the backbone of the internal telomeric construct instead of the telomere 01L one. 4 
single telomeres per isolates were sequenced and aligned. To completely rule out the accidental 
introduction of any PCR-related artifacts in the analysis of ura- tlc1-∆ isolate 1, the telo-PCR 
protocol was repeated twice. 
 

The data presented so far also suggests that when introducing a telomeric 

repeats away from the ends of the chromosomes, they become a hot spot for 

replicative stress and in case of collapse of the fork, following the loss of the 

downstream sequences, the interstitial telomere is used effectively as the new 
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end of the chromosome behaving as bona fide telomere.  

 

Impairment of the t-RPA complex causes replicative stress at the internal 

telomeric tract 

According to the new model for telomere maintenance presented in 

chapter 6, when the replisome advances through the telomeric repeats, the t-

RPA complex, thanks to its high affinity for TG-rich ss-DNA, substitutes the 

original RPA complex in the lagging strand machinery. If this assumption is 

correct when the internal telomeric tract is replicated, the t-RPA complex should 

similarly be able to compete out the RPA complex and become part of the 

replication machinery, ensuring the faithful replication of the interstitial telomeric 

repeats. This assumption predicts that impairment of the t-RPA complex function 

should increase the instability of the internal tract, resulting in higher frequency of 

replication fork collapse. The colorimetric detection of this phenomenon enabled 

by the strain construction shown in figure 7.3 was used to test this hypothesis.  

Three stn1Cter alleles and one cdc13DBD mutant (mutants described in 

chapter 3 and 5 respectively) were introduced into a strain carrying the internal 

telomeric tract after ARS922 with the insertion of the ADE2 gene further 

downstream. One or two independent strains per each genotype were generated 

and after proper dilution, log phase liquid cultures were plated on rich media 

along with two isogenic strains carrying wild type copies of both CDC13 and 

STN1.  
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Table 7.4 – A stn1Cter mutant significantly increases the frequency of replication fork 
collapse at the internal telomeric tract - Raw data. Classification of the surveyed colonies from 
the indicated strains incubated for 7 days at 30°. 

 
RED  1/2  1/4 1/8 <1/8 total 

YVL4835 WT 7 3 1 2 6 2652 
YVL4836 WT 4 0 3 4 6 2818 
YVL4837 cdc13-Y556A Y558A 10 1 1 2 7 1226 
YVL4838 cdc13-Y556A Y558A 1 0 0 4 7 1878 
YVL4841 stn1-H486D 6 3 1 4 12 3004 
YVL4842 stn1-Y489A 8 3 4 11 17 3145 
YVL4843 stn1-W466E 62 19 32 34 58 

 YVL4844 stn1-W466E 22 6 8 9 9 355 
 

Between the Stn1 C-terminal alleles, the most severe mutant, stn1-

W466E, showed a very significant impact of the replication of the internal tract 

increasing of 10-20 folds the frequency of each category of sectored colonies 

(table 7.4 and figure 7.12). Surprisingly, the cdc13DBD mutant, cdc13-Y556A 

Y558A, didn’t show any impact on the replication of internal telomere tract 

showing a distribution of the sectored colonies indistinguishable from a wild type 

strain. The same result was confirmed by the analysis of two milder cdc13DBD 

mutant strains (cdc13-I578A or cdc13-Y561A, data not shown). 
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Figure 7.12 – A stn1Cte mutant significantly increases the frequency of replication fork 
collapse at the internal telomeric tract - Normalized data. Top: normalization of data shown 
on table 7.4. Bottom: data from top chart are presented focusing on the 1/2, ¼, and 1/8 sectored 
colonies. The p-value is calculated with a χ2-test on the ½, ¼ sectored colonies between the 
cumulative indicated data set. 
 

The apparent inability of cdc13DBD mutations to induce replicative stress at 

the internal TG-rich tract clashed with the high impact that the stn1-W466E 

mutant shows in the same assay. Given that the recruitment of the stn1-W466E 

protein at the internal tract depends on the DNA binding domain of Cdc13, it’s 

possible to hypothesize that the cdc13DBD mutants tested might have been too 

weak to produce an effective phenotype in this assay. To fully explore the role of 

Cdc13 in the replication of the internal telomeric tract, two bona fide temperature 
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sensitive alleles of Cdc13, cdc13-S611L and cdc13-F684S, (discussed in chapter 

4, (Paschini et al. 2012)) were introduced into a strain carrying the internal 

telomeric tract downstream of ARS922 followed by the ADE2 gene. Similarly to 

the experiment performed to test the temperature sensitive pol1-1 allele, dilutions 

of log-phase cultures were plated on rich media and either, incubated 

continuously at semi-permissive temperature for 6 days, or transiently exposed at 

non-permissive temperature for 6 or 8 hours before return to lower temperature.  

As predicted by the new model, the partial impairment of Cdc13 function 

caused indeed a substantial accumulation of replicative stress at the internal 

telomeric tract. In fact, when strains carrying the temperature sensitive cdc13- 

alleles were continuously grown at semi-permissive temperature, the frequency 

of ½, ¼, 1/8 and smaller sectored colonies increased substantially (cdc13-S611L: 

table 7.5, figure 7.13; cdc13-F684S: table 7.6, figure 7.15). Notably, the 

appearance of the phenotype is gradual in the cdc13-S611L mutant while it’s 

much sharper in the cdc13-F684S mutant strain (compare 30° vs 31° in figure 

7.15.). Furthermore the extended incubation at high temperature partially reduced 

the viability of the mutant cdc13-S611L but not of cdc13-F684S (figure 7.14).  
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Table 7.5 – The partial impairment of Cdc13 causes replication mishaps at the internal 
telomeric tract – cdc13-S611L - Raw data. Classification of the surveyed colonies from the 
indicated strains incubated for 7 days at the indicated temperatures. 

    RED  1/2  1/4 1/8 <1/8 total # of colonies 

CDC13 
YVL4836 

23° 8 2 1 6 6 2987 
28° 7 0 0 5 12 3028 
29° 5 3 1 1 8 2907 

cdc13-S611L 
YVL4856 

23° 4 4 0 2 12 2279 
28° 4 0 5 4 10 1979 
29° 10 8 6 8 31 1202 

 

 
Figure 7.13 – The partial impairment of Cdc13 causes replication mishaps at the internal 
telomeric tract – cdc13-S611L - Normalized data. Normalized data from table 7.5 are 
presented focusing on the 1/2, ¼, and 1/8 sectored colonies. The p-value is calculated with a χ2-
test on the ½, ¼ sectored colonies between the cumulative indicated data set. 
 
 

Figure 7.14 – The continuous growth at semi-permissive temperature impairs the viability 
of a cdc13-S611L strain. The number of single colonies was counted on >5 plates per condition.  
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Table 7.6 – The partial impairment of Cdc13 causes replication mishaps at the internal 
telomeric tract – cdc13-F684S - Raw data. Classification of the surveyed colonies from the 
indicated strains incubated for 7 days at the indicated temperatures. 
    RED  1/2  1/4 1/8 <1/8 total # of colonies 

CDC13 
YVL4836 

23° 3 0 2 7 12 2136 
30° 4 2 0 2 7 2092 
31° 5 1 1 3 8 2536 

cdc13-F684S 
YVL4922 

23° 3 1 0 2 10 1568 
30° 3 1 0 1 0 1812 
31° 12 21 18 30 28 1725 

cdc13-F684S 
YVL4923 

23° 2 1 1 1 5 1320 
30° 0 0 0 3 3 1739 
31° 9 15 10 23 31 1253 

 

Figure 7.15 – The partial impairment of Cdc13 causes replication mishaps at the internal 
telomeric tract – cdc13-F684S - Normalized data. Top: normalization of data shown on table 
7.6. Bottom: data from top chart are presented focusing on the 1/2, ¼, and 1/8 sectored colonies. 
The p-value is calculated with a χ2-test on the ½, ¼ sectored colonies between the cumulative 
indicated data set. 
 

Similarly, also the transient loss of Cdc13 function caused a significant 

drop in the stability of the internal telomeric tract as shown by the increase in 

sectored colonies already evident after 6hrs of incubation at non-permissive 
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temperature for both thermolabile CDC13 mutant (cdc13-S611L: table 7.7, figure 

7.16; cdc13-F684S: table 7.8, figure 7.17).  

Table 7.7 – The transient loss of Cdc13 causes replication mishaps at the internal 
telomeric tract – cdc13-S611L - Raw data. Classification of the surveyed colonies from the 
indicated strains incubated for 6 or 8 hours at non-permissive temperature before exteneded 
incubation at lower temperature. 

    RED 1/2 1/4 1/8 <1/8 total # of colonies 

CDC13 
YVL4836 

23° 8 2 1 6 6 2987 
31° 6hrsè23° 9 0 1 2 19 2298 
31° 8hrsè23° 2 0 0 2 12 1464 

cdc13-S611L 
YVL4856 

23° 4 4 0 2 12 2279 
31° 6hrsè23° 8 7 4 8 16 1928 
31° 8hrsè23° 1 5 11 6 46 1883 

 
Figure 7.16 – The transient loss of Cdc13 causes replication mishaps at the internal 
telomeric tract – cdc13-S611L - Normalized data. Normalized data from table 7.6 are 
presented focusing on the 1/2, ¼, and 1/8 sectored colonies. The p-value is calculated with a χ2-
test on the ½, ¼ sectored colonies between the indicated data set. 

 
Table 7.8 – The transient loss of Cdc13 causes replication mishaps at the internal 
telomeric tract – cdc13-F684S - Raw data. Classification of the surveyed colonies from the 
indicated strains incubated for 7 days at the indicated temperatures. 
    RED 1/2 1/4 1/8 <1/8 total # of colonies 

CDC13 
YVL4836 

23° 3 0 2 7 12 2136 
33° 6hrsè23° 4 2 0 3 23 2360 
33° 8hrsè23° 7 1 2 8 22 2684 

cdc13-F684S 
YVL4922 

23° 3 1 0 2 10 1568 
33° 6hrsè23° 9 10 16 13 27 1655 
33° 8hrsè23° 7 15 20 17 28 1476 

YVL4923 
cdc13-F684S 

23° 2 1 1 1 5 1320 
33° 6hrsè23° 5 1 4 3 11 930 
33° 8hrsè23° 2 7 13 12 16 1229 
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Figure 7.17 – The transient loss of Cdc13 causes replication mishaps at the internal 
telomeric tract – cdc13-F684S - Normalized data. Normalized data from table 7.7 are 
presented focusing on the 1/2, ¼, and 1/8 sectored colonies. The p-value is calculated with a χ2-
test on the ½, ¼ sectored colonies between the indicated data set. 
 

Collectively, the above data show that impairments of the t-RPA complex 

destabilize the replication of an internal telomeric tract increasing the rate of fork 

collapse. Thereby, this finding strongly supports the new model for telomere 

maintenance that identifies the essential function of the t-RPA complex in the 

efficient replication of the duplex telomeric DNA. Furthermore it demonstrates 

that this complex doesn’t need a free end to be loaded on its substrate, but it can 

bind (and affect) the telomeric single stranded DNA as a component of the 

replisome independently from its location on the genome.  
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Definition of the absolute rate of fork collapse at the internal telomeric tract.  

The integration of a telomeric tract several kilo-bases away from the natural end 

of the chromosome allows the clean observation of the replication dynamics that 

occur when the replisome encounter a TG-rich tract, eliminating all the others 

processes that normally affect a natural telomere. The insertion of the ADE2 

gene downstream of the internal telomeric tract, allows the immediate 

comparison of the internal telomere stability between multiple strains and 

conditions as shown when the sensitivity of the assay to replication disruption 

was tested. In order to provide a more precise measurement of the rate of 

replication fork collapse at the internal telomeric tract, another assay was 

designed based on the micromanipulation of yeast cells. Instead of plating a 

dilution of a liquid culture on solid media and wait for the appearance of sectors 

in the full-grown colonies, single cells from a log-phase culture were individually 

micro-manipulated and observed periodically till the completion of the first cellular 

replication, usually attested by the formation of a new bud in one or both of the 

sister yeast cells. Once divided, the two sister cells were physically separated 

and let grown into full-size colonies. To isolate replication fork collapses at the 

internal telomeric tract, each pair of sister colonies was tested on drop-out media 

to identify those colonies that had lost the downstream nutritional marker (HIS3, 

in this case). Those pairs where only one colony retained the downstream 

nutritional marker, represented replication fork collapse events that happened in 

the first cell cycle division and whose by-products were inherited independently 
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by the two sister colonies (figure 7.18-19). 

Figure 7.18 – Schematic of the internal telomeric tract at ARS922 and ARS1529.5 with HIS3 
as the downstream marker. The replication fork collapse at the internal telomeric tract is 
monitored as loss of viability in the absence of histidine. 
  

This method is significantly more time consuming than the assay 

discussed above but allows a much more insightful analysis of the events taking 

place at the internal telomere tract. First, after the positioning of each yeast cell 

on solid media, the constant monitoring of the cell shape provides information on 

the progression of the cell cycle that can be correlated to the eventual occurrence 

of a replication fork collapse event at the internal telomere. Secondly, this assay 

surveys the viability of each strain, closely monitoring the ability of each yeast cell 

to successfully form a colony, an underestimated aspect of yeast growth that is 

necessarily overlooked in the sectoring assay described above. 
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Figure 7.19 – The manual separation of sister cells allows the detection of replication fork 
collapse in the first DNA replication. After the completion of the first cellular replication, the two 
sister cells are physically separated and incubated at 30° for 2 days. Pairs of sister colonies 
where only one is capable of growth in the absence of histidine, indicate a replication fork 
collapse at the internal telomere in the first DNA replication. 
 

Most importantly the manual separation of a defined number of paired 

sister cells and the consequent identification of pairs with different ability to 

survive in the absence of histidine (the nutritional marker downstream of the 

internal telomeric tract) allows the definition of an absolute rate of replication fork 

collapse at the internal telomeric tract as: 

 # of sister pairs his-/HIS+ 

  total # of pairs surveyed 

Lastly, in case of his-/HIS+ pairs, the physical separation of the two sister 

colonies, facilitates their independent propagation for further molecular analysis.  

At first, a wild type strain carrying the internal telomeric tract downstream 

of either ARS922 was tested. As expected, in the vast majority of cases, the 

replication of the internal tract during the first DNA replication was successful with 
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most of the pairs of sister colonies sharing the ability to grow in the absence of 

histidine. Only in 1 pair, out of the 1974 tested, one of the two sister colonies 

resulted unable to grow in his- plates, identifying the occurrence of a collapse 

event in the initial DNA replication. This result defines the wild type rate of fork 

collapse at the internal tract to be ~0.05%, a number comparable to the 

frequency of ½ sectored colonies of a wild type strain observed in the sectoring 

assay. Another wild type strain bearing the internal telomeric tract construct 

downstream of ARS 1529.5 was also tested. Given that only 345 pairs of sister 

colonies were analysed and all of them were able to grow on histidine, the 

projected rate of fork collapse for this strain was placed at <0.3%: more data 

collection is necessary to be able to compare the baseline of the two constructs.  

When the cdc13DBD and stn1Cter mutants were analysed by this alternative 

method, the results obtained by the sectoring assay were largely confirmed: while 

in a strain carrying the stn1-W466E allele the frequency of his-/HIS+ pairs was as 

high as 2.03% (9 his-/HIS+ pairs out of 443), the stn1-H486D allele and the 

cdc13DBD mutants showed a phenotype statistically indistinguishable from wilt 

type. The instability of the internal telomeric tract cause by the stn1-W466E 

alleles was further confirmed by an analogous experiment carried out in a yeast 

strain bearing the internal tract downstream of ARS1529.5 where in 2 pairs out of 

141 (1.41%), the sister colonies showed opposite ability to survive in the absence 

of histidine. The analysis of this assay can be extended to the appearance of 

colonies were only one half is able to survive on his- media, similarly to the red ½ 
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sectored colonies; their frequency seems to mirror or at least trend with the 

incidence of his-/HIS+ pairs, providing another independent test of the (in)stability 

of the internal telomeric tract. 

Table 7.9 – Summary of the data from the manual separation of sister cells assay. For each 
genotype, data was collected from two independent strains as described in the text.  

  
splits 

his-
/HIS+ 

Hz of his-
/HIS+ 

1/2 
sectors 

Hz of 1/2 
sectors 

WT  
YVL4617 988 0 0.051% 1 0.0507% YVL4618 986 1 0 
total 1974 1 

 
1 

 stn1-
W466E  

YVL4631 247 4 2.032% 14 4.9661% YVL4632 196 5 8 
total 443 9 

 
22 

 stn1-
H486D 

YVL4627 761 0 0.000% 1 0.0639% YVL4628 804 0 0 
total 1565 0 

 
1 

 cdc13-
I578A 

YVL4619 532 0 0.067% 0 0.0000% YVL4620 971 1 0 
total 1503 1 

 
0 

 cdc13-
Y561A 

YVL4621 596 0 0.184% 1 0.0918% YVL4622 493 2 0 
total 1089 2 

 
1 

 cdc13-
Y556A 
Y558A 

YVL4623 327 0 0.101% 1 0.2010% YVL4624 668 1 1 

total 995 1 
 

2 
  

Secondarily, the assay also produces details on the potential of a single 

yeast cell to actually give rise to a full-sized colony, measuring those pairs of 

sister cells where either one or both of them failed to grow into a colony (table 

7.10). At the same time it also measure the progression of the cell cycle thanks to 

the periodical monitoring of single yeast cells preceding the physical separation 

of the sister cells (7.11). The combination of these two elements allows to 

compare and examine the growth profile of each genotype at a much greater 



247	  

	  

resolution than the study of the simple propagation on solid or liquid media can 

achieve. From the data it emerges how the slow growth phenotype of the stn1-

W466E, is not only due to a delay of the cell cycle but also to a very significant 

loss of viability given that more than half of the pairs of sister cells were able to 

produce full-grown colonies. Similarly, the growth phenotype of the cdc13-Y556A 

Y558A strain couples a delay in the progression of the cell cycle to a substantial 

loss of viability (15% of incomplete pairs). 

Table 7.10 – Summary of the data from the manual separation of sister cells assay - 
viability. For each separated pairs of sister cells, the frequency of both cells, of only one cell or  
of none of them developing into a colony are summarized. The data shown in table 7.9 refers only 
to complete pairs.  

  
  

Viable/Viable 
pairs 

Viable/Inviable 
pairs 

Inviable/Inviable 
pairs 

2 colonies 1 colonies 0 colonies 
WT  99.05% 0.70% 0.25% 
stn1-W466E  42.84% 31.00% 26.16% 
stn1-H486D 98.31% 1.50% 0.19% 
cdc13-I578A 98.36% 1.44% 0.20% 
cdc13-Y561A 98.47% 1.26% 0.27% 
cdc13-Y556A Y558A 85.13% 10.34% 4.53% 

 
Table 7.11 – Summary of the data from the manual separation of sister cells assay – 
duplication time. Each separated pairs of sister cells was visually monitored every hour to 
assess the completion of the first replication. The replication timing obtained for each indicated 
genotype are summarized and normalized. 
  TD < 1hr TD < 2hrs T3 < 3hrs T4 < 4hrs T5 < 5hrs 
WT  98.13% 1.67% 0.20% 0.00% 0.00% 
stn1-W466E  43.14% 19.47% 21.02% 12.39% 3.98% 
stn1-H486D 94.20% 5.10% 0.64% 0.06% 0.00% 
cdc13-I578A 97.01% 2.53% 0.40% 0.07% 0.00% 
cdc13-Y561A 99.72% 0.28% 0.00% 0.00% 0.00% 
cdc13-Y556A Y558A 89.06% 7.23% 3.31% 0.50% 0.00% 

 
The assay based on the physical separation of sister cells allowed to 

confirm the data obtained by the sectoring assay, showing how impairment of the 

C-terminal domain of Stn1 leads to accumulation of replicative stress at the 
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internal tract, resulting in higher rate of replication fork collapse.  

 

Loss of EXO1 alleviates the replicative stress accumulation of stn1-W466E. 

The loss of EXO1 alleviates the growth defect of many t-RPA mutant 

alleles: it partially rescues the growth of stn1 mutants like stn1-W466E (chapter 

3) and also in a strain carrying the cdc13-1 allele, reduces the accumulation of 

telomeric ss-DNA at non-permissive temperature (Maringele & Lydall 2002). The 

canonical model explains this findings indicating, the EXO1 protein as one of the 

nucleases responsible for the uncontrolled resection that supposedly takes place 

at telomere in the absence of a completely functional t-RPA: its loss would 

decrease the accumulation of telomeric ss-DNA recuing the growth phenotype of 

the t-RPA mutants. 

The data discussed so far in this chapter has revealed that impairments of 

the t-RPA complex are critically associated with an increase in replication fork 

mishaps during the replication of an internal telomeric tract, supporting the role of 

the t-RPA complex as a telomere specific component of the replisome rather than 

an end-binding factor. Surprisingly, in a strain carrying the stn1-W466E allele, the 

loss of EXO1 resulted in a substantial improvement of the internal tract stability, 

suggesting how the beneficial effect of the EXO1 loss in strain carrying an 

impaired t-RPA complex might be actually mediated by changes in the proposed 

replication dynamics of the telomeric repeats. This result was supported by both 

the observation of sectored colonies in strains bearing the ADE2 gene 
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downstream of the internal telomeric tract (table 7.12 and figure 7.20) and by the 

analysis of pairs of sister colonies (table 7.13). The latter experiment confirmed 

the growth improvement of the stn1-W466E strain conferred by the loss of EXO1: 

the average cell cycle duration became shorter and the viability of the strains 

sensibly improved (data not shown) 

Table 7.12 – The loss of EXO1 rescues the accumulation of replication stress at the 
internal telomeric tract - Raw data. Classification of the surveyed colonies from the indicated 
strains incubated for 7 days at 30°. 

 
RED 1/2 1/4 1/8 <1/8 total # of colonies 

STN1 EXO1 8 2 0 2 6 2763 
exo1-∆ 7 1 4 4 6 2693 

stn1-W466E 
EXO1 7 15 20 38 111 968 
exo1-∆ 13 3 4 6 20 1522 
exo1-∆ 1 0 4 4 12 1076 

 

Figure 7.20 – The loss of EXO1 rescues the accumulation of replication stress at the 
internal telomeric tract - Normalized data. Normalized data from table 7.12 are presented 
focusing on the 1/2, ¼, and 1/8 sectored colonies. The p-value is calculated with a χ2-test on the 
½, ¼ sectored colonies between the indicated data set.  
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Table 7.13 – Summary of the data from the manual separation of sister cells assay for the 
stn1-W466E exo1∆ genotype. Data was collected from two independent strains as described 
above. 

