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ABSTRACT OF THE DISSERTATION 

 
Title: Investigation of Telomerase-dependent and Telomerase-independent 

Mechanisms of Telomere Homeostasis 
 

By 
 

Hyun-Ik Jun 
 

Doctor of Philosophy in Biological Sciences 
 

 University of California, Irvine, 2016 
 

Advisor: Assistant Professor Feng Qiao 
 
 
 

Telomeres, the natural ends of linear eukaryotic chromosomes, are essential for cell 

viability and genome integrity.  Telomeres are specialized DNA-protein complexes and 

function as protective caps to prevent chromosome ends from undergoing deleterious 

degradation and fusion events.  Fission yeast shelterin, consisted of six-protein complex, 

exclusively associates with the telomeres.  The shelterin is composed of telomeric 

sequence-specific double-stranded and single-stranded DNA binding partners, Rap1, Poz1, 

and Tpz1, which form a bridge connecting Taz1 and Pot1.  Despite vital roles of the 

shelterin components in telomere length regulation, little is known about how they interact 

with each other and how these interactions contribute to telomerase regulation and 

telomere end protection.  We demonstrate that Tpz1-mediated complete linkage within the 

shelterin, bridging telomeric dsDNA to ssDNA, controls the telomerase-nonextendible state.  

Moreover, Tpz1 participates in the activation of telomeres to the telomerase-extendible 

state via its interaction with Ccq1.   
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Although Rap1’s role in telomerase regulation is rather well-understood, the 

functional roles of its evolutionarily conserved BRCT domain remain largely unknown.  

Here we find a novel interaction between Rap1BRCT domain and γH2A.  This interaction in 

subtelomeric chromatin prevents activation of DNA damage response (DDR) by 

competitively inhibiting the interaction between γH2A and checkpoint mediator Crb253BP1.  

As telomeres undergo progressive shortening, gradual loss of Rap1-γH2A interaction 

allows Crb253BP1 to access subtelomeric γH2A, activate DDR and followed by trigger cellular 

senescence.  Therefore, we propose that Rap1 functions as a telomere length-based 

licensing factor for cellular senescence.      
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CHAPTER 1 

 

INTRODUCTION 

Telomeres and telomere protein complexes 

Telomeres are DNA-protein complexes that protect the ends of eukaryotic chromosome 

from degradation and recognition as DNA damage sites (Palm and de Lange, 2008).  

Telomere integrity is essential for cell survival and proliferation (Ferreira et al., 2004).  The 

telomeric DNA consists of short tandem DNA repeats, which are G rich in one strand (called 

the G strand) and C rich in the complementary strand (called the C strand).  The G strand 

extends beyond the C strand and forms a single-stranded overhang; the 3’ end of the single-

stranded overhang acts as the substrate for telomerase—a reverse transcriptase 

(Nakamura et al., 1997) with its intrinsic RNA as the template—to extend (Qiao and Cech, 

2008; Collins, 2006; Autexier and Lue, 2006; Greider and Blackburn, 1985 and 1987), 

thereby maintaining the length of telomeric DNA. 

The basic structure and function of telomeres are conserved among eukaryotes (Palm 

and de Lange, 2008).  Identification of fission yeast (Schizosaccharomyces pombe) Pot1, the 

telomere single-stranded DNA (ssDNA) binding protein, immediately allowed the discovery 

of human POT1 (Baumann and Cech, 2001).  A protein interaction partner of human POT1, 

TPP1 was subsequently identified (Ye et al., 2004; Liu et al., 2004a); the POT1/TPP1 

complex binds ssDNA telomere DNA with higher affinity than POT1 itself, forming an 

ortholog of ciliate TEBPα/TEBPβ complex—the archetypal telomere ssDNA overhang 

binding module. 
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Thanks to the recent development of the powerful proteomic techniques, a nearly 

complete suite of telomere-localized proteins has been identified in human and fission 

yeast (Miyoshi et al., 2008; de Lange, 2005; Liu et al., 2004b).  Similar to the human 

telomeres, the fission yeast telomere double-stranded DNA (dsDNA) repeats are covered 

directly by sequence-specific dsDNA binding protein Taz1 (TRF1/2 in human).  A “protein 

bridge”, consisting of Rap1 and Poz1 in S. pombe, connects the dsDNA and ssDNA regions of 

the telomere through their direct protein-protein interactions with Taz1 and Pot1/Tpz1 

complex (Tpz1 is the S. pombe ortholog of human TPP1), respectively (shown in Fig. 1 and 

Table 1).  This conserved telomere protein complex is called shelterin.  So far, shelterin is 

found to have two major functions: first, it regulates telomere extension by telomerase 

(Smogorzewska and de Lange, 2004), and second, it protects natural chromosome ends 

from triggering DNA damage response (Khair et al., 2010; Moser et al., 2009).  Additionally, 

another protein in the fission yeast, Ccq1, was found to interact with Tpz1 (Miyoshi et al., 

2008; Tomita and Cooper, 2008).  Ccq1 is required for the recruitment of telomerase to the 

3’ telomere overhang, and also for inhibition of checkpoint responses and recombination at 

telomeres (Miyoshi et al., 2008; Tomita and Cooper, 2008).  A functional homolog of Ccq1 

still awaits discovery in mammalian cells.    

 

Telomere length homeostasis  

In telomerase positive cells, such as human embryonic stem cells (Hiyama, 2007), adult 

germ line cells (Lansdorp, 2005), most cancer cells (Shay and Wright, 1996 and 2010), and 

single-celled eukaryotes—ciliated protozoa and yeasts (Cohn and Blackburn, 1995), 

telomeres are not maintained at a defined length, but instead within a rather species 
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specific range; this telomere length homeostasis is proposed to be mediated through 

dynamic switching of the chromosome ends between two states: telomerase-extendible 

and telomerase-nonextendible states (Fig. 2; Teixeira et al., 2004).  The accessibility of the 

telomere substrate to telomerase is the key difference distinguishing the two states.  

Switching of the accessibility has been proposed to occur at three different levels, as 

follows: (a) Higher-order chromatin structure: This mechanism is best studied in budding 

yeast.  There, longer telomeric DNAs have proportionally more binding sites for Rap1 and 

nucleate a folded higher-order chromatin structure.  This structure makes the telomere end 

inaccessible to telomerase.  The longer the telomere, the more the Rap1 binding sites, and 

therefore the more stable repressive structure.  This “counting” mechanism explains why 

telomerase acts preferentially on the shortest telomeres and suggests a negative feedback 

loop keeping the telomere length to a narrow species-specific range (Marcand et al., 1997).  

However, how this nucleation is formed and what factors control the higher-order 

chromatin structure formation is still unknown.  Moreover, this mechanism is not 

extensively tested in organisms other than budding yeast.  Neither human nor fission yeast 

Rap1 binds directly to the telomere dsDNA, but instead is recruited via protein-protein 

interaction with the dsDNA binding protein TRF1 in human (Smogorzewska et al., 2000) or 

Taz1 in fission yeast (Cooper et al., 1997).   

(b) Folded telomere DNA structure: The t-loop is generally regarded as a telomerase-

inaccessible state, as the 3’ ssDNA tail invades the dsDNA telomeric DNA to form a D-loop 

sequestering the 3’ end (Griffith et al., 1999).  Thus, while there has been no direct 

biochemical test, it is reasonable to assume that t-loop would represent a telomerase-OFF 

state.  G-quadruplexes have been tested and shown to be poor telomerase substrates for 
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telomerase extension in vitro (Rhodes and Giraldo, 1995; Riou et al., 2002), but whether 

this structure exists in cells is still a controversial issue. 

(c) 3’ overhang ssDNA binding proteins such as, TPP1/POT1 in human and fission 

yeast, TEBPα/TEBPβ in ciliate, Cdc13 in budding yeast.  Again, this is another area of 

biochemical clarity but biological uncertainty.  The crystal structures of telomeric ssDNA 

bound to Oxytricha TEBPα/TEBPβ complex (Horvath et al., 1998), budding yeast Cdc13 

(Mitton-Fry et al., 2002 and 2004), fission yeast Pot1 (Lei et al., 2003), and human POT1 

(Lei et al., 2004) show that the very 3’ ends of the ssDNAs are clearly buried with the 

ssDNA biding proteins, rendering them nonextendible via telomerase.  However, 

complicated by the other function of this group of ssDNA binding proteins—protecting the 

3’ ends from nucleolytic attrition, their roles in regulating telomerase in vivo remain 

inconclusive.  For example, ectopic expression of hPOT1 or its mutant version in cultured 

cells has clarified its exact role; one group found it was a negative regulator (Veldman et al., 

2004) while others observed facilitation of telomerase elongation (Colgin et al., 2003).  

Therefore, separation of function mutants should be identified and utilized to gain further 

insight into this complexity. 

 

Role of the shelterin component Tpz1  

Among the S. pombe telomere proteins, Tpz1 (called TPP1 in human) physically lies in the 

interfaces of telomeric ssDNA and dsDNA binding proteins and is functionally positioned 

between the positive and negative regulators of the telomerase elongation.  In addition to 

its interactions with Poz1 and Pot1, Tpz1 is also associated with Ccq1—a telomerase 
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recruiter and checkpoint response inhibitor (Miyoshi et al., 2008; Tomita and Cooper, 

2008). 

The unique position of Tpz1 in the shelterin complex indicates its architectural role in 

the shelterin complex assembly and implies its coordination roles in communicating the 

dsDNA length and/or structural information to the 3’ end of ssDNA—telomerase’s ultimate 

destination.  Previous studies show that most tpz1∆ cells are lethal and those surviving 

haploid cells completely lose its telomeric signals and form self-circularized chromosomes 

(Miyoshi et al., 2008), indicating Tpz1’s critical role in telomere end protection.  In tpz1∆ 

cells, the dominant telomere de-protection function of Tpz1 completely masks other 

important functions of Tpz1 in telomere length homeostasis, making it almost impossible 

to study Tpz1 function using tpz1∆ cells. 

 

The Hayflick limit  

Besides maintaining the integrity of the ends of chromosome, telomeres are also related to 

cellular senescence.  In the early 1960s, Leonard Hayflick first observed that a population 

of normal human cultured cells could only divide between 50 and 70 times (known as 

Hayflick limit) before the cell death (Fig. 3; Hayflick and Moorhead, 1961; Hayflick, 1965 

and 1998; Shay and Wright, 2000).  In 1974, Alexei Olovnikov demonstrated that the 

telomeric repeats might be related to the chromosomal shortening by end-replication 

problem of DNA replication (Olovnikov, 1973).  He proposed that the number of the 

telomeric repeats (or the telomere length) determines how many rounds the cells could 

divide.  It was until more than twenty years later that Cooke and Smith measured the 

average telomere length difference between the sex chromosomes from sperm cells and 
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those from adult cells (Fig. 4).  The sperm cells were found to have longer telomere length 

than the adult cells (Cooke and Smith, 1986).  Cooke and Smith reasoned that the telomere 

length and telomerase regulation could be linked with cellular aging process.  However, the 

idea that telomere shortening causes cellular senescence has not yet been proved.   

 

DNA damage signaling and cellular senescence 

In telomerase positive cells, the 3’ end of the single-stranded overhang from the G strand 

acts as the substrate for telomerase.  Telomerase is a ribonucleoprotein with reverse 

transcriptase activity (Nakamura et al., 1997) that employs its intrinsic RNA as the 

template to extend the telomeric DNA (Qiao and Cech, 2008; Collins, 2006; Greider and 

Blackburn, 1985).  Most human somatic cells have very low or absent telomerase activity to 

counteract telomere attrition caused by the end-replication problem.  Thus, their continued 

proliferation results in replicative senescence—the essentially irreversible growth arrest 

trigged by eroded telomeres which generate a persistent DNA damage response (DDR).  

The awareness of telomerase-independent mechanisms in telomere maintenance first 

came from the observation of highly frequent survivors that have amplified subtelomeric 

sequences in the telomerase-null mutant yeast.  Moreover, telomere maintenance and 

growth of telomerase-null survivors is dependent on RAD52, a gene encoding a 

homologous recombination protein (Lundblad and Blackburn, 1993).  Subsequently, some 

human cell lines with no telomerase activity were found to maintain telomeres for many 

population doublings using an alternative lengthening of telomere mechanism (Bryan et al., 

1995 and 1997).  However, progress in the field is hampered by limited or lacking 
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knowledge about the molecular events that long length of telomeres prevents to replicative 

senescence. 

Shelterin components are believed to prevent DNA damage signaling from being 

triggered at telomeres of normal length (Palm and de Lange, 2008).  When telomeres 

become critically short upon inactivation of telomerase, a subpopulation of the senescing 

cells is induced through activating recombination-based telomere maintenance pathway 

resulting from DNA damage signaling.  Supporting this notion, DNA damaging response 

markers such as phosphorylated histone H2AX (called γH2AX), 53BP1, and MDC1, were 

observed at shortened chromosome ends in human senescent cells (Fig. 5; Fagagna et al., 

2003).  While these observations provide some guidance, its remains unclear how telomere 

length information is processed to regulate DNA damage signaling and ultimately activate 

checkpoint activation.  Shelterin proteins, which specifically recognize telomeric DNA and 

vary their concentrations in the telomere region proportionally to telomere length, are 

perfect candidates for the telomere length-based molecular switch for replicative 

senescence.  

 

Rap1 and its BRCT domain 

Rap1 is an essential but poorly characterized constitutive binding partner of Taz1 and Poz1.  

Notably, Rap1 is the only telomere protein that is highly conserved from budding and 

fission yeast to mammals.  Rap1 has three discernible domains: one or two Myb domains 

that may confer protein-protein interactions with unknown partner; a C-terminal RCT 

domain that mediates the interaction with TRF2 (an ortholog of fission yeast Taz1); and an 

N-terminal BRCT domain that expected to recognize a phosphorylated peptide or protein. 
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S. pombe Rap1 was identified on the basis of its limited sequence similarity to 

budding yeast Rap1 (Chikashige and Hiraoka, 2001; Kanoh and Ishikawa, 2001).  Like 

mammalian RAP1, S. pombe Rap1 lacks DNA-binding activity and therefore it is recruited to 

the telomeres through the interaction between its RCT domain and Taz1 (Chikashige and 

Hiraoka, 2001; Kanoh and Ishikawa, 2001).  Deletion of fission yeast Rap1 causes 

telomerase-mediated telomere over-elongation, telomeric desilencing, telomere 

deprotection, and defects in meiosis.  In addition, human RAP1 has been suggested to have 

a key role in suppressing non-homologous end joining (Bae and Baumann, 2007; Sarthy et 

al., 2009).  On the other hand, recent studies have shown that mouse Rap1 is important for 

the inhibition of homology-directed repair at the telomeres (Sfeir et al., 2010).  However, 

functions of BRCT domain of Rap1 still remain unknown. 

BRCA1 C-terminal (BRCT) domains were originally discovered as a domain conserved 

in multiple DNA damage-response proteins (Callebaut and Mornon, 1997; Bork et al., 1997).  

