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Abstract 

Telomeres are essential nucleoprotein structures that protect chromosome ends and 

maintain genome stability. Telomerase is the cellular reverse transcriptase (RT) that 

synthesizes telomeric DNA at chromosome 3’-ends. The minimal components for 

enzyme activity in vitro are a catalytic protein subunit, the telomerase reverse 

transcriptase (TERT), encoded by the TRT gene, and an RNA subunit, the telomerase 

RNA (TR). Telomerase is unique among the RT proteins in its ability to processively 

synthesize telomeric repeats, which is facilitated by DNA-binding domains in TERT 

called anchor sites.  

We developed the first DNA-binding assay to characterize interactions between 

hTERT and ssDNA primers in vitro. Our results were the first to show that hTERT 

interacts sequence-specifically with telomeric ssDNA in the absence of hTR. We also 

identified several hTERT variants that bind, but do not extend, telomeric ssDNA primers. 

Our studies uncovered multiple anchor regions in hTERT that may co-operate during 

primer binding and extension.  

Structural and biochemical studies indicate that an anchor region resides in the 

TERT N-terminus. A phylogenetically-conserved Gln is critical for telomerase anchor 

site function in lower eukaryotes. We determined the biochemical and cellular 

significance of this residue in human telomerase (hTERT Q169). Our studies uncovered 

an essential role for Q169 in telomerase activity in vitro and in vivo. We provided the 

first evidence that Q169 regulates conformational changes in the hTERT N-terminus that 
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facilitate nucleotide incorporation. Collectively, our results indicate that Q169 resides in 

an evolutionarily-conserved anchor region. 

Mutations in the human TRT gene have been identified in patients with the disease 

dyskeratosis congenita and variants thereof. These patients have telomeres that are 

significantly shorter than age-matched controls, suggesting that the underlying disease 

mechanism is telomerase deficiency. We performed biochemical studies to understand 

specifically how these mutations affect telomerase function in vitro. Our results have 

provided fundamental insight into hTERT structure and function and may ultimately lead 

to novel therapeutic strategies for patients afflicted with dyskeratosis congenita.  
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Chapter One: Introduction 

1.1 Telomeres 

Telomeres are essential nucleoprotein structures that form a protective cap for the 

terminal segments of linear chromosomes. The DNA component can be divided into 

three distinct regions: 1) double-stranded (ds) subtelomeric repeats; 2) internal arrays of 

ds species-specific telomeric repeats; and 3) a terminating single-stranded (ss) 3’

overhang (Figure 1.1). Telomeric DNA is invariably rich in guanine and thymine bases, 

although the exact sequence is species-specific (Table 1.1). The sequence composition 

imparts telomeres with the ability to recruit specific proteins and form unique secondary 

structures, both of which are critical for telomere stability and function. In the following 

sections, I will discuss the general architecture and function of telomeres.  

1.1.1 Subtelomeres 

In humans, subtelomeric DNA is located proximal to terminal ds (TTAGGG)n 

repeats and comprises approximately 80 % of the most distal 800 kilobases (kb) of each 

chromosome arm [1]. Subtelomere architecture varies from telomere to telomere, 

depending on the content and organization of four structural elements: 1) subtelomeric 

repeats, defined as segments of duplicated DNA that occur in more than one subtelomeric 

region and are generally less than 1000 base-pairs long; 2) segmental duplications, which 

are blocks of duplicated genomic DNA that have high sequence identity and are greater 

than 1000 base-pairs in length; 3) satellite sequences; and 4) internal degenerate 

(TTAGGG)n repeats such as TTCGGG (Figure 1.2) [1,2]. 
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Figure 1.1: Human telomere architecture. 

This figure shows a schematic of a human chromosome (not drawn to scale) with an 

emphasis on the telomeric region at one end of the chromosome. The centromere is 

shown in pink and the telomeres in green. The relative lengths of the double-stranded (ds) 

and single-stranded (ss) telomeric DNA components are indicated. These regions are 

comprised of multiple copies of the repeat unit 5’-TTAGGG-3’ (top strand) and 5’

AATCCC-3’ (bottom) strand. The nucleotide (nt) sequence of the telomere end is 

expanded in the lower portion of the figure.      
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Table 1.1: Examples of telomeric simple-sequence repeats in select organisms 

Organism 

Protozoa  
Tetrahymena 
Euplotes 
Oxytricha 

Fungi 
Saccharomyces cerevisiae  
Schizosaccharomyces pombe 

Nematodes 
Caenorhabditis elegans 

Plants 
Arabidopsis thaliana 
Nicotiana 

Vertebrates 
Homo sapiens 
Mus musculus 
Felis catus 

Telomere Sequence§ Telomere Length 

T2G4

T4G4

T4G4

G2-3(TG)1-6

T2AC(A)(C)G2-8

T2AG2C 

T3AG3

T3AG3

T2AG3

T2AG3

T2AG3

 100-500 bp*


 20 bp*


 20 bp*


 350-500 bp 

 250-500 bp 


2-4 kb 


 2-9 kb 

 40-160 kb 


 10-15 kb 

 10-100 kb 

 5-27 kb 


§ Telomeric DNA sequence is written 5’ to 3’. 

* Macronuclear chromosomes. 
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Figure 1.2: Subtelomere structure and variation. 

This figure shows an example of the architecture observed in the subtelomeric region o 

human chromosomes (not drawn to scale). The polarity is from the centromere (CEN) to 

the telomere (TEL) at one end of the chromosome. Two examples of subtelomeric repeats 

(STR) are shown as pink and rainbow-filled boxes. Degenerate telomeric repeats (DTR) 

are illustrated in different colors to emphasize the sequence variation that is observed in 

these regions. Satellite sequences (SS) are shown as red or yellow rectangles and 

segmental duplications (SD) are indicated by violet and blue rectangles. The sequence 

content, size, and organization of these four elements varies significantly between 

chromosomes [2].   
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In terms of evolution, subtelomeres are plastic genome compartments that have the 

potential to generate new gene families. These regions are preferential sites for DNA 

breakage and repair, recombination, and genetic instability [1,3,4]. Consistent with this, 

chromosomal rearrangements in these regions have been linked to various diseases, such 

as neurodegenerative and immunodeficiency disorders [5]. 

Subtelomeres are rich in genetic information and contain both known and 

predicted protein-encoding genes, pseudogenes, and non-functional transcripts [1,2]. 

Functional gene products include immunoglobulin heavy chains, cytokine receptors, and 

zinc finger proteins [2]. Furthermore, subtelomeric (and telomeric) regions are 

transcribed into non-coding TElomeric Repeat RNA (TERRA) molecules [6]. TERRA 

molecules are associated with (sub)telomeric regions throughout the cell cycle and are 

regulated by the SMG proteins in humans [6] and the Rat1p exonuclease in yeast [7]. The 

current model is that telomere-bound TERRA prevents telomere elongation, although the 

cellular significance and regulation of TERRA is not fully understood.   

1.1.2 Telomeric double-stranded DNA 

The first telomeric DNA to be sequenced was that of the ciliated protozoan 

Tetrahymena thermophila [8]. Ciliates are unicellular eukaryotes that contain two distinct 

nuclei: 1) the macronucleus, which is transcriptionally active and required for vegetative 

growth; and 2) the micronucleus, which is transcriptionally inert and required for sexual 

reproduction (conjugation) [9]. Following conjugation, the micronucleus is fragmented 

into thousands of linear chromosomes that are ‘healed’ de novo with telomeric DNA [10]. 
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The abundance of telomere-capped molecules was instrumental for the initial sequencing 

of telomeric DNA. The termini of these molecules were found to contain variable copies 

of the hexanucleotide unit, CCCCAA/GGGGTT [8].  

Over the next ten years, telomeric DNA was isolated and sequenced from 

additional ciliates [11], protozoa [12,13], yeast [14,15], plants [16], and vertebrates [17

19]. One universal feature of telomeric DNA is the organization into a C/A-rich strand 

and a G/T-rich strand that is orientated 5’ to 3’ towards the physical end of the 

chromosome. Furthermore, telomeric DNA almost always contains tandem repeats of 

simple, species-specific sequences that are six to eight base-pairs long (Table 1.1). The 

telomeres of some strains of yeast (e.g. Saccharomyces cerevisiae) are a notable 

exception in that they contain a more complex and degenerate pattern of repeats [14,20]. 

In contrast to the conserved DNA sequence, telomere length varies dramatically from 

species to species, between organisms of the same species, and between telomeres of 

individual cells. The longest known telomeres are found in rats and in some strains of 

Mus musculus, ranging in length from 30 to 150 kb [21,22]. Human cells contain 

telomeres that range in size from 2 to 30 kb, depending on the cell type and replicative 

age; telomeres are approximately 10 kb at birth and gradually shorten during consecutive 

cell divisions in the absence of a telomere length-maintenance mechanism (Sections 1.3.3 

and 1.7.3) [17,18,23-27]. 
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1.1.3 Telomeric single-stranded DNA 

Eukaryotic telomeres terminate in a ss 3’-protrusion of the G-rich strand, referred 

to as the 3’-overhang (Figure 1.1). As discussed below, the ubiquitous G-rich overhang is 

an essential feature required to maintain telomere structure and stability [11,28-32]. The 

3’-overhang varies remarkably in length between species; ciliate telomeres possess 12 to 

16 nucleotide (nt) overhangs [11,28] whereas human telomeres harbour variably-sized 

overhangs that can range from 100 to 600 nt [30,31,33,34]. The mean length of the G-

rich overhang is positively correlated with overall telomere length in normal, 

transformed, and cancer-derived human cells [35], and shortens with increasing 

replicative age [33,36]. The cellular processes involved in the generation of these 

structures are discussed in Section 1.3. 

1.1.4 The telomere loop 

The ubiquitous nature of the 3’-overhang immediately suggested an essential role 

for this element in telomere function. In 1999, Jack Griffith and Titia de Lange identified 

a lariat-like structure at mammalian telomeres, which they termed the telomere-loop (t

loop) (Figure 1.3) [37]. Electron Microscopy (EM) analysis of psoralen cross-linked 

human and mouse telomeric DNA revealed large looped structures containing thousands 

of TTAGGG repeats [37]. The authors postulated that these structures were formed by 

invasion of the ss 3’-overhang into the duplex repeat array. In addition to t-loops, smaller 

lariat-like structures that contained a few hundred nucleotides of ssDNA were observed 

[37]. The ss loops, called displacement-loops (d-loops), were proposed to form if the  
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Figure 1.3: T-loops and D-loops. 

This figure shows a schematic of a human chromosome (not drawn to scale) with an 

emphasis on the telomeric region at one end of the chromosome. The centromere is 

shown in pink and the telomeres in green. The relative lengths of the double-stranded (ds) 

and single-stranded (ss) telomeric DNA components at one end of the chromosome are 

indicated. Telomeres are comprised of multiple copies of the repeat unit 5’-TTAGGG-3’ 

(top strand) and 5’-AATCCC-3’ (bottom) strand. The nucleotide (nt) sequence of the 

telomere end is expanded in the middle portion of the figure and the predicted structure 

of a telomere-loop (t-loop) is shown at the bottom. This figure also illustrates a 

displacement-loop (d-loop). 
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invading 3’-overhang hybridized with the complementary C-strand and displaced the 

resident G-strand (Figure 1.3). Importantly, telomeric chromatin isolated from the nuclei 

of chicken erythrocytes and mouse splenocytes forms t-loop structures, suggesting that 

the native interphase conformation is a closed chromatin loop [38]. 

The key feature of t-loops is the sequestration of the ss chromosome end [37]. The 

current model is that t-loops provide a unique architectural cap that protects chromosome 

ends from degradation, recombination, and fusion with other pieces of DNA. Consistent 

with this, t-loop-like structures appear to be an evolutionarily-conserved phenomenon 

and have been identified in trypanosomes [39], ciliates [40], plants [41], nematodes [42], 

and some strains of yeast [43,44]. However, relatively little is known about the formation 

and regulation of t-loops. Biochemical studies have shown that t-loops can be 

reconstituted from model telomeric dsDNA containing at least one ss-TTAGGG repeat at 

the 3’-end in the presence of the telomere-binding protein TRF2 [37,45]. The mechanism 

by which TRF2 faciliates t-loop formation is thought to involve TRF2-induced 

modifications to DNA topology that stimulate strand invasion. This model has been 

deduced by the ability of TRF2 to stimulate invasion of ssDNA into plasmids containing 

duplex telomeric DNA in vitro [46]. Furthermore, the DNA-binding domain of TRF2 was 

recently shown to mediate the flexibility and strand invasion capacity of reconstituted 

nucleosomal array fibers in vitro [47]. An important future challenge will be to determine 

how the full length TRF2 modifies DNA toplogy in the context of telomeric chromatin 

and telomere-associated proteins. Furthermore, the molecular mechanisms by which t
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loops are resolved and reconstructed during specific stages of the cell cycle remain to be 

elucidated. 

1.1.5 Telomere-associated proteins 

The bulk of telomeric DNA in higher eukaryotes is organized into tightly packed 

nucleosomes [48]. However, the higher organization of telomeric chromatin and the roles 

of nucleosomes and epigenetic modifications in telomere structure are not fully 

understood. Nonetheless, it is well-established that telomeres are associated with a 

plethora of histone and non-histone proteins (Figure 1.4). The non-histone proteins are 

classified as shelterin or telosome proteins; shelterin components are telomere-specific 

proteins whereas telosome proteins have cellular functions beyond telomere maintenance 

[49]. The identity and proposed functions of shelterin and telosome proteins is 

summarized in Tables 1.2 and 1.3, respectively. In mammalian cells, there are six 

telomere-specific proteins that comprise shelterin: TRF1, TRF2, POT1, RAP1, TIN2, and 

TPP1 (Figure 1.5) [49]. The analogous proteins and protein complexes in yeast and 

ciliates are listed in Table 1.2 and illustrated in Figure 1.5. As discussed below, shelterin 

governs the architecture of telomeric DNA and provides cells with mechanisms to 

distinguish natural chromosome ends from bona fide DNA breaks and regulates 

telomerase-dependent telomere synthesis.      
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Figure 1.4: Human telomere-associated proteins. 

