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ABSTRACT OF THE DISSERTATION 

 
 

Over-expression dominant negative mutagenesis identifies novel surfaces involved in 
telomerase regulation and an additional EST gene 

 

by 

 

Johnathan W. Lubin 

 

Doctor of Philosophy in Biology 

University of California San Diego 2019 

 

Professor Vicki Lundblad, Chair 

 

 

 A leading objective in biology is to identify the complete set of activities that each 

gene performs in vivo.  For many years, the telomere biology field has sought define the 

functional regulatory surface of telomerase, a goal that eluded many researchers due to 

the lack of structural data for any of the protein subunits.  A major goal of this thesis 
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work has been to develop of a rapid genetic approach that can identify amino acids on the 

surfaces of proteins (even in the absence of structural data) that, when mutated, surgically 

eliminate single biochemical activities.  I used over-expression dominant negative (ODN) 

phenotypes to identify mutant proteins that disrupt function in an otherwise wild-type 

strain. This approach is based on the assumption that such mutant proteins retain an 

overall structure that is comparable to that of the wild-type protein and are therefore able 

to compete with the endogenous protein (Herskowitz 1987). To test these assumptions, 

the in vivo phenotypes of mutations in the Est3 telomerase subunit from Saccharomyces 

cerevisiae were compared with the in vitro secondary structure of these mutant proteins 

as analyzed by circular-dichroism spectroscopy (in collaboration with the Wuttke lab), 

which demonstrates that ODN is a more sensitive assessment of protein stability than the 

commonly used method of monitoring protein levels from extracts.  

Using reverse mutagenesis to target highly conserved charged residues in the 

ODN assay has been efficient and extremely fruitful.  By applying this strategy to all 

three protein subunits of telomerase, I have been able to define multiple biochemically 

distinct activities, including identifying two novel surfaces (one in Est3 and one in Est1) 

required for unknown regulatory functions.  

I also supervised several undergraduate students and summer interns to apply the 

ODN strategy to various essential genes involved in DNA replication and repair, which 

led to the discovery of EST5.  This is the first identification in over twenty years of a 

gene involved in the telomerase pathway that causes progressive telomere shortening and 

cellular senescence. 
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CHAPTER ONE: 

Introduction 
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Telomeres are characterized as the repetitive, TG-rich sequence at the ends of 

eukaryotic chromosomes comprised of a duplex region and a 3’ over-hang. Both the 

telomeric repeat sequence, as well as structure, is conserved from budding yeast to 

humans (Blackburn 1991) implying how important the telomere is in maintaining 

chromosomal integrity and cellular proliferation. The telomere plays an essential role in 

distinguishing the end of the chromosome from a double strand break, and loss of the 

telomere can lead to end-to-end fusions (Palm and de Lange 2008). Telomeric DNA also 

serves two other important purposes - it acts as a binding site for specific telomere-

associated proteins that prevent unregulated resection of the chromosome end, and it also 

creates a buffer for DNA lost in each cell cycle due to the end replication problem. 

Because DNA is only replicated in the 5’ to 3’ direction, some amount of DNA is lost 

from the lagging strand with each cell division. Additionally, distal portions of the 

chromosome can be lost due to an unresolved fork collapse occurring during DNA 

replication (Paschini et al. submitted). As cells continue to proliferate, telomeres become 

increasingly shorter until they reach a critically short length, leading to a halt in cell 

division, or senescence (Levy et al. 1992). While the majority of human somatic cells age, 

in part, due to a loss of telomeric DNA, some stem cells, as well as ~90% of cancers are 

able to maintain their telomeres with a specialized enzyme called telomerase (Stewart and 

Weinberg 2006).  

The enzyme telomerase is capable of adding telomeric repeats to the single-

stranded over-hangs at chromosome ends, using an RNA template and the mechanism by 

which telomerase adds these repeats is conserved from yeast to humans. While all of the 

accessory subunits of telomerase are not fully conserved, the catalytic core, consisting of 
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the RNA template and a reverse transcriptase-like protein subunit, are conserved (Greider 

and Blackburn 1987). In fact, most of the telomerase discoveries were first made in yeast 

and ciliates (Greider and Blackburn 1987; Lingner et al. 1997), and then later identified 

in humans (Feng et al. 1995; Nakamura et al. 1997). Even though telomerase was first 

identified almost 30 years ago, we still lack a precise understanding of how telomerase is 

regulated in vivo.  

During each cell cycle, telomerase only elongates a small subset of telomeres, and 

it has generally been accepted that telomerase preferentially elongates the shortest 

telomeres after being fully replicated (Teixeira et al. 2004). However, new evidence, 

from the Lundblad lab, suggests that telomerase has a second substrate, which is created 

when a fork collapse occurs as replication moves through the telomere (Paschini et. al 

submitted). These two substrates may be subject to different regulatory pathways, which 

is not a concept previously considered by the field.  The average telomere length within a 

species remains constant, with yeast maintaining their telomeres at ~300 base pairs, while 

human telomere length is consistent at several kilobases (Blackburn 2001). Even though 

it is clear telomerase maintains a stable average telomere length, what regulates this 

length remains unknown. Furthermore, it is also now clear that while the average 

telomere length in a population of cells remains constant, individual telomere lengths 

vary greatly (Paschini et. al submitted).  There is also still uncertainty as to how many 

telomeric repeats telomerase adds per cell cycle in vivo.  
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An overview of telomerase in S. cerevisiae 

In S. cerevisiae, telomerase is comprised of three protein subunits and an RNA 

the serves as a scaffold and template. Telomerase is recruited to its substrate and 

regulated in three ways – assembly of the holoenzyme, recruitment to the telomere, and 

enzymatic activity.  

While only the RNA, TLC1, and the catalytic protein subunit, Est2, are required 

for telomerase activity in vitro (Cohn and Blackburn 1995; Lingner et al. 1997), the other 

two protein subunits, Est1 and Est3, are required for telomerase function in vivo 

(Lendvay et al. 1996).  Deletion of any of the four subunits results in the exact same 

phenotype upon propagation – progressively shorter telomeres and eventual senescence.  

Clearly, Est1 and Est3, as well as Est2, are playing some role in how telomerase action is 

regulated; however, very little is known about the in vivo regulation of telomerase. The 

following chapter outlines what is currently known and unknown about the three ways in 

which telomerase is regulated. 

 

Assembly of the holoenzyme 

 In budding yeast, the catalytic core of telomerase is comprised of the RNA 

subunit, TLC1, as well as the reverse transcriptase-like catalytic protein Est2.  Bound to 

the complex are two regulatory subunits, Est1 and Est3, which are required for 

telomerase function in vivo (Lendvay et al. 1996), but are dispensable for catalytic 

function in vitro (Cohn and Blackburn 1995; Lingner et al. 1997).   

 TLC1 not only provides the template for telomere repeat addition, but also a 

flexible scaffold for binding the protein subunits (Zappulla and Cech 2004).  Est1 and 
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Est2 bind TLC1 independently, on distinct arms of the RNA (Evans and Lundblad 2002; 

Livengood et al. 2002; Seto et al. 2002; Chappell and Lundblad 2004), forming a 

complex throughout most of the cell cycle (Tucey and Lundblad 2013).  However, the 

holoenzyme is not formed until late in S phase when Est3 binds Est1 and Est2, and after 

which Est2 disassociates from the complex (Tucey and Lundblad 2014). 

 While the temporal aspects of telomerase assembly are somewhat understood, we 

still lack a complete spatial understanding.  Whether Est3 binds to form the holoenzyme 

before or after telomerase is at the telomere is unknown.  Additionally, we are unaware of 

the positive or negative regulatory signal Est3 receives to cause it to bind telomerase. 

 The work in this dissertation attempts to elucidate the regulation of telomerase by 

first identifying the functionally important surface residues of each protein subunit.  

Identification of each amino acid involved in telomerase function provides an incredibly 

useful set of reagents for identifying exactly how the complex forms and what additional 

regulatory interactions may occur.   

 

Recruitment to the telomere 

 The most well defined regulatory step of yeast telomerase is the direct interaction 

between the Est1 subunit and the telomere-bound protein Cdc13, which results in 

recruitment of telomerase to the telomere.  This regulatory step was ultimately discovered 

as a result of first identifying mutant alleles that gave rise to the Est (ever-shorter 

telolemere) phenotype (Lendvay et al. 1996).  A mutation in CDC13 (cdc13-2), as well as 

a mutation in EST1 (est1-60), both result in the Est phenotype; however, introducing both 

mutations simultaneously results in a rescue of the phenotype, indicating a restoration of 



 

 6 

a direct interaction (Nugent et al. 1996; Pennock et al. 2001).  Additionally, fusing the 

mutant Cdc13 and telomerase can rescue the phenotype (Evans and Lundblad 1999).  

Furthermore, this loss of interaction, and restoration, can also be observed biochemicially 

by co-immunoprecipitation followed by western blotting (Tucey and Lundblad 2013).   

 Interestingly, the direct interaction between Cdc13 and Est1 is not dependent on 

Est1 being bound to telomerase (via TLC1).  Mutations in EST1, or TLC1, that abolish 

the Est1-Tlc1 interaction does not affect the Est1-Cdc13 interaction (Chapter 3).  This 

observation, then, begs the question of when the Est1-Cdc13 interaction occurs, and 

leaves open several possibilities for when telomerase is recruited to the telomere.  For 

instance, it has been proposed that telomerase may travel with the replication fork as it 

moves through telomeric DNA (Greider 2016).  This would mean telomerase is recruited 

prior to it having a substrate on which to act (collapsed replication fork or fully replicated 

chromosomal ends).  Alternatively, Est1 could bind to Cdc13, during DNA replication of 

the telomere, prior to Est1 binding the Est2-TLC1 complex.   

It is also possible that Est3 plays a role in telomerase recruitment.  Est3 is 

structurally very similar to the OB-fold of the human protein (Rao et al. 2014), Tpp1, 

which has been shown to recruit telomerase to the telomere through an interaction with 

the reverse transcriptase, hTERT (Zhong et al. 2012).  In yeast, Est3 does not bind 

telomerase to form the holoenzyme until late in S phase, when telomerase is known to act 

(Tucey and Lundblad 2014).  Perhaps before the formation of the holoenzyme, Est3 is at 

the telomere and is involved in recruiting telomerase through its interaction with Est1 and 

Est2. 

Presented in this dissertation is work that identifies a novel surface on Est3 that is 



 

 7 

essential for telomerase to function in vivo, yet is not required for Est3 to bind 

telomerase.  This patch of residues likely binds a yet-to-be-identified partner of Est3, 

which could be bringing Est3 to the telomere in order to recruit telomerase.  Other 

possibilities include Est3 receiving a regulatory signal to bind and form the holoenzyme, 

or perhaps a regulatory signal after the formation of the holoenzyme that results in 

telomerase being recruited to the telomere.  The novel Est3 interaction could occur even 

further downstream, and disruption prohibits telomerase from acting on its substrate after 

the holoenzyme is already at the telomere.  Identification of this novel surface provides 

an excellent set of reagents to test these possibilities.  

 

Enzymatic activity 

 Telomerase is also regulated through its enzymatic activity.  There are 32 

telomeres in the budding yeast genome, but telomerase is predicted to act only on 7% in 

cell division (Teixeira et al. 2004).  While the long-standing belief was that telomerase 

acted on the shortest telomeres, it is now becoming clear that the preferred substrate for 

telomerase is a collapsed replication fork (Paschini et al. submitted).  However, 

telomerase does not act every time a replication fork collapse occurs at a telomere, and 

we do not yet understand why this is the case.   

Previous work also argued that when telomerase does act, it is only capable of 

adding a small number of telomeric repeats (Cohn and Blackburn 1995), but we can now 

see in vivo that telomerase can actually add up to ~200 base pairs in a single cell division 

(Lundblad lab, unpublished data).  The amount of nucleotides added by telomerase in on 

cell division is quite variable, though, and regulation is unknown. 
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Studying yeast telomerase in vitro has not been effective for gaining an 

understanding of its regulation, as the regulatory subunits, Est1 and Est3, are dispensable 

for enzymatic activity (Cohn and Blackburn 1995; Lingner et al. 1997).  Luckily, we now 

have an assay in the Lundblad lab that is capable of capturing the footprint of telomerase 

in a single cell division, allowing us to observe how frequently telomerase is acting at a 

collapsed replication fork and how many nucleotides it is adding.  Examining the effect 

of different telomerase mutations in this assay should allow for a greater understanding of 

the role different proteins play in regulating telomerase activity.      

 

Additional telomerase-associated proteins 

 Telomerase is also known to have several interacting factors involved in 

biogenesis, recruitment, and regulation.  In S. cerevisiae, the heterodimer Ku70/80 binds 

the TLC1 RNA and affects Est1 and Est2 association and possibly recruitment (Fisher et 

al. 2004); the Sm proteins provide RNA stability (Seto et al. 1999); and another complex, 

Pop1-Pop6-Pop7, was shown to interact with telomerase, most likely as a chaperone 

(Lemieux et al. 2016).   

Many other proteins have also been implicated to either directly or indirectly 

associate with telomerase.  The t-RPA complex (Cdc13-Stn1-Ten1) in S. cerevisiae has 

been shown to interact with telomerase (Nugent et al. 1996), but the RPA complex has 

also been suggested as a regulator of telomere length (Schramke et al. 2004).  Structural 

data from Tetryhymena support the idea that RPA interacts with telomerase (Jiang et al. 

2015), as the crystal structure of telomerase is bound to homologs of both t-RPA and 

RPA.     
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Work in this dissertation shows that yeast telomerase has other interacting factors 

that have not yet been identified, as well as identifies an additional EST gene. 

 

Identifying sof- mutations to understand protein function and regulation 

The above questions regarding how telomerase is regulated in vivo have remained 

unanswered due to a number of limitations. Because obtaining soluble, structurally stable 

telomerase proteins has been extremely challenging (Rao et al. 2014), leading to a lack of 

structural data, the surface of yeast telomerase has previously been a largely unexplored 

territory. We believe that there are regulatory activities of telomerase that have not yet 

been identified; however, the separation-of-function (sof-) mutations on the surface of 

telomerase, identified by my work, will help lead to their discovery. Targeting the surface 

of the complex for sof- mutations proved to be difficult in the absence of protein 

structures, but, to overcome this obstacle, I developed an over-expression dominant 

negative (ODN) assay (Herskowitz 1987; Lubin et al. 2013), to rapidly identify sof- 

mutations. In this assay, large panels of mutant proteins are over-expressed in a 

completely wild type strain. Mutants that present an ODN phenotype, then, are bonafide 

sof- alleles. In collaboration with Deborah Wuttke’s lab, we showed that every mutant 

protein with an ODN phenotype is structurally stable (Lubin et al. 2013) and on the 

surface of the protein (Rao et al. 2014).  

We now have a large data set of functionally important surface residues on yeast 

telomerase. While many of these amino acids are responsible for interactions with 

previously known binding partners, there are residues on each of the three protein 

subunits of telomerase that are novel regulatory sites required for proper in vivo function. 
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These novel mutant alleles will serve as an extremely valuable set of reagents for 

providing additional insights into the regulation of telomerase.  Use of these alleles in 

further experiments to elucidate telomerase regulation will be discussed in this thesis. 

Additionally, through the use of the ODN assay, mutations in protein complexes 

involved in DNA replication have revealed novel insights about their regulatory roles.  

For instance, we have found that the RPA complex has two critical roles in telomere 

homeostasis, as both a positive regulator and a negative regulator of telomere length. 

Pursuing an understanding of the mechanism by which this complex is regulating 

telomerase and telomere length will undoubtedly lead to insights about telomerase 

activity.  

A greater understanding of the regulation of yeast telomerase will most certainly 

translate to a better knowledge of human telomerase, as well. This can eventually lead to 

treatments, or at least more comprehension, of telomere related diseases, such as 

Dyskeratosis congenita, Aplastic anemia, or Idiopathic pulmonary fibrosis, as well as 

shed light on cancer and aging.  

Expanding the use of the ODN assay to mutate a wide range of protein complexes 

involved in DNA replication, repair, and recombination, we have been able to identify 

additional separation-of-function alleles, many in previously unrealized pathways. My 

thesis work specifically focused on attempts to identify novel regulators of telomere 

length. ODN mutagenesis screens have allowed us to uncover alleles in the telomerase 

complex, as well as other complexes that play important roles in telomere length 

regulation and will be discussed in detail throughout this thesis. 
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CHAPTER TWO: 

ODN mutagenesis, an efficient protocol for identifying separation-of-function mutations 

that encode structurally stable proteins, identifies two functionally distinct clusters of 

amino acids on the surface of Est3 
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A common genetic approach to identifying protein function involves deleting a 

gene and investigating the affect that has on the cell.  However, eliminating an entire 

protein usually has an effect on multiple pathways or processes, so understanding a 

specific function among the pleotropic effects is difficult, if not impossible. Another 

genetic approach to overcome the problems inherent with pleotropic effects would be to 

make single amino acid mutations to create separation-of-function (sof-) alleles to perturb 

a specific interaction or pathway.  However, if a mutation is made that simply unfolds the 

protein, the cell then lacks that entire protein, similar to null situation.  Targeting amino 

acids for mutagenesis that are on the surface of the protein is especially challenging for 

proteins that lack a known structure, as was the case for telomerase at the start of my 

research work.  To over-come these challenges, and more efficiently screen the surface of 

telomerase for sof- alleles, I developed a genetic approach that employs an over-

expression dominant negative (ODN) approach and does not rely on the necessity for 

structural data.  The following chapter details the validations for this protocol and how it 

was applied to the Est3 subunit of telomerase. 

Some of Chapter 2 is a formatted reprint of portions of the material as it appears 

in Lubin, J.W., Rao, T., Mandell, E.K., Wuttke, D.S., Lundblad, V. (2013). Dissecting 

protein function: An efficient protocol for identifying separation-of-function mutations 

that encode structurally stable proteins. Genetics 193: 715-725, of which the dissertation 

author was the co-primary investigator and author, and Rao, T., Lubin, J.W., Armstrong, 

G.S., Tucey, T.M., Lundblad, V., Wuttke, D.S. (2014). Structure of Est3 reveals a 

bimodal surface with differential roles in telomere replication. PNAS 111: 214–218.  

Introduction 
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A fundamental tool for in vivo analysis of biological pathways employs gene 

inactivation. Prior to the availability of genome-wide resources, mutations in individual 

genes were commonly recovered from forward mutagenesis screens. Although labor-

intensive, such approaches had the benefit of recovering rare novel alleles that conferred 

the loss of a single biochemical property. More recently, with the completion of the 

genome sequence of Saccharomyces cerevisiae, high-throughput methods have been used 

to generate a collection of mutant strains that inactivate gene products either through 

deletion of nonessential genes or conditional depletion of essential genes (Winzeler et al. 

1999; Ben-Aroya et al. 2008; Yan et al. 2008; Li et al. 2011). The availability of these 

genome-wide reagents has permitted the analysis of genetic networks on a large scale, 

with the resulting information used to place genes in pathways, identify points of 

intersection between different pathways, and assign gene function to novel ORFs (Tong 

et al. 2001; Dixon et al. 2009; Chuang et al. 2010). However, an inherent caveat of these 

studies stems from the nature of the genetic reagents. Many proteins have more than one 

biochemical activity [for example, more than one interaction with other proteins 

(Venkatesan et al. 2009)], and thus complete inactivation of gene function is potentially 

pleiotropic (Costanzo et al. 2010); an additional source of pleiotropy is the aneuploidy 

that has been observed in a subset of yeast deletion strains (Hughes et al. 2000). 

Furthermore, conditional depletion of essential genes through the use of temperature-

sensitive alleles or degrons requires a temperature shift (Hartwell et al. 1970; Dohmen et 

al. 1994), which can itself confer a phenotype even in the wild-type situation (Paschini et 

al. 2012).  

A potential solution is to employ missense mutations, referred to as separation-of-
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function (sof-) alleles, which surgically eliminate a single biochemical function while 

leaving other activities (and presumably the structural integrity of the protein) intact. The 

advantages of this particular class of mutations in elucidating biological pathways, 

particularly in essential genes, can be substantial (Zhou and Elledge 1992; Nugent et al. 

1996; Umezu et al. 1998). However, recovery of sof- alleles has been a logistic hurdle 

even for single genes, as such mutations are most often recovered from genetic screens 

that employ loss-of-function phenotypes, followed by careful analysis to ensure that only 

one function has been impaired (for examples, see Rudge et al. 2001; Laurençon et al. 

2003; Bertuch and Lundblad 2003; Mu et al. 2008). As a consequence, the amount of 

experimental effort necessary to identify and characterize sof- mutations has been a 

substantial barrier to recovering such mutations on a large scale. The obstacles stem from 

two technical hurdles. The first challenge is identifying the rare mutations that alter a 

specific biochemical property of a protein among the much larger set of hypomorphic 

mutations that alter nonspecific properties (such as protein stability/folding). A second 

hurdle is the presumption that a large number of mutations must be screened, since very 

few amino acids are likely to yield a separation-of-function phenotype when mutated. If 

candidate mutations are generated by reverse genetics, the problem is further confounded 

by the decision of which amino acid substitution(s) would be most likely to result in sof-

defects.  

Toward the goal of developing a widely applicable protocol for generating sof- 

alleles, I examined several approaches that might alleviate the two obstacles described 

above. My first experimental system was the EST3 gene, which encodes a small (181 

amino acid) subunit of yeast telomerase with two distinct categories of sof- alleles and 
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loss-of-function (LOF) as well as overexpression dominant-negative (ODN) phenotypes 

that can be easily monitored (Hughes et al. 2000; Lee et al. 2008, 2010). Est3 can also be 

expressed as a soluble structurally stable protein in Escherichia coli (Lee et al. 2010), 

thereby providing an opportunity to assess the secondary structure of mutant and wild-

type proteins by circular dichroism (CD). In collaboration with the Wuttke lab, I 

examined the properties of a large panel of mutant Est3 proteins and revealed a striking 

correlation between in vivo ODN phenotypes and in vitro protein stability, resulting in the 

conclusion that ODN assays can provide a facile means of identifying mutant proteins 

that are structurally intact. We also used a systematic set of mutations introduced into 

~20% of the amino acids in the Est3 protein to assess the phenotypic consequences of 

mutating different categories of amino acids to alanine vs. a residue with a high potential 

to disrupt protein folding. Alanine mutagenesis has been the default option for reverse 

mutagenesis (Cunningham and Wells 1989; Baase et al. 1992; Wertman et al. 1992) on 

the assumption that such a substitution should have a minimal effect on protein structure 

(Dao-Pin et al. 1991; Lim et al. 1992). We showed instead that introduction of a residue 

that is potentially disruptive to protein structure is in fact more useful in distinguishing 

between mutant proteins that are unfolded (and thus do not have a ODN phenotype) vs. 

proteins that have a defect in a specific activity (with a strong ODN phenotype). Based on 

our analysis of several different categories of mutations, we proposed that charge-swap 

mutagenesis directed at highly conserved charged amino acids, combined with an 

assessment of ODN phenotypes to eliminate unstable proteins, is an effective strategy for 

identifying sof- alleles in proteins.  
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 Once the Wuttke lab was able to solve the structure of the Est3 protein, I probed 

this structure with saturation mutagenesis of the complete surface of Est3.  This 

comprehensive approach, which is only possible once structural information is available, 

allows identification of all functionally relevant residues on the surface of the protein. 

Strikingly, residues that mediated telomere replication in vivo clustered to a single face of 

the Est3 protein, which is distinct from the normal ligand-binding surface used by OB-

fold proteins. This surface could be divided into two adjacent yet functionally distinct 

regions. The first is a telomerase interaction surface of Est3 that is shared with its closest 

structural homolog, HsTPP1 (formerly known as TINT1, PTOP, and PIP1) (Sexton et al. 

2012; Zhong et al. 2012; Nandakumar et al. 2012), which has been called the “TEL 

patch.” We find that immediately adjacent to this TEL patch is a second functional 

surface that is required for yeast telomere replication in vivo. The strong structural 

similarities between Est3 and HsTPP1 suggest that this second surface might be 

functional on TPP1. This study illustrates how structure-driven mutagenesis of the 

surface of a protein, performed at saturation levels, reveals unexpected insights into the 

function of the protein. 

 

Results 

An in vivo dominant-negative effect on telomere replication correlates with in vitro 

stability of mutant Est3 proteins  

 The Lundblad lab previously proposed that the overall structure of mutant Est3 

proteins should be largely intact for those proteins that are capable of disrupting telomere 

replication when over-expressed in a wild-type strain (i.e., ODN), whereas the inability to 
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confer an ODN phenotype would indicate an improperly folded protein (Lee et al. 2008). 