BRCT domains are often found as tandem repeats within a single protein.  For example, 

BRCA1, 53BP1, and MDC1 contain 2 BRCT domains, while Rap1 contains a single N-

terminal BRCT domain.  There are approximately thirty BRCT domain-containing proteins 

in mammalian cells, and essentially all of these appear to have roles in DNA damage 

signaling and DNA repair.  While not all BRCT domains function as phosphopeptide binding 

modules, a subset of BRCT domains bind to phosphopeptides with a strong preference for 

aromatic residues in the position three amino acids C-terminal to the phosphoserine (Yu et 

al., 2003; Manke et al., 2003).  In addition to the clear roles of BRCT domain containing 

proteins in the DNA damage response, BRCT protein mutations have been identified in 
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approximately fifty percent of cancer-related diseases, providing a physiological relevance 

to phosphopeptide binding activity in cancer (Castilla et al., 1994; Clapperton et al., 2004).     
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Fig. 1 S. pombe telomere nucleoprotein complex.  If deletion of a telomere protein makes telomeres 
elongated, this protein is regarded as a negative telomere length regulator and is labeled “−”, otherwise, 
labeled “+”. 
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S. pombe Human S. cerevisiae 
Taz1 TRF1/2  

Rap1 
Rap1 RAP1 
Poz1 TIN2 N/A 
Tpz1 TPP1  

Cdc13 
Pot1 POT1 
Ccq1 N/A N/A 

Table 1 Functional homologs of telomere proteins from yeasts to human.   
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Fig. 2 Model for telomere length homeostasis.  There are two different states for the telomeres: 
telomerase-extendible and telomerase-nonextendible states.  In every cell cycle, a fraction of telomeres 
are elongated by telomerase while others are not.  Shorter telomeres tend to stay in the telomerase-
extendible state and therefore are elongated by telomerase.  On the other hand, longer telomeres tend to 
be in the telomerase-nonextendible state.  This figure cited from the paper: Teixeira et al., 2004, Cell. 
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Fig. 3 Hayflick’s three phases, leading to cellular senescence.  Phase I is the primary culture; phase II 
is the exponential growth and cumulative population doublings.  Phase III represents the cellular 
senescence.  This figure modified from the paper: Shay and Wright, 2000, Nature Reviews Molecular Cell 
Biology. 
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Fig. 4 Two-step hypothesis of cellular senescence and immortalization.  Unlike germ line and stem 
cells in which telomere length is maintained by up-regulated telomerase activity, telomere length in most 
human somatic cells becomes gradually shortening with each cell division and then telomere shortening 
makes limited replicative capacity.  Critically shortened telomeres may signal cells to enter cellular 
senescence at the Hayflick limit or M1.  Such cells continue to telomere erosion and ultimately enter crisis 
or M2, characterized by widespread cell death.  Rare surviving cells acquire unlimited proliferative 
potential and stabilization of telomere length and furthermore forced expression of hTERT, the protein 
subunit of telomerase, simultaneously prevents telomere shortening and increases the proliferative 
lifespan of normal human cells. 
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Fig. 5 Overview of DNA damage response (DDR) and DDR marker proteins.  Characterization of 
senescent human fibroblast cells demonstrates full activation of DNA damage response (DDR).  In human 
cells, DDR marker proteins such as γH2AX, 53BP1, and MDC1 were found to localize to chromosome ends 
of senescent cells.  Telomeric accumulation of DDR proteins consequently triggers the activation of DNA 
damage checkpoint kinase Chk1 and Chk2 for full checkpoint activation and permanent cell-cycle arrest.  
Particularly, in S. pombe,  ATM/ATR-phosphorylated histone H2A senses DNA damage response and it is 
highly enriched at both telomeric and subtelomeric regions. This figure modified from the paper: Zhou 
and Elledge, 2000, Nature. 
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CHAPTER 2 

 

MATERIALS AND METHODS 

Yeast strains, gene tagging, and mutagenesis 

Single-mutant strains were constructed by one-step gene replacement of the entire ORF 

with the selectable marker.  Double-mutant and triple-mutant strains were produced by 

mating, sporulation, dissection, and selection followed by PCR verification of genotype.  

Genes were fused to specific epitope tags at the C terminus by homologous recombination 

and the pFA6a plasmid modules were used as a template for the PCR reaction (Bahler et al., 

1998; Sato et al., 2005).  Point mutations were made by mutagenesis PCR using the high-

fidelity polymerase Pfu.  All mutations were confirmed by DNA sequencing (Eton). 

 

Protein expression and purification 

The constructed plasmids were transformed into Rosetta-BL21 (DE3) cells; protein 

expressions were induced by adding IPTG to a final concentration of 0.3-0.4 mM for 4-5 h at 

30°C or 0.1-0.2 mM IPTG overnight at 16°C.  Cells were harvested by centrifugation at 

5,000 rpm, and pellets were resuspended in lysis buffer (25 mM Tris-HCl at pH 8.0, 350 

mM NaCl, 5 mM β-mercaptoethanol, and 2 mM PMSF).  Cells were disrupted by sonication, 

and the supernatant was incubated with equilibrated Ni-NTA (Qiagen) resin for 1h.  After 

centrifugation at 2,000 rpm for 2 min, the resin was washed twice with B350 wash buffer 

(25 mM Tris-HCl at pH 8.0, 350 mm NaCl, 15 mM imidazole, and 2 mM β-mercaptoethanol), 
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and the protein was stepwise-eluted with elution buffer containing up to 300 mM 

imidazole.    

 

GST pull-down assay 

Fifteen microliters of 1 mg/mL of GST fusion protein were incubated with 20 μL of 

glutathione sepharose beads for 1 hr at 4°C.  After incubation, the beads were washed twice 

with 800 μL of GST pull-down buffer (50 mM Tris-HCl at pH 8.0, 200 mM NaCl, 10 mM β-

ME, and 0.05% Tween-20).  The bound proteins were then incubated with 20 μL of target 

protein (1 mg/mL) for 1 h at 4°C with gentle rocking.  After washing three times with 800 

μL of GST pull-down buffer, the supernatants were removed by centrifugation at 3000 rpm 

for 30 sec and then boiled for 5 min in 15 μL of 2x SDS loading buffer.  Eluted proteins were 

resolved by 10% SDS-PAGE and then visualized by Coomassie blue staining. 

 

Coimmunoprecipitation 

Frozen S. pombe cell pellets were cryogenically disrupted using CryoMill (Retsch) and then 

resuspended in ice-cold lysis buffer (50 mM Tris-HCl at pH 7.5, 200 mM NaCl, 2 mM EDTA, 

0.1% Triton X-100, Complete proteinase inhibitor (Roche), 1 mM DTT, 2 mM PMSF, 2 mM 

benzamidine, 1 mM Na3VO4, and 1 mM NaF).  Extracts were clarified, and a final 

concentration of extracts was adjusted to 10 mg/mL.  Anti-Flag M2 affinity gel (from Sigma) 

was equilibrated and washed twice with the same lysis buffer.  Immunoprecipitations were 

performed for 4 h at 4°C and washed; proteins were eluted from the beads by incubating 

for 10 min at room temperature with 30 μL of 0.1 M glycine solution (pH 2.0) followed by 

the addition of 2 μL of 1 M Tris-HCl (pH 8.0).  Eluted proteins were resolved by 10% SDS-
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PAGE and then subjected to Western blotting.  Western blot analysis was performed using 

monoclonal anti-Flag (M2-F1804, from Sigma), monoclonal anti-Myc (9E10, from Covance), 

anti-Cdc2 (y100.4, from Abcam), monoclonal anti-HA (3F10, from Roche), anti-Ccq1 (this 

study), anti-Taz1 (from Julie Cooper), anti-Histone H2A (07-146, from Millipore), and anti-

Histone H2A (ab15083, from Abcam).  Whole-cell extracts were prepared using either 

trichloracetic acid (TCA) or urea lysis buffer with protease and phosphatase inhibitors.    

 

Pulsed-field gel electrophoresis  

S. pombe cells grown in 2 mL of YEAU medium were used to extract chromosomal DNA, 

which was then digested by NotI.  The digested DNA in plugs was subjected to pulsed-field 

gel electrophoresis as described (Moser et al. 2011).   

 

Southern blot analysis 

Genomic DNA (~15 μg) was digested for 4-6 h with EcoRI, ApaI or NsiI in the buffers 

supplied by the manufacturer.  Restriction fragments were separated on 0.8-2.1% agarose 

gels and probed with a telomeric and telomere-associated sequence (TAS1 sequence) 

created by random-primed labeling of gel-purified fragments of pNSU70.  Probe specific for 

the pol1+ (for EcoRI digestion) and mor2+ (for NsiI digestion) genes were generated by the 

same method with the use of gel-purified PCR products. 

 

ChIP 

S. pombe cells were grown at 32°C in YEAU to OD600 0.5-0.6, shifted for 1 h to 20°C prior to 

20 min fixation with an 11% formaldehyde solution (11% formaldehyde, 100 mM NaCl, 1 
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mM EDTA at pH 8.0, 0.5 mM EGTA, 50 mM Tris-HCl at pH 8.0).  After addition of 125 mM 

glycine and incubation for 5 min at 20°C, cells were chilled on ice, washed with ice-cold 1x 

TBS, and resuspended in 400 μL of lysis buffer (50 mM Hepes at pH 7.5, 140 mM NaCl, 1 

mM EDTA, 1% Trition X-100, 0.1% sodium deoxycholate, Complete proteinase inhibitor 

(Roche), 1 mM PMSF, 1 mM benzamidine, 1 mM Na3VO4, and 1 mM NaF).  Crude extracts 

were prepared by four pulses (60 sec) of bead-beating in FastPrep MP with Cryo-adaptor 

until 90% of cells were broken.  Extracts were sonicated three times for 30 sec in 18 cycles 

using a Bioruptor until chromatin was sheared to an average size of less than ~300 bp and 

subsequently cleared of insoluble cell debris by centrifugation at 15000 rpm for 10 min.  

Ten microliters of the whole-cell extract was saved as an input control.  

Immunoprecipitation was performed for 2 h with antibody-conjugated beads (anti-Flag M2 

affinity gel from Sigma; agarose-conjugated HA-probe F-7 or c-Myc 9E10 from Santa Cruz 

Biotechnology was used according to the tag on the protein).  For TAP-Crb2 ChIP, IgG 

Sepharose 6 Fast-Flow beads (GE Healthcare) were added to 3.0 mg whole cell extracts.  

For γH2A ChIP, protein G Dynabeads (Invitrogen) were added to 3.0 mg whole cell extracts 

pre-bound to anti-histone H2A antibody (phosphor S129; ab15083; from Abcam).  

Precipitates were washed twice with 800 μL of lysis buffer, 800 μL of lysis buffer plus salt 

(lysis buffer with 500 mM NaCl), 800 μL of wash buffer, and 800 μL of 1x TE buffer, 

respectively.  After the addition of 100 μL of 10% Chelex100 resin into the input controls 

and precipitates, respectively, those samples were boiled for 15 min at 100°C and then 

cooled on room temperature.  Each sample was incubated with 2 μL of proteinase K (10 

mg/mL) for 30 min at 55°C with gentle shaking.  After denaturing with 0.4 M NaOH, ChIP 

and input samples were then transferred to a Hybond-XL membrane by using a slot or dot 
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blot module.  The membrane was hybridized with a probe specific for the telomeric 

sequence and then reprobed with rDNA after stripping.  The hybridization signals were 

quantified using ImageQuant software.  In addition, quantitative real-time PCR was used to 

analyze the same ChIP and input samples.  Fold enrichment values were calculated based 

on ΔCt between ChIP and input samples after performing independent duplicate SYBR 

Green-based real-time PCR (Bio-Rad) using primer pairs of subtelomere and fbp1 

(fructose-1,6-bisphosphatase) gene fragment (as the background control); the values were 

expressed as immunoprecipitate/whole-cell extract (subtelomere) divided by 

immunoprecipitate/whole-cell extract (fbp1+) (Dehe et al. 2012).       

 

Amplification of subtelomere regions 

Genomic DNAs were analyzed using primers selected to amplify specific subtelomeric 

regions by PCR (Moser et al., 2011).  PCR products were loaded onto 2% agarose gels.  

Agarose gels stained with ethidium bromide were visualized using Bio-Rad imaging 

system. 

 

Crystallization and data collection 

Crystals of the Se-Met derivative of fission yeast Rap1 BRCT domain were grown at 16 °C, 

using the hanging-drop vapor diffusion method.  Two microliters of protein solution (70 

mg/ml) was mixed with an equal volume of well solution and equilibrated against 1 ml of 

the well solution (0.2 M sodium malonate pH 5.0 and 20% PEG3350).  Crystals formed with 

plate morphology within 1–4 days.  Diffraction data of single wavelength anomalous 

dispersion (SAD) were collected with the crystals flash cooled at 100 K with 20% glycerol 
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as cryoprotectant.  The single crystal diffraction data was collected at 23ID-D beamline at 

APS (Advanced Photon Source).  All intensity data were processed and scaled by using 

HKL2000 {Otwinowski, 1997 #456}. 

 

Structure determination and refinement 

To determine the phase of the Rap1 BRCT domain structure, its Se-Met derivative was 

solved with SAD data and refined by using Phenix {Afonine, 2005 #426;Otwinowski, 1997 

#456}.  After phasing, partially-built model of Rap1-BRCT from Phenix was manually 

adjusted the backbone and side chain with Coot {Emsley, 2004 #428;Emsley, 2004 #428}.  

Further crystallographic refinement was carried out by using Refmac5 {Murshudov, 1997 

#429}.  The free R value was used as an indicator to validate the water picking and 

refinement procedure and to guard against possible overfitting of the data {Brunger, 1992 

#427}.  All structural figures were prepared with PyMOL{Schrodinger, 2010 #433}. 

 

In vitro phosphorylation of H2A and GST pull-down assay 

Fission yeast γH2A was made in vitro using RSK1 kinase supplemented with [γ-32P]ATP 

(6,000 Ci/mmol; PerkinElmer Life Sciences).  20 μl of 1 mg/mL GST fusion protein was 

incubated with 20 μL of glutathione sepharose beads for 1 h at 4°C. After incubation, the 

beads were washed twice with 800 μl of GST pull-down buffer (50 mM Tris-HCl at pH 8.0, 

200 mM NaCl, 10 mM β-ME, 0.05% Tween-20).  The bound proteins were then incubated 

with 15 μL of γH2A for 1 h at 4°C with gentle rotation.  After extensive washing four times 

with 800 μl of GST pull-down buffer, the supernatants were removed by centrifugation at 
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3,000 rpm for 30 sec and then boiled for 5 min in 15 μl of 2x SDS loading buffer.  Eluted 

proteins were resolved by 15% SDS-PAGE and then visualized by phospho-imager or 

Western analyses. 

 

Liquid culture growth curve analysis 

Heterozygous diploid strains were sporulated, and the resulting tetrads were dissected.  

Colonies derived from each spore were transferred into 5 ml YEAU and cultured in a shaker 

for 12-16 h at 32°C.  Cells were then counted with use of a hemacytometer and diluted to 5 

X 104 cells/mL in 20 mL YEAU.  Cultures were grown under vigorous shaking (250 rpm) for 

24 h at 32°C, at which point the cell density was determined by counting, and cells were 

diluted into 20 ml fresh YEAU at a density of 5 X 104 cells/ml.  These procedures were 

repeated every 24 h for as long as 21 days.  The remaining cells were collected by 

centrifugation, washed twice in SP1 buffer, frozen in liquid nitrogen, and stored at ‒80°C 

for later preparation of genomic DNA.  To obtain sufficient cells from the lowest viability 

point, three identical 20 mL cultures were harvested.    

 

Cytological analysis and serial dilution spot assay 

Cells were grown to log phase in YEAU at 32°C and visualized by light and fluorescence 

microscopy.  To visualize nuclear morphology, cells were fixed in 70% ethanol, rehydrated 

in water, stained with DAPI.  For serial dilution spot assay, 5-fold dilutions of a log phase 

culture (1 X 107 cells/mL) were plated on the indicated medium and grown for 2-3 days at 

32°C.  
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CHAPTER 3 

Tpz1 controls a telomerase-nonextendible telomeric state and 

coordinates switching to an extendible state via Ccq1 

 

ABSTRACT 

Telomeres are nucleoprotein complexes comprising telomeric DNA repeats bound by the 

multiprotein shelterin complex.  A dynamic binary switch between telomerase-extendible 

and telomerase-nonextendible telomeric states determines telomere length homeostasis.  

However, the molecular nature of the nonextendible state is largely unknown.  Here, we 

show that, in fission yeast, Tpz1 (the ortholog of human TPP1)-mediated complete linkage 

within the shelterin complex, bridging telomeric dsDNA to ssDNA, controls the telomerase-

nonextendible state.  Disruption of this linkage leads to unregulated telomere elongation 

while still retaining the shelterin components on telomeres.  Therefore, the linkage within 

the shelterin components, rather than the individual shelterin components per se, defines 

the telomerase-nonextendible state.  Furthermore, epistasis analyses reveal that Tpz1 also 

participates in the activation of telomeres to the extendible state via its interaction with 

Ccq1.  Our results suggest critical regulatory roles of Tpz1 in the telomere binary switch.  

 

INTRODUCTION 

Telomeres are DNA-protein complexes that protect the ends of eukaryotic chromosome 

ends from degradation and prevent their recognition as DNA damage sites (Palm and de 

Lange, 2008; de Lange, 2009).  Telomere integrity is essential for cell survival and 
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proliferation (Artandi and Cooper, 2009; Jain and Cooper, 2010), and, accordingly, 

dysfunctional telomeres can initiate genomic instability, cellular senescence, and 

organismal aging.  The telomeric DNA consists of short tandem DNA repeats, which are G-

rich in one strand (called the G-strand) and C-rich in the complementary stand (called the 

C-strand).  The G-strand extends beyond the C-strand and forms a single-stranded G-

overhang.  The 3’ end of the G-overhang acts as the substrate for telomerase—a reverse 

transcriptase (Lingner et al., 1997; Nakamura et al., 1997) with its intrinsic RNA containing 

the template—to extend the telomeric DNA (Autexier and Lue, 2006; Collins, 2006).  The 

basic structure and function of telomeres are conserved among eukaryotes; this conserved 

telomere protein complex that interacts with specific telomere sequences and caps 

chromosome ends is called shelterin (de Lange, 2005).  Identification of fission yeast 

(Schizosaccharomyces pombe) Pot1, the telomere ssDNA-binding protein, immediately 

allowed the discovery of human POT1 (Baumann and Cech, 2001).  A protein interaction 

partner of human POT1, TPP1 was subsequently identified (Houghtaling et al., 2004; Liu et 

al., 2004a; Ye et al., 2004).  The POT1/TPP1 complex binds single-stranded telomere DNA 

with higher affinity than POT1 itself, forming an ortholog of the ciliate TEBP-α/TEBP-β 

complex—the archetypal telomere ssDNA overhang-binding module (Horvath et al., 1998; 

Wang et al., 2007).  Thanks to the recent development of the powerful proteomic 

techniques, a nearly complete suite of telomere-localized proteins has been identified in 

human and fission yeast (Liu et al., 2004b; de Lange, 2005; Miyoshi et al., 2008).  Similar to 

the human telomeres, the fission yeast telomere dsDNA repeats are covered directly by 

sequence-specific dsDNA-binding protein Taz1 (TRF1 and TRF2 in humans) (Cooper et al., 

1997).  A “protein bridge”, consisting of Rap1, Poz1 and Tpz1 (human TPP1 ortholog), 
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connects the dsDNA and ssDNA regions of the telomere through their direct protein-

protein interactions with Taz1 and Pot1, respectively (Miyoshi et al., 2008). 