 
 

 
splits 

his-
/HIS+ 

Hz of his-
/HIS+ 

1/2 
sectors 

Hz of 1/2 
sectors 

stn1-
W466E 
exo1-∆  

YVL4867 291 2 0.476% 3 0.9524% YVL4868 129 0 1 

total 420 2 
 

4 
  

 

The insertion of the internal telomeric tract near a natural end.  

The internal telomeric construct described above was also inserted 

downstream of ARS610, an origin of replication embedded in the sub-telomeric 

region just ~300 bps upstream of the beginning of the TG-rich tract of telomere 

6R (figure 7.21). Similarly to the insertion at ARS922 or ARS1529.5, also at this 

location, the internal telomeric tract behaves as a fragile site: preliminary results 

suggest that HU treatment or impairment of the lagging strand replication 

machinery, again using the pol1-1 allele, deteriorate the stability of the internal 

tract as shown by the increased loss of the downstream marker. 

Figure 7.21 – Schematic of the internal telomeric tract at ARS610 with HIS3 as the 
downstream marker. The replication fork collapse at the internal telomeric tract is monitored as 
loss of viability in the absence of histidine. 
 

The southern blot analysis of 50 independent colonies that had lost the 

downstream marker confirmed the loss of the distal sequences and the molecular 
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analysis of 12 of them by telo-PCR verified the conversion of the internal 

telomeric tract into the new telomere. 

Table 7.14 – Summary of the data from the manual separation of sister cells assay in 
strain carrying the internal telomeric tract downstream of ARS610 and the indicate mutant. 
For each genotype, data was collected from two independent strains. 

  
 

splits 
his-

/HIS+ 
Hz of his-

/HIS+ 
1/2 

sectors 
Hz of 1/2 
sectors 

WT 
YVL4513 1840 1 0.054% n/a n/a YVL4514 

total 1840 1 
 

n/a 
 stn1-

H486D 

YVL4929 2338 6 0.257% n/a n/a YVL4930 
total 2338 6 

 
n/a 

 cdc13-
Y556A 
Y558A 

YVL4579 405 0 0.173% 0 0.0000% YVL4580 174 1 0 
total 579 1 

 
0 

  
The role of the t-RPA complex in the replication of this tract was tested by 

the physical separation of sister cells and the consequent evaluation of their 

ability to grow in the absence of histidine (as described in figure 7.19). In the 

presence of a functional t-RPA complex, the analysis of 1804 pairs of sister 

colonies, showed a frequency of his-/HIS+ pairs of ~0.05%, comparable to what 

observed in a strain carrying the internal telomeric tract at ARS922. Similarly, 

preliminary data confirms that also at this genomic location, the mutant stn1-

W466E greatly impairs the stability of the internal tract (data not shown). On the 

other hand, cdc13DBD and stn1Cter mutant alleles that didn’t affect the construct at 

the more internal ARS922 (25Kbps from the end of the chromosome), seem to 

destabilize the internal tract once placed closer to the natural telomere (2.5 

Kbps). In details, in a strain carrying the stn1-H486D mutants the stability of the 

internal telomere tract was significantly diminished: with 6 his-/HIS+ pairs out of 
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2338 tested resulting into a 5-folds increase in replication fork collapse at the 

internal tract. Furthermore, the data collected for the cdc13DBD mutant cdc13-

Y556A Y558A seem to suggest a similar accumulation of replicative stress at the 

internal tract but the analysis of more pairs of sister colonies is required to 

confirm the statistical significance of this result. 

 

DISCUSSION 

The new model for telomere maintenance proposed in chapter 6 changes 

the essential function of the t-RPA complex from an end-binding factor that 

protects telomere architecture to a telomere specific replication factor whose 

critical function is to ensure the faithful replication of the duplex telomeric DNA. 

None of the techniques usually applied in telomere biology are designed to 

observe the replication dynamics at telomeres, therefore 2 new approaches were 

explored. The first one, described in chapter 6, allows the single-nucleotide 

analysis of single telomeres making possible the detection of super-short 

telomeres and the identification of replicative errors engraved in the telomere 

sequence. The second approach, described in this chapter enables to test any 

given mutants solely on the efficient replication of a duplex telomeric tract, 

separating the replication component from all the other elements that influence 

telomere maintenance. 

This method is based on the embedding an interstitial telomeric sequence 

24 or 37 Kbps away from a natural end and downstream of a strong origin of 
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replication. Notably, to simulate the replication of natural telomeres, the 

orientation of the telomeric tract relative to the origin of replication ensures that 

the TG-rich strand become the lagging strand once the origin is fired. The 

efficient replication of the tract can then be monitored by loss of the downstream 

sequence and its markers as a direct consequence of replication fork collapse. 

Contrary to the experimental design proposed by the Gottschling group 

and now widely used in telomere biology, this approach does not rely on the 

artificial induction of a double strand break near a telomeric repeats but it allows 

exclusively the detection of physiological mishaps of the replisome as it goes 

through the repetitive TG-rich tract(Diede & Gottschling 1999). Accordingly, the 

instability of the tract can be induced by impairment of the replication machinery: 

both the depletion of the cellular dNTPs pool and the impairment of the 

polymerase alpha/primase complex induce an increase in the rate of replication 

fork collapse at the interstitial TG-rich tract. The internal telomeric construct 

therefore behaves as a fragile site during replication similarly to a natural 

telomere(Sfeir, Kosiyatrakul, Hockemeyer, MacRae, Karlseder, Schildkraut & de 

Lange 2009a).  

As postulated by the new model, when the replisome advances through 

this internal telomeric tract, the t-RPA complex substitutes the original RPA 

complex in the lagging strand machinery ensuring the correct replication of the 

internal telomeric tract. As predicted, the impairment of Cdc13, or its transient 

ablation, significantly impairs the replication of the internal tract resulting in an 
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increased chance of replication fork collapse. Similarly, the disruption of the C-

terminal of Stn1 function has a substantial negative effect on the stability of the 

internal tract, increasing of >10-15 folds the frequency of replication fork collapse. 

The observation that mutants of a telomeric complex have such a drastic effect 

on a TG-rich region of the genome several kilobases away from a natural 

telomere, strongly support an essential and physiological role for the t-RPA 

complex in DNA replication, debunking the idea that this complex binds only the 

ss-DNA TG-rich overhang of each telomere. Furthermore preliminary results 

suggest that the loss of EXO1 in strains carrying an impaired t-RPA complex 

partially rescues the instability of the internal telomeric tract. Since EXO1 

deficiency has been reported to improve the stabilization of a stalled fork 

(Segurado & Diffley 2008)this finding suggest that if a replication fork stalls at the 

internal tract, the absence of EXO1 increases its stability, augmenting the 

chances of a restart and reducing the frequency of collapse. Consequently, the 

improved viability of exo1-∆ t-RPA- vs. t-RPA- strains can be interpreted not as 

the consequences of a diminished resection but as the result of an improved 

stability of the fork as it goes through the duplex telomeric DNA. 

In chapter 6, the cdc13-Y556A Y558A mutant had been shown to 

accumulate a significant number of ultra-short telomeres whose origin was 

proposed to be the predicted increase rate of fork collapse the sub-

telomeric/telomeric region. However, only the use of the thermolabile alleles of 

Cdc13 uncovered the critical role of this protein in the replication of duplex 
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telomeric DNA while none of the tested cdc13DBD mutants resulted in a significant 

impairment of the replication of the internal telomeric tract. The internal tract, 

despite maintaining the same orientation relative to the origin of replication, can’t 

perfectly reproduce a bona fide telomere given that for example it’s proceeded by 

only 300bps of sub-telomeric region. It’s possible therefore to hypothesize 

difference in sensitivity where the natural telomeres are more dependent to a 

functional t-RPA complex than an internal telomeric tract. According to this 

hypothesis, the defects associated with the viable cdc13DBD mutants might not be 

pronounced enough to be detected at the internal tract but would be on the other 

hand intense enough to cause the accumulation of ultra-short telomeres as 

shown in chapter 6. Moreover, this concept can explain the differences observed 

inserting the internal telomeric tract at 24Kbps vs. ~200bp from the natural 

telomere. In fact, both the stn1Cter mutant stn1-H486D and the cdc13DBD mutant 

cdc13 Y556A Y558A seem to be able to impair the replication of the internal 

telomere tract only when located near a natural telomere.  

The monitoring of replication fork mishaps is usually carried out through a 

modified southern blot analysis, called 2-dimensional gel electrophoresis (2-

DGE), that separates the DNA fragments not only by their size by also by their 

shape`. The most commons replication intermediates from simple forks to 

replication bubbles and stalled forks are physically separated and detectable 

using a probe for the region of interest as in a standard southern blot. While this 

technique serves well the identification of replication fork mishaps, the low 
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frequencies of replication fork collapse that seem to characterize telomeres in 

wild type as well as in mutant conditions (~0.05% or ~2%) fell probably below the 

detection limit of this assay. Similarly to the assessment of telomere length by 

southern blot, discussed in chapter 6, also the 2-DGE analysis fails to provide the 

adequate resolution to observe the consequences of replicative errors at 

telomeres.  

 

MATERIALS AND METHODS 

Yeast strains and plasmids: 

All yeast strains, described in table 7.14, 7.15 and 7.16  were isogenic. 

Integrated alleles of CDC13 and STN1 were introduced into the genome as 

URA3 pop-in integrants, ura¯ “pop-outs” were selected on 5-FOA, and the status 

of the CDC13 or STN1 locus was assessed by PCR and sequencing, to confirm 

that the relevant mutation was correctly integrated. Single-step gene 

replacements were preformed as described in (Longtine et al. 1998). The 

integration of the internal telomeric tract was achieved by integration of a 

linearized integrating plasmid containing the telomeric tract flanked by the 2 

nutritional markers (TRP1 upstream and HIS3 downstream) between regions of 

homology to the chosen location at least 60bps long. Per each strain, candidate 

isolates were selected on his- and trp- drop-out media and checked for the 

integrity and correct integration of the construct by southern blot analysis (table 

7.17 summarizes the details of the protocol per site of integration) and PCR 
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across the junctions (table 7.18 summarizes the oligonucleotides used and the 

expected length of the PCR products per site of integration). Furthermore the 

stability of the internal tract was confirmed by PCR (VL5570/VL1874 for an 

expected size of 2.6Kbps). The substitution of the downstream marker 

HIS3/URA3 and the insertion of the ADE2 gene were achieved by single-step 

gene replacement; the resulting strains were again checked by southern blot and 

PCR across the telomeric tract as described above. A list of the plasmids used in 

this chapter is shown in table 7.19. 
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Table 7.15 – Strains bearing the internal telomeric construct (ITC) downstream of ARS922 
Strain    Genotype      origin 
YVL4615 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 

ITC: TRP1 + HIS3 inserted 3.3Kbp downstream of ARS922 
Isolate 1 YVL2967, 

pVL7292 
YVL4616 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 

ITC: TRP1 + HIS3 inserted 3.3Kbp downstream of ARS922 
Isolate 2 YVL2967, 

pVL7292 
YVL4617 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 

ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 
Isolate 1 YVL2967, 

pVL7293 
YVL4618 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 

ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 
Isolate 2 YVL2967, 

pVL7293 
YVL4637 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 

ITC: TRP1 + URA3 inserted 3.3Kbp downstream of ARS922 
Isolate 1 YVL4615, 

HIS3/URA3 
swap 

YVL4638 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ITC: TRP1 + URA3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL4616, 
HIS3/URA3 
swap 

YVL4639 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ITC: TRP1 + TEL01L + URA3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL4617, 
HIS3/URA3 
swap 

YVL4640 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ITC: TRP1 + TEL01L + URA3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL4618, 
HIS3/URA3 
swap 

YVL4775 MATa/α  ura3-52/ura3-52 lys2-801/lys2-801 trp-∆1/trp1-∆1 his3-
∆200/his3-∆200 leu2-∆1/leu2-∆1 
ITC: TRP1 + URA3 inserted 3.3Kbp downstream of ARS922/WT 

Isolate 1 mating of 
YVL4637 and  
YVL3584  

YVL4776 MATa/α  ura3-52/ura3-52 lys2-801/lys2-801 trp-∆1/trp1-∆1 his3-
∆200/his3-∆200 leu2-∆1/leu2-∆1 
ITC: TRP1 + URA3 inserted 3.3Kbp downstream of ARS922/WT 

Isolate 2 mating of 
YVL4638 and  
YVL3584  

YVL4777 MATa/α  ura3-52/ura3-52 lys2-801/lys2-801 trp-∆1/trp1-∆1 his3-
∆200/his3-∆200 leu2-∆1/leu2-∆1 
ITC: TRP1 + TEL01L + URA3 inserted 3.3Kbp downstream of 
ARS922/WT 

Isolate 1 mating of 
YVL4639 and  
YVL3584  

YVL4778 MATa/α  ura3-52/ura3-52 lys2-801/lys2-801 trp-∆1/trp1-∆1 his3-
∆200/his3-∆200 leu2-∆1/leu2-∆1 
ITC: TRP1 + TEL01L + URA3 inserted 3.3Kbp downstream of 
ARS922/WT 

Isolate 2 mating of 
YVL4640 and  
YVL3584  

YVL4833 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  
ITC: TRP1 + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL4615, 
ADE2 KO and 
ADE2 
insertion 

YVL4834 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  
ITC: TRP1 + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL4616, 
ADE2 KO and 
ADE2 
insertion 

YVL4835 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL4617, 
ADE2 KO and 
ADE2 
insertion 

 
 
 
 
 
 
 



259	  

	  

Table 7.15 – Strains bearing the internal telomeric construct (ITC) downstream of ARS922 
(continued) 
Strain    Genotype      origin 
YVL4836 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 

ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL4618, 
ADE2 KO and 
ADE2 
insertion 

YVL4854 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  pol1-1 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL4835, 
pop-in/pop-
out 

YVL4855 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  pol1-1 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL4836, 
pop-in/pop-
out 

YVL4623 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
cdc13-Y556A Y558A 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL4256, 
pVL7293 

YVL4624 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
cdc13-Y556A Y558A 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL4256, 
pVL7293 

YVL4619 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
cdc13-I578A 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL3912, 
pVL7293 

YVL4620 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
cdc13-I578A 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL3912, 
pVL7293 

YVL4621 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
cdc13-Y561A 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL3913, 
pVL7293 

YVL4622 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
cdc13-Y561A 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL3913, 
pVL7293 

YVL4633 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
cdc13-S611L 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL3658, 
pVL7293 

YVL4635 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
cdc13-F684S 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL3660, 
pVL7293 

YVL4636 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
cdc13-F684S 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL3660, 
pVL7293 

YVL4627 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
stn1-H486D 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL4644, 
pVL7293 

YVL4628 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
stn1-H486D 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL4644, 
pVL7293 

YVL4629 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
stn1-Y489A 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL4643, 
pVL7293 

YVL4630 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
stn1-Y489A 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL4643, 
pVL7293 
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Table 7.15 – Strains bearing the internal telomeric construct (ITC) downstream of ARS922 
(continued) 
Strain    Genotype      origin 
YVL4631 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 

stn1-W466E 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL4642, 
pVL7293 

YVL4632 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
stn1-W466E 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL4642, 
pVL7293 

YVL4867 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
stn1-W466E  exo1-∆::KanR 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL4631, 
EXO1 KO 

YVL4868 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
stn1-W466E  exo1-∆::KanR 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL4632, 
EXO1 KO 

YVL4837 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  
cdc13-Y556A Y558A 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL4625, 
ADE2 KO and 
ADE2 
insertion  

YVL4838 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1  
ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  
cdc13-Y556A Y558A 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL4626, 
ADE2 KO and 
ADE2 
insertion 

YVL4841 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  
stn1-H486D 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL4628, 
ADE2 KO and 
ADE2 
insertion 

YVL4842 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  
stn1-Y489A 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL4629, 
ADE2 KO and 
ADE2 
insertion 

YVL4843 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  
stn1-W466E 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL4631, 
ADE2 KO and 
ADE2 
insertion 

YVL4844 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  
stn1-W466E 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL4632, 
ADE2 KO and 
ADE2 
insertion 

YVL4926 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  
cdc13-I578A 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL4619, 
ADE2 KO and 
ADE2 
insertion 

YVL4927 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  
cdc13-Y561A 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL4621, 
ADE2 KO and 
ADE2 
insertion 

YVL4928 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  
cdc13-Y561A 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL4622, 
ADE2 KO and 
ADE2 
insertion 

YVL4856 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  
cdc13-S611L 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL4633, 
ADE2 KO and 
ADE2 
insertion 
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Table 7.15 – Strains bearing the internal telomeric construct (ITC) downstream of ARS922 
(continued) 
Strain    Genotype      origin 
YVL4922 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 

ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  
cdc13-F684S 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL4635, 
ADE2 KO and 
ADE2 
insertion 

YVL4923 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  
cdc13-F684S 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 2 YVL4636, 
ADE2 KO and 
ADE2 
insertion 

YVL4911 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ade2-∆::LEU2  ChrIX(425434-4254350):: ADE2  
stn1-W466E  exo1-∆::KanR 
ITC: TRP1 + TEL01L + HIS3 inserted 3.3Kbp downstream of ARS922 

Isolate 1 YVL4843, 
EXO1 KO 

 
Table 7.16 – Strains bearing the internal telomeric construct (ITC) downstream of 
ARS11529.5 
Strain    Genotype      origin 
YVL4655 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 

ITC: TRP1 + HIS3 inserted 1Kbp downstream of ARS1529.5 
Isolate 

1 
YVL2967, 
pVL7297 

YVL4656 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ITC: TRP1 + HIS3 inserted 1Kbp downstream of ARS1529.5 

Isolate 
2 

YVL2967, 
pVL7297 

YVL4657 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ITC: TRP1 + TEL01L + HIS3 inserted 1Kbp downstream of ARS1529.5 

Isolate 
1 

YVL2967, 
pVL7298 

YVL4658 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ITC: TRP1 + TEL01L + HIS3 inserted 1Kbp downstream of ARS1529.5 

Isolate 
2 

YVL2967, 
pVL7298 

YVL4677 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ITC: TRP1 + URA3 inserted 1Kbp downstream of ARS1529.5 

Isolate 
1 

YVL4655, 
HIS3/URA3 swap 

YVL4678 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ITC: TRP1 + URA3 inserted 1Kbp downstream of ARS1529.5 

Isolate 
2 

YVL4656, 
HIS3/URA3 swap 

YVL4679 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ITC: TRP1 + TEL01L + URA3 inserted 1Kbp downstream of ARS1529.5 

Isolate 
1 

YVL4657, 
HIS3/URA3 swap 

YVL4680 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ITC: TRP1 + TEL01L + URA3 inserted 1Kbp downstream of ARS1529.5 

Isolate 
2 

YVL4658, 
HIS3/URA3 swap 

YVL4779 MATa/α  ura3-52/ura3-52 lys2-801/lys2-801 trp-∆1/trp1-∆1 his3-
∆200/his3-∆200 leu2-∆1/leu2-∆1 
ITC: TRP1 + URA3  inserted 1Kbp downstream of ARS1529.5/WT 

Isolate 
1 

mating of 
YVL4677 and  
YVL3584  

YVL4780 MATa/α  ura3-52/ura3-52 lys2-801/lys2-801 trp-∆1/trp1-∆1 his3-
∆200/his3-∆200 leu2-∆1/leu2-∆1 
ITC: TRP1 + URA3 inserted 1Kbp downstream of ARS1529.5/WT 

Isolate 
2 

mating of 
YVL4678 and  
YVL3584  

YVL4781 MATa/α  ura3-52/ura3-52 lys2-801/lys2-801 trp-∆1/trp1-∆1 his3-
∆200/his3-∆200 leu2-∆1/leu2-∆1 
ITC: TRP1 + TEL01L + URA3 inserted 1Kbp downstream of 
ARS1529.5/WT 

Isolate 
1 

mating of 
YVL4679 and  
YVL3584  

YVL4782 MATa/α  ura3-52/ura3-52 lys2-801/lys2-801 trp-∆1/trp1-∆1 his3-
∆200/his3-∆200 leu2-∆1/leu2-∆1 
ITC: TRP1 + TEL01L + URA3 inserted 1Kbp downstream of 
ARS1529.5/WT 

Isolate 
2 

mating of 
YVL4680 and  
YVL3584  

YVL4657 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1  
stn1-W466E 
ITC: TRP1 + TEL01L + HIS3 inserted 1Kbp downstream of ARS1529.5 

Isolate 
1 

YVL4642, 
pVL7298 

YVL4658 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
stn1-W466E 
ITC: TRP1 + TEL01L + HIS3 inserted 1Kbp downstream of ARS1529.5 

Isolate 
2 

YVL4642, 
pVL7298 
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Table 7.17 – Strains bearing the internal telomeric construct (ITC) downstream of ARS610 
(telomere 6R). 
Strain    Genotype      origin 
YVL4513 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 

ITC: TRP1 + TEL01L + HIS3 100bp downstream of ARS610 (telomere 6R) 
Isolate 

1 
YVL2967, 
pVL6950 

YVL4514 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
ITC: TRP1 + TEL01L + HIS3 100bp downstream of ARS610 (telomere 6R) 

Isolate 
2 

YVL2967, 
pVL6950 

YVL4929 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
stn1-H486D 
ITC: TRP1 + TEL01L + HIS3 100bp downstream of ARS610 (telomere 6R) 

Isolate 
1 

YVL4513, 
pop-in/pop-
out 

YVL4930 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
stn1-H486D 
ITC: TRP1 + TEL01L + HIS3 100bp downstream of ARS610 (telomere 6R) 

Isolate 
2 

YVL4514, 
pop-in/pop-
out 

YVL4579 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
cdc13-Y556A Y558A 
ITC: TRP1 + TEL01L + HIS3 100bp downstream of ARS610 (telomere 6R) 

Isolate 
1 

YVL4513, 
pop-in/pop-
out 

YVL4580 MATa  ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
cdc13-Y556A Y558A 
ITC: TRP1 + TEL01L + HIS3 100bp downstream of ARS610 (telomere 6R) 

Isolate 
2 

YVL4514, 
pop-in/pop-
out 

 
Table 7.18 – Details of southern blot analysis to test the correct integration of the ITC at 
each location. 

 

Locations Restriction 
enzyme 

 

Probe 
 

ITC size ITC size after 
collapse 

ARS922 HpaI TRP1 11.6 Kbps 7.3Kbps 
ARS1529.5 XbaI TRP1 7.7 Kbps 4.8 Kbps 

ARS610 
(telomere 6R) 

 

AflII 
 

TRP1 
 

6.4 Kbps 
 

4.8 Kbps 

 
Table 7.19 – Details of PCR analysis across the junctions to test the correct integration of 
the ITC at each location. 