To test this assumption directly, the Wuttke lab assessed the in vitro properties of 

mutations in four amino acids of the Est3 protein: est3-W21A, est3-D86A, est3-R110A, 

and est3-V168E. As shown previously, strains expressing these four alleles exhibit severe 

LOF phenotypes, comparable to that of an est3-Δ null strain (Lee et al. 2008). Two of 

these mutations (est3-R110A and est3-V168E) also represent distinct categories of sof- 

alleles: V168 is part of a group of residues that provide a binding site on Est3 for 

interaction with telomerase whereas R110A defines a separate activity that is not required 

for either association with telomerase or enzyme activity (Lee et al. 2008, 2010). Despite 

comparable LOF phenotypes, these four mutations show striking differences with regard 

to their ODN phenotypes. Overexpression of either Est3-R110A or Est3-V168E 

conferred a substantial telomere length decline in a wild-type strain (i.e., in the presence 

of the wild-type Est3 protein expressed from its native genomic locus), whereas 

overexpression of the Est3-W21A or Est3-D86A proteins had no impact (Lee et al. 2008 

and Figure 2.1A).  

To examine whether this differential ODN response was a reflection of protein 

stability, the Wuttke lab examined recombinant versions of the Est3-W21A, Est3-D86A, 

Est3-R110A, and Est3-V168E proteins relative to the wild-type Est3 protein following 

expression in E. coli. Structure stability was initially assessed based on expression and 

solubility of His10-SUMO-tagged Est3 mutant proteins by evaluating the partitioning of 

E. coli-expressed protein into insoluble vs. soluble fractions after cell lysis by Western 

blot analysis (Figure S1, Lubin et al. 2013). The wild-type Est3 protein expressed well, 

whereas expression of Est3-D86A was markedly reduced, exhibiting expression levels 
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only 30% of the wild-type and yielding very little, if any, soluble protein. Although 

expression of Est3-W21A was less impaired, subsequent purification revealed that it 

formed soluble aggregates. Thus, both of these mutant proteins exhibited a marked loss 

of structural stability in vitro, providing a potential explanation for their failure to disrupt 

wild-type yeast telomere replication in vivo when overexpressed.  

In contrast, the mutant Est3-R110A and Est3-V168E proteins were readily 

expressed and yielded sufficient soluble protein to allow secondary structure analysis by 

CD.  Comparison of the spectra of the Est3- R110A and Est3-V168E mutant proteins 

with wild-type Est3 revealed a strikingly similar secondary structure content and thermal 

stability, as indicated by the spectra shown in Figure 2.1B and Figure S2 (Lubin et al. 

2013) and by the melting curves at 208 and 222 nm in Figure S3 (Lubin et al. 2013). In 

fact, the Est3-V168E protein appeared to be slightly more stable than Est3 or Est3-

R110A (Figure 2.1B). The ability of these two mutant proteins to assume an overall 

structure that was essentially indistinguishable from that of the wild-type Est3 protein 

supports the correlation between structure stability and the ability of these two mutant 

proteins to exert a dominant-negative impact on telomere length when overexpressed.  

 

Mutagenesis of hydrophobic amino acids to alanine can often fail to identify functionally 

relevant residues  

In the example above, changing valine 168 to a charged residue resulted in a 

mutant protein with a profound effect on Est3 function. However, mutating this same 

residue to alanine had no effect on telomere replication (Lee et al. 2008 and see below). 

This result runs counter to the usual convention, in which mutation to alanine is the 
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default choice when assessing the potential contribution of an amino acid to protein 

function to minimize any possible perturbation of protein structure (Cunningham and 

Wells 1989; Moreira et al. 2007). However, an alternative premise is that amino acid 

changes that are likely to be highly detrimental to protein folding would provide a more 

effective means of distinguishing between residues that are important for stability vs. 

those that perform a discrete biochemical function. This approach is based on the 

rationale that, if a residue is located in the interior of the protein, mutating it to a charged 

residue is likely to disrupt the structural integrity of a protein (Dao-Pin et al. 1991; Lim et 

al. 1992); this destabilized mutant protein should confer a LOF phenotype but will be 

phenotypically silent in the ODN assay. In contrast, mutating a surface residue that is 

critical for a specific activity (such as a protein interaction) to a nonconservative amino 

acid substitution is less likely to affect protein structure; as a consequence, such 

mutations should exhibit defects in both the LOF and ODN assays.  

To assess this idea in a systematic manner, I examined the behavior of mutations 

introduced into hydrophobic amino acids; although such apolar residues are frequently 

solvent-inaccessible, hydrophobic patches on protein surfaces can contribute to protein–

protein interfaces (Lijnzaad and Argos 1997). A total of 18 hydrophobic amino acids in 

Est3 that exhibited a high degree of conservation (Figure 2.2) were selected for 

mutagenesis to either alanine or glutamic acid. The resulting panel of mutations was 

examined for both LOF and ODN phenotypes following transformation into est3-Δ and 

EST3 strains, respectively (Figure 2.3; Figures 2.4, 2.5, and 2.6). Figure 2.3A compares 

the consequences on telomere length in the LOF assay, which shows that this panel of 

conserved hydrophobic residues was remarkably tolerant to alanine mutagenesis, with 
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very modest declines in telomere length observed in a limited subset of the mutant 

strains. Not unexpectedly, introduction of a glutamic residue in place of these 18 

hydrophobic residues had a far more substantial impact on Est3 function, with 12 mutant 

strains displaying a severe impairment in telomere length maintenance. The differential 

response to alanine vs. glutamic acid mutagenesis suggested that the more severe 

phenotypes were due to disruption of protein structure. However, when this collection of 

hydrophobic/glutamic acid mutations was examined in the ODN assay, four mutant 

proteins were capable of conferring an effect on telomere replication in the presence of 

the wild-type Est3 protein (Figure 2.3B; Figures 2.5 and 2.6). Notably, the extent of the 

ODN defect paralleled the magnitude of the LOF defect for each of these four mutations. 

For example, est3-V75E and est3-V168E, which both behaved like null mutations when 

introduced into an est3-Δ strain in the LOF assay (Figure 2.3A and Lee et al. 2008), had a 

pronounced impact in the ODN assay (Figure 2.3B). Similarly, est3-L6E and est3-L18E 

exhibited comparable effects in both the LOF and the ODN assays (Figure 2.3A; Figures 

2.5 and 2.6), although the modest phenotypes in both assays indicate that these two 

residues are less critical for Est3 function.  

The fact that the ODN phenotype was comparable to that of the corresponding 

LOF phenotype in each case argues that the glutamic acid residues introduced at these 

four sites did not interfere with protein structure. Consistent with this, the CD spectra of 

the purified Est3-L6E mutant protein, as well as the midpoint of the melting curves at 208 

and 222 nm, were indicative of an overall structure that was highly similar to that of the 

wild-type Est3 protein (Figures S2, S3, and S8, Lubin et al. 2013), similar to the results 

for the Est3-V168E protein (Figure 2.1). The remaining mutations that conferred 
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extremely short telomeres in the LOF assay were phenotypically silent in the ODN assay 

(Figures 2.5 and 2.6), suggesting that their in vivo defects were due to impaired structural 

stability. This was confirmed for est3-I22E and est3-V157E, as the comparable mutant 

proteins expressed very poorly in E. coli and with greatly reduced solubility (Figure S1, 

Lubin et al. 2013), indicating that these hydrophobic residue side chains are likely 

internalized and important for structural integrity of the protein. These observations 

provide additional support for the premise that the ODN assay can provide a rigorous 

means of distinguishing between mutations that impair structural stability of a protein vs. 

those that are potential separation-of-function alleles (Figure 2.3C). The results with this 

panel of 36 mutations (the in vivo data set is summarized in Figure 2.7) also demonstrate 

that mutagenesis to residues other than alanine may be necessary to identify hydrophobic 

residues that are important for function. In particular, the potential contribution of valine 

168 to Est3 function would have been overlooked in a mutagenesis strategy that relied 

only on alanine substitutions.  

One unexpected observation from this analysis was that expression and solubility 

of the Est3-V157A protein in E. coli was reduced, and the Est3-I22A protein formed 

soluble aggregates (Figure S1, Lubin et al. 2013 and data not shown). This was 

unanticipated, as the est3-I22A and est3-V157A yeast strains were indistinguishable from 

a wild-type strain with regard to telomere function, at least as assessed under laboratory 

conditions (Figure 2.3A). Presumably, additional features of the in vivo milieu (such as 

association with other subunits of the telomerase complex) that are not recapitulated in 

the E. coli expression system contribute to function (and presumably to stability) of these 

two mutant Est3 proteins in yeast. This indicates that an examination of the properties of 
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wild-type and mutant Est3 proteins expressed in E. coli provides a very stringent 

assessment of protein stability.  

 

Comparing charge-swap and alanine mutagenesis of charged residues in Est3  

Although the above analysis supports the ODN assay as a strategy for identifying 

functionally important residues, hydrophobic residues proved to be an inefficient target, 

as only two (V75 and V168) among 18 residues qualified as strong sof- alleles. 

Moreover, neither V75 nor V168 could be distinguished on the basis of amino acid 

conservation (Figures 2.2 and 2.7), arguing that this criterion would not be helpful in 

restricting mutagenesis to a more limited subset of hydrophobic amino acids.  

Because charged residues are often located on the surface of a protein, 

mutagenesis of this class of amino acids might provide a more enriched category of 

candidate sof- alleles. To test this, I conducted a similar systematic analysis of 18 charged 

residues in Est3, which were mutated either to alanine or to a charged residue (as a 

charge swap) and analyzed for ODN and LOF phenotypes. Unlike the situation with the 

hydrophobic residues, amino acid conservation was a strong predictor of whether a 

charged residue would generate a potential sof- mutation, as shown by the summary in 

Figure 2.8. In particular, mutations in four (K68, K71, R110, and D166) of the six 

invariant or highly conserved residues conferred a strong LOF phenotype that was also 

accompanied by a pronounced ODN phenotype. In contrast, only one residue (D164) of 

the eight moderately conserved amino acids gave rise to a notable telomere replication 

defect when mutated (although mutations in two additional residues in this category 

conferred more modest phenotypes).  
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For the charged residue mutations that gave rise to a moderate-to-strong 

phenotype in the LOF assay, I assessed whether each mutation conferred an ODN 

phenotype of equivalent magnitude by monitoring telomere length under the appropriate 

genetic conditions. This comparison identified eight mutations (est3-K3E, est3-K68A, 

est3-K71A, est3-K71E, est3-R110A, est3-R110E, est3-D164A, and est3-D166R) with 

ODN phenotypes that were strikingly similar to their corresponding LOF phenotypes 

(Figures 2.1 and 2.9; Figure 2.10; data not shown). To further test our hypothesis that 

these mutations should encode structurally stable proteins, the protein stability of six of 

these mutant proteins was examined (since est3-K71A has a weaker phenotype than est3-

K71E, Est3-K71A was not included; similarly, only Est3-R110A was tested as est3-

R110A and est3-R110E have essentially identical LOF and ODN phenotypes). Consistent 

with this prediction, the spectra for five of these mutant Est3 proteins were comparable to 

that of the wild-type protein (Figure 2.1B and Figure 2.9C; Figure S2, Lubin et al. 2013), 

with a thermal denaturation pattern that was either highly similar (Est3-K71E, Est3-

R110A, Est3-D164A, and Est3-D166R) or only slightly reduced at 36 (Est3-K68A) 

relative to the wild-type Est3 protein. The spectra for the sixth protein in this group (Est3-

K3E) also closely resembled that of the wild-type Est3 protein at temperatures up to 36 

(Figures S2 and S8, Lubin et al. 2013), indicating that the Est3-K3E protein exhibited a 

secondary structure that was also highly similar to that of the wild-type protein under 

conditions that were permissive for yeast growth. Curiously, however, the thermal 

denaturation pattern for Est3-K3E protein from 45 to 75 indicated that this mutant protein 

unfolded into an anomalous structure (Figure S8, Lubin et al. 2013). The biological 

relevance of this deviation from the wild-type denaturation pattern is unclear, since it was 
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observed only at temperatures that were well above laboratory growth conditions for S. 

cerevisiae. This demonstrates that these six mutations encoded proteins with secondary 

structure content that was highly similar to that of the wild-type Est3 protein, as predicted 

by their comparable in vivo LOF and ODN phenotypes (summarized in Figure 2.11).  

Figure 2.9 also identified a second category of mutations in which the magnitude 

of the ODN phenotype was less than that predicted by the LOF phenotype. The first 

example was the est3-D164R strain, which exhibited a more pronounced telomere length 

defect in the LOF assay than in the ODN assay (compare telomere length indicated by the 

medium-size box in Figure 2.9, A and B). This predicted that the in vivo defect displayed 

by the est3-D164R strain could be attributed at least in part to a partially unstable mutant 

protein, which was consistent with its thermal denaturation profile (Figures S2 and S3, 

Lubin et al. 2013). The most notable contrast between LOF and ODN phenotypes in 

Figure 2.9 was exhibited by the est3-E104R mutation. In the LOF assay, the est3-E104R 

strain displayed a null phenotype, with telomeres reaching a critically short length after a 

limited period of growth (small box, Figure 2.9A). However, the ODN phenotype 

conferred by the est3-E104R mutation was notably less severe, as telomeres were 

shortened to only an intermediate length by overexpression of this mutant protein (small 

box, Figure 2.9B). This contrasts with the est3-R110A mutation [which, like est3-E104R, 

exhibited a null phenotype in the LOF assay (Lee et al. 2008)], as overexpression of the 

Est3-R110A mutant protein resulted in the appearance of senescence and the 

recombination-dependent telomeric rearrangements that are a hallmark of critically short 

telomeres (Figure 2.9B and data not shown). The incomplete correlation between the 

LOF and ODN phenotypes therefore suggested that the Est3-E104R mutant protein was 
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partially destabilized in vivo. To test this prediction, the in vitro properties of the 

bacterially expressed mutant protein were examined by the Wuttke lab and the Est3-

E104R spectra indicated reduced stability.  Both the reduced in vitro structural stability 

and the attenuated ODN phenotype argues that the magnitude of the LOF phenotype 

displayed by the est3-E104R strain was due in part to a loss of structural integrity of the 

mutant protein, rather than solely due to loss of a single biochemical property. This 

example illustrates how a diminished ODN phenotype can be used to eliminate certain 

alleles as candidate sof- mutations for future studies.  

 

Structure-guided mutagenesis of the complete Est3 protein surface  

The Wuttke lab was able to solve the the Est3ΔN structure (Rao et al. 2014), 

allowing me to pursue an unbiased comprehensive survey of the entire surface of the Est3 

protein by examining the in vivo consequences of mutations introduced into every 

solvent-accessible surface residue identified in the structure. Analysis of surface exposed 

residues revealed 112 residues with side chains touching the surface envelope and 

therefore these were designated as surface-exposed side chains of Est3 (Table 2.1). These 

surface residues were mutated by the introduction of a charged amino acid [rather than 

mutagenesis to alanine, which can often fail to detect functionally important residues 

(Lubin et al. 2013)], and the resulting mutant collection was examined for effects on 

telomere replication as previously described (Lubin et al. 2013; Lee et al. 2008). 

Strikingly, this comprehensive analysis revealed that much of the protein surface is 

dispensable for the functions tested. We clearly identified a total of 15 surface residues 

which, when mutated, resulted in an inability to maintain telomere length in vivo (Lubin 
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et al. 2013; Lee et al. 2008) (Figure 2.12 and summarized in Table 2.1). Notably, these 15 

residues map to a noncanonical surface of the Est3 protein which is not commonly used 

by OB-fold–containing proteins for ligand binding.  

Coimmunoprecipitation of wild-type and mutant Est3 proteins with the Est2 

catalytic subunit of telomerase revealed that this collection of surface residues comprised 

two functionally distinct groups of residues that could be distinguished by their impact on 

association of Est3 with the telomerase complex (Figure 2.12 A and C). Mutations in one 

set of residues resulted in a greatly reduced ability of Est2 to coimmunoprecipitate with 

Est3 (Figure 2.12A), which was accompanied by a telomere length defect (Figure 2.12B), 

whereas a second set of residues did not impair association of Est3 with telomerase when 

mutated (Figure 2.12C) but nevertheless conferred a profound telomere maintenance 

defect in vivo (Figure 2.12D). Mapping these residues on the surface of Est3 revealed 

that the residues that mediated association with the telomerase complex defined a narrow 

contiguous interface, which extended along one face (Figure 2.13 A–C) of the Est3 

surface along the base of the β-barrel. The second set of residues (Lys71 and Leu171), 

although distant in sequence, also form a contiguous interface (TELR) located 

immediately adjacent to this telomerase interaction surface, thereby defining a second, 

unique function for Est3 (Figure 2.13 A–C).  

Recent genetic and biochemical studies in human cells have also identified a 

telomerase interaction surface on the human TPP1 protein, the TEL patch (Sexton et al. 

2012; Zhong et al. 2012; Nandakumar et al. 2012) (Figure 2.13 E and F). Comparison of 

this surface with the functionally analogous surface on Est3 reveals that these surfaces 

are essentially completely coincident (Figure 2.13D). Furthermore, the second functional 
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Est3 patch (TELR) maps to chemically similar amino acids in TPP1, which predicts that 

there is a second function for TPP1 that is yet to be elucidated.  

 

Conservation does not fully predict functional interfaces 

An additional striking conclusion from the surface saturation mutagenesis was 

that a surprisingly large portion of the Est3 surface appeared to be dispensable for 

telomere length maintenance in vivo. This opens the possibility that Est3 performs a non-

telomere-related function not assessed in our assays. Alternatively, it may be that a large 

segment of the surface is simply superfluous. As one means of distinguishing between the 

two possibilities, we compared a map of the functional surface of Est3 with a map of 

conserved residues on the surface of Est3. Conserved residues (based on a multiple 

sequence alignment of Est3 proteins from 22 different yeast species) (Figure 2.14) were 

mapped onto the structure of Est3 (Figure 2.15 A and B). As expected, most of the highly 

conserved residues are internal and thus appear to contribute to structure integrity, 

evident from the sequence conservation in the core OB-fold region (β1–β5 and H5) 

(Figure 2.15A, colored in pink). Indeed, several of these core residues were already 

identified as being critical to structural integrity, including Trp21, Ile22, and Val157, 

based on their intolerance to mutation (Lubin et al. 2013). Notably, an assessment of 

conservation of surface residues indicated that the region of Est3 dispensable for 

telomere-length regulation displayed a low level of conservation. In contrast, the 

functional map overlapped, although not precisely, with the region of the surface that 

displayed the highest degree of conservation. This lack of precise overlap is considered 

further in Discussion.  
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An entire surface of Est3 appears to be dispensable for telomere length maintenance, 

DNA replication, and repair 

 Mapping of the functional residues to the surface of Est3 revealed two distinct 

contiguous patches (Figure 2.13), but strikingly, comprehensive mutagenesis of all 

surface residues revealed that an entire side of the Est3 protein was dispensable for 

telomere length maintenance.  We then wanted to ask whether these amino acids might 

play a role in non-telomere-related functions related to DNA replication or repair.  To do 

so, I assessed cell viability in wild-type yeast when these EST3 mutations were over-

expressed and the cells were subjected to DNA damage and replication stress.   

To test how the mutant cells would respond to DNA mutagenesis by irradiation, 

cells were exposed to 5K, 10K, and 15K µJ of UV radiation.  Additionally, mutant cells 

were exposed to .0025%, 0.05%, and 0.1% Methyl methanesulfonate (MMS) to assess 

the response to DNA damage (Beranek et al. 1990), as well as 25mM, 50mM, and 

100mM Hydroxyurea (HU) to asses the response to DNA replication stress (Koc et al. 

2003).  Somewhat surprisingly, none of the mutant EST3 genes showed any noticeable 

growth defect compared to wild-type EST3 when subjected to these treatments (Figure 

2.16).   

 From these experiments, it appears that one side of Est3 does not play any 

functional interactive or regulatory role, both in telomere length maintenance, as well as 

in DNA replication or repair.  However, the possibility does still exist that the assays we 

chose were not capable of detecting these regulatory roles, or that this surface on Est3 is 

involved in some other pathway we did not examine. 
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Discussion 

Reverse mutagenesis of a protein is usually driven by two technical assumptions: 

(i) target highly conserved residues and (ii) introduce alanine substitutions.  In 

collaboration with the Wuttke lab, I tested these two assumptions with the Est3 protein by 

conducting a systematic in vivo analysis of how two different categories of amino acids—

hydrophobic and charged residues— respond to mutation to alanine vs. a residue with a 

high potential to disrupt protein folding. The results, summarized in Figure 2.7 and 

Figure 2.8, demonstrate that mutation to a charged residue has a higher probability of 

generating a severe LOF phenotype; of the 18 amino acids that conferred short or very 

short telomeres when mutated, 15 had a more pronounced telomere replication defect in 

response to a charged residue substitution than mutation to alanine. In collaboration with 

the Wuttke lab, we subsequently used two complementary assays to assess whether the 

resulting phenotypes were simply due to destabilization of protein structure by examining 

in vivo ODN phenotypes in yeast as well as in vitro structural stability of proteins 

expressed in E. coli. This second aspect of the analysis indicates that an ODN assay can 

be used to identify structurally stable mutant Est3 proteins with defined biochemical 

defects (summarized in Figure 2.11 and Figure 2.17).  

 

Using ODN phenotypes to eliminate hypomorphic mutations due to unstable proteins  

Classically, separation-of-function alleles have been defined, based on in vivo 

characteristics, as mutations that confer a restricted subset of the full range of phenotypes 

displayed by the null mutation. This is often accompanied by the assumption that such 

mutations have eliminated a single biochemical property (such as a protein-binding 
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surface) without impairing overall protein stability. If so, such alleles can be powerful 

genetic reagents for subsequent studies designed to identify the interacting partner. 

However, defining sof- alleles based solely on the range of LOF phenotypes potentially 

fails to identify those mutations that encode (partially) destabilized proteins. One aspect 

of this EST3 study, therefore, was to examine the potential correlation between in vitro 

protein stability and in vivo phenotypes as a means of asking whether an ODN phenotype 

could predict structural stability. Toward this goal, 16 mutant Est3 proteins, 

corresponding to 7 mutations in hydrophobic residues and 9 in charged residues, were 

examined for structural stability following expression in E. coli, as summarized in Figure 

2.11. This collection of mutant proteins represented the full range of in vivo phenotypes 

for est3- mutations: null LOF but no ODN (3 mutations); moderate LOF but no ODN (1 

mutation); an attenuated ODN relative to LOF (2 mutations); and null, strong, or 

moderate LOF with comparable ODN (2, 4, and 2 mutations, respectively). As Figure 

2.11 illustrates, the correlation between mutations with comparable ODN and LOF 

phenotypes and wild-type in vitro protein stability was striking. In contrast, for est3- 

mutations that conferred an ODN phenotype that was less severe than the corresponding 

LOF phenotype, the corresponding proteins exhibited a degree of structural instability 

that reflected the discrepancy between the ODN and LOF phenotypes.  

These observations also suggest that ODN potentially provides a far more 

sensitive means of assessing whether a protein is properly folded than monitoring steady-

state protein levels in yeast extracts. In the case of Est3, only those variants that behaved 

as completely unfolded proteins following expression in E. coli (Est3-W21A and Est3-

D86A; Figure S1, Lubin et al. 2013) displayed readily detectable reductions in protein 
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levels from yeast extracts (3- and 10-fold, respectively) (Lee et al. 2008). In contrast, 

measurements of steady-state levels of the Est3-E104R protein from yeast extracts did 

not uncover any evidence of protein instability, even though the CD spectra and melting 

curves for the bacterially expressed Est3-E104R protein demonstrate that this mutant 

protein does not retain a wild-type secondary structure. This indicates that, while 

monitoring protein levels in extracts can be a useful tool in excluding substantially 

destabilized mutant proteins, it fails to discriminate against partially unstable proteins that 

would be less-than-ideal reagents for subsequent analyses.  

 

Alanine versus charge swap mutagenesis 

These EST3 studies, as well as a prior one (Lee et al. 2008), identified 16 amino 

acids in EST3 that display ODN and LOF phenotypes of comparable magnitude when 

mutated. These 16 residues can be divided into three categories based on their response to 

either alanine substitution or mutation to a charged residue (Figure 2.17). Class I residues 

exhibit the same degree of impairment in vivo when mutated, regardless of whether the 

amino acid change is an alanine substitution or a charge swap. In contrast, the majority 

category (class II) contains both hydrophobic and charged amino acids that result in a 

strong phenotype when mutated to a charged residue (as indicated by red bars in Figure 

2.6) but are unaffected (or only modestly impaired in the case of V75) by an alanine 

substitution (as indicated by gray bars in Figure 2.17). The third category contains two 

residues that are severely impaired by mutation to alanine, whereas a charge swap results 

in an attenuated ODN phenotype indicative of a partially destabilized protein. This 

distribution suggests that the simple notion of substitution with alanine as a side chain 
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“null” is overly simplistic. Instead, the effectiveness of an alanine substitution in 

revealing the role of the targeted amino acid is context-dependent based on the structural 

environment.  