In telomerase-positive cells, such as human embryonic stem cells (Gunes and 

Rudolph, 2013), adult germ line cells (Tan et al., 2012), most cancer cells (Shay and Wright, 

1996, 2010), and single-celled eukaryotes (ciliated protozoa and yeasts) (Greider and 

Blackburn, 1985; Cohn and Blackburn, 1995), telomeres are not maintained at a defined 

length but instead within a rather species-specific range; this telomere length homeostasis 

is proposed to be mediated through dynamic switching of the chromosome ends between 

two states: telomerase-extendible and telomerase–nonextendible states (Teixeira et al., 

2004).  The accessibility of the telomere substrate to telomerase is the key difference 

distinguishing the two states.  The shelterin complex is believed to regulate telomere 

accessibility and thus control the telomere length homeostasis (Smogorzewska and de 

Lange, 2004).  The shelterin complex is a group of interlinked telomere proteins; deleting 

any member of this group alters telomere length homeostasis.  Most if not all telomere 

proteins are multifunctional; their many functions enable telomere regulation and 

telomere protection.  In the mammalian systems, shelterin components are recruited to 

telomeres through the dsDNA binders TRF1/TRF2, and interactions between shelterin 

components are essential for their localizations to the telomeres (Loayza and de Lange 

2003; Liu et al. 2004a; Ye et al. 2004; Takai et al. 2011; Sfeir and de Lange, 2012).  This 

interdependent telomere association behavior of the mammalian shelterin components 

hampers a precise understanding of how each individual component and the linkage 

between them separately contribute to telomerase regulation. S. pombe has a similar 

shelterin complex (Miyoshi et al., 2008); however, the recruitments of its shelterin 
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components to telomeres are not solely dependent on dsDNA binding protein Taz1.  The 

Pot1 complex is found to associate with telomeres in a Taz1- or Rap1-independent manner 

(Miyoshi et al., 2008).  This nifty feature of S. pombe shelterin makes it an ideal system to 

investigate how telomere length homeostasis is achieved through interactions among 

members of the telomere protein complex without the complications of their dissociations 

from the telomere due to the loss of interactions.   

Among S. pombe telomere proteins, Tpz1 physically lies at the interface of telomeric 

dsDNA- and ssDNA-binding proteins and is functionally positioned between the positive 

and negative regulators of telomere elongation (Fig. 1A).  In addition to its interactions 

with Poz1 and Pot1, Tpz1 is also associated with Ccq1—a telomerase recruiter and 

checkpoint response inhibitor (Flory et al. 2004; Miyoshi et al., 2008; Tomita and Cooper, 

2008; Jain et al., 2010; Moser et al., 2011; Webb and Zakian, 2012; Yamazaki et al., 2012; 

Nandakumar and Cech, 2013).  The unique position of Tpz1 in shelterin complex signifies 

its architectural role in shelterin complex assembly and implies its coordination roles in 

communicating the telomeric dsDNA length and structural information to the 3’ end of the 

G overhang—the ultimate destination of telomerase.  Thus, studying Tpz1 could help us 

understand the molecular mechanism by which the shelterin complex regulates telomeres 

in the nonextendible state and how it is switched to the telomerase-extendible state—two 

central questions that await answers.  However, previous studies showed that most tpz1Δ 

cells are inviable.  Surviving haploid cells completely lose the telomeric signal and form 

self-circularized chromosomes (Miyoshi et al., 2008), indicating the critical role of Tpz1 in 

chromosome end protection.  The dominant telomere deprotection consequence of tpz1+ 

deletion completely masks other important functions of Tpz1 in telomere length 
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homeostasis, making it impossible to study Tpz1’s role in telomerase regulation using 

tpz1Δ cells.  Clearly, separation-of-function mutants of Tpz1 are necessary to 

comprehensively understand the multifunctionality of Tpz1 in telomerase regulation and 

telomere protection.  Recent studies using the separation-of-function mutations on the TEL 

patch of human TTP1 successfully uncovered its roles in recruiting telomerase to telomeres 

and promoting telomerase processivity (Nandakumar et al., 2012; Sexton et al., 2012; 

Zhong et al., 2012).  However, the important function of Tpz1 in regulating different 

telomeric states via its interactions with other shelterin components is still not clear.   

Here, we biochemically identified Tpz1 mutants that can individually but specifically 

disrupt its interactions with Poz1, Ccq1, or Pot1.  Using these separation-of-function 

mutants of Tpz1, we found that the complete linkage between telomere dsDNA- and 

ssDNA-binding proteins within the shelterin complex is required for defining the 

telomerase-nonextendible state of telomeres.  Disruption of the linkage on either the 

dsDNA binder or the ssDNA binder side of Tpz1 causes unregulated elongation of 

telomeres without delocalizing shelterin components from telomeres.  Moreover, epistasis 

analyses of functional roles of Tpz1-centered interactions indicate that Ccq1 may activate 

the telomerase-nonextendible state of telomeres through its interaction with Tpz1, acting 

upstream of telomerase recruitment.  Our results suggest that Tpz1 acts as the coordinator 

of positive and negative regulators of telomere length homeostasis and is also a critical 

regulatory target for controlling the competence of telomeres for elongation. 
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RESULTS 

Tpz1 interacts with Poz1 and Ccq1 simultaneously using two different but adjacent 

patches  

We set out to mechanistically dissect the shelterin complex in S. pombe by focusing on Tpz1 

due to its physical connections to multiple other shelterin components.  Previous studies 

using yeast two-hybrid assays demonstrated that both Poz1 and Ccq1 bind to the Tpz1 C-

terminal domain (Tpz1-CTD), a domain of ~100 residues (Miyoshi et al., 2008).  However, 

the investigation was unable to determine whether the two binding events happen 

simultaneously on Tpz1-CTD due to the limitation of the yeast two-hybrid assay.  Using 

Escherichia coli-expressed, recombinant Tpz1-CTD (residues 406-508), Poz1, Ccq1 N-

terminal domain (Ccq1-NTD; residues 2-439) and Ccq1 CTD (residues 544-716), we 

performed GST pull-down assays to distinguish whether Poz1 and Ccq1 bind to Tpz1 

simultaneously (as drawn in Fig. 1A) or their interactions with Tpz1 are mutually exclusive.  

As shown in Fig. 1B, we found that GST-Tpz1-CTD interacted with Poz1 and Ccq1-NTD but 

not Ccq1-CTD.  Moreover, increasing the concentration of Ccq1-NTD to 100 times higher 

than that of Poz1 does not disassociate Poz1 from Tpz1-CTD.  This experiment 

demonstrates that both Poz1 and Ccq1 can bind to Tpz1-CTD at the same time.   

Simultaneous binding of Ccq1-NTD and Poz1 to Tpz1-CTD implies that there are two 

different surfaces on the Tpz1-CTD that mediate its interactions with Ccq1-NTD and Poz1, 

respectively.  We then aimed to determine whether Tpz1-Poz1 interaction and Tpz1-Ccq1 

interaction could be biochemically separated by distinct Tpz1 mutations.  We hypothesized 

that functionally important residues should be evolutionarily conserved and thus represent 
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leading candidates for residues to be targeted by mutagenesis.  Sequence alignment of Tpz1 

from S. pombe and two other fission yeast relatives, Schizosaccharomyces japonicus and 

Schizosaccharomyces octosporus (Rhind et al., 2011), reveals two clusters of relatively 

conserved patches (labeled with green and blue bars above the sequences in Fig. 1C).  We 

hypothesized that these two patches correspond to the binding sites for Ccq1 and Poz1, 

respectively.  Therefore, we made GST-Tpz1-CTD mutants and tested their binding ability 

to Poz1 and Ccq1-NTD.  As predicted, mutations in one conserved patch (labeled in blue in 

Fig. 1C, D) disrupted Tpz1-Ccq1 binding while retaining Tpz1-Poz1 interaction, with the 

converse result for mutations in the other patch (labeled in green in Fig. 1C, D).  As 

controls, we introduced mutations in the nonconserved residues between the two patches.  

These mutations disrupted neither Tpz1-Ccq1 nor Tpz1-Poz1 interaction.  Given that the 

Tpz1 mutants on each conserved patch retain their binding to at least one protein, it is 

unlikely that the mutations cause global unfolding of Tpz1-CTD.  Furthermore, using 

coimmunoprecipitation, we confirmed that mutations that abrogate Tpz1-CTD and Poz1 or 

Tpz1-CTD and Ccq1 interaction in vitro also disrupted the interactions between the full-

length Tpz1 and Poz1 or between the full-length Tpz1 and Ccq1, respectively (Fig. 1E).  

Therefore, we identified two adjacent patches merely ~50 residues away from each other 

on Tpz1-CTD that mediate its binding to Poz1 and Ccq1, respectively (as shown in Fig. 1F).  

Having obtained and validated Tpz1 separation-of-function mutations, we next used these 

mutants for functional dissection of the roles of Tpz1 in telomere maintenance in vivo. 
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Disruption of Tpz1-Poz1 interaction results in dramatically elongated telomeres  

To elucidate the functional roles of Tpz1-Poz1 interaction in telomere maintenance, we 

made two S. pombe strains with tpz1 mutants encoding proteins defective in Poz1 binding: 

tpz1-I501R and tpz1-I501A/R505E.  Both mutants had dramatically elongated telomeres, 

although not to the extent of telomeres in the poz1Δ cells (Fig. 2A; Miyoshi et al. 2008).  

This experiment indicates that the direct interaction of Poz1 with the telomeric ssDNA-

binding complex Tpz1-Pot1 is required for the negative regulatory function of Poz1.  To 

further investigate whether the negative regulatory role of Tpz1-Poz1 interaction in 

telomere length is imposed on telomerase, we deleted trt1+ in tpz1-I501R mutant to make 

tpz1-I501R/trt1Δ and test whether telomere elongation resulting from loss of Tpz1-Poz1 

interaction is telomerase-dependent.  The classic “ever-shorter telomere” phenotype 

appears in the tpz1-I501R/trt1Δ double-mutant cells, indicating that telomerase is 

downstream from the defective Tpz1 function in tpz1-I501R (Fig. 2B).  Consistent with the 

above, the telomere lengths of tpz1-I501R/rad51Δ or tpz1-I501R/rad55Δ double mutant 

were not shortened upon deleting rad51+ or rad55+, which are required for homologous 

recombination (HR)-dependent telomere elongation (Fig. 2C).  In addition, chromatin 

immunoprecipitation (ChIP) assays demonstrated that in both tpz1-I501R and tpz1-

I501A/R505E mutant cells, Poz1 remains associated with telomeres (Fig. 2D), possibly via 

its interaction with Rap1.  This result further indicates that it is the interaction between 

Tpz1 and Poz1, not Poz1 per se, that leads to the negative regulation of telomerase.  Taken 

together, we conclude that the interaction between Tpz1 and Poz1 negatively regulates 

telomerase because disruption of this interaction results in telomerase-dependent, 

dramatically elongated telomeres. It is worth nothing that the ~1.5-kb more telomere 
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elongation in poz1Δ cells compared with tpz1-I501R or tpz1-I501R/R505E cells suggests 

that Poz1 may have some additional roles in negatively regulating telomerase via a 

pathway that is separable from Poz1-Tpz1 interaction. 

 

Disruption of Tpz1-Pot1 interaction also elongates telomeres  

In fission yeast, the telomeric dsDNA is linked to single-stranded G overhang through a 

protein bridge composed of Taz1, Rap1, Poz1, Tpz1, and Pot1 as shown in Fig. 1A.  Deletion 

of Taz1, Rap1, or Poz1 causes telomere elongation (Cooper et al., 1997; Miyoshi et al., 

2008), while deletion of either Tpz1 or Pot1 leads to telomere deprotection and shortening 

and the subsequent formation of circularized chromosomes (Baumann and Cech, 2001; 

Miyoshi et al., 2008; Pitt and Cooper 2010).  This strong phenotype masks the functional 

roles of Tpz1 and Pot1 in telomerase regulation.  Our finding shows that just like deletion 

of taz1+, rap1+, or poz1+, disruption of Tpz1-Poz1 interaction also disrupts negative 

regulation of telomerase and leads to elongated telomeres.  What these alterations share in 

common is that they all break the complete linkage between the telomeric dsDNA and 

ssDNA mediated by the shelterin components.  It is reasonable to hypothesize that if any 

linkage point between the telomeric dsDNA- and ssDNA-binding proteins is removed or 

broken, negative regulation of telomerase will be abrogated, thereby keeping telomeres in 

a telomerase-extendible state constitutively.  The full connection between telomeric 

dsDNA-binding protein and ssDNA-binding protein may define the telomerase-

nonextendible state of the telomere.  This model predicts that disruption of Tpz1-Pot1 

interaction will also lead to elongated telomeres in a telomerase-dependent manner, just as 
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disruption of Tpz1-Poz1 interaction does.  To test this, we set out to identify a specific 

mutant of Tpz1 that disrupts its interaction with Pot1, as we did for Poz1 and Ccq1 above. 

To this end, we resorted to the crystal structure of TEBP-/, the Oxytricha nova 

homolog of the S. pombe Pot1/Tpz1 complex (Horvath et al., 1998).  Through a secondary 

structure prediction and its homology with the TEBP-/ structure (as shown in Supp. Fig. 

1A, B), we identified a loop region in the Tpz1-NTD (residues 1-234) (Nandakumar and 

Cech 2012) as a strong candidate to mediate Tpz1-Pot1 interaction (colored green in Fig. 

3A).  Within that loop of Tpz1, we introduced point mutations individually to residues that 

are conserved in fission yeasts.  The purified recombinant GST-Tpz1-NTD mutants, 

produced in E. coli, were then subject to GST pull-down assays to evaluate binding ability to 

Pot1.  As shown in Fig. 3B, among nine Tpz1-NTD mutants, Tpz1-I200R evidently abolished 

the in vitro association between Tpz1 and Pot1.  Next, we confirmed that Tpz1-I200R 

mutation, which abrogates Tpz1-NTD and Pot1 interaction in vitro, also disrupts full-length 

Tpz1-Pot1 interaction in coimmunoprecipitation assays (Fig. 3C).  Consistent with our 

model, telomeres in tpz1-I200R mutant cells are also elongated (Fig. 3D), reminiscent of the 

tpz-I501R mutant in which Tpz1-Poz1 interaction is disrupted.  In addition, just like we 

observed in tpz-I501R mutant, deletion of telomerase resulted in an “ever-shorter 

telomere” phenotype in the tpz1-I200R/trt1Δ double mutant, whereas both tpz1-

I200R/rad51Δ and tpz1-I200R/rad55Δ double mutants maintain elongated telomeres (Fig. 