 

Locations Upstream 
junction 

Size of 
upstream PCR 

Downstream 
junction 

Size of 
downstream PCR 

ARS922 VL15228/VL2659 799 bps VL8166/VL15229 980 bps 
ARS1529.5 VL15224/VL2659 826 bps VL8166/VL15225 886 bps 

ARS610 
(telomere 6R) 

 

VL13089/VL2659 
 

1.363 bps 

 

VL8166/VL13090 
 

354 bps 

 
Table 7.20 — Plasmids used in this chapter for the integration of the internal telomeric 
constructs 

 Plasmid                        Description                                                      Vector backbone 
pVL7292 TRP1 HIS3 + regions of homology 3.3Kbps 

downstream of ARS922  
YIplac204 

pVL7293 TRP1 TEL01L HIS3 + regions of homology 3.3Kbps 
downstream of ARS922  

YIplac204 

pVL7297 TRP1 HIS3 + regions of homology 1Kbps downstream  
of ARS1529.5 

YIplac204 

pVL7298 TRP1 TEL01L HIS3 + regions of homology 1Kbp 
downstream of ARS1529.5  

YIplac204 

pVL6950 TRP1 TEL01L HIS3 + regions of homology 100bps 
downstream of ARS610 

YIplac204 
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Genetic methods 

Standard genetic methods (sectoring assay, tetrad dissection and 

microtiter assay) were performed as previously described (Lendvay et al. 1996; 

Paschini et al. 2010). 

 
Sectoring assay 

Per each isolate, an overnight culture in minimal media (selecting for the 

downstream marker and therefore for those cells that maintain the integrity of the 

construct) was grown for 12-16 hours till OD 0.3. The culture was then diluted and 

plated in order to achieve a density of ~`100-150 cells per plate (20 plates per 

isolate/condition were usually tested). After growth and appearance of red sectors, the 

colonies were classified on the basis of the size of the sector. The total number of 

colonies plates was calculated on the average number of cells of ≥5 plates.  

 

Separation of sister cells assay   

Per each isolate, an overnight culture in minimal media (selecting for the 

downstream marker and therefore for those cells that maintain the integrity of the 

construct) was grown for 12-16 hours. Once it reached an OD > 0.2/0.3, 10 ul of 

cultures were spotted on a rich media plate. Using the micro-manipulator, 52 

budding cells were isolated and spread strategically across the all plate and 

incubated at 30°. Every hour each of the 52 single cells were observed for sign of 

complete replication and eventually physically separated. After ~2-3 days of 



264	  

	  

growth, each plate was replica-plated on minimal media to test the status of the 

downstream nutritional marker. Only those pairs where both sister cells 

developed into colonies were taken into account for the calculating the frequency 

of his-/HIS+ pairs or ½ sectored colonies. 
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Chapter 7: 

 
Conclusion and future directions 
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A trimeric binding complex, formed by the essential proteins Cdc13, Stn1 

and Ten1, plays a critical role in telomere homeostasis in the budding yeast S. 

cerevisiae. At the beginning of this doctoral endeavour, this complex was defined 

as an end-binding factor: thanks to the high affinity for telomeric ss-DNA of its 

main subunit Cdc13 and after complete replication of the telomeres, the complex 

was believed to bind the 3’ overhang of each telomere protecting it from 

uncontrolled degradation(Garvik et al. 1995; Maringele & Lydall 2002; Lydall & 

Weinert 1995; Hughes et al. 2000). Little was known about its structure or the 

molecular mechanisms that underlined its functions. 

The identification of this complex as a t-RPA complex, a telomere 

dedicated paralog of the RPA complex(Gao et al. 2007), opened several new 

lines of investigation that were intensely pursued in this dissertation. Under a 

structural point of view, the RPA complex was successfully used to model the 

domain distribution and subunit interactions of the t-RPA complex, leading 

simultaneously to the identification of telomere specific domains that 

independently evolved to perform telomere specific functions. 

As a series of published and recently acquired experimental observations 

significantly weakened the current model for telomere maintenance, the analogy 

between the two complexes drove the formulation of a new paradigm where the 

t-RPA complex becomes a telomere specific binding factor that, substituting the 

RPA complex in the lagging strand machinery only at telomeres, ensures their 

faithful and efficient replication. In this final chapter, the consequences of this 
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new model in telomere maintenance as well as in DNA replication are explored. 

 

The t-RPA complex is a telomere-specific replication factor: a new paradigm for 

telomere maintenance 

In almost every eukaryotic organism, telomeres are characterized by a 

repetitive TG-rich of variable lengths that are bound by a set of proteins whose 

functions is to preserve the integrity of the end of the chromosomes, ensuring the 

global genomic stability of each cell(Shampay et al. 1984; de Lange 2009; de 

Lange et al. 1990). Years of research across multiple model organisms have 

identified two basic challenges for the maintenance of telomere homeostasis: the 

inevitable loss of telomeric repeats after each DNA replication (the end-

replication) and necessity to protect the structural integrity of chromosome ends 

from the DNA damage response (the end-protection problem). 

Even though the details of its recruitment at telomeres are largely 

unknown, the conserved nucleo-protein complex telomerase, using its RNA 

component as template, is capable of adding new telomeric repeats at the 3’ end 

of each telomere and it’s therefore unanimously recognized as the solution to the 

end-replication problem of linear chromosomes(Lingner et al. 1997). 

On the other hand, an evolutionary conserved heterodimer that binds with 

high affinity to the telomeric ss-DNA overhang of the telomeres, is believed to 

play an essential role in the maintenance of their architecture. In mammals, this 

complex is formed by the shelterin components Tpp1 and Pot1: they sit on the 
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telomeric ss-DNA of each telomere and their combined action protects telomeres 

inhibiting the ATR-mediated DNA damage response and preventing telomere-to-

telomere fusions(Smogorzewska & de Lange 2004). Sequence alignments and 

structural analyses have allowed the identification of homologs of the Tpp1-Pot1 

dimer in many species: particularly the TEBP α-β heterodimer in ciliates(Xin et al. 

2007) and the Tpz1-Pot1 complex S. pombe (Miyoshi et al. 2008). Similarly to 

their mammalian counterpart, the loss of Pot1 or Tpz1 in fission yeast has been 

shown to cause uncontrolled resection and fusions that eventually lead to cell 

death. On the contrary, no Tpp1-Pot1 dimer homolog has been found in budding 

yeast. In fact, in S. cerevisiae, a completely different set of proteins binds to the 

telomeric ss-DNA: the t-RPA complex, a telomeric dedicated paralog of the well-

known RPA complex(Gao et al. 2007). The tree essential proteins Cdc13, Stn1 

and Ten1, form this complex and impairment of any of them leads to drastic 

changes in telomere architecture in terms of both overall length and ss-DNA 

accumulation. Collectively, it seems that while the telomerase universally ensures 

the maintenance of telomere length, the end-protection protection is entrusted to 

the Tpp1-Pot dimer and its homologs with the exception of S. cerevisiae and its 

clade where a similar role is played by a telomere specific homolog of the RPA 

complex. 

The work presented in this doctoral dissertation focused initially on the 

structural analysis of the t-RPA complex. The original RPA complex was in fact 

successfully used as a blueprint to predict the domain distribution of the t-RPA 



269	  

	  

components and particularly to model the interaction between its three subunits. 

Particularly, using the Rpa32-Rpa14 dimer as a model, the interaction between 

Stn1 and Ten1 was defined in its molecular core, pinpointing the residues 

involved in the interaction: the relative localization of these two residues in the 

Stn1-Ten1 dimer was later confirmed by the publication of the dimer crystal 

structure(Sun et al. 2009; Paschini et al. 2010). On the other hand, the 

identification of the 4 OB-fold domains of Cdc13(Sun et al. 2011; Mitchell et al. 

2010; Mason et al. 2013), allowed the dissection of the elusive and complex 

interaction between Stn1 and Cdc13, anchoring the N-terminal OB-fold domain of 

Stn1 with the C-terminal OB-fold domain of Cdc13 as predicted by the crystal 

structure of the RPA trimerization core. 

The comparison between the two complexes also allowed the 

identification of t-RPA domains that independently evolved special features to 

perform telomere-specific function. While the DNA binding domain of Cdc13 

evolved an extreme affinity for telomeric ss-DNA to allow (and at the same time 

limit) the localization of the t-RPA at telomeres(Mitton-Fry et al. 2002; Hughes et 

al. 2000), the C-terminal domain of Stn1 presents an extra wHTH domain at its 

C-terminal(Gelinas et al. 2009; Sun et al. 2009). The extensive mutagenesis of 

the surface of this particular domain defined a critical functional unit with a 

previously unappreciated role in telomere maintenance. 

Simultaneously, several observations related to the properties of the 

widely used temperature sensitive allele cdc13-1 and to the roles of a number of 
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so-called telomere length regulators, significantly weakened the canonical model 

for telomere maintenance. Despite the importance of the structural analysis, the 

exploitation of the homology between the t-RPA and the RPA complex finally 

reached its highest potential in the conception of the new model for telomere 

maintenance presented in the final chapters dissertation. 

The new model in fact proposes the t-RPA complex as a telomere specific 

replication factor: instead of binding telomere after their replication, the t-RPA 

complex becomes a critical component of the lagging strand machinery 

substituting the RPA complex when the replisome advances through the duplex 

telomeric DNA. As part of the replication machinery the essential role of the t-

RPA complex is not any more the protection of telomere integrity but becomes 

the faithful and efficient replication of the difficult-to-replicate TG-rich repeats of 

the telomeres. Both a molecular approach, based on the sequence analysis of 

single telomeres, and a genetic one, testing the replication efficiency of a duplex 

telomeric region embedded 24Kbp away from a natural end, have confirmed that 

indeed the impairment of the t-RPA complex leads to accumulation of replicative 

stress at telomeres and consequent increase in replication fork collapse rate. 

These findings not only fundamentally change the role of the t-RPA 

complex but more importantly, they introduce a third essential pillar of telomere 

maintenance: the efficient replication of the telomeric repeats. Telomeres have in 

fact been long known to represent a challenging substrate for replication and they 

have been shown to behave as replicative fragile site(Sfeir, Kosiyatrakul, 
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Hockemeyer, MacRae, Karlseder, Schildkraut & de Lange 2009b): it seems then 

logical that a specific set of replicative tools evolved to ensure their efficient 

replication. Moreover 2 components of t-RPA complex homolog in mammals 

were originally identified as lagging strand replication factors suggesting the role 

of the t-RPA complex in DNA replication as a fundamental conserved component 

of telomere maintenance across multiple species(Casteel et al. 2009). 

Notably, the standard molecular techniques used in the field to assess 

telomere function seemed to have largely overlooked this critical aspect of 

telomere homoeostasis: the phenotypes associated with the cdc13-Y556A 

Y558A allele are an example. While by canonical southern blot analysis, this 

allele showed only a minimal increment in telomere length, the high resolution 

analysis proposed here via telo-PCR revealed an anomalous distribution of 

telomere length with an high percentage of ultra-short telomeres and an 

increased fluctuation in telomere length, both symptoms of the replicative stress. 

Hence, these observations strongly suggest that the canonical approaches to 

study telomere function can only scratch the surface of telomere homeostasis 

and that only a higher resolution analysis can truly unveil the mechanism of 

telomere maintenance. 

The necessity to find molecular solution to the end-replication and the end-

protection problems has steered the entire telomere field towards the meticulous 

analysis of 3’ over hang of each telomere which represents both the substrate of 

telomerase and a perfect target for the DNA damage sensor. The establishment 
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of the efficient replication of telomeric DNA as the third essential element of 

telomere homeostasis, focus for the first time the attention to the duplex telomeric 

DNA and particularly to the boundary between the sub-telomeric and the 

telomeric region. Telomere maintenance unexpectedly becomes a double-ended 

problem.  

 

Implications of the new model in the evolution of the DNA replication machinery 

The new model for telomere maintenance described in this dissertation 

suggests the idea that the replisome can swap one or more of its components in 

order to successfully replicate particularly challenging areas of the genome. The 

DNA lagging machinery is in fact proposed to exchange its essential ss-DNA 

binding activity, the RPA complex, with the t-RPA complex: an almost identical 

complex with a much higher affinity for telomeric ss-DNA. The model then implies 

that through some still undefined feature, a t-RPA containing replisome is more 

suitable for the replication of the telomere than a replisome containing the 

canonical RPA complex. 

This concept is not new in the field, in fact the RPA complex itself is known 

to be able to exchange its middle subunit Rpa32 with its alternative form 

Rpa4(Keshav et al. 1995). An RPA complex containing the canonical subunits 

Rpa70 and Rpa14 along with the unconventional Rpa4 protein is incapable of 

mediating replication but it seems to specialize in DNA damage repair, playing a 

role in nucleotide excision repair and recombination. The main proposal of this 
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dissertation extends this notion to the interchangeability of entire complexes of 

the replisome. It suggest in fact that the DNA replication machinery might be able 

to ensure an efficient and faithful DNA replication, tailoring its components to 

better match different replicative challenges not just at telomeres but across all 

the difficult-to-replicate regions of the genome.   
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Appendix A: 
The α-helix of Stn1: mutagenesis of the 

surfaces not included in Chapter 2. 
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As shown in Chapter 2, the α-helix located at the end of the OB-fold of 

Stn1, is necessary to induce a Stn1-Rpa2 chimera to substitute Stn1 in its 

essential function. In the same chapter, the structural similarity between the RPA 

and the t-RPA complex was also used to identify a conserved hydrophobic 

surface on this helix that was responsible to mediate the Stn1-Ten1 interaction 

on the model of the Rpa2-Rpa3 interaction. In this appendix, I’m reporting the 

data relative to the other two surfaces of the Stn1 α-helix: the one predicted to 

interact with Cdc13 and the one facing the Stn1-OB-fold (Figure A.1).  

Figure A.1 – The three surfaces of the Stn1 α-helix. The Stn1-OB-fold prediction was used in 
combination with the structure of the trimerization core of the RPA complex to identify the three 
surfaces. For the two surface that are under analysis in this appendix a conservation study is 
reported with the residues of interested highlighted and color-coded.  

Ten1%interac+on% Cdc13%interac+on% OB2fold%interac+on%

Discussed(and(
analyzed(in(
Chapter(2(

166((169((172( 167(((((((((((((((((((((((((178(
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CONSERVATION AND MUTAGENESIS 

While the Ten1-interacting surface of the α-helix offered a defined cluster 

of highly conserved hydrophobic residues, the other two surfaces have different 

characteristics and their boundaries tend to overlap.  

The predicted Cdc13-interacting surface features 3 mildly conserved 

charged residues: E166, D169 and K172. On the other hand, being an internal 

surface, the OB-fold facing area was expected to show a high level of 

conservation and hydrophobicity: this was not case. The OB-fold facing residues 

are not conserved and they don’t show a clear chemical quality: hence the two 

most conserved residues, E167 and R178, were probed. As in the case of the 

Ten1-interacting surface, each residue was mutagenized to reverse its chemical 

property. The mutations introduced are listed in table A.1 together with their 

phenotypes.  

 
Table A.1 – Mutagenesis of the Stn1 α-helix. For each mutations introduced, the viability and 
telomere length data are reported in the absence or presence of the O/E of Ten1 (mutations on 
the Cdc13-facing surface in light blue, mutations on the Stn1 OB-fold facing surface in light 
green).  

          In vivo phenotype       Telomere length Position 

Residue Mutation  pVL#  + O/E Ten1   + O/E Ten1 facing: 

E166 stn1-E166K   pVL3587 Slow>36 WT Very long Very long Cdc13 
stn1-E166R  pVL3588 Ts>34 ts>36 Very long Very long Cdc13 

D168 stn1-D169K   pVL3589 WT WT Slightly long Slightly long Cdc13 
stn1-D169R  pVL3590 WT WT Slightly long Slightly long Cdc13 

K172 stn1-K172E   pVL3591 WT WT Slightly long Slightly long Cdc13 
stn1-K172D  pVL3592 WT WT Medium long Slightly long Cdc13 

E167 stn1-E167A  pVL4147 Barely viable n.a. n.a. n.a. Stn1 OB-fold 
stn1-E167R  pVL4148 INVIABLE n.a. - n.a. Stn1 OB-fold 
stn1-E166A E167A  pVL3427 INVIABLE n.a. - n.a. Stn1 OB-fold 

R178 stn1-R178E  pVL3593 WT WT Very long Long Stn1 OB-fold 
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PHENOTIPIC ANAYSIS 

Similarly to the analysis of the Ten1-interacting surface, for each mutant, 

viability and telomere length were tested in a strain lacking the genomic copy of 

Stn1 (YVL2394) and expressing the mutated copy of Stn1 off of a low-copy 

number plasmid under its own native promoter (derivative of pVL1492 via site-

directed mutagenesis). 

Mutations introduced in the predicted Cdc13-facing surface of the Stn1 α-

helix, don’t impair significantly the viability of the strain but they induce a very 

significant telomere elongation. In Chapter 2, it was shown how the over-

expression of Ten1 exquisitely rescued the phenotypes caused by Ten1-facing 

surface mutations: an increase of the Ten1 protein was enough to force an 

impaired Stn1-Ten1 interaction. In the case of these predicted Cdc13-facing 

residues, the over-expression of Ten1 doesn’t affect the telomere phenotype of 

these mutants as expected for residues not involved in the Stn1-Ten1 interaction 

but potentially in the Stn1-Cdc13 bond. The minimal rescue observed in a couple 

of cases could be due to a more general contribution to the stabilization of the t-

RPA complex. 

Applying the same logic, we can predict that the over-expression of Cdc13 

should be able to rescue the long telomeres of these mutants to a WT length 

however, the lethality associated with the over-expression of Cdc13 makes this 

experiment unfeasible (unpublished data from the Lundblad lab).  
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The two residues mutagenized in the predicted Stn1 OB-fold facing 

surface showed very different behaviours. The mutant stn1-R178E as in the case 

of the mutants in the Cdc13-facing surface, doesn’t show any fitness impairment 

but its telomeres are significantly long and partially rescued by the over-

expression of Ten1. As mentioned before the boundaries between the Cdc13 and 

the Stn1 OB-fold facing surfaces are not very defined: it’s possible that this 

residue is positioned at the edge between different areas.  

On the other hand, all the E167 mutations (single amino acid exchange or 

in combination with E166A) lead to significant loss of viability: this residue could 

be involved in the in the maintenance of the Stn1 OB-fold stability.  

 

CONCLUSIONS 

The very limited tests performed on this set of mutations prevent from 

drawing solid conclusions on the role of these residues. The Cdc13-facing 

residues behaviour seem to be in agreement with their role in the Cdc13-Stn1 

interaction but further biochemical analysis (in vitro or in vivo) should be 

performed to test directly the Stn1-Cdc13 interaction in the presence of these 

Stn1 mutants.  

In the case of the Stn1 OB-fold facing surface, only the E167 residue 

shows a phenotype compatible with its predicted role in the maintenance of the 

Stn1 OB-fold structure. To further test this hypothesis, using the predicted Stn1 

structure it would be interesting to localize a interacting residue of opposite 
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charge on the surface of the OB-fold and generate a counter mutation to re-

establish the interaction and preserve the structure of the Stn1 OB-fold. 

Preliminary observations point towards the D40 residue as the possible E167 

interactor on the surface of the Stn1 OB-fold.  
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Appendix B 
Characterization of Ten1 alleles 

obtained from the stn1-L164D and 
 stn1-I168D two-hybrid screens. 
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As described in Chapter 2, the mutations stn1-L164D and stn1-I168D 

were used to execute a two-hybrid screen in order to identify mutations in Ten1 

capable of restoring the Stn1-Ten1 interaction. The two-hybrid screens, 

performed as described previously, yielded 15 plasmids corresponding to 

mutations in 5 different amino acids for the stn1-L164D mutation and 13 plasmids 

corresponding to mutations in 10 different residues for the stn1-I168D mutation.  

The Ten1 mutants identified were further screened and the residue Ten1-

D138 was pinpointed as the critical bridge between Stn1 and Ten1 (described in 

Chapter 2, (Paschini et al. 2010)). In this appendix, the data obtained about the 

rest of the residues identified by the two-hybrid screens but not involved in the 

Stn1-Ten1 bridge is reported and discussed.  

 

PHENOTIPIC ANAYSIS 

A list of all the mutations, identified by both screens, is compiled in table 

B.1. Each mutation was introduced by site directed mutagenesis in a low-copy 

number plasmid where its own native promoter drives the expression of Ten1 

(derivative of pVL3779) and viability was tested in a strain lacking the genomic 

copy of Ten1 (YVL2082). Simultaneously the same set of mutants was 

introduced in a GBD-TEN1 plasmid (pVL2678); the two-hybrid interaction was 

then tested against a WT GAD-Stn1 construct as well as with a GAD-Stn1 

construct bearing the mutations stn1-L164D and stn1-I168D.  
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Table B.1 – Analysis of the Ten1 mutants obtained in the stn1-L164D and stn1-I168D two-
hybrid screens. For each recovered mutation, viability and interaction by two-hybrid with a WT 
or mutated Stn1 construct were tested. For the two-hybrid interaction: “+” means like WT, “+/-“ 
means weak and “-“ means absence of interaction.  
  Evolutionary 

conservation 
         Viability     Two-hybrid interaction 

Mutant Origin pVL Phenotype pVL WT L164D I168D 
TEN1   3779 WT 2678 + - - 
ten1-L4S I168D HIGH 3891 Inviable 3998 + + + 
ten1-V5A I168D HIGH 3892 Barely viable 3915 n.a. n.a. n.a. 
ten1-V5D L164D HIGH 3853 Barely viable 3916 + + + 
ten1-K12E Both MEDIUM 3854 Inviable 3917 + + + 
ten1-K14E I168D LOW 3893 Like WT 3918 + +/- +/- 
ten1-D50Y I168D HIGH 3895 Like WT 3919 + - - 
ten1-K55E I168D LOW 3896 Like WT 3920 + +/- +/- 
ten1-E84D I168D MEDIUM 3899 Like WT 3921 + - - 
ten1-D100V Both LOW 3855 Like WT 3922 + + + 
ten1-L134P I168D HIGH 3894 Slightly sick 3926 + - +/- 
ten1-S148L I168D MEDIUM 3898 Like WT 3931 + - - 

 
On the basis of their phenotypes, the mutations isolated by the two 

screens can be divided into three groups: 

1. Inviable mutants but still able to interact with stn1-L164D and stn1-I168D.  

A cluster of mutation localized between amino acid 4 and 12 belong to this 

category. These mutants show a severe impairment of viability (2 of them 

are actually lethal) but they seem to be able to interact successfully by 

two-hybrid with a WT form of Stn1 as well as with the two mutated forms 

stn1-L164D and stn1-I168D (green residues in table B.1).  