This figure shows a schematic of the t-loop and d-loop in association with histone 

proteins (nucleosomes), telosome proteins (listed in grey boxes), and shelterin proteins 

(POT1, TPP1, TIN2, TRF1, TRF2, and RAP1). See also Tables 1.2 and 1.3 [50]. 
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Table 1.2: Shelterin proteins in select organisms 

Organism & 
Shelterin Protein 
Homo sapiens 

TRF1 
TRF2 
POT1 

RAP1

TPP1 


TIN2 

Schizosaccharomyces pombe 
Tbf1 
Taz1 

Pot1 
Rap1 
Tpz1 
Ccq1 
Poz1 
Stn1/Ten1 

Saccharomyces cerevisiae 
Rap1 

Rif1/2 

Cdc13 

Stn1/Ten1 

Oxytricha nova 
TEBPα/β 

Telomeric 
Function 

Recruitment 

Negative regulator of TL dsDNA 
T-loop formation; End-protection dsDNA 
Positive & negative regulator of ssDNA; TPP1 
TL; End-protection 
? TRF2 
POT1 recruitment; Tethers POT1 TIN2, POT1, 
to TRF1; Telomerase activation 
Shelterin assembly and stability TRF1, TRF2, TPP1 

Negative regulator of TL dsDNA 
Positive & negative regulator of dsDNA 
TL; End-protection 
End-protection ssDNA 
Negative regulator of TL Taz1 
Tethers Pot1 to Taz1 Pot1 
Positive regulator of TL Tpz1 
Negative regulator of TL Tpz1 
End-protection ssDNA 

Telomeric silencing; Negative dsDNA 
regulator of TL 
Telomeric silencing; Negative Rap1 
regulator of TL 
End-protection; Positive & ssDNA 
negative regulator of TL 
End-protection Cdc13 

End-protection; TL regulator ssDNA 

Abbreviations: h, Human; TL, telomere length. Reviewed in reference [50]. 
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Table 1.3: Examples of human telosome proteins 

Protein/Protein 
Complex 
MRN 

ERCC1/XPF

Apollo 

RPA 

Tankyrase 

PARP2

Ku 

WRN Helicase 

BLM Helicase 

Non-Telomeric Telomeric Activity Telomeric 
Function Recruitment 
Endo-exonuclease; T-loop formation, TRF1, 
DNA damage resolution, & homologous TRF2/RAP1 
sensor recombination 

3’-flap 3’-overhang processing TRF2 
endonuclease; after TRF2 inhibition 
NER 

5’-exonuclease Telomere protection TRF2/RAP1 
during replication 

Binds ssDNA & Prevents strand annealing ssDNA 
prevents strand 
annealing reactions 

Poly(ADP) Positive regulator of TL TRF1 
ribosylation; role via TRF1 inhibition 
in mitosis 

Poly(ADP) Negative regulator of TRF2 
ribosylation; BER TRF2 via poly(ADP)

ribosylation 

NHEJ End-protection dsDNA, TRF1, 
TRF2/RAP1 

Branch migration; Unwinding dsDNA; dsDNA, TRF2,  
Resolution of G- resolving recombination POT1(?) 
quadruplex DNA intermediates 

Branch migration Unwinding dsDNA TRF1, TRF2, 
POT1(?) 

Abbreviations: BER, Base Excision Repair; NER, Nucleotide Excision Repair; NHEJ; 

Non-Homologous End-Joining; TL, Telomere Length. Reviewed in reference [50]. 
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Figure 1.5: Shelterin composition. 

This figure shows a schematic of the vertebrate, yeast, and ciliate shelterin proteins 

associated with telomeric DNA at the end of a linear chromosome [50].  
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1.2 Telomeres and the DNA Damage Response 

The pioneering work of Henry Muller and Barbara McClintock revealed that 

broken chromosomes were unstable and needed to be protected from recombination and 

fusion with other broken chromosomes [51-53]. As discussed below, the shelterin 

complex is the basis of this protective mechanism. In the absence of shelterin, telomeres 

lose their end-protection and activate the canonical DNA Damage Response (DDR). 

There are two main mechanisms that induce telomere dysfunction: 1) progressive 

telomere attrition that eventually results in a ‘critically short’ telomere, and 2) 

perturbation of shelterin components that leads to telomere ‘de-capping’. In the following 

sections, I will discuss how telomeres respond to the loss of shelterin, the mechanisms by 

which shelterin represses the canonical DDR at natural chromosome ends, the cellular 

fate of dysfunctional telomeres, and the minimal requirements for telomere function. 

1.2.1 The telomere damage response 

As illustrated in Figure 1.6, several proteins involved in the DDR accumulate at 

damaged telomeres, including γ-H2AX, 53BP1, MDC1, and ATM [54-56]. This response 

generates distinct nuclear foci, referred to as TIFs (Telomere dysfunction-Induced Foci), 

which extend hundreds of kilobases beyond the telomere [54,55,57]. The telomere 

damage signal is transduced through the ATM and/or ATR kinase pathways and 

ultimately induces replicative senescence or apoptosis, depending on the cellular context 

and insult [55,56,58-61]. Consistent with the activation of these pathways, cells 

harbouring damaged telomeres contain elevated protein levels of total and Ser15- 
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Figure 1.6: The telomere damage response. 

This figure illustrates the cellular response, in humans, to the loss of the shelterin proteins 

TRF2 (shown on the left) or POT1 (shown on the right). The telomere is recognized as a 

bona fide DNA break and becomes associated with several DNA damage response 

proteins, some of which are shown in the middle portion of the figure. The ATM kinase 

signalling pathway is activated in the absence of TRF2 and the ATR pathway is induced 

in the absence of POT1. As shown at the bottom of the figure, these signalling pathways 

can induce a reversible cell cycle arrest, cell death (apoptosis), or an irreversible cell 

cycle arrest (senescence) [50]. 
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phosphorylated p53, p21, and phosphorylated CHK1 and CHK2 [55]. The p53 and 

p16INK4a-pRB tumour suppressors are pivotal for the induction and maintenance of 

growth arrest upon telomere damage [55,56,59,60].  

1.2.2 Repression of the DNA damage response at telomeres 

One important question in telomere biology is how natural chromosome ends 

repress the canonical DDR. Recent studies indicate that TRF2 and POT1 function 

independently to repress the activation of ATM and ATR, respectively [61,62]. 

Telomere-bound POT1 is thought to inhibit ATR activation by preventing an interaction 

between RPA and telomeric ssDNA [61,63]. The mechanism by which TRF2 inhibits 

ATM is less clear. In one model, TRF2 is needed to form and maintain t-loops, which 

block upstream sensory proteins from binding the ss-overhang and recruiting the ATM 

kinase [50]. Similarly, t-loops might prevent changes in local chromatin structure that are 

otherwise sensed as broken DNA ends [50]. An alternative model is that the physical 

interaction between TRF2 and ATM is sufficient to repress ATM kinase activity, and 

thus, prevent downstream signalling events [64]. However, it remains to be determined if 

endogenous telomere-bound TRF2 interacts with ATM and how this interaction is 

modified by other telomere-associated proteins. 

1.2.3 The fate of dysfunctional telomeres 

Dysfunctional telomeres are processed similarly to DNA double-strand breaks 

(DSB) and typically activate the Non-Homologous End Joining (NHEJ) or Homologous 
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Recombination (HR) pathways, although less efficient ‘back-up’ repair pathways exist. 

The result is a range of chromosomal abnormalities that are a defining feature of cancer 

cells [65]. More specifically, Telomeric-NHEJ (T-NHEJ) generates covalent telomere 

fusions and dicentric chromosomes [66]. Recombination-based pathways can delete large 

segments of telomeric DNA, produce extrachromosomal telomeric circles, and promote 

Telomere Sister-Chromatid Exchanges (T-SCE). These pathways are summarized below. 

1.2.3.1 Non-homologous end joining 

The T-NHEJ pathway operates predominantly in G1 [67] and requires many of 

the same factors that mediate NHEJ at non-telomeric sites, including DNA-PK, DNA 

ligase IV and XRCC4 [66,68,69]. Telomere fusions are unique, however, because of the 

long ssDNA 3’-overhang that requires processing prior to the end-joining reaction. The 

ERCC1/XPF nuclease, which is best-known for its role in nucleotide excision repair, is 

responsible for degrading the 3’-overhang when the T-NHEJ pathway is intact [70,71]. 

Recently, the nuclease activity of XPF has been implicated in telomere remodelling to 

facilitate TRF2 binding [72]. This observation has led to the suggestion that XPF and 

TRF2 form a complex that prevents telomere fusions, although the mechanism by which 

this occurs is unknown. 

1.2.3.2 Homologous recombination 

There are three types of HR that can occur at dysfunctional telomeres: 1) 

intertelomeric recombination/T-SCE (Figure 1.7); 2) intratelomeric recombination, 
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referred to as t-loop HR (Figure 1.8); and 3) recombination of telomeres with interstitial 

telomeric DNA (Figure 1.9). TRF2 is involved in suppressing each of these pathways, 

emphasizing its key role in the regulation of telomere structure and function.  

The telomeres of sister chromatids have the potential to recombine and exchange 

genetic information after DNA replication (Figure 1.7) [50]. In the case of unequal 

exchange, T-SCE yields elongated and shortened individual telomeres, which are then 

propagated to the next generation. Assuming that telomerase is absent, the daughter cell 

that receives the short telomere will have a reduced replicative lifespan. Data collected 

from various mouse models collectively indicate that TRF2, Ku70, and the WRN helicase 

are required to suppress T-SCEs [71,73]. It is expected that POT1 will also have an 

important role in suppressing T-SCEs, since WRN and POT1 physically interact and 

POT1 stimulates the helicase activity of WRN [74].   

A second type of HR that can occur at telomeres is t-loop HR. As illustrated in 

Figure 1.8, t-loop HR is thought to involve the formation and resolution of a Holliday 

junction (HJ) structure at the base of the t-loop. This structure results in the deletion of t-

loop-sized segments of DNA and the de novo appearance of t-loop sized circular 

extrachromosomal elements, which are believed to represent detached t-loops [75]. In 

addition to TRF2, the MRN complex and XRCC3 have been implicated in t-loop HR 

[75]. The current model is that TRF2 establishes a network of protein-protein interactions 

that suppress t-loop HR, although the mechanistic details are obscure.  

The genome of many vertebrates contains interstitial sequences of telomere and 

telomere-like DNA. Recombination between telomeres and interstitial telomeric DNA  
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Figure 1.7: Telomere-sister chromatid exchange. 

This figure shows a schematic of unequal telomere-sister chromatid exchange (T-SCE), 

which is normally suppressed by TRF2-mediated t-loop formation. The telomeric region 

is indicated by red (5’-3’ strand) and blue (3’-5’ strand) lines. The subtelomeric region is 

indicated by the grey boxes. After DNA replication, the sister telomeres can recombine 

and exchange genetic information. Resolution of the Holliday junction structure 

(indicated by arrowheads) can produce elongated and shortened telomeres, one of which 

is segregated to each daughter cell [50].  
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Figure 1.8: T-loop homologous recombination. 

This figure shows a schematic of t-loop homologous recombination, which is believed to 

be suppressed by TRF2 and its associated proteins (not shown). The telomeric region is 

indicated by red (5’-3’ strand) and blue (3’-5’ strand) lines. The subtelomeric region is 

indicated by grey boxes. T-loop homologous recombination is thought to involve WRN-

catalyzed t-loop migration (branch migration), which ultimately produces a Holliday 

junction (HJ). HJ resolution (indicated by arrowheads) can result in the deletion of large 

segments of telomeric DNA (terminally deleted telomere; bottom left figure) and the 

formation of telomere circles that represent detached t-loops (bottom right figure) [50].  
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Figure 1.9: Telomere recombination with interstitial telomeric DNA. 

This figure shows a schematic of recombination between terminal and interstitial 

telomeric DNA repeats. The thick blue arrows and grey boxes represent two regions of 

subtelomeric DNA. These regions are separated by a interstitial TTAGGG repeats 

(interstitial telomeric repeats). The telomere is indicated by red (5’-3’ strand) and blue 

(3’-5’ strand) lines. TRF2 is required for t-loop formation. In the absence of TRF2, the 

terminal segment of telomeric DNA can invade the interstitial telomeric DNA to produce 

a Holliday junction (HJ) (middle portion of figure). Resolution of the HJ (indicated by 

arrowheads) can result in the deletion of large segments of telomeric DNA (terminally 

deleted telomere; bottom left figure) and the formation of telomeric double-minute 

chromosomes (bottom right figure) [50]. 
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can lead to chromosome inversions, deletions, and translocations, depending on the 

orientation of the interstitial repeat [50]. ERCC1-/- murine embryonic fibroblasts 

accumulate circular extrachromosomal elements comprised of telomeric and non

telomeric DNA [70]. These products are referred to as Telomeric DNA-containing 

Double Minute (TDM) chromosomes and are the outcome of recombination between a 

telomere and an interstitial telomere sequence in direct orientation on the same chromatid 

arm (Figure 1.9) [70]. Terminally deleted chromosomes are also expected to arise during 

this recombination event. Mammalian XPF/ERCC1 [70], POT1 [76,77], and the WRN 

helicase [73] have been implicated in repressing these events by resolving intermediate 

structures that arise during telomere strand-invasion into interstitial telomere sequences. 

The mechanisms that prevent XPF/ERCC1 from cleaving the base of the t-loop and 

factors that operate downstream of this nuclease, however, are currently unknown.    

1.2.4 Minimal requirements for telomere function 

Telomere dysfunction has deleterious cellular consequences and is linked to 

human disease (Section 1.8). Therefore, it is critical to determine the threshold 

requirements for telomere function. Recent biochemical studies have shown that a 

tandem array of at least twelve canonical human telomeric repeats effectively inhibits T

NHEJ in vitro [78]. Another study showed that telomeres containing fewer than thirteen 

repeats were dysfunctional and susceptible to telomere fusion in human cells containing 

abrogated p53- and pRB-checkpoints [79]. However, another group reported that 

telomerase-positive human cells with compromised checkpoints contained a distinct class 
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of extremely short telomeres called t-stumps [80]. These authors demonstrated that t-

stumps contained telomeric repeat variants and at least seven canonical repeats. Thus, the 

minimal length threshold for telomere function seems to depend on the cellular context. 

An important area of future research will be to investigate the minimal number of repeats 

required to suppress the DDR at telomeres in human cells with intact checkpoints.  

1.3  Telomere Replication and Regulation 

1.3.1 Semi-conservative telomere replication 

Conventional semi-conservative replication accounts for the majority of telomere 

synthesis. Early studies in budding yeast demonstrated that telomerase activity requires 

passage of the replication fork through telomeres [81,82]. However, telomeric chromatin 

is difficult to replicate because of its highly repititive, G-rich DNA sequence and 

abundance of associated proteins. Consistent with this, telomeres are particulary 

susceptible to fork-stalling and interactions between replication fork components and 

telomere-associated proteins appear to have an important role in fork progression through 

telomeric chromatin [83]. For example, the WRN helicase is required for efficient 

replication of lagging-strand telomeres in mammalian cells [84]. In vitro, TRF2 and 

POT1 interact with WRN and stimulate its helicase activity [74,85,86]. This observation 

suggests that shelterin recruits and/or stimulates proteins that are needed to resolve 

structures that arise during semi-conservative telomere replication. The current model is 

that stalled replication forks and the associated recombination intermediates stimulate 

telomeric HR [83]. This could explain why telomeres undergoing replication transiently 
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associate with DDR proteins involved in HR, including ATR, RPA, and XRCC3, but do 

not elicit a checkpoint-mediated cell cycle arrest [87,88]. An alternative, but likely 

related proposal, is that some of these proteins are required to reconstruct the t-loop after 

replication and prevent the telomere from being sensed as a DSB during G1. As 

discussed below, the transient recruitment of DDR proteins may also be necessary for 

telomerase recruitment to the telomere.  