3E), indicating that telomere elongation in the tpz1-I200R mutant is telomerase-dependent, 

but not HR-dependent. 
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Both Tpz1-Poz1 and Tpz1-Pot1 interactions function in the same pathway as Rap1 

and Poz1 in negatively regulating telomerase 

We further asked whether Tpz1-Pot1 interaction functions in the same pathway as Tpz1-

Poz1 in telomerase regulation.  To address this, we constructed tpz1-I200R/I501R double-

mutant strain and found that its telomeres were also elongated (Fig. 4A), similar to the 

single-mutant tpz1-I200R or tpz1-I501R but not additionally, indicating epistasis between 

the mutants.  Hence, Tpz1-Pot1 interaction negatively regulates telomerase-mediated 

telomere elongation in the same pathway as Tpz1-Poz1 interaction.  In the S. pombe 

shelterin complex, Tpz1, Poz1, and Rap1 connect the telomeric dsDNA-binding protein 

Taz1 to the G-overhang-binding protein Pot1.  Deletion of rap1+ or poz1+ causes 

telomerase-dependent telomere elongation, much like the phenotypes observed for Tpz1-

Poz1 or Tpz1-Pot1 interaction-defective mutants.  To determine whether the “connector” 

proteins Rap1 and Poz1 also act in the same pathway as Tpz1-Poz1 and Tpz1-Pot1 

interactions to negatively regulate telomerase, we employed epistasis analysis and 

generated a set of double mutants in which rap1+ or poz1+ was individually deleted in tpz1-

I200R and tpz1-I501R mutant strains.  As shown in Fig. 4B and 4C, deletion of either rap1+ 

or poz1+ in both Tpz1-Pot1 interaction-defective (tpz1-I200R) and Tpz1-Poz1 interaction-

defective (tpz1-I501R) mutant cells still produced elongated telomeres in the double-

mutant cells; moreover, none of the double mutants had telomeres longer than those of the 

single mutants, suggesting that Rap1 and Poz1 act through Tpz1 and then Pot1 to prevent 

telomerase from elongating telomeres.  Thus, we conclude that breaking any linkage within 

the shelterin complex connecting telomeric dsDNA and ssDNA leads to loss of negative 

regulation and therefore elongated telomeres.  Recent work showed that telomerase 
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recruitment can be mediated by the interaction between telomerase subunit Est1 and Ccq1 

when Thr93 of Ccq1 is phosphorylated by Tel1ATM and/or Rad3ATR.  A nonphosphorylable 

mutant of Ccq1, Ccq1-T93A, cannot bind to Est1 and therefore fails to promote telomerase 

recruitment (Moser et al., 2011; Webb and Zakian, 2012; Yamazaki et al., 2012).  Taking 

advantage of this discovery, we constructed tpz1-I200R/ccq1-T93A and tpz1-I501R/ccq1-

T93A double mutants and found that both double-mutant cells showed progressive 

telomere loss (Fig. 4D), suggesting that Tpz1-mediated negative telomerase regulation 

functions upstream of telomerase recruitment.   

Taken together, our finding implies that the complete linkage between the double-

stranded and single-stranded telomeric DNA may define the telomerase-nonextendible 

telomeric state in which the telomere is a “dead” substrate for telomerase to elongate and 

has to be activated before telomerase can extend it.   This mechanism provides a key 

molecular element about how the negative regulatory information is delivered from the 

telomere dsDNA side to 3’ of the G overhang—where telomerase works. 

 

Loss of Ccq1-Tpz1 interaction causes telomere shortening and telomere 

maintenance via HR  

Ccq1, a more recently identified factor in fission yeast telomere maintenance, has been 

shown to be required for telomerase recruitment and inhibition of DNA damage-induced 

checkpoint activation at telomeres (Flory et al. 2004; Miyoshi et al. 2008; Tomita and 

Cooper, 2008).   Using our biochemically identified Ccq1-Tpz1 interaction-defective mutant 

(tpz1-L449A) in hand (Fig. 1D), we explored the functional significance of this interaction in 
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telomere maintenance.  We found that S. pombe cells containing the tpz1-L449A mutation 

elongated progressively with successive generations (Fig. 5A), a phenotype characteristic of 

DNA damage checkpoint activation.  When tpz1-L449A cells reach 50 generations, ~50% of 

the cells are twice as long as wild-type cells, reminiscent of ccq1Δ cells.  This observation 

suggested that disruption of Ccq1-Tpz1 interaction triggers a checkpoint pathway, similar 

to the deletion of ccq1+.  In addition, telomere length in tpz1-L449A cells, as shown in Fig. 

5B and Supp. Fig. 2A, is stable, but ~150 base pairs (bp) shorter than that in wild-type cells 

directly following sporulation from tpz1-L449A heterozygous diploid cells (tpz1-L449A/+).  

Similar to ccq1Δ cells (Tomita and Cooper, 2008), tpz1-L449A cells appear to stably 

maintain short telomeres many more generations than the trt1Δ cells, in which telomeres 

shorten progressively.  Furthermore, the telomere maintenance in tpz1-L449A cells is not 

dependent on telomerase (Fig. 5C); instead, it is achieved via a HR mechanism because 

deletion of either rad51+ or rad55+ immediately abrogates the stably maintained short 

telomeres in tpz1-L449A cells (Fig. 5D) and eventually generates survivals with circular 

chromosomes (Fig. 5E) that have lost ~10 kb long subtelomeric regions (Supp. Fig. 2B).  

Since Rad55 is not required for telomere maintenance in ccq1Δ cells (Tomita and Cooper, 

2008) but is required for cells which defective Tpz1-Ccq1 interaction, Ccq1 might have 

additional roles in regulating HR-based telomere maintenance. In conclusion, shortened 

telomeres and loss of telomerase-mediated telomere elongation in Tpz1-Ccq1 interaction-

defective mutant tpz1-L449A cells indicates that Ccq1 requires interaction with Tpz1 to 

carry out its functions as a positive regulator of telomerase.    
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Loss of Ccq1-Tpz1 interaction does not affect the association of telomerase with 

telomeres or causes telomere deprotection   

As mentioned above, recent studies demonstrated that Ccq1 is critical for telomerase 

recruitment via its interaction with Est1; this interaction is regulated by the 

phosphorylation of Ccq1-Thr 93 by Tel1ATM and/or Rad3ATR (Moser et al. 2011; Yamazaki et 

al. 2012).  One possible outcome of disrupting Tpz1-Ccq1 interaction is that Ccq1 might not 

be able to localize to telomeres and thus fails to recruit Est1 and Trt1 to telomeres.  To test 

this possibility, we performed ChIP assays to examine whether the associations of Ccq1 

and/or Trt1 with telomeres were abolished in tpz1-L449A cells.  To our surprise, we found 

that both Ccq1 and Trt1 bound to telomeres at levels similar to those in the wild-type 

strain, just as in the other two Tpz1 mutant strains (tpz1-I200R and tpz1-I501R) bearing 

elongated telomeres (Fig. 6A, B). In contrast, we determined from the same ChIP assay that 

Trt1 fails to localize to telomeres in ccq1Δ and ccq1-T93A cells (both are known to affect 

telomerase recruitment) (Fig. 6B).  In addition, we found that, in all three Tpz1 interaction 

mutant strains, Ccq1 specifically bound to the telomere region or the first ~300 bp of the 

subtelomeric region close to the telomere but not to the rest of the subtelomeric regions 

covering ~20 kb from the chromosome end (Fig. 6C).  This result indicated that telomere 

shortening in tpz1-L449A cells was not due to the failure to recruit telomerase to telomeres.  

This observation implies that Ccq1 and therefore telomerase may be recruited to telomeres 

through another functional patch on Tpz1 or by other shelterin components.  

We next addressed whether disruption of Ccq1-Tpz1 interaction caused the 

dissociation of single-stranded telomere overhang-binding protein Pot1 from the 

telomeres, which would result in telomere deprotection and subsequent telomere 
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shortening.  As shown in Fig. 6D, ChIP assays suggested that Pot1 interacted with telomeres 

of tpz1-L449A cells at a level similar to those in wild-type cells or Tpz1 mutants tpz1-I200R 

and tpz1-I501R.  Furthermore, ChIP assays examining the telomeric association of Poz1 

(Supp. Fig. 3A) or Tpz1 (Supp. Fig. 3B) showed that their presence at telomeres was not 

affected by tpz1-L449A mutation or the other two Tpz1 mutations (tpz1-I200R and tpz1-

I501R) (Supp. Fig. 3B, C).  Altogether, we conclude that telomere integrity is not 

compromised in Ccq1-Tpz1 interaction-defective cells.   

 

Ccq1 activates the telomerase-nonextendible state of telomeres via its interaction 

with Tpz1  

Since Ccq1-Tpz1 interaction does not affect telomerase recruitment to telomeres, we 

hypothesized that this interaction may stimulate telomerase action through the substrate 

side; namely, Ccq1 may interact with Tpz1 to induce a breakdown of Tpz1-mediated 

complete linkage between telomeric dsDNA and ssDNA, switching telomeres from 

telomerase-nonextendible to telomerase-extendible state.  To investigate this possibility, 

we took advantage of a Tpz1 mutant strain characterized earlier in this study, tpz1-I501R, 

in which telomeres stay constitutively in the telomerase-extendible state due to the loss of 

complete linkage between the telomeric ssDNA and dsDNA by shelterin.  If our hypothesis 

were correct, tpz1-I501R mutant would bypass the requirement for the telomere activation 

step mediated by Ccq1-Tpz1 interaction.  Indeed, tpz1-L449A/I501R double-mutant cells 

had elongated telomeres similarly to the tpz1-I501R single-mutant (Fig. 7A).  Moreover, we 

carried out the same experiment in the poz1Δ mutant background, which is similarly 

defective in negative regulation of telomere extension.  poz1Δ/tpz1-L449A double-mutant 
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cells showed telomere length identical to poz1Δ cells (Fig. 7B), further confirming bypass of 

Ccq1-Tpz1 interaction for telomere extension when telomeres are constitutively 

extendible.  Not surprisingly, both the tpz1- I200R/L449A double-mutant cells and the tpz1-

L449A/I501R/poz1Δ triple mutant cells also bypassed the necessity of Ccq1-Tpz1 

interaction for telomerase-mediated telomere elongation (Supp. Fig. 4A, B). However, tpz1-

I501R cannot suppress ccq1Δ due to the lack of telomerase recruitment through Ccq1; 

instead, tpz1-I501R/ccq1Δ double-mutant cells appear to have the telomere deprotection 

phenotype (Supp. Fig. 4C), similar to poz1Δ/ccq1Δ double-mutant cells (Miyoshi et al. 

2008). 

Furthermore, we confirmed that in both tpz1-L449A/I501R and tpz1-L449A/poz1Δ 

cells, telomere elongation was mediated by telomerase because deletion of trt1+ in both 

strains led to telomere shortening (Fig. 7C, D).  Thus, we conclude that Ccq1-Tpz1 

interaction acts upstream from the Tpz1-Poz1 interaction, Tpz1-Pot1 interaction, or likely 

all other negative regulators (such as Poz1) that retain telomeres in the nonextendible 

state.  Therefore, Ccq1-Tpz1 interaction is necessary for the activation of telomeres to the 

extendible state for telomerase to elongate.  Thus, as shown in Fig. 7E, we propose that in 

addition to its telomerase recruitment role, Ccq1 is also a negative regulator of the 

shelterin-composed dsDNA−ssDNA negative regulatory bridge for telomerase-mediated 

telomere elongation; its interaction with Tpz1 is required to antagonize the negative force 

transmitted through Taz1−Rap1−Poz1−Tpz1−Pot1 (red curved line in Fig. 7E) on telomere 

extension.  In other words, Ccq1 interacts with Tpz1 to induce the activation of the 

shelterin-controlled nonextendible state of telomeres, switching it to the extendible state. 
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DISCUSSION 

The equilibrium between telomerase-extendible and telomerase-nonextendible states is 

regulated by telomere length; short telomeres are elongated by telomerase more frequently 

than long telomeres (Teixeira et al., 2004).  This equilibrium contributes to telomere length 

homeostasis, which in turn defines the telomere length in a species-specific range.  

Understanding the molecular nature of these two telomeric states depends on elucidating 

the functional roles of each individual molecular interaction among the telomere proteins.  

As telomere proteins are all interconnected with more than one interacting partners, 

separation-of-function mutants of them, mostly identified genetically (such as cdc13-1, 

cdc13-2, etc.), have been instrumental in revealing their multi-functionality in telomere 

maintenance ( Evans and Lundblad, 1999; Qi and Zakian, 2000; Chandra et al., 2001; 

Pennock et al., 2001;).  However, in this “genetics first” approach, the biochemical 

properties of some of the mutants are difficult to clarify.  In this study, we focused on fission 

yeast Tpz1, which physically lies in the interface of telomeric ssDNA- and dsDNA-binding 

proteins and is functionally positioned between the positive and negative regulators of the 

telomere elongation.  It is almost impossible to study Tpz1’s role in telomerase regulation 

because tpz1+ deletion immediately leads to circular chromosomes, presumably due to the 

loss of telomere protection function of Tpz1.   To overcome this complication, we 

biochemically identified Tpz1 mutants, which can individually but specifically disrupt its 

interaction with Pot1, Poz1, or Ccq1 while maintaining critical telomere protection 

functions.  Coupled with epistasis analyses, these Tpz1 separation-of-function mutants 

allowed us to further dissect the multifaceted roles of Tpz1 in regulating telomerase-

extendible and telomerase-nonextendible states.   
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A model for the nonextendible telomeric state 

Shelterin is believed to have an inhibitory effect on telomerase (Bianchi and Shore, 2008).  

Earlier studies, primarily using genetic deletions in the yeast systems and RNAi knockdown 

in the human system, have revealed that most of the shelterin components act as negative 

regulators of telomerase, which includes TRF1 and TRF2 (homologs of Taz1), RAP1, and 

TIN2 (homolog of Poz1).  Telomere length phenotypes of POT1/TPP1 knockdown in human 

cells are controversial (Colgin et al., 2003; Veldman et al., 2004), and deletion of pot1+ or 

tpz1+ in fission yeast leads to telomere deprotection.  These observations support the 

proposal that inhibition of telomerase through integration of telomere length information is 

transduced from the dsDNA-binding TRF1 complex, including TRF2, TIN2 and TPP1, to the 

telomere terminus through  recruiting POT1 to the very end, thereby controlling telomere 

accessibility to telomerase ( Marcand et al., 1997; Loayza and De Lange, 2003; Barrientos et 

al. 2008; Kendellen et al. 2009).  Alternatively, one or more shelterin components could also 

directly act on telomerase to enforce their negative roles.  Deletion or knockdown of whole 

components cannot distinguish between these two possibilities.  Here, by examining the 

telomere length of our Tpz1 separation-of-function mutants, in which only one residue of a 

protein is altered, likely preserving all the other functions, we can unambiguously evaluate 

the contributions of specific protein-protein interactions to telomerase regulation and 

avoid the complications from simultaneously losing other functional interactions mediated 

by the same protein.  Our data together with previous work (Cooper et al. 1997; Miyoshi et 

al. 2008; Chen et al. 2011) demonstrate that the complete linkage between the double-

stranded telomeric DNA and single-stranded G overhang through shelterin, but not 

individual shelterin components per se, controls telomeres in the telomerase-
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nonextendible state (Fig. 7E).  The importance of the linkage in controlling telomeres in the 

nonextendible state is evident in both tpz1-I200R and tpz1-I501R mutants, in which 

shelterin components are disconnected due to the loss of Tpz1-Pot1 and Tpz1-Poz1 

interactions, respectively, but are still associated with telomeres (shown by the ChIP assays 

in Fig. 2D, 6D, and Supp. Fig. 4).  In particular, we show through the tpz1-I200R mutant that 

fission yeast Pot1 itself cannot inhibit telomerase even if it is associated with telomeres.  

The complete linkage from Pot1 to Taz1 is an essential element to prevent telomerase from 

elongating telomeres.  Structurally, either T-loop or G-overhang fold-back model can render 

telomerase-nonextendible telomeres because in both structures the very 3’ end of the G 

overhang is sequestered from being accessible to the telomerase.  Importantly, the linkage 

between the dsDNA and ssDNA telomere binders is a shared key requirement for both 

structures.  The longer the telomere, the more telomere dsDNA-binding proteins will be on 

the telomere and therefore more likely to form the linkage with the ssDNA-binding protein 

via the bridging proteins.  Thus, our findings help explain why long telomere tend to fall in 

the telomerase-nonextendible state. 

The physical association of telomerase with telomeres is necessary but not sufficient 

to elongate telomeres, as we observed in the Tpz1-Ccq1 interaction-defective tpz1-L449A 

cells, in which Trt1 still binds to the telomere (Fig. 6B), but new telomere addition by 

telomerase does not occur (Fig. 5B) unless the negative regulation of telomeres resulting 

from the shelterin linkage is removed.  Telomeres in the nonextendible state are basically 

“dead” substrates for telomerase and need to be activated.  It is not hard to envision that the 

model that we propose for fission yeasts is applicable to the human system as well, given 

the conservation of the functional counterparts and pairwise interactions in both systems. 
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In human cancer cells, telomerase is suggested to be prepositioned on telomeres.  Under 

telomere steady-state maintenance conditions with normal telomere length, most 

telomeres are elongated only one round by telomerase every cell cycle; however, after 

telomeres are artificially shortened, the extendible telomeric state (also called open 

conformation) lasts longer, and therefore more telomerase molecules were observed to 

carry out additional rounds of telomere extensions in order to rapidly elongate telomeres to 

be above the critical length to avoid the activation of DNA damage signaling (Zhao et al. 

2009, 2011). 

 

Activation of the telomere substrate acts upstream of the telomerase recruitment 

To be elongated by telomerase, the very 3’ end of the telomere has to become accessible.  