2. Viable mutants capable of interacting with a WT Stn1 but not with the 

mutants. In this category there are 6 mutants interspersed along the Ten1 

amino acid sequence that don’t show any apparent fitness impairment and 

can interact successfully by two-hybrid with a WT Stn1. On the other hand, 

like a WT Ten1, the interaction with the two mutants stn1-L164D and stn1-

I168D is strongly impaired if not absent (orange residues in table B.1).   
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3. The mutant ten1-D100V stands by itself as the mutant with the highest 

rate of recovery between the two screens: this mutant was in fact 

recovered 10 times in the stn1-L164D screen and 2 times in the stn1-

I168D screen. While it shows a level of viability comparable to a WT strain, 

it can successfully interact with both mutants (blue residue in table B.1).  

 

CONCLUSIONS 

The two two-hybrid screens conducted to identify the critical player of the 

Stn1-Ten1 interaction was a success: as described in Chapter 2 a direct bridge 

between the amino acid L164 of Stn1 and the amino acid D138 of Ten1 was 

established. As expected in large genomic screens, a significant number of false 

positive candidates were also recovered.  

 A set of mutants that show a similar behavior as a WT Ten1 (Category 2, 

orange in table B.1) can be considered as being part of the background: they 

don’t show an high level of conservation and they might have been recovered 

because their expression level was higher than usual or for other reasons that 

are not strictly related with the interaction Stn1-Ten1 given that they cannot 

interact with neither of the Stn1 mutations when re-tested.  On the other hand, 

the cluster of highly conserved residues at the N-terminal end of Ten1 (Category 

1, green in table B.1) can represent a new functional domain of Ten1. Although 

before drawing further conclusions, it’s necessary to rule out the possibility that 

mutations in this cluster are weakening the stability of the Ten1 protein by in vivo 
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biochemical analysis (Western Blot, using the tools described in appendix C) 

given how a misfolded or partially degraded Ten1 could generate an auto 

activating GBD-Ten1 construct (personal data, not shown) that would explain the 

two-hybrid data.  

The mutation ten1-D100V (Category 3, blue in table B.1) is more complex 

to frame but also in this case, a study of the general stability of the protein like 

CD (circular dichroism analysis) would be the necessary step to formulate an 

hypothesis. 
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The biochemical analysis of many telomeric-related proteins in yeast has 

been taunted for years not only by their low level of expression but also by their 

sensitivity to any kind of modifications (C-terminal or N-terminal tagging).  

Specifically, multiple members of the Lundbald lab attempted in the recent past a 

biochemical characterization of the components of the t-RPA complex but their 

efforts produced only tagged versions of the three components that were not fully 

functional and that required over-expression to be successfully detected in a 

Western Blot analysis. Given the necessity of finer biochemical tools to assess 

the Stn1-Ten1 interaction and to answer questions about the trimerization of the 

t-RPA complex, a new generation of biochemical tools were created that allow 

the detection by Western Blot of the t-RPA components under physiological 

condition and that do not interfere with the critical functions of the t-RPA complex 

itself allowing for the first time studies of protein stability and protein-protein 

interaction under native conditions.  

 

DESIGN AND CHARACTERIZATION OF TAGGED STN1 AND TEN1 

CONSTRUCTS 

Since previous attempts to generate monoclonal or polyclonal antibody 

against the t-RPA components weren’t successful, a 3-points strategy was 

designed to tag the Stn1 and Ten1 proteins and consequently being able to use 

commercially available antibody (anti-FLAG or anti-myc) to detect them: 

1. To reduce the risk of artifacts, native promoters and low-copy number plasmid 



287	  

	  

were used.  

2. To minimize the effect of the tags on the functions of the t-RPA components 

Stn1 and Ten1, a glycine linker was introduced between the C-terminal end of 

each protein and the tag. This method was introduced some years ago and it 

has proven successful in multiple cases(Sabourin et al. 2007; Tucey & 

Lundblad 2014). It’s thought to space away the tag from the protein so that it 

doesn’t interfere with the normal functions of the protein itself. 

3. To maximize the range of detection, each protein was tagged with a string of 

tags (a sequence of 3 FLAG tags or a sequence of 7 myc tags) . (figure C.1) 

Figure C.1 – The new FLAG and myc tagged constructs for Stn1 and Ten1. Schematic of the 
new construct with their main 3 features highlighted: native promoter, glycine linker and string of 
tags.  
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Once all the 4 constructs were generated, they were tested in strains 

lacking the genomic copy of Stn1 or Ten1 respectively. The viability and telomere 

length of each construct was then assessed and compared to an untagged 

control. Selected data is shown in figure C.2 and C.3 and results are summarized 

in table C.1. 

Figure C.2 – Viability assay of Stn1 vs Stn1-G8-(FLAG)3. A strain lacking the genomic copy of 
Stn1 but carrying on a URA+ plasmid a WT copy of the same gene (YVL2394) was transformed 
with the indicated LEU+ plasmids (pVL1492 and pVL4242). After colonies formation, 3 isolates 
per transformation were patched on leu- media, and consequentially streaked out on 5-FOA 
plates to shuffle off the original URA+ plasmid. After colony growth one colony per isolate was 
grown in 2mls of YPAD liquid and once it reached saturation, multiple dilution were plated on 
YPAD plates ad incubated at 30C. After 3 days pictures were taken. The same protocol was 
followed to test the other 3 constructs: all showed a viability identical to WT.  
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Figure C.3 – Telomere length analysis of Stn1 vs Stn1-G9-(myc)7 and Ten1 vs Ten1-G8-
(FLAG)3. Strains expressing the indicated construct and obtained as described in figure C.2 were 
grown in 2mls of YPAD, genomic DNA was extracted and digested with XhoI over night. The 
digested genomic DNA was then run on 0.8% gel, transferred on membrane and probed with 
telomeric probed. After the appropriate wash, the blot was exposed to film and developed. The 
same protocol was followed to test the other 2 constructs: results in table C.1.  
 
Table C.1 – Summary of test run on the new Stn1 and Ten1 tagged constructs. For each 
construct viability and telomere length analysis were performed as described in figures C.2 and 
C.3. The biochemical analysis (Western Blot an immune-precipitation) were performed as 
described in figure C.4 and C.5.  

Construct pVL Viability Telomeres Detection 
by WB 

Detection 
by IP 

Useful 
construct? 

Stn1-G8-(FLAG)3 4242 Like WT Like WT NO YES YES 
Stn1-G9-(myc)7 4330 Like WT Like WT YES YES YES 
Ten1-G8-(FLAG)3 4285 Like WT Like WT NO YES YES 
Ten1-G9-(myc)7 4332 Like WT Long n.a. n.a. NO 

 
The presence of the glycine linker and the use of native promoters 

critically helped creating tagged fully functional version of Stn1 and Ten1: only 
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the myc-tagged Ten1 showed an altered behaviour and it was excluded from 

further analysis. The three well-behaved constructs were then tested for 

detection in whole cell extract as well as in individual protein immune-

precipitation using commercially available antibody against the FLAG and myc 

tags and consequent detection via Western Blot. Selected data is shown in figure 

C.4 and C.5 and results are summarized in table C.1. 

 

Figure C.4 – Western Blot analysis to detect Stn1-G8-(myc)7. Strains obtained as described in 
figure C.2 and bearing the Stn1 construct indicated were grown overnight till OD 0.3 and prepped 
using zirconium beads. 100ug of whole cell extracts were run on a  SDS-PAGE, transferred on a 
membrane and probed with an anti-myc antibody (CST #2272) followed by anti-rabbit IgG HRP 
conjugate (Promega). 
 
 

Figure C.5 – Protein immune-precipitation and Western Blot analysis to detect Stn1-G8-
(FLAG)3 and Ten1-G8-(FLAG)3 . Strains obtained as described in figure C.2 and bearing the Stn1 
or Ten1 construct indicated were grown overnight in 250mls of rich media till OD 0.7 and 
pulverized using liquid nitrogen. Whole cell extracts were incubated with anti-FLAG M2 affinity gel 
(Sigma) and resolved on a SDS-PAGE gel, transferred on a membrane and probed with an anti-
FLAG antibody (F7425 from Sigma) followed by anti-rabbit IgG HRP conjugate (Promega). 
 

While the Stn1-myc construct can be readily detected in whole cell lysates, 

the FLAG tagged construct can only be detected after protein immune-
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precipitation; nevertheless the data shown confirms the construction of well-

behaved biochemical tools that can be extensively used to ask question about 

the stability of the Stn1 and Ten1 proteins as well as about their protein-protein 

interactions in physiological conditions.  

While the Stn1-Ten1 interaction was described in Chapter 2, the rest of 

this appendix describes a number of experiments that deal with known 

interactors of Stn1 as well as studies on the trimerization of the t-RPA complex.  

 

THE STN1 PROTEIN IS PHOSPHORYLATED 

As shown in figure C.4 and C.5 the protein Stn1 when run on a SDS-

PAGE, shows a specific lower mobility band. This band is detectable in both 

tagged constructs, but while it is barely noticeable in the whole cell extract 

detection of figure C.4, it becomes very prominent once the protein has been 

purified from the rest of the extract by immune-precipitation as shown in figure 

C.5 (left panel).  

Usually a lower mobility band signifies one of two things: either the two 

populations are due to a phenomenon of alternative splicing or at least part of the 

probed protein underwent a post-translational modification (phosphorylation, 

acetylation, methylation etc.). As a quick and easy test, the lower mobility band 

was probed for sensitivity to a phosphatase:  results are shown in figure C.6.  
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Figure C.6 – The lower mobility band of Stn1 is sensitive to phosphatase treatment. The 
same strains used in figure C.5 were processed for protein immune-precipitation. Before running 
the samples on a SDS-PAGE, half of each sample was treated for 30mins at 30C in the presence 
of λ-protein phosphatase. All the samples were then resolved on a SDS-PAGE gel, transferred on 
a membrane and probed with an anti-FLAG antibody (F7425 from Sigma) followed by anti-rabbit 
IgG HRP conjugate (Promega). 
 

The lower mobility band is completely sensitive to the phosphatase 

treatment, which implies that at least part the Stn1 protein present in the cell in 

log-phase is phosphorylated. In early 2014, the Li group proposed the threonine 

223 as the main target of Cdk1-mediated phosphorylation event: they suggested 

a mechanism where the phosphorylation of Stn1 is necessary to inhibit 

telomerase activity at telomeres. Nevertheless the impact that mutations on Thr 

223 have on telomere length is not very significant and further studies are 

necessary to further support this model(Liu et al. 2014). 

 
STUDIES ON THE INTERACTION BETWEEN STN1 AND POL12 

An important link between Stn1 and the DNA polymerase alpha/primase 

complex subunit Pol12 was first proposed in 2004 by the Shore group (Grossi et 

al. 2004). In their publication they reported how mutations in Pol12 lead to 

telomere elongation and how these same mutants showed a significant genetic 
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interaction with a group of Stn1 mutants previously reported by another group 

(REF Charb). Furthermore using an over-expressed form of Stn1, they were able 

to co-immuno-precipitate the two proteins. Since then, a number of studies tried 

to identify the domain of Stn1 that was responsible for the interaction with Pol12 

with contrasting results. While the Nugent group proposed that the interaction is 

mediated by the N-terminal OB-fold domain (in vitro assay with GST-pull down, 

(Petreaca et al. 2006)), a consequent publication from the Shore lab pinpoints the 

site of interaction to the C-terminal domain of Stn1 (two-hybrid assay, (Puglisi et 

al. 2008)).  

Neither of the two methods used by the Nugent or the Shore group tested 

the interaction under physiological conditions: the newly constructed well-

behaved Stn1 FLAG-tagged construct described above was then used to solve 

the question. A set of 5 constructs were derived from the Stn1-G8-(FLAG)3 

construct (figure C.6):  

- pVL4850: Stn11-197-G8-(FLAG)3: deletion of the C-terminal domain after the end 

of the OB-fold .  

- pVL4458: Stn1199-494-G8-(FLAG)3: deletion of the N-terminal OB-fold domain.  

- pVL4457: Stn1288-494-G8-(FLAG)3: deletion of the N-terminal OB-fold domain 

used by the Nugent lab.  

- pVL4456: Stn1311-494-G8-(FLAG)3: C-terminal domain of Stn1 as crystallized by 

the Wuttke lab (described in Chapter 3).  

- pVL4852: stn1-W466R-G8-(FLAG)3: most severe C-terminal domain mutant 
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described in Chapter 3, included in the study as a possible player in the Stn1-

Pol12 interaction.  

Figure C.7 – Schematic of the Stn1-G8-(FLAG)3 derivative constructs. Five constructs were 
generated from the original Stn1-G8-(FLAG)3 construct to answer questions about the roles of the 
different domains and the stn1-W466R mutant.  
 

The five constructs along with the original full length FLAG tagged 

construct were then tested in a protein co-immuno-precipitation assay in a strain 

expressing a myc-tagged Pol12 from its native genomic locus (figure C.7).  

Figure C.8 – Co-immuno-precipitation assay to test the interaction between Stn1 and 
Pol12. A strain expressing a myc-tagged Pol12 protein from its genomic locus (YVL3382) was 
transformed with the indicated Stn1 FLAG constructs. After colony growth, 2 isolates per 
transformation were grown in a 250mls liquid media till OD 0.7 and prepped by pulverization with 
liquid nitrogen. Whole cell extracts were incubated with anti-FLAG M2 affinity gel (Sigma) and 
resolved on a SDS-PAGE gel, transferred on a membrane and probed with an anti-myc antibody 
(#2272 from CST) followed by anti-rabbit IgG HRP conjugate (Promega). 
 

The data showed above indicates that the domain of Stn1 responsible for 
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the interaction with Pol12 is the N-terminal OB-fold: the construct lacking the 

entire C-terminal domain of Stn1 is in fact able to co-immuno-precipitate roughly 

the same amount of Pol12 as the full length construct (lanes 1-2 vs 3-4). On the 

other hand, the three different constructs lacking the N-terminal domain show no 

or very weak interaction with the full length Pol12 (lanes 5 to10). The mutation 

stn1-W466R doesn’t have any obvious role in this interaction (lanes 11-12). 

Proceeding forward with this line of research, it would be interesting uncover the 

areas of Stn1 that is mediating the interaction as well as which domain of Pol12 

is involved. 

A physical connection between the t-RPA complex and the DNA 

polymerase alpha/primase complex had been already reported between the 

subunit Cdc13 and Pol1 respectively(Qi & Zakian 2000). Further studies will be 

necessary to determine if the interaction Cdc13-Pol1 and Stn1-Pol12 are part of 

a more complex network that coordinates the replication of the lagging strand at 

telomeres and what are its implication in the new model for telomere 

maintenance proposed in chapter 3.  

 
STUDIES ON THE INTERACTION BETWEEN STN1 AND RAD53 

In the past, Rachel Cervantes, a former member of the Lundblad lab had 

investigated the potential physical interaction between Stn1 and Rad53, a DNA 

damage protein kinase, homolog to the mammalian Chk2, in charge or 

orchestrating and coordinating a number of different processes in response to a 
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variety of DNA damages. Rachel observed that when Stn1 was over-expressed 

she was able to co-immuno-precipitated with the Rad53 protein and that this 

interaction was stronger in case of DNA damage induction via MMS treatment 

(figure C.9). 

Figure C.9 – Over-expressed Stn1 can co-IP with Rad53 (Rachel Cervantes). An over-
expressed N-terminal singled FLAG-tagged Stn1 was co-IP with a myc-tagged RAD53 expressed 
from its native promoter.   
 

Figure C.10 – Co-immuno-precipitation assay to test the interaction between Stn1 and 
Rad53. A strain expressing a myc-tagged Pol12 protein from its genomic locus (YVL3382) was 
transformed with the indicated Stn1 FLAG constructs. After colony growth, 2 isolates per 
transformation were grown in a 250mls liquid media till OD 0.7 and prepped by pulverization with 
liquid nitrogen. Whole cell extracts were incubated with anti-FLAG M2 affinity gel (Sigma) and 
resolved on a SDS-PAGE gel, transferred on a membrane and probed with an anti-myc antibody 
(#2272 from CST) followed by anti-rabbit IgG HRP conjugate (Promega). 
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The same interaction, Stn1-Rad53, was then re-assessed using the new 

Stn1-FLAG construct (Stn1 is now not overexpressed but its native promoter 

drives its expression, figure C.10): no interaction could be detected in this 

condition. Given the combination of the data from the over expressed construct 

and the native promoter construct, it’s possible to hypnotize that the Stn1-Rad53 

interaction it’s weak in normal condition and that it could be induced by a DNA 

damage response. Further experiments are necessary to confirm this hypothesis.  

 
STUDIES ON THE TRIMERIZATION OF THE T-RPA COMPLEX 

Since the first time the Cdc13-Stn1-Ten1 complex was proposed as a 

trimeric complex, one of the greatest standing challenges has always been to 

define the stoichiometry of the complex in vivo. Unable to readily and 

convincingly solve the problem, the field has focused on deciphering the domains 

that are involved in the interaction between the different subunits. On the Stn1-

Ten1 dimer there is a general consensus supported by multiple publications 

(using multiple methods) that the two OB-fold domains of the two proteins 

mediate the interaction(Paschini et al. 2010; Sun et al. 2009), as expected for two 

RPA-like proteins (figure C.11). On the other hand the interaction between Stn1 

and the main subunit Cdc13 has been more elusive: a few studies have been 

published over the years, promoting the idea that the C-terminal of Stn1 was 

responsible for the interaction with Cdc13(Petreaca et al. 2006; Petreaca et al. 

2007; Puglisi et al. 2008). The data to support this model is exclusively based on 
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two-hybrid analyses with no biochemical tests to confirm the result either in vivo 

or in vitro. Furthermore, this piece of data doesn’t fit with the idea that the Cdc13 

and Stn1 are distant paralog of the two main subunits of the RPA complex: an 

interaction between the last OB-fold of Cdc13 and the only OB-fold of Stn1 

located at its N-terminal end would be expected (figure C.11).  

Figure C.11 – Schematic of the subunits of the RPA complex and of the t-RPA. Solid boxes 
indicate crystalized OB-fold domains while the lined boxes are winged helix-loop-helix domain.  
The solid arrows indicate subunit-subunit interactions that have been thoroughly confirmed while 
the dashed arrow between Cdc13 and Stn1 underlies the only interaction that requires more 
investigation.  
 

In an effort to assess the Cdc13-Stn1 interaction with another approach 

than a two-hybrid assay, past members of the lab tried with various protocols and 

combination of tags to co-immuno-precipitate in vivo the two proteins. It became 

apparent how the interaction could not be captured in physiological condition: in 

fact only when the Stn1 protein was over-expressed the binding could be 

significantly detected (data not shown).  
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To pinpoint the domains in both Cdc13 and Stn1 responsible for the 

interaction, both proteins were dissected in their minimal domains and cloned into 

an over-expressing vector in frame with a single C-terminal FLAG tag for the 

Cdc13 domains or with a C-terminal myc7 tag for the Stn1 domains (figure C.12). 

Figure C.12 – Schematic of the single domain constructs generated for Cdc13 and Stn1. 
Solid boxes indicate crystalized OB-fold domains while the lined boxes are winged helix-loop-
helix domain. The two version of the Cdc13-OB1 are shown in structural detail to underline the 
difference: the absence or presence of the bundle of 3 helices at its C-terminal end. Each domain 
was cloned into an over expressing vector in frame with C-terminal tag: a single FLAG tag for 
Cdc13 and a myc7 tag for Stn1. 
 

The boundaries of each domain were defined on the basis of inter-species 

alignments as well as using the published crystal structures of each domain(Sun 

et al. 2009; Mitchell et al. 2010; Mason et al. 2013; Sun et al. 2011). The DNA-

binding domain of Cdc13 whose crystal structure and function were uncovered 

years ago  (REF Science) were left out of the analysis while two different 

versions of the Cdc13-OB1 were generated. The crystal structure of this domain 
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had in fact revealed the presence of a distinct 3-helix bundle “cap” at its C-

terminal that on the structure sides on the surface of the OB-fold (Mitchell et al. 

2010): the Cdc13-OB1-S(short) construct bears only the OB-fold sequence while 

the Cdc13-OB1-L(long) construct includes the OB-fold and the 3-helix bundle 

“cap”.  

As a first look, each one of the Cdc13 domains was tested in a protein co-

immuno-precipitation assay with an over-expressed full-length myc-tagged 

construct of WT Stn1 or stn1-W466R (figure C.13). 

Figure C.13 – Co-immuno-precipitation assay to test the interaction between Stn1 and 
subdomains of Cdc13. Strains carrying the indicated Stn1 and Cdc13 construct on over-
expression plasmids were grown in a 250mls liquid media till OD 0.7 and prepped by 
pulverization with liquid nitrogen. Whole cell extracts were incubated with anti-FLAG M2 affinity 
gel (Sigma) and resolved on a SDS-PAGE gel, transferred on a membrane and probed with an 
anti-myc antibody (#2272 from CST) followed by anti-rabbit IgG HRP conjugate (Promega). 
 

Initially, the co-immuno-precipitation was performed pulling down the 

various domains of Cdc13 and detecting via Western blot the full-length Stn1 

protein. Both the second (OB-2) and the last (OB-4) OB-folds of Cdc13 seemed 

capable of an interaction with a full length Stn1 construct. Interestingly, only a 

Cdc13-OB1 construct lacking the 3-helix bundle “cap” seemed able to sustain the 
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interaction while in the presence of the “cap”, the contact was undetectable. In 

addition, the stn1-W466R mutation didn’t show any abnormal phenotypes when 

compared to WT Stn1. Detecting protein-protein interaction using over-expressed 

constructs can be deceiving so to corroborate this data, the reciprocal protein co-

immuno-precipitation was performed (figure C.14). 

Figure C.14 – Co-immuno-precipitation assay to test the interaction between Stn1 and 
subdomains of Cdc13. Strains carrying the indicated Stn1 and Cdc13 construct on over-
expression plasmids were grown in a 250mls liquid media till OD 0.7 and prepped by 
pulverization with liquid nitrogen. Whole cell extracts were incubated with anti-myc 9E10 antibody 
over/night, captured for 2 hours with Protein G agarose gel and resolved on a SDS-PAGE gel, 
transferred on a membrane and probed with an anti-FLAG antibody (F7425 from SIGMA) 
followed by anti-rabbit IgG HRP conjugate (Promega). 
 