 

The structure revealed there are two distinct functional surfaces on the Est3 protein 

The Wuttke lab found that Est3 adopts an OB-fold with certain distinctive 

features. The most notable discrepancy between Est3 and other OB-fold proteins is that 

the canonical OB-fold ligand-binding surface is dispensable for telomere function in Est3, 

which explains the lack of robust nucleic acid-binding activity exhibited by Est3 (Lee et 

al. 2010). Instead, a complete genetic survey of the experimentally defined protein 

surface revealed two contiguous regions with differential functions in telomere 

maintenance. Whereas one surface facilitates association with the telomerase holoenzyme, 

the second serves a separate function in mediating telomerase action. That these surfaces 

do not fully correspond to those predicted based on conservation alone points to the 

importance of conducting a comprehensive evaluation of the available surface.  

Although a protein fold for Est3 similar to that of TPP1 was accurately predicted 

on the basis of threading algorithms (Lee et al. 2008; Lue et al. 2013; Yu et al. 2008), the 

topology of the predicted Est3 protein surface was nevertheless strikingly inaccurate. 

This prior model placed the relevant Est3 surface residues across a wide surface area 

(Figure 2.15C). In contrast, the Wuttke lab structure showed that Est3 mediates its 

telomere functions through two tightly clustered patches located on a novel face of the 

OB-fold (Figure 2.13C). This illustrates the limitations of homology models, which can 

be particularly poor at predicting loop conformations in cases where the proteins share 
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scant sequence identity.  

Although HsTPP1 and Est3 localize to telomeres through distinct mechanisms, 

HsTPP1 through the shelterin complex and Est3 as a component of the yeast telomerase 

holoenzyme, the coincidence of the TEL patches suggests these divergent factors share a 

common surface for telomerase association. Furthermore, the discovery of a second 

cluster of functional residues on the surface of Est3 points to the use of additional 

mechanisms of telomerase regulation by HsTPP1. A full understanding of the activities 

performed by these surfaces on both Est3 and HsTPP1 may also address whether these 

two proteins share a common ancestry or instead arose as the result of convergent 

evolution.  
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Figures 

 

Figure 2.1: Est3 mutant protein stability in vitro correlates with the ability of mutant proteins to 
confer a dominant-negative phenotype in vivo. (A) LOF phenotypes were assessed by monitoring 
telomere length of est3-Δ strains with single-copy plasmids expressing wild-type EST3 or the indicated 
mutations from the native EST3 promoter, whereas ODN phenotypes measured telomere length of wild-
type strains containing high-copy plasmids expressing the same set of wild-type or mutant alleles from the 
constitutive ADH promoter. (B) Spectra of the wild-type Est3 protein collected from 30 to 50 with a step 
size of 2 (top right) and spectra of the wild-type Est3, Est3-R110A, and Est3-V168E proteins collected 
from 5 to 75 with a step size of 10; the temperature color code is shown in the inset of the wild-type Est3 
protein plot. Proteins were expressed and purified as shown in Figure S1 (Lubin et al. 2013).  
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Figure 2.2: Alignment of 20 Est3 protein sequences from the three sub-clades of Saccharomytina. The 
position of the 36 hydrophobic and charged residues that were subjected to mutagenesis indicated. Arrow 
size and color as described to the right; black arrows = wild type. E104, with a partially attenuated ODN 
phenotype relative to LOF, is indicated in maroon.  

 

 



 

 36 

Figure 2.3: Analysis of mutations introduced into 18 highly conserved hydrophobic amino acids in 
Est3. (A) LOF assay monitoring telomere length of est3-Δ yeast strains bearing single-copy plasmids 
expressing mutations in hydrophobic residues (mutation to alanine, top panels; mutation to glutamic acid, 
bottom panels) from the native EST3 promoter. The broad telomeric restriction fragment that corresponds 
to ~2/3 of the 32 yeast telomeres is shown; the intact Southern blots can be viewed in Figure 2.4. 
Telomeres of wild-type EST3 strains (boxed in white) provide multiple reference points. The genotypes of 
mutations that conferred a strong phenotype in the ODN assay are boxed in black. (B) An ODN assay 
showing telomere length of wild-type EST3 strains containing high-copy plasmids expressing mutations of 
the indicated genotype from the constitutive ADH plasmid. (C) Summary of the comparison between in 
vivo and in vitro properties of missense mutations in four hydrophobic residues. Spectra for Est3-V168E 
and Est3-L6E are shown in Figure 2.1 and Figure S8 (Lubin et al. 2013), respectively, and expression and 
solubility levels for the His10-SUMO-Est3-I22E and His10- SUMO-V157E proteins are shown in Figure 
S1 (Lubin et al. 2013). ODN phenotypes for Est3-L6E are shown in Figures 2.5 and 2.6.  
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Figure 2.4: Loss of function (LOF) assay monitoring telomere length of est3-∆ yeast strains bearing 
single copy plasmids expressing mutations in hydrophobic residues from the native EST3 promoter. 
The genotypes of mutations that conferred a strong phenotype in the ODN assay are boxed. Mutations to 
alanine, upper panels; Mutations to glutamic acid, lower panels. 
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Figure 2.5: Over-expression dominant (ODN) phenotypes assessed by monitoring telomere length. 
EST3 yeast strains bearing high copy plasmids expressing the indicated mutations in hydrophobic residues 
under control of the ADH promoter. The effects of the two mutations (est3-V75E and est3- V168E) that 
exert a strong ODN phenotype are shown in Figure 2.3.  
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Figure 2.6: An alternative assay for ODN phenotypes based on synthetic lethality in the presence of a 
yku80-∆ mutation. As previously described (Evans and Lundblad 2001; Lee et al. 2008). Growth of 
YKU80 or yku80-∆ strains (generated by plating on media that selects either for or against a YKU80 URA3 
plasmid) which also contain high copy plasmids expressing the indicated mutations in hydrophobic 
residues, under control of the ADH promoter. As predicted from the lack of an ODN effect on telomere 
length (Figure 2.5), the majority of the mutations in hydrophobic residues similarly have no effect in this 
assay.  
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Figure 2.7: Summary of LOF (loss of function) and ODN (over-expression dominant) phenotypes for 
mutations in hydrophobic residues mutated to either alanine (A) or glutamic acid (E). Based on data 
shown in Figures 2.3, 2.4, 2.7 and 2.6. Level of conservation was determined as described in the legend for 
Figure 2.8 and based on the alignment shown in Figure 2.2.  
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Figure 2.8: Conservation of charged residues predicts the likelihood of generating a sof- allele in 
EST3. Results from Figure 2.9, Lee et al. (2008), and data not shown (corresponding to residues that did 
not have a telomere defect when mutated) are summarized. For LOF phenotypes, “medium short” and 
“short” correspond to a 100- to 130-bp or to a 140- to 160-bp reduction in telomere length, respectively, 
and “null” refers to mutants with telomeres that are >175 bp shorter than wild type with an accompanying 
senescence phenotype. For ODN phenotypes, “moderate,” “strong,” and “severe” correspond to the 
“medium short,” “short,” and “null” LOF phenotypic categories. The two different nomenclatures 
emphasize that the LOF and ODN phenotypes are not directly comparable (since the ODN assay measures 
telomere length in a strain expressing both wild-type and mutant variants of EST3, the phenotypic lag until 
steady-state telomere length is reached is different in the LOF and ODN assays). Degree of amino acid 
conservation was determined based on an alignment of 20 Est3 protein sequences encompassing the 
Saccharomyces, Kluveromyces, and Candida clades (Figure 2.2), where “high,” “moderate,” or “low” 
correspond to 75–95%, 50–75%, or <50% identity and/or highly similar amino acid structure (i.e., arginine 
vs. lysine or aspartic acid vs. glutamic acid); “invariant” corresponds to 100% amino acid identity in all 20 
Est3 proteins.  
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Figure 2.9: Comparison of LOF and ODN phenotypes displayed by a panel of mutations in charged 
residues in EST3. (A and B) LOF and ODN assays were performed as described in Figure 2.1, except that 
strains were propagated for an additional ~25 generations. As a result, the est3-E104R strain exhibited a 
more severe telomere length defect in the LOF assay than the comparable null mutants shown in Figure 
2.1A; similarly, the ODN phenotype of the est3-R110A mutation was also more pronounced, as indicated 
by the amplification of subtelomeric elements (white arrowheads in B), which is a characteristic feature of 
extensively propagated telomerase-defective strains (Lundblad and Blackburn 1993). A second assay to 
measure ODN phenotypes, which monitors synthetic lethality in a yku80-Δ background, is shown in Figure 
2.10. (C) CD spectra of wild type and the indicated mutant Est3 proteins were collected from 5 to 75 in 
parallel with the spectra shown in Figure 2.1.  
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Figure 2.10: Additional mutations in an alternative assay for ODN phenotypes, based on synthetic 
lethality in the presence of a yku80-∆ mutation. (Described in Figure 2.6) Effects on viability in a yku80-
∆ strain of a subset of the same mutations shown in Figure 2.9B present on high copy plasmids and under 
control of the ADH promoter. The sensitivity range of this assay is such that “strong” vs. “severe” ODN 
phenotypes (using the nomenclature defined in the legend for Figure 2.9) of the mutations shown in (C), 
above cannot be distinguished. However, differences between the mutations shown in (A), above, provide a 
more sensitive assay than telomere length, as shown in Figure 2.9B.  
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Figure 2.11: The severity of the ODN phenotype for an est3- mutation, relative to the severity of the 
LOF phenotype, correlates with in vitro structural stability. The LOF and ODN phenotypes 
corresponding to the 16 mutant Est3 proteins tested for stability following expression in E. coli are 
indicated as two subgroups based on protein stability; subjecting these two sets of data to a correlation test 
resulted in Pearson correlation coefficients of 0.32 and 1.0, respectively.  
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Table 2.1: List of mutations in surface-exposed Est3 residues. Surface residues were mutated by the 
introduction of a charged amino acid (rather than to alanine), to maximally disrupt function, and assessed 
for effects on telomere replication as described in Supporting Materials and Methods. Mutations with 
moderate to severe effects on telomere replication are highlighted in red, with more modest phenotypes 
indicated in pink; residues marked by an asterisk have been analyzed in previous studies (Lee et al. 2008, 
Lubin et al. 2013). For the three alleles that are highlighted in lavender, we have previously argued that 
charge-swap mutations introduced into these three residues result in partial destabilization of the mutant 
protein (Lubin et al. 2013).  
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Figure 2.12: Two functionally distinct activities on the surface of Est3. (A and C) 
Coimmunoprecipitation of wild-type (Wt) and mutant Est3 proteins with the catalytic Est2 subunit, bearing 
(FLAG)3 and (myc)12 epitopes, respectively; the functionality of these two tagged proteins is shown in Fig. 
3.S5B. In a subset of the wild-type lanes (indicated by a bracket), 0.2× volume of immunopre- cipitate was 
loaded, to illustrate the detection range. (B and D) Telomere length (assessed after ∼75 generations of 
growth) of est3-Δ strains transformed with single copy plasmids expressing wild-type EST3 or the 
indicated est3− missense mutations; mutations that resulted in a telomere maintenance defect severe 
enough to confer senescence are indicated by an asterisk.  
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Figure 2.13: The surface of Est3 reveals two distinct contiguous patches. (A) Residues in Est3ΔN that 
mediate binding to telomerase (TEL patch: V75, Y78, T112, E114, N117, D166, and V168) (Fig. 2.12A) 
are displayed as sticks in blue, whereas residues not involved in telomerase interaction (TELR patch: K71 
and L171) are displayed as sticks in red. (B) Sixty-degree rotation around a horizontal axis shows that the 
telomerase-interacting residues cluster at the base of the β-barrel. (C) A surface representation 
demonstrates that the interacting residues form a continuous protein–protein interaction surface. (D) Est3 
and TPP1 have a common mode of telomerase association. Super- position of the structure in 3A on 
HsTPP1-OB (PDB ID code 2I46) with re- cently identified residues in HsTPP1-OB that mediate binding to 
telomerase (D166, E168, and K170) (11), (D166-F172, L183 and E215) (Sexton et al. 2012), and (E168, 
E169, E171, R180, L183, L212, and E215) (Nandakumar et al. 2012) are shown as sticks in green. The 
telomerase interaction surface from the two proteins coincides perfectly, indicating structural as well as 
functional similarity between the two. (E) HsTPP1 structure from D is rotated 60° to show the cluster of 
telomerase-interacting residues at the base of the β-barrel. Residue E119, identified from structural 
superposition with K71 of Est3, is displayed as a stick in red. (F) Surface representation of HsTPP1 (same 
orientation as E), displays two distinct functional patches on its surface. For simplification, the N-term tail 
has been removed from this view; the structure starts at R96 instead of S90 in the PDB 2I46 structure.  
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Figure 2.14: Clustal Omega (Sievers et al. 2011) alignment of Est3 proteins from 22 yeast species 
used for conservation mapping by ConSurf (Ashkenazy et al. 2010; Glaser et al. 2003; Landau et al. 
2005) in Fig. 3.4. Medium to highly conserved residues are indicated by numbers 5–9 on top of the 
alignment, with 9 indicating the most conserved. Secondary structure elements from RASREC Rosetta 
structure of Est3ΔN are drawn on top of the sequence alignment. The extended loop L45 is highlighted in 
bold. 
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Figure 2.15: Conserved surface on Est3 coincides with part of its functional activity. (A) Conserved 
residues in Est3 (Fig. 2.14) are mapped on the structure. Residues are color-coded maroon through 
turquoise indicating conserved through variable residues based on phylogenetic conservation as evaluated 
by the ConSurf server (Glaser et al. 2003). Residues involved in telomere maintenance are displayed. (B) A 
view of the structure rotated 60° to match Fig. 3.3C shows the co-occurrence of the Tel patch with the 
conserved surface of Est3. (C) The predicted 3D model significantly differs from the calculated structure. 
The model generated by the PS2 structure prediction server (Chen et al. 2006) is the same as a recently 
reported model of Est3 (Lue et al. 2013). As a result of these differences, functionally important residues 
(same as A) map to scattered locations on the predicted model’s surface unlike Fig. 2.13 where a 
contiguous functional surface was identified.  

Figure 2.16: DNA damage and replication stress response of selected est3− mutations.  Growth of 
wild-type strains containing high-copy plasmids expressing wild-type EST3 or mutations, under the control 
of the ADH promoter. Saturated cultures were serial diluted 1:5 and microtittered onto plates containing 
(A) rich media, (B) rich media subject to ultra violet radiation, (C) rich media containing MMS, or (D) rich 
media containing HU.   
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Figure 2.17: Three categories of sof- mutations in the EST3 gene. Mutations in 11 Est3 amino acids 
confer in vivo ODN and LOF phenotypes of comparable magnitude, indicated by colored bars, with red 
corresponding to the more severe set of phenotypes for each residue (note that the absolute magnitude of 
each phenotype among mutations is not conveyed; for example, est3-E114A imparts a far more modest 
phenotype than est3-R110A). Telomerase association is based on prior observations (Lee et al. 2008) or 
unpublished data (J. W. Lubin and V. Lundblad, data not shown). The term “unstable” indicates those 
mutations that exhibit an attenuated ODN phenotype relative to the respective LOF phenotype, indicating 
that the resulting mutant protein is partially destabilized in vivo. The est3-N117 mutation, which was 
analyzed in our prior study (Lee et al. 2008), is included to provide a more complete summary of sof- 
mutations in EST3.  
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Table 2.2: The parental plasmids used in Lubin et al. 2013 for all in vivo analysis were pVL1024 (2µ 
LEU2 ADH-EST3) and pVL2537 (CEN LEU2 EST3). Described previously (Lee et al. 2008).  

Lee, J.S., Mandell, E.K., Tucey T.M. Morris, D.K. and Lundblad, V., 2008 The Est3 protein associates 
with yeast telomerase through an OB-fold domain. NSMB 15:990-997.  

Parent pVL2537 pVL1024 
 

pVL2537 pVL1024 
Mutation pVL# pVL# Mutation pVL# pVL# 
K3A 5982 N.A. E94A 6081 6088 
K3E 3718 3765 E94R 6082 6089 
L6A 5984 N.A. V100A 6065 N.A. 
L6E 5983 4632 V100E 6064 6271 
D14A 6076 6083 E104A 3656 3499 
D14R 6077 5797 E104R 3657 3495 
L18A 6106 6098 R105A 6190 6183 
L18E 6100 6264 R105E 6191 6184 
W21A 3720 3544 R110A 3658 3492 
I22A 5988 N.A. R110E 3659 3494 
I22E 5987 6265 I111A 6099 6093 
I26A 5990 N.A. I111E 6101 6272 
I26E 5989 6266 E114A 3660 3496 
D49A 5992 6084 E114K 3661 3545 
D49R 6078 6085 L119A 6067 N.A. 
K68A 5993 6090 L119E 6066 6273 
K86E 3648 3713 I122A 6004 N.A. 
I69A 6061 N.A. I122E 6003 6274 
I69E 6060 6267 D124A 6192 6185 
K71A 3652 3706 D124R 6193 6186 
K71E 3653 3707 L127A 6006 N.A. 
V75A 6194 6187 L127E 6005 N.A. 
V75E 6195 6210 K140A 6008 N.A. 
D77A 5995 N.A. K140E 6007 6235 
D77K 5994 6211 V154A 6069 N.A. 
K79A 5997 N.A. V154E 6068 6275 
K79E 5996 6215 L155A 6010 N.A. 
V80A 6063 6092 L155E 6009 6276 
V80E 6062 6268 V157A 6012 N.A. 
I84A 5999 N.A. V157E 6011 6277 
I84E 5998 6269 D164A 3721 3497 
R85A 6079 6086 D164R 3733 3500 
R85E 6080 6087 D166A 3722 2715 
D86A 3654 3766 D166R 3723 3646 
I91A 6001 N.A. V168A 3729 3805 
I91E 6000 6270 V168E 6013 6278 
L92A 6196 6188 

  L92E 6197 6189   
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Table 2.3: Strains used in this chapter. 

Strain Genotype 

YVL2967 MATa ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-
∆1 

YVL3057 MATa ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-
∆1      est3-∆::LYS2 

YVL3485 MATa leu2 trp1 ura3-52 GAL+ prb- prc- pep43 
myc12-G6-Est2 

 
Table 2.4: pVL2537 (EST3 CEN LEU2) plasmids used in Rao et al. 2014. 

Mutation pVL# 
K71E 3653  
V75E 6194 
Y78R 6497 
T112A 6501 
E114K 3661 
N117K 3816  
D166R 3723  
V168E 6013 
L171E 6598 

 

Table 2.5: pVL2076 (EST3-(FLAG)3 CEN LEU2) plasmids used in Rao et al. 2014. 

Mutation pVL# 
K71E 3454 
V75E 7823 
Y78R 6497 
T112A 7824 
E114K 3473 
N117K 3472 
D166R 3404 
V168D 3464 
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Table 2.6: pVL1024 (ADH-EST3 2µ LEU2) plasmids used in Rao et al 2014. 

Mutation pVL# Mutation pVL# Mutation pVL# 
V16E 6198 K140E 6235 H107R 6362 
F17E 6199 N145R 6236 C109R 6370 
L25E 6200 I146E 6237 T116E 6371 
Y35R 6201 K149E 6238 T131R 6372 
Y35E 6202 E150R 6239 S133E 6373 
V41E 6203 I151E 6240 S137E 6374 
Q48R 6204 N156R 6241 H138R 6375 
L52E 6205 N158R 6242 H138E 6376 
M55E 6206 Q159R 6243 C142E 6377 
L60E 6207 F163E 6244 S144R 6378 
Y73R 6208 L171E 6245 S148E 6379 
Y73E 6209 F176A 6246 T161R 6380 
V75E 6210 F176R 6247 S172E 6381 
D77K 6211 F176E 6248 T173E 6382 
Y78A 6212 K179E 6249 P175E 6383 
Y78R 6213 Y180R 6250 N62R 6384 
Y78E 6214 Y180E 6251 N74R 6385 
K79E 6215 L181E 6252 P43R 6386 
Y81R 6216 P20E 6253 P57R 6400 
Y81E 6217 A24R 6254 T58R 6401 
Q90R 6218 H32R 6255 T61R 6402 
S96E 6219 H36E 6256 C64R 6403 
S96R 6220 S38R 6257 V75R 6404 
Q97R 6221 G39R 6348 R110V 6405 
E98R 6222 H40R 6349 V75R R110V 6406 
N102R 6223 H40E 6350 K179E+K71A 6407 
R105E 6224 S44R 6351 F176R+K179E 6408 
N108R 6225 T46R 6352 T70E+K71A 6409 
T112A 6226 H54E 6353 D124R+N158R 6461 
T112I 6227 C76R 6354 R134E+S137E 6462 
D124R 6228 S83E 6355 K79E+Y81E 6463 
D126R 6229 S87E 6356 L92E+E94R 6464 
V128E 6230 S88E 6357 Y73R+N74R 6465 
V130E 6231 H89E 6358 S15A 6466 
N132R 6232 S101R 6359 N108A 6467 
R134E 6233 T106R 6360 T116A 6468 
M136E 6234 H107E 6361 I146A 6469 
L171A 6470 S172A 6471 

   
  



 

 54 

Materials and Methods 
 

Yeast strains and plasmids  

All genetic analyses were performed in two isogenic strains, YVL2967 (MATa 

ura3-52 lys2-801 trp1-Δ1 his3-Δ200 leu2- Δ1) or YVL3057 (MATa est3-Δ ura3-52 lys2-

801 trp1-Δ1 his3-Δ200 leu2-Δ1/p EST3 CEN URA3). Missense mutations in EST3 were 

introduced into either pVL1024 (2m LEU2 ADH-EST3) or pVL2537 (CEN LEU2 EST3); 

a complete list of the yeast plasmids used in this study is shown in Supporting 

Information, Table 2.S2. Standard genetic methods were used to introduce plasmids into 

yeast, and telomere length was assayed as described previously (Lendvay et al. 1996; 

Paschini et al. 2010).  

Telomerase Coimmunoprecipitation Assays 

Wild-type and mutant Est3 proteins, bearing an in-frame (FLAG)3 epitope and 

under control of the native EST3 promoter, which were expressed from the previously 

described single-copy plasmid, pVL2076 (Lee et al. 2008), were introduced into a 

protease-deficient strain bearing an integrated (myc)12–(Gly)6–Est2 construct. Extract 

preparation and coimmunoprecipitation of Est3 and Est2 were assessed as previously 

described (Tucey & Lundblad 2013; Lee et al. 2008).  

In Vivo Assessment of Telomere Function  

Effects of missense mutations in EST3 were assessed by two assays, which 

measured (i) the ability to complement an est3-Δ strain in a standard loss-of- function 

(LOF) assay and (ii) the ability to disrupt telomere replication when over-expressed in the 
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presence of the wild-type EST3 gene [overexpression dominant negative (ODN)]. This 

latter assay used a yeast strain which was sensitized to defects in telomerase (due to a 

mutation in YKU80), thereby permitting rapid initial detection of est3− defects as an 

immediate reduction in viability (Evans et al. 2002; Lee et al. 2008; Lubin et al. 2013). 

Missense mutations that exhibited an ODN phenotype in this viability assay were 

subsequently shown to have ODN effects on telomere length, as well telomere length 

defects in the LOF assay.  

In Vivo Assessment of Non-Telomere Function  

Effects of missense mutations in EST3 were assessed by the ability to disrupt 

DNA replication or repair when over-expressed in the presence of the wild-type EST3 

gene [overexpression dominant negative (ODN)]. This used a wild-type yeast strain 

which was subjected to UV, MMS, or HU as cells were plated on rich media (YPAD). 
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Abstract 

A leading objective in biology is to identify the complete set of activities that each 

gene performs in vivo. In this study, we have asked whether a genetic approach can 

provide an efficient means of achieving this goal, through the identification and analysis 

of a comprehensive set of separation-of-function (sof-) mutations in a gene. Toward this 

goal, we have subjected the Saccharomyces cerevisiae EST1 gene, which encodes a 

regulatory subunit of telomerase, to intensive mutagenesis (with an average coverage of 

one mutation for every 4.5 residues), using strategies that eliminated those mutations that 

disrupted protein folding/stability. The resulting set of sof- mutations defined four 

biochemically distinct activities for the Est1 telomerase protein: two temporally separable 

steps in telomerase holoenzyme assembly, a telomerase recruitment activity, and a fourth 

newly discovered regulatory function. Although biochemically distinct, impairment of 

each of these four different activities nevertheless conferred a common phenotype 

(critically short telomeres) comparable to that of an est1-∆ null strain. This highlights the 

limitations of gene deletions, even for nonessential genes; we suggest that employing a 

representative set of sof- mutations for each gene in future high- and low-throughput 

investigations will provide deeper insights into how proteins interact inside the cell.  
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Introduction 

Telomeres—the ends of linear chromosomes, which are composed of G-rich 

repeats bound by an array of telomere-specific proteins—are essential for high-fidelity 

maintenance of linear chromosomes. Severe telomere dysfunction has catastrophic 

consequences for genome organization, but even modest reductions in telomere length 

can also have a genome-destabilizing effect. As a result, in cells that depend on long- 

term proliferation, a carefully regulated mechanism ensures that telomeres are stably 

maintained at an average length (Hug and Lingner 2006). In most eukaryotic species, a 

key player in this process is the enzyme telomerase. This telomere-dedicated enzyme is 

responsible for adding telomeric G-rich repeats onto the ends of chromosomes, thereby 

providing a counterbalance against sequence loss that arises due to incomplete DNA 

replication or other DNA-processing activities (Schmidt and Cech 2015; Wu et al. 2017). 