How does the telomere switch from the telomerase-nonextendible state to the telomerase-

extendible state?  Our in-depth epistasis analyses of Tpz1 mutants provide a clue.  Without 

Ccq1-Tpz1 interaction (in the tpz1-L449A background), telomerase can still localize to 

telomeres but cannot elongate them; however, when poz1+ is deleted or Tpz1-Poz1 

interaction is disrupted in this background, telomeres can be elongated again (Fig. 7A, B).  

This result indicates that Ccq1-Tpz1 interaction acts upstream of the shelterin linkage, the 

negative force keeping telomeres in the telomerase-nonextendible state.  In other words, 

Ccq1 interacts with Tpz1 to activate the telomerase-nonextendible state.  Ccq1 is therefore 

an inhibitor of nonextendible telomeres (net activation of extension) along with its role as a 

telomerase recruiter.  In addition to the telomerase activation step (Taggart et al., 2002), 

our observation suggests that telomeres also need to be activated to make the elongation 

happen.  This finding opens a brand-new route to explore the biochemical mechanisms 
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whereby the nonextendible telomeres are activated and become optimal substrates for 

telomerase.  One possibility is that Ccq1-Tpz1 interaction may induce post-transnational 

modifications of Tpz1 (such as phosphorylation by a kinase). The modified Tpz1 then loses 

its interaction with either Poz1 or Pot1, switching the telomere to the telomerase-

extendible state. 

In summary, our study reveals a key mechanistic aspect of the telomerase-

nonextendible telomeric state and provides the first genetic evidence of how it is activated 

to the extendible state.  Telomerase enzyme inhibitors have been developed as promising 

anti-cancer drugs (Harley, 2008).  Our mechanistic understanding of the nature of the 

telomerase-nonextendible state makes the telomere, the substrate, also “druggable”.   

Locking telomeres in the nonextendible state represent a possible new therapeutic 

approach in addition to inhibiting the enzyme. 
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  Fig. 1 Tpz1 interacts with Poz1 and Ccq1 simultaneously using two different patches.  (A) Fission 
yeast shelterin complex.  It is composed of telomeric sequence-specific dsDNA- and ssDNA-binding 
proteins Taz1 and Pot1, respectively, accompanied by their protein interaction partners, Rap1, Poz1, and 
Tpz1, forming a bridge between Taz1 and Pot1.  Ccq1 was recently found to recruit telomerase to 
telomeres through Est1.  If the deletion of a telomere protein causes telomere elongation, this protein is 
regarded as a negative regulator of telomere length and is therefore labeled "−", otherwise, it is labeled 
"+".  For clarity, the stoichiometry of each individual component is not indicated in the figure; only one 
copy of each component is shown.  (B) In vitro GST pull-down assays examining Tpz1-Poz1 and Tpz1-
Ccq1 binary and Tpz1-Poz1-Ccq1 ternary interactions.  Tpz1-CTD binds to Ccq1-NTD and Poz1 
individually (lane 3, 5, respectively) and also at the same time (lane 6-8).  Competition experiments 
shown in Lanes 7 and 8 demonstrate that even when the concentration of Ccq1-NTD is 100 times higher 
than that of Poz1, Tpz-CTD and Poz1 interaction remains stable. GST-Tpz1-CTD input (shown in lane 1) is 
one-tenth of the total protein used in the binding assays. Inputs shown in lane 12-14 are one-fourth of 
the total Poz1, Ccq1-NTD, and Ccq1-CTD used in the binding assays.  (C) Sequence alignment of Tpz1 
from three different fission yeasts showing two conserved patches. Highly conserved residues are 
highlighted in black, and similar residues are highlighted in gray.  (D) In vitro GST pull-down assays 
testing the binding of Tpz1 mutants to Poz1 and Ccq1-NTD.  Two groups of mutants were identified that 
are defective in binding to Ccq1 (colored in blue) and Poz1 (color in green), respectively.  (E) Tpz1-
L449A and Tpz1-I501R disrupt Tpz1-Ccq1 and Tpz1-Poz1 interactions, respectively, as evaluated by 
coimmunoprecepitation assays. Cdc2 is shown as the loading control.  (Input) One-thirtieth of input WCE 
(whole-cell extract).  (F) Schematic representation of Tpz1’s interactions with Ccq1, Poz1, and Pot1.  
Tpz1 interacts simultaneously with Ccq1 and Poz1 via its CTD and with Pot1 via its NTD. 
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Fig. 2 Tpz1-Poz1 interaction negatively regulates telomerase.  (A) Top: Diagram of the telomere 
region showing relative positions of restriction enzyme sites and the telomere DNA probe for Southern 
blots.  Bottom: Southern blot analysis of EcoRI-digested genomic DNA using the telomere DNA probe for 
the indicated tpz1-I501R and tpz1-I501A/R505E mutant strains from successive restreaks on agar plates.  
Disruption of Tpz1-Poz1 interaction causes elongated telomeres that are ~1.5 kb shorter than poz1Δ.  In 
the telomere length analysis Southern blots presented in this study, either the 2-log DNA ladder from 
New England Biolabs (for Fig. 2A and Fig. 2.3D) or the 1-kb plus marker from Invitrogen (the rest of the 
telomere blots) was used and is denoted as “M”. Wild-type cells are denoted as “wt”  in the blot.  (B) 
Telomere maintenance in tpz1-I501R cells is telomerase-dependent.  (C) Telomere maintenance in tpz1-
I501R cells is not HR-dependent.  (D) Recruitment of Poz1 to telomeres in tpz1-wt, tpz1-I501R, and tpz1-
I501A/R505E cells was monitored by ChIP assay.  Telomere association of Poz1 in each background was 
monitored by slot blot.  After hybridization with the telomere probe, the same membrane was stripped 
and then hybridized with rDNA probe.  Telomeric enrichment of Poz1 was expressed as 
immunoprecipitate (IP)/whole-cell extract (WCE) from the telomere DNA probe.  Error bars in the 
quantification of the slot blot analysis represent standard deviations of two individual repeats. 
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Fig. 3 Tpz1-Pot1 interaction negatively regulates telomerase.  (A) Structural representation of the O. 
nova TEBP-α/TEBP-β complex, an ortholog of Pot1/Tpz1 complex.  The loop region of TEBP-β that 
mediates protein-protein interaction between TEBP-α and TEBP-β is indicated by an arrow and colored 
green.  (B) In vitro GST pull-down assays examining the binding of Tpz1-NTD mutants to Pot1.  (C) Tpz1-
I200R disrupts Tpz1-Pot1 interaction, as evaluated by coimmunoprecipitation assays.  Cdc2 was shown 
as the loading control.  (Input) One-thirtieth of input WCE (whole-cell extract).  (D) Telomeres elongate 
in tpz1-I200R mutant, as shown by Southern blot analysis.  (E) Telomere maintenance in the tpz1-I200R 
mutant is telomerase-dependent, but not HR-dependent. 
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Fig. 4 Tpz1-Poz1 and Tpz1-Pot1 interactions act in the same pathway as Rap1 and Poz1 to 
negatively regulate telomerase.  (A) tpz1-I200R/I501R cells have elongated telomeres, similar to those 
of tpz1-I501R cells.  (B) Double-mutant strains tpz1-I200R/poz1Δ and tpz1-I501R/poz1Δ both have 
telomere length similar to the poz1Δ single-mutant strain.  (C) Double-mutant strains tpz1-I200R/rap1∆ 
and tpz1-I501R/rap1Δ both have telomere length similar to the rap1Δ single-mutant strain.  (D) Double-
mutant strains tpz1-I200R/ccq1-T93A, tpz1-I501R/ccq1-T93A, and poz1Δ/ccq1-T93A show progressive 
telomere shortening.  
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Fig. 5 Loss of Ccq1-Tpz1 interaction causes telomere shortening and telomere maintenance via 
HR.  (A) tpz1-L449A cells show elongated cell shape.  (B) Telomeres in tpz1-L449A cells are ~150 bp 
shorter than those of the wild-type cells, similar to those in ccq1Δ cells.  (C) Telomere maintenance in 
tpz1-L449A cells is not dependent on telomerase.  (D) Telomere maintenance in tpz1-L449A mutants is 
dependent on HR.  (E) Deletion of either rad51+ or rad55+ in tpz1-L449A cells leads to chromosome 
circularization. 
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Fig. 6 Loss of Ccq1-Tpz1 interaction does not affect the association of telomerase with telomeres 
or causes telomere deprotection.  (A) Telomere association of Ccq1 in the indicated tpz1 mutants was 
assayed by ChIP assay.  Immunoprecipitated DNA was applied to a slot blot for hybridization.  After 
hybridization with the telomere probe, the same membrane was stripped and then hybridized with the 
rDNA probe.  Error bars in the quantitation of the slot blot analysis represent standard deviations of two 
individual repeats.  (B) ChIP analysis of Trt1.  Telomere association of Trt1 in each background was 
monitored by quantitative real-time PCR with a primer pair against subtelomeric region I.  The same PCR 
reaction using a primer pair against an fbp1 gene fragment was carried out as background control.  Plots 
show mean values ± SD for two independent experiments.  (C) Binding of Ccq1 to the telomeric and 
subtelomeric regions was evaluated by quantitative real-time PCR-ChIP analysis.  (D) Telomere 
association of Pot1 in indicated tpz1 mutant cells was monitored by a dot blot ChIP assay. Error bars in 
the quantitation of the dot blot analysis represent standard deviations of two individual repeats. 
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Fig. 7 Ccq1-Tpz1 interaction activates the telomerase-nonextendible state of telomeres.  (A) tpz1-
L449A/I501R cells have elongated telomeres, which are the same length as tpz1-I501R cells.  (B) tpz1-
L449A/poz1Δ cells have elongated telomeres, which are the same length as poz1Δ cells.  (C, D) Telomere 
maintenance in tpz1-L449A/I501R mutant (C) and tpz1-L449A/poz1∆ mutants (D) are telomerase-
dependent.  (E) A model for controlling telomerase-nonextendible telomeric state by the shelterin 
linkage and its switching to the extendible state by Ccq1-Tpz1 interaction.  
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CHAPTER 4 

Counting down the replicative clock: Rap1 connects telomere length to 

cellular senescence 

 

ABSTRACT  

Human somatic cells or yeast telomerase-null cells have finite replicative lifespans termed 

the Hayflick limit.  During the defined number of cell divisions, their telomeres shorten 

progressively, which eventually leads to replicative senescence.  However, the mechanism 

underlying how telomere length instructs the “replicative clock” and triggers senescence 

has remained elusive.  Here we find that shelterin component Rap1 licenses senescence 

based on the telomere length it senses.  Rap1 interacts with γH2A via its conserved BRCT 

domain in subtelomeric chromatin to prevent activation of the DNA damage response 

(DDR), by competitively inhibiting the interaction between γH2A and checkpoint mediator 

Crb253BP1.  In the absence of telomerase, gradual telomere shortening and progressive loss 

of shelterin binding sites reduce local Rap1 concentration, allowing Crb253BP1 to access 

subtelomeric γH2A, activate DDR, and trigger senescence when telomeres become critically 

short.  Our findings provide a molecular basis for how the replicative lifespan is set by 

telomere length. 

 

INTRODUCTION 

More than 50 years ago, Leonard Hayflick discovered that cultured normal human somatic 

cells have finite replicative capacity (Hayflick and Moorhaed, 1961; Hayflick 1965 and 1998).  
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After a defined number of cell divisions, cells become senescent—a phenomenon now 

known as the ‘Hayflick limit’.  It was initially proposed that this limited replicative capacity 

is due to telomeric DNA attrition from the chromosome ends and, eventually, a loss of DNA 

sequences coding essential genes, caused by the “end-replication problem”.  The importance 

of telomeres in controlling replicative senescence was demonstrated by observations that in 

human somatic cells and yeast telomerase-null cells, telomeres undergo progressive 

shortening—the classical “ever shorter telomere” (est) phenotype, as cells are serially 

passaged until their senescence.  In fact, the existence of residual telomeres in senescent 

human somatic cells suggests that shortened telomeres or a related change in the status of 

the telomeric nucleoprotein complex may induce senescence (Harley and Karseder, 2008).  

A causal relationship between telomere shortening and cellular senescence was established 

when forced expression of TERT, the protein subunit of telomerase—a ribonucleoprotein 

enzyme that adds new telomeric DNA to chromosomal ends, simultaneously prevents 

telomere shortening and dramatically increases the proliferative lifespan of normal human 

cells (Shay and Wright, 1996 and 2000).  In contrast to normal cells, which lack telomerase, 

most cancer cells have upregulated telomerase activity, allowing telomeres to be continually 

extended, thereby leading to uncontrolled proliferation and cell immortality (Hanahan and 

Weinberg, 2011).  In addition to telomerase, chromosomal ends can escape from shortening 

through a homologous recombination (HR)-based mechanism known as alternative 

lengthening of telomeres (ALT)(Cesare et al., 2010; Bryan et al., 1997 and 1995).  Serial 

passaging of telomerase-null yeast cells or mouse embryonic stem (mES) cells with 

telomerase RNA (mTER) deleted resulted in reduced growth rate with ensuing cell 

senescence.  Interestingly, in both cases, rare survivors emerged, concomitantly with 
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amplifications of telomeric and subtelomeric sequences present at most chromosome ends 

(Lundblad and Blackburn, 1993; Niida et al., 2000), suggesting that they adopted 

recombination-based ALT mechanism for telomere maintenance, which enable them to 

escape from senescence.   

How does incomplete loss of telomeric DNA eventually leads to replicative senescence 

of the cell and activates the ALT mechanism in the survivors?  What connects the 

proliferative potential of cells to the length of their telomeres?  Cytological characterizations 

of senescent human fibroblast cells demonstrated full activation of the DNA damage 

response (DDR) in these cells (Fagagna et al., 2003).  In contrast, telomerase-immortalized 

control cells can grow for many cell divisions beyond the normal senescent point, yet 

showed no sign of DDR activation.  Furthermore, DDR maker proteins such as H2AX, 53BP1, 

and NBS1 were found to localize to chromosome ends of senescent cells, especially to those 

known to possess relatively short telomeres (Fagagna et al., 2003; de Lange, 2010).  

Telomeric accumulation of DDR proteins consequently triggers the activation of DNA 

damage checkpoint kinases CHK1 and CHK2, the ensuing full checkpoint execution, and 

permanent cell-cycle arrest.  However, it still remains unclear how the progressive loss of 

telomere DNA is monitored and telomere length information is processed to instruct the 

timely activation of DDR and license the following senescence program when the telomere 

lengths fall under a critical threshold.  

Shelterin proteins, specifically recognizing and recruited by telomeric DNA repeats (de 

Lange, 2005; Palm et al., 2008; Miyoshi et al., 2008; Jain et al., 2010), vary their amount in 

the telomere and its periphery regions proportionally to telomere length (Jun et al., 2013; 

Miyoshi et al., 2008).  Thus, they are good candidates for sensors of telomere length, and are 
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therefore very likely to involve in the molecular events that deliver telomere length 

information to the DDR signaling cascade.  Interestingly, the shelterin component Rap1 

contains a domain frequently found in proteins involved in DDR signaling and DNA repair, 

called the BRCT domain (Leung et al., 2011).  The BRCT domain is absolutely conserved in 

all Rap1 orthologs from yeasts (fission and budding) (Shore and Nasmyth, 1987; Kanoh et 

al., 2001; Chikashige et al., 2001) to mammals (Li et al., 2000) (Fig. 1A), although previous 

studies in both human and fission yeast uniformly indicated that the BRCT domain of Rap1 

is dispensable for telomerase-mediated telomere maintenance (Kabir et al., 2014; Fujita et 

al., 2012; Sfeir et al., 2010).  Thus, the function of this phylogenetically conserved BRCT 

domain in Rap1 still remains a mystery after more than 25 years since the discovery of Rap1 

(Shore and Nasmyth, 1987).  BRCT domains are integral signaling modules in the elaborate, 

kinase-mediated DDR signaling network that, when activated, arrests progression through 

the cell cycle to ensure genomic integrity (Reinhardt et al., 2013).  BRCT domains typically 

function via phosphopeptide recognition.  For example, the tandem BRCT repeats—(BRCT)2 

in the checkpoint mediator Crb2 (fission yeast homolog of human 53BP1) (Saka et al., 1997) 

were found to mediate phospho-specific binding to H2A, allowing Crb2 accumulation at 

H2A-enriched DNA damage sites and promoting checkpoint activation (Sofueva et al., 2010; 

Kilkenny et al., 2008; Sanders et al., 2010).   

Here, utilizing fission yeast model system, we show that the conserved shelterin 

component Rap1 is a critical “communicator” that connects telomere length to replicative 

senescence.  We find that Rap1, via a phospho-Ser/Thr binding cavity in its conserved 

BRCT domain, directly interacts with the phosphorylated histone γH2A.  Through its BRCT–

γH2A interaction, Rap1 blocks DDR signaling that would otherwise be triggered by 
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interaction of γH2A with the checkpoint mediator Crb2 immediately upon telomere 

shortening initiated by telomerase inactivation.  Gradual telomere shortening and 

progressive loss of shelterin binding sites reduce the local Rap1 concentration.  As a result, 

reduced competition from Rap1 allows Crb2 to access subtelomeric γH2A, activating the 

subsequent DDR and checkpoint kinase Chk1, which leads to cell cycle arrest.  We propose 

that Rap1 acts as a “molecular counter” of telomere-repeats length and instructs the cells to 

senescence when, and only when, telomeres become critically short. 