The combined results of the two complimentary co-immuno-precipitations 

lead to the following conclusions: 

- Cdc13-OB1 – As evident from both co-immuno-precipitation assays, the first 

OB-fold domain of Cdc13 in the condition tested, seem to be able to interact 

with Stn1 only in the absence of the 3-helix bundle at its C-terminal. This finding 

leads to hypothesize an on/off switch where the interaction of Stn1 with this 

particular region of Cdc13 is strictly regulated by the relative position of the helix 
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bundle and the OB-fold (figure C.15). To advance this line of research, it would 

necessary to isolate point mutations in the Cdc13-OB1 capable of blocking the 

entire domain (OB-fold + cap) into an ON or an OFF position (as to say, able to 

interact with Stn1 even in the long form or unable to interact with Stn1 even in 

the short form). From these mutants, their phonotypical analysis combined with 

a small-scale epistasic study with genes involved in telomere maintenance as 

well as in replication, will provide enough material to generate a detailed 

hypothesis of its mechanism and its role in telomere homeostasis.   

Figure C.15 – Cartoon representing the proposed model for the ON/OFF switch 
regulating the interaction between Stn1 and the Cdc13-OB1. The image on the left 
represents the OFF conformation when Stn1 cannot interact with this domain; the image on the 
right shows the hypothetical ON conformation where Stn1 is allowed to interact with the domain.  
 

- Cdc13-OB2 and OB4 – While the FLAG pull-downs show a specific interaction 

between these two domains and Stn1, the reciprocal experiment is invalidated 

by the significant detection of the co-immuno-precipitated protein in at least one 

of the negative control lanes (figure C.14, right panels, lane 1 and 7).  

To precisely identify the domains of Stn1 involved in specific interactions 

with single domains of Cdc13, a set of protein co-immuno-precipitation 
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experiments were carried out testing each Cdc13 domains in combination with 

each of the Stn1 domains: each construct was over-expressed and designed as 

depicted in figure C.12.  

As shown already with the full length Stn1 constructs (figure C.13 and 

C.14) the first OB-fold of Stn1 equipped with its C-terminal 3-hlix bundle doesn’t 

interact with any of the Stn1 sub-domains while the only Cdc13-OB1 domain 

(without the 3-helix bundle, Cdc13-OB1-S construct) seem to interact 

specifically with the N-terminal OB fold of Stn1 as well as a much more weakly 

with the its C-terminal domain (figure C.16, left panel).  

 Figure C.16 – Co-immuno-precipitation assay to test the interaction between the 
subdomains of both Cdc13 and Stn1. Strains carrying the indicated Stn1 and Cdc13 
construct on over-expression plasmids were grown in a 250mls liquid media till OD 0.7 and 
prepped by pulverization with liquid nitrogen. Whole cell extracts were incubated with anti-myc 
9E10 antibody over/night, captured for 2 hours with Protein G agarose gel and resolved on a 
SDS-PAGE gel, transferred on a membrane and probed with an anti-FLAG antibody (F7425 
from SIGMA) followed by anti-rabbit IgG HRP conjugate (Promega). 
 

The second OB-fold of Cdc13, that was observed capable of specifically 

co-immuno-precipitating with a full length Stn1 construct in figure C.13, shows 

only a very weak interaction with the N-terminal domain of Stn1: the interaction, 

if biologically relevant, might be mediated by a multi-domain surface.  

Finally, the last OB-fold of Cdc13, the one that according to the t-RPA 
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hypothesis should be mediating an important interaction with the Stn1 N-

terminal OB-fold, shows in fact a strong, specific and exclusive interaction with 

the Stn1-OB-fold construct (figure C.16, right panel). Once again, to corroborate 

this important result, the C-terminal OB-fold domain of Cdc13 and the N-

terminal OB-fold domain of Stn1 were assayed with the reciprocal protein co-

immuno-precipitation assay (figure C.17)

 

Figure C.17 – Co-immuno-precipitation assay to test the interaction between the C-
terminal OB-fold of Cdc13 and the N-terminal OB-fold of Stn1. Strains carrying the indicated 
Stn1 and Cdc13 construct on over-expression plasmids were grown in a 250mls liquid media till 
OD 0.7 and prepped by pulverization with liquid nitrogen. Whole cell extracts were incubated 
with anti-FLAG M2 affinity gel (Sigma) and resolved on a SDS-PAGE gel, transferred on a 
membrane and probed with an anti-myc antibody (#2272 from CST) followed by anti-rabbit IgG 
HRP conjugate (Promega). 
 

The combination of the two complimentary experiments allow to conclude 

that indeed these two domains share a strong and specific interaction as 

expected for two subunits of an RPA-like complex. More studies will be 

necessary to confirm that the specific residues that guarantee this interaction 

are located on the two alpha-helices at the C-terminal of each domain both in 

Cdc13 and Stn1 and furthermore to show that these two helices together with 
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the alpha-helix at the end of the Ten1 OB-fold domain are responsible for the 

trimerization of the t-RPA complex as for their RPA complex counter-parts.  

From the data showed so far relative to the Cdc13-Stn1 interaction, it 

emerges how the two proteins might be interacting in a very peculiar fashion: 

the over-expression data shows in fact how different potential bridges can be 

drawn between different domains of the two proteins. Never forgetting the 

deceptive nature of interactions uncovered under over-expression conditions, 

it’s still possible to hypothesize that given how the Cdc13-Stn1 interaction sits at 

a central node of telomere maintenance, different conformation of the 

interaction itself might mediated different processes.   

All the constructs used in this section are listed in table C.2. 

Table C.2 – Summary of plasmids used from figure C.13 to C.17.  
 pVL promoter Plasmid backbone Used in figure: 
Cdc13-OB1-S 5430 ADH 2-micron C.13 
Cdc13-OB1-S-FLAG 5434 ADH 2-micron C.13, C.14, C.16 
Cdc13-OB1-L 5431 ADH 2-micron C.13 
Cdc13-OB1-L-FLAG 5435 ADH 2-micron C.13, C.14, C.16 
Cdc13-OB2-S 5432 ADH 2-micron C.13 
Cdc13-OB2-S-FLAG 5436 ADH 2-micron C.13, C.14, C.16 
Cdc13-OB4-S 5433 ADH 2-micron C.13, C.17 
Cdc13-OB4-S-FLAG 5437 ADH 2-micron C.13, C.14, C.16, C.17 
Stn1 2877 ADH 2-micron C.14 
Stn1-G9-myc7 5444 ADH 2-micron C.13, C.14 
stn1-W466R-G9-myc7 5445 ADH 2-micron C.13, C.14 
Stn1-OB- G9-myc7 5488 ADH 2-micron C.16, C.17 
Stn1-linker- G9-myc7 5489 ADH 2-micron C.16 
Stn1-C-ter- G9-myc7 5615 ADH 2-micron C.16 
 

STUDIES ON THE TRIMERIZATION OF THE T-RPA COMPLEX IN C. 

albicans.  

The t-RPA complex is evolutionary conserved trimeric complex that can be 
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found in yeast as well as in human cells. Its components are always OB-folds 

containing proteins that strongly resemble in terms of domain distribution and 

structure the original RPA complex(Miyake et al. 2009). To confirm the result 

obtained in figure C.17, a similar biochemical approach was used to test the co-

immuno-precipitation of three t-RPA components in C. albicans, a species of 

the Candida clade, distantly related to S. cerevisiae. Interestingly in this clade 

while the two smaller subunits of the t-RPA complex show a very obvious 

similarity the baking yeast counter-parts, the large subunit Cdc13 is missing the 

first 2 OB-folds and only the DNA-binding OB-fold and the last, C-terminal OB-

fold can be found (figure C.18)(Mandell et al. 2011).  

Figure C.18 – Schematic of the subunits of the t-RPA complex in S. cerevisiae and C. 
albicans. Solid boxes indicate crystalized OB-fold domains while the lined boxes are winged 
helix-loop-helix domain.  The solid arrows indicate subunit-subunit interactions that have been 
confirmed in publications or in this appendix while the dashed arrows indicate the interaction 
between the three C. albicans components tested in figure C.19. 
 

Each one of the C. albicans t-RPA components was then cloned into an 

over expression vector in frame with a C-terminal myc11 tag. The middle 

subunit, Stn1, was further modified with the insertion of a single FLAG tag at its 

N-terminal. The three modified components were then expressed in S. 
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cerevisiae and probed for expression via Western Blot (figure C.19) 

Figure C.19 – Cartoon of the C. albicans constructs and Western Blot analysis to survey 
their expression. On the left, the three C. albicans t-RPA components are depicted with their 
tags. On the right, plasmids carrying the indicated constructs were transformed in a WT strain. 
After colony growth, 2 isolates per transformation were grown overnight till OD 0.3 and prepped 
using zirconium beads. 100ug of whole cell extracts were run on a SDS-PAGE, transferred on a 
membrane and probed with an anti-myc antibody (CST #2272) followed by anti-rabbit IgG HRP 
conjugate (Promega). 

Figure C.20 – Co-immuno-precipitation assay to test the trimerization of the t-RPA 
complex in C. albicans. Strains carrying the indicated constructs on over-expression plasmids 
were grown in a 250mls liquid media till OD 0.7 and prepped by pulverization with liquid nitrogen. 
Whole cell extracts were incubated with anti-FLAG M2 affinity gel (Sigma) and resolved on a 
SDS-PAGE gel, transferred on a membrane and probed with an anti-myc antibody (#2272 from 
CST) followed by anti-rabbit IgG HRP conjugate (Promega). 
 

The three proteins showed a satisfactory level of expression in yeast 

extracts and despite the substantial degradation shown by CaStn1 (ladder of 

smaller products in lane 3 and 4 of figure C.19), they were conjunctly used for a 

protein co-immuno-precipitation assay that attempted to capture the 
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trimerization of the complex. (figure C.20) 

The data obtained were invalidated by the detection of a significant 

amount of both CaCdc13 and CaTen1 in the control lanes (lane 1 and 2, figure 

C.20). As an attempt to solve this problem and at the same time simplify the 

question asked, the same experiment was repeated substituting to the 

CaCdc13 full length construct, a modified version carrying only the C-terminal 

domain: the part of the protein expected to carry out the interaction with the 

other two subunits (figure C.21).  

Figure C.21 – Co-immuno-precipitation assay to test the trimerization of the t-RPA 
complex in C. albicans with a modified CaCdc13. Strains carrying the indicated constructs on 
over-expression plasmids were grown in a 250mls liquid media till OD 0.7 and prepped by 
pulverization with liquid nitrogen. Whole cell extracts were incubated with anti-FLAG M2 affinity 
gel (Sigma) and resolved on a SDS-PAGE gel, transferred on a membrane and probed with an 
anti-myc antibody (#2272 from CST) followed by anti-rabbit IgG HRP conjugate (Promega). 
 

The data shown seem to indicate that as expected for a RPA-like complex, 

the C. albicans t-RPA complex can be pulled down as a trimeric complex. But, 

given what is known about the RPA complex, the stoichiometry between the 
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three components should be close to 1:1:1, this doesn’t seem to be the case for 

the experiment shown above where apparently the pull down protein (CaStn1) 

is less present than its binding partners CaCdc13 and CaStn1. This apparent 

contradiction can be explained by the fact that the CaStn1 protein seems to be 

subjected to a significant amount of degradation as shown in figure C.19. In this 

specific case, the FLAG tag at the N-terminal of the CaStn1 protein drives the 

pull downs: both complete full length proteins as well as degradation products 

that have lost parts of its C-terminal (and therefore its myc tag) were being 

captured and their binding partners with them. When the samples were then 

separated on an SDS page and probed with anti-myc antibody, only the full 

length CaStn1 proteins could be detected while the shorter ones were lost, 

leading to an impossible apparent alteration of the ratio between the three 

components. To test this hypothesis, the blot shown in figure C.21 was probed 

with anti-FLAG antibody that was able to detect how the largest amount of Stn1 

didn’t run at its predicted size but it run at a size comparable to the predicted 

molecular weight of construct that had lost all the C-terminal section of the 

protein but had maintained the N-terminal OB-fold, that according to the t-RPA 

model should be mediating the  

Further work is necessary to confirm this important result, in particular to 

establish the stoichiometry that governs the t-RPA complex in C. albicans and 

to repeat the same experiment with the t-RPA components of S. cerevisiae. 

All the constructs used in this section are listed in table C.3. 
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Figure C.22 – Re-probe of the blot shown in C.21. The same Western Blot shown in figure 
C.21, was stripped and re-probed with an anti-FLAG antibody (F7425 from SIGMA) followed by 
anti-rabbit IgG HRP conjugate (Promega). The size of the indicated band is ~23KDa. 
 
Table C.3 – Summary of plasmids used from figure C.19 to C.21.  
 pVL promoter Plasmid backbone Used in figure: 
CaCdc13-myc11 5427 ADH 2-micron C.19, C.20 
CaCdc13-Cter-myc11 5578 ADH 2-micron C.21 
CaStn1-myc11 5426 ADH 2-micron C.19, C.20, C.21 
FLAG-CaStn1-myc11 5487 ADH 2-micron C.20, C.21 
CaTen1-myc11 5429 ADH 2-micron C.19, C.20, C.21 
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Proteomic analysis of the interactomes 

of Stn1 and its mutant stn1-W466R  
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In chapter 3, a new functional surface of Stn1 was uncovered in its C-

terminal domain(Gelinas et al. 2009). This surface defined by the amino acids 

W466, H486 and Y489 was isolated thanks to surface scan approach where all 

the conserved amino acids were mutagenized and phenotypically tested for 

fitness and telomere length. The most severe of these mutants, stn1-W466R, 

was capable of generating a stable protein and a yeast strain bearing this 

mutation showed a reduced viability paired with an extreme telomere elongation. 

Furthermore it showed a subtle but reproducible over expression dominant 

negative phenotype as tested by telomere elongation in a WT strain. On this 

basis, the continuous surface generated by W466, H486 and Y489 was 

hypothesized to form a binding surface in the C-terminal of Stn1 that defined a 

previously unknown telomeric function. Consequently, mutations on this surface 

would deregulate the interaction with an unknown binding partner causing the 

appearance of the observed phenotypes. 

To identify the proposed binding partner one of the approaches that were 

undertaken was the comparison between the interactomes of the Stn1 WT 

protein and the mutated stn1-W466R allele. This endeavor would not only 

answer questions about the stn1-W466R but also would provide a list of new 

potential interacting partners of WT Stn1. This appendix describes briefly the 

troubleshooting process that lead to the actual IP/MS experiment and the set of 

downstream experiments that were carried out to validate the potential interacting 

candidates.  
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DESIGN AND TROUBLESHOOTING OF THE STN1 PULL DOWNS. 

Given the lack of experience of the Lundblad lab in the proteomic field, the 

simplest possible experimental design was chosen. A triple FLAG version of Stn1 

was to be used for a pull down driven by the highly efficient anti-FLAG M2 affinity 

gel (Sigma). The samples obtained were to be resolved on an SDS-PAGE gel 

and specific bands either presents in the WT Stn1 sample but not in the negative 

control or bands that appeared different in the WT vs. mutants form of Stn1, were 

to be physically isolated and sent to mass-spectrometry analysis for proteomic 

identification. This experimental design presents a number of caveats starting 

from the lack of an absolute method to distinguish quantitatively between the WT 

and mutant samples to the fact that the analysis is limited to those proteins 

present in the pull-down with enough numbers to generate a visible Coomassie 

band; nevertheless, the protocol was judged refined enough to at least identify 

new interacting partners of Stn1.  

The main concern in every proteomic analysis is to maintain the “noise” to 

a minimum level in order to better distinguish the real candidates from the large 

amount false positive hits. This basic concern translates in obtaining the cleanest 

but at the same time richest possible pull-down from the immuno-precipitation 

step. Given the extremely low level of expression that characterizes the Stn1 

protein, two different methods of over-expression were initially explored: either 

constitutive over expression of a full-length tagged Stn1 construct or inducible 

over expression of the same Stn1 construct driven by a galactose-dependent 
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promoter. While the inducible-promoter (GAL promoter) method avoided possible 

mechanism of adaptation of the yeast strain to the over expression of Stn1, the 

quantity of Stn1 protein produced was significantly less when compared to the 

continuous over expression method (ADH promoter) (data not shown). The latter 

method was then finally chosen for the actual final experiment.  

To make the pull-downs as clean as possible, the anti-FLAG M2 affinity 

gel used to capture the tagged Stn1 protein was incubated overnight with BSA: 

this step was aimed at blocking potential non-specific binding site on the surface 

of the agarose beads. This expedient was quickly ruled out as once the pull 

downs were separated on an SDS-PAGE gel and stained with Coomassie blue, 

the similarity in molecular weight between the BSA and the STN1 protein created 

a large indistinguishable band around 65KDa (data not shown) that would have 

impaired the mass-spectrometry.  

Another commonly used method to increase the cleanness of the pull-

downs is to force the release of the captured protein and its interactors from the 

beads using small peptides, that mimic the tag, as competitors. Hence, only the 

proteins bearing the capturing tag will be released from the beads and every 

protein bound to non-specific sites on the surface of the beads themselves will be 

excluded from the downstream analysis. This method is usually very efficient 

when a single FLAG tag drives the pull-downs but in the case of a triple FLAG 

tag (as in the case of the Stn1 protein) even the use of a FLAG3 peptide resulted 

very inefficient with most of FLAG tagged materials remaining on the beads (data 
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not shown). 

Finally the experiment was performed as follows: a WT yeast strain 

modified to improve its performance in biochemical experiments (it lacks 

proteases and proteasome’s components) was transformed with either an empty 

vector or with an over expressed Stn1-FLAG3 construct carrying a WT Stn1 or 

the stn1-W466R allele (pVL248, pVL4853, pVL4854 respectively). After colony 

growth, one isolate per transformation was used to inoculate 500mls of yeast trp- 

minimal media (to maintain the over expressed constructs) and after over-night 

growth the 3 cultures were collected once they reached an OD of 0.7. The pellets 

were lysed in TMG 200 buffer (10 mM Tris HCl pH 8.0, 1 mM MgCl2, 10% 

glycerol, 200 mM NaCl) with mortar and pestle in the presence of liquid nitrogen 

and 20mg of purified whole cell extracts were mixed with 20ul of anti-FLAG M2 

affinity gel. After 2 hours of nutation at 4C, the samples were washed three times 

in TMG200 supplied with increasing amount of tween 20 detergent (0.1% for the 

first wash, 0.2% for the second wash and 0.3% for the last one). The samples 

were then boiled in SDS-PAGE running buffer and resolved in two parallel SDS-

PAGE gels with an acrylamide concentration of 8% and 12% to ensure a better 

separation of high as well as low molecular weight proteins respectively. The gels 

were stained with Coomassie blue and significant sections in the Stn1 WT lane 

and in the stn1-W466R lane were cut and analyzed by mass-spectrometry (figure 

D.1). 
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Figure D.1 – Coomassie stained gels after FLAG pull down with bands isolated for mass-
spectrometry analysis. The coomassie stained gels obtained as described in the text were 
visually analyzed and potentially interesting bands were cut out for mass spectrometry analysis.  
 

 The Stn1 section (the one labeled with a purple arrow in the two gels) was 

not further analyzed because even if it could have contained potential hits hidden 

by the Stn1 signal, the massive amount of the Stn1 protein would have covered 

any other potential interactor signal in the mass-spectrometry read out. Most of 

the sections chosen for the downstream analysis were isolated because of their 

absence from the control lane (this is the case for band 1, 2, 3, 5, 7, 8 and 9) 

while two of them (band 4 and 6) were picked as potential candidates for the 

interaction with the Stn1 C-terminal novel surface given how they seemed to 

preferentially bind the mutated form of Stn1. For each one of the chosen 

sections, one band from the WT Stn1 lane and one band from the stn1-W466R 



317	  

	  

lane were processed for the downstream analysis.  

 

DATA ANALAYSIS OF THE IP/MS STN1 EXPERIMENT 

In the following pages, the read-out for each of the 9 sections analyzed by 

mass-spectrometry is reported. The potential hits are listed accordingly to their 

combined number of readings in each of the two bands provided (derived from 

the Stn1 or stn1-W466R pull downs respectively). In each table the first three 

columns refers to the ORF name, its known function and its molecular weight, 

while the last two report about the number of readings recovered in each pull-

down respectively (WT Stn1 or stn1-W466R).  

As expected in every proteomic analysis, a high number of potential 

candidates were identified only by a very low number of readings: for 

simplification purpose every hit represented by less than 5 readings was 

considered background unless otherwise specified. 

As evident from the data, even though the specific gel section containing 

Stn1 was not analyzed, plenty of Stn1 protein “leaked” into other sections so that 

overall a very high number of Stn1 reading were analyzed (523 total). 