Although telomerase has been a topic of intense investigation, a detailed mechanistic 

picture of how telomerase-mediated elongation is regulated at individual telomeres is 

incomplete. For example, yeast telomerase only elongates a small subset of telomeres in a 

cell cycle, with a preference for shorter telomeres (Teixeira et al. 2004), a bias that also 

extends to mammalian telomeres (Britt-Compton et al. 2009). However, the molecular 

mechanism that restricts telomerase to a particular subset of telomeres has not yet been 

elucidated. Telomere length is also dictated by the number of telomeric repeats that are 

added each time telomerase interacts with its substrate, but how this enzymatic step is 

regulated in vivo is still poorly understood.  

This incomplete picture suggests that there may be as-yet-undiscovered 

mechanisms that are critical for telomerase regulation. As one approach toward 



 

 61 

addressing this, we are constructing a functional surface map of yeast telomerase, by 

identifying functionally important amino acids on the surface of each telomerase subunit 

that, when mutated, disrupt specific activities. To facilitate the identification of these 

separation-of-function (sof-) mutations, we have employed a strategy that relies on 

overexpression dominant negative (ODN) phenotypes (i.e., disruption of function in a 

wild-type strain in response to an overexpressed mutant protein) as a rapid means of 

identifying the rare subclass of mutations that target a specific biochemical property 

without affecting protein stability. The rationale is based on the premise, first elucidated 

by Ira Herskowitz (Herskowitz 1987), that mutant proteins must be structurally intact in 

order compete with the endogenous wild-type protein. In contrast, the much larger class 

of mutations that encode unstable/unfolded proteins will be phenotypically silent (or 

greatly attenuated) in an ODN-based assay.  

We first applied this strategy to the Est3 subunit of telomerase, both as a proof-of-

principle experiment and with the goal of identifying novel Est3 regulatory activities, by 

analyzing ODN phenotypes of a systematic set of mutations introduced into 20% of the 

amino acids in the Est3 protein.  Notably, those mutant Est3 proteins with strong ODN 

phenotypes demonstrated a remarkably similar secondary structure con- tent and thermal 

stability when compared to the wild-type protein (Lubin et al. 2013). Once the Est3 

structure was solved (Rao et al. 2014), this revealed that every residue identified in our 

genetics-driven ODN screen was located on the Est3 protein surface. This provided a 

striking validation of this methodology, and argued that ODN-directed mutagenesis is 

capable of selectively identifying mutations in functionally important amino acids on the 

surface of a protein, even in the absence of structural information.  
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In this study, we have applied this protocol to the second of the three telomerase 

protein subunits, by analyzing a large panel of missense mutations in EST1 for ODN 

effects on telomere length maintenance. The sof- mutations recovered from this ODN 

screen correspond to three biochemically distinct activities: (i) a dual Est3-binding site 

that involves regions in both the N- and C-terminal halves of the Est1 protein; (ii) an 

expanded surface that mediates the Est1-Cdc13 interaction; and (iii) a newly de- fined 

regulatory activity that is not required for telomerase bio- genesis or recruitment. In 

parallel, we performed an extensive loss-of-function (LOF) screen, which identified a 

novel 60-amino acid RNA-binding domain (RBD) that was phenotypically silent in the 

ODN assay. This combined ODN plus LOF analysis has provided a representative set of 

sof- alleles that define four discrete activities performed by Est1. This provides a set of 

genetic reagents for EST1 that has the potential to uncover activity-specific genetic 

interactions in future low- and high-throughput analyses, which would be otherwise 

masked by a complete deletion of the EST1 gene.  

 

Results 

ODN-based mutagenesis identifies 11 candidate sof- mutations in EST1  

To identify and characterize functional surfaces on the Est1 protein, an ODN 

protocol was employed, whereby est1- mutations were screened for the ability to disrupt 

telomere replication when overexpressed in the presence of the wild-type EST1 gene. A 

total of 134 missense mutations were introduced by reverse mutagenesis into the EST1 

gene, which was present on a high-copy plasmid and under the control of the constitutive 

ADH promoter (Figure 3.S1). Amino acids were selected for mutagenesis based on 
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sequence conservation (data not shown) and emphasized: (i) charged amino acids, based 

on our analysis indicating that mutation in residues in this category were more likely to 

encode a protein that retained structural stability (Lubin et al. 2013), and (ii) aromatic 

residues, which frequently mediate nucleic acid interactions (Jones et al. 2001; Baker and 

Grant 2007). This collection of 134 overexpressed est1- mutations was transformed into a 

yku80-∆/p CEN URA3 YKU80 strain, and transformants were screened for viability 

following loss of the YKU80 plasmid, based on earlier observations showing that 

increased expression of mutant telomerase subunits confers inviability in a yku80-∆ strain 

(Lee et al. 2008; Lubin et al. 2013). This strategy identified 11 est1- mutations that 

conferred a moderate to severe impact on viability when overexpressed in the yku80-∆ 

strain (Figure 3.S2), and also reduced telomere length when overexpressed in a wild- type 

(i.e., EST1 YKU80) strain (Figure 3.1, A–C). There was a strong correlation between 

these two ODN phenotypes; for ex- ample, mutations with the most pronounced effects 

on viability in the yku80-∆ strain (Figure 3.S2) also conferred substantially shorter 

telomeres (Figure 3.1A), consistent with our prior observations with EST3 (Lee et al. 

2008; Lubin et al. 2013). These 11 est1- mutations were subsequently assessed for effects 

on telomere length in a standard LOF assay, in which each allele, expressed by the EST1 

promoter on a single-copy plasmid, was transformed into an est1-∆ strain. Seven 

mutations conferred a severe impact on telomere length (Figure 3.1, D and E), whereas 

four mutations resulted in more intermediate phenotypes in the LOF assay (Figure 3.1, F 

and G). In each case, the severity of the ODN telomere length phenotype closely 

correlated with the strength of the corresponding LOF telomere length phenotype 

(compare Figure 3.1, A–C with Figure 3.1, D–G).  
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We have previously argued that an ODN phenotype can distinguish between a 

mutation that encodes a structurally intact protein vs. a mutation that results in a 

nonspecific effect on protein stability/folding (Lubin et al. 2013). Consistent with this 

expectation, steady-state protein levels for each of these Est1 mutant proteins were 

comparable to that of the wild-type Est1 protein (Figure 3.2A). This was assessed in a 

strain bearing identical (myc)12 epitopes on Est1 and Est2, as well as a (FLAG)3 epitope 

on Est2, with each of the 11 est1- mutations integrated into the genome. This allowed 

simultaneous detection of both proteins on the same anti-myc western, thereby providing 

highly accurate determination of the level of each mutant Est1 protein relative to the 

wild-type Est2 protein. As previously observed (Tucey and Lundblad 2013), the Est1 

protein was present in at threefold excess, relative to Est2, in extracts prepared from 

asynchronous cultures; this ratio was unchanged in each of the mutant strains (Figure 

3.2A). The Est1:Est2 ratio in the telomerase complex was also determined, following 

anti-FLAG IP of Est2. Examination of Est1 and Est2 protein levels in anti-FLAG IPs 

showed that each of the 11 mutant Est1 proteins was capable of forming a complex in a 

1:1 ratio with Est2, in a manner that was indistinguishable from that of the wild-type Est1 

protein (Figure 3.2B). Collectively, the observations shown in Figure 3.1 and Figure 3.2 

argue that these mutations in EST1 confer an in vivo defect without impairing protein 

stability and are candidates for sof- mutations. The positions of these 11 mutations are 

indicated on a schematic diagram of the Est1 protein in Figure 3.2C.  

 

Identification of a novel RBD in Est1 that is conserved from yeast to humans  

Notably, none of these 11 mutations affected the ability of Est1 to form the Est1-
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TLC1-Est2 preassembly complex (Tucey and Lundblad 2014), indicating that the ODN-

based approach had failed to uncover mutations in the RNA-binding activity of Est1.  As 

a first step toward identifying the region of Est1 responsible for RNA binding, the ability 

of two subdomains of Est1 to form a complex with TLC1 was examined. N- and C-

terminal domains expressing amino acids 1–340 and 340–699, respectively, with an in-

frame (myc)12 epitope, were integrated into the genome in place of the full-length Est1 

protein, in a strain that also expressed the (FLAG)3-(myc)12- Est2 protein; domain 

boundaries were chosen based on a region of low sequence conservation around amino 

acids 340–350 (data not shown). Since TLC1 bridges the association between Est1 and 

Est2 through independent Est1-TLC1 and Est2-TLC1 interactions (Livengood et al. 

2002; Lubin et al. 2012), the ability of an Est1 domain to co-IP with the Est2-TLC1 

catalytic core reflects a direct interaction with TLC1. Following IP, the N-terminal 

domain of Est1 retained association with the Est2-TLC1 subcomplex, whereas the C-

terminal domain was undetectable in anti-Est2 IPs (Figure 3.3A), indicating that RNA-

binding activity localized to the N-terminal half of the Est1 protein.  

Therefore, we subjected the N-terminal region of Est1 to conventional LOF 

analysis, by examining the telomere length of 84 est1- mutations spanning amino acids 

1–350 (Figures 3.S1 and 4.). Each mutation, expressed on a single-copy plasmid by the 

EST1 promoter, was introduced into an est1-∆ strain, and telomere length was examined 

after ~75 generations of growth. This identified mutations in a cluster of five aromatic 

amino acids (from amino acids 40 to 146) that resulted in significant telomere shortening 

(Figure 3.3B; see also in Figure 3.S3, A–N). To assess potential effects on RNA binding, 

these five mutations were introduced into the genome of the Est-(myc)12 (FLAG)3-



 

 66 

(myc)12-Est2 strain in place of the wild-type EST1 gene, and the relative ratio of Est1 to 

Est2 in anti-Est2 immunoprecipitates was examined. We have previously shown that this 

assay provides a very sensitive read-out of the interaction between Est1 and TLC1, due to 

the ability to simultaneously detect Est1 and the Est2 subunit of the Est2-TLC1 catalytic 

core on the same anti-myc western; this assay has also been validated by our prior 

identification of a panel of mutations in TLC1 that disrupt Est1-TLC1 binding (Lubin et 

al. 2012; see also Figure 3.S4). Using this assay, all five mutant Est1 proteins exhibited a 

reduced ability to bind TLC1 to form an Est1-TLC1-Est2 subcomplex (Figure 3.3C). This 

was not simply a consequence of reduced Est1 protein levels, as shown by anti-myc 

westerns of extracts from these mutant strains (Figure 3.3C); in fact, the Est1-Y136D 

mutant protein reproducibly displayed a slight increase in protein levels, relative to wild-

type Est1. There was also a striking correspondence between the degree of biochemical 

impairment and the in vivo consequences for telomere replication. Three mutations with 

a pronounced telomere length defect (est1-W87E, est1-F98D, and est1-Y136D) exhibited 

a substantial reduction in the interaction between Est1 and TLC1, whereas est1-F40 and 

est1-Y146D were only modestly diminished in both assays. When tested for ODN 

phenotypes, these five mutations failed to exhibit an ODN phenotype (Figure 3.S4 and 

data not shown), which explains our failure to identify this category of mutations in our 

ODN screen.  

The recovery of five RNA-binding-defective est1- mutations in residues with 

aromatic side chains, which are used extensively in RNA–protein interactions (Baker and 

Grant 2007), was not due to a mutation bias, as this region of Est1 was extensively 

mutagenized (Figure 3.S1). Furthermore, the region of Est1 that encompassed four of the 
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residues identified by this analysis (Trp87, Phe98, Tyr136, and Tyr146) was highly 

conserved, as shown by the alignment that encompasses budding yeast, fission yeast, and 

human sequences (Figure 3.3D). These observations argue that we have uncovered a 

conserved, novel 60-amino acid RBD that does not exhibit sequence motifs characteristic 

of canonical RBDs (Helder et al. 2016). The position of the mutations that define the Est1 

RBD are shown in Figure 3.2C. We note that the results presented here differ from 

observations from an earlier study, which reported that a different domain of the fission 

yeast Est1 protein was employed for RNA binding (Webb and Zakian 2012); Figure 3.S4 

provides more information regarding the differences between these two studies.  

 

The Est1-Est3 interaction involves dual sites in the N- and C-terminal domains of Est1  

To characterize the biochemical activities of the 11 est1- mutations identified by 

ODN mutagenesis, we examined how each of these mutations affected binding to two 

known Est1-binding partners, Est3 and Cdc13. We previously showed that Est1 contains 

a binding site for the Est3 telomerase subunit, located in the N-terminal domain of Est1 in 

a region distinct from the RBD (Figure 3.2C; Tucey and Lundblad 2014); this Est1-Est3 

interaction was defined by the est1-R269E mutation, which was recovered in our ODN 

screen (Figure 3.1 and Figure 3.S2). Although the Est1-R269E mutant protein formed a 

preassembly complex that was indistinguishable from wild-type (Figure 3.2B), 

subsequent association of Est3 with the mutant Est1-R269E-TLC1-Est2 subcomplex to 

form the telomerase holoenzyme was reduced (Tucey and Lundblad 2014; Figure 3.S5). 

To ask if additional sof- mutations identified by ODN mutagenesis affected the 

interaction between Est1 and Est3, we integrated sof- alleles into an Est1-(myc)12 Est3-
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(FLAG)3 strain and examined the interaction between Est1 and Est3 following anti-

FLAG IPs. This identified a cluster of three mutations in the C-terminal region of Est1 

that were substantially impaired for the Est1-Est3 interaction (Figure 3.4A). The severity 

of this biochemical defect was reflected in the in vivo phenotype of the mutant strains 

bearing these three alleles, which exhibited critically short telomeres in all three cases 

(Figure 3.1E). Notably, other sof- mutations in the C-terminal domain with pronounced in 

vivo phenotypes had no impact on the Est1-Est3 association (Figure 3.4B). This Est1- 

Est3 association was also dependent on prior formation of the Est1-TLC1-Est2 

subcomplex; if Est1 was unable to bind the TLC1 RNA due to a mutation in the Est1 

RBD, the Est1-Est3 interaction was abolished (Figure 3.4C). These results, combined 

with the identification of the RBD in Figure 3.3, show that the Est1 protein contains three 

distinct binding sites that are required for the formation of the quaternary enzyme 

complex: the RBD in the extreme N-terminus of Est1, and a bimodal Est3-binding 

interface that employs Est3-interacting residues in both the N- and C-terminal halves of 

Est1.  

 

An expanded Est1 interface is required for the interaction with Cdc13  

Mutations recovered from the ODN mutagenesis were also tested for whether 

they affected the interaction between Est1 and Cdc13, using a strain with (myc)12 and 

(FLAG)3 tags on Est1 and Cdc13, respectively. We have previously reported that an 

interaction between Est1 and Cdc13 can be detected in anti-Cdc13 immunoprecipitates. 

This biochemical association recapitulates the genetic interaction between these two 

proteins (Pennock et al. 2001), as Est1-Cdc13 binding is eliminated by the recruitment-
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defective cdc13-2 mutation, but restored in a cdc13-2 strain containing a cosuppressing 

est1-60 mutation (Tucey and Lundblad 2013; Figure 3.5A), providing strong support for 

a direct interaction between Est1 and Cdc13. The est1-60 mutation (est1-K444E) was 

also identified in our ODN-directed mutant screen, as well as a second mutation in an 

immediately adjacent residue (est1-R447E; Figure 3.1 and Figure 3.S2); both mutations 

strongly reduced the Est1-Cdc13 interaction (Figure 3.5A). An additional cluster of 

mutations (at amino acids 555–566) made a more modest contribution to the association 

between Est1 and Cdc13 (Figure 3.5B). As was observed for mutations that affected 

Est1-TLC1 and Est1-Est3 interactions, the extent of the Est1-Cdc13-binding defect in the 

in vitro assay (Figure 3.5) correlated well with the impact on telomere length in vivo 

(Figure 3.1).  

In contrast to the Est1-Est3 interaction (Figure 3.4C), the association between 

Est1 and Cdc13 was not dependent on the Est1-TLC1 interaction, as two mutant Est1 

proteins (Est1-W87E and Est1-Y136D) that were defective for RNA binding, and thus 

incapable of associating with the telomerase complex (Figure 3.3C), still bound Cdc13 at 

wild-type levels (Figure 3.5C). Reciprocally, the Est1-Est3 and Est1-Cdc13 interactions 

were not interdependent, as mutant Est1 proteins that could not bind Cdc13 (Est1-K444E 

and Est1-R447E) were able to form the Est1-TLC1-Est2 preassembly complex (Figure 

3.2B) and associate with Est3 to form the subsequent Est3-Est1-TLC1-Est2 holoenzyme 

(Figure 3.4B). Similarly, the mutant Est1-D510R and Est1-F511D proteins, which had 

lost association with Est3 (Figure 3.4A), were still capable of binding Cdc13 (Figure 

3.S5), which is also consistent with a prior report showing that an Est1 mutant protein 

bearing a different ODN missense mutation in one of these residues (est1-F511S; Virta-
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Pearlman et al. 1996) still retains association with telomeric chromatin (Sealey et al. 

2011). This provides strong support for a model in which assembly of the telomerase 

holoenzyme and the interaction between Cdc13 and Est1 are biochemically independent 

events, as evidenced by the fact that an interaction between Cdc13 and Est1 occurs in G1 

phase (Tucey and Lundblad 2013), at a point when Cdc13 cannot be detected at 

telomeres and the holoenyzme has not yet assembled.  

 

A newly discovered fourth function for Est1  

The analysis of the effects of these 11 sof- mutations on binding to TLC1, Est1, or 

Cdc13 identified mutations in two closely spaced amino acids (est1-R485E and est1-

R488E) that were unaffected for interaction with these three well-characterized binding 

partners of Est1. The mutant Est1-R485E and Est1-R488E proteins were 

indistinguishable from the wild-type Est1 protein in their ability to associate to form the 

Est1-TLC1-Est2 preassembly complex (Figure 3.2B), to bind Est3 to form the 

holoenzyme (Figure 3.4B), or to interact with the Cdc13 recruitment factor (Figure 3.6A). 

Furthermore, the telomerase disassembly pathway was unperturbed in strains bearing 

either of these two mutations (Figure 3.S6 and data not shown). The robust ODN 

phenotype exhibited by these two mutations was also reversed by the presence of an 

RNA-binding-defective allele (Figure 3.S6), arguing that Est1 performs this fourth 

activity as a component of the telomerase holoenzyme. These data, combined with the 

strong in vivo phenotype displayed by the est1-R485E and est1-R488E strains (Figure 

3.1D), argues that telomerase has a fourth Est1-dependent activity that is critical for 

telomere replication.  
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Numerous factors besides TLC1, Cdc13, or Est3 have been proposed as direct 

interactors with either Est1 or the telomerase holoenzyme, and thus could be candidates 

that mediate this fourth activity. The strength of the in vivo phenotype displayed by the 

est1-K485E and est1-K488E strains suggests that a defect in this proposed factor will also 

exhibit an Est- phenotype (i.e., critically short telomeres and an accompanying 

senescence phenotype). This prediction potentially rules out candidates encoded by 

nonessential genes, since the only nonessential genes that have an Est phenotype when 

mutated are previously identified telomerase components (encoded by EST1, EST2, EST3, 

and TLC1; Askree et al. 2004). Therefore, we turned our attention to two previously 

described telomerase-interacting complexes encoded by essential genes: the Sm complex 

(Seto et al. 1999) and the Pop protein complex (Lemieux et al. 2016). Strains bearing a 

(myc)12 tag on Est1 and a (FLAG)3 tag on a subunit of either of these two complexes 

(Pop1 or Sme1) were constructed and subjected to anti-FLAG IP. As shown in Figure 3.6, 

B and C, both the Pop1 and Sme1 proteins exhibited a robust co-IP association with Est1. 

However, this co-IP signal was abolished if Est1 was unable to bind the TLC1 RNA, due 

to the introduction of the TLC1-binding-defective est1-Y136D mutation (Figure 3.6, B 

and C). Furthermore, the interaction between telomerase and the Sm and Pop complexes 

was not affected in est1-R485E and est1-R488E strains (Figure 3.6, B and C and data not 

shown). Thus, the association of the Sm and Pop complexes with telomerase is not 

mediated through a direct interaction with Est1.  

We also reexamined proteins encoded by nonessential genes, which have been 

proposed to physically associate with yeast telomerase, using co-IP (Figure 3.S6). Some- 

what surprisingly, we failed to detect an interaction between telomerase and a number of 
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factors previously proposed to associate with telomerase (Pif1, Ebs1, and Sir4), including 

proteins that have been proposed to directly interact with Est1 (Yku80 and Msp3).  

 

Reexamining whether Est1 is regulated by proteasome- mediated degradation  

Several prior studies have shown that Est1 protein levels are regulated through the 

cell cycle (Osterhage et al. 2006; Tucey and Lundblad 2013). In G1 phase, Est1 and Est2 

protein levels are equivalent, but as cells progress into S phase, Est1 protein levels 

increase by almost threefold, whereas Est2 protein levels remain constant; nevertheless, 

the Est1-TLC1-Est2 subcomplex, which forms early in S phase with Est1 and Est2 in a 

1:1 ratio, remains unchanged through the rest of the cell cycle (Tucey and Lundblad 

2013). This cell cycle-dependent regulation of Est1 protein levels has been proposed to 

rely on proteasome-mediated degradation, whereby targeted ubiquitination of Est1 

contributes to telomere homeostasis (Osterhage et al. 2006; Ferguson et al. 2013; Lin et al. 

2015). This predicts that one or more lysine residues in Est1 should be substrates for 

ubiquitination, with consequences for telomere length regulation if ubiquitination is 

blocked. However, despite the inclusion of a large number of lysine residues in our ODN 

screening strategy (Figure 3.S1), only three lysines (K444, K555, and K559) were 

recovered that, when mutated, exhibited an effect on telomere length maintenance. Based 

on our biochemical analysis, these three lysine residues mediate the interaction between 

Est1 and Cdc13 (Figure 3.5); furthermore, since Est1 protein levels and assembly of the 

Est1-TLC1-Est2 sub- complex were unaffected in these three mutant strains (Figure 3.2), 

this argues that none of these three lysines were involved in proteasome-mediated 

degradation of Est1.  
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However, lysines that are targets for ubiquitination might be overlooked by an 

ODN strategy. To address this possibility, we examined the effect on telomere length of 

mutations in every lysine residue that was conserved in ~3 species within the 

Saccharomyces sensu stricto group (a closely related set of species descended from a 

common ancestor that underwent a whole-genome duplication; Wolfe and Shields 1997), 

using an LOF assay. As shown in Figure 3.S3, none of these mutant strains bearing K / A 

mutations exhibited any marked defects in telomere length. Although this single- residue 

mutational analysis does not rule out the possibility that modification at multiple lysines 

is required, we were also unable to detect a change in Est1 protein levels in response to a 

defect in Ufd4 (Figure 3.7A), which was suggested to be the E3 ubiquitin ligase that 

targets Est1 for degradation (Lin et al. 2015). Several candidate Destruction boxes in Est1 

have also been proposed to mediate the interaction between the anaphase- promoting 

complex (APC) and Est1 (Ferguson et al. 2013). However, when steady levels of the Est1 

protein, normalized to Est2, were monitored in strains in which these candidate APC 

recognition sites in Est1 were eliminated, we did not observe any change in Est1 protein 

levels in extracts prepared from either cells arrested in G1 or from asynchronous cultures 

(Figure 3.7B). Collectively, the above results challenge the premise that Est1 is a target 

of ubiquitination-dependent proteasomal degradation during the G1 phase of the cell 

cycle. We suggest instead that the almost threefold increase in Est1 protein during the 

cell cycle is the result of the previously observed almost threefold increase in Est1 

mRNA levels between G1 and G2/M (Spellman et al. 1998; Osterhage et al. 2006).  
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Discussion  

In this study, we have generated a large panel of sof- mutations in EST1, which 

we show to define four biochemically distinct activities. Two of these activities mediate 

telomerase assembly; formation of the Est1-TLC1-Est2 preassembly complex relies on a 

novel RBD in the N-terminus of the Est1 protein, and subsequent formation of the 

telomerase quaternary complex requires Est3 interaction sites located in both the N- and 

C-terminal halves of the Est1 protein. A third activity promotes telomerase recruitment, 

through a direct interaction between Est1 and Cdc13. Finally, we describe a fourth newly 

discovered role for Est1, based on a cluster of mutations that do not affect either 

telomerase assembly or recruitment. Since at least one sof- mutation associated with each 

of these four activities confers critically short telomeres, this indicates that each of these 

four activities is indispensable for Est1’s contributions to telomere length maintenance. 

The collection of sof- mutations analyzed in this study, along with their assigned 

biochemical activities, are summarized in Figure 3.8A.  

 

Are there more than four Est1 activities?  