1.3.2 The end replication problem 

In the early 1970’s, Alexei Olovnikov [89,90] and James Watson [91] predicted 

that the semi-conservative DNA replication machinery was not sufficient to replicate the 

3’-ends of linear chromosomes (the end replication problem). As illustrated in Figure 

1.10, conventional DNA polymerases require a free 3’-hydroxyl group to initiate DNA 

synthesis, which is usually supplied by a short polynucleotide primer [92]. Once 

synthesis is initiated, the primer is degraded and the resulting gap is filled in with 

polynucleotides by the action of the replicating polymerase. However, the removal of the 

5’-most terminal primer will leave a gap in one of the daughter strands because there is 

not enough room to lay down another primer (Figure 1.10). Olovnikov and Watson 

postulated that the progressive loss of chromosome 3’-ends incurred during consecutive 

cell divisions would eventually terminate cellular lifespan [89-91]. Importantly, 

telomeres evolved to circumvent the loss of genetic information and almost all eukaryotes 

rely on an enzyme called telomerase to synthesize telomeric DNA (discussed below).  
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The model described above predicts that only lagging-strand telomeres contain 

short ss 3’-overhangs (Figure 1.10). However, telomeric 3’-overhangs are simultaneously 

present on the leading- and lagging-strand telomeres in various eukaryotes, which 

suggests post-replicative strand processing [31,93]. This prediction is supported by the 

demonstration that human telomere 5’-ends are well-defined and nearly always terminate 

with the sequence ATC-5’ [94]. Importantly, 3’-overhangs are generated independently 

of telomerase activity in ciliates, yeast, and mammals [31,32,93,95,96]. The most likely 

candidate for post-replicative processing of telomeric DNA is nuclease-mediated 

resection of the complementary C-rich strand (Figure 1.10) [31]. Thus, the overall length 

of the 3’-overhang is thought to be governed by the opposing actions of replication- and 

nuclease-associated attrition and telomerase- or recombination-mediated elongation. An 

important question to be resolved in the future is the identity of the nuclease that 

catalyzes post-replicative telomere processing. 

1.3.3 Telomerase-dependent telomere maintenance 

Telomerase-dependent telomere synthesis is governed by a negative feed-back 

loop that senses the length of telomeric DNA, transduces this information to the ss 3’

end, and regulates the ability of telomerase to access its substrate. Shelterin is the key 

component of negative regulation and senses telomere length by its accumulation on 

telomeric DNA. The current model is that POT1 is recruited to the telomere via TRF1

TPP1 and TRF2 complexes, which promotes POT1 binding to telomeric ssDNA [50]. 

The accumulation of POT1-TPP1 complexes occludes the 3’-end and prevents telomerase  
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Figure 1.10: The end-replication problem and telomere processing. 



28 

Figure 1.10: The end-replication problem and telomere processing. 

This figure illustrates the end-replication problem and telomere processing events that are 

proposed to occur during the semi-conservative replication of linear human 

chromosomes. A single replication fork and only one end of the leading and lagging 

daughter strands is shown for clarity. The leading strand is replicated as a continuous 

molecule of DNA from a single RNA primer (primer not shown). The lagging strand is 

synthesized discontinuously (Okazaki fragments) from multiple short RNA primers that 

are subsequently removed so the adjacent Okazaki fragments can be joined (top portion 

of the figure). Removing the final RNA primer leaves a short segment of ssDNA on the 

lagging strand that is insufficient for another priming event. Telomerase is thought to 

extend the ssDNA 3’-end (telomerase-mediated extension step; blue arrow) to a length 

that is sufficient for another priming event. The RNA primer (green box) is subsequently 

extended by the semi-conservative replication machinery (C-strand fill-in reaction) and 

then removed. A 5’-3’ nuclease has been proposed to generate the ssDNA overhang at 

the 3’-end of the leading strand, as well as catalyze resection of the lagging strand 5’-end 

(5’-end resection step). As shown in the bottom portion of the figure, the ssDNA 3’-end 

of the leading strand has been reported to be shorter than the lagging strand [94]. 
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from accessing the ssDNA substrate (negative regulation) [97,98]. During consecutive 

rounds of cell division, the TPP1-POT1 complexes gradually dissociate from continually-

shortening telomeres and eventually grant telomerase access to the 3’-end. However, 

telomere-bound POT1-TPP1 complexes are also involved in recruiting telomerase to the 

telomere and enhancing telomere-synthesis (positive regulation) [99,100]. This apparent 

paradox is believed to provide cells with a mechanism to recruit a low abundance enzyme 

(telomerase) to an equally low abundant substrate (telomeric ssDNA) [101,102]. More 

specifically, since shelterin components are abundant (~ 100 to 1000 copies per 

telomere), an interaction between TPP1 and TERT would enrich telomerase at telomeric 

DNA in vivo [50]. 

Multiple studies have demonstrated that telomerase is preferentially recruited to 

the shortest telomeres in cells [103-106]. Recent work with budding yeast has provided 

insight into the mechanism by which short telomeres are ‘marked’ for elongation. These 

studies show that in addition to telomerase, Tel1p (the budding yeast ATM ortholog) and 

Est1p, which stimulates yeast telomerase activity, are preferentially recruited to the 

shortest telomeres [105-107]. The current model is that short telomeres are transiently 

recognized as a DNA break, which triggers Tel1p recruitment and subsequently, 

telomerase recruitment and activation. Interestingly, the recruitment of murine telomerase 

to short telomeres is independent of ATM, suggesting that ATR may be involved in 

regulating the mammalian pathway [108]. It is not clear, however, if short telomeres 

induce a complete DDR. Identification of downstream proteins is expected to provide 

critical insight into the signalling pathway that marks short telomeres for elongation.  
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Distinct protein complexes assemble at the telomere and regulate telomere 

homeostasis at various stages of the cell cycle. The mechanisms that control the 

association and dissociation of these complexes, however, are not well-characterized. To 

this end, very recent work in budding yeast indicates that the heat shock protein 

chaperone Hsp82 mediates the switch between extendible and non-extendible telomere 

states by modulating the DNA-binding activity of Cdc13 (functional ortholog of 

mammalian POT1) in vitro [109]. The working model is that Hsp82, by virtue of its 

ability to interact with different proteins, displaces proteins bound at the extreme 3’-end 

to permit telomerase-telomere association. This study illustrates telomere homeostasis as 

a dynamic multistep pathway that utilizes high-affinity interactions between low-

abundance components (telomerase and telomeric ssDNA) and low-affinity interactions 

between abundant proteins (shelterin and chaperone proteins) to control the transition 

between extendible and non-extendible telomere states [109]. It will be interesting to 

determine if higher eukaryotes use a similar mechanism to regulate telomere 

accessibility.   

1.4 The Telomerase Ribonucleoprotein 

Telomerase is a unique ribonucleoprotein (RNP) reverse transcriptase (RT) that is 

responsible for the synthesis of telomeric DNA in almost all eukaryotes. As discussed 

below, the enzyme contains at least two essential core components: a catalytic protein 

subunit, the TElomerase Reverse Transcriptase (TERT), and an integral RNA subunit, the 

Telomerase RNA (TR). Telomerase reverse transcribes a small template region within the 
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RNA component to synthesize telomeric DNA. In this section, I will review the 

experiments that led to the discovery of telomerase and discuss the biochemical and 

cellular properties of its core components, TERT and TR.     

1.4.1 Discovery 

In 1985, Carol Greider and Elizabeth Blackburn discovered a telomere-specific 

terminal transferase activity in T. thermophila cell-free extracts that was subsequently 

named telomerase [110]. In their pioneering experiments, Greider and Blackburn showed 

that the terminal transferase was sensitive to proteinase K, micrococcal nuclease, and 

RNase A and that a 159 nt RNA subunit co-purified with telomerase activity over five 

fractionation steps [110,111]. These experiments provided strong biochemical evidence 

that the terminal transferase was a bona fide cellular ribonucleoprotein reverse 

transcriptase. Importantly, a 5’-CAAACCCCAA-3’ region was identified in the RNA 

gene component and proposed to serve as the template for telomere synthesis [112]. This 

hypothesis was confirmed by the demonstration that the RNA and telomerase activity 

were sensitive to RNase H after preincubation with antisense oligonucleotides mimicking 

the telomere sequence [112]. Moreover, the telomeres of T. thermophila cells 

transformed with telomerase RNA alleles harbouring mutations in the putative template 

sequence were complementary to the mutant telomerase RNA [113]. This provided the 

first evidence that the telomerase RNA contained the template for telomere synthesis in 

vivo. 



32 

The first telomerase catalytic protein subunits were identified through genetic 

screens in yeast [114] and biochemical purification of Euplotes aediculatus telomerase 

[115,116]. The E. aediculatus protein was found to be a homolog of the yeast protein and 

sequence comparison with prototypical RTs revealed an evolutionarily-conserved RT 

domain in both proteins [116]. Substitution of residues within the RT motifs of the yeast 

protein caused telomere shortening and cellular senescence, indicating that the RT 

domain was required for telomere synthesis in vivo [116]. TERT homologs were 

subsequently identified in humans, rodents, and ciliates [117-122].  

The first direct evidence that TERT was the catalytic subunit of telomerase came 

from studies showing that telomerase activity could be reconstituted in vitro by co

expressing wild type TERT and TR in rabbit reticulocyte lysates (RRL) [121,123,124]. 

Further evidence was provided by the demonstration that mutations in the catalytic RT 

domain abolished in vitro telomerase activity [123]. The RRL reconstitution system is a 

cell-free transcription-translation assay in which T7 promoter-driven gene constructs are 

transcribed into mRNA by the T7 RNA polymerase and subsequently translated by the 

RRL protein synthesis machinery. Human telomerase is reconstituted by the addition of 

in vitro transcribed hTR and plasmid DNA that contains the T7 promoter and intronless 

hTERT sequence. Enzyme activity is measured using in vitro activity assays that rely on 

the addition of telomere repeats to the 3’-end of a telomeric ssDNA primer. This in vitro 

system has been used extensively to identify regions of TERT and TR that are important 

for enzyme activity, processivity, fidelity, and substrate specificity.  
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1.4.2 The telomerase reverse transcriptase subunit 

1.4.2.1 Structure 

As illustrated in Figure 1.11, the architecture of TERT can be divided into three 

main regions: 1) a long N-terminal extension (NTE) that contains conserved DNA- and 

RNA-binding domains and an unstructured ‘linker’ region; 2) a central catalytic RT 

domain with seven evolutionarily-conserved RT motifs; and 3) a short C-terminal 

extension (CTE) that contains blocks of conserved amino acids. Although this 

organization defines almost all TERT proteins, there are a few notable exceptions. First, 

certain insect and nematode TERTs harbour a truncated NTE that does not contain the 

Telomerase Essential N-terminal (TEN) domain [125,126]. Secondly, the CTE is absent 

in Giardia lamblia and nematode TERTs [126]. Third, Plasmodium falciparum TERT 

contains an abundance of hypervariable insertions between the conserved domains and is 

at least three times larger than all other TERT proteins [127]. It will be interesting to 

determine if other TERT domains and/or cellular proteins compensate for the missing 

TERT domains in vivo. 

A major advance in our understanding of TERT architecture has come from the 

recent atomic-resolution structure of full length Tribolium castaneum TERT in complex 

with an 18 nt telomeric ssDNA primer [128]. Notably, T. castaneum TERT lacks a 

significant portion of the NTE that is critical for telomerase activity in ciliates, yeast, and 

humans [128,129]. The crystal structure reveals a ring-like structure held together by 

extensive hydrophobic interactions between the CTE and N-terminus [128]. This is in 

good agreement with previous biochemical studies of human and Euplotes crassus TERT 
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Figure 1.11: Linear architecture of the human telomerase reverse transcriptase. 
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Figure 1.11: Linear architecture of the human telomerase reverse transcriptase. 

This figure illustrates the predicted structural organization of the human telomerase 

reverse transcriptase (hTERT). The protein encompasses a long N-terminal extension 

(NTE), a central catalytic reverse transcriptase (RT) domain, and a short C-terminal 

extension (CTE). Pink boxes are used to indicate the predicted locations of the telomerase 

essential N-terminal (TEN) domain and the telomerase-specific motifs CP, QFP, and TS. 

The purple box indicates the telomerase RNA-binding domain (TRBD). An unstructured 

linker region connects the TEN domain and TRBD. Blue boxes represent the seven 

evolutionarily-conserved motifs in the RT domain (1, 2, A, B, C, D, E). The CTE 

contains four blocks of conserved amino acids, which are shown as green boxes (E-I, E

II, E-III, E-IV). The approximate positions of amino acids are indicated above the 

coloured boxes. Reviewed in reference [129].  
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that revealed interactions between the NTE and CTE [130-132]. The interior dimensions 

of the ring indicate that it can accommodate seven or eight bases of double-stranded 

nucleic acid [128], consistent with previous biochemical studies demonstrating that the 

RNA-DNA heteroduplex is maintained at a constant length of seven to eight base-pairs 

[133,134]. Furthermore, the ring’s interior is lined with amino acids that have been 

previously shown to mediate protein-nucleic acid interactions, nucleotide binding, and 

DNA synthesis in yeast [135-138] and human [139,140] TERT. An important future 

challenge will be to determine the high-resolution structure of TERT in complex with its 

integral RNA subunit. An equally important challenge will be to solve the crystal 

structure of full length TERT from higher eukaryotes.  

1.4.2.1.1 The TERT N-terminal extension 

An extensive number of biochemical and genetic studies collectively indicate that 

the NTE of most TERT proteins contains two structurally-conserved domains, the TEN 

and TRBD (Figure 1.11). Separating these domains is a relatively long and unstructured 

linker region that is likely important for conformational changes within the holoenzyme. 

The NTE also contains several conserved telomerase-specific motifs, including the CP, 

QFP, and TS motifs (Figure 1.11) [141,142].  

High-resolution structures of the T. thermophila TEN [143] and TRBD [128,144] 

domains indicate that both of these regions represent novel protein folds and are involved 

in binding single-stranded nucleic acids. The TEN domain is involved in TERT 

localization, multimerization, enzyme activity and processivity, and ssDNA-binding. The 
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TEN domain also displays a weak sequence non-specific RNA-binding activity, although 

the significance of this interaction is not clear [143]. It is possible that the TEN and 

TRBD co-operate to ensure optimal TR-binding and positioning required for RNP 

formation.  

As shown in Figure 1.11, the TRBD is organized into two asymmetric lobes that 

contain residues from the CP and TS motifs [144]. The two halves of the TRBD are 

connected by extended loops that impart the domain with structural flexibility [144]. 

Hydrophilic and hydrophobic CP and TS residues form an extended RNA-binding groove 

on the surface of the domain. The dimensions of this cavity reveal a relatively wide 

hydrophilic pocket (CP pocket) that could accommodate dsRNA and a narrow 

hydrophobic pocket (T pocket) that could accommodate ssRNA [144]. In the context of 

full length TERT, the RNA-binding groove is located on the side of the ring and faces the 

interior of the ring in close proximity to the active site [128]. This placement is believed 

to permit the RNA 5’-end to enter the ring’s interior where the active site is located. The 

structural data are supported by biochemical studies that have identified the CP and TS 

motifs as being critical for TR-binding, telomerase activity and processivity, and 

telomere elongation [123,141,145-153].  