Interestingly, the vast majority of the Stn1 reading accumulated at its C-terminal 

and no readings at all could be recovered across the OB-fold region: this peculiar 

behavior suggests that the Stn1 N-terminal OB-fold is such a stable and strong 

structure that the physical stress and the protease digestion that precede the 

mass spectrometry analysis cannot access it.  
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Table D.1 – Summary of hits recovered from the mass-spectrometry analysis of section 1. 
Hits of major interest: MEC1 and RIF1. Hits of minor interest: UBR1 

ORF  function MW STN1 
stn1-

W466R 
URA2 

Bifunctional carbamoylphosphate synthetase (CPSase)-aspartate transcarbamylase 
(ATCase), catalyzes the first two enzymatic steps in the de novo biosynthesis of 
pyrimidines 245 kDa 253 292 

FAS2 Alpha subunit of fatty acid synthetase, which catalyzes the synthesis of long-chain 
saturated fatty acids;  207 kDa 102 102 

MEC1 Genome integrity checkpoint protein and PI kinase superfamily member;  273 kDa 109 70 
FAS1 Beta subunit of fatty acid synthetase, which catalyzes the synthesis of long-chain 

saturated fatty acids 229 kDa 70 103 
ACC1 Acetyl-CoA carboxylase, biotin containing enzyme that catalyzes the carboxylation of 

acetyl-CoA to form malonyl-CoA 250 kDa 68 54 
BLM10 Proteosome activator subunit; required for resistance to bleomycin, may be involved in 

protecting against oxidative damage 246 kDa 74 34 
RPO21 RNA polymerase II largest subunit B220, part of central core;  191 kDa 47 45 
GLT1 NAD(+)-dependent glutamate synthase (GOGAT), synthesizes glutamate from 

glutamine and alpha-ketoglutarate 238 kDa 28 35 
UBR1 Ubiquitin-protein ligase (E3) that interacts with Rad6p/Ubc2p to ubiquitinate substrates 

of the N-end rule pathway 225 kDa 25 31 
EDE1 Key endocytic protein involved in a network of interactions with other endocytic 

proteins, binds membranes in a ubiquitin-dependent manner 151 kDa 23 32 
LEU1 Isopropylmalate isomerase, catalyzes the second step in the leucine biosynthesis 

pathway 86 kDa 17 14 
STN1 

Telomere end-binding and capping protein, plays a key role with Pol12p in linking 
telomerase action with completion of lagging strand synthesis, and in a regulatory step 
required for telomere capping 58 kDa 14 14 

GCN1 Positive regulator of the Gcn2p kinase activity, forms a complex with Gcn20p; proposed 
to stimulate Gcn2p activation by an uncharged tRNA 297 kDa   50 

SNF2 Catalytic subunit of the 11-subunit SWI/SNF chromatin remodeling complex involved in 
transcriptional regulation; contains DNA-stimulated ATPase activity 194 kDa 37   

RIF1 
Protein that binds to the Rap1p C-terminus and acts synergistically with Rif2p to help 
control telomere length and establish telomeric silencing; deletion results in telomere 
elongation 218 kDa 28   

SSA1 
ATPase involved in protein folding and nuclear localization signal (NLS)-directed 
nuclear transport; member of heat shock protein 70 (HSP70) family; forms a chaperone 
complex with Ydj1p 70 kDa   25 

NUP159 Subunit of the nuclear pore complex that is found exclusively on the cytoplasmic side, 
forms a subcomplex with Nup82p and Nsp1p, required for mRNA export 159 kDa   12 

TRA1 Subunit of SAGA and NuA4 histone acetyltransferase complexes; interacts with acidic 
activators (e.g., Gal4p) which leads to transcription activation; similar to human TRRAP 433 kDa   11 

SSA2 
ATP binding protein involved in protein folding and vacuolar import of proteins; member 
of heat shock protein 70 (HSP70) family; associated with the chaperonin-containing T-
complex 69 kDa 10   

VPS13 
Protein of unknown function; heterooligomeric or homooligomeric complex; peripherally 
associated with membranes; involved in sporulation, vacuolar protein sorting and 
protein-Golgi retention 358 kDa   9 

PMA1 
Plasma membrane H+-ATPase, pumps protons out of the cell; major regulator of 
cytoplasmic pH and plasma membrane potential; part of the P2 subgroup of cation-
transporting ATPases 100 kDa   8 

MDN1 
Huge dynein-related AAA-type ATPase (midasin), forms extended pre-60S particle with 
the Rix1 complex (Rix1p-Ipi1p-Ipi3p), may mediate ATP-dependent remodeling of 60S 
subunits 559 kDa   6 

UBI4 Ubiquitin, becomes conjugated to proteins, marking them for selective degradation via 
the ubiquitin-26S proteasome system; essential for the cellular stress response 22 kDa   6 

HSC82 Cytoplasmic chaperone of the Hsp90 family, redundant in function and nearly identical 
with Hsp82p, and together they are essential; induced 2-3 fold by heat shock 81 kDa   6 
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Table D.2 – Summary of hits recovered from the mass-spectrometry analysis of section 2. 
Hits of major interest: KIN4 and CDC16. 

ORF function MW STN1 stn1-
W466R 

LEU1 Isopropylmalate isomerase, catalyzes the second step in the leucine biosynthesis 
pathway 

86 kDa 319 326 
EFT2 Elongation factor 2 (EF-2), also encoded by EFT1; catalyzes ribosomal translocation 

during protein synthesis; contains diphthamide, the unique posttranslationally 
modified histidine residue specifically ADP-ribosylated by diphtheria toxin 

93 kDa 90 95 

KIN4 Kinase that acts by inhibiting the mitotic exit network (MEN) when the spindle position 
checkpoint is activated; localized asymmetrically to mother cell cortex, spindle pole 
body and bud neck 

90 kDa 94 52 

PFK26 6-phosphofructo-2-kinase, inhibited by phosphoenolpyruvate and sn-glycerol 3-
phosphate, has negligible fructose-2,6-bisphosphatase activity, transcriptional 
regulation involves protein kinase A 

94 kDa 64 68 

SEC27 Essential beta'-coat protein of the COPI coatomer, involved in ER-to-Golgi and Golgi-
to-ER transport; contains WD40 domains that mediate cargo selective interactions; 
45% sequence identity to mammalian beta'-COP 

99 kDa 41 21 

RPN2 Subunit of the 26S proteasome, substrate of the N-acetyltransferase Nat1p 104 kDa 22 36 
PFK2 Beta subunit of heterooctameric phosphofructokinase involved in glycolysis, 

indispensable for anaerobic growth, activated by fructose-2,6-bisphosphate and AMP, 
mutation inhibits glucose induction of cell cycle-related genes 

105 kDa 30 21 

SSA2 ATP binding protein involved in protein folding and vacuolar import of proteins; 
member of heat shock protein 70 (HSP70) family; associated with the chaperonin-
containing T-complex; present in the cytoplasm, vacuolar membrane and cell wall 

69 kDa   24 

SEC21 Gamma subunit of coatomer, a heptameric protein complex that together with Arf1p 
forms the COPI coat; involved in  ER to Golgi transport of selective cargo 

105 kDa 32 11 
CDC16 Subunit of the anaphase-promoting complex/cyclosome (APC/C), which is a ubiquitin-

protein ligase required for degradation of anaphase inhibitors, including mitotic 
cyclins, during the metaphase/anaphase transition; required for sporulation 

95 kDa 12 29 

ADE3 Cytoplasmic trifunctional enzyme C1-tetrahydrofolate synthase, involved in single 
carbon metabolism and required for biosynthesis of purines, thymidylate, methionine, 
and histidine 

102 kDa 17 20 

STN1 Telomere end-binding and capping protein, plays a key role with Pol12p in linking 
telomerase action with completion of lagging strand synthesis, and in a regulatory 
step required for telomere capping 

58 kDa 16 19 

HIS4 Multifunctional enzyme containing phosphoribosyl-ATP pyrophosphatase, 
phosphoribosyl-AMP cyclohydrolase, and histidinol dehydrogenase activities; 
catalyzes the second, third, ninth and tenth steps in histidine biosynthesis 

88 kDa   16 

SSA1 ATPase involved in protein folding and nuclear localization signal (NLS)-directed 
nuclear transport; member of heat shock protein 70 (HSP70) family; forms a 
chaperone complex with Ydj1p; localized to the nucleus, cytoplasm, and cell wall 

70 kDa 13   

SEG2 Eisosome component; likely plays only minor role in eisosome assembly; shown to 
interact with Seg1p 

126 kDa   13 
NSP1 Essential component of the nuclear pore complex, which mediates nuclear import and 

export 
87 kDa   12 

PMA1 Plasma membrane H+-ATPase, pumps protons out of the cell; major regulator of 
cytoplasmic pH and plasma membrane potential; part of the P2 subgroup of cation-
transporting ATPases 

100 kDa 6 17 

LEU2 Beta-isopropylmalate dehydrogenase, catalyzes the third step in the leucine 
biosynthesis pathway 

39 kDa 6 10 
ATG4 Cysteine protease required for autophagy; cleaves Atg8p to a form required for 

autophagosome and Cvt vesicle generation; mediates attachment of 
autophagosomes to microtubules through interactions with Tub1p and Tub2p 

57 kDa 8   

URA2 Bifunctional carbamoylphosphate synthetase (CPSase)-aspartate transcarbamylase 
(ATCase), catalyzes the first two enzymatic steps in the de novo biosynthesis of 
pyrimidines; both activities are subject to feedback inhibition by UTP 

245 kDa   8 

GCV2 P subunit of the mitochondrial glycine decarboxylase complex, required for the 
catabolism of glycine to 5,10-methylene-THF; expression is regulated by levels of 
levels of 5,10-methylene-THF in the cytoplasm 

114 kDa 7   

UBI4 Ubiquitin, becomes conjugated to proteins, marking them for selective degradation via 
the ubiquitin-26S proteasome system; essential for the cellular stress response 

22 kDa   6 
YEF3 Translational elongation factor, stimulates the binding of aminoacyl-tRNA (AA-tRNA) 

to ribosomes by releasing EF-1 alpha from the ribosomal complex; contains two ABC 
cassettes; binds and hydrolyses ATP 

116 kDa   6 

SSE1 ATPase that is a component of the heat shock protein Hsp90 chaperone complex; 
binds unfolded proteins; member of the heat shock protein 70 (HSP70) family; 
localized to the cytoplasm 

77 kDa 5 5 

FKH2 Transcription factor of the forkhead family that regulates the cell cycle and 
pseudohyphal growth; also involved in chromatin silencing at HML and HMR; 
potential Cdc28p substrate 

94 kDa   5 

NIP1 Subunit of the eukaryotic translation initiation factor 3 (eIF3), involved in the assembly 
of preinitiation complex and start codon selection 

93 kDa   5 
PFK1 Alpha subunit of heterooctameric phosphofructokinase involved in glycolysis, 

indispensable for anaerobic growth, activated by fructose-2,6-bisphosphate and AMP, 
mutation inhibits glucose induction of cell cycle-related genes 

108 kDa   5 

SPP41 Protein involved in negative regulation of expression of spliceosome components 
PRP4 and PRP3 

157 kDa 5   
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Table D.3 – Summary of hits recovered from the mass-spectrometry analysis of section 3. 
Hits of major interest: KIN4 and LCD1. Hits of minor interest: RTF1, SAN1 and PXR1 

ORF function MW STN1 
stn1-

W466R 
SSE1 

ATPase that is a component of the heat shock protein Hsp90 chaperone 
complex; binds unfolded proteins; member of the heat shock protein 70 
(HSP70) family; localized to the cytoplasm 77 kDa 139 195 

RTF1 
Subunit of the RNA polymerase II-associated Paf1 complex; directly or 
indirectly regulates DNA-binding properties of Spt15p and relative 
activities of different TATA elements; involved in telomere maintenance 66 kDa 108 91 

HSC82 
Cytoplasmic chaperone of the Hsp90 family, redundant in function and 
nearly identical with Hsp82p, and together they are essential; induced 2-
3 fold by heat shock 81 kDa 53 94 

LEU1 Isopropylmalate isomerase, catalyzes the second step in the leucine 
biosynthesis pathway 86 kDa 68 69 

SSA2 
ATP binding protein involved in protein folding and vacuolar import of 
proteins; member of heat shock protein 70 (HSP70) family; associated 
with the chaperonin-containing T-complex 69 kDa   53 

SAN1 
Ubiquitin-protein ligase, involved in the proteasome-dependent 
degradation of aberrant nuclear proteins; san1 mutations suppress sir4, 
spt16, and cdc68 mutations, suggesting a role in chromatin silencing 66 kDa 40 39 

ADE5 
Bifunctional enzyme of the 'de novo' purine nucleotide biosynthetic 
pathway, contains aminoimidazole ribotide synthetase and glycinamide 
ribotide synthetase activities 86 kDa 25 46 

GUS1 
Glutamyl-tRNA synthetase (GluRS), forms a complex with methionyl-
tRNA synthetase (Mes1p) and Arc1p; complex formation increases the 
catalytic efficiency of both tRNA synthetases  83 kDa 30 36 

LCD1 
Essential protein required for the DNA integrity checkpoint pathways; 
interacts physically with Mec1p; putative homolog of S. pombe Rad26 
and human ATRIP 86 kDa 33 33 

STN1 
Telomere end-binding and capping protein, plays a key role with Pol12p 
in linking telomerase action with completion of lagging strand synthesis, 
and in a regulatory step required for telomere capping 58 kDa 43 22 

THS1 Threonyl-tRNA synthetase, essential cytoplasmic protein 85 kDa 35 18 

SSE2 
Member of the heat shock protein 70 (HSP70) family; may be involved in 
protein folding; localized to the cytoplasm; highly homologous to the 
heat shock protein Sse1p 78 kDa 14 38 

ATG20 
Protein required for transport of aminopeptidase I (Lap4p) through the 
cytoplasm-to-vacuole targeting pathway; binds phosphatidylinositol-3-
phosphate 73 kDa 26 20 

SSA1 
ATPase involved in protein folding and nuclear localization signal (NLS)-
directed nuclear transport; member of heat shock protein 70 (HSP70) 
family; forms a chaperone complex with Ydj1p 70 kDa 35 7 

MES1 
Methionyl-tRNA synthetase, forms a complex with glutamyl-tRNA 
synthetase (Gus1p) and Arc1p, which increases the catalytic efficiency of 
both tRNA synthetases; also has a role in nuclear export of tRNAs 86 kDa 14 19 

ACO2 
Putative mitochondrial aconitase isozyme; similarity to Aco1p, an 
aconitase required for the TCA cycle; expression induced during growth 
on glucose, by amino acid starvation via Gcn4p 87 kDa 14 14 

AFG2 ATPase of the CDC48/PAS1/SEC18 (AAA) family, forms a hexameric 
complex; may be involved in degradation of aberrant mRNAs 85 kDa 10 17 

EFT1 Elongation factor 2 (EF-2), also encoded by EFT2; catalyzes ribosomal 
translocation during protein synthesis 93 kDa   12 

MET6 
Cobalamin-independent methionine synthase, involved in amino acid 
biosynthesis; requires a minimum of two glutamates on the 
methyltetrahydrofolate substrate, similar to bacterial metE homologs 86 kDa   11 

PXR1 
Essential protein involved in rRNA and snoRNA maturation; competes 
with TLC1 RNA for binding to Est2p; human homolog inhibits telomerase; 
contains a G-patch RNA interacting domain 31 kDa   11 

PUF6 
Pumilio-homology domain protein that binds ASH1 mRNA at PUF 
consensus sequences in the 3' UTR and represses its translation, 
resulting in proper asymmetric localization of ASH1 mRNA 75 kDa 7   

VPS1 
GTPase required for vacuolar protein sorting, functions in actin 
cytoskeleton organization via its interaction with Sla1p; required for late 
Golgi-retention of some proteins including Kex2p 79 kDa 7 7 

LEU2 Beta-isopropylmalate dehydrogenase, catalyzes the third step in the 
leucine biosynthesis pathway 39 kDa 8 5 

KIN4 
Kinase that acts by inhibiting the mitotic exit network (MEN) when the 
spindle position checkpoint is activated; localized asymmetrically to 
mother cell cortex, spindle pole body and bud neck 90 kDa 6   

SEC16 
COPII vesicle coat protein required for ER transport vesicle budding and 
autophagosome formation; Sec16p is bound to the periphery of ER 
membranes and may act to stabilize initial COPII complexes 

242 
kDa 6   

UBI4 
Ubiquitin, becomes conjugated to proteins, marking them for selective 
degradation via the ubiquitin-26S proteasome system; essential for the 
cellular stress response 22 kDa 7 5 
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Table D.4 – Summary of hits recovered from the mass-spectrometry analysis of section 4. 
Hits of major interest: KIN4. Hits of minor interest: RTF. 

ORF  function MW STN1 
stn1-

W466R 
SSA1 

ATPase involved in protein folding and nuclear localization signal (NLS)-directed 
nuclear transport; member of heat shock protein 70 (HSP70) family; forms a 
chaperone complex with Ydj1p; localized to the nucleus, cytoplasm, and cell wall 70 kDa 421 563 

SSB2 
Cytoplasmic ATPase that is a ribosome-associated molecular chaperone, 
functions with J-protein partner Zuo1p; may be involved in the folding of newly-
synthesized polypeptide chains; member of the HSP70 family; homolog of SSB1 67 kDa 122 58 

SSA2 
ATP binding protein involved in protein folding and vacuolar import of proteins; 
member of heat shock protein 70 (HSP70) family; associated with the chaperonin-
containing T-complex; present in the cytoplasm, vacuolar membrane and cell wall 69 kDa 74 60 

STN1 
Telomere end-binding and capping protein, plays a key role with Pol12p in linking 
telomerase action with completion of lagging strand synthesis, and in a regulatory 
step required for telomere capping 58 kDa 104 13 

ILV2 
Acetolactate synthase, catalyses the first common step in isoleucine and valine 
biosynthesis and is the target of several classes of inhibitors, localizes to the 
mitochondria; expression of the gene is under general amino acid control 75 kDa 49 15 

SSC1 
Mitochondrial matrix ATPase that is a subunit of the presequence translocase-
associated protein import motor (PAM); involved in protein translocation into the 
matrix and protein folding; member of the heat shock protein 70 (HSP70) family 71 kDa 20 36 

LEU1 Isopropylmalate isomerase, catalyzes the second step in the leucine biosynthesis 
pathway 86 kDa 31 15 

DED1 
ATP-dependent DEAD (Asp-Glu-Ala-Asp)-box RNA helicase, required for 
translation initiation of all yeast mRNAs; mutations in human DEAD-box DBY are 
a frequent cause of male infertility 66 kDa 21   

PAB1 
Poly(A) binding protein, part of the 3'-end RNA-processing complex, mediates 
interactions between the 5' cap structure and the 3' mRNA poly(A) tail, involved in 
control of poly(A) tail length, interacts with translation factor eIF-4G 64 kDa 21   

SSA4 
Heat shock protein that is highly induced upon stress; plays a role in SRP-
dependent cotranslational protein-membrane targeting and translocation; member 
of the HSP70 family 70 kDa   20 

GRS1 
Cytoplasmic and mitochondrial glycyl-tRNA synthase that ligates glycine to the 
cognate anticodon bearing tRNA; transcription termination factor that may interact 
with the 3'-end of pre-mRNA to promote 3'-end formation 75 kDa 29 5 

TRP5 Tryptophan synthase involved in tryptophan biosynthesis, regulated by the 
general control system of amino acid biosynthesis 77 kDa 25 7 

FAA4 
Long chain fatty acyl-CoA synthetase, regulates protein modification during 
growth in the presence of ethanol, functions to incorporate palmitic acid into 
phospholipids and neutral lipids 77 kDa 13 18 

RET2 Delta subunit of the coatomer complex (COPI), which coats Golgi-derived 
transport vesicles; involved in retrograde transport between Golgi and ER 61 kDa 15   

TFP1 
Vacuolar ATPase V1 domain subunit A containing the catalytic nucleotide binding 
sites; protein precursor undergoes self-catalyzed splicing to yield the extein Tfp1p 
and the intein Vde (PI-SceI) 114 kDa 23 5 

SSE1  
ATPase that is a component of the heat shock protein Hsp90 chaperone complex; 
binds unfolded proteins; member of the heat shock protein 70 (HSP70) family; 
localized to the cytoplasm 77 kDa 11 14 

KIN4 
Kinase that acts by inhibiting the mitotic exit network (MEN) when the spindle 
position checkpoint is activated; localized asymmetrically to mother cell cortex, 
spindle pole body and bud neck 90 kDa 11   

TKL1 
Transketolase, similar to Tkl2p; catalyzes conversion of xylulose-5-phosphate and 
ribose-5-phosphate to sedoheptulose-7-phosphate and glyceraldehyde-3-
phosphate in the pentose phosphate pathway 74 kDa 10   

NPR2 Regulator of nitrogen permeases; transcription is induced in response to proline 
and urea; contains two PEST sequences 71 kDa 8   

KRS1 Lysyl-tRNA synthetase; also identified as a negative regulator of general control of 
amino acid biosynthesis  68 kDa 7   

UBI4 
Ubiquitin, becomes conjugated to proteins, marking them for selective degradation 
via the ubiquitin-26S proteasome system; essential for the cellular stress 
response 22 kDa   7 

RTF1 
Subunit of the RNA polymerase II-associated Paf1 complex; directly or indirectly 
regulates DNA-binding properties of Spt15p and relative activities of different 
TATA elements; involved in telomere maintenance 66 kDa 6 7 

SSA3 
ATPase involved in protein folding and the response to stress; plays a role in 
SRP-dependent cotranslational protein-membrane targeting and translocation; 
member of the heat shock protein 70 (HSP70) family; localized to the cytoplasm 69 kDa   6 

ATG4 
Cysteine protease required for autophagy; cleaves Atg8p to a form required for 
autophagosome and Cvt vesicle generation; mediates attachment of 
autophagosomes to microtubules through interactions with Tub1p and Tub2p 57 kDa 5   

DOS2 Protein of unknown function, green fluorescent protein (GFP)-fusion protein 
localizes to the cytoplasm 36 kDa 5   

TAF12 Subunit (61/68 kDa) of TFIID and SAGA complexes, involved in RNA polymerase 
II transcription initiation and in chromatin modification, similar to histone H2A 61 kDa 5   

UBP16 Putative ubiquitin-specific protease 57 kDa 5   
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Table D.5 – Summary of hits recovered from the mass-spectrometry analysis of section 5. 
Hits of major interest: PRI1. Hits of minor interest: CDC12 and SAM2. 