 

RESULTS 

Crystal structure of the BRCT domain of Rap1  

To gain functional insight of Rap1 BRCT domain from its structure, we crystallized fission 

yeast Rap1BRCT and solved its crystal structure using Se-Met MAD (Multi-wavelength 

Anomalous Diffraction) to 1.9 Å.  Despite less than 10% sequence homology to other BRCT 

domains and less than 30% sequence homology to Rap1 BRCT domains in other species (Fig. 

1A), the Rap1BRCT structure shows strikingly similar distribution of secondary structure 

elements to other BRCT domains, with four -strands (1-4,) constituting the core 

surrounded by a kinked α-helix on one side (α2) and two α-helices on the opposite side (α1 

and α3) (Fig. 1B).  The structure of Rap1BRCT is most similar to fission yeast Rad4BRCT2.  A 

superposition of the structures of Rap1BRCT and Rad4BRCT2, as shown in Supp. Fig. 1A, reveals 

a close spatial correspondence between the two proteins (with an RMSD of 2.1 Å over 77 

aligned Cα atoms), especially in the conserved phosphopeptide binding region.  In almost all 

BRCT domains with known structures, a conserved Ser or Thr at the end of 1 directly 
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contacts the phosphate group of the phosphopeptide ligand, and thus is essential for ligand 

binding (Supp. Fig. 1B).  Intriguingly, surrounding the conserved Ser18 in the Rap1BRCT 

structure, we noticed a cavity with moderate positive charge extended to one side (colored 

blue in Fig. 1C, D), suggesting a possible phospho-Ser/Thr recognition pocket.  This 

observation led us to hypothesize that Rap1BRCT can bind to a phospho-Ser/Thr motif-

containing peptide or protein.   Moreover, on the other side of the Rap1BRCT, there is a 

negatively charged patch (colored red in Fig. 1C, D), representing a unique feature of 

Rap1BRCT among other BRCT domains.  This feature implies that Rap1BRCT may interact with 

a protein with a positively charged surface, such as a histone. 

 

Rap1BRCT interacts with histone γH2A in competition with Crb2(BRCT)2 

We next asked with which protein Rap1BRCT interacts to exert its function.  Interestingly, 

H2A, which is the ATM/ATR-phosphorylated histone H2A that usually marks DNA double-

strand break sites or stalled replication forks to initiate HR-based DNA repair (Downs et al., 

2000), has been shown to be enriched at telomeres and subtelomeric regions of 

unperturbed cells (Rozenzhak et al., 2010).  The co-localization of Rap1 and H2A in these 

genomic regions promoted us to test whether Rap1 directly interacts with H2A via its 

BRCT domain.  To this end, we produced recombinant S. pombe H2A that was 

phosphorylated in vitro specifically at its Ser129 (Fig. 2A).  As shown in Fig. 2B, GST-

Rap1BRCT specifically interacted with H2A (but not with T93-phosphorylated Ccq1 (Supp. 

Fig. 2), another known Tel (ATM in human)/Rad3 (ATR in human) substrate present at 

telomeres and associated with shelterin complex (Yamazaki et al., 2012; Moser et al., 2011).  
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Only Ser129-phosphorylated H2A (H2A), but not H2A, was found to interact with Rap1BRCT 

(Fig. 1B).  Moreover, mutating either Rap1 Ser18 in the putative phospho-Ser/Thr binding 

cavity of Rap1BRCT or the phosphorylation site (Ser129 in H2A) disrupts Rap1BRCT—H2A 

interaction (Fig. 2B, C).  Crb2 is a well-characterized known H2A binding partner that 

transduces DDR signaling via its interaction with H2A (Sofueva et al., 2010; Sanders et al., 

2010; Kilkenny et al., 2008).  Interestingly, we also found that the BRCT domain of Rap1 

could compete with Crb2(BRCT)2 for H2A; however, Rap1BRCT-S18A could not (Fig. 2D).  We 

also observed ~10-fold higher affinity for Crb2—γH2A interaction than Rap1—γH2A 

interaction as 10 times higher concentration of Rap1 than Crb2 is needed to completely 

compete γH2A off Crb2.  These results not only reinforce Rap1BRCT as a bona fide H2A 

binding partner, but also suggest preventing subtelomeric H2A from being recognized by 

Crb2 as a possible function of Rap1 in telomere maintenance.  The biochemically and 

structurally identified Rap1 separation-of-function mutant, Rap1-S18A, allows us to explore 

the function of the conserved BRCT domain of Rap1 in telomere maintenance, specifically 

the functional role of its binding to H2A. 

 

The telomeric enrichment of Rap1 enables Rap1—H2A interaction at subtelomeric 

chromatin  

Subtelomeres or telomere associated (TAS) regions include clustered segmental 

duplications located just proximal to telomere repeats.  In yeast, subtelomere regions are 

assembled in nucleosomal structure; however, the conventional nucleosomes do not 

continue out to the terminal telomeric DNA repeats, which are instead organized by specific 
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telomere binding proteins (Wright et al., 1992).  Studies in both fission (Rozenzhak et al., 

2010) and budding (Szilard et al., 2010) yeasts have shown that H2A is present in the 

subtelomere regions of the unperturbed cells.  In our chromatin immunoprecipitation (ChIP) 

assays, we found that Rap1 localized to the subtelomeric region TAS1 (Fig. 3A) in addition 

to its known recruitment to telomeres.  It is well established that the telomere association of 

Rap1 depends on two shelterin components Taz1 and Poz1 (Chen et al., 2011; Miyoshi et al., 

2008); however, the factors that enable the subtelomeric localization of Rap1 are not known.  

To test whether the identified Rap1BRCT—H2A interaction is required for the subtelomeric 

localization of Rap1, we constructed a yeast strain where wild-type rap1+ was replaced by 

rap1-S18A, which is defective in Rap—H2A interaction as shown in Fig. 2B and C.  

Interestingly, we observed significantly decreased association of Rap1 with the TAS1 region 

near the telomeric repeats in rap1-S18A cells (Fig. 3A, B).  Accordingly, deletion of the two 

kinases Tel1 and Rad3 that are responsible for H2A phosphorylation and thus H2A 

formation also diminished Rap1 association with the subtelomeric region TAS1 (Fig. 3A, B).  

Similarly, preventing formation of H2A by mutating the Tel1/Rad3 phosphorylation sites in 

H2A (called htaAQ mutant in Fig. 3A, B) (Nakamura et al., 2004) led to almost no Rap1 

localized to the TAS1 region (Fig. 3A, B).  In contrast to loss of Rap1 from subtelomeric 

regions, telomeric association of Rap1 in rap1-S18A or htaAQ mutant strains was not 

significantly affected (Fig. 3A, C).  These results support an important role for the 

Rap1BRCT—H2A interaction in mediating subtelomeric, but not telomeric localization of 

Rap1.  Furthermore, we carried out ChIP analyses of other H2A-enriched genomic loci, such 

as mating type and replication fork barrier regions (MT and RFB1, respectively) (Rozenzhak 

et al., 2010), but did not detect any Rap1 association with these regions (Supp. Fig. 3A).  
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Therefore, the Rap1BRCT—H2A interaction is necessary but not sufficient to recruit Rap1 to 

chromatin where H2A exists.   

The specific association of Rap1 with subtelomeres via its interaction with H2A may 

result from its proximity to telomeres, to which Rap1 is recruited via other shelterin 

components bound to telomeric repeats, and thus providing higher Rap1 concentration than 

other H2A loci to facilitate relatively low affinity Rap1BRCT—H2A interaction.  Indeed, a 

Rap1 mutant, rap1--L478R/V651R, which fails to bind to telomeres due to losing its 

interactions with both Taz1 and Poz1 (Fig. 3D, E), cannot localize to subtelomeres via 

Rap1—H2A interaction (Fig. 3D, F).  Consistent with the essential role that local Rap1 

concentration has in facilitating Rap1BRCT—H2A interaction, we observed a clear gradient 

of Rap1 enrichment along the different subtelomeric regions of the chromosome (Fig. 3D), 

with the Rap1 association decreasing when the distance from telomeres increases (Fig. 3F, 

G), although H2A levels appear constant from the telomere to the distal subtelomere 

regions (Supp. Fig. 3B).  In addition, in cells with circularized chromosomes lacking original 

telomere repeats (Wang et al., 2008), no Rap1 was detected in the subtelomeric regions 

(Supp. Fig. 3C, D) despite similar levels of H2A enrichment (Supp. Fig. 3E), further 

demonstrating that telomere repeats are essential for the subtelomeric enrichment of Rap1 

and Rap1—H2A interaction therein.  Therefore, being in close proximity to telomere 

repeats and thereby to “stocks” of shelterin component Rap1, subtelomeric region has 

higher Rap1 concentration than the inner part of the chromosome to enable the lower 

affinity Rap1—γH2A interaction.  As a result, the level of subtelomeric Rap1—γH2A 
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interaction depends on the critical Rap1 concentration provided by neighboring telomeric 

Rap1 recruitment, in addition to the presence of γH2A in the subtelomeres. 

 

Abrogating Rap1BRCT—H2A interaction accelerates the onset of replicative 

senescence 

Although Rap1 in rap1-S18A cells fails to interact with subtelomeric H2A, the telomere 

length of rap1-S18A strain is indistinguishable from that of the wild type strain (Fig. 4A), 

indicating that Rap1BRCT—H2A interaction is not required for telomerase-mediated 

telomere elongation.  As might be predicted from wild-type telomere lengths, Rap1-S18A 

retains wild-type level interactions with other shelterin components, such as Taz1, Poz1, 

and Ccq1 (Supp. Fig. 4A).  Next, we examined whether the disruption of Rap1BRCT–H2A 

interaction has any impact on replicative senescence of telomerase-null cells.  As shown in 

Fig. 4B, cell growth was followed for trt1+, trt1∆, rap1-S18A, and rap1-S18A/trt1∆ haploid 

strains after their sporulation from the rap1-S18A/rap1+, trt1∆/trt1+ heterozygous diploid.  

Whereas both trt1+ (wild type) and rap1-S18A strains maintained a relatively constant 

generation time, the generation time of a trt1∆ strain gradually increased as a consequence 

of increased cell senescence.  As the cells approached the point of lowest viability at day 8, 

the telomeric repeat sequences almost completely disappeared (Fig. 4C).  However, in the 

survivors, TAS1 sequences, the subtelomere region abutting to the telomere, were amplified 

and recombined to the end of the chromosome (Fig. 4D).  This is consistent with the initial 

observation of the recombinational telomere maintenance in the trt1∆ strain (Nakamura et 

al., 1998).  Surprisingly, in the same successive cell growth experiment for a rap1-
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S18A/trt1∆ strain, instead of reaching the lowest viability at day 8, most of rap1-S18A/trt1∆ 

cells senesced at day 2 (Fig. 4B), without the progressive telomere shortening process as 

trt1∆ cells did, and the survivors, which use exactly the same recombination-based telomere 

maintenance mechanism as trt1∆ cells, appeared right afterwards (Fig. 4E).  We also 

examined the growth of trt1∆ and rap1-S18A/trt1∆ haploid strains by successively streaking 

on solid media for single colonies.  Whereas trt1∆ cells started to show irregularly shaped 

microcolonies, comprised mostly of elongated senescing cells, at around 125 divisions as 

reported before (Nakamura et al., 1998), rap1-S18A/trt1∆ cells started to senesce after 

about 50 cell divisions (Supp. Fig. 4B).  For both trt1∆ and rap1-S18A/trt1∆ cells, a 

subpopulation of cells survived after the majority senesced at 125 and 50 cell divisions, 

respectively (Supp. Fig. 4B).  The survivors of both strains circularized their chromosomes 

to bypass the “end-replication problem” (Supp. Fig. 4C).  The striking difference in the onset 

time of replicative senescence in trt1∆ and rap1-S18A/trt1∆ cells signifies the important role 

that Rap1BRCT—H2A interaction plays in controlling telomere-initiated cellular senescence 

when telomere shortening cannot be counteracted by telomerase-mediated telomere 

replenishment.  Therefore, Rap1BRCT—H2A interaction participates in the molecular events 

that warrant a defined number of cell divisions with telomere shortening after each cell 

division for telomerase-null cells before entering senescence.   

 

Rap1 competes with Crb2 for H2A interaction in the subtelomereic chromatin 

Shortened telomeres in pre-senescent human fibroblast cells activate DDR signaling and 

harbor phosphorylated histone H2AX (H2AX—the human homolog of fission yeast H2A), 
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markers of DNA damage sites, as well as other DDR factors such as 53BP1 (homolog of 

fission yeast Crb2), MDC1, and NBS1.  As a consequence, activated DDR signaling cascade 

leads to phosphorylation of effector checkpoint kinases CHK1 and CHK2, which enforce a 

permanent cell cycle arrest (Fagagna et al., 2003).  BRCT domain containing checkpoint 

mediators are central to DDR pathways by communicating between DNA damage sensors 

kinases ATM (Tel1)/ATR (Rad3) and effector checkpoint kinases CHK1 and CHK2 (Langerak 

et al., 2011).  In S. pombe, the checkpoint mediator Crb2 is essential for DNA damage-

triggered activation of the checkpoint kinase Chk1 via a phosphorylation-modulated direct 

physical interaction.  Crb2 couples the checkpoint apparatus to chromatin status via histone 

modification-dependent binding of its C-terminal Tudor and BRCT domains to H4 

dimethylated at K20 (H4K20me2) (Sanders et al., 2004) and H2A with C-terminal 

phosphorylation (H2A) (Sofueva et al., 2010; Sanders et al., 2010; Kilkenny et al., 2008), 

respectively.  Loss of telomerase activity in cells, either via trt1∆ or trt1+ inactivation (trt1-

D743A) (Nakamura et al., 1997), instigates telomere shortening and instantly leads to 

increasing levels of H2A in the subtelomere region (Fig. 5A, B).  Disruption of Rap1—H2A 

interaction in rap1-S18A/trt1∆ cells results in Crb2 association with the TAS1 region (Fig. 

5C, D) and the consequent Chk1 activation with cell elongation (Fig. 5E, F) immediately 

following telomere shortening on day 2.  As a result, rap1-S18A/trt1∆ cells undergo 

senescence and reach the lowest viability point at day 2 (Fig. 4B).  In contrast, in trt1∆ cells, 

Crb2 gradually appears on subtelomeres as telomeres progressively shorten and reach its 

peak on day 8 (Fig. 5C, D), corresponding well to the increasing Chk1 activation (Fig. 5F) 

and cell elongation (Supp. Fig. 5A).  Accordingly, in trt1∆ cells, Rap1 is present on 

subtelomeres during the progressive telomere shortening process (Fig. 5G, H), most likely 
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to prevent Crb2 from associating with subtelomeric H2A by competitively occupying H2A.  

Concomitant decrease of Rap1 and increase of Crb2 on subtelomeres recapitulate the 

competitive relationship between Rap1 and Crb2 for H2A observed in vitro (Fig. 2D).  This 

finding supports a model in which Rap1 counteracts Crb2—H2A interaction thereby 

antagonizing the downstream Chk1 activation via the competitive Rap1—H2A interaction 

(Supp. Fig. 5B).   

Due to the lack of the competing Rap1—γH2A interaction in rap1-S18A/trt1∆ cells, 

precocious subtelomeric recruitment of Crb2 via γH2A triggered DDR activation and cell 

senescence thereafter, without letting cells first undergoing a progressive telomere 

shortening process. We reasoned that the early onset of cell senescence happens to rap1-

S18A/trt1∆ strain should be suppressed by introducing the “htaAQ” mutation, which lacks 

the C-terminal phosphorylation site in histone H2A therefore abrogating Crb2—γH2A 

interaction.  Indeed, distinct from rap1-S18A/trt1∆ cells, rap1-S18A/trt1∆/htaAQ cells did 

not senesce on day 2, but instead exhibited a decreasing growth rate over the period of 8-

10 days after losing telomerase (Fig. 6A) with a switch to recombinational mode of 

telomere maintenance afterwards (Fig. 6B), comparable to trt1∆ and trt1∆/htaAQ cells 

(Supp. Fig. 6A).  In addition, a similar rescue of the onset time for cell senescence was 

observed for rap1-S18A/trt1∆/crb2∆ cells (Fig. 6C, D) as well as rap1-S18A/trt1∆/crb2-

S548A cells in which Crb2—γH2A interaction is specifically disrupted (Fig. 6E, F).  Taken 

together, disrupting Crb2—γH2A interaction, by disabling H2A phosphorylation, mutating 

γH2A-binding site in Crb2, or deleting crb2+, suppresses the early onset of cell senescence 

in rap1-S18A/trt1∆ cells.  In contrast, deleting brc1+ or mdb1+—the other two BRCT 

domain-containing proteins that interact with γH2A in fission yeast—did not rescue the 
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early transition to telomere recombination (Supp. Fig. 6B, C for brc1∆ Supp. Fig. 6D, E for 

mdb1∆).  This finding supports a key regulatory role of the shelterin component Rap1 in 

modulating DDR mediator signaling, as mechanistically defined by competitive bindings of 

Rap1 and Crb2 to γH2A (Supp. Fig. 5B). 