1.4.2.1.2 The TERT RT domain 

The TERT catalytic domain contains all seven of the evolutionarily-conserved RT 

motifs, which are required for telomerase function in vitro and in vivo (Figure 1.11) 

[116,117,119,123,124,137,154-156]. The RT domain is organized into two subdomains 
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that structurally resemble the ‘fingers’ and ‘palm’ subdomains of prototypical RT 

enzymes [128]. These regions are connected by a loop that contains the conserved 

‘primer grip’ region of RT motif E. Molecular modelling predicts that the loop makes 

direct contacts with the RNA-DNA hybrid and the DNA 3’-end, suggesting that the 

primer grip region could be involved in positioning the ssDNA 3’-end in the enzyme 

active site [128]. As discussed in Chapter 3, this model is supported by biochemical 

studies of yeast [157] and human [158] TERT that have identified an important role for 

this region in ssDNA-binding and processive telomere synthesis in vitro and in vivo. 

The enzyme active site consists of three invariant Asp residues from motifs A and 

C [128]. These residues are shared by all RTs and form a catalytic triad that participates 

directly in nucleotide addition via a two-metal ion mechanism [116,117]. Alanine 

mutations of these residues result in the complete loss of telomerase activity in vitro and 

in vivo, supporting the conclusion that they are essential for telomerase function 

[119,123,149,154,155]. Conserved residues from motifs 1, 2, A, B, C, and D form the 

nucleotide-binding pocket at the interface between the palm and fingers subdomains 

[128]. Two conserved surface-residues from motifs A and C (Tyr and Val, respectively) 

form a hydrophobic patch that is predicted to bind the base of the nucleotide substrate. 

This interaction would facilitate nucleotide positioning in the active site for co-ordination 

with a metal ion and the 3’-end of the DNA primer [128]. This model is supported by 

biochemical studies of ciliate [156], yeast [157], and human [159] TERT that have 

implicated these residues in nucleotide insertion rate, polymerase fidelity, and enzyme 

processivity. 
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1.4.2.1.3 The TERT C-terminal extension 

In contrast to the NTE and RT domains, the TERT CTE has weak sequence 

conservation, suggesting that the precise function of this region is likely species-specific. 

Interestingly, the CTE is essential for telomerase activity in T. thermophila [150] and 

humans [147,148], but is dispensable for telomerase activity in yeast [141]. The CTE is a 

helical bundle that contains several surface-exposed loops that are thought to contribute 

to the formation and stabilization of an RNA-DNA heteroduplex in the enzyme active 

site [128]. Mutations in the CTE affect nucleotide and repeat addition processivity 

[135,139,157], telomere length maintenance in vivo [140], and hTERT subcellular 

localization [160]. Furthermore, the addition of an epitope tag to the hTERT CTE 

abolishes telomere elongation in vivo [161]. 

1.4.2.2 DAT domains 

The TERT NTE and CTE contain unique DAT domains, which dissociate the 

biological and catalytic activities of telomerase [140,141,162]. Mutations in these 

domains have little or no effect on the ability of human telomerase to elongate partially

telomeric ssDNA primers in vitro yet abolish telomere length maintenance in vivo 

[140,162,163]. In yeast, certain mutations in the yeast Est2p DAT domain cause telomere 

over-elongation in vivo without apparent defects in DNA-binding or catalytic activity in 

vitro [164]. Notably, hTERT DAT mutants show no apparent defects in nuclear 

localization, hTR-binding, or protein multimerization [140,162]. These observations have 

led to the suggestion that the DAT domain has a critical role in telomerase-telomere 
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interactions and/or protein-protein interactions that recruit telomerase to the telomere. 

Consistent with the latter model, a subset of the hTERT DAT mutants can be rescued by 

direct fusion to TRF2 or POT1, which artificially targets telomerase to the telomere 

[165,166]. Nonetheless, some DAT mutants exhibit activity and processivity defects in 

vitro when tested with completely telomeric ssDNA primers [158,163,167]. As discussed 

in Chapter 3, we have found that certain DAT mutations can also impair the ability of 

hTERT to bind telomeric ssDNA in vitro.  Collectively, these observations demonstrate 

that the DAT domains are not functionally equivalent.  

1.4.2.3 Cellular expression and localization 

Expression of the TERT protein is positively correlated with telomerase activity 

and is the rate-limiting component for telomerase activity in most cells [118]. Human 

telomerase activity is robust in embryonic stem cells and germ line cells but is absent or 

present at very low levels in most somatic cells, with the notable exceptions being 

activated leukocytes and the cells of some highly proliferative tissues (e.g. epithelial 

tissue, hair follicles, and gut) [118,168]. Robust telomerase activity is also a hallmark of 

many cancer cells [169]. However, even in telomerase-positive cells, endogenous hTERT 

is a low abundance protein at approximately 20-50 molecules per cell [101].   

The subcellular localization of hTERT is at least partly dependent on nucleolar-

targeting sequences in the NTE [170,171] and CTE [172]. Various proteins have also 

been reported to regulate the intracellular distribution of hTERT. The 14-3-3 proteins 

enhance the nuclear localization of hTERT by masking a nuclear export signal in the 
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hTERT C-terminus [160]. Nucleolin, a major nucleolar phosphoprotein that shuttles 

cellular components between the nucleolus, nucleoplasm, and cytoplasm, concentrates 

hTERT in nucleoli [173]. Furthermore, the nucleolar protein PINX1 binds hTERT and 

represses telomerase activity [174,175]. Collectively, these studies suggest that 

telomerase activity is negatively regulated by nucleolar sequestration of hTERT. This 

model is supported by the observation that hTERT is localized to the nucleolus in G1 and 

redistributed to the nucleoplasm and unidentified nuclear foci in S phase, the time when 

telomeres are elongated by telomerase [176-178].  

1.4.3 The telomerase RNA subunit 

1.4.3.1 Structure  

The TR subunit has been identified in several different ciliates, yeast, and 

vertebrates. In contrast to TERT, the TR subunit has undergone significant evolutionary 

divergence in terms of size, primary sequence composition, and biogenesis. For example, 

the size varies from approximately 150 nt in ciliates, to around 500 nt in vertebrates, and 

more than 1300 nt in fungi [112,179-190]. The larger size of yeast and vertebrate TR 

subunits likely reflects the acquisition of structural elements that recruit various factors 

required for RNA processing and/or localization. Despite this variance, phylogenetic 

comparisons and computational structure predictions indicate that TR has a common core 

secondary structure within each phyla and that there two universally-conserved core 

elements [179,180,183,187,188,190-195]. First, TR invariably contains a short species-

specific ss region that templates telomere synthesis. Second, the TR template is flanked  
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Figure 1.12: Secondary structure of the vertebrate telomerase RNA. 

This figure is a schematic of the secondary structure for the vertebrate telomerase RNA 

subunit. The predicted locations of three evolutionarily conserved regions (CR) are 

indicated with hatched boxes (the pseudoknot/template core domain, the CR4-CR5 

domain, and the box H/ACA domain). The template region, Box H, and Box ACA 

domains are indicated with orange, blue, and purple boxes, respectively. This figure also 

indicates the approximate locations of the template boundary region and various 

structural elements (P1, P2b, P3, P5, P6, and P6.1). Reviewed in reference [196]. 
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by a downstream pseudoknot structure and an upstream long-range base-pairing element 

(helix I or P1), which are important for primer alignment, template boundary definition, 

and telomerase activity [197]. The template boundary regions are particularly important 

because they ensure that only the template region is copied into the nascent telomere.  

Phylogenetic comparative analysis of the vertebrate TR subunit predicts three 

evolutionarily conserved structural domains: 1) the pseudoknot/template core domain; 2) 

the CR4/CR5 domain (for Conserved Regions 4 and 5, respectively); and 3) a box 

H/ACA domain (Figure 1.12) [187]. Interestingly, the CR4/CR5 and box H/ACA 

domains are only found in vertebrate TR and, therefore, may have species-specific roles 

in the biogenesis and function of vertebrate telomerase [187].  

An extensive number of structure-function studies indicate that the core domain is 

essential for vertebrate telomerase activity in vitro and in vivo [124,147,185,198-208]. As 

shown in Figure 1.12, the core domain contains the template for telomere addition and 5’- 

and 3’-boundary elements that prevent the incorporation of non-template nucleotides 

[202]. This region also contains a putative TERT binding-site and a conserved 

pseudoknot structure [187]. Interestingly, a conserved triple-helix structure appears to 

participate directly in the telomerase catalytic reaction [209]. The solution structure of the 

pseudoknot domain, however, reveals that the catalytic moiety is sterically blocked by an 

hTR bulge [210]. One interpretation of these data is that the bulge serves as a hinge that 

regulates the accessibility of the catalytic moiety. Future studies are needed to determine 

the contribution of TR to enzyme catalysis.  
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Human telomerase activity can be reconstituted in vitro by co-expressing the 

pseudoknot/template domain and the CR4/CR5 domain in the presence of hTERT 

[199,200]. The TR domains work together to mediate TR-TERT interactions, nucleotide 

and repeat addition processivity, enzyme fidelity, and catalytic activity [201

204,206,207,211-213]. As shown in Figure 1.12, the CR4-CR5 domain contains a 

conserved stem-loop structure (P6.1) that is critical for TERT-binding and telomerase 

activity in vitro and in vivo [147,148,200,201,211,212]. The P6.1 stem-loop has also been 

reported to engage in long-range interactions with the template region, suggesting that 

intramolecular RNA-RNA interactions may play a critical role in the catalytic activity of 

telomerase [214].  

The 3’-end of vertebrate TR contains two conserved motifs, box H and ACA 

elements, which serve as binding sites for proteins involved in RNA processing, stability, 

and subcellular localization (Figure 1.12 and Section 1.5). Although the box H/ACA 

domain is dispensable for telomerase activity in vitro, this region is essential for in vivo 

TR stability, accumulation, 3’-end processing, nuclear localization, and telomerase 

activity [124,199-201,211,215-221]. 

1.4.3.2 Cellular expression and localization 

The mammalian TRs are expressed at high levels (several thousand molecules per 

cell) in all tissues and throughout development, regardless of telomerase activity 

[182,222]. The subcellular localization of hTR is mediated by structural elements in the 

box H/ACA domains (Figure 1.12). Microinjection studies in Xenopus oocytes provided 
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the first evidence that the box H/ACA mediates hTR nuclear retention and subcellular 

trafficking between the nucleolus and Cajal Bodies (CB) [217,223]. Cajal bodies are 

dynamic intranuclear structures that mediate the biogenesis and function of several RNP 

complexes [224]. The box H/ACA domain of hTR contains a CAjal Body (CAB) box 

motif (U411GAG414) that mediates the intranuclear targeting of hTR to CBs in several 

different telomerase-positive cancer cell lines [142,177]. The CAB box is not sufficient 

for the subnuclear localization of hTR, however, and hTERT is required for the 

accumulation of hTR in CBs during S phase [177,225].  

1.4.4 Telomerase-associated proteins 

Telomerase interacts directly or indirectly with several proteins that are known or 

predicted to regulate RNP biogenesis, assembly, subcellular localization, telomere 

recruitment, and enzyme activity. The identity of these proteins varies significantly 

between species and, in many cases, the functional relevance is unknown. Proteins that 

represent integral components of the human holoenzyme are discussed below and 

regulatory proteins are discussed in Section 1.5. Additional telomerase-associated 

proteins from various organisms are described in Table 1.4.    

1.4.4.1 The core TR H/ACA-binding proteins: Dyskerin, NHP2, and NOP10 

As mentioned above, hTR contains an evolutionarily-conserved box H/ACA 

motif that is required for end-processing and accumulation in vivo. The H/ACA motif is a 

conserved RNA structure found in H/ACA pseudouridylation guide RNAs, which post
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transcriptionally modify non-protein-encoding RNAs [226]. This family of RNAs 

includes small nucleolar RNAs (snoRNAs), small cajal body RNAs (scaRNAs), and the 

vertebrate telomerase RNAs. The H/ACA motifs interact with core set of proteins: 

dyskerin, NHP2, and NOP10 [227]. Dyskerin is an evolutionarily-conserved nucleolar 

protein that catalyzes the pseudouridylation of target RNAs. Dyskerin and NOP10 

interact directly and NHP2 is recruited via binding NOP10 [227]. The core trimer is 

recruited to the site of RNA transcription by another protein, NAF1, and binds and 

stabilizes H/ACA-motif RNAs [228-230]. NAF1 is subsequently exchanged for a protein 

called GAR1, which is needed to assemble and localize the mature RNP complex [229].  

Dyskerin, NHP2, and NOP10 have been identified by mass spectrometry in 

affinity-purified human telomerase from HeLa cells [231]. Similarly, mass spectrometric 

analysis of human telomerase complexes isolated by a more stringent affinity-purification 

strategy identified dyskerin, but not NHP2 or NOP10 [101]. This discrepancy is likely 

due to the increased complexity and stringency of the purification scheme used in the 

latter study. Consistent with this, the RNA-binding activity of dyskerin requires co

assembly with NHP2 and NOP10 [229] and all three of these proteins are required for the 

stability of hTR in vivo [231]. 

1.4.4.2 Pontin and reptin 

Mass spectrometric analysis of dual-affinity purified hTERT complexes from 

HeLa cells identified pontin and reptin as telomerase-associated proteins [232]. Pontin 

and reptin are two closely-related ATPases that are often found in the same 
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macromolecular complex [233]. These proteins are essential for the structural integrity 

and activity of several chromatin-remodelling complexes and are also involved in the 

stepwise assembly of nuclear complexes, transcription regulation, and DNA damage 

repair [233]. Biochemical studies have shown that pontin interacts directly with dyskerin 

and hTERT whereas reptin is recruited to the telomerase complex via pontin [232]. Stable 

depletion of pontin or reptin in human cells leads to a dramatic reduction in the 

accumulation of dyskerin and hTR in vivo and a corresponding decrease in telomerase 

activity in vitro [232]. The current model is that dyskerin, pontin, and reptin form a 

scaffold complex that recruits and stabilizes hTR and subsequently assembles the 

telomerase RNP. Once the RNP is formed, pontin and reptin are believed to dissociate 

and yield a catalytically-competent enzyme complex [232].  

1.4.4.3 TCAB1 

The most recently identified telomerase-associated protein, Telomerase CAjal 

Body protein 1 (TCAB1), was discovered by mass-spectrometric analysis of dual 

affinity-purified human dyskerin complexes from HeLa cells [234]. TCAB1 has been 

implicated in the processing and localization of various scRNAs via binding the CAB 

and/or ACA motifs and targeting them to CBs [235]. Importantly, TCAB1 accumulates in 

CBs and is excluded from the nucleolus, suggesting that it might represent the protein 

that specifically targets RNPs to CBs versus nucleoli [234,235]. Immunoprecipitation 

experiments demonstrated that TCAB1 interacts directly with dyskerin and indirectly 

with hTERT via hTR [234]. Furthermore, immunodepletion of TCAB1 from cell extracts 
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severely impaired the catalytic activity of human telomerase in vitro [234]. Depletion of 

endogenous TCAB1 in telomerase-positive human cells prevented the CB-localization of 

hTR and impaired telomere elongation [234]. Collectively, these observations have led to 

the proposal that TCAB1 represents a novel component of the telomerase holoenzyme. 

However, since TCAB1 is not required for hTR stability, it might be more accurately 

defined as a regulatory protein that governs telomerase localization.   

1.5 Telomerase RNP Biogenesis, Assembly, and Localization 

The cellular biogenesis and assembly of catalytically competent telomerase 

involves multiple steps, which include the following: 1) TR maturation, processing, and 

subcellular localization; 2) TERT transcription, translation, and post-translational 

modification; 3) assembly of catalytically-active telomerase RNP; and 4) 

delivery/recruitment of the RNP to telomeric substrates. In the following sections, I will 

summarize the current understanding of these pathways within the context of human 

telomerase.  