ORF  function MW STN1 
stn1-

W466R 
YDJ1 Protein chaperone involved in regulation of the HSP90 and HSP70 functions; involved in 

protein translocation across membranes; member of the DnaJ family 45 kDa 184 190 
ENO2 Enolase II, a phosphopyruvate hydratase that catalyzes the conversion of 2-

phosphoglycerate to phosphoenolpyruvate during glycolysis  47 kDa 111 100 
SSA1 ATPase involved in protein folding and nuclear localization signal (NLS)-directed nuclear 

transport; forms a chaperone complex with Ydj1p 70 kDa 8 108 
SSA2 ATP binding protein involved in protein folding and vacuolar import of proteins; member of 

heat shock protein 70 (HSP70) family;  69 kDa 56   
TFP1 Vacuolar ATPase V1 domain subunit A containing the catalytic nucleotide binding sites; 

protein precursor undergoes self-catalyzed splicing  44 kDa 51 39 
LEU1 Isopropylmalate isomerase, catalyzes the second step in the leucine biosynthesis pathway 86 kDa 54 34 
TEF1 Translational elongation factor EF-1 alpha; also encoded by TEF2; functions in the binding 

reaction of aminoacyl-tRNA (AA-tRNA) to ribosomes 50 kDa 38 47 
SAM2 S-adenosylmethionine synthetase, catalyzes transfer of the adenosyl group of ATP to the 

sulfur atom of methionine;  42 kDa 44 38 
MDJ1 Protein involved in folding of mitochondrially synthesized proteins in the mitochondrial 

matrix; localizes to the mitochondrial inner membrane 56 kDa 32 49 
PGK1 3-phosphoglycerate kinase, catalyzes transfer of high-energy phosphoryl groups from the 

acyl phosphate of 1,3-bisphosphoglycerate to ADP to produce ATP 45 kDa 47 33 
LYS20 Homocitrate synthase isozyme, catalyzes the condensation of acetyl-CoA and alpha-

ketoglutarate to form homocitrate 47 kDa 38 30 
SNX4 Sorting nexin, involved in the retrieval of late-Golgi SNAREs from the post-Golgi endosome 

to the trans-Golgi network and in cytoplasm to vacuole transport 49 kDa 33 25 
LEU2 Beta-isopropylmalate dehydrogenase, catalyzes the third step in the leucine biosynthesis 

pathway 39 kDa 26 25 
COR1 Core subunit of the ubiquinol-cytochrome c reductase complex (bc1 complex),  47 kDa 23 25 
STN1 Telomere end-binding and capping protein, plays a key role with Pol12p in linking 

telomerase action with completion of lagging strand synthesis 58 kDa 32 7 
PDA1 E1 alpha subunit of the pyruvate dehydrogenase (PDH) complex, catalyzes the direct 

oxidative decarboxylation of pyruvate to acetyl-CoA, regulated by glucose 49 kDa 19   
UBA4 Protein that activates Urm1p before its conjugation to proteins (urmylation); one target is the 

thioredoxin peroxidase Ahp1p 49 kDa 18 18 
ACT1 Actin, structural protein involved in cell polarization, endocytosis, and other cytoskeletal 

functions 42 kDa 14   
ARC1 Protein that binds tRNA and methionyl- and glutamyl-tRNA synthetases (Mes1p and 

Gus1p), delivering tRNA to them 42 kDa 14   
CDC12 Component of the septin ring of the mother-bud neck that is required for cytokinesis 47 kDa   13 
RPN7 Essential, non-ATPase regulatory subunit of the 26S proteasome, similar to another S. 

cerevisiae regulatory subunit, Rpn5p 49 kDa 15 9 
SNF6 One of 11 subunits of the SWI/SNF chromatin remodeling complex involved in 

transcriptional regulation 38 kDa 12   
PIL1 Integral membrane protein that along with Lsp1p is a primary component of eisosomes, 

large immobile patch structures at the cell cortex  38 kDa 9 14 
SAH1 S-adenosyl-L-homocysteine hydrolase, catabolizes S-adenosyl-L-homocysteine  49 kDa 12 10 
SAM1 S-adenosylmethionine synthetase, catalyzes transfer of the adenosyl group of ATP to the 

sulfur atom of methionine 42 kDa 11   
TIF1 Translation initiation factor eIF4A, identical to Tif2p; DEA(D/H)-box RNA helicase that 

couples ATPase activity to RNA binding and unwinding 44 kDa 13 9 
IDP1 Mitochondrial NADP-specific isocitrate dehydrogenase, catalyzes the oxidation of isocitrate 

to alpha-ketoglutarate 48 kDa 10   
TUF1 Mitochondrial translation elongation factor Tu; comprises both GTPase and guanine 

nucleotide exchange factor activities 48 kDa   10 
CDC73 Substituent of Paf1 complex with RNA polymerase II, Paf1p, Hpr1p, Ctr9, Leo1, Rtf1 and 

Ccr4p, distinct from Srb-containing Pol II complexes 44 kDa   8 
HSP42 Small cytosolic stress-induced chaperone that forms barrel-shaped oligomers and 

suppresses the aggregation of non-native proteins 43 kDa   8 
DPH1 Protein required, along with Dph2p, Kti11p, Jjj3p, and Dph5p, for synthesis of diphthamide 48 kDa 6 8 
PRI1 Subunit of DNA primase, which is required for DNA synthesis and double-strand break 

repair 48 kDa 7   
RPN5 Essential, non-ATPase regulatory subunit of the 26S proteasome lid, similar to mammalian 

p55 subunit and to another S. cerevisiae regulatory subunit, Rpn7p 52 kDa 7   
SSB1 Cytoplasmic ATPase that is a ribosome-associated molecular chaperone, functions with J-

protein partner Zuo1p 67 kDa 8 6 
HGH1 Protein of unknown function with similarity to human HMG1 and HMG2; localizes to the 

cytoplasm 45 kDa   6 
MAK11 Protein essential for cell growth and replication of M dsRNA virus; contains four beta-

transducin repeats 54 kDa 6   
SEH1 Nuclear pore protein that is part of the evolutionarily conserved Nup84p complex (Nup84p, 

Nup85p, Nup120p, Nup145p, and Seh1p); homologous to Sec13p 39 kDa 6   
RNR2 Ribonucleotide-diphosphate reductase (RNR), small subunit; the RNR complex catalyzes 

the rate-limiting step in dNTP synthesis  48 kDa 5   
SSK2 MAP kinase kinase kinase of the HOG1 mitogen-activated signaling pathway; interacts with 

Ssk1p, leading to autophosphorylation and activation of Ssk2p  181 kDa   5 
SUG1 One of six ATPases of the 19S regulatory particle of the 26S proteasome involved in the 

degradation of ubiquitinated substrates 45 kDa 5   
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Table D.6 – Summary of hits recovered from the mass-spectrometry analysis of section 6. 

ORF function MW STN1 
stn1-

W466R 
LEU2 Beta-isopropylmalate dehydrogenase, catalyzes the third step in the 

leucine biosynthesis pathway 39 kDa 247 298 
SSA2 ATP binding protein involved in protein folding and vacuolar import of 

proteins; member of heat shock protein 70 (HSP70) family 69 kDa 37 48 
YDJ1 Protein chaperone involved in regulation of the HSP90 and HSP70 

functions; involved in protein translocation across membranes 45 kDa 39 32 
ENO2 Enolase II, a phosphopyruvate hydratase that catalyzes the conversion of 

2-phosphoglycerate to phosphoenolpyruvate during glycolysis  47 kDa 18 22 
LEU1 Isopropylmalate isomerase, catalyzes the second step in the leucine 

biosynthesis pathway 86 kDa 23 16 
STN1 Telomere end-binding and capping protein, plays a key role with Pol12p 

in linking telomerase action with completion of lagging strand synthesis 58 kDa 26 10 
ADH1 Alcohol dehydrogenase, fermentative isozyme active as homo- or 

heterotetramers; required for the reduction of acetaldehyde to ethanol 37 kDa 17 16 
ILV5 Acetohydroxyacid reductoisomerase, mitochondrial protein involved in 

branched-chain amino acid biosynthesis 44 kDa 23 9 
HOM2 Aspartic beta semi-aldehyde dehydrogenase, catalyzes the second step 

in the common pathway for methionine and threonine biosynthesis 40 kDa 15 15 
YHB1 Nitric oxide oxidoreductase, flavohemoglobin involved in nitric oxide 

detoxification 45 kDa 16 14 

PSA1 
GDP-mannose pyrophosphorylase (mannose-1-phosphate 
guanyltransferase), synthesizes GDP-mannose from GTP and mannose-
1-phosphate in cell wall biosynthesis 40 kDa 19 6 

TEF1 
Translational elongation factor EF-1 alpha; also encoded by TEF2; 
functions in the binding reaction of aminoacyl-tRNA (AA-tRNA) to 
ribosomes 50 kDa 12   

PDC1 Major of three pyruvate decarboxylase isozymes, key enzyme in alcoholic 
fermentation, decarboxylates pyruvate to acetaldehyde;  61 kDa 11 11 

RNH202  Ribonuclease H2 subunit, required for RNase H2 activity 39 kDa 12 6 

ARP2 
Essential component of the Arp2/3 complex, which is a highly conserved 
actin nucleation center required for the motility and integrity of actin 
patches 44 kDa 7 10 

GCD7 Beta subunit of the translation initiation factor eIF2B, the guanine-
nucleotide exchange factor for eIF2 43 kDa 9 8 

SCJ1 One of several homologs of bacterial chaperone DnaJ, located in the ER 
lumen where it cooperates with Kar2p to mediate maturation of proteins 45 kDa 12 5 

ADH3 
Mitochondrial alcohol dehydrogenase isozyme III; involved in the 
shuttling of mitochondrial NADH to the cytosol under anaerobic 
conditions and ethanol production 40 kDa 8   

REB1 
RNA polymerase I enhancer binding protein; DNA binding protein which 
binds to genes transcribed by both RNA polymerase I and RNA 
polymerase II 92 kDa 8   

RNQ1 [PIN(+)] prion, an infectious protein conformation that is generally an 
ordered protein aggregate 43 kDa 6 10 

ARO4 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) synthase, 
catalyzes the first step in aromatic amino acid biosynthesis  40 kDa 7   

ERG6 Delta(24)-sterol C-methyltransferase, converts zymosterol to fecosterol 
in the ergosterol biosynthetic pathway by methylating position C-24 43 kDa 5 9 

VMA5 Subunit C of the eight-subunit V1 peripheral membrane domain of 
vacuolar H+-ATPase (V-ATPase 42 kDa 7 7 

ATG4 Cysteine protease required for autophagy; cleaves Atg8p to a form 
required for autophagosome and Cvt vesicle generation 57 kDa 6   

LYS21 Homocitrate synthase isozyme, catalyzes the condensation of acetyl-CoA 
and alpha-ketoglutarate to form homocitrate 40 kDa 6   

PIM1 Mitochondrial ATP-dependent protease involved in intramitochondrial 
proteolysis; involved in degradation of misfolded proteins in mitochondria 127 kDa 6   

TEF2 Translational elongation factor EF-1 alpha; also encoded by TEF1;  50 kDa   6 
VHS1 Cytoplasmic serine/threonine protein kinase; identified as a high-copy 

suppressor of the synthetic lethality of a sis2 sit4 double mutant,  52 kDa   6 
CPR6 Peptidyl-prolyl cis-trans isomerase (cyclophilin), catalyzes the cis-trans 

isomerization of peptide bonds N-terminal to proline residues 42 kDa 5   
LYS12 Homo-isocitrate dehydrogenase, an NAD-linked mitochondrial enzyme 

required for the fourth step in the biosynthesis of lysine 40 kDa   5 

SGT2 
Glutamine-rich cytoplasmic protein of unknown function, contains 
tetratricopeptide (TPR) repeats, which often mediate protein-protein 
interactions 37 kDa   5 

TDH1 Glyceraldehyde-3-phosphate dehydrogenase, isozyme 1, involved in 
glycolysis and gluconeogenesis 36 kDa 5 5 
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Table D.7 – Summary of hits recovered from the mass-spectrometry analysis of section 7. 
Hits of minor interest: FUN30, SIT4 and BMH2. 

ORF  function MW STN1 W466R 
TDH3 Glyceraldehyde-3-phosphate dehydrogenase, isozyme 3, involved in glycolysis and 

gluconeogenesis  36 kDa 180 346 
SSA1 ATPase involved in protein folding and nuclear localization signal (NLS)-directed 

nuclear transport; member of heat shock protein 70 (HSP70) family;  70 kDa 6 109 
STN1 Telomere end-binding and capping protein, plays a key role with Pol12p in linking 

telomerase action with completion of lagging strand synthesis 58 kDa 69 44 
LEU2 Beta-isopropylmalate dehydrogenase, catalyzes the third step in the leucine 

biosynthesis pathway 39 kDa 44 44 
RPL10 Protein component of the large (60S) ribosomal subunit, responsible for joining the 

40S and 60S subunits; regulates translation initiation 34 kDa 36 43 
RPL5 Protein component of the large (60S) ribosomal subunit with similarity to E. coli L18 

and rat L5 ribosomal proteins 34 kDa 36 38 
SSA2 ATP binding protein involved in protein folding and vacuolar import of proteins; 

member of heat shock protein 70 (HSP70) family 69 kDa 44 15 
PDB1 E1 beta subunit of the pyruvate dehydrogenase (PDH) complex, which is an 

evolutionarily-conserved multi-protein complex found in mitochondria 40 kDa 23 24 
LEU1 Isopropylmalate isomerase, catalyzes the second step in the leucine biosynthesis 

pathway 86 kDa 23 21 
SRY1 3-hydroxyaspartate dehydratase, deaminates L-threo-3-hydroxyaspartate to form 

oxaloacetate and ammonia; required for survival in the presence of hydroxyaspartate 35 kDa 18 15 
BMH2 14-3-3 protein, minor isoform; binds proteins and DNA, involved in regulation of 

many processes including exocytosis and vesicle transport, Ras/MAPK signaling  31 kDa 16   
FUN30 Protein whose overexpression affects chromosome stability, potential Cdc28p 

substrate; homolog of Snf2p 129 kDa   16 
ENO2 Enolase II, a phosphopyruvate hydratase that catalyzes the conversion of 2-

phosphoglycerate to phosphoenolpyruvate during glycolysis  47 kDa 11 20 
PRE10 20S proteasome alpha-type subunit 27 kDa 17 11 
RPA34 RNA polymerase I subunit A34.5 27 kDa 13   
TEF1 Translational elongation factor EF-1 alpha; also encoded by TEF2; functions in the 

binding reaction of aminoacyl-tRNA (AA-tRNA) to ribosomes 50 kDa 13   
TEF2 Translational elongation factor EF-1 alpha; also encoded by TEF1; functions in the 

binding reaction of aminoacyl-tRNA (AA-tRNA) to ribosomes 50 kDa   13 
ILV2 Acetolactate synthase, catalyses the first common step in isoleucine and valine 

biosynthesis and is the target of several classes of inhibitors 74 kDa 11   
IPP1 Cytoplasmic inorganic pyrophosphatase (PPase), catalyzes the rapid exchange of 

oxygens from Pi with water, highly expressed and essential for viability 32 kDa 11   
SIS1 

Type II HSP40 co-chaperone that interacts with the HSP70 protein Ssa1p; not 
functionally redundant with Ydj1p due to due to substrate specificity; shares similarity 
with bacterial DnaJ proteins 38 kDa 5 11 

TDH1 Glyceraldehyde-3-phosphate dehydrogenase, isozyme 1, involved in glycolysis and 
gluconeogenesis  36 kDa 10   

TDH2 Glyceraldehyde-3-phosphate dehydrogenase, isozyme 2, involved in glycolysis and 
gluconeogenesis  36 kDa 10   

YDJ1 Protein chaperone involved in regulation of the HSP90 and HSP70 functions; 
involved in protein translocation across membranes; member of the DnaJ family 45 kDa 10   

ATG4 Cysteine protease required for autophagy; cleaves Atg8p to a form required for 
autophagosome and Cvt vesicle generation 57 kDa   9 

RPS3 Protein component of the small (40S) ribosomal subunit, has apurinic/apyrimidinic 
(AP) endonuclease activity; essential for viability 26 kDa 8 9 

URA1 Dihydroorotate dehydrogenase, catalyzes the fourth enzymatic step in the de novo 
biosynthesis of pyrimidines, converting dihydroorotic acid into orotic acid 35 kDa 8   

KCS1 Inositol hexaphosphate kinase, phosphorylates inositol hexakisphosphate (InsP6) to 
diphosphoinositol polyphosphates, required for proper vacuole morphology  120 kDa 7   

SIT4 Type 2A-related serine-threonine phosphatase that functions in the G1/S transition of 
the mitotic cycle; cytoplasmic and nuclear protein  36 kDa 7   

SSE1  ATPase that is a component of the heat shock protein Hsp90 chaperone complex; 
binds unfolded proteins; member of the heat shock protein 70 (HSP70) family;  77 kDa 7   

URA1 Dihydroorotate dehydrogenase, catalyzes the fourth enzymatic step in the de novo 
biosynthesis of pyrimidines, converting dihydroorotic acid into orotic acid 35 kDa 7   

CDC19 Pyruvate kinase, functions as a homotetramer in glycolysis to convert 
phosphoenolpyruvate to pyruvate,  55 kDa 6   

RPS9B Protein component of the small (40S) ribosomal subunit; nearly identical to Rps9Bp 
and has similarity to E. coli S4 and rat S9 ribosomal proteins 22 kDa 6   

STV1 Subunit of vacuolar-ATPase V0 domain, one of two isoforms (Stv1p and Vph1p); 
Stv1p is located in V-ATPase complexes of the Golgi and endosomes  102 kDa 6   

TIF35 Subunit of the core complex of translation initiation factor 3(eIF3), which is essential 
for translation 31 kDa 6   

AYR1 NADPH-dependent 1-acyl dihydroxyacetone phosphate reductase found in lipid 
particles, ER, and mitochondrial outer membrane 33 kDa 5   

BRX1 
Nucleolar protein, constituent of 66S pre-ribosomal particles; depletion leads to 
defects in rRNA processing and a block in the assembly of large ribosomal subunits; 
possesses a sigma(70)-like RNA-binding motif 34 kDa 5   

YDL124W NADPH-dependent alpha-keto amide reductase; reduces aromatic alpha-keto 
amides, aliphatic alpha-keto esters, and aromatic alpha-keto esters 36 kDa 5   
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Table D.8 – Summary of hits recovered from the mass-spectrometry analysis of section 8. 

ORF  function MW STN1 
stn1-

W466R 
SSA1 ATPase involved in protein folding and nuclear localization signal (NLS)-directed 

nuclear transport; member of heat shock protein 70 (HSP70) family 70 kDa 5 109 
RPS3 Protein component of the small (40S) ribosomal subunit, has apurinic/apyrimidinic 

(AP) endonuclease activity; essential for viability 27 kDa 62 43 
RPS4 Protein component of the small (40S) subunit, essential for control of translational 

accuracy; has similarity to E. coli S5 and rat S2 ribosomal proteins 29 kDa 38   
RPL2A Protein component of the large (60S) ribosomal subunit, identical to Rpl2Bp and has 

similarity to E. coli L2 and rat L8 ribosomal proteins 27 kDa 44 24 
TDH3 Glyceraldehyde-3-phosphate dehydrogenase, isozyme 3, involved in glycolysis and 

gluconeogenesis  36 kDa   34 

STN1 
Telomere end-binding and capping protein, plays a key role with Pol12p in linking 
telomerase action with completion of lagging strand synthesis, and in a regulatory 
step required for telomere capping 58 kDa 43 23 

RPS1B Ribosomal protein 10 (rp10) of the small (40S) subunit; nearly identical to Rps1Bp 
and has similarity to rat S3a ribosomal protein 29 kDa 35 24 

LEU2 Beta-isopropylmalate dehydrogenase, catalyzes the third step in the leucine 
biosynthesis pathway 39 kDa 23 33 

RPL8B Ribosomal protein L4 of the large (60S) ribosomal subunit, nearly identical to 
Rpl8Ap and has similarity to rat L7a ribosomal protein 28 kDa 42 8 

RPS0B Protein component of the small (40S) ribosomal subunit, nearly identical to Rps0Ap; 
required for maturation of 18S rRNA along with Rps0Ap 28 kDa 30 17 

SSA2 ATP binding protein involved in protein folding and vacuolar import of proteins; 
member of heat shock protein 70 (HSP70) family 69 kDa 33 13 

FOL2 GTP-cyclohydrolase I, catalyzes the first step in the folic acid biosynthetic pathway 28 kDa 22 18 
RPS2 Protein component of the small (40S) subunit, essential for control of translational 

accuracy; has similarity to E. coli S5 and rat S2 ribosomal proteins 27 kDa 17 21 
RPS4A Protein component of the small (40S) ribosomal subunit; mutation affects 20S pre-

rRNA processing; identical to Rps4Bp and has similarity to rat S4 ribosomal protein 29 kDa   18 
TDH2 Glyceraldehyde-3-phosphate dehydrogenase, isozyme 2, involved in glycolysis and 

gluconeogenesis  36 kDa 18   
LEU1 Isopropylmalate isomerase, catalyzes the second step in the leucine biosynthesis 

pathway 86 kDa 15 20 
POR1 

Mitochondrial porin (voltage-dependent anion channel), outer membrane protein 
required for the maintenance of mitochondrial osmotic stability and mitochondrial 
membrane permeability 30 kDa 16 19 

LPG18 Protein component of the small (40S) ribosomal subunit; identical to Rps6Ap and 
has similarity to rat S6 ribosomal protein 27 kDa 17 15 

ENO2 Enolase II, a phosphopyruvate hydratase that catalyzes the conversion of 2-
phosphoglycerate to phosphoenolpyruvate during glycolysis  47 kDa 15 15 

ATP3 Gamma subunit of the F1 sector of mitochondrial F1F0 ATP synthase, which is a 
large, evolutionarily conserved enzyme complex required for ATP synthesis 34 kDa 8 14 

RPS1A Ribosomal protein 10 (rp10) of the small (40S) subunit; nearly identical to Rps1Bp 
and has similarity to rat S3a ribosomal protein 29 kDa 11 8 

PUP2 Alpha subunit of the 20S proteasome involved in ubiquitin-dependent catabolism; 
human homolog is subunit zeta 27 kDa 8 9 

SSB1 Cytoplasmic ATPase that is a ribosome-associated molecular chaperone, functions 
with J-protein partner Zuo1p 67 kDa 5 10 

ATG4 Cysteine protease required for autophagy; cleaves Atg8p to a form required for 
autophagosome and Cvt vesicle generation 57 kDa   7 

GPM1 Tetrameric phosphoglycerate mutase, mediates the conversion of 3-
phosphoglycerate to 2-phosphoglycerate during glycolysis  27 kDa 7 7 

TEF1 Translational elongation factor EF-1 alpha; also encoded by TEF2; functions in the 
binding reaction of aminoacyl-tRNA (AA-tRNA) to ribosomes 50 kDa 7   

RPL8A Ribosomal protein L4 of the large (60S) ribosomal subunit, nearly identical to 
Rpl8Bp and has similarity to rat L7a ribosomal protein 28 kDa 6   

RPS9B Protein component of the small (40S) ribosomal subunit; nearly identical to Rps9Bp 
and has similarity to E. coli S4 and rat S9 ribosomal proteins 22 kDa 6   

TEF2 Translational elongation factor EF-1 alpha; also encoded by TEF1; functions in the 
binding reaction of aminoacyl-tRNA (AA-tRNA) to ribosomes 50 kDa   6 

EFT2 Elongation factor 2 (EF-2), also encoded by EFT1; catalyzes ribosomal 
translocation during protein synthesis 93 kDa   5 

GRX4 Hydroperoxide and superoxide-radical responsive glutathione-dependent 
oxidoreductase 27 kDa 5   

RPB3 RNA polymerase II third largest subunit B44, part of central core; similar to 
prokaryotic alpha subunit 35 kDa 5   

RPL5 Protein component of the large (60S) ribosomal subunit with similarity to E. coli L18 
and rat L5 ribosomal proteins 34 kDa 5 5 

YCP4 
Protein of unknown function, has sequence and structural similarity to flavodoxins; 
green fluorescent protein (GFP)-fusion protein localizes to the cytoplasm in a 
punctate pattern 26 kDa   5 

YDJ1 Protein chaperone involved in regulation of the HSP90 and HSP70 functions; 
involved in protein translocation across membranes; member of the DnaJ family 45 kDa 5   

Ygl117w Hypothetical protein 31 kDa 5   
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Table D.9 – Summary of hits recovered from the mass-spectrometry analysis of section 9. 
Hits of minor interest: MLP2 and PXR1. 