An obvious question raised by this analysis is whether our genetic strategy was in 

fact comprehensive, particularly since our mutagenesis was biased toward several amino 

acid categories. This question is addressed, at least in part, by a comparison with a prior 

ODN screen of another telomerase subunit (Est3) that relied on the same mutation bias. 

The resulting collection of sof- alleles of EST3 defined two biochemically distinct 

activities (Lee et al. 2008; Lubin et al. 2013) that were subsequently shown to map to two 

clusters of residues on the Est3 protein surface, dubbed the TEL and TELR patches (Rao 
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et al. 2014). Once the Est3 structure became available, a structure-guided mutagenesis of 

the complete Est3 protein surface uncovered only two additional residues that conferred a 

strong telomere replication defect when mutated (in both LOF and ODN assays), which 

also mapped to the TEL and TELR patches (Rao et al. 2014). Thus, even with a bias 

toward charged residues, the ODN screen of EST3 successfully identified the two 

functions performed by this telomerase subunit.  

We also subjected EST1 to a very high level of mutagenesis: 165 est1- missense 

mutations were screened for either ODN or LOF phenotypes, with 60% screened in both 

phenotypic assays; this represents an average coverage of one mutation for every four to 

five residues. Nevertheless, several regions of Est1 (amino acids 273–400 and 570–699) 

were dispensable for telomere length maintenance (Figure 3.2C), which potentially 

reveals omissions in our genetic strategy. Alternatively, this may reflect the fact that in 

Saccharomyces cerevisiae, there is a second gene, called EBS1, which is highly similar to 

EST1; these two paralogs arose as the result of the whole-genome duplication prior to the 

evolution of the Saccharomyces clade (Dujon 2010). In these species, Est1 and Ebs1 

perform non-overlapping roles, as a subunit of telomerase (Tucey and Lundblad 2013) or 

as a component of the nonsense-mediated decay (NMD) pathway (Ford et al. 2006; Luke 

et al. 2007), respectively. In contrast, in most species (such as fission yeast), there is only 

a single protein that is homologous to the EST1 and EBS1 paralogs; in Kluyveromyces 

lactis, a deletion of this gene confers defects in both telomerase function and NMD (Hsu 

et al. 2012). This argues that, in S. cerevisiae, the Est1 and Ebs1 proteins presumably 

contain unique features that dictate their nonoverlapping in vivo roles. If so, this may 

account for why several regions of Est1 appear to be unnecessary for function (Figure 
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3.2C). We are testing this premise by conducting a comparable comprehensive 

mutagenesis of the S. cerevisiae EBS1 gene.  

Our collection of sof- alleles does not include mutations in a number of residues 

that have been reported in prior publications (Evans and Lundblad 2002; Zhang et al. 

2010; Sealey et al. 2011; Tong et al. 2011; Hawkins and Friedman 2014), either because 

we could not reproduce the original mutant phenotype (Figure 3.S3) or because our 

analysis argued that the mutant phenotype was due, at least in part, to protein 

destabilization (Figure 3.S1). This latter point might be attributed to the fact that several 

of these prior studies analyzed clusters of mutations (including mutant isolates from our 

laboratory; Evans and Lundblad 2002), which increases the possibility that one or more 

amino acids in a cluster might not be solvent-accessible.  

 

A working model for Est1  

We propose a simple framework for the four Est1 activities (Figure 3.8B). Early 

in the cell cycle, Est1 employs its RBD to form an Est1-TLC1-Est2 subcomplex (Figure 

3.3 and panel 1 in Figure 3.8B; Tucey and Lundblad 2013). This subcomplex 

subsequently binds the Est3 telomerase subunit to form the telomerase quaternary 

complex late in the cell cycle (Tucey and Lundblad 2014; panel 2 in Figure 3.8B). Est3 

loading is a surprisingly complex step in the telomerase assembly pathway, as it involves 

two different sites on the N- and C-terminal domains of Est1 as well as the Ten domain 

of Est2 (Figure 3.4; Tucey and Lundblad 2014). We have previously suggested that 

association of Est3 might confer a conformational change in the telomerase complex; if 

so, this might explain why multiple surfaces on the preassembly complex are involved in 
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Est3 binding. Once the holoenzyme telomerase complex has been assembled, we propose 

that Est1 carries out two distinct functions as a subunit of telomerase (panels 3 and 4, 

Figure 3.8B). The first of these is the well-studied role in telomerase recruitment, 

whereby Est1 provides a bridge between the telomere-bound t-RPA complex and the 

catalytic core of telomerase, through a presumably direct interaction with Cdc13 

(Pennock et al. 2001; Bianchi et al. 2004; Tucey and Lundblad 2013). Est1 also performs 

a newly discovered activity that is critical for telomere length maintenance, which does 

not appear to be mediated by previously characterized candidate telomerase interactors 

(Figure 3.6, B and C and Figure 3.S6). We speculate that the function of Est1 that is 

disrupted by mutations in Arg485 and Arg488E might be an interaction with an as-yet-

undiscovered protein encoded by an essential gene (hypothetically dubbed “Est5” in 

Figure 3.8B), analogous to the interaction between Est1 and the product of the essential 

CDC13 gene (which was originally called EST4; Lendvay et al. 1996). The discovery of 

this fourth function also illustrates the efficiency and effectiveness of the ODN screening 

methodology, which was capable of discovering a new regulatory role even for a well-

studied protein like Est1.  

This analysis also highlights the potential limitations of using complete gene 

deletions for functional analysis, as an est1-∆ deletion simultaneously blocks assembly of 

the Est3 subunit into the complex, telomerase recruitment, and a newly identified 

regulatory function. Nevertheless, impairment of these distinct Est1 activities all result in 

a common phenotype: critically short telomeres (Figure 3.1, D–G and summarized in 

Figure 3.8A). This phenotypic similarity masks the pleiotropic consequences of many 

types of experiments, such as epistasis analysis, which monitors the consequences of 
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combining an est1-∆ null mutation with mutations in other genes. In future analyses, we 

suggest that the employment of a representative set of sof- mutations has the potential to 

uncover genetic interactions that are specific for individual functions of a nonessential 

gene, thereby providing a far more nuanced view of the complex network of interactions 

that occur inside the cell.  
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Figures 

 

Figure 3.1: ODN mutagenesis identifies 11 candidate separation-of-function mutations in EST1. (A–
C) Telomere length of wild yeast strains transformed with high-copy plasmids expressing either EST1 or 
the indicated est1- mutations, under control of the ADH promoter, assessed after ~75 generations of growth. 
(D–G) Telomere length of est1-∆ strains transformed with single-copy plasmids with either EST1 or the 
indicated est1 mutations, expressed by the EST1 promoter, determined after ~75 generations of growth 
following transformation of the est1-∆ strain; the exception was three mutant strains (indicated by 
asterisks) that were examined at 25 generations (at this time point, these three strains were senescent and 
indistinguishable from an est1-∆ null strain). Since est1-K559E and est1-W566E conferred very modest in 
vivo phenotypes, these two mutations were combined to facilitate subsequent biochemical analysis. LOF, 
loss-of-function; ODN, overexpression dominant negative.  
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Figure 3.2: Formation of the Est1-TLC1-Est2 subcomplex is unimpaired by 11 separation-of-
function mutations in EST1. (A and B) The relative levels of Est1 and Est2 proteins in extracts (A) and 
anti-Est2 IPs (B), as assessed by anti-myc westerns of anti-FLAG IPs prepared from strains with the 
indicated mutations, which were integrated into the genome in place of the wild-type EST1 gene. Identical 
(myc)12 epitopes are present on the C- and N-termini of Est1 and Est2, respectively, with an additional 
(FLAG)3 epitope on Est2; different exposures were used (indicated by asterisks) in part (B), to ensure that 
the Est2 signal was the same for all of the images. (C) Schematic diagram of the Est1 protein, based on 
analysis shown in Figure 3.1 and Figure 3.3. The 11 est1- mutations identified by ODN mutagenesis are 
indicated as red arrows, and the five RNA-binding-defective mutations, identified in Figure 3.3, as blue 
arrows. The black arrows below the line correspond to each mutation that was analyzed for ODN and/or 
LOF phenotypes; see Figure 3.S1 for a higher resolution image of the position of each mutagenized amino 
acid in the 699-amino acid Est1 protein. 
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Figure 3.3: Identification of a novel 60-amino acid RNA-binding domain in Est1. (A) Co-IP of the N- 
(amino acids 1–340) or C-terminal (amino acids 340–699) domains of Est1 with Est2 was assessed by an 
anti-myc western of an anti-Est2 IP (top panel); no association between the C-terminal Est1 domain and 
Est2 was observed, even in a substantially darker exposure (Figure 3.S4), IP and extracts were resolved on 
4–20% SDS-PAGE gradient gels. The reduced association of the N-terminal domain with Est2 compared to 
the full-length Est1 protein (top panel), was presumably due to reduced expression of this domain (bottom 
panel). (B) Telomere length of the five RNA-binding-defective est1- mutant strains, determined after 75 
generations of growth following introduction of single-copy plasmids with either EST1 or the indicated 
mutations, expressed by the EST1 promoter, into an est1-∆ strain. (C) The relative levels of Est1 and Est2 
proteins in anti-Est2 IPs (top) and extracts (lower), assessed as in Figure 3.2. The slight increase in the 
levels of the Est1-Y136D protein in inputs, relative to Est2, was a reproducible observation; for the est1-
W87E and est1-Y136D inputs, different exposures were used (as indicated by asterisks) to ensure that the 
Est2 signal was the same for each sample in this image. (D) The sequence of the RNA-binding domain 
from S. cerevisiae Est1 aligned with Est1 (or Ebs1) proteins from other yeasts, as well as the human SMG5 
and SMG7 proteins; the alignment of the human proteins with yeast proteins is based on that in Fukuhara et 
al. (2005).  
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Figure 3.4: A cluster of residues in the C-terminal domain of Est1 mediate the Est1-Est3 interaction. 
(A and B) Association between Est1 and Est3, tagged with (myc)12 and (FLAG)3 epitopes, respectively, 
was monitored by anti-FLAG co-IP. A cluster of three mutations spanning an 11-amino acid region in the 
C-terminal region of Est1 substantially reduced the Est1-Est3 interaction (A), whereas other sof- mutations 
in the C-terminal domain had no effect (B). (C) Est3 failed to associate with the RNA-binding-defective 
Est1-Y136D mutant protein, as assessed by Est1-Est3 co-IPs performed as in (A).  
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Figure 3.5: An expanded interface on Est1 is required for binding to Cdc13. (A) Association between 
Est1 and Cdc13, monitored by anti-FLAG IP, with Est1 and Cdc13 tagged with (myc)12 and (FLAG)3 
epitopes, respectively, was abolished by mutations in adjacent residues (est1-K444E and est1-R447E). 
Consistent with prior observations (Tucey and Lundblad 2013), the est1-K444E-dependent loss of 
interaction with Cdc13 was restored when combined with the cdc13-E252K mutation (aka cdc13-2). (B) 
The Est1-Cdc13 association, assessed as in (A), was impaired by additional mutations in an ~10-amino acid 
span from 555 to 566 (since the in vivo defect displayed by the est1-K559E and est1-W566D single 
mutations was very modest, as shown in Figure 3.1F, these two mutations were combined). (C) The RNA-
binding-defective Est1-W87E and Est1-Y136D proteins exhibited wild-type levels of association with 
Cdc13, as monitored by anti-FLAG IPs using the same protocol as in (A).  
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Figure 3.6: Two mutations in the C-terminal domain of Est1 define a fourth novel function. (A) The 
association between Est1 and Cdc13, monitored by anti-FLAG IP as in Figure 3.5A, is unaffected by the 
est1-R485E and est1-R488E mutations; an independent repeat of this experiment for est1-R488E is shown 
in Figure 3.S5. (B and C) Association between Est1 and Pop1 or Sme1 was monitored by anti-FLAG IP, 
with Est1 tagged with (myc)12 and Pop1 or Sme1 tagged with (FLAG)3 epitopes. Co-IP of Est1 with either 
the Pop complex (B) or the Sm complex (C) was abolished by the TLC1-binding-defective est1-Y136D 
mutation, but unaffected by the est1-R485E mutation.  
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Figure 3.7: Reinvestigating the role of proteasomal degradation on Est1 protein levels. (A) The 
steady-state levels of Est1 and Est2, from extracts of cells arrested either in G1 or G2/M and assayed by 
anti-myc westerns, are unaffected by the loss of UFD4, which has been proposed to target Est1 for 
degradation (Lin et al. 2015). (B) A similar analysis of Est1 and Est2 protein levels, assayed as in (A), does 
not reveal any changes in response to mutations in previously proposed Destruction boxes (Ferguson et al. 
2013).  
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Figure 3.8: A working model for Est1. (A) A summary of the sof- mutations identified by either loss-of-
function approaches (category 1) or overexpression dominant negative approaches (categories 2–4) and the 
effect of these mutations on telomere length and senescence (indicated by an asterisk). (B) A schematic 
depiction of the biochemical activity that is disrupted by each of the four categories of sof- mutations 
analyzed in this study. In panel 1, a simplified version of TLC1 is used to illustrate that Est1 and Est2 have 
independent binding sites on the telomerase RNA (Livengood et al. 2002); the template region of the RNA 
is indicated by a yellow box. The artistic rendition in panel 2 shows the association of Est3 with domains 
on both Est1 and Est2 to form the holoenzyme, accompanied by a proposed conformational change in the 
telomerase complex that is induced upon Est3 binding. Panels 3 and 4 show association of proteins encoded 
by known (CDC13/EST4) and proposed (EST5) essential genes; we currently have no information to assess 
whether the proposed fourth function in panel 4 occurs before (as shown) or after the telomerase 
recruitment depicted in panel 3.   
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Supplemental Figures 

Figure 3.S1: Mutations in EST1 that were examined for ODN and/or LOF phenotypes. (A) Schematic 
representation of ODN and/or LOF phenotypes resulting from mutations in individual amino acids, as 
indicated on the Est1 protein sequence. Examples of ODN phenotypes are shown in Figure 3.1A – 1C and 
Supplemental Figure 3.S1C, 3.S1D and 3.S2, and examples of LOF phenotypes are shown in Figure 3.1D – 
1G and Supplemental Figure 3.S1D and 3.S3. Mutations that failed to show a phenotype are indicated by a 
black arrow; mutations that conferred a phenotype are indicated by arrows in a range of sizes to indicate the 
severity of the phenotype. Brown arrows highlight those allele where the LOF phenotype was more severe 
than the ODN phenotype (see also Supplemental Figure 3.S1B and 3.S1C); blue arrows correspond to the 
five mutations that are impaired for binding to TLC1.  (B) Assessment of Est1 protein levels, for mutant 
Est1 proteins that exhibited LOF phenotypes that were more severe than the corresponding ODN 
phenotypes (ODN and LOF data for these alleles are shown in Supplemental Figure 3.S1C, 3.S1D and 
3.S3K). Mutant Est1 protein levels were reduced to ~25 to 30%, relative to wild type Est1, for the Est1-
R291E and Est1-F408D proteins, and 2-fold for Est1-W442D; protein levels were assayed in strains in 
which each mutation was integrated into the genome, to avoid plasmid-dependent variations in Est1 protein 
levels, and the anti-myc signal for Est1- myc12, was normalized to myc12-Est2. The Est1-42 mutant 
protein, with amino acid changes (D287A, E290A, R291A, R292A) that partially overlapped with Est1-
R291E, also showed a 4-fold reduction in protein levels. Genetic analysis of the est1-42 mutation was 
previously used to argue that this mutation was specifically impaired for the so-called “second function” of 
Est1 (Evans and Lundblad 2002); however, the results shown here argue that this “second function” 
phenotype was instead most likely due to reduced protein stability, rather than loss of a specific 
biochemical activity. A similar caveat applies to the interpretation of the in vivo role of Arg291 from a 
different study (Hawkins and Friedman 2014). (C) Examples of mutations that exhibit weak ODN 
phenotypes in the yku80-∆ synthetic lethal assay (relative to the magnitude of the corresponding LOF 
phenotype). A yku80-∆ / p CEN URA3 YKU80 strain was transformed with 2 µ plasmids containing the 
indicated est1 ̄ mutation, which was expressed by the constitutive ADH promoter; serial dilutions of two 
independent transformants for each mutation were examined for viability on media that selected for the 
presence or loss of the YKU80 plasmid. The temperature- dependence of this synthetic growth phenotype 
provides a sensitive assay for detecting a broad range of ODN phenotypes, as previously described (Lee et 
al. 2008) and as illustrated by the est1-D513R mutation; this mutation confers an LOF phenotype that was 
indistinguishable from that conferred by est1-D510R and est1-F511D (Figure 3.1E and data not shown), 
but an ODN phenotype that was reproducibly less pronounced, relative to that of est1-D510R and est1-
F511D. (D) Telomere length analysis in ODN and LOF assays, for six mutations that exhibit an attenuated 
ODN phenotype when compared with the corresponding LOF phenotype; est1-K444E and est1-R488E, 
which exhibit comparably strong ODN and LOF phenotypes, were included for comparison. ODN or LOF 
effects on telomere length (the top three panels and the bottom three panels, respectively) were assayed as 
described in Figure 3.1.  
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Figure 3.S1: Mutations in EST1 that were examined for ODN and/or LOF phenotypes (continued). 
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Figure 3.S1: Mutations in EST1 that were examined for ODN and/or LOF phenotypes (continued). 
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Figure 3.S2: ODN phenotypes of 11 separation-of-function mutations in EST1. (A) ODN phenotypes 
in a yku80-∆ strain of the 11 separation-of-function est1 ̄ mutations shown in Figure 3.1, assayed as 
described in Supplemental Figure 3.S1C. (B) Examples of three Est1 amino acids (Arg447, Arg485 or 
Phe511) that exhibited a pronounced ODN phenotype when mutated to a charged residue, but a much less 
severe ODN phenotype when mutated to alanine, consistent with our prior observations (Lubin et al. 2013).  
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Figure 3.S3: Loss-of-function analysis of telomere length for an extensive panel of est1 ̄ mutations. 
Telomere length of est1-∆ strains transformed with single copy plasmids with the indicated est1  ̄mutations, 
expressed by the EST1 promoter, determined after ~75 generations of growth following transformation of 
the est1-∆ strain. Mutations that are boxed (panels A – E) are defective for RNA binding, as shown in Fig. 
3.3. Mutations indicated by a red asterisk (panels E, G, P and Q) conferred a wild type telomere length 
phenotype, in contrast to what was observed in previous reports (Zhang et al. 2010; Tong et al. 2011; 
Sealey et al. 2011). Mutations with a blue asterisk (panel P) correspond to a cluster of residues proposed to 
mediate nuclear localization (Hawkins and Friedman 2014); we propose instead that the mutant phenotype 
more likely due to protein destabilization, based on the very weak ODN phenotype of est1-K455E (see 
Supplemental Figure 3.S1C), relative to the more pronounced LOF phenotype for this mutation.  
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Figure 3.S3: Loss-of-function analysis of telomere length for an extensive panel of est1 ̄ mutations 
(continued). 
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Figure 3.S4: Additional analysis of the RNA binding domain of Est1. (A) Est1 fails to co-IP with Est2 
in a strain bearing a mutation in the 5-nucleotide bulge of TLC1 (indicated by the blue box in the cartoon 
image), which has been previously shown to be required for the Est1-TLC1 interaction (Seto et al. 2002). 
(B) A darker exposure of the image shown in Figure 3.3A, providing further support for the inability of the 
C-terminal domain of Est1 to form a complex with TLC1 and Est2. (C) Over-expression of RNA-binding-
defective est1 ̄ mutations in a wild type yeast strain did not confer an ODN phenotype on telomere length, 
assayed as described in Figure 3.1. Lanes 1-2, ADH-EST1; lanes 3-4, ADH-est1-W87E; lanes 5-6, ADH-
est1-Y136D; lanes 7-8, ADH-est1-F98D; lanes 9-10, ADH-est1-Y146D. The est1-F40E mutation (not 
included here) failed to show an ODN phenotype in the yku80-∆ strain (data not shown). (D) The position 
of the Est1 RBD identified in this study (indicated by a blue box on the schematic figure of Est1) 
contradicts a previous report, which relied on a three-hybrid approach to identify a different region of the 
fission yeast Est1 protein that bound the telomerase RNA (Webb and Zakian 2012. Two of the fission yeast 
residues implicated in this previously proposed fission yeast RNA binding activity (R194 and K252, 
highlighted in yellow) are poorly conserved, as shown by an alignment of Est1 proteins from budding and 
fission yeasts from this region. In addition, mutations in the equivalent residues (K223 and D281) in S. 
cerevisiae resulted in a wild type telomere length (right hand panel), further suggesting that these fission 
yeast residues do not define a conserved function. A third fission yeast residue (L48) identified in this prior 
study was in a region of the fission yeast Est1 protein with very limited sequence conservation, which 
precluded identification of the comparable residue for in vivo analysis in S. cerevisiae. In contrast, key 
residues in the Est1 RBD identified in this study are highly conserved from budding yeast to fission yeast 
(Fig. 3.3D).  
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Figure 3.S5: Additional analysis of Est3-binding-defective alleles of EST1. (A) Comparing the effect of 
three mutations on the association between Est1 and Est3, tagged with (myc)12 and (FLAG)3 epitopes, 
respectively, following anti-FLAG immunoprecipitation. (B) Association between Est1 and Cdc13 
(monitored by anti-FLAG immunoprecipitation with Est1 and Cdc13 tagged with (myc)12 and (FLAG)3 
epitopes, respectively) was unaffected by est1-D510R, est1-F111D or est1-R488E mutations.  
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Figure 3.S6: Additional analysis of the fourth function of Est1. (A) Anti-FLAG IPs, with the (FLAG)3 
epitope on Est3, reveals an altered Est1:Est2 ratio, which we have previously argued is due to a telomerase 
disassembly complex (Tucey and Lundblad 2014); this ratio is not disrupted in IPs from the est1-R488E 
strain, demonstrating that the disassembly pathway is not altered by this mutation. (B and C) Anti-FLAG 
IPs from strains with (FLAG)3 epitopes on Est2, Yku80, Ebs1, Sir4 or Pif1; Est1 and Est2 were tagged 
with (myc)12 in all five strains. The amount of anti- Est2 IP was 0.1X of the amount loaded in the other 
lanes. (B) Est1 association with Est2 was clearly detected in the anti-Est2 IP lane, whereas following anti-
FLAG IP of Yku80, Ebs1, Sir4 or Pif1, no association of these four proteins with either Est1 or Est2 could 
be detected, even in a substantially darker exposure of the anti-myc western. The hand-drawn marks on the 
anti-myc westerns (indicated by dots) correspond to pre-stained 100 and 150 kDa size markers (visualized 
on the membrane after transfer). (C) Anti-FLAG westerns show that the (FLAG)3-tagged versions of 
Yku80, Ebs1, Sir4 or Pif1 were readily detectable in the anti-FLAG IPs, relative to the 10-fold reduction 
Est2 signal. (D) The ODN phenotypes of est1-R485E and est1-R488E, as assayed by the yku80-∆ synthetic 
lethal assay, were reversed by the presence of the TLC1-binding-defective est1-Y136D mutation. (E) A re-
examination of the previously proposed interaction between Mps3 and Est1 (Antoniacci et al. 2007; 
Schober et al. 2009); anti-FLAG IP were performed as described for part (C), above, with a strain 
containing a (FLAG)3 epitope on Mps3 and (myc)12 epitopes on Est1 and Est2. As a control, 0.02X and 
0.005X amounts of an anti-FLAG IP from a strain with the (FLAG)3 epitope was on Est2 were included. 
(F) Because Mps3 is a nuclear envelope integral protein (and thus potentially difficult to assay in 
immunoprecipitations), we examined the interaction between Est1 and the soluble N-terminal domain of 
Mps3 (aa 1-150) (Bupp et al. 2007), which was tagged with (FLAG)3 and over-expressed by the ADH 
promoter on a high copy plasmid. Even though the Mps3 N-terminal domain was efficiently expressed, an 
Est1-Msp3 interaction could not be detected in anti-FLAG IPs. In contrast, association between Est1 and 
the 130 amino acid recruitment domain of Cdc13 could be readily detected. Based on the results in parts 
(D) and (E), we conclude that Mps3 does not exhibit a detectable interaction with either Est1 or Est2. 



 

 99 

  

  



 

 100 

Table 3.1: Yeast Strains used in this chapter. 