1.5.1 Biogenesis 

The human TR gene (3q26) is normally single copy but is amplified in several 

human cancers [185,237,238]. The hTR transcript is synthesized as a 3’-extended 

precursor by RNA polymerase II, processed at its 3’-end to generate a mature RNA of 

451 nt, and capped on its 5’-end with tri-methyl guanine [185,219,239]. The maturation 

and accumulation of hTR depends on the conserved H/ACA domain [215,218]. As 
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Table 1.4: Examples of telomerase-associated proteins in select organisms 

Organism & Protein 

Homo sapiens 
EST1A 
EST1B 
PKC 

KIP 
hnRNP A1 
hnRNP C1/C2 
TOPOIIIα 
Ku 

Saccharomyces cerevisiae 
Est1p 

Est3p 
Sm proteins 
Ku 

Tetrahymena thermophila 
p75 

p65 


p45 

p20 


Telomerase 
Function§ 

Interaction 

Telomere end-protection 
? 
TERT phosphorylation; Positive 
regulation of TA 
Positive regulator of TA & TL 
Positive regulator of TA & TL 
Telomerase recruitment to telomeres? 
Negative regulator of TA 
Telomere end-protection; TL regulator 

Telomerase recruitment to telomeres; 
Positive regulator of TL 
Positive regulator of TL 
Tlc1 stability & RNP assembly 
Telomerase recruitment to telomeres; 
Positive regulator of TA 

Positive regulator of TA 
TR stability; Initiates hierarchal 
assembly of telomerase RNP 
Positive regulator of TA 
Negative regulator of TA via 
telomerase degradation? 

TERT 
TERT 
Telomerase 

TERT 
Telomerase  
TR 
TERT 
TR & TERT 

Tlc1 (TR) 

Telomerase 
Tlc1 (TR) 
Tlc1 (TR) 

Telomerase 
TR 

Telomerase 
Telomerase 

§ It is unclear for most proteins the mechanism(s) by which they regulate telomerase 

activity and/or telomere length. See [101,236] for primary references.  

Abbreviations: h, Human; TA, Telomerase Activity; TERT, Telomerase Reverse 

Transcriptase subunit; TL, Telomere Length; TR, Telomerase RNA subunit. 
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discussed above, the H/ACA motif recruits at least four different proteins that are 

required for RNA accumulation in vivo: dyskerin, NHP2, NOP10, and GAR1. This 

protein complex provides biological stability to hTR and is essential for telomerase 

activity in vitro and in vivo [240]. The ATPases pontin and reptin have also been 

identified as novel factors required for hTR stabilization and the assembly of telomerase 

RNP complexes [232].  

The human TRT gene (5p15) is normally a single copy gene but is frequently 

amplified in human cancer cells and tumour tissues [237,241,242]. Several transcriptional 

regulators have been identified, which include repressors (e.g. pRB, WT1, and SMAD3), 

activators (e.g. c-myc, HPV E6, and STAT3), and dual-function repressor/activators (e.g. 

E2F1, SP1, and p73) [243]. Alternatively spliced transcripts have been detected in several 

normal and cancer cells and tissues, indicating that post-transcriptional mechanisms 

regulate hTERT biogenesis [244,245]. Most of these transcripts are deletion variants that 

lack regions of the RT domain and at least one variant, hTERTα, encodes a dominant 

negative inhibitor of telomerase activity [246,247]. hTERT is also regulated by at least 

one type of post-translational modification: ubiquitylation. The E3 ubiquitin ligase 

MKRN1 has been shown to interact with hTERT in vitro and in vivo [248]. MKRN1 

catalyzes ubiquitylation of the hTERT C-terminus and targets hTERT for proteasome

mediated protein degradation [248]. Unfortunately, the cellular signals that induce 

hTERT ubiquitylation and degradation have not been investigated.   
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1.5.2 Assembly 

In ciliates, telomerase assembly is a hierarchical process initiated by a series of 

protein-TR interactions that induce a local conformational change in TR and promote 

TERT binding [249-251]. It is anticipated that a similar assembly mechanism exists for 

human telomerase. The chaperone proteins HSP90 and p23 were the first proteins to be 

identified that contribute to the assembly of catalytically active human telomerase [252]. 

Immunodepletion or inhibition of HSP90 or p23 impaired telomerase activity in vitro and 

in vivo [252-254]. In budding yeast, the HSP90 and p23 orthologs promote telomerase 

association and dissociation with telomeric DNA, respectively [255,256]. Likewise, there 

is some evidence to suggest that HSP90 is needed to maintain human telomerase in a 

conformation that facilitates DNA-binding [254]. These observations suggest that the 

HSP90-p23 chaperone complex regulates conformational changes in telomerase that are 

required at specific stages of the telomerase reaction cycle. In addition to HSP90 and p23, 

several other proteins have been identified with potential roles in the assembly of 

functional telomerase, including HSP70 and HSP40 [252], the RNP assembly chaperone 

SMN complex [257], the nucleolar acetyltransferase NAT10, and the nucleolar GTPase 

GNL3L [231]. The physiological significance of these interactions, however, is not fully 

understood. 

One of the major outstanding questions regarding telomerase structure is the 

oligomerization state in vitro and in vivo. The ability of human [101,258], E. crassus 

[132,259], and yeast [260] telomerase to form dimers and multimers in vitro and in vivo 

has been deduced from gel filtration and glycerol gradient centrifugation analyses. One 
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potential caveat of the gel-filtration and sedimentation studies, however, is that the size of 

the RNP complex is determined relative to protein standards. Coprecipitation and 

reconstitution studies have convincingly demonstrated that TERT and TR form physical 

and functional dimers or multimers in vitro and in vivo [130-132,205,208,258,260,261]. 

However, multisubunit complexes could be artificially produced by the in vitro 

reconstitution system or by subunit over-expression in living cells. In an attempt to 

address these issues, single-molecule fluorescence two-color coincidence detection has 

been applied to recombinant human telomerase [262]. In this biophysical assay, 

telomerase is reconstituted in vitro with fluorescently-labelled hTERT and hTR. 

Radiometric analysis of single- and dual-colour (coincident) fluorescent intensities 

provides information on complex composition and stoichiometry. This technique 

demonstrated that hTERT-hTR monomers predominate in solution [262]. An important 

future study will be to apply this technique to telomerase derived from cell extracts. In 

this regard, dual-affinity purification of ectopically expressed telomerase suggests that 

the catalytic RNP exists as a monomer in human cells [263]. Finally, it is interestingly to 

note that telomerase from T. thermophila and E. aediculatus is active as a monomer 

[115,264]. It is possible that telomerase exists in monomeric and multimeric complexes 

that each has specialized functions during different stages of the cell-cycle or within 

distinct subcellular compartments. However, the cellular significance of telomerase 

multimerization remains unknown.  



53 

1.5.3 Subcellular Localization 

The subnuclear localization of catalytically-active telomerase RNP is believed to 

represent an important regulatory mechanism for telomere elongation [178,265,266]. As 

discussed in Section 1.4, hTR and hTERT are physically sequestered in distinct nuclear 

compartments during G1 and G2. The highest intracellular concentration of hTR is in 

CBs, although minor fractions of hTR are associated with nucleoli [177,218,219]. hTERT 

is typically observed throughout the nucleoplasm and nucleoli [170,171,176,178]. 

Remarkably, hTR and hTERT are redirected to common nuclear foci during S phase 

[178]. Indirect immunofluorescence of telomere-binding proteins and telomere-specific 

oligonucleotide fluorescence in situ hybridization experiments revealed that these foci 

represent telomeres [178,266]. The current model is that CBs deliver catalytically active 

telomerase to a subset of telomeres for extension during S phase. It would be interesting 

to determine if depletion of integral CB components is associated with a reduction in 

telomerase activity and/or telomere elongation. Furthermore, it will be important to 

decipher when and where telomerase is assembled and disassembled, as well as the 

mechanisms of nuclear (and subnuclear) import and export.   

1.6 The Telomerase Reaction Cycle and Telomere Synthesis 

Telomerase is an unusual reverse transcriptase because the RNA template for 

DNA synthesis is an integral component of the holoenzyme. Furthermore, telomerase 

adds hundreds of nucleotides to the same primer by catalyzing multiple rounds of 

template copying. This contrasts with prototypical RTs, which copy a relatively large 
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RNA genome into a single molecule of complementary DNA. As illustrated in Figure 

1.13, the telomerase reaction cycle can be divided into three basic steps: 1) primer 

recognition and binding; 2) synthesis of the first telomeric repeat; and 3) translocation 

and realignment of the new DNA 3’-end to initiate the next round of telomere synthesis. 

In the following sections, I will discuss these steps and the structural features of 

telomerase that have key roles in the reaction cycle. 

1.6.1 An overview of the telomerase reaction cycle  

The telomeric ssDNA overhang is believed to be the most common primer for 

telomerase extension in vivo. However, telomerase can elongate almost any G-rich linear 

ssDNA primer that contains a free 3’-end in vitro [110,267]. Parallel intermolecular G

quadruplex substrates are also efficient substrates for ciliate telomerase in vitro [268

270]. Furthermore, the enzyme can also add telomeric repeats to non-telomeric ssDNA 

primers during chromosome healing (discussed below). 

During telomere elongation, the RNA template is reverse transcribed using 

canonical Watson-Crick base-pairing to specify the telomeric sequence. Telomere 

synthesis proceeds by the sequential addition of deoxynucleotide triphosphates (dNTPs) 

to the free 3’-hydroxyl group of the telomeric ssDNA primer. The ability of telomerase to 

incorporate consecutive dNTPs without dissociating from the primer is known as 

nucleotide addition processivity or type I DNA synthesis [129]. During telomere 

elongation, the RNA-DNA hybrid is kept at a constant length of seven to eight base-pairs 

by melting bonds at the distal end of the template as new bonds are formed at the 
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Figure 1.13: The telomerase reaction cycle. 
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Figure 1.13: The telomerase reaction cycle. 

This figure summarizes the main steps of the telomerase reaction cycle: initial primer 

recognition and binding, nucleotide addition, and translocation. Telomerase contains an 

RNA subunit, hTR (represented by a black line that does not represent the full length 

subunit or secondary structure), that supplies the template for telomere synthesis (grey 

rectangle), and a catalytic protein subunit, hTERT. hTERT contains a telomerase 

essential N-terminal (TEN) domain (pink sphere), a telomerase RNA-binding domain 

(TRBD; purple oval), reverse transcriptase domain (RT; blue sphere), and C-terminal 

extension (CTE; green oval). The TEN domain contains a unique DNA-binding region 

called the anchor site (transparent white rectangle). An example of telomeric ssDNA is 

indicated by the red line. Telomerase binds the telomeric ssDNA such that the 3’-end is 

aligned with the hTR template in the active site (white star) and the 5’-end is positioned 

within the telomerase anchor site. Telomerase reverse transcribes the template region, 

one nucleotide at a time (nucleotide addition; top cartoons), until reaching the 5’-template 

boundary element (top right cartoon). At this point, a poorly-understood translocation 

step repositions the new DNA 3’-end within the template for a second round of telomere 

synthesis (bottom cartoons). 
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proximal end [134]. This is important because it explains why the telomerase reaction 

cycle does not require a high energy co-factor. When the 5’-template boundary element is 

reached, a poorly-understood translocation step repositions the new DNA 3’-end within 

the template for a second round of telomere synthesis. The ability of telomerase to 

catalyze more than one round of DNA synthesis while bound to the same telomeric 

primer is referred to as repeat addition processivity (RAP) or type II DNA synthesis. As 

discussed below, interactions between the 5’-end of the primer and regions of TERT 

outside the RT domain (‘anchor sites’ or ‘anchor regions’) are required for RAP [129].  

1.6.2 Repeat addition processivity 

Repeat addition processivity was first observed with T. thermophila telomerase 

[271] and subsequently for human telomerase [272]. Primer challenge experiments 

demonstrated that ciliate telomerase could synthesize approximately 90 telomeric repeats 

to a given primer in a 60 minute reaction [271]. By contrast, many rodent and fungal 

telomerases are relatively non-processive and catalyze short elongation products in vitro 

and in vivo [273-275]. Furthermore, genetic studies with mutant T. thermophila 

telomerase RNAs indicated that telomerase has limited processivity in vivo [10,113]. 

Recent in vivo analyses of budding yeast telomerase have provided much-needed insight 

into the biological significance of RAP. These studies collectively demonstrated that the 

RAP of S. cerevisiae telomerase is significantly increased at extremely short telomeres, 

suggesting enhanced RAP may enable cells to rapidly elongate critically short telomeres 

[104,276]. This model predicts that the extent of RAP depends upon telomere length and 
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thus, could partially explain the variance observed between telomerase RAP in vitro and 

in vivo. 

To date, the most direct evidence that RAP is critical for telomere length 

maintenance comes from structure-function studies of ciliate, yeast, and human TERT. 

Telomerase-specific residues that mediate RAP are located in the RT domain [138,156], 

NTE [163,208,277-279], and CTE [139]. Mutating or deleting these amino acids in 

human, ciliate, or yeast TERT selectively impairs RAP in vitro and causes defects in 

telomere length maintenance in vivo [138,163,208,277,279]. Some of these amino acids 

are also required for the ability of yeast, human, and ciliate telomerase to extend partially 

or completely nontelomeric primers: these observations provide indirect evidence for a 

role in ssDNA-binding [163,208,277,279]. Mutations that specifically increase repeat 

addition processivity in vitro and cause telomere over-elongation in vivo have also been 

identified in ciliate [156] and yeast [278] TERT. This provides additional evidence that 

RAP is a biologically relevant property of telomerase.   

1.6.3 Telomerase anchor sites 

1.6.3.1 Primer recognition 

The existence of a telomerase anchor site was initially deduced from studies 

demonstrating that ciliate and human telomerase could efficiently elongate non-telomeric 

G-rich ssDNA primers in vitro [110,111,272,280]. Furthermore, telomerase could add 

telomeric repeats to chromosome break-points that contained non-telomeric DNA during 

in vivo chromosome healing [10,281]. It was subsequently shown that primers containing 
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almost any sequence of ssDNA could prime telomere synthesis in vitro if telomeric 

repeats were added to the 5’-end [267,282]. The sequence composition of the primer 5’

end was shown to have a dramatic effect on the catalytic rate, processivity, and apparent 

ssDNA-binding affinity of T. thermophila telomerase [283]. These observations indicated 

that hybridization between the DNA 3’-end and RNA template region was not absolutely 

required for telomerase-dependent primer elongation. This hypothesis was further 

supported by biochemical studies of human and yeast telomerases, which showed that the 

enzyme/primer complex was mainly stabilized by contacts with the catalytic protein 

subunit [260,284]. Interestingly, the RNA-DNA hybrid contributed minimally to complex 

stability [260,284]. Collectively, these studies demonstrated that telomerase interacts with 

DNA in a bipartite manner: 1) Watson-Crick base-pairs between the template RNA and 

ssDNA 3’-end in the enzyme active site; and 2) contacts between the primer 5’-end and a 

region of TERT outside the active site. 