ORF  function MW STN1 
stn1-

W466R 

GPM1 
Tetrameric phosphoglycerate mutase, mediates the conversion of 3-
phosphoglycerate to 2-phosphoglycerate during glycolysis and the reverse reaction 
during gluconeogenesis 28 kDa 87 54 

UBI4 Ubiquitin, becomes conjugated to proteins, marking them for selective degradation 
via the ubiquitin-26S proteasome system; essential for the cellular stress response 9 kDa   30 

SSA1 
ATPase involved in protein folding and nuclear localization signal (NLS)-directed 
nuclear transport; member of heat shock protein 70 (HSP70) family; forms a 
chaperone complex with Ydj1p; localized to the nucleus, cytoplasm, and cell wall 70 kDa 29 25 

TDH3 
Glyceraldehyde-3-phosphate dehydrogenase, isozyme 3, involved in glycolysis and 
gluconeogenesis; tetramer that catalyzes the reaction of glyceraldehyde-3-
phosphate to 1,3 bis-phosphoglycerate; detected in the cytoplasm and cell-wall  36 kDa 11 14 

RPS2 Protein component of the small (40S) subunit, essential for control of translational 
accuracy; has similarity to E. coli S5 and rat S2 ribosomal proteins 27 kDa 30 13 

RPS5 
Protein component of the small (40S) ribosomal subunit, the least basic of the non-
acidic ribosomal proteins; phosphorylated in vivo; essential for viability; has 
similarity to E. coli S7 and rat S5 ribosomal proteins 25 kDa 24 12 

PRK1 
Protein serine/threonine kinase; regulates the organization and function of the actin 
cytoskeleton through the phosphorylation of the Pan1p-Sla1p-End3p protein 
complex 91 kDa   7 

SSA2 
ATP binding protein involved in protein folding and vacuolar import of proteins; 
member of heat shock protein 70 (HSP70) family; associated with the chaperonin-
containing T-complex; present in the cytoplasm, vacuolar membrane and cell wall 69 kDa   7 

LEU1 Isopropylmalate isomerase, catalyzes the second step in the leucine biosynthesis 
pathway 86 kDa 15 6 

LEU2 Beta-isopropylmalate dehydrogenase, catalyzes the third step in the leucine 
biosynthesis pathway 39 kDa 14 6 

HSP26 
Small heat shock protein with chaperone activity that is regulated by a heat induced 
transition from an inactive oligomeric (24-mer) complex to an active dimer; induced 
by heat, upon entry into stationary phase, and during sporulation 24 kDa   5 

PXR1 
Essential protein involved in rRNA and snoRNA maturation; competes with TLC1 
RNA for binding to Est2p, suggesting a role in regulation of telomerase; human 
homolog inhibits telomerase; contains a G-patch RNA interacting domain 31 kDa   5 

ENO2 
Enolase II, a phosphopyruvate hydratase that catalyzes the conversion of 2-
phosphoglycerate to phosphoenolpyruvate during glycolysis and the reverse 
reaction during gluconeogenesis; expression is induced in response to glucose 47 kDa 12   

MLP2 
Myosin-like protein associated with the nuclear envelope, connects the nuclear pore 
complex with the nuclear interior; involved in the Tel1p pathway that controls 
telomere length 195 kDa 18   

PRE8 20S proteasome beta-type subunit 27 kDa 5   
PRE9 20S proteasome beta-type subunit; the only nonessential 20S subunit 27 kDa 10   
RPL7B 

Protein component of the large (60S) ribosomal subunit, nearly identical to Rpl7Ap 
and has similarity to E. coli L30 and rat L7 ribosomal proteins; contains a conserved 
C-terminal Nucleic acid Binding Domain (NDB2) 28 kDa 5   

RPS3 
Protein component of the small (40S) ribosomal subunit, has apurinic/apyrimidinic 
(AP) endonuclease activity; essential for viability; has similarity to E. coli S3 and rat 
S3 ribosomal proteins 27 kDa 6   

RPS9B Protein component of the small (40S) ribosomal subunit; nearly identical to Rps9Bp 
and has similarity to E. coli S4 and rat S9 ribosomal proteins 22 kDa 8   

SCL1 
Alpha subunit of the 20S core complex of the 26S proteasome involved in the 
degradation of ubiquitinated substrates; essential for growth; detected in the 
mitochondria 27 kDa 6   

SEC53 
Phosphomannomutase, involved in synthesis of GDP-mannose and dolichol-
phosphate-mannose; required for folding and glycosylation of secretory proteins in 
the ER lumen 29 kDa 5   

STN1 
Telomere end-binding and capping protein, plays a key role with Pol12p in linking 
telomerase action with completion of lagging strand synthesis, and in a regulatory 
step required for telomere capping 58 kDa 24   

TAF14 
Subunit (30 kDa) of TFIID, TFIIF, and SWI/SNF complexes, involved in RNA 
polymerase II transcription initiation and in chromatin modification, contains a 
YEATS domain 26 kDa 7   

TEF1 Translational elongation factor EF-1 alpha; also encoded by TEF2; functions in the 
binding reaction of aminoacyl-tRNA (AA-tRNA) to ribosomes 50 kDa 7   

TIF6 
Constituent of 66S pre-ribosomal particles, has similarity to human translation 
initiation factor 6 (eIF6); may be involved in the biogenesis and or stability of 60S 
ribosomal subunits 24 kDa 6   

TMA29 NADP(+)-dependent dehydrogenase; acts on serine, L-allo-threonine, and other 3-
hydroxy acids 29 kDa 5   

YPT52 GTPase, similar to Ypt51p and Ypt53p and to mammalian rab5; required for 
vacuolar protein sorting and endocytosis 26 kDa 7   

YRA1 
Nuclear protein that binds to RNA and to Mex67p, required for export of poly(A)+ 
mRNA from the nucleus; member of the REF (RNA and export factor binding 
proteins) family; another family member, Yra2p, can substitute for Yra1p function 25 kDa 11   
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 From the analysis of the mass-spectrometry data, it was immediately 

evident how the identification of each coomassie stained band with a specific 

protein was not feasible: in many cases in fact either the most-represented 

protein didn’t match the molecular weight range of the analyzed section or 

multiple proteins were equally represented. The analyzing approach was then 

changed to a compiling strategy, where for each section the recovered hits were 

scored by the combined number of readings for the two probed samples ( WT 

Stn1 and stn1-W466R) and each candidate was judged worth of further 

investigation by their known function and possible interaction with the 

telomeric/DNA damage/ DNA replication pathways (tables D.1 to D.9). This 

method, far from being formally exhaustive, was considered sufficient as the first 

approach to a complex proteomic study.  

Table D.10 – Compiled data from all 9 sections: list of the 10 most represented hits. In red, 
proteins involved in the heat-shock response, in green protein involved in metabolic processes 
and in orange the bait of the experiment – STN1.  

 

Between the hits with the highest number of readings recorded, the heat-

shock protein family stood up as the most represented: of the 10 most recovered 

 

ORF 
name function STN1 pull 

down 
stn1-W466R pull-

down 
1 SSA1 heat shock 517 946 
2 LEU1 leucine biosynthesis 542 521 
3 LEU2 leucine biosynthesis 368 398 
4 TDH3 glycolysis and gluconeogenesis 191 394 
5 URA2 pyrimidines biosynthesis  253 300 
6 STN1 BAIT 371 152 
7 SSA2 heat shock 254 220 
8 YDJ1 heat shock 238 190 
9 SSE1 heat shock 162 214 

10 ENO2 glycolysis and gluconeogenesis 167 157 
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proteins, 4 of them (SSA1, SSA2, YDJ1 and SSE1, table D.10) are well-

characterized proteins involved in protein folding and heat-shock response. 

Another highly represented class of hits was formed by proteins involved in 

multiple metabolic processes (from glycolysis and gluconeogenesis to specific 

amino-acid pathways); 5 of the 10 most recovered proteins belonged to this 

group (LEU1, LUE2, TDH3, URA3 and ENO2, table D.10).  In general, both these 

groups seemed to present in both pull-downs with no significant change between 

the WT Stn1 and mutant allele and given their well-documented role in pathways 

not immediately inherent to potential Stn1 functions they were excluded from 

further studies.  

The candidates that were deemed worth pursuing are listed in table D.11. 

They were chosen on the basis of the number of readings recovered from the two 

pull-downs and their function or enzymatic activity as listed in the S. cerevisiae 

database (SGD). They were further divided in two lists with different priorities on 

the basis of the likelihood of their involvement in telomere maintenance and in 

general potential Stn1-related mechanisms.  
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Table D.11 – Compiled data from all 9 sections: list of the candidates judged as potentially 
interesting and worth pursuing further.  

HIGH PRIORITY 
ORF 
name function MW STN1 

stn1-
W466R 

MEC1 Genome integrity checkpoint protein and PI kinase superfamily member 273 kDa 109 70 

KIN4 
Kinase that acts by inhibiting the mitotic exit network (MEN) when the spindle 
position checkpoint is activated; localized asymmetrically to mother cell cortex, 
spindle pole body and bud neck 90 kDa 111 52 

LCD1 Essential protein required for the DNA integrity checkpoint pathways; interacts 
physically with Mec1p 86 kDa 33 33 

CDC16 
Subunit of the anaphase-promoting complex/cyclosome (APC/C), which is a 
ubiquitin-protein ligase required for degradation of anaphase inhibitors, including 
mitotic cyclins, during the metaphase/anaphase transition; required for sporulation 95 kDa 12 29 

RIF1 
Protein that binds to the Rap1p C-terminus and acts synergistically with Rif2p to 
help control telomere length and establish telomeric silencing; deletion results in 
telomere elongation 218 kDa 28 0 

PRI1 Subunit of DNA primase, which is required for DNA synthesis and double-strand 
break repair 48 kDa 7 0 

LOW PRIORITY 
RTF1 

Subunit of the RNA polymerase II-associated Paf1 complex; directly or indirectly 
regulates DNA-binding properties of Spt15p and relative activities of different TATA 
elements; involved in telomere maintenance 66 kDa 114 98 

SAN1 
Ubiquitin-protein ligase, involved in the proteasome-dependent degradation of 
aberrant nuclear proteins; san1 mutations suppress sir4, spt16, and cdc68 
mutations, suggesting a role in chromatin silencing 66 kDa 40 39 

UBR1 
Ubiquitin-protein ligase (E3) that interacts with Rad6p/Ubc2p to ubiquitinate 
substrates of the N-end rule pathway; binds to the Rpn2p, Rpt1p, and Rpt6p 
proteins of the 19S particle of the 26S proteasome 225 kDa 25 31 

MLP2 
Myosin-like protein associated with the nuclear envelope, connects the nuclear pore 
complex with the nuclear interior; involved in the Tel1p pathway that controls 
telomere length 195 kDa 18 0 

BMH2 
14-3-3 protein, minor isoform; binds proteins and DNA, involved in regulation of 
many processes including exocytosis and vesicle transport, Ras/MAPK signaling 
during pseudohyphal development, rapamycin-sensitive signaling, and others 31 kDa 16 0 

FUN30 Protein whose overexpression affects chromosome stability, potential Cdc28p 
substrate; homolog of Snf2p 129 kDa 0 16 

PXR1 
Essential protein involved in rRNA and snoRNA maturation; competes with TLC1 
RNA for binding to Est2p, suggesting a role in regulation of telomerase; human 
homolog inhibits telomerase; contains a G-patch RNA interacting domain 31 kDa 0 16 

CDC12 
Component of the septin ring of the mother-bud neck that is required for cytokinesis; 
septins recruit proteins to the neck and can act as a barrier to diffusion at the 
membrane, and they comprise the 10nm filaments seen with EM 47 kDa 0 13 

SAM1 
S-adenosylmethionine synthetase, catalyzes transfer of the adenosyl group of ATP 
to the sulfur atom of methionine; one of two differentially regulated isozymes 
(Sam1p and Sam2p) 42 kDa 11 0 

SIT4 
Type 2A-related serine-threonine phosphatase that functions in the G1/S transition 
of the mitotic cycle; cytoplasmic and nuclear protein that modulates functions 
mediated by Pkc1p including cell wall and actin cytoskeleton organization 36 kDa 7 0 

 
 
VALIDATION OF THE POTENTIAL CANDIDATES 

Whenever a potential interacting candidate is uncovered by proteomic 

means, it needs to be validated in vivo with binary conventional methods before 

being considered a bona fide interaction. To start validating the candidates listed 

in table D.11, yeast strains were constructed that expressed a myc13 tagged 

version of each on the first 5 high priority candidates from their genomic locus. 
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Each one of these 5 strains was then used to validate the interaction with Stn1 

using the same over expressed FLAG-tagged Stn1 construct used for the original 

experiment paired with an appropriate negative control (figure D.2 and D.3).  

Figure D.2 – Co-immuno-precipitation assay to test the interaction between Stn1 and 
Lcd1, Cdc16 and Kin4. Strains carrying the indicated myc-tagged candidate protein (Lcd1 in 
YMP230, Cdc16 in YMP235 and Kin4 in YVL3654) were transformed with the indicated Stn1 over 
expression constructs. After colony growth, 2 isolates each transformation were grown in a 
250mls liquid media till OD 0.7 and prepped by pulverization with liquid nitrogen. Whole cell 
extracts were incubated with anti-FLAG M2 affinity gel (Sigma) and resolved on a SDS-PAGE gel, 
transferred on a membrane and probed with an anti-myc antibody (#2272 from CST) followed by 
anti-rabbit IgG HRP conjugate (Promega).  

Figure D.3 – Co-immuno-precipitation assay to test the interaction between Stn1 and Mec1 
and Rif1. Strains carrying the indicated myc-tagged candidate protein (Mec1 in YVL3477 and 
Rif1 in YVL3478) were transformed with the indicated Stn1 over expression constructs. The same 
protocol described in figure D.2 was used. 
 

The 5 co-immuno-precipitation assays showed how the apparent 

interaction between Stn1 and the candidates Lcd1, Cdc16 and Mec1 is in fact 
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non-specific. In the same experimental conditions ad the original experiment they 

can be pull down in the absence of a tagged Stn1 construct. The interaction 

between Stn1 and Rif1 might be instead a physiologically relevant but the low 

quality of the blot (figure D.3, right panes) requires further investigation to confirm 

this significant result. On the other side the candidate Kin4 showed a specific 

interaction with Stn1 that was further confirmed by the reciprocal co-immuno-

precipitation assay (figure D.4). The combination of the two results strongly 

suggest that Kin4 is in fact a genuine interactor of Stn1.   

Figure D.4 – Co-immuno-precipitation assay to test the interaction between Stn1 and Kin4. 
Strains carrying either a myc-tagged Kin4 or a un-tagged were transformed with the indicated 
Stn1 over expression construct. After colony growth, 2 isolates each transformation were grown in 
a 250mls liquid media till OD 0.7 and prepped by pulverization with liquid nitrogen. Whole cell 
extracts were incubated with anti-myc 9E10 antibody over/night, captured for 2 hours with Protein 
G agarose gel and resolved on a SDS-PAGE gel, transferred on a membrane and probed with an 
anti-FLAG antibody (F7425 from SIGMA) followed by anti-rabbit IgG HRP conjugate (Promega). 
 

As the majority of the potential candidates recovered in the IP/MS 

experiments still awaits for validation, it’s more than possible that more new bona 

fide Stn1 interactors will be recovered from this data set. Nevertheless, the 

identification of Kin4, a kinase of the mitotic exit network involved specifically in 

the spindle position check point(Pereira & Schiebel 2005; Yoshida et al. 2005), 
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as a bona fide Stn1 interactor is a self standing result that could lead to uncover 

a major connection between telomere maintenance and the machinery that 

coordinates the end of mitosis.  
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Appendix E: 
Development and early use of 

alternative template mutants in Tlc1.  
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The final part of the model, presented in chapter 5, advances the 

hypothesis that a collapsed replication fork can be used as a substrate by 

telomerase: with the addition of new telomeric repeats, telomerase is proposed to 

“heal” the collapsed fork. Testing this part of the model has been an ongoing 

effort: in this appendix, the early stages of one of the attempted strategies are 

described.  

 

DESIGN AND TEST OF ALTERNATIVE TEMPLATE TLC1 ALLELES 

At the basis of the study of any biological process, there’s the need to be 

able to observe the event under investigation multiple times. This general 

concept becomes a real challenge when the investigator is dealing with a 

phenomenon that is rare or difficult to observe.  The collapse of a replication fork 

at telomeres fulfils both of these two features: as shown in chapter 6 and 7, it’s a 

fairly infrequent event and it’s also very laborious to observe.  

To facilitate the identification of telomerase activity in vivo, a set of 

mutations in the template region of the Tlc1 RNA were generated: if incorporated 

by telomerase, these mutations were able to change the sequence of the newly 

added telomeric repeats, marking unequivocally the action of telomerase. 

Multiple studies had already shown how template mutations can be successfully 

used in vivo and how some of them have a drastic effect of viability and telomeric 

architecture when substituted to the TLC1 wild type copy (Lin et al. 2004; 

Förstemann et al. 2003). As a fist pass at this experiment, 4 mutants in the core 
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element of the template region of Tlc1 (nt 474-476) were chosen by virtue of their 

ability to maintain yeast fitness in vivo  (figure E.1); furthermore to prevent any 

unwanted changes of telomere architecture, they were placed under the control 

of the inducible promoter GAL (repressed in the presence of raffinose and 

activated in the presence of galactose as carbon source).  

Figure E.1 – Mutations in the core template region of Tlc1 – alt alleles. The core of the 
template region of the WT Tlc1 RNA is labeled in bold (nt 474-476) and shown in 3’ to 5’ 
orientation. For each mutant (from tlc1-alt1 to alt4), the changes in the Tlc1 RNA are shown in 
BLUE and their predicted effect on the telomeric repeats in RED (shown in 5’ to 3’ orientation). 
 

To confirm the effect of these mutants in the telomeric repeats, WT strains 

bearing the 4 inducible constructs on a plasmid were grown continuously on 

galactose for ~30 generations. The yeast pellets were then collected and for 

each alt allele, the sequence of 6 telomeres 1L were analysed by telo-PCR to 

observe the incorporation of the modified telomeric repeats (figure E.2). It’s 

important to remind that this experiment was conducted in the presence of the 

WT TLC1: not all the telomerase acting points are necessary labelled. 
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Figure E.2 – Incorporation of the Tlc1 alt alleles after continuous growth on galactose. 
Alignment of 6 telomeres 1L after growth in the presence of the alternative template Tlc1: when 
possible the incorporation of the alternative repeat was magnified to show the actual sequence. 
 

Of the 4 mutants, 3 of them showed incorporation of the alternative 

repeats generated by the relative tlc1-alt allele. The data implies that the mutants 

can be used by telomerase very efficiently as at least two of the telomeres show 

a long stretch of sequence where presumably telomerase performed multiple 

cycles of new sequence addition always using the mutant Tlc1 as template (first 

telomere of the tlc1-alt1 group and last telomere of tlc1-alt3 set). Interestingly, in 

the last telomere analysed for the tlc1-alt3 allele, telomerase unequivocally acts 

just 92bp downstream of the beginning of telomere 1L: the feature of this 

particular telomere could represent the outcome of a collapsed fork healed by 

telomerase.  

To further expedite the identification of these events 6 more mutations in 

the core of the template element of Tlc1 were designed: the new group of 
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mutants, called REalt (Restriction Enzyme alternative Tlc1), weren’t able to 

completely sustain yeast viability when substituted to the WT TLC1(Lin et al. 

2004) but they harboured the great advantage of introducing a restriction site in 

the telomeric repeats if used by telomerase (figure E.3). Using these alleles, the 

identification of single telomeres subjected to the addition of newly modified 

telomeric repeats doesn’t rely any more on the costly and time consuming 

sequencing but just on a quick and inexpensive restriction digestion.  

Figure E.3 – Mutations in the core template region of Tlc1 – REalt alleles. The core of the 
template region of the WT Tlc1 RNA is labeled in bold (nt 474-476) and shown in 3’ to 5’ 
orientation. For each mutant (from tlc1-alt1 to alt4), the changes in the Tlc1 RNA are shown in 
BLUE and their predicted effect on the telomeric repeats in RED (shown in 5’ to 3’ orientation). 
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As for the alt alleles, even the REalt mutants were tested for the addition 

of newly modified telomeric repeats after continuous growth for ~30generations in 

the presence of galactose: in figure E.4 the data for two of the REalt alleles are 

shown (the same experiment for the other 4 REalt allele was not performed).  

Figure E.4 – Incorporation of the Tlc1 REalt alleles after continuous growth on galactose. 
Alignment of ~7 telomeres 1L after growth in the presence of the alternative template Tlc1: when 
possible the incorporation of the alternative repeat was magnified to show the actual sequence 
 
PROPOSED USE OF ALTERNATIVE TEMPLATE TLC1 ALLELES 

Having built and tested a set of tools to quickly track telomerase activity at 

telomeres in vivo, it becomes possible to directly test if telomerase, adding new 

telomeric repeats, can heal a collapsed replication fork. In fact a strain carrying a 

galactose-inducible tlc1-REalt allele that has been growing in log phase in 

raffinose-containing media, can be incubated in galactose for 2-3 hours to induce 

the expression of the tlc1-REalt allele. The induced log-phase culture can then be 

used to perform a split experiment as described in chapter 7. The genomic DNA 

from the resultant pairs of colonies can be used as substrates for the PCR step of 

the telo-PCR protocol and the products can be subjected to a digestion with the 

appropriate restriction enzyme. The vast majority of the paired telo-PCR products 
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will share a similar length and they will not be sensitive to the digestion step. 

However, according to our model, a small fraction of the surveyed pairs of 

telomeres will show not only a different length but, even more interestingly, a 

different sensitivity to the enzymatic digestion: in these pairs a replication fork 

collapsed during the first replication and the analysis of their single-nucleotide 

sequence will reveal how the telomerase contributed to heal the fork (figure E.5). 

Figure E.5 – Schematic of the proposed experiment to test the role of telomerase at 
collapsed forks.  

All the plasmids used in figure E.1 to E.4 are listed in table E.1. 
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Table E.1 – Summary of plasmids used from figure E.1 to E 
 pVL promoter Plasmid backbone 
tlc1-alt1 6292 GAL 2-micron 
tlc1-alt2 6293 GAL 2-micron 
tlc1-alt3 6294 GAL 2-micron 
tlc1-alt4 6295 GAL 2-micron 
tlc1-REalt1 6455 GAL 2-micron 
tlc1-REalt2 6456 GAL 2-micron 
tlc1-REalt3 6457 GAL 2-micron 
tlc1-REalt4 6458 GAL 2-micron 
tlc1-REalt5 6459 GAL 2-micron 
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