Strain Genotype  
YVL2967 MATa ura3-52 lys2-801 trp1-∆1 hist3-∆200 leu2-∆1 
YVL3814 MATa est1-∆ / p CEN URA3 EST1 ura3-52 lys2-801 trp1-∆1 hist3-∆200 leu2-∆1  
YVL3142  MATa yku80-∆ / p CEN URA3 YKU80 ura3-52 lys2-801 trp1-∆1 hist3-∆200 leu2-∆1  
YVL3528*  MATa EST1-(Gly)6-(myc)12 (FLAG)3-(myc)12-(Gly)6-EST2 
YVL3692* MATa est1-(aa 1-340)-(Gly)6-(myc)12 (FLAG)3-(myc)12-(Gly)6-EST2 
YVL3830* MATa est1-(aa 340-699)-(Gly)6-(myc)12 (FLAG)3-(myc)12-(Gly)6-EST2 
YVL4311* MATa est1-F40R-(Gly)6-(myc)12 (FLAG)3-(myc)12-(Gly)6-EST2 
YVL4222*  MATa est1-W87E-(Gly)6-(myc)12 (FLAG)3-(myc)12-(Gly)6-EST2 
YVL4132*  MATa est1-F98D-(Gly)6-(myc)12 (FLAG)3-(myc)12-(Gly)6-EST2 
YVL3896*  MATa est1-Y136D-(Gly)6-(myc)12 CDC13-(FLAG)3 
YVL3898* MATa est1-Y146D-(Gly)6-(myc)12 CDC13-(FLAG)3 
YVL3979*  MATa EST1-(Gly)6-(myc)12 CDC13-(FLAG)3 
YVL4553* MATa est1-W87E-(Gly)6-(myc)12 CDC13-(FLAG)3 
YVL4551* MATa est1-Y136D-(Gly)6-(myc)12 CDC13-(FLAG)3 
YVL4348* MATa EST1-(Gly)6-(myc)12 EST3-(FLAG)3 
YVL3813*  MATa EST1-(Gly)6-(myc)12 (myc)12-(Gly)6-EST2 EST3-(FLAG)3 
YVL4025*  MATa est1-Y136D-(Gly)6-(myc)12 (myc)12-(Gly)6-EST2 EST3-(FLAG)3 
YVL3803* MATa EST1-(Gly)6-(myc)12 (myc)12-(Gly)6-EST2 
YVL3903*  MATa EST1-(Gly)6-(myc)12 (myc)12-(Gly)6-EST2 
YVL3904*  MATa EST1-(Gly)6-(myc)12 (myc)12-(Gly)6-EST2 
YVL3905*  MATa EST1-(Gly)6-(myc)12 (myc)12-(Gly)6-EST2 
YVL3906*  MATa EST1-(Gly)6-(myc)12 (myc)12-(Gly)6-EST2 
YVL4026*  MATa EST1-(Gly)6-(myc)12 (myc)12-(Gly)6-EST2 
YVL5518*  MATa EST1-(Gly)6-(myc)12 POP1-(FLAG)3 
YVL5529*  MATa est1-Y136D-(Gly)6-(myc)12 POP1-(FLAG)3 
YVL5520*  MATa est1-R485E-(Gly)6-(myc)12 POP1-(FLAG)3 
YVL5519*  MATa EST1-(Gly)6-(myc)12 SME1-(FLAG)3 
YVL5531*  MATa est1-Y136D-(Gly)6-(myc)12 POP1-(FLAG)3 
YVL5521*  MATa est1-R485E-(Gly)6-(myc)12 POP1-(FLAG)3  
  
 

* leu2 trp1 ura3-52 prb ̄ prc ̄ pep4-3 bar1-∆::KAN  
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Table 3.1: Yeast Strains used in this chapter (continued). 

  

wild type parent:  YVL3528  YVL3979  YVL4348  

est1-K444E  YVL4745  YVL4301  n.a.  

est1-R447E  YVL4747  YVL4340  n.a.  

est1-R485E  YVL4396  YVL4303  YVL4382  

est1-R488E  YVL4398  YVL4325  YVL4384  

est1-E500R  YVL4749  YVL4305  YVL5039  

est1-D510R  YVL4402  YVL4307  YVL4974  

est1-F511D  YVL4404  YVL4344  YVL4975  

est1-R269E  YVL4394  n.a.  YVL4555  

est1-K555E  YVL5480  YVL4309  n.a.  

est1-K559E, W566D  YVL5477  YVL4342  n.a.  
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Table 3.2: Plasmids used in this chapter. 

Plasmid  Description  Vector backbone 
pVL367 CEN URA3 EST1 YCplac 33  
pVL809 2 µ HIS3 ADH-EST1 pRS423  
pVL5187  URA3 EST1-(Gly)6-(myc)12 YIplac211  
pVL6685  2µ TRP1 ADH-CDC13-aa211-340-(FLAG)3  YEplac112 
pVL6732  2µ TRP1 ADH-MPS3-aa1-150-(FLAG)3  YEplac112 

 

wild type parent:  pVL367  pVL809  pVL5187  

est1-F40E  pVL7343  pVL7759  pVL6889  

est1-W87E  pVL6793  pVL7399  pVL6636  

est1-F98D  pVL6794  pVL4681  pVL6071  

est1-Y136D  pVL6803  pVL7356  pVL6072  

est1-Y146D  pVL6804  pVL4688  pVL6073  

est1-K444E  pVL6478  pVL4534  pVL5236  

est1-R447E  pVL6479  pVL4512  pVL6686  

est1-R485E  pVL6481  pVL4517  pVL6687  

est1-R488E  pVL6482  pVL4519  pVL6688  

est1-E500R  pVL6485  pVL4826  pVL6689  

est1-D510R  pVL6486  pVL4525  pVL6691  

est1-F511D  pVL6487  pVL6473  pVL6690  

est1-R269E  pVL6820  pVL4607  pVL6882  

est1-K555E  pVL6490  pVL4612  pVL6692  

est1-K559E, W566D  pVL7761  pVL4695  pVL6807  
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Materials and Methods 

Genetic analysis  

The full list of strains and plasmids used in this study are described in 

Supplemental Material, Tables 3.1 and 3.2, respectively. Standard genetic and molecular 

methods were used to introduce plasmids into yeast, introduce missense mutations into 

the EST1 gene, and assess synthetic lethality in the yku80-∆ strain, as previously 

described (Lendvay et al. 1996; Lee et al. 2008; Lubin et al. 2013). Telomere length was 

assessed from two independent single colonies that were propagated for ~75 generations, 

following transformation into either a wild-type yeast strain (for ODN assays) or an est1-

∆ strain freshly generated by shuffling off a covering plasmid (for LOF assays).  

 

Biochemical analysis  

For all of the biochemical experiments described in this study, mutations were 

integrated into the genome in place of the wild-type gene, as previously described 

(Paschini et al. 2012; Tucey and Lundblad 2014). This eliminates the possibility that 

effects on immunoprecipitation (IP) efficiency were due to incomplete gene expression 

by plasmid-borne alleles (as a consequence of either variations in plasmid copy number 

and/or incomplete promoters). Strains expressing integrated copies of both the wild-type 

EST1 gene and mutant est1 sof- alleles exhibited a healthy (i.e., nonsenescent) growth 

phenotype; PCR analysis was used to confirm that each mutant allele was integrated 

without unanticipated genomic rearrangements. Subsequent isolates that had lost the 

wild-type EST1 gene and retained only the mutant est1- allele (following propagation on 

5-FOA) were confirmed by molecular analysis (by sequencing across the integrated 
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mutant allele), as well as phenotypic analysis (telomere length and/or senescence), for 

every constructed strain. Whole- cell extracts were prepared from two independent 250 

ml cultures (OD 0.8–0.9) for each genotype and processed in parallel. Cells were pelleted, 

washed in TMG200 (10 mM Tris-HCl pH 8, 1 mM MgCl2, 5% glycerol, and 200 mM 

NaCl2) + protease inhibitors + 0.1% Tween20, and resuspended in 1 ml of the same 

buffer. Extracts were prepared by grinding this 1-ml suspension in a mortar in the 

presence of liquid N2 until the suspension formed a fine powder. Extracts were clarified 

by three 10 min spins at 4 at 25,000 3 g, and supernatants were immediately subjected to 

IP by incubation with anti-Flag M2 affinity gel (Sigma [Sigma Chemical], St. Louis, 

MO), in TMG200 + protease inhibitors + 0.1% Tween20 for 2 hr at 4, with gentle 

rocking. Beads were washed 3X in the same buffer, and eluted for 4 min at 95 with 

TMG200 + 0.1% Tween20 equilibrated with SDS loading buffer + 0.7% b-

mercaptoethanol. Immunoprecipitated proteins were resolved on 6% (for detection of 

Est1, Est2, or Pop1) or 12% (for detection of Est3 or Sme1) SDS-PAGE and probed with 

anti-myc 2272 (Cell Signaling Technology) at 1:1000 or anti-Flag F7425 (Sigma) at 

1:10,000 dilution, fol- lowed by anti-rabbit IgG HRP conjugate (Promega, Madison, WI) 

at 1:10,000, and subsequent enhanced chemiluminescence (ECL) detection using 

preflashed film. ECL was used rather than alternative options (such as Li-cor Odyssey) 

due to substantially less background and a significantly higher signal-to-noise ratio; we 

previously demonstrated that this protocol can detect as little as twofold differences with 

high reproducibility over a 10-fold detection range (Tucey and Lundblad 2013).  
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Data availability  

The authors state that all data necessary for confirming the conclusions presented 

in the article are represented fully within the article.  
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CHAPTER FOUR: 

Over-expression dominant negative site-directed mutagenesis identifies a fifth EST gene 
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 The over-expression dominant negative assay (ODN) proved extremely valuable 

in identifying the functionally important residues on the surface of telomerase, but I 

wanted to determine if ODN could also be useful if applied to other protein complexes, 

specifically essential genes involved in DNA replication and repair.  Under my 

supervision, a group of undergraduate students mutagenized a large panel of essential 

genes (~15) involved in various aspects of DNA metabolism.  They screened these 

mutations in a set of strains sensitized to defects in DNA replication, as well as for 

defects in telomere length maintenance.  Identification of this gene marks the discovery 

of the fifth EST gene (CDC13 being the fourth), potentially providing an alternative 

therapeutic pathway not previously considered for telomere related diseases. This chapter 

reports on the analysis of EST5. 

Chapter 4 contains unpublished material.  Margherita Paschini contributed Figure 

4.2B.  The dissertation author was the primary investigator and author of this chapter. 
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Introduction 

Discovery of the EST genes 

 The Est (ever-shorter telomeres) phenotype is characterized by mutations in the 

telomerase pathway that give rise to progressively shorter telomeres upon cellular 

propagation, which eventually leads to senescence.  EST1 was first identified thirty years 

ago (Lundblad and Szostak 1989) by whole-genome mutagenesis screening, and a 

subsequent forward mutagenesis screen uncovered three additional EST genes – EST2, 

EST3, and EST4 (which turned out to be the mutation in CDC13 the abolished the Est1-

Cdc13 interaction; (Lendvay et al. 1996).  Several years later, a screen of the 4200 non-

essential yeast gene deletion set revealed that the only genes with an Est phenotype were 

EST1, EST2, and EST3 (Askree et al. 2004).  However, the possibility still remained that 

there were additional essential genes, like CDC13, that contain EST alleles.  Identifying 

those alleles will provide a great understanding of telomerase regulation, just as the 

discovery of EST4 (by identification of cdc13-2) led to the discovery of telomerase 

recruitment through the Cdc13-Est1 interaction.  

By targeting conserved, charged residues of essential genes, using over-

expression dominant negative (ODN) mutagenesis, we were able to identify EST5, the 

first discovery of an EST gene in over two decades, and a novel regulatory pathway of 

telomerase. 
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Results 

ODN mutagenesis identifies residues on the surface of an essential DNA replication gene 

involved in telomere length regulation 

 To identify residues on the surface of essential proteins involved in DNA 

replication, recombination, and repair that may also be contribute to telomere length 

regulation, we employed an over-expression dominant negative (ODN) strategy 

previously shown to be able to identify mutations on the surface of properly folded 

proteins (Lubin et al. 2013; Rao et al. 2014).  In this assay, mutations were screened for 

their ability to disrupt telomere length regulation, when over-expressed, in the presence 

of wild-type copy of the gene.  Under my supervision, Jocelyn Ramirez, a summer 

student, introduced 111 missense mutations by reverse mutagenesis into essential genes 

that encode a protein complex.  The mutations were expressed on high-copy plasmids 

with a constitutive ADH promoter and were chosen based on conservation among 14 

different yeast species, with an emphasis placed on charged and aromatic residues, as 

previously described (Lubin et al. 2013; Chapter 3).  Each mutant plasmid was 

transformed into a yku80-∆ / p CEN URA3 YKU80 strain and assessed for cellular growth 

following the loss of the YKU80 plasmid.  We have previously demonstrated that 

increasing expression of telomerase mutations in this strain causes a loss of viability 

comparable to the telomere length defect (i.e. the greater the loss of viability, the shorter 

the telomeres) (Lee et al. 2008; Lubin et al. 2013; Chapter 3).  However, because over-

expression of CDC13 is lethal to the cell, we have only been able to observe this 

phenotypic correlation with mutations on the surface of telomerase itself.  Surprisingly, 

though, this process identified three mutations in one subunit of a protein complex 
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(subsequently referred to as EST5) that, when over-expressed in a yku80-∆ strain, had 

reduced viability at increased temperature (Figure 5.1a) when compared to either wild-

type EST5 or plasmid lacking a gene.   

This severe reduction in growth at 32oC is the same phenotype observed in est- 

mutations, so I next wanted to verify the telomere length of these est5- mutations.  To do 

so, I transformed the three over-expression mutant plasmids into wild-type yeast, 

propagated for ~75 generations, and assessed telomere length by southern blot analysis 

(Figure 5.1b).  When compared to the over-expression of the wild-type copy of the gene, 

these mutations displayed a significant reduction in telomere length.  One mutation, est5-

1, showed remarkably short telomeres, comparable to that observed in the most severe 

telomerase mutants (i.e. est1-60). 

Interestingly, all three of the EST5 ODN mutations cluster within a 14 amino acid 

region.  Additionally, all of the mutations are highly conserved within the yeast species 

we compared, and the most severe mutant, est5-1, is conserved all the way to H. sapiens 

(data not shown). 

 

EST5 is in the telomerase pathway 

 We next wanted to observe the phenotypic consequence of the est5- mutations 

when integrated into the genome of wild-type yeast (rather than over-expressed on a 

plasmid).  After integrating est5-1 into the genome or a wild yeast strain, I transformed 

the strain with a high-copy plasmid bearing either wild-type EST5 or an empty vector and 

propagated to observe cellular growth.  By ~50 generations, the strain containing the 

empty vector plasmid showed signs of senescence (Figure 5.2a), a phenotype previously 



 

 111 

only observed in mutations in telomerase (EST1, EST2, EST3), or in the telomerase 

pathway (cdc13-2/EST4).   

 In order to further demonstrate EST5 is, in fact, in the telomerase pathway, 

Margherita Paschini (a former graduate student in the Lundblad lab) performed a 

senescence assay on each of the EST5 mutations.  This assay has previously been used for 

epistasis analysis of the telomerase pathway for genes implicated in telomere length 

regulation (Ballew and Lundblad 2013).  The rate of senescence was compared for a 

strain bearing the est5-1 mutation, a telomerase deletion (tlc1-∆), and the double mutant 

(est5-1 tlc1-∆).  The combination of est5-1 to tlc1-∆ had no affect on the rate of 

senescence compared to either single mutant (Figure 5.2b), placing EST5 directly in the 

telomerase pathway.  

 

Identifying an external binding partner of Est5 

 The next question to ask was if Est5 regulates telomerase through an interaction 

with an external binding factor.  I took several genetic and biochemical approaches to 

attempt to identify an interactor of est5-1. 

 I first tried to identify a mutation that would suppress the senescence phenotype 

of est5-1.  If such a co-suppressing mutation existed, it would argue for a direct 

interaction between it and EST5, as was shown to be the case for est1-60 and cdc13-2 

(Pennock et al. 2001).  Discovery of this interaction could further lead to an 

understanding of how this interaction regulates telomerase.  In brief, I chose several 

candidate genes, expressed on high-copy plasmids, and subjected them to random 

mutagenesis using the E. coli mutator strain XL1 Red.  I then transformed the mutant 
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libraries into a strain containing the est5-1 mutation and looked for cells that survived 

following several generations of propagation.  Additionally, I took a whole-genome 

mutagenesis approach in which I subjected the est5-1 strain to ethyl methanesulfonate 

(EMS) mutagenesis to generate random mutations throughout the genome, plated cells, 

and looked for viable cells following propagation. 

 I also attempted to find a gene that, when over-expressed, was able to suppress the 

senescence phenotype of est5-1, as over-expression of EST1 is capable of suppressing 

senescence of cdc13-2 (Evans and Lundblad 1999).  After transforming high-copy 

plasmids, containing candidate genes under control of the ADH promoter, into the est5-1 

strain, I propagated for ~75 generations and looked for alleviation of senescence.  

Additionally, I transformed a library containing each yeast gene on a high-copy plasmid 

(Engebrecht et al. 1990) into the est5-1 strain and looked for viable colonies following 

propagation. 

 Unfortunately, none of these genetic experiments were successful in identifying a 

suppressor of the est5-1 allele.  A more detailed Results and Discussion section on these 

experiments is included in Appendix A of this dissertation.   

 In combination with the genetic approaches, I also used biochemical assays in an 

attempt to identify an Est5 interactor.  I created a yeast strain with a (FLAG)3 epitope on 

the C-terminus of Est5, as well as a strain containing a (FLAG)3 epitope on the C-

terminus of Est5-1.  Following an anti-FLAG immunoprecipitation (IP) of Est5, Est5-1, 

and an untagged control, samples were sent to the Mass Spectrometry core at Salk 

Institute for analysis.  By comparing the resulting spectra for each sample I was able to 

observe several proteins that were present in the pull-down of Est5, but absent (or 



 

 113 

reduced) in the pull-down of Est5-1.  Figure 5.3a shows a curated list of proteins that 

were selected from the raw dataset, as they were most likely to be real candidates based 

on their proposed roles in chromosome maintenance or DNA replication, as well as being 

essential genes.  Corrine Moeller, a graduate student in the Lundblad lab, is pursuing the 

most promising candidates further.   

 Mec1 and Lcd1, part of the ATR-ATRIP protein kinase complex, became the top 

candidates from the list because of their role in the cellular response to DNA replication 

stress (Zho and Elledge 2012). To further validate the interaction between this complex 

and Est5, I integrated the (FLAG)3 epitope at the C-terminus of Est5 into a strain 

containing a (myc)12 epitope on the C-terminus of Mec1.  Following an anti-FLAG IP of 

Est5, I observed Mec1 co-IP on an anti-myc western blot (Figure 5.3b).  This Mec1 

signal was not observed when the anti-FLAG IP was done with an untagged version of 

Est5.  Unfortunately, I was unable to introduce est5-1-(FLAG)3 into the strain containing 

a (myc)12 epitope on Mec1 to verify the Est5-Mec1 interaction was lost upon introduction 

of the est5-1 mutation. 

 

The interaction between Est5 and telomerase 

 I also wanted to explore the idea of a direct interaction between Est5 and 

telomerase.  To do so, I first created a strain containing a (FLAG)3 epitope on Est5 and a 

(myc)12 epitope on both Est1 and Est2.  Following an anti-FLAG IP, I assessed the 

interaction by co-IP western blotting (Figure 5.4a).  While Est1 and Est2 expressed in 

extracts as expected from prior studies (Lubin et al. 2012; Tucey and Lundblad 2013), 

there did not appear to be an observable interaction between Est5 and Est1 or Est2. 
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However, it is possible for Est5 to interact with Est3 without interacting with Est1 

or Est2, since Est3 binds to telomerase late in the cell cycle (Tucey and Lundblad 2014), 

so I repeated the anti-FLAG IP of Est5 in a strain bearing a (myc)12 epitope on Est3. Yet 

again, no interaction was observed by co-IP western blotting (Figure 5.4b).   

Tagging Est3 has been shown to cause slight impairment to telomerase (Tucey 

and Lundblad 2014) so to ensure the tag was not affecting the Est5-Est3 interaction, I 

performed the reciprocal anti-FLAG IP – with the (FLAG)3 epitope on Est3 and the 

(myc)12 epitope on Est5 (Figure 5.4c).  While Est5-(myc)12 was observed on the anti-myc 

western, the signal was not above that of the untagged Est3 control, meaning the co-IP 

was non-specific.   

 The interaction between Est1 and Cdc13 was first observed genetically (Nugent 

et al. 1996), long before it could be seen biochemically (Tucey and Lundblad 2013), so I 

surmised that I could perhaps detect a direct genetic interaction between Est5 and 

telomerase despite not seeing this interaction biochemically.  From previous studies, our 

lab had a collection of mutations in each subunit of telomerase that cause severe telomere 

length defects, yet these residues are not responsible for interacting with any known 

binding partners (Chapter 2; Chapter 3; unpublished data).  If any of these mutations 

were capable of suppressing any of the est5- mutant phenotypes, this would argue for a 

direct interaction between the two proteins.  Because previous genetic attempts at 

suppressing est5-1 were unsuccessful, I decided to look for co-suppressing mutations of 

est5-3, which is located very close to est5-1, has an extremely short telomere phenotype, 

yet does not confer senescence (Figure 5.1).  After integrating est5-3 into the genome at 

its genomic locus, and expressed by its native promoter, I transformed the strain with 
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various est3- mutations, express on high-copy plasmids under control of the ADH 

promoter, and propagated ~50 generations by performing successive streak-outs on 

selective media (Figure 5.5a).  Surprisingly, some est3- mutations seemed to have an 

additive affect, leading to cellular senescence (est3-1, est3-4, est3-5), while others did not 

(est3-2).  Interestingly, est3-5 has a more severe phenotype than est3-3 (Lubin et al. 

2013), so the fact est3-5 appeared healthier than est3-3 in the presence of est5-3 

suggested there might be a direct interaction between est3-3 and est5-3. 

To explore this interaction further, I assessed the telomere length of these cells by 

southern blotting after ~75 generations (Figure 5.5b), which revealed telomere length is 

restored in the est5-3 strain when est3-3 is over-expressed.  Notably, however, the 

telomere length of est3-3 appears to be slightly longer than the telomere length of over-

expressed EST3.  Over-expression of wild-type EST3 causes a slight reduction in 

telomere length when compared to the over-expression of an empty vector, suggesting 

that perhaps est3-3 is displaying the phenotype of an empty vector, rather than of restored 

Est5-Est3 interaction.  However, this premise was not supported by western blot analysis, 

as protein expression levels appeared to be unchanged (data not shown).  

If, est5-3 est3-3 does indeed restore an Est5-Est3 interaction, then one would 

expect the over-expression of est5-3 in a strain with est3-3 integrated into the genome 

would produce the same suppression result as est3-3 over-expressed in the est5-3 strain.  

However, this was not the case.  Integration of est3-3 resulted in a senescent strain.  This 

senescence was not attenuated in the presence of a high-copy plasmid containing est5-3 

under control of the ADH promoter (data not shown).   
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The role of EST5 in telomerase assembly 

 One way in which telomerase is regulated is through the assembly of the 

holoenzyme (Tucey and Lundblad 2013; Tucey and Lundblad 2014).  To determine if 

est5-1 affects how telomerase was assembles, I introduced the est5-1 mutation into a 

strain bearing a (myc)12 epitope on Est1, as well as a (myc)12 and (FLAG)3 epitope on 

Est2.  Following an anti-FLAG IP, I compared the co-IP of Est1 on an anti-myc western 

blot between an EST5 and est5-1 strain.  The 1:1 ratio of Est1:Est2 previously observed 

in this strain background (Tucey and Lundblad 2013; (Tucey and Lundblad 2014) was 

unaltered in the presence of est5-1 (Figure 5.6) indicating EST5 does not affect the 

telomerase pre-assembly complex.    

 

Discussion  

The results presented in this chapter demonstrate the ODN strategy is more 

broadly applicable for identifying functional residues on the surface of proteins other than 

telomerase.  More importantly, ODN identified the first EST gene found in over twenty 

years, in a protein complex not previously shown to act in the telomerase pathway.   

While the exact mechanism is unknown, it is clear EST5 is regulating telomerase.  

This regulation may be occurring through in interaction with an unknown factor, an 

interaction with telomerase itself, and/or the formation of the RPA complex, which may 

affect replication forks, the preferred substrate for telomerase.  Just as the discovery of 

EST4 (cdc13-2) ultimately led to the telomerase recruitment model, this discovery of 

EST5 will certainly lead to a better understanding of telomerase regulation.  The 

identification of EST5 also potentially provides an alternative therapeutic target for 
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treating cancer or telomerase-mediated genetic diseases. 

 

The role of EST5 in regulating telomerase 

EST5 could be regulating telomerase in three ways – holoenzyme formation, 

telomerase recruitment, and enzyme activity. While I have shown that EST5 is not 

regulating the telomerase pre-assembly complex, I have not ruled out the possibility that 

EST5 affects the interaction of Est3 with the holoenzyme.  Further biochemical work is 

needed to conclude holoenzyme formation is not affected by est5- mutations.  

My studies have also not determined whether or not EST5 is regulating the 

recruitment of telomerase to the telomere.  For instance, if EST5 regulates how or when 

Cdc13 binds telomeric DNA, this would affect the recruitment of telomerase to the 

telomere.  A series of papers from the Matsuura lab (Takata et al. 2004, 2005) describe a 

complex association of proteins at telomeres.  Their findings suggest that Cdc13 

association with telomeric DNA is dependent on Mec1 association.  If est5- mutations do 

affect an Est5-Mec1 interaction, perhaps this is limiting the ability of Cdc13 to associate 

with telomeres, and therefore affecting recruitment of telomerase.   