The first direct evidence for a telomerase anchor region was provided by photo-

cross-linking studies performed with ciliate telomerase [285]. Telomerase derived from 

E. aediculatus was cross-linked to photo-reactive ssDNA primers that were aligned in the 

enzyme active site [285]. The authors observed that the most efficient cross-links were 

formed between a TERT-sized protein and residues 20 to 22 nt upstream of the 3’-end 

[285]. Nonetheless, it remained unclear if the TERT could interact with telomeric ssDNA 

in the absence of the RNA subunit. As discussed in Chapter 3, we provided the first 

evidence that human TERT specifically binds telomeric ssDNA independently of the 

human TR subunit [158]. Similar results have now been reported for T. thermophila 
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TERT, indicating that this is likely an evolutionarily-conserved feature of telomerase 

[270,286]. However, the telomerase RNA subunit may enhance the ability of TERT to 

bind telomeric ssDNA [143,277,286]. A future challenge will be to devise a method to 

accurately determine how TERT and TR contribute to substrate recognition in vitro. 

1.6.3.2 Primer elongation  

As mentioned above, telomerase anchor regions have been proposed to account 

for the unique ability of telomerase to catalyze processive repeat addition. A multitude of 

genetic and biochemical studies with ciliate, yeast, and mammalian telomerase have 

provided insight into regions outside the catalytic domain that are important for DNA-

binding and enzyme activity [143,158,163,167,272,278-280,283,284,287,288]. Together, 

these studies indicate that TERT contains multiple DNA-binding regions that can be 

classified as either template-proximal or template-distal anchor sites. Both of these 

regions contribute to enzyme activity, processivity and DNA-binding, although the 

template-distal region is not absolutely required for RAP. Importantly, only relatively 

long primers (≥ 20 nt) extend into the template-distal anchor region [133]. The existence 

of separate anchor sites is consistent with a tripartite mode of DNA-binding: 1) the 

primer 3’-end hybridizes with the RNA template in the active site; 2) primer nt 

immediately adjacent to the template-hybridizing region interact with a template-

proximal anchor site; and 3) the primer 5’-end interacts with the template-distal anchor 

site [287]. A conformational change in the template-proximal region is believed to 

convert telomerase to an elongation-competent state [271]. Consistent with this idea, 
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recent studies with T. thermophila telomerase suggest that the TERT N-terminus is 

displaced relative to the catalytic site during telomere synthesis (Figure 1.13) [289]. This 

movement presumably repositions the template-proximal anchor site relative to the active 

site and correctly orientates the DNA primer or DNA-RNA heteroduplex in the active 

site during primer elongation [143,289].  

1.6.3.3 An evolutionarily-conserved anchor region in the TEN domain 

Telomerase anchor regions have been physically and functionally mapped to the 

TERT NTE in ciliates, yeast, and humans, although the residues that define and separate 

each region have not been completely elucidated (Figure 1.13) 

[129,158,278,279,286,289]. Importantly, conserved amino acids on the surface of the T. 

thermophila TEN domain are predicted to form a previously unrecognized ssDNA

binding channel that could represent one of the long sought-after anchor regions [143]. 

Photo-cross-linking studies showed that the T. thermophila TERT (tTERT) TEN domain 

exhibits telomere-sequence-specific ssDNA-binding activity in vitro [143,289]. 

Mutagenesis of key residues thought to be involved in ssDNA-binding, such as an 

invariant Gln (Q168 in tTERT), significantly reduced the interaction between tTERT and 

telomeric ssDNA and impaired enzyme activity in vitro [143,289]. Furthermore, mutation 

of the corresponding residue in S. cerevisiae TERT (Est2p Q146A) severely impaired 

telomerase activity and caused growth defects and telomere loss in vivo [278,290]. As 

described in Chapter 4, we provided the first detailed evidence regarding the biochemical 

and cellular roles of this residue in human telomerase, hTERT Q169. Collectively, the 

studies described above indicate that this Gln residue defines part of an evolutionarily
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conserved telomerase anchor site that mediates substrate recognition and orientation in 

the catalytic site to initiate telomere synthesis.  

1.7 Telomeres, Telomerase and Human Disease 

1.7.1 Cellular senescence and aging 

Cellular senescence, also referred to as replicative senescence, was formally 

defined in 1961 when Hayflick and Moorehead showed that normal human fibroblasts 

had a limited proliferative potential in vitro [291]. Pioneering experiments demonstrated 

that diploid human cells initially entered a phase of robust cell division, which was 

followed by gradual degenerative changes and decreased proliferation, ultimately leading 

to a complete loss of cell proliferation. The non-proliferating cells contained “bizarre 

nuclear forms and sizes”, yet remained viable and metabolically active [291]. This 

phenotype was termed cellular senescence [291]. Subsequent experiments confirmed that 

the proliferative capacity of normal diploid human fibroblasts was intrinsically limited 

[292]. These observations led to the hypothesis that cells contained an internal clock that 

tracked the number of cell divisions and induced replicative senescence after a 

predetermined number of divisions (the ‘Hayflick limit’) [292]. A connection between 

telomere length and replicative senescence was first reported in the early 1990s with the 

observation that telomeres shorten with ageing in normal human fibroblasts [24]. 

Furthermore, it was expected that telomere length was directly associated with telomerase 

activity, which was notably inactive in most somatic human cells and tissues 

[24,26,65,169,293,294]. These observations led to the telomere hypothesis of senescence, 
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which predicted that critically short telomeres cause growth arrest and chromosomal 

instability observed in senescent fibroblasts (Figure 1.14).  

Today, it is well-established that most diploid human fibroblasts can be cultivated 

in vitro for a finite number of population doublings before entering senescence (Figure 

1.14). The current view is that one or a few critically short telomeres trigger a DDR that 

induces replicative senescence [55,56,103,296,297]. Senescent cells are characterized by 

the following: 1) an inability to synthesize DNA; 2) increased expression of the cell-cycle 

inhibitors p16 and p21; 3) resistance to apoptosis; 4) morphological changes including a 

flat, extended shape and multiple abnormal nuclei; 5) senescence-associated β 

galactosidase activity [298]; and most recently, 6) senescence-associated heterochromatic 

foci [299,300]. Furthermore, senescent cells display widespread changes in gene 

expression profiles and up-regulate genes that encode extracellular-matrix-degrading 

proteases, inflammatory cytokines, and growth factors [300]. The accumulation of 

senescent cells in aging tissues is believed to impair organ function and contribute to 

several age-related pathologies [300].   

The mTerc-/- mouse model, which lacks the murine telomerase RNA component, 

has provided important insight into the relationship between telomerase, telomeres, 

senescence, and aging. Notably, first-generation mice are viable, fertile, and lack any 

discernable morphological defects [301]. However, successive generations demonstrate 

cumulative telomere shortening, which eventually manifests as defects in cell growth and 

renewal and organ homeostasis [301,302]. Sixth-generation (G6) mTerc-/- mice are 

sterile, show decreased regeneration of gastrointestinal and skin tissues, and exhibit 
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Figure 1.14: The relationship between telomerase, telomere length, and cellular 
lifespan. 
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Figure 1.14: The relationship between telomerase, telomere length, and cellular 

lifespan. 

This figure summarizes the relationship between telomerase activity, telomere length (y-

axis), and cellular lifespan/division (x-axis). The relative level of genome stability is 

indicated by the grey right-angle triangle: the ‘+’ sign represents genome stability and the 

‘-’ sign reflects genome instability. Telomerase positive cells (germ line and stem cells) 

maintain telomeres at a steady-state length (top blue line). Somatic cells that lack 

telomerase activity exhibit telomere shortening during successive rounds of cell division 

(declining blue line). This eventually triggers a p53- and pRB-dependent growth arrest 

(indicated by the STOP sign cartoon), which is known as the Hayflick limit, replicative 

senescence, or Mortality stage (M1). Inactivation of p53 and pRB function enables cells 

to bypass senescence and continue proliferating, during which time telomeres continues 

to shorten. This continued growth eventually induce a second growth-arrest state 

(indicated by the skull cartoon), termed crisis or mortality stage 2 (M2), which induces 

massive apoptosis. However, rare clones escape crisis by activation of telomerase (red 

line) or an alternative lengthening of telomeres (ALT) mechanism (orange line), which 

enables these cells to maintain telomere length indefinitely. The orange shaded rectangle 

at the right end of the figure illustrates the variability in telomere length that has been 

observed in telomerase- or ALT-immortalized human cells [295]. 
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defects in multiple tissue compartments, such as the hematopoietic and cardiovascular 

systems [302,303]. These phenotypes are associated with a significantly reduced lifespan. 

Many of the age-related pathologies observed in G6 mTerc-/- mice recapitulate age-

associated human diseases. Importantly, genetic reconstitution of telomerase activity in 

G4 mTerc-/- mice is sufficient to restore telomere elongation and rescue the severe 

premature aging pathologies [304]. This observation emphasizes the relationship between 

telomere length, aging, and age-related pathologies. 

1.7.2 Cellular immortalization and cancer 

Telomerase expression and activity is robust in germ line and stem cells but low 

or absent in most somatic cells and tissues. In the absence of telomerase (or a mechanism 

to maintain telomere length), telomeres gradually shorten with each round of cell division 

until they reach a critically-short threshold (Figure 1.14). This shortening triggers a p53 

and pRB-dependent DDR and induces replicative senescence, which is also referred to as 

M1 (Mortality stage 1) [295]. Cells harbouring inactivated p53 and pRB pathways bypass 

this barrier and proliferate for an additional 20 to 30 population doublings, depending on 

the cell type (Figure 1.14). During this period, cells exhibit increasing levels of 

chromosome instability and decreasing telomere lengths. This eventually triggers a 

second proliferative blockade, termed M2 (Mortality stage 2) or crisis [295]. At this 

stage, most cells exhibit extensive genome instability and telomere attrition, which 

triggers widespread apoptosis. However, rare cells (~ 1 in 107 cells) emerge from crisis 

and become immortal [295]. Immortalized cells avoid massive genetic catastrophe by up
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regulating a telomere-maintenance mechanism to stabilize their critically short telomeres 

(Figure 1.14). 

The observations that human cancer cells have stable yet abnormal genomes, 

express telomerase, and are immortal collectively indicate that telomerase activation is a 

common pathway for cellular immortalization and transformation [65,118,169]. The 

causal relationship between hTERT and cell immortalization was established by a series 

of experiments in which human cells were transfected with vectors encoding wild type 

hTERT [305-307]. These studies showed that human cells expressing wild type hTERT 

contained robust telomerase activity, exhibited telomere elongation, and had an extended 

proliferative capacity. Ectopic expression of hTERT in pre-senescent [305,307] and 

transformed pre-crisis [161,308,309] cells permitted these cells to bypass replicative 

senescence and crisis, respectively. However, ectopic expression of wild type hTERT is 

not sufficient to immortalize all primary human cells [310] or create tumorigenic cells 

[311], indicating that additional mutations are required to establish the malignant 

phenotype. Indeed, genetic changes in at least four distinct signalling pathways are 

required to create human tumour cells: 1) the Ras-activated mitogenic response pathway; 

2) inactivation of the p53 pathway; 3) abrogation of the p16/pRB pathway; and 4) up-

regulation of a telomere maintenance-mechanism [311].  

The relationship between hTERT, replicative lifespan, and transformation was 

further supported by experiments in which telomerase-negative human cells were 

transfected with catalytically inactive hTERT mutants harbouring amino acid 

substitutions in the conserved RT domain. These cells did not exhibit telomerase activity 
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or telomere elongation, had a finite lifespan, and did not induce tumour formation in 

immunodeficient mice [312]. Furthermore, when expressed in telomerase-positive human 

cells, the catalytically inactive mutant was observed to inhibit endogenous telomerase 

activity, induce telomere shortening and chromosome instability, and trigger apoptotic 

cell death without activating an alternative mechanism to maintain telomere length 

(below) [312,313]. These studies suggested that the abnormal telomerase activity 

observed in human cancer cells might be amenable to therapeutic intervention. Indeed, 

several different strategies that target and disrupt telomerase activity have been reported, 

including dominant negative hTERT alleles (as described above), modified 

oligonucleotides, or specific inhibitors [314]. Unfortunately, the efficacy and clinical 

application of these approaches remains limited. This is partially due to an incomplete 

understanding of human telomerase structure and function.     

1.7.3 Telomere maintenance without telomerase 

As discussed above, telomere homeostasis is a delicate balance of coordinated 

lengthening and shortening mechanisms. In the absence of telomerase, telomeres shorten 

with every cell division and eventually trigger cell cycle arrest. Inhibiting continual 

telomere loss by the activation of a telomere maintenance system is a hallmark of human 

cancers and cancer cell lines. Approximately 85 % of mammalian tumours exhibit 

expression of the human telomerase catalytic subunit and utilize telomerase-dependent 

telomere elongation to attain unlimited growth potential [169]. Some mammalian 

tumours and immortalized cell lines, however, lack telomerase activity and use 
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recombination-based mechanisms for telomere maintenance, termed Alternative 

Lengthening of Telomeres (ALT) pathways [315,316]. One hallmark of ALT cells is the 

presence of heterogeneous telomeric DNA that can range in length from less than 2 kb to 

greater than 50 kb [315,316]. Furthermore, the length of bulk telomeric DNA in ALT 

cells is generally longer than that measured in telomerase-positive transformed cells and 

tumours [317]. Specialized nuclear structures called ALT-associated Promyelocytic 

leukemia Bodies (APBs) are another defining characteristic of ALT cells. These foci 

contain shelterin proteins, telomeric DNA, and proteins involved in DNA replication, 

recombination, and repair [317]. Telomere maintenance appears to involve various 

recombination mechanisms [318], although the molecular details are not fully 

understood. ALT cells contain significantly elevated rates of telomere recombination but 

not global recombination [319].  The current model is that ALT cells have lost either an 

intrinsic ability to repress inappropriate telomere recombination or the ability to regulate 

HR-assisted telomere capping following telomere replication.    

1.7.4 Telomerase deficiency and human disease 

The most direct evidence for a relationship between telomere shortening and age-

related human pathologies comes from studies of patients inflicted with Dyskeratosis 

Congenita (DC). Dyskeratosis congenita is a rare, multi-system disorder that has been 

classified as a cancer predisposition disorder, premature aging syndrome, and bone 

marrow failure syndrome [320]. Clinical manifestations of DC generally appear during 

childhood and include a monocutaneous triad of abnormal skin pigmentation, nail 
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dystrophy, and oral leukoplakia [320]. These symptoms are accompanied by a spectrum 

of other somatic abnormalities, such as developmental delay, pulmonary disease, and 

premature hair loss [320]. Bone marrow failure is the principal cause of premature 

mortality [320]. Patients are also predisposed to developing carcinomas, lymphomas, and 

leukemias. At the genetic level, DC can be X-linked recessive, autosomal dominant, or 

autosomal recessive [320].  