 

DISCUSSION 

Rap1 couples telomere length to cellular senescence 

Telomere length has been demonstrated to control replicative senescence and therefore 

lifespans of telomerase-negative human primary cells and telomerase-null yeast cells.  A 

cellular counting mechanism has been proposed ever since the Hayflick’s initial 

observation.  Here, our study indicates that the “counter” is one of the conserved shelterin 

components Rap1 and leads us to propose a mechanism for cellular detection of telomere 

length, and licensing replicative senescence when telomeres reach the critically short 

length (Fig. 7).  As telomeres become shorter the Rap1 concentration at telomeres 

concomitantly decreases due to the loss of telomere repeats-dependent, shelterin-mediated 

Rap1 recruitment.  Critically short telomere length leads to critically low Rap1 

concentrations, at which Rap1 cannot sequester H2A from Crb2, and thus can no longer 

prevent DNA-damage signaling and checkpoint kinase activation.  By using a low affinity, 

telomere repeat-dependent γH2A binder—Rap1, the cell is able to couple the telomere 

length information to the level of free DNA damage marker—γH2A at subtelomeres.  

Crb2—γH2A interaction activates DDR, which in turn triggers the cell-cycle checkpoint 

arrest and initiates senescence.  Therefore, Rap1, through its involvements in both 
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telomeric shelterin complex and DDR, acts as a telomere length-based licensing factor for 

replicative senescence.   

 

Domesticating DDR activities at telomeres 

The principal function of telomeres is to protect chromosome ends from DDR activities that 

will otherwise send a “false alarm” eliciting DNA damage repair.  At the same time, DDR 

components, such as ATM/ATR, are also necessary for normal telomere maintenance.  

Therefore, telomeres have evolved a regulatory mechanism to domesticate DDR, enabling 

timely phosphorylation of positive telomerase regulators by ATM/ATR, while deterring the 

activation of global cell-cycle arrest pathway.  Our study reveals another layer of DDR 

regulation in the event of telomere shortening.  In this case, checkpoint mediator protein 

Crb2, a homolog of mammalian 53BP1, is the target of modulation by the telomeric shelterin 

component Rap1, in a telomere length-dependent manner.  Why as telomeres shorten, Crb2 

can compete over Rap1 for subtelomeric γH2A and initiate DDR signaling and checkpoint 

activation?  From our biochemical competition binding assays (shown in Fig. 2D), we not 

only demonstrated the competition between Crb2 and Rap1 for γH2A, but also observed 

~10-fold higher affinity for Crb2—γH2A interaction than Rap1—γH2A interaction.  As a 

result, in the cell, Crb2 can readily bind to γH2A, trigger DDR signaling and checkpoint 

activation, as shown before (Sofueva et al., 2010).  However, that is different for Rap1—

γH2A interaction.  As we showed in Fig. 3 and Supp. Fig. 3, the presence of H2A is necessary 

but not sufficient to mediate Rap1 binding to any genomic loci coated with γH2A, 

presumably due to the lower affinity of Rap1—H2A interaction and other locations with 

H2A do not have a property that subtelomeric H2A appears to have.  Being in close 
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proximity to telomere repeats and thus to “stocks” of shelterin components (including 

Rap1), subtelomere region has higher Rap1 concentration than the inner part of the 

chromosome.  Therefore, higher Rap1 concentration in the telomere vicinity facilitates 

subtelomeric Rap1—γH2A interaction, which inhibits the competitive Crb2—H2A 

interaction there when cells have wild-type telomere length.  With telomere shortening, the 

localized stock of Rap1 decreases, and consequently, the concentration of Rap1 around the 

subtelomere region is decreasing too.  Decreased Rap1 concentration causes the 

dissociation of Rap1 from H2A at the subtelomere region.  At critically short telomere 

lengths, enough free H2A at subtelomeres (resulting from Rap1 dissociation) binds to Crb2 

and leads to DDR signaling and checkpoint activation.  Thus, shelterin component Rap1 

controls DDR activities at telomere regions according to the evolving telomere state.   

 

Switch from telomerase-mediated to HR-based telomere maintenance 

It seems that HR-based telomere maintenance pathway comes rather readily upon 

telomerase inactivation, especially when DDR signaling fails to be suppressed at telomeres 

due to shelterin mutations.  Intriguingly, and as has been speculated previously (de Lange, 

2004), our results are consistent with an HR-based telomere maintenance mechanism 

predating telomerase as a strategy to maintain linear chromosomal ends.  However, this 

mechanism has not been lost but instead remains as a regulatable, alternative pathway that 

can be “revived” upon extreme telomere crisis.  Telomerase pathway has the advantage 

that all telomeres contain exactly the same telomere sequence, making it possible for 

specific trans-acting factors—the shelterin complex to protect them and keep them to a 
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defined length range.  Yet, HR-based ALT mechanism does not have the same level of 

control over the length of the DNA sequence added to the chromosome ends, nor the 

sequence specificity.  In addition, recombination is not strictly localized to the chromosome 

ends; it also spreads to the inner region of the chromosome, causing mutations and genome 

instability.  All these make ALT a suboptimal mechanism, producing unstable chromosome 

ends and refractory to protection and length regulation by sequence-specific factors.  

Therefore, coupling tight regulation of the HR-based ALT mechanism to shelterin function 

allows exquisite control of telomere maintenance, which would be beneficial as a check 

against unnecessary activation of ALT, while maintaining a hedging mechanism to prevent 

catastrophe due to dramatic telomere shortening.  Domestication of DDR and HR 

machineries by shelterin at telomeres ensures the most appropriate strategy to maintain 

and safeguard chromosome ends. 
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Fig. 1 Overview of the Rap1BRCT structure.  (A) Domain organization of S. cerevisiae Rap1 (ScRap1), S. 
pombe Rap1 (SpRap1), and human RAP1 (hRAP1).  In ScRap1, N-terminal BRCT domain, blue; Myb 
domain, red; Myb2 domain, light blue; transcription activation (TA) domain, violet; C-terminal RCT 
domain, green.  In SpRap1, N-terminal BRCT domain, blue; Myb domain, red; Myb-like domain, light blue; 
C-terminal RCT domain, green.  In human RAP1, N-terminal BRCT domain, blue; Myb domain, red; coiled-
coil (Coil) domain, light blue; C-terminal RCT domain, green.  Sequence identity is indicated in black and 
sequence similarity is indicated in gray.  (B) Overall structure of S. pombe Rap1 BRCT domain.  The 
domain contains helices α1-α3 (blue) and sheets β1-β4 (orange).  The conserved Ser18 residue is shown in 
ball-and-stick model, located at the end of β1.  (C) Electrostatic surface of a putative phosphor-Ser/Thr 
recognition pocket of SpRap1 BRCT domain.  Positive potential is colored in blue and negative potential 
in red.  (D) Putative phosphor-Ser/Thr recognition pocket of SpRap1 BRCT domain is rotated by 90° 
about a horizontal axis relative to the electrostatic surface in Fig. 1C. 
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Fig. 2 Rap1 directly interacts with histone H2A via a phospho-Ser/Thr binding cavity in its BRCT 
domain.  (A) Test the specificity of phosphorylation in histone H2A C-terminal tail at Ser129.  In vitro 
Rsk1 kinase reactions were performed with recombinant histone H2A proteins and only S129 is 
efficiently phosphorylated, converting H2A to γH2A.  (B) In vitro GST-pulldown assays testing the 
binding of SpRap1 BRCT domain to γH2A.  SpCrb2 BRCT domain was used as a positive control for 
pulldown of in vitro phosphorylated γH2A.  (C) Both Ser18 in the Rap1 BRCT domain and Ser129-
phosphorylation on histone H2A (γH2A) are required for SpRap1 BRCT domain—γH2A interaction.  In 
vitro GST-pulldown assays were carried out as in Fig. 2B in the presence or absence of Ser129-
phosphorylation.  Western blots were performed using the indicated antibodies.  (D) Competitive 
binding analysis of Rap1 and Crb2 BRCT domains to 32P-labeled γH2A.  Rap1 BRCT domain can compete 
with Crb2 BRCT domain for γH2A, whereas Rap1 BRCT domain phospho-Ser/Thr binding pocket mutant 
(Rap1BRCT-S18A) cannot.  0, 2.5 μM, 50 μM, 100 μM, and 200 μM of Rap1BRCT-WT (Lanes 5-9) or Rap1BRCT-
S18A (Lanes 10-14) were titrated into 20 μM GST-Crb2BRCT−γH2A complex.  This analysis not only 
demonstrates the competition between Crb2 and Rap1 for γH2A, but also reveals ~10-fold higher affinity 
for Crb2-γH2A interaction than Rap1-γH2A interaction because 10 times higher concentration of Rap1 
(than Crb2) is required to compete γH2A off Crb2 (Lane 9). 
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Fig. 3 Rap1BRCT−γH2A interaction at subtelomeric chromatin via the Rap1 telomeric enrichment.  
(A) Telomeric and subtelomeric associations of Rap1 in indicated strains were assessed by chromatin 
immunoprecipitation (ChIP) assays.  The immunoprecipitated DNA was applied to dot-blots for 
subsequent hybridizations.  After hybridization with the TAS1 probe (left panel), the same membrane 
was stripped and then hybridized with the telomere (middle panel) and rDNA probe (right panel).  (B) 
Quantification of Rap1-Flag ChIP using subtelomeric TAS1 probe.  Plots show mean values ± s.d. for two 
independent experiments.  (C) Quantification of Rap1-Flag ChIP using telomere probe.  Plots show mean 
values ± s.d. for two independent experiments.  (D) Schematic drawing of telomere and subtelomere 
regions of chromosomes I and II, with locations of the PCR primer sets indicated below.  Restriction 
enzyme sites used in telomere length analysis (EcoRI) and subtelomere (TAS1) recombination analysis 
(NsiI) are also labeled.  (E) Telomeric association of Rap1 was assayed by dot-blot ChIP assay.  After 
hybridization with the telomere probe (left panel), the same membrane was stripped and then 
hybridized with the rDNA probe (right panel).  (F) ChIP-qPCR analyses of Rap1 distribution along the 
subtelomeric regions.  ChIP assay was performed for the same cells in Fig. 3E using anti-Flag beads. Plots 
show mean values ± s.d. for two independent experiments.  (G) ChIP-qPCR analyses of Rap1 distribution 
along the subtelomeric regions.  The anti-Flag immunoprecipitated DNA was quantified by real-time PCR 
using the indicated primer sets. Plots show mean values ± s.d. for two independent experiments. 
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Fig. 4 Abrogating Rap1BRCT−γH2A interaction accelerates the onset of replicative senescence.  See 
next page for legend. 
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  Fig. 4 Abrogating Rap1BRCT−γH2A interaction accelerates the onset of replicative senescence.  (A) 
Telomere length analysis by Southern blot using the telomere probe.  The rap1-S18A strain is identical to 
the rap1+ strain in telomerase-mediated telomere maintenance.  (B) Growth characteristics and 
generation of survivors for rap1-S18A mutant in the absence of telomerase.  A heterozygous diploid 
strain rap1-S18A/rap1+, trt1∆/trt1+ was sporulated, and the tetrads were dissected and germinated on 
YEAU plates.  The resulting colonies were used to inoculate pre-cultures in YEAU liquid medium.  Day 1 
on the x-axis corresponds to ~30-35 generations after germination.  Every 24 hours, cell density was 
determined by hemacytometer counting, and the cells were re-diluted into 20 ml of fresh YEAU liquid 
medium at 5 X 104 cells/ml to initiate the growth test for the following 24 hours.  The cell density on each 
day is plotted for the indicated strains.  The remaining cell culture was harvested and the cell pellet was 
stored at -20°C for the later extraction of genomic DNA.  (C) Telomere length analysis of trt1∆ and rap1-
S18A/trt1∆ cells by Southern blot using 32P-labeled telomere probe.  EcoRI-digested pol1+ gene was 
simultaneously probed as an internal control to estimate the total genomic DNA amount.  (D) 
Subtelomeric rearrangements and amplifications in trt1∆ survivors.  The genomic DNA of trt1∆ 
successive cultures over 21 days was each digested with NsiI, subjected to Southern blotting, and then 
probed with 32P-labeled TAS1 sequences.  The pattern of subtelomeric rearrangements and 
amplifications (indicated by a red bracket to the right of the blot) in trt1∆ survivors appeared on Day 9, 
increased and became stable on Day 10 after loss of trt1+.  tpz1-L449A, trt1∆ (HAATIrDNA survivor) 
(heterochromatin amplification-mediated and telomerase-independent), and trt1∆ (HAATISTE survivor) 
cells were used as controls.  The trt1∆ survivor in this experiment appears most similar to HAATISTE. 
mor2+ gene was simultaneously probed used as an internal control to estimate the total genomic DNA 
amount.  (E) Subtelomeric rearrangements and amplifications in rap1-S18A/trt1∆ survivors. Experiment 
performed as in Fig. 4D.  Distinct from the trt1∆ strain, in a rap1-S18A/trt1∆ strain the pattern of 
subtelomeric rearrangements and amplifications (indicated by a red bracket to the right of the blot) in 
survivors appeared immediately after loss of trt1+ on Day 2, and became stable thereafter.  The pattern of 
subtelomeric rearrangements and amplifications in both trt1∆ and rap1-S18A/trt1∆ survivors appears to 
be identical, suggesting their employment of the same telomerase-independent telomere maintenance 
mechanism. 
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Fig. 5 Rap1 competes with Crb2 for γH2A interaction in the subtelomeric chromatin.  (A) Increased 
subtelomeric enrichment of γH2A in cells with no or inactive telomerase as quantified by dot-blot ChIP 
analysis.  (B) Quantification of -H2A ChIP using subtelomeric TAS1 probe.  Plots show mean values ± 
s.d. for four independent experiments.  (C) Time course analyses of subtelomeric Crb2 associations via 
ChIP assays for trt1∆ and rap1-S18A/trt1∆ cells upon their telomerase inactivation.  (D) Quantification of 
Crb2 ChIP using subtelomeric TAS1 probe.  In rap1-S18A/trt1∆ cells, Crb2 associates with the TAS1 
subtelomere region immediately following telomerase inactivation on Day 2, corresponding well to 
subtelomere amplification and recombination observed in Fig. 4E.  In contrast, in trt1∆ cells, Crb2 
gradually appears on subtelomeres during telomeres progressively shortening and reach its peak on Day 
8, with subtelomere amplification and recombination observed on Day 9.  (E) Elongation of rap1-
S18A/trt1∆ cells was observed on Day 2 but not happened in trt1∆ cells.  (F) Western blots of whole cell 
extracts containing endogenously Myc-tagged Chk1 were probed with anti-Myc antibody. Slower 
migrating band of Chk1 representing more than 20% of phosphorylated (therefore activated) Chk1 was 
observed from Day 2 in rap1-S18A/trt1∆ cells.  Similar levels of Chk1 activation were observed on Day 6 
or 7 in trt1∆ cells.  (G) Subtelomeric association of Rap1 on the indicated days of monitored growth in 
liquid culture was assayed by dot-blot ChIP assay.  After hybridization with the TAS1 probe (left panel), 
the same membrane was stripped and then hybridized with the rDNA probe (right panel).  (H) 
Quantification of Rap1-Flag ChIP in using subtelomeric TAS1 probe as shown in Fig. 5G. 
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Fig. 6 Crb2−γH2A interaction is required for the accelerated onset of replicative senescence. 
(A) As in Fig. 4B, except that the diploid starter strain was heterozygous for point mutation of rap1-S18A, 
deletion of trt1+, and "htaAQ" mutants lacking the phosphorylation sites in two histone H2A genes (hta1-
S129A hta2-S128A) in S. pombe.  (B) Analysis of subtelomeric rearrangements and amplifications in rap1-
S18A/htaAQ/trt1∆ cells shows normal timing of switch to recombinational mode of telomere 
maintenance in rap1-S18A/trt1∆ mutant indicating the requirement for phosphorylated γH2A in 
triggering early onset of telomere recombination upon telomerase inactivation.  Apparently, without 
γH2A, rap1-S18A mutation fails to trigger early onset of telomere recombination in the absence of trt1+, 
supporting rap1+ acts upstream of γH2A as schematized in Supp. Fig. 5B.  (C) Senescence and generation 
of survivors for the indicated mutants in the absence of telomerase.  As in Fig. 4B except that the diploid 
starter strains were heterozygous for point mutation of rap1-S18A and, deletions of trt1+ and crb2+.  (D) 
Analysis of subtelomeric rearrangements and amplifications in rap1-S18A/crb2∆/trt1∆ cells.  The pattern 
of subtelomeric rearrangements and amplifications (indicated by a red bracket to the right of the blot) in 
rap1-S18A/crb2∆/trt1∆ survivors appeared on Day 9, increased and became stable on Day 13 after loss 
of trt1+.  NsiI-digested mor2+ gene was simultaneously probed as an internal control to estimate the total 
genomic DNA amount.  (E) As in Fig. 4B, except that the diploid starter strain was heterozygous for point 
mutations of rap1-S18A, crb2-S548A, and deletion of trt1+.  (F) Analysis of subtelomeric rearrangements 
and amplifications in rap1-S18A/crb2-S548A/trt1∆ cells.  The pattern of subtelomeric rearrangements 
and amplifications (indicated by a red bracket to the right of the blot) in rap1-S18A/crb2-S548A/trt1∆ 
survivors appeared on Day 9 after loss of trt1+. 
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Fig. 7 Model for the regulation of HR-based telomere maintenance by Rap1.  In the absence of 
telomerase-mediated telomere elongation, gradual telomere shortening stimulates γH2A formation 
surrounding subtelomere.  Progressive loss of shelterin binding sites reduces the local Rap1 
concentration and leads to reduced competition from Rap1, which allows Crb2 to access subtelomeric 
γH2A, activating subsequent recombination-based telomere extension.  We propose Rap1 acts as a 
molecular sensor of telomere length to restrict the switch to telomerase-independent lengthening when, 
and only when, telomeres become critically short. 
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CHAPTER 5 

 

Concluding remarks 

Since Barbara McClintock and Herman Muller first identified the ends of chromosomes, 

researchers have been seeking to define the mechanisms that maintain these unique 

structures and their critical functions (McClintock, 1941; Muller, 1938).  With the 

identification of telomerase (Greider and Blackburn, 1985), the enzyme that extends 

telomere sequences, and hyperactive telomerase in cancer (Kim et al., 1994), the telomere 

biology field quickly expanded into and integrated with cancer research. 