Finally, EST5 may play a role in telomerase activity.  A recent working model 

(Greider 2016) suggests that telomerase travels with the replication fork as it moves 

through telomeric DNA.  If telomerase passively travels with the replication fork as an 

inactive enzyme, it may be EST5 that receives and/or sends some regulatory signal 

resulting in telomerase activity.  Examining enzyme activity of telomerase biochemically 

in the presence or absence of est5- mutations would be a valuable experiment in 

determining the role of Est5 on its activity.  The Lundblad lab now has an assay capable 
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of determining telomerase activity in vivo, which is discussed in Appendix B. 
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Figures 

    

Figure 4.1: ODN mutagenesis identifies residues on the surface of an essential DNA replication 
protein involved in telomere length regulation. (A) ODN phenotypes of the est5 ̄ mutations in the yku80-
∆ synthetic lethal assay versus wild type, empty vector, and mutations conferring no phenotype. A yku80-∆ 
/ p CEN URA3 YKU80 strain was transformed with 2µ plasmids containing the indicated est5 ̄ mutation, 
which was expressed by the constitutive ADH promoter; serial dilutions of two independent transformants 
for each mutation were examined for viability on media that selected for the presence or loss of the YKU80 
plasmid. The temperature-dependence of this synthetic growth phenotype provides a sensitive assay for 
detecting a broad range of ODN phenotypes, as previously described (Lee et al. 2008). (B) Telomere length 
of wild yeast strains transformed with high-copy plasmids expressing either EST5 or the indicated est5 ̄ 
mutations, under control of the ADH promoter, assessed after ~75 generations of growth.  
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Figure 4.2: EST5 is in the telomerase pathway. (A) Growth of the est5-1 allele at ~50 generations when 
integrated into the genome of a wild-type yeast strain.  Four separate isolates were propagated following 
transformation of a high-copy plasmid containing either EST5 or an empty vector.  EST5 was capable of 
rescuing the senescent est5-1 phenotype, while the empty vector was not. (B) An example of one of two 
senescence assays performed by Margherita Paschini.  The senescence score of est5-1 tlc1-∆ is neither 
accelerated nor perturbed compared to the single mutants, indicating EST5 is in the telomerase pathway. 
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Figure 4.3: Identifying an external binding partner of Est5. (A) Selected mass spectrometry results. 
Two samples of each – untagged control, Est5-(FLAG)3, and est5-1-(FLAG)3 – were analyzed by mass 
spectrometry following anti-FLAG IP.  The number of peptides counted from each protein in the sample is 
displayed in the chart. (B) Western blot analysis of the Est5-Mec1 interaction.  Anti-FLAG IP of tagged or 
untagged Est5, followed by anti-myc and anti-FLAG western blotting shows Mec1 co-IP with Est5. 
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Figure 4.4: Biochemical analysis of the interaction between Est5 and telomerase. (A) Western blot 
analysis of the Est5-Est1/Est2 interaction.  Anti-FLAG IP of tagged or untagged Est5, followed by anti-
myc and anti-FLAG western blotting shows neither Est1 nor Est2 co-IP with Est5. (B) Western blot 
analysis of the Est5-Est3 interaction.  Anti-FLAG IP of tagged or untagged Est5, followed by anti-myc and 
anti-FLAG western blotting shows Est3 does not co-IP with Est5. (C) The reciprocal IP shown in (B), 
western blot analysis of the Est5-Est3 interaction.  Anti-FLAG IP of tagged or untagged Est3, followed by 
anti-myc and anti-FLAG western blotting shows the Est5 co-IP with Est3 is not specific. 
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Figure 4.5: Genetic analysis of the interaction between Est5 and telomerase. (A) 2X (~50 generations) 
streak-outs of an est5-3 strain transformed with over-expressed EST3 or est3-.  Three est3- mutations lead to 
senescence (est3-1, est3-4, est3-5), while two appeared healthy like wild-type EST3 (est3-2, est3-3). In 
EST5 cells, est3-3 has a more severe phenotype than est3-5.  (B) Telomere length of an est5-3 yeast strain 
transformed with high-copy plasmids expressing either EST3 or the indicated est3 ̄ mutation, under control 
of the ADH promoter, assessed after ~75 generations of growth.  The telomere length of cells bearing 
ADH-est3-3 was restored to levels slightly above ADH-EST3. 
 

 

Figure 4.6: Biochemical analysis of the effect of EST5 on telomerase assembly. Western blot analysis of 
the Est2-Est1 interaction in the presence of the est5-1 mutation.  Anti-FLAG IP of Est2, followed by anti-
myc western blotting shows the Est1-Est2 interaction is unaffected. 
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Table 4.1: Strains used in this chapter. 
STRAIN GENOTYPE 

YVL3142 MATa ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1 
yku80-∆::kanMX 

YVL3477 
MATa leu2 trp1 ura3-52 GAL+ prb- prc- pep43 
MEC1-myc13::KanR 

YVL3528 

MATa leu2 trp1 ura3-52 GAL+ prb- prc- pep43     
Est1-G6-myc12 (FLAG)3-myc12-G6-Est2 bar1-
∆::KAN 

YVL3584 
MAT a/alpha ura3-52/ura3-52 lys2-801/lys2-801 trp-
∆1/trp1-∆1 his3-∆200/his3-∆200 leu2-∆1/leu2-∆1 
TLC1/tlc1∆::HIS 

YVL4250 MAT a ura3-52 lys2-801 trp-∆1 his3-∆200 leu2-∆1  
est5-1 

YVL4261 
MAT a/alpha ura3-52/ura3-52 lys2-801/lys2-801 trp-
∆1/trp1-∆1 his3-∆200/his3-∆200 leu2-∆1/leu2-∆1 
tlc1-∆/TLC1 est5-1/EST5 

YVL4939 

MATa leu2 trp1 ura3-52 GAL+ prb- prc- pep43     
Est1-G6-myc12 (FLAG)3-myc12-G6-Est2 bar1-
∆::KAN est5-1 

YVL5031 
MATa leu2 trp1 ura3-52 GAL+ prb- prc- pep43      
Est1-G6-myc12 myc12-G6-Est2 EST5-(FLAG)3       
bar1-∆::NAT 

YVL5066 MATa leu2 trp1 ura3-52 GAL+ prb- prc- pep43     
EST5-(FLAG)3 

YVL5077 MATa leu2 trp1 ura3-52 GAL+ prb- prc- pep43     
est5-1-(FLAG)3 

YVL5155 MATa leu2 trp1 ura3-52 GAL+ prb- prc- pep43 
MEC1-myc13::KanR EST5-(FLAG)3 

YVL5506 
ura3-52 lys2-801  trp-∆1 his3-∆200 leu2-∆1           
est5-3 

YVL5589 MATa leu2 trp1 ura3-52 GAL+ prb- prc- pep43      
Est3-(FLAG)3 ; bar1-∆::NAT; EST5-myc13::KAN 

YVL5630 MATa leu2 trp1 ura3-52 GAL+ prb- prc- pep43     
Est3-G6-myc12 EST5-(FLAG)3 

 
Table 4.2: Plasmids used in this chapter.  
Plasmid Name Gene Type Marker Promoter 

pVL6305 EST5 2µ LEU2 ADH 
pVL6958 est5-1 2µ LEU2 ADH 
pVL7840 est5-3 2µ LEU2 ADH 
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Materials and Methods 

Genetic analysis  

Standard genetic and molecular methods were used to introduce plasmids into 

yeast, introduce missense mutations into the EST5 gene, and assess synthetic lethality in 

the yku80-∆ strain, as previously described (Lendvay et al. 1996; Lee et al. 2008; Lubin 

et al. 2013). Telomere length was assessed from two independent single colonies that 

were propagated for ~75 generations, following transformation into a wild-type yeast 

strain. 

Biochemical analysis  

Mutations were integrated into the genome in place of the wild-type gene, as 

previously described (Paschini et al. 2012; Tucey and Lundblad 2014).  PCR analysis 

was used to confirm that each mutant allele was integrated without unanticipated 

genomic rearrangements. Subsequent isolates that had lost the wild-type EST5 gene and 

retained only the mutant est5- allele (following propagation on 5-FOA) were confirmed 

by molecular analysis (by sequencing across the integrated mutant allele), as well as 

phenotypic analysis (telomere length and/or senescence), for every constructed strain. 

Whole-cell extracts were prepared from two independent 250 ml cultures (OD 0.8–0.9) 

for each genotype and processed in parallel. Cells were pelleted, washed in 1% NP-40 

Buffer (20 mM Tris-HCl pH 8, 10% glycerol, 100 mM NaCl2, and 1% Nonidet P-40) + 

protease inhibitors, and resuspended in 1 ml of the same buffer. Extracts were prepared 

by grinding this 1-ml suspension in a mortar in the presence of liquid N2 until the 

suspension formed a fine powder. Extracts were clarified by three 10 min spins at 4 at 

25,000 3 g, and supernatants were immediately subjected to IP by incubation with anti-
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Flag M2 affinity gel (Sigma [Sigma Chemical], St. Louis, MO), in 1% NP-40 Buffer + 

protease inhibitors for 2 hr at 4, with gentle rocking. Beads were washed 3X in 20mM 

Tris-HCl pH 8 + 0.5% Tween20, and eluted for 4 min at 95 with 20mM Tris-HCl pH 8 + 

0.5% Tween20 equilibrated with SDS loading buffer + 0.7% b-mercaptoethanol. 

Immunoprecipitated proteins were resolved on 6% (for detection of Est1, Est2, or Mec1) 

or 14% (for detection of Est3 or Est5) SDS-PAGE and probed with anti-myc 2272 (Cell 

Signaling Technology) at 1:1000 or anti-Flag F7425 (Sigma) at 1:10,000 dilution, fol- 

lowed by anti-rabbit IgG HRP conjugate (Promega, Madison, WI) at 1:10,000, and 

subsequent enhanced chemiluminescence (ECL) detection using preflashed film. ECL 

was used rather than alternative options (such as Li-cor Odyssey) due to substantially less 

background and a significantly higher signal-to-noise ratio; we previously demonstrated 

that this protocol can detect as little as twofold differences with high reproducibility over 

a 10-fold detection range (Tucey and Lundblad 2013).  

Samples analyzed by mass spectrometry were sent to the Salk Institute Mass 

Spectrometry core facility.  
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CHAPTER FIVE: 
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For many years, the telomerase field struggled to overcome the challenges 

imposed by the lack of structural data in order to define the functional surface of 

telomerase and identify key regulatory processes.  By using over-expression dominant 

negative phenotypes, I was developed the ODN assay to forgo the need for protein 

structures to be able to define the functional surface of telomerase.  After demonstrating 

the usefulness of ODN using EST3 (Lubin et al. 2013; Rao et al. 2014), the strategy was 

then successfully applied to EST1 (Lubin et al. 2018) and EST2 (Nguyen 2013; 

unpublished).  ODN has enabled us to identify the distinct functionally important 

surfaces on telomerase, including two novel patches involved in telomerase regulation for 

which roles have not yet been identified.   

All of the ODN mutagenesis was done prior to, and without the use of, any 

structural data.  Once the structure of Est3 and Est1 were solved (Rao et al. 2014; Chen et 

al. 2018), it allowed me to map the ODN mutations on the protein structure and verify the 

residues were indeed on the surface, and that the biochemically distinct categories of 

mutations clustered.   

 To determine if the ODN would be more broadly applicable than only to 

telomerase, I supervised several undergraduate students and summer interns to 

mutagenize a large number of essential genes involved in DNA replication and repair.  

This exploratory endeavor not only showed ODN can be used on a wide range of protein 

complex in different genetic strain background, but also led to the remarkable discovery 

of a fifth EST gene, a finding which as not been accomplished in over two decades.   
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Separation-of-function mutations in EST1, EST2, and EST3 

Using ODN mutagenesis, I was able to identify 16 amino acids of EST3 that 

define two discrete functions and thus constitute two different sets of sof- alleles, as 

summarized in Figure 5.1A and Table 5.1.  One set of residues (V75, Y78, E114, N117, 

D166, and V168) promotes the association of the Est3 protein with the telomerase 

complex, whereas a second group (K71, L171) performs at least one other activity that is 

not required for either interaction with telomerase or enzyme activity (Lee et al. 2008, 

2010; Lubin et al 2013; Rao et al. 2014).  

ODN mutagenesis allowed me to identified 11 sof- candidates in EST1 after 

screening 134 missense mutations (~25% of the protein) (Figure 5.1B and Table 5.1).  

Similar to the analysis of EST3, we were able to categorize these mutations based on their 

biochemical functions.  Four residues (R269, E500, D510, F511) are responsible for the 

interaction between Est1 and Est3.  In addition to the previously known est1-60 allele, we 

identified four other amino acids (R447, K555, K559, W566) that affect the Est1-Cdc13 

interaction.  And most notably, we found two mutations (K485E, K488E) that, despite 

conferring a severe telomere length defect and senescence, did not affect the interaction 

with any known binding partners of Est1.   

 Finally, work done by a former Master’s student in the Lundblad lab, Lisa 

Nguyen (Nguyen 2012), as well as some of my own work, identified 27 ODN mutations 

in EST2, the catalytic subunit of telomerase (Figure 5.1C).  Several of these mutations 

abolish the interaction of Est2 with telomerase, and presumably, many of them interfere 

with catalysis of the telomerase enzyme.  Interestingly, while some mutations in EST2 

result in shortened telomeres, there are other mutations that give rise to very elongated 
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telomeres (data not shown; Nguyen 2013).  These results demonstrate the ODN assay 

was not only effective in identifying residues involved in protein-protein interaction, but 

also in identifying residues involved in enzyme catalysis, further expanding the 

usefulness of the protocol.   

 

Structural validations 

 A major assumption of the ODN assay was that mutants with an observable 

phenotype not only encode structurally stable proteins, but also reside on the surface of 

the protein.  Fortunately, our collaborators in the Wuttke lab (Rao et al. 2014) were able 

to solve the NMR structure of the Est3 protein, and the Lei lab solved the structure of 

Est1 in K. lactis, a closely related yeast species (Chen et al. 2018). These structures 

allowed me to map our ODN mutations and confirm that indeed, all of them were on the 

surface.  I was also able to perform two additional analyses – (i) how effective we were in 

identifying the functionally important residues by focusing on charged, conserved 

residues, and  (ii) if mutations with different biochemical classifications mapped to 

discrete patches. 

 Using the Est3 structure as a guide, I mutated the entire surface of the protein to 

identify additional functionally important residues not found in the initial ODN screen.  

Amazingly, prior to the Est3 structure, the ODN strategy identified 11 out of the 16 

(~70%) residues in EST3 important for telomere length homeostasis showing how 

effective and efficient ODN mutagenesis is.  

 The Est1 and Est3 structures also allowed me to map the ODN mutations and 

determine if amino acids with similar biochemical properties clustered to discrete 
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patches.  Indeed, residues on Est3 responsible for binding telomerase form a contiguous 

surface (TEL patch), while other residues not involved in telomerase interaction form 

another distinct surface (TELR patch).  Similarly, ODN mutations in Est1 clustered on 

the surface based on their biochemical properties (Figure 5.1B).   

 

Alanine versus charge swap mutagenesis 

In the Lubin et al. 2013 paper, we argued the importance of making amino acid 

changes to the opposite charge rather than simply to alanine.  My mutagenesis of EST1 

provides further evidence to support this claim.  Most notably, the R269E mutation, 

which disrupts the interaction with Est3, does not show a growth defect when mutated to 

alanine.  Similarly, est1-R291E has a phenotype, while the alanine substitution does not 

(Figure 5.2).  

Not surprisingly, this phenomenon is not unique to yeast.  Zhou et al. 1998 

showed in C. elegans, the choice of amino acid substitution had a significant effect on the 

observable phenotype.  Mutations at residue D289 in the FliG gene and at R90 in the  

MotA gene both cause mobility impairment, even when the substitution is made to 

alanine.  Worms with the double mutation show increased impairment when the mutants 

are made to alanine, however, if both mutations are made as charge-swaps, the 

immobility phenotype is rescued.  This rescue does not occur to the same extent if one 

residue is mutated to alanine, and the other to the opposite charge, again highlighting how 

charge-swap mutagenesis can reveal insights that might be missed with alanine 

substitutions. 

The phenotypic relationship between charge-swap mutations versus those made to 
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alanine may be indicative of the type of interaction occurring at the specific residue.  For 

instance, a surface residue that interacts with another protein surface via a salt bridge 

interaction may have a stronger phenotype when a charge-swap mutation is made, rather 

than a substitution to alanine.  If however, the surface residue helps to create a specific 

protein conformation, pocket, or hinge, the amino acid substitution may not matter.  

Understanding how different amino acid substitutions affect different protein interactions 

may help guide the approach a researcher should take in identifying the interacting 

partner.  Obviously more work needs to be done to test this hypothesis, but if correct, this 

could lead to much faster discoveries of interacting partners following the identification 

of ODN mutations. 

 

Applying ODN mutagenesis to other genes and pathways 

In the Lundblad lab, the ODN approach has also been effective in identifying sof- 

mutations in genes other than telomerase, specifically essential genes involved in DNA 

replication and recombination, suggesting that this protocol is widely applicable (Lubin, 

J. W., Meunier, M.A., Moeller, C.A., and Lundblad,V., unpublished data).  This method 

obviously will not be comprehensive in identifying every functional residue on the 

surface of a protein, especially if only conserved charge residues are targeted, and it is 

not applicable to proteins that confer lethality when overexpressed; however, even a 

limited subset of new sof- mutations, especially in essential genes, could be highly 

instructive, as this class of genetic reagents has a long history of uncovering previously 

unanticipated functions of proteins.   

ODN mutagenesis led to the remarkable discovery of a fifth EST gene, 
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implicating an essential DNA replication complex in the telomerase pathway.  To date, 

only two genome-wide mutagenesis screens, and now ODN, have been able to uncover 

such a class of genes.  

In collaboration with many other lab members, I have also been able to expand 

the ODN strategy to probe outside of the telomerase pathway.  By utilizing different 

“sensitized” yeast strains, other than yku80-∆, we have been able to identify functionally 

important residues on the surfaces of several protein complexes involved in various 

pathways of DNA replication, recombination, and repair.  Over-expressing mutations in 

strains with either specific genes deleted, temperature sensitive alleles introduced, or with 

exposure to common stressors (i.e. hydroxyurea, ultra violet light, methyl 

methanesulfonate) has provided us with novel insights and useful reagents for further 

exploration of these complexes.   

I was also able to show, using the RAD51 gene (Appendix C), that ODN not only 

can identify the functionally important residues on the surface of a protein, but can also 

help in distinguishing different classes of sof- alleles.  By over-expressing the same 

mutations in various strain backgrounds, with perturbations in different pathways (i.e. 

DNA replication or replication fork stability), I was able to classify which residues were 

necessary for that protein’s function in the specific pathway.  Other members in the lab 

have also achieved similar success in other protein complexes.   

 

Future directions 

 ODN has proven to be extremely useful in targeting the functionally important 

residues, but it is the starting point for inquiry of a protein, not the end.  However, the 
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library of reagents generated by ODN can be used for much faster discovery of a 

protein’s biochemical and regulatory function.  By integrating the ODN mutations I 

found in telomerase into the genome, we were able to characterize each of them and 

discover that both Est1 and Est3 have novel regulatory sites their surfaces.  Not only do 

we know these sites exist, but we also know the exact amino acids that are responsible for 

playing this role.  Knowledge of these alleles will provide incredibly useful tools for 

furthering the field’s understand of telomerase.    
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FIGURES 

 

 

 
 

Figure 5.1: ODN mutations identified in telomerase. Mutations with an ODN phenotype are indicated by 
arrows, with the size of the arrow indicating severity. (A) Mutations identified in EST3.  Locations of the 
mutations are indicated on the surface of the protein structure. (B) Mutations identified in EST1.  Locations 
of the mutations are indicated on the surface of the K. lactis protein structure. (C) Mutations identified in 
EST2 (Nguyen 2013) 
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Figure 5.2: Examples of ODN phenotypes in EST1 that depend on amino acid substitution. An 
alternative assay for ODN phenotypes, based on synthetic lethality in the presence of a yku80-∆ mutation, 
as previously described (Evans and Lundblad 2001; Lee et al. 2008). Growth of YKU80 or yku80-∆ strains 
(generated by plating on media that selects either for or against a YKU80 URA3 plasmid) which also 
contain high copy plasmids expressing the indicated mutations in EST1, under control of the ADH 
promoter.  
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Table 5.1: ODN mutations identified in telomerase. A summary of the ODN mutations identified in each 
telomerase protein subunit and the function of each, as determined by integration of the mutation, followed 
by biochemical analysis. 

Protein Association 
  

Catalytic Activity 
(not tested) 

  Telomerase Cdc13 Unknown   
Est1 R269 K444 K485   
  E500 R447 K488   
  D510 K555     
  F511 K559     
    W566     

    
  

  
Est3 V75   K71   
  Y78   L171   
  E114       
  N117       
  D166       
  V168       
  

   
  

Est2 H61 
  

 K443 
  N80 

  
 R450 

  Y86 
  

 D530 
  N96 

  
 D592 

  N104 
  

 D670 
  K111 

  
 D671 

  N133 
  

 K667 
  N150 

  
 N701 

  N153 
  

 K704 
  H156 

  
 K734 

  
   

 F753 
  

   
 L756 

  
   

 F760 
 R763 
 N774 
 Q782 
 F798 
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Appendix A: 

Genetic approaches to reveal the EST5 binding partner 
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The discovery of EST5 (discussed in Chapter Five) can have profound impacts on 

our understanding of telomere biology, just as the discovery of EST4 (CDC13) led to an 

understanding of the telomerase recruitment pathway.  The interaction between Est1 

Cdc13 was first observed genetically through the identification of co-suppressing 

mutations (Nugent et al. 1996), and then later observed biochemically (Tucey and 

Lundblad 2013). With the hope of achieving similar success, I sought to find the 

interactor of EST5 by identifying a co-suppressing mutation in another gene.  I used 

several genetic screening techniques to try to accomplish this goal – i) random 

mutagenesis of candidate genes, ii) random genome-wide mutagenesis, iii) suppression 

by over-expression – but was, unfortunately, unsuccessful.  This appendix presents the 

the genetic screens I attempted, which may help guide future efforts. 

 

Co-suppression by mutagenesis  

Candidate genes 

 Several genes seemed like reasonable candidates for the potential EST5 

interacting partner, including members of telomerase and the t-RPA complex.  From prior 

experiments in the lab, we had collections of mutations in these genes, which allowed for 

a site-directed approach to look for a suppressor of est5-1.  

I narrowed down the list of mutant candidates to those that displayed a telomere 

length defect and were in amino acids of an opposite charge as est5-1.  I then transformed 

the over-expression plasmid of the candidate mutant into an est5-1 strain, picked single 

colonies, and propagated for ~50-75 generations and looked for restored viability.  This 

analysis included 6 mutations in EST1, 6 mutations in EST2, 5 mutations in EST3, and 7 
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mutations in MEC1 (chosen based on slight growth phenotypes observed in the yku80-∆ 

strain).  None of these mutations were capable of suppressing the phenotype of est5-1 and 

the strains were senescent by the second or third streak-out (~50-75 generations) (data 

not shown).  There were also two mutations in CDC13 that fit the candidate criteria, 

however, over-expression of CDC13 is lethal, so I transformed the cdc13- mutations into 

a cdc13-∆ strains containing either ADH-est5-1 or an empty vector.  Single colonies were 

propagated for ~50 generations and telomere length was assessed by southern blotting.  

Neither of the cdc13- mutations rescued the telomere length defect of over-expression of 

est5-1, and in fact had a negative additive effect on telomere length (Figure A.1).     

   In addition to a site-directed approach, I chose to randomly mutagenize EST2, 

STN1, and TEN1 by passaging over-expression plasmids containing each gene through 

the E. coli mutator strain, XL1 Red to create a mutant library.  To see if any mutations 

were capable of suppressing the senescence phenotype of est5-1, I transformed each 

library into a freshly dissected haploid est5-1 rad52-∆ strain and plated for single 

colonies on 30 plates containing media to select for the plasmid.  Growth on the plates 

was lower than expect, at ~150,000 colonies for STN1, ~30,000 colonies for EST2, and 

~105,000 colonies for TEN1.  The colonies were then scraped from the plates, pooled in 

10 batches for each gene containing ~1/10 of the total colonies, and dilutions were re-

plated on selective media.  If growth was observed after the re-plating, that plate was 

replica plated onto selective media.  Following these successive rounds of propagation, 

only two colonies survived, both from the STN1 mutagenized library transformation.  I 

picked each single colony and streaked for single colonies on selective media.  
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Unfortunately, the plate became contaminated with mold and was unrecoverable.   The 

experiment was not repeated. 