Accelerated telomere shortening and subsequent telomere dysfunction are the 

common, underlying causes of DC and DC-related diseases [320]. Inherited forms of DC 

exhibit anticipation, whereby successive generations exhibit earlier disease onset and 

present with more severe phenotypes [321,322]. The mechanism of disease anticipation 

in DC is thought to be caused by the inheritence of short telomeres that continue to 

shorten at an accelerated rate in the afflicted offspring. Mutations have been detected in 

five telomerase holoenzyme genes (TERC, TRT, DKC1, NOP10, and NHP2) and one 

shelterin gene, TINF2 [320]. Heterozygous mutations in these genes have been shown to 

elicit the disease phenotype through haploinsufficiency [320]. Dyskerin, NOP10, and 

NHP2 are essential for the stability and accumulation of hTR in vitro and in vivo [323

325]. Mutations in the TERC gene impair hTR stability and/or telomerase catalytic 

activity [198,216]. Similarly, hTERT mutations have severe consequences on enzyme 

function in vitro and in vivo [326,327]. The telomere maintenance defects observed in 

cultivated human cells can be rescued by the ectopic expression of wild type hTR or 

hTERT, which reconstitutes telomerase activity [323,327,328]. Collectively, these 

observations indicate that accentuated telomere attrition occurs through a molecular 
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mechanism in which the mutations impair the stability and accumulation of hTR and/or 

adveresly affect the telomerase catalytic reaction. 

The most recently identified DC-associated mutation is located in the TINF2 gene 

[329,330]. The protein product encoded by TINF2 is TIN2, an integral and central 

component of the shelterin complex that is essential for telomere function in vitro and in 

vivo. Although the mechanism has not been examined in detail, it is expected that 

mutations in TIN2 facilitate telomere degradation directly by disrupting telomere 

architecture and constitutively exposing the ss 3’-end to the cell’s DNA damage 

surveillance and repair proteins [329,330]. Consistent with this model, patients with 

TINF2 mutations have telomeres that are significantly shorter than age-matched DC 

patients carrying mutations in any of the other known genes [329,330]. Furthermore, the 

majority of cases arise de novo, suggesting that this is a particularly severe form of DC 

that is largely incompatible with germ line inheritance [329,330]. The embryonic lethality 

of mTin2-/- mice further supports the severity of diseases associated with mutations in the 

TINF2 gene [331]. 

In addition to classical DC, there are several DC-related diseases that are 

associated with the same genetic lesions and clinical characteristics [320]. These variants 

include: 1) Hoyeraal-Hreidarsson (HH) syndrome, a multisystem disorder characterized 

by bone marrow failure, immunodeficiency, and severe growth retardation; 2) Aplastic 

Anemia (AA), a hematological disorder characterized by a reduction in red blood cells of 

all lineages; and 3) Idiopathic Pulmonary Fibrosis (IPF), a chronic, progressive, and fatal 

lung disease characterized by irreversible fibrosis [320]. Mutations in DKC1, TINF2, and 
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TRT have been identified in HH patients [329,330,332,333] and heterozygous TERC and 

TRT mutations are associated with AA [327,334,335] and IPF [336,337]. The broad 

spectrum of disease phenotypes that are manifested by mutations in telomerase and 

telomere genes illustrates the molecular complexity of these pathways. The study of 

naturally-occuring mutants can provide important insight into fundamental mechanisms 

of protein assembly, activity, and regulation, as well as elucidate novel targets that may 

be amenable to therapeutic intervention. Structure-function studies of the naturally

occuring hTERT mutants will be particularly informative since there are many 

outstanding questions regarding the functions of telomerase in both healthy and diseased 

human cells. 

1.8 Objectives 

Telomerase is an RNA-dependent DNA polymerase that has a central role in 

chromosome stability. Genetic and somatic mutations that disrupt the normal assembly 

and function of the human telomerase RNP are associated with a spectrum of disease 

states, including cancer and premature aging syndromes [338]. Characterization of human 

telomerase structure and function is required to understand the molecular mechanisms 

that underlie these disease states. The overall objective of my thesis work was to 

understand the fundamental mechanisms by which hTERT interacts with telomeric 

ssDNA and how these interactions contribute to telomerase function. This goal was 

accomplished through the following specific aims: 
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1) Identify regions of hTERT that regulate the strength and sequence-specificity of 

hTERT-ssDNA interactions in vitro. 

2) Characterize the relationship between physical and functional telomerase-ssDNA 

interactions in vitro and in vivo. 

3)	 Determine how hTERT mutations contribute to telomerase dysfunction in relation 

to human disease.   
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Chapter Two: Materials and Methods 

2.1 Reconstitution of Human Telomerase 

2.1.1 Cloning of hTERT constructs 

2.1.1.1 Expression vectors 

The hTERT constructs described below were cloned into the EcoRI and SalI 

restriction sites of the vector pCI (Promega, Fisher Scientific, Ltd.). The multiple cloning 

site is flanked by the T7 RNA polymerase promoter, which is required for in vitro 

expression using the TNT® T7 Quick Coupled Transcription-Translation System 

(Promega, Fisher Scientific Ltd.). pBABEpuro (courtesy Dr. C. Counter, Duke University 

Medical Center, Durham NC) is a retroviral mammalian expression vector that contains a 

multiple cloning site downstream from the Moloney Murine Leukemia Virus (MoMuLV) 

Long Terminal Repeat (LTR) [339]. The Simian Virus 40 (SV40) early promoter drives 

cellular expression of the puromycin resistance gene for selection of cells with integrated 

retrovirus. pCL-10A1 (courtesy Dr. C. Counter, Duke University Medical Center, 

Durham NC) is the helper construct used with the pBABEpuro retroviral vector to package 

amphotropic retroviral particles [340].  

2.1.1.2 Enzymes and bacteria 

Polymerase Chain Reaction (PCR) was performed using Platinum® Pfx DNA 

polymerase (Invitrogen). The EcoRI, SalI, and SphI restriction endonucleases and T4 

DNA ligase were purchased from Invitrogen. The DpnI restriction endonuclease was 
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purchased from New England BioLabs. Bacterial transformations were performed with 

MAX Efficiency® DH5α™ Competent Cells (Invitrogen). Plasmids from positive 

transformants were isolated with the use of a Mini-Prep kit (Qiagen or Fermentas). 

2.1.1.3 Full Length (FL) hTERT 

The FL FLAG-hTERT DNA fragment (~ 3.5 kb) was excised from plasmid 

pBABEpuro-FLAG-hTERT (a generous gift from Dr. C. Counter, Duke University 

Medical Center, Durham NC) using EcoRI and SalI. The DNA fragment was subcloned 

into the EcoRI and SalI sites of plasmid pCI to create a FL hTERT cDNA (~ 3.5 kb) 

containing an N-terminal EcoRI restriction site and FLAG epitope (DYKDD), and a C-

terminal SalI restriction site. 

2.1.1.4 hTERT truncations 

A PCR cloning approach was used to construct hTERT truncation mutants; these 

mutants were selected based on previously characterized hTERT variants [131,148]. 

Nomenclature indicates the amino acids that comprise each hTERT truncation. Each 

variant was cloned to express an N-terminal FLAG epitope using primers specific for the 

following (written 5’ to 3’): 

TEN domain (amino acids 1-196) was PCR-amplified from pCI-FLAG-hTERT 1-300 

with the following primers:  

FLAG Forward Pr.: ggaattcatggactacaaggacgatgacgac, 
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1-196 Reverse Pr.: cgtgtcgactcaacgccttcggggtccactagcg. 

The PCR product corresponding to the predicted size of the FLAG-hTERT TEN domain 

(~ 600 bp) was purified from an agarose gel using spin columns and the QIAquick Gel 

Extraction kit (Qiagen) and cloned into the EcoRI-SalI sites of pCI. 

1-300 was constructed with overlap extension PCR and the following primers:  

1-300 Pr. 1: gcgtttctgataggcacctattg, 

1-300 Pr. 2: gagcgcgcggcgcgtcgtccttg, 

1-300 Pr. 3: caaggacgacgcgccgcgcgctc, 

1-300 Pr. 4: gctgtcgactcagcccacggatg. 

First, two separate PCR products were generated from pCI-FLAG-hTERT; one using 1

300 Pr. 1 and Pr. 2 primer set (~ 200 bp) and another using the 1-300 Pr. 3 and Pr. 4 

primer set (~ 900 bp). These products were gel-purified and equimolar amounts of DNA 

ends were re-amplified using 1-300 Pr. 1 and 1-300 Pr. 4. The PCR product 

corresponding to the predicted size of the FLAG-hTERT 1-300 (~ 900 bp) was gel-

purified and cloned into the EcoRI-SalI sites of pUC19. Plasmid DNA from positive 

bacterial transformants (as determined visually by blue-white screening) was isolated, 

verified by DNA sequencing, and subcloned into the EcoRI-SalI sites of pCI. 

1-300 Q169A was PCR-cloned from pCI-FLAG-hTERT 1-300 using site-directed 

mutagenesis and DpnI digestion with the following primers: 

Q169A Reverse Pr.: ggcccgcacaccgcgtaggcgc, 
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Q169A Forward Pr.: gcgcctacgcggtgtgcgggcc. 

1-300 Q169D was PCR-cloned from pCI-FLAG-hTERT 1-300 using site-directed 

mutagenesis and DpnI digestion with primers specific for the following:  

Q169D Reverse Pr.: ggcccgcacacgtcgtaggcgc,


Q169D Forward Pr.: gcgcctacgacgtgtgcgggcc. 


1-300 Q169N was PCR-cloned from pCI-FLAG-hTERT 1-300 using site-directed 

mutagenesis and DpnI digestion with the following primers: 

Q169N Reverse Pr.: ggcccgcacacgttgtaggcgc, 

Q169N Forward Pr.: gcgcctacaacgtgtgcgggcc. 

1-350 was made using overlap extension PCR with the following primers:  

1-350 Pr. 1: cgctttctgataggcacctattg, 

1-350 Pr. 2: gagcgcgcggcgcgtcgtccttg, 

1-350 Pr. 3: caaggacgacgcgccgcgcgctc, 

1-350 Pr. 4: gctgtcgactcacagagagctgag. 

First, two separate PCR products were generated from FL FLAG-hTERT; one using 1

350 Pr. 1 and Pr. 2 primer set (~ 160 bp) and another using the 1-350 Pr. 3 and Pr. 4 

primer set (~ 1050 bp). These products were gel-purified and equimolar amounts of DNA 

ends were re-amplified using 1-350 Pr. 1 and 1-350 Pr. 4. The PCR product 

corresponding to the predicted size of the FLAG-hTERT 1-350 (~ 1050 bp) was gel-

purified and cloned into the EcoRI-SalI sites of pUC19. Plasmid DNA from positive 
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bacterial transformants (as determined visually by blue-white screening) was isolated, 


verified by DNA sequencing, and subcloned into the EcoRI-SalI sites of pCI. 


144-1132 (Δ144) was PCR-amplified from FL FLAG-hTERT V144M with the following 


primers:  


∆144 Forward Pr.: ggaattcatggactacaaggacgacgatgacaagatgggcgacgtgctggttcacc, 

hTERT Reverse Pr. 1: gctgtcgactcagtccaggatggtctt. 

The PCR product corresponding to the predicted size of the FLAG-hTERT 144-1132 (~ 3 

kb) was gel-purified and cloned into the EcoRI-SalI sites of pCI. 

301-1132 was PCR-amplified from FL FLAG-hTERT with the following primers:  

∆300 Forward Pr.: ggaattcatggactacaaggacgacgatgacaagcgccagcaccacgcg, 

hTERT Reverse Pr. 1: gctgtcgactcagtccaggatggtctt. 

The PCR product corresponding to the predicted size of the FLAG-hTERT 301-1132 (~ 

2.5 kb) was gel-purified and cloned into the EcoRI-SalI sites of pCI. 

351-1132 was PCR-amplified from FL FLAG-hTERT with the following primers:  

∆350 Forward Pr.: ggaattcatggactacaaggacgacgatgacaggcccagcctgact,  

hTERT Reverse Pr. 1: gctgtcgactcagtccaggatggtctt.  

The PCR product corresponding to the predicted size of the FLAG-hTERT 351-1132 (~ 

2.3 kb) was gel-purified and cloned into the EcoRI-SalI sites of pCI. 

928-1132 was PCR-amplified from FL FLAG-hTERT with the following primers: 
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∆928 Forward Pr.: ggaattcatggactacaaggacgacgatgacaagttcccctggtgcggc, 

hTERT Reverse Pr. 1: gctgtcgactcagtccaggatggtctt. 

The PCR product corresponding to the predicted size of the FLAG-hTERT 928-1132 (~ 

600 bp) was gel-purified and cloned into the EcoRI-SalI sites of pCI. 

967-1132 was PCR-amplified from FL FLAG-hTERT with the following primers:  

∆967 Forward Pr.: gaattcatggactacaaggacgacgatgacaaggggaggaacatgcgtcgc, 

hTERT Reverse Pr. 2: gctgtcgactcaagtccaggatgg. 

The PCR product corresponding to the predicted size of the FLAG-hTERT 967-1132 (~ 

500 bp) was gel-purified and cloned into the EcoRI-SalI sites of pUC19. Plasmid DNA 

from positive bacterial transformants (as determined visually by blue-white screening) 

was isolated, verified by DNA sequencing, and subcloned into the EcoRI-SalI sites of 

pCI. 

505-967 was PCR-amplified from FL FLAG-hTERT with the following primers: 

505 Forward Pr.: ggaattcatggactacaaggacgacgatgacaagctgcaggagctgacgtg, 

967 Reverse Pr.: gctgtcgactcacccagccttgaagccg. 

The PCR product corresponding to the predicted size of the FLAG-hTERT 505-967 (~ 2 

kb) was gel-purified and cloned into the EcoRI-SalI sites of pUC19. Plasmid DNA from 

positive bacterial transformants (as determined visually by blue-white screening) was 

isolated, verified by DNA sequencing, and subcloned into the EcoRI-SalI sites of pCI. 
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601-927 was PCR-amplified from FL FLAG-hTERT with the following primers: 

601 Forward Pr.: ggaattcatggactacaaggacgacgatgacaagctgtcggaagcagagg, 

927 Reverse Pr.: gctgtcgactcataggccgtgggccgg.  

The PCR product corresponding to the predicted size of the FLAG-hTERT 601-927 (~ 

2.4 kb) was gel-purified and cloned into the EcoRI-SalI sites of pUC19. Plasmid DNA 

from positive bacterial transformants (as determined visually by blue-white screening) 

was isolated, verified by DNA sequencing, and subcloned into the EcoRI-SalI sites of 

pCI. 

2.1.1.5 FL hTERT mutants 

D712A 

The EcoRI-SalI DNA fragment containing FLAG-hTERT D712A was subcloned 

from plasmid pBABEhygro-FLAG-hTERT D712A (courtesy of Dr. C. Counter, Duke 

University Medical Center, Durham NC) into the EcoRI-SalI site of plasmid pCI to create 

a FL hTERT cDNA expressing an N-terminal EcoRI restriction site and FLAG-epitope 

(DYKDD), and a C-terminal SalI restriction site. 

DAT (+68, +98, +122, +128, and +1127) 

The EcoRI-SalI DNA fragments containing FLAG-hTERT DAT (+68, +98, +122, 

+128, and +1127) were subcloned from plasmid pBABEpuro-FLAG-hTERT DAT (+68, 

+98, +122, +128, and +1127), respectively, (generous gifts from Dr. C. Counter, Duke 

University Medical Center, Durham NC) into the EcoRI-SalI site of plasmid pCI to create 
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a FL hTERT cDNA expressing an N-terminal EcoRI restriction site and FLAG-epitope 

(DYKDD), and a C-terminal SalI restriction site. 