Telomere structure and function is maintained by a complex of proteins termed 

‘shelterin’, a host of associated proteins (de Lange, 2005).  Critical loss of telomere length 

and/or disruption of the telomere structure may result in chromosomal fusion and 

contribute to carcinogenesis.  In these studies, we investigated the mechanisms of fission 

yeast telomere structure and function.  My aim was to reveal the biological functions of the 

telomere-associated proteins by combining multidisciplinary biochemical and genetic 

analyses. 

Chapter III described how telomere length homeostasis is achieved through the 

interplays among a telomere protein complex.  Particularly, Tpz1’s interactions with 

multiple telomere proteins locate it centrally within the telomere protein complex.  

Therefore, identification of key Tpz1 residues that mediate interaction with Ccq1, Poz1, 

and Pot1 was the first goal of these studies.  Dissecting the individual interaction interfaces 

between Tpz1 and its binding partners uncovered multiple functions of Tpz1 in telomere 
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maintenance.  The negative regulation mediated through Tpz1’s interactions with other 

partners to the telomerase was inhibited by the interaction between Tpz1 and Ccq1.  This 

Tpz1-Ccq1 interaction is required to active the telomere substrate to telomerase-

extendible state.  We proposed that Tpz1 is the coordinator of the positive and the negative 

regulators of telomerase-mediated telomere elongation and a critical regulatory target for 

control of telomere competence for elongation.  

Each shelterin component exerts its many telomeric functions through interactions 

with proteins from a diverse array of cellular pathways, such as DNA replication, DNA 

damage signaling, cell cycle regulation, and histone modification machineries.  Biochemical 

dissection of individual shelterin-involved protein interactions leads to the understanding 

of mechanistic aspects of various telomere functions.  For example, deletion of rap1+ gene 

causes telomerase-mediated telomere over-elongation, telomeric desilencing, telomere 

deprotection, and defects in meiosis.  In these studies, we solved the high-resolution crystal 

structure of the conserved BRCT domain of S. pombe Rap1.  We identified a putative 

phosphor-peptide binding site from the Rap1-BRCT crystal structure and biochemically 

identified γH2A (histone H2A with C-terminal Ser129 phosphorylated), the master DNA 

damage signaling module, as its binding partner. 

In the absence of telomerase, γH2A, which is usually marks DNA double-strand break 

sites or stalled replication forks to initiate DNA damage response signaling, also exists in 

the subtelomeric regions.  We found that Rap1 not only associates with telomeric region, it 

also localizes to subtelomeric regions via Rap1’s telomeric enrichment.  This unique Rap1-

γH2A interaction prevents activation of the DNA damage response, by competitively 

inhibiting the interaction between checkpoint mediator Crb2 and γH2A.  Therefore, Rap1, 
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through its involvement in both telomeric shelterin complex and DNA damage response, 

acts as a telomere length-based licensing factor for cellular senescence. 

    In fission yeast, shelterin complex consists of six telomeric proteins: Taz1, Rap1, 

Poz1, Pot1, Ccq1, and Tpz1.  Except of Ccq1, every component has its corresponding 

homologue in human.  Although the detailed biological functions of the shelterin in 

different species are still under investigation, the overall function remains conserved to 

protect telomeres and regulate telomerase activity.  To better understand telomere and 

telomerase, more functional information of shelterin components (particularly Tpz1) and 

related pathways need to be characterized.  So far, our lab has discovered that Tpz1-

mediated telomerase recruitment mechanism by which the cell cycle information is 

delivered to the telomere-telomerase interface to ensure timely and legitimate telomerase 

engagement at the telomeres.  Meanwhile, I am exploring how Rap1’s role is conserved in 

human system.  The long-term goal is that by characterizing all fission yeast shelterin 

component’s functions, we would be able to demonstrate the overall telomerase-

dependent and telomerase-independent mechanisms of telomere homeostasis which will 

provide insights for better understand the mysterious chromosome ends.     
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APPENDIX 

Chapter 3: Tpz1 controls a telomerase-nonextendible telomeric state 

and coordinates switching to an extendible state via Ccq1 

 

Supp. Fig. 1 Identifying Pot1-interacting region of Tpz1.  (A) Crystal structure of onTEBP-α/TEBP-β 
complex is shown with the 2nd structural elements of TEBP-β (Tpz1 ortholog) labeled.  The predicted 2nd 
structure of Tpz1 using program Jpred3 was aligned to the 2nd structure of TEBP-β.  The loop structure 
(labeled green) right after the OB in TEBP-β mediate the interaction between TEBP-α and TEBP-β.  (B) 
The corresponding region of the TEBP-α-interacting loop is identified in Tpz1 through the alignment 
shown here.  Nine conserved residues in the predicted Pot1-interacting region (labeled red) were 
selected for mutagenesis to identify mutants that can disrupt Tpz1-Pot1 interaction. 
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Supp. Fig. 2 Loss of Ccq1-Tpz1 interaction results in stable and shortened telomeres.  (A) Southern 
blot analysis of ApaI-digested genomic DNAs separated on 2.1% agarose gel showing that telomeres in 
tpz1-L449A cells are stable over the course of 25, 50, 75, 100, 125, 150, 450, and 575 generation, but 
their lengths are consistently ~150 bp shorter than those of wild-type cells.  (B) Upper: Schematic map of 
telomere and subtelomeric regions.  Bars marked with Greek numbers indicate locations of PCR products 
shown in the gels.  Approximate distances from telomeric ends of chromosomes are indicated above.  
Lower: The tpz1-L449A/rad51Δ and tpz1-L449A/rad55Δ mutants lose subtelomeric regions upon 
successive restreaks on agar plates.  Primer pairs were designed to amplify specific subtelomeric regions 
by PCR.  For cells carrying circular chromosomes, neither PCR reactions I nor II produces any bands, as 
these regions are lost upon chromosome circularization.  The subtelomeric region detected by PCR 
reaction III is variably lost in circular chromosomes strains, depending on the extent of telomere 
resection observed in circular chromosome survivors. 
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Supp. Fig. 3 Tpz1 and Poz1 remain associated with telomeres in all tpz1-mutant backgrounds.  (A) 
Recruitment of Poz1 to telomeres was monitored in tpz1-wt and tpz1-L449A cells by ChIP assays.  The 
presence of telomeres was confirmed by slot blot analysis.  Plots show mean values ± SD for two 
independent experiments.  (B) Recruitment of Tpz1 to telomeres was monitored in tpz1-wt/poz1Δ, tpz1-
I200R/poz1Δ, tpz1-I501R/poz1Δ, tpz1-wt/rap1Δ, and tpz1-I200R/I501R cells by ChIP assays.  Assays were 
performed using early-generation cell cultures, and the presence of telomeres was confirmed by dot blot 
using telomere DNA probe.  Plot show mean values ± SD for two independent experiments.  (C) The 
association of Tpz1 with telomeres was monitored in tpz1-wt, tpz1-I200R, tpz1-L449A, tpz1-I501R, tpz1-
I200R/poz1Δ, and tpz1-I200R/I501R cells by ChIP assays.  Assays with anti-Flag antibodies were 
performed to determine Tpz1-Flag levels at telomeres in tpz1 wt and mutant backgrounds.  Genomic 
DNAs present in Input and ChIP, derived from cells expressing Tpz1-Flag or non-tag Tpz1, were 
examined for telomeric repeat DNA using quantitative real-time PCR with a primer pair against 
subtelomeric regions.  The same PCR reaction using a primer pair against an fbp1 gene fragment was 
carried out as background control.  Plot show mean values ± SD for two independent experiments.   
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Supp. Fig. 4 tpz1-I200R/L449A and tpz1-L449A/I501R/poz1∆ mutations cause telomere 
elongation, but tpz1-I501R/ccq1∆ leads to telomere deprotection.  (A) EcoRI-digested genomic 
DNAs from indicated mutant strains were electrophoresed and subjected to Southern hybridization with 
the telomere probe.  The tpz1-I200R/L449R cells show gradual telomere elongation, suggesting that 
double mutations in Tpz1 bypass the necessity of Tpz1-Ccq1 for the telomerase-mediated telomere 
elongation.  (B) Genomic DNAs were isolated from indicated generations and analyzed by Southern blot 
with the telomere probe.  tpz1-L449A/I501R/poz1∆ cells produce elongated telomere phenotype, similar 
to that of poz1∆ cells.  (C) tpz1-I501R cannot suppress ccq1∆; instead, telomere deprotection phenotype 
was observed in tpz1-I501R/ccq1∆ double mutant, similar to poz1∆/ccq1∆ double mutant shown by 
Miyoshi et al. 
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Chapter 4: Counting down the replicative clock: Rap1 connects telomere 

length to cellular senescence 

 

 

  Supp. Fig. 1 Conservation of the Ser/Thr-centered phospho-binding pocket in fission yeast Rap1 
BRCT domains.  (A) Superposition of crystal structure of S. pombe Rap1BRCT (colored in blue) with S. 
pombe Rad4BRCT2 (colored in green).  The conserved Ser/Thr residues in the phospho-binding pocket of 
both structures are shown in ball-and-stick model.  (B) The same as in Supp. Fig. 1A except the 
phosphopeptide ligand in complex with Rad4BRCT2 (PDB: 4BU0) is shown (colored in magenta).  The 
conserved Ser/Thr residues and the phosphate group are shown in ball-and-stick model. 
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Supp. Fig. 2 Test of binding between Rap1BRCT and phospho-Ccq1.  In vitro GST-pulldown assays 
testing the binding of GST-Rap1BRCT-WT to phosphorylated Ccq1 N-terminal domain (NTD- residue 1-
439).  The pulldown assays were done as in Fig. 2B and Ccq1-NTD was phosphorylated by anti-Myc 
immunoprecipitates from cells expressing Rad3-9Myc.  
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Supp. Fig. 3 Evaluation of Rap1 association with subtelomeric regions enriched with γH2A on 
linear or circular chromosomes.  (A) ChIP-qPCR analysis of Rap1 association with the TAS1 
(subtelomere region 1), subtelo-dh (subtelomere dh-like), Rfb1 (replication fork barrier 1), and 5kb/MT 
(mating-type locus) regions.  (B) ChIP-qPCR analyses of γH2A distribution along the subtelomeric 
regions.  ChIP assay was performed for the same cells in Fig. 3G using anti-γH2A.  Plots show mean values 
± s.d. for two independent experiments.  (C) Schematic showing of chromosome circularization after 
telomere shortening.  In the newly formed circular chromosome, telomere repeats, TAS1 and TAS2 are 
lost, while the rest of the subtelomeric regions remain on the chromosome.  Identification of regions that 
are present or absent in the circular chromosomes was done by PCR.  Except for telomere repeats, 
subtelomeric region α, the rest regions starting from γ all stay in the circular chromosome, as previously 
reported.  (D) ChIP-qPCR analysis of Rap1 enrichment along the subtelomeric regions in the linear 
chromosome or circularized chromosome with telomere repeats missing.  The anti-Flag 
immunoprecipitated DNA was quantified by real-time PCR using the indicated primer sets targeting 
various subtelomeric regions.  Plots show mean values ± s.d. for two independent experiments.  (E) ChIP-
qPCR analyses of γH2A distribution along the subtelomeric regions.  ChIP assay was performed for the 
same cells in Supp. Fig. 3D using anti-γH2A.  Plots show mean values ± s.d. for two independent 
experiments. 
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Supp. Fig. 4 Accelerated senescence in rap1-S18A/trt1∆ cells followed by chromosome 
circularization.  (A) Bindings of Rap1 to Ccq1, Poz1, and Taz1 are not affected by rap1-S18A mutation, 
as evaluated by co-immunoprecipitation assays.  (B) Elongation of rap1-S18A/trt1∆ cells was observed at 
generation 50 whereas it happened in trt1∆ cells at generation 125.  Fivefold serial dilutions of cultures 
(107 cells ml-1) were grown at 32°C for 2 days.  rap1-S18A/trt1∆ cells are eariler senescent compared to 
trt1∆ cells.  (C) Pulse-field gel analysis of NotI-digested genomic DNA from the same trt1∆ and rap1-
S18A/trt1∆ strains used in Supp. Fig. 4B.  The terminal fragments of linear chromosomes are indicated as 
I, L, M, and C, and the fragments resulting from chromosome circularization are indicated as I+L and C+M. 
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Supp. Fig. 5 Early checkpoint activation and cell cycle arrest-mediated cell elongation in rap1-
S18A/trt1∆ cells.  (A) Elongation of rap1-S18A/trt1∆ cells was observed on Day 2 but not in rap1-
wt/trt1∆ cells.  (B) A schematic model for the inhibitory role that Rap1 plays in controlling 
recombination-based telomere maintenance.  
 



98 
 

 
 

Supp. Fig. 6 Analysis of genetic requirement for recombinational telomere maintenance in rap1-
S18A/trt1∆ mutant cells.  (A) The pattern of subtelomeric rearrangements and amplifications in rap1-
wt/trt1∆/htaAQ survivors appeared on Day 9, increased and became stable on Day 10 after loss of trt1+, 
identical to rap1-S18A/trt1∆/htaAQ survivors.  NsiI-digested mor2+ gene was used as an internal control 
to estimate the total genomic DNA amount.  Apparently, without γH2A, rap1-S18A mutation fails to 
trigger early onset of telomere recombination, supporting rap1+ acts upstream of γH2A as proposed in 
Supp. Fig. 5B.  (B) Senescence and generation of survivors for the indicated mutants in the absence of 
telomerase.  As in Fig. 4B except that the diploid starter strains were heterozygous for point mutation of 
rap1-S18A and, deletions of trt1+ and brc1+.  (C) Analysis of subtelomeric rearrangements and 
amplifications in rap1-wt/brc1∆/trt1∆ cells.  The pattern of subtelomeric rearrangements and 
amplifications (indicated by a red bracket to the right of the blot) in rap1-wt/brc1∆/trt1∆ survivors 
appeared immediately after loss of trt1+ on Day 2, and became stable thereafter.  (D) Senescence and 
generation of survivors for the indicated mutants in the absence of telomerase.  As in Fig. 4B except that 
the diploid starter strains were heterozygous for point mutation of rap1-S18A and, deletions of trt1+ and 
mdb1+.  (E) Analysis of subtelomeric rearrangements and amplifications in rap1-wt/mdb1∆/trt1∆ cells. 
The pattern of subtelomeric rearrangements and amplifications (indicated by a red bracket to the right of 
the blot) in rap1-wt/mdb1∆/trt1∆ survivors appeared immediately after loss of trt1+ on Day 2, and 
became stable thereafter. 