 

Genome-wide mutagenesis 

 Because the interactor of EST5 could in fact be EST6 (i.e. an additional essential 

gene not yet known to regulate telomerase), I also took a genome-wide approach to 

finding a mutant suppressor of est5-1.  I subjected an est5-1 rad52-∆/p CEN URA3 EST5 

RAD52 strain to ethyl methanesulfonate (EMS), to induce random mutations throughout 

the genome, and plated on 45 CM 5-FOA plates to select against the covering plasmid.  

~7,000 colonies formed per plate and cells were scraped into pools of 8 plates.  The pools 

were diluted, re-plated on CM 5-FOA, scraped again and diluted for re-plating.  Viable 

colonies were then streaked on plates containing YPAD media.  Only one colony was 

viable following propagation, but upon further investigation, the RAD52 covering 

plasmid was found to be present in this colony, meaning the viability was likely due to 

the survivor pathway, rather than a co-suppressing mutation of est5-1.      

  

Suppression by over-expression  

Candidate genes 

 Over-expression of EST1 is capable of suppressing the phenotype of cdc13-2 

(EST4) (Evans and Lundblad 1999), so I wanted to see if there is a gene that, when over-

expressed, suppresses the est5-1 phenotype.  The Lundblad lab has a collection of genes 

cloned into a high-copy plasmid vector, under the control of the ADH promoter. I 

transformed each of these plasmids into a strain bearing the est5-1 mutation and 
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propagated ~50 generations to look for strains with alleviated senescence.  A list of the 

transformed genes can be found in Table A.1.  Mostly all of the strains were inviable 

after the 2X streak-out, but over-expression of a few genes appeared to alleviate 

senescence, particularly RIF2 (Figure A.2).  Prior work has shown that certain genes are 

capable of increasing or slowing the rate of senescence in yeast (Ballew and Lundblad 

2013), so I wanted to see if the RIF2 rescue was specific to est5-1, or if it was a more 

general suppression of senescence.  I transformed the high-copy plasmid containing RIF2 

into an est1-∆ strain and propagated single colonies on selective media.  After ~50 

generations, the cells over-expressing RIF2 were viable, while the cells containing a 

high-copy empty vector plasmid had reached senescence (Figure A.3), indicating the 

RIF2 rescue was not specific to est5-1. 

    

High-copy genome library  

 Because of the likelihood the gene needed to suppress the est5-1 phenotype was 

not in the limited number of over-expression plasmids in the Lundblad lab, I also 

transformed the est5-1 strain with a high-copy genomic library (J. Hirsch), which 

contains fragments from the entire yeast genome cloned into a high-copy plasmid 

backbone (Engebrecht et al. 1990).     

 I transformed the library into a freshly dissected haploid est5-1 rad52-∆ strain and 

plated for single colonies.  Roughly 175,000 colonies formed, which were then scraped 

from the plates, pooled in 10 batches for each gene containing ~1/10 of the total colonies, 

and dilutions were re-plated on selective media. 37 candidates were picked and plasmids 

were recovered from surviving colonies by rescue through E.coli.  The plasmids were 
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transformed into a yku80-∆ strain containing ADH-est5-1 and serial dilutions of two 

independent transformants for each were examined for viability (Figure A.4). The 

genomic inserts were then analyzed by restriction mapping and sequencing.  Inserts 

included empty vector, est5-1, Chr. XIII b.p. 772739-773617, Chr. XV b.p. 644999-

645837, Chr. XI b.p. 112450-113412, Chr. XIV b.p. 546722-547610, Chr. XIII b.p. 

810486-8111313 (Table A.2).  However, upon re-transformation into an est5-1 strain, 

none of these inserts were capable of suppressing the senescence phenotype. 

 

Conclusion 

 I used several different genetic approaches in an attempt to identify a suppressor 

of the est5-1 phenotype and find its interacting partner; however, these attempts were not 

exhaustive and repeating these experiments at higher volume may have led to success.  It 

is also possible, though, the est5-1 residue does not interact via a salt bridge interaction, 

so these methods will not be useful in finding a reciprocal co-suppressing mutation.  
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Figures 

 
Figure A.1: cdc13- mutations are not capable of suppressing the telomere length defect of est5-1. A 
southern blot showing telomere length of cdc13- mutations on plasmids transformed into a cdc13-∆ strain 
along with either ADH-est5-1 or an empty vector.  Single colonies were propogated for ~50 generations 
before analysis.  
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Table A.1: Genes over-expressed in an est5-1 strain.  High-copy plasmids containing each gene under 
control of the ADH promoter were transformed into an est5-1 strain and propogated for ~50 generations to 
asses viability.  

 
 
 

 
Figure A.2: Selected pictures of growth of genes over-expressed in an est5-1 strain.  High-copy 
plasmids containing each gene under the control of the ADH promoter were transformed into an est5-1 
strain and propagated for ~50 generations to asses viability.  ADH-EST5 rescues the senescence phenotype 
of est5-1, while Empty Vector and other genes do not.  Some genes appear to have some alleviated 
senescence.  

GENE	 VIABILITY	
EST5	 +++	
CDC45	 -	
CDC7	 -	
CDC9	 -	
CSM2	 -	
DDC1	 +	
EST1	 -	
EST2	 -	
EST3	 -	
MEC1	 -	
MEC3	 +	
POL1	 -	
POL12	 -	
POL30	 -	
POL32	 -	
PRI1	 -	
PRI2	 -	
PSY3	 -	
RAD17	 -	
RAD27	 -	
RFC1	 -	
RFC2	 -	
RFC3	 -	
RFC4	 -	
RIF1	 -	
RIF2	 -	
RPA	 ++	
SHU2	 -	
STN1	 -	
TEN1	 -	
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Figure A.3: Over-expression of RIF2 alleviates senescence.  A high-copy plasmid containing RIF2 under 
the control of the ADH promoter was transformed into an est1-∆ strain and propogated for ~50 generations 
to asses viability.  
 

  
Figure A.4: Candidate plasmids from the 2µ library retransformed into a yku80-∆ strain containing 
ADH-est5-1. Plasmids were rescued from survivors of the 2µ library screen and transformed into a into a 
yku80-∆ strain containing ADH-est5-1 and plated on –Leu-Trp to select for both plasmids.  After re-
streaking on selective media, colonies were picked into 2ml selective media and serial diluted 1:5 and 
gridded on selective media at 300C, 320C, and 340C.  Pictures were taken after 3 days of growth. 
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Table A.2: Genomic inserts of candidate plasmids from 2µ library.  Candidate plasmid inserts were 
analyzed by restriction mapping and sequencing.  Sequencing from both ends of plasmid cloning sites 
identified the genomic region present in each plasmid.  
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APPENDIX B: 

Developing an assay to examine the effect of EST5 on telomerase activity at collapsed 

replication forks   
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The Lundblad lab has recently shown that a collapsed replication fork, as it moves 

through telomeric DNA sequence, is a preferred substrate for telomerase (Paschini et al. 

submitted).  Margherita Paschini, a former graduate student, developed an assay that can 

monitor telomerase activity in a single cell division by sequencing the DNA at this 

substrate (Paschini 2015).  She placed the DNA sequence of a native telomere ~25 Kbps 

from the natural chromosome terminus and ~ 7 Kbps downstream of a strong origin of 

replication (ARS922).  The portion of the chromosome downstream of the inserted 

sequence is non-essential, meaning that loss of this region would not result in lethality.  

Additionally, the gene ADE2 was moved from its genomic locus and inserted 

downstream of the telomeric sequence.  Yeast strains that lose the ADE2 gene accumulate 

a red pigment, allowing for a visual readout of when a fork collapse occurred during 

replication through this region.  If the fork collapse occurred in the first cell division, it 

will give rise to a colony that is half white and half red.  A schematic of this strain is 

shown in Figure B.1A.  It is possible to sequence the DNA from the red portion of this 

colony by PCR amplification of the region, followed by cloning of the PCR product into 

a TA cloning vector.  By aligning the DNA sequences retrieved from these clones with 

the sequence of the interstitial telomere tract, one can see where the fork collapsed 

occurred and where telomerase acted by observing the divergence in DNA sequence 

(Figure B.1B).  In yeast, telomerase adds degenerative repeats, meaning it does not utilize 

the full template each time it add nucleotides, so sequence added by telomerase, after 

replication, diverges from inherited DNA sequences.  Therefore, DNA sequence that 

diverges from the parental sequence (internal telomeric tract), yet is homologous to all 

clones, is indicative of nucleotides added by telomerase in the first cell division (Figure 
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B.1C).  By exploiting this property of yeast telomerase in this replication fork assay 

(RepFC), one can observe the extent and frequency of elongation events in one cell 

division.  Aligning the sequences of ~10-12 clones from a single half-sector provides 

enough data to draw conclusions about how telomerase acted during the fork collapse 

that occurred in the first cell division (i.e. did it act, and if so, how many nucleotides did 

it add).  Generating this data for 30-40 half-sectors allows for conclusions to be draw 

regarding how frequently telomerase acts at a collapsed replication fork in a telomere.  

Comparing the RepFC data from a wild-type strain to an est5- mutant strain should 

provide insights about how EST5 affects telomerase activity.   

 The challenge in implementing the RepFC assay to examine telomerase activity in 

a senescent strain background (i.e. est5-1) is that as the cells propagate, telomeres 

continue to shorten, eliminating the nucleotide sequences necessary to retrieve useful data.  

To overcome this, I developed a strategy to express the mutant gene, yet maintain 

telomere length after the fork collapse and first cell division occur.  I transformed the 

appropriate RepFC strain with a high-copy plasmid containing the mutant gene, 

expressed by a galactose inducible promoter.  Growing this strain in the presence of 

galactose over-expresses the mutant gene, ensuring the mutant protein out-competes the 

wild-type protein.  The cells are then plated for single colonies on rich media containing 

glucose and lacking galactose, effectively turning off expression of the mutant gene yet 

ensuring the mutant protein was present during the first cell division.  As the cells 

continue to divide, only the wild-type protein is expressed, allowing the cell to maintain 

its telomere length. During the first cell division, telomerase is acting in the presence of 

the mutant protein and the sequence it adds is inherited in subsequent cell divisions when 
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telomerase is acting in a wild-type situation.  Because the newly formed telomere is 

maintained with each cell division, the inherited sequence can be observed. 

 While preliminary data (not shown) suggests this strategy will be effective, I also 

have an alternative approach.  The concept is the same, but in this situation, the mutant 

gene is integrated into the genome and the strain is transformed with a high-copy plasmid 

containing the wild-type gene expressed by an inducible galactose promoter.  The strain 

is grown to repress the expression of the wild-type gene and then plated on media 

containing galactose.  Again, during the first cell division, the mutant protein is present, 

but subsequent cell divisions occur in the presence of the wild-type protein.  This 

alternative approach does have the advantage of the mutant being expressed at native 

levels, rather than over-expressed; however, this approach requires the replication fork 

collapse occurs on selective galactose media, which could potentially have an effect on 

the cells.  Additionally, the galactose promoter does cause a basal level of expression, 

even in the absence of galactose, which means some low level of wild-type protein may 

be present in the cell during the first cell division.     
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Figures 

 

 

Figure B.1: The RepFC assay captures telomerase activity in a single cell division. (A) A schematic of 
the RepFC strain.  An internal telomeric tract was placed ~25 Kbps from the natural terminus, down-stream 
of an efficient origin of replication.  The ADE2 gene was placed down-stream, such that a fork collapse 
event would give rise to viable, red colonies.  (B) Nucleotides added by telomerase following a fork 
collapse leads to a divergence in sequence from the parental strain. The top row of sequence comes from 
the internal telomeric tract.  The divergence in sequence of the clones below the parental sequence indicate 
where telomerase acted, rather than sequence inherited through DNA replication. (C) Sequence that 
diverges from the parent, yet is homologous to each clone, indicates sequence added by telomerase in the 
first cell division when the replication fork collapse occurred (indicated by the red box).    
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Figure B.1: The RepFC assay captures telomerase activity in a single cell division (continued). 
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Appendix C: 

Applying ODN to another gene: RAD51 
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 The ODN strategy was extremely successful in identifying sof- mutations in 

telomerase, so to determine it ODN could be applied more broadly we decided to 

mutagenize other genes involved in DNA replication and repair.  Among those genes was 

RAD51, which encodes a protein involved in DNA recombination, replication, and repair 

(Ha et al. 2012).  By over-expressing RAD51 mutations in different strain backgrounds, I 

was able to identify sof- mutations in more than one pathway.  Some of the ODN 

mutations confirmed previously published results, and others identify new functionally 

important surface residues.  

 

Results 

 Along with an undergraduate summer intern, Catherine Shir, we made 138 

missense mutations in RAD51 in an over-expression plasmid.  The mutations were first 

chosen based on conservation from a protein sequence alignment of 16 yeast strains and 

H. sapiens (data not shown), targeting charged residues as well as Phe, Tyr, Asn, and 

Gln., then mapped on the structure of Rad51 to ensure they were on the surface of the 

protein.  Charged amino acids were mutated to the opposite charge, Asn and Gln were 

mutated to both Glu and Lys, and Phe and Tyr mutated to Glu.   

 The goal was to identify mutations in RAD51 that affect replication fork 

progression, so I chose to over-express the mutations in strains that had temperature-

sensitive mutations in DNA replication genes and expose the strains to non-permissive 

temperatures and observe growth.  I also subjected mutants to replication stress with the 

use of hydroxyurea. 
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A DNA polymerase delta temperature sensitive strain reveals ODN and ODP mutations 

I transformed the collection of RAD51 over-expression mutant plasmids into a 

strain bearing a temperature sensitive mutation in the catalytic subunit of polymerase 

delta (cdc2-2).  Over-expression of RAD51 in this strain does not show any growth defect 

at permissive temperatures, but growth becomes impaired at non-permissive temperatures 

(~310C) (Figure C.1A; Table C.1).  Mutations that, when over-expressed, interfere with 

the activity of wild type Rad51 display a growth defect even at permissive temperatures.  

33 mutations were unable to grow at the permissive temperature of 280C. Seven of those 

mutants were so severe their growth was reduced even at 250C.  

Interestingly, two mutations (D117K, D130K) actually enhanced the growth of 

the strain at non-permissive temperatures (Figure C.1B; Table C.1).  Despite over-

expression of RAD51 displaying reduced growth at 310C, these over-expression dominant 

positive (ODP) mutations grew almost as well at non-permissive temperatures as they did 

at lower temperatures, suggesting RAD51 might play both a positive and negative 

regulatory role in DNA replication.       

Many of these mutations were also transformed into another temperature sensitive 

strain (cdc9-1), defective in the DNA replication pathway, and as expected, the resulting 

phenotypes were the same as observed in the cdc2-2 strain (data not shown).  

 

A lethal replication fork stability strain (sgs1-∆ mus81-∆) is rescued by selected rad51 

missense mutations  

 Deletion of two genes involved in replication fork stability (SGS1 and MUS81) 

results in lethality, however, deletion of RAD51 in this strain restores viability.  
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Therefore, I was able to use a sgs1-∆ mus81-∆ strain to screen for rad51- mutations that, 

when over-expressed, could rescue the lethal phenotype.  Because wild type RAD51 was 

still present, this argued that a mutation that resulted in viable growth was affecting a 

specific biochemical activity of Rad51.  I identified 43 RAD51 mutations that rescued the 

viability of the sgs1-∆ mus81-∆ strain, 5 of which improved growth significantly (Figure 

C.2; Table C.1).     

 Interestingly, 3 mutations (K128E, R273E, H302) showed a growth defect in the 

cdc2-2 strain at non-permissive temperatures but did not display a phenotype in the sgs1-

∆ mus81-∆ strain.  Conversely, there were 4 other mutations (N325E, N325K, H352A, 

R357E) that displayed a mutant phenotype in the sgs1-∆ mus81-∆ strain, yet behaved like 

wild type in the cdc2-2 strain (Table C.1).  Together, these data suggest I was able to 

identify sof- alleles in RAD51 that behave in distinct pathways.     

 

Growth of ODN mutations exposed to hydroxyurea correlates with the other growth 

assays  

I also transformed the RAD51 mutant collection into a rad51-∆ strain and exposed 

the cells to hydroxyurea (HU), which depletes dNTP pools and causes replication stress 

(Koç et al. 2004).  The mutations that showed growth phenotypes in this assay correlated 

with those that had phenotypes in the other growth assays (Table C.1), further confirming 

these residues are important for the role Rad51 plays in DNA replication. 
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Figures 
A 

 

 
Figure C.1: Over-expression of rad51- mutations in a cdc2-2 strain. High-copy plasmids containing 
rad51- mutations under the control of the ADH promoter were transformed into a cdc2-2 temperature-
sensitive strain and assessed for viability. (A) Pictures taken after 2 days. (B) Pictures taken after 3 days. 
(C) Pictures taken after 4 days. 
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Figure C.1: Over-expression of rad51- mutations in a cdc2-2 strain (continued). 
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Figure C.1: Over-expression of rad51- mutations in a cdc2-2 strain (continued). 
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Figure C.1: Over-expression of rad51- mutations in a cdc2-2 strain (continued). 
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B 
 

 

 
Figure C.1: Over-expression of rad51- mutations in a cdc2-2 strain (continued). 
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C 

 
Figure C.1: Over-expression of rad51- mutations in a cdc2-2 strain (continued). 
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A 

 

    
Figure C.2: Over-expression of rad51- mutations in an sgs1-∆ mus81-∆ strain. High-copy plasmids 
containing rad51- mutations under the control of the ADH promoter were transformed into an sgs1-∆ 
mus81-∆ strain containing an SGS1 covering plasmid.  Upon loss of the SGS1 covering plasmid (on 5-
FOA), the strain is inviable, unless RAD51 is impaired. (A) Pictures taken after 3 days. (C) Pictures taken 
after 3 and 5 days. 
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Figure C.2: Over-expression of rad51- mutations in an sgs1-∆ mus81-∆ strain (continued). 
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Figure C.2: Over-expression of rad51- mutations in an sgs1-∆ mus81-∆ strain (continued). 
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B 
 

 
Figure C.2: Over-expression of rad51- mutations in an sgs1-∆ mus81-∆ strain (continued). 
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Figure C.2: Over-expression of rad51- mutations in an sgs1-∆ mus81-∆ strain (continued). 
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Table C.1: Summary of the rad51- mutant phenotypes.  

 
 



 

 170 

Table C.1: Summary of the rad51- mutant phenotypes (continued).
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Table C.1: Summary of the rad51- mutant phenotypes (continued). 

 

 
 
  

N.T.	 		
No	phenotype	 		
ODP	 		
ODN-Mild	 		
ODN-Moderate	 		
ODN-Strong	 		
ODN-Severe	 		
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Appendix D: 

Applying the RepFC assay to monitor telomerase processivity in vivo 
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A major question in telomere biology is regarding the processivity of telomerase.  

While its activity has been studied in vitro (Cohn and Blackburn 1995), these studies fail 

to assess the role of regulatory subunits and their interactions have on processivity.  

Additionally, these experiments cannot make conclusions as to whether the observed 

nucleotide addition is the result of one processive telomerase molecule, or several 

successive elongation events by multiple telomerase molecules.   

To study telomerase processivity in vivo, the Lingner lab used an assay (2T-

STEX) to determine the processivity of a single telomerase molecule by using an 

alternative template sequence in Tlc1 (Chang et al. 2007).  While their experimental 

design was elegant, they relied on strain mating and cell cycle timing to conclude “yeast 

telomerase is generally nonprocessive for repeat addition except at extremely short 

telomeres”, and had a rather small sample size of observable elongation events (~20).   

In the Lundblad lab, using the RepFC assay described in Appendix B, we have 

seen extensive telomerase elongation events occur at telomeres of all lengths.  This 

challenged some of the previous conclusions made by Chang et al. and warranted further 

investigation.  By using the RepFC assay with an additional TLC1 gene, bearing an 

alternative template sequence and integrated into the genome, I was able to visualize the 

activity of a single telomerase molecule acting during one cell division.  My initial results 

confirmed their finding that telomerase is generally nonprocessive, however, this does 

not seem to be dependent on the length of the telomere.  
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Results  

 Using the RepFC assay described previously, I integrated a second copy of TLC1 

into the genome with single nucleotide changes in its template region so that addition by 

this template would be distinct from the additions of wild-type telomerase.  In this way, if 

telomerase is highly processive, one should observe only one TLC1 RNA template being 

used in the first cell division following a replication fork collapse.  If one were to observe 

alternating wild-type and tlc1- sequence additions, as Chang et al. observed, this would 

argue that multiple telomerase molecules are acting on the same telomere and telomerase 

is non-processive.   

 Previous studies have shown telomerase is capable of incorporating nucleotides 

from a mutated TLC1 RNA sequence (Lin et al. 2004; Förstemann et al. 2003; Paschini 

2015), so I used a viable template mutation (tlc1-alt2) when introducing the second TLC1 

into the genome (Figure D.1).  The mutation was introduced into the template region of 

TLC1 on a plasmid, which was then integrated into the genome of the RepFC strain, 

adjacent to the wild-type copy of TLC1.   

 

tlc1-alt2 template mutations are incorporated in the RepFC assay 

 It has previously been observed that tlc1-alt2 is capable of incorporating the 

alternative sequence to telomeric repeats (Paschini Thesis 2015) in a slightly different 

assay.  I was also able to observe the incorporation of the alternative sequence in the 

RepFC assay (Figure D.2). I plated colonies of the RepFC strain containing TLC1 and 

tlc1-alt2 and sequenced the internal telomeric tract from the red portion of half-sectors, as 

previously described for the RepFC assay in Appendix B.  Of the 8 half-sectors analyzed, 
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6 showed mutant sequence incorporation.  Telomerase acted in the first cell division on 

two of these half sectors. 

  

Both wild-type and mutant templates are incorporated in a single cell division 

 In both instances in which telomerase acted in the first cell division, both wild-

type TLC1 template sequence and tlc1-alt2 template sequence was observed in this single 

elongation event (Figure D.3).  These results are in-line with the results observed in 

Chang et al., and argue that multiple telomerase molecules act on a single telomere in one 

cell division.   

 

Template mutations affect telomere length homeostasis 

 An important caveat to note in these experiments is the effect the template 

mutation had on telomere length homeostasis.  Strains bearing different template 

mutations did show decreased telomere length phenotypes, and this was exacerbated 

when TLC1 was not present (Figure D.4).   The change in telomere length could be a 

result of decreased processivity of the mutant telomerase, or could be from the sequence 

change affecting telomere recognition by replication fork stabilizing proteins (i.e. t-RPA), 

and/or the structural stability of the telomere.  I believe the latter explanation is more 

likely for two reasons.  One, telomeres have evolved to have a specific sequence that 

distinguishes them from double strand breaks and allows them to be recognized by 

certain proteins.  Altering this sequence undoubtedly has an effect on telomeric integrity.  

Secondly, the wild-type telomerase acted first, followed by the mutant in the half sector 

in Figure D.3B.  If wild-type telomerase were highly processive, it would have had an 
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extensive elongation event and the mutant telomerase would not have acted.  If the 

template mutation was the cause of the non-processive phenotype, I should have only 

observed an elongation event with alternating sequence if wild-type telomerase acted 

after the mutant failed to add repeated additions.   

 

Discussion 

 The RepFC assay allows for the observation of telomerase activity in vivo in a 

single cell division.  In theory, this assay should help to answer long-standing questions 

about telomerase.  The results from the experiments presented in this appendix are 

consistent with the conclusion made by Chang et al., that telomerase in non-processive.  

More than one telomerase acts on a single telomere in one cell division. 

 Unfortunately, the alternative templates in telomerase had a negative effect on 

telomere length regulation, which limited the usefulness of this experimental design for 

drawing further conclusions, such as how mutations in the telomerase proteins affect its 

processivity.     
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Figures 

 

Figure D.1: Mutation in the core template region of TLC1 (adapted from Paschini Thesis 2015). The 
TLC1 template region (nt 472-479) is underlined, with the core sequence in bold.  The mutation made is 
indicated in blue, with the predicted incorporation sequence in red. 

 
 

 

Figure D.2: Alternative template sequence is incorporated by tlc1-alt2. An example of 3 cloned 
sequences, from a single red half-sector, aligned against the sequence of the telomeric tract.  The point of 
sequence divergence indicates telomerase activity.  The incorporation of the mutant nucleotides is where 
tlc1-alt2 acted.   
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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 D.3: Both TLC1 and tlc1-alt2 add telomeric sequence at the same replication fork collapse 
event.  (A) and (B) are cloned sequences from two different red half-sectors.  The sequence that is 
homologous to the clones, yet diverges from the internal telomeric tract, is indicative of where telomerase 
acted in the first cell division.  Both wild-type and mutant sequence is incorporated, meaning more than one 
telomerase molecule acted on a single telomere.  (B) Shows a replication fork collapse event where wild-
type telomerase acted first, followed by the mutant.   
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Figure D.4: Telomere length of the RepFC strains. Telomere length assessment by southern blot of the 
strains used in the RepFC assay.  The strains had either TLC1, tlc1-alt2, or both.  tlc1-alt2 caused a 
moderate telomere length defect that was exacerbated when TLC1 was no longer present. 
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