N-GRIP was made by overlap PCR extension with the following primers: 

FLAG Forward Pr.: ggaattcatggactacaaggacgatgacgac, 

N-GRIP Reverse Pr.: gggcggcggcggcggccgccccgcgctcccccgcagtg, 

N-GRIP Forward Pr.: cggccgccgccgccgcccgccgcgtgggcgacgacgtg, 

hTERT Reverse Pr. 2: gctgtcgactcaagtccaggatgg.  

First, two separate PCR products were generated from FL FLAG-hTERT; one using 

FLAG Forward Pr. and N-GRIP Reverse Pr. (~ 450 bp), and another using the N-GRIP 

Forward Pr. and hTERT Reverse Pr. 2 primer set (~ 3 kb). These products were gel-

purified and equimolar amounts of DNA ends were re-amplified using FLAG Forward 

Pr. and hTERT Reverse Pr. 2. The PCR product corresponding to the predicted size of the 

FL protein (~ 3.5 kb) was gel-purified and cloned into the EcoRI-SalI sites of pUC19. 

Plasmid DNA from positive bacterial transformants (as determined visually by blue-

white screening) was isolated, verified by DNA sequencing, and subcloned into the 

EcoRI-SalI sites of pCI. 

RT-GRIP was made by overlap PCR extension with the following primers: 

FLAG Forward Pr.: ggaattcatggactacaaggacgatgacgac, 

RT-GRIP Reverse Pr.: caggggcggccgccgcggcggggaataggccgtgggccgg, 

RT-GRIP Forward Pr.: ccgccgcggcggccgccctggatacccggaccctggagg, 
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hTERT Reverse Pr. 2: gctgtcgactcaagtccaggatgg. 

First, two separate PCR products were generated from FL FLAG-hTERT; one using 

FLAG Forward Pr. and RT-GRIP Reverse Pr. (~ 2.7 kb), and another using the RT-GRIP 

Forward Pr. and hTERT Reverse Pr. 2 primer set (~ 550 bp). These products were gel-

purified and equimolar amounts of DNA ends were re-amplified using FLAG Forward 

Pr. and hTERT Reverse Pr. 2. The PCR product corresponding to the predicted size of the 

FL protein (~ 3.5 kb) was gel-purified and cloned into the EcoRI-SalI sites of pUC19. 

Plasmid DNA from positive bacterial transformants (as determined visually by blue-

white screening) was isolated, verified by DNA sequencing, and subcloned into the 

EcoRI-SalI sites of pCI. 

N&RT-GRIP was created by EcoRI-SphI restriction digest of pCI-FLAG-hTERT N

GRIP and pCI-FLAG-hTERT RT-GRIP, followed by ligation of the 1556 bp and 5850 bp 

DNA fragments recovered from digested pCI-FLAG-hTERT N-GRIP and pCI-FLAG

hTERT RT-GRIP, respectively. This ligation yielded pCI-FLAG-hTERT N&RT-GRIP 

with N-terminal EcoRI and C-terminal SalI restriction sites. 

V144M was PCR-cloned from pCI-FL FLAG-hTERT using site-directed mutagenesis 

and DpnI digestion with the following primers:  

V144M Reverse Pr.: cacgtcgtcgcccatgcggcgcagcag, 

V144M Forward Pr.: ctgctgcgccgcatgggcgacgacgtg. 
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Q169A was made by overlap extension PCR with the following primers:  

FLAG Forward Pr.: ggaattcatggactacaaggacgatgacgac, 

Q169A Reverse Pr.: ggcccgcacaccgcgtaggcgc, 

Q169A Forward Pr.: gcgcctacgcggtgtgcgggcc, 

hTERT Reverse Pr. 2: gctgtcgactcaagtccaggatgg.  

First, two separate PCR products were generated using pCI-FL FLAG-hTERT template; 

one using FLAG Forward Pr. and Q169A Reverse Pr. (~ 500 bp), and another using the 

Q169A Forward Pr. and hTERT Reverse Pr. 2 primer set (~ 2.9 kb). These products were 

gel-purified and equimolar amounts of DNA ends were re-amplified using FLAG 

Forward Pr. and hTERT Reverse Pr. 2 to create a FL hTERT Q169A cDNA expressing 

an N-terminal EcoRI restriction site and FLAG-epitope (DYKDD), and a C-terminal SalI 

restriction site. The PCR product corresponding to the predicted size of the FL protein (~ 

3.5 kb) was gel-purified and cloned into the EcoRI-SalI sites of pUC19. Plasmid DNA 

from positive bacterial transformants (as determined visually by blue-white screening) 

was isolated, verified by DNA sequencing, and subcloned into the EcoRI-SalI sites of 

pCI and pBABEpuro. 

Q169D was PCR-cloned from pCI-FL FLAG-hTERT using site-directed mutagenesis 

and DpnI digestion with the following primers:  

Q169D Reverse Pr.: ggcccgcacacgtcgtaggcgc, 

Q169D Forward Pr.: gcgcctacgacgtgtgcgggcc. 
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Q169N was PCR-cloned from pCI-FL FLAG-hTERT using site-directed mutagenesis 

and DpnI digestion with the following primers:  

Q169N Reverse Pr.: ggcccgcacacgttgtaggcgc, 

Q169N Forward Pr.: gcgcctacaacgtgtgcgggcc. 

A279T was PCR-cloned from pCI-FL FLAG-hTERT using site-directed mutagenesis and 

DpnI digestion with the following primers:  

A279T Reverse Pr.: ggtggcttcttcggtgggtctggcagg, 

A279T Forward Pr.: cctgccagacccaccgaagaagccacc.  

P721R was PCR-cloned from pCI-FL FLAG-hTERT using site-directed mutagenesis and 

DpnI digestion with the following primers:  

P721R Reverse Pr.: gagcctgtcctggcggatggtgtcgta, 

P721R Forward Pr.: tacgacaccatccgccaggacaggctc.  

R865C was PCR-cloned from pCI-FL FLAG-hTERT using site-directed mutagenesis and 

DpnI digestion with the following primers:  

R865C Reverse Pr.:catccaccaaacacaggagcagcccgtc, 

R865C Forward Pr.: gacgggctgctcctgtgtttggtggatg.  

R865H was PCR-cloned from pCI-FL FLAG-hTERT using site-directed mutagenesis and 

DpnI digestion with the following primers:  
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R865H Reverse Pr.: catccaccaaatgcaggagcagcccgtc,


R865H Forward Pr.: gacgggctgctcctgcatttggtggatg.  


K902N was PCR-cloned from pCI-FL FLAG-hTERT using site-directed mutagenesis 

and DpnI digestion with the following primers:  

K902N Reverse Pr.: gaagttcaccactgtgttccgcaagttcac, 

K902N Forward Pr.: gtgaacttgcggaacacagtggtgaacttc.  

R979W was PCR-cloned from pCI-FL FLAG-hTERT using site-directed mutagenesis 

and DpnI digestion with the following primers:  

R979W Reverse Pr.: gctgtgacacttcagccacaagaccccaaagag, 

R979W Forward Pr.: ctctttggggtcttgtggctgaagtgtcacagc.  

F1127L was PCR-cloned from pCI-FL FLAG-hTERT using site-directed mutagenesis 

and DpnI digestion with the following primers:  

F1127L Reverse Pr.: gtccaggatggtcttgaggtctgagggcag, 

F1127L Forward Pr.: ctgccctcagacctcaagaccatcctggac. 

The identity of each hTERT construct described above was confirmed using the 

following methods: 1) EcoRI and SalI restriction enzyme digest and ethidium bromide-

stained agarose gel electrophoresis; 2) DNA sequencing by University Core DNA 

Services (University of Calgary); and 3) in vitro expression of [35S]cysteine-labelled 
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hTERT (described in Section 2.5.1), followed by sodium dodecyl-sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) on a gel containing 8 % or 10 % (wt/vol) 

polyacrylamide (29:1 [wt/wt] acylamide:bisacrylamide), and overnight exposure to a high 

performance autoradiography film or phosphorimager screen (Cyclone® Plus, 

PerkinElmer, Inc.).  

2.1.2 hTR synthesis and purification 

hTR was synthesized in vitro using the MEGAscript® T7 Transcription Kit 

(Ambion, Inc.). hTR plasmid DNA [148] was digested with EcoRI to obtain linear 

template for the T7 transcription reaction. T7 transcription reactions (20 µL) containing 1 

μg EcoRI-linearized template DNA, 1x reaction buffer, 7.5 mM ATP, 7.5 mM CTP, 7.5 

mM GTP, 7.5 mM UTP, and 2 µL enzyme mix were incubated in a 37C water bath for 2 

h and then inactivated by treating with 2 U TURBO DNase™ for 15 min at 37C. The 

transcription reaction products were extracted by phenol and chloroform-isoamyl alcohol 

(24:1), precipitated with 2.5 volumes of ethanol and one-tenth volume of sodium acetate 

(pH 5.2) overnight at -20ºC, centrifuged at 14,175 × g for 30 min (4C), and resuspended 

in nuclease-free water. 

hTR was purified from a denaturing (11 M urea) sequencing gel containing 6 % 

(wt/vol) polyacrylamide gel (19:1 [wt/wt] acylamide:bisacrylamide) by excising the gel 

fragment corresponding to hTR and elution in nuclease-free water (overnight at 4C with 

rocking). On the following day, the telomerase RNA elution mixture was incubated at 

60C for 30 min (with vortexing every 10 min), centrifuged at 1500  g for 5 min, 
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filtered through an Acrodisc® 25 mm Syringe Filter with 0.8/0.2-µm Supor® Membrane 

(Pall Corp.), precipitated with 2.5 volumes of ethanol and one-tenth volume of sodium 

acetate (pH 5.2), centrifuged at 14,175 × g for 30 min (4C), dissolved in an appropriate 

volume of nuclease-free water, and stored at -20ºC. RNA concentration was determined 

by measuring the absorbance at 260 nm with an Eppendorf BioPhotometer UV/Vis 

spectrophotometer and Eppendorf UVette® cuvettes. 

2.1.3 In vitro synthesis of human telomerase 

Human telomerase was reconstituted in vitro with the rabbit reticulocyte lysate 

(RRL) TNT® T7 Coupled Transcription-Translation System (Promega, Fisher Scientific 

Ltd.). Ten µL reactions were assembled on ice and contained 5 μL TNT® RRL, 0.4 μL 

TNT® reaction buffer, 0.2 μL TNT® amino acid mixture (minus methionine), 0.2 μL 

TNT® amino acid mixture (minus leucine), 8 U RNaseOUT™ (Invitrogen), 100 ng 

hTERT plasmid DNA, 100 ng in vitro-transcribed hTR (Section 2.1.2), and 0.2 μL 

TNT® T7 RNA polymerase. Reactions were incubated in a 30C water bath for 1.5-2 h, 

snap frozen in liquid N2 and stored at -80ºC (no CO2) until further use. 

2.2 Cell Culture  

2.2.1 Cell lines and culture conditions  

Human cells were cultured in a ThermoForma Model 3110 Series* CO2 water 

jacketed incubator (Forma Scientific, Inc.) at 37ºC with 5 % CO2. SV40 large T-antigen 

transformed human embryonic kidney cells (293T) were cultured in GIBCO® high 
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glucose Dulbecco’s Modified Eagle’s Media (DMEM) supplemented with 10 % fetal 

bovine serum, 50 U/mL penicillin G, and 50 µg/mL streptomycin sulfate (Invitrogen). 

One µg/mL puromycin (Sigma-Aldrich) was added to the growth media for stable 293T 

cell lines. Primary human foreskin fibroblasts (BJ cells) (courtesy of Dr. Karl Riabowol, 

University of Calgary, Calgary AB) were cultured in Lonza BioWhittaker* Minimum 

Essential Medium Eagle (EMEM) with Earl’s Balanced Salt Solution (Fischer Scientific 

Ltd.) supplemented with L-glutamine, 10 % fetal bovine serum, 50 U/mL penicillin G, 

and 50 µg/mL streptomycin sulfate. Stable cell lines were cultured in media containing 

0.1-0.5 µg/mL puromycin. 293T cells were continuously passaged at 1:5 or 1:6 and BJ 

cells were passaged at 1:4 or 1:5 until replicative senescence or until the culture divided 

2.5 times more than the vector control cell lines.  

2.2.2 Generation of 293T stable cell lines 

293T cells were transfected with pBABEpuro constructs encoding either FL 

FLAG-hTERT WT or Q169A, or, as the negative control, vector only DNA. One μg of 

construct DNA was transfected into a 6-well dish of 293T cells using FuGENE® 6 

Transfection Reagent (Roche), as per the manufacturer’s instructions. Forty-eight h post-

transfection, confluent cultures were split into 10 cm dishes and stable polyclonal 

populations were selected in medium supplemented with 1.0 μg/mL puromycin. Cell 

cultures were continually passaged at 1:5 or 1:6 under puromycin selection. The first 10 

cm plate to reach confluence under selection was arbitrarily defined as mean population 

doubling (mpd) 0.  
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2.2.3 Retroviral infections for generation of BJ stable cell lines 

Retroviral infections were used to establish polyclonal BJ cell lines that stably 

express pBABEpuro, pBABEpuro-FLAG-hTERT, or pBABEpuro-FLAG-hTERT Q169A. 

293T cells were used to package amphotropic retroviruses created with pCL-10A and 

either pBABEpuro, pBABEpuro-FLAG-hTERT, or pBABEpuro-FLAG-hTERT Q169A 

plasmid DNA. Eighteen to 24 h prior to transfection, packaging cells were split to 30 % 

confluency in 6-well culture dishes. One μg of pCL-10A1 plasmid DNA and 1 μg of the 

appropriate pBABEpuro construct DNA were applied to cells using FuGENE® 6 

Transfection Reagent (Roche), as per the manufacturer’s instructions. Twenty-four h 

later, 293T cultures were transfected a second time and 8 h after that, the transfection 

medium was removed and replaced with 2 mL of fresh growth medium. At the same 

time, a confluent 10 cm culture dish of BJ cells at mpd 48 was split to 40 % confluency in 

6-well dishes. 

The first retroviral infection was performed 24 h later by collecting the viral 

supernatant (VSN) from transfected 293T cells, filtering it though an Acrodisc® 25 mm 

Syringe Filter with 0.45-μm HT Tuffryn® Membrane (Pall Corp.), adding polybrene 

(Sigma-Aldrich) to a final concentration of 8 μg/mL, and then applying 2 mL of this 

solution to a 6-well dish of BJ cells. At the same time, 2 mL of fresh growth medium was 

applied to the transfected 293T cells. The retroviral infection procedure was repeated 24 

h later and the 293T packaging cells were discarded. Twelve to 24 h after the final 

infection, the VSN was removed from BJ cell cultures and replaced with 3 mL of fresh 

growth medium. Forty-eight h after the final retroviral infection, BJ cells were split 1:4 
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into 10 cm dishes with selective growth medium containing 0.1-0.5 μg/mL puromycin. 

The mpd 0 was arbitrarily defined as the time point when the infected cells reached 80 to 

90 % confluency in selective growth media. Subsequently, BJ cells were passaged at 1:4 

or 1:5 under puromycin selection until the culture had divided 2.5 times more than the 

vector control cells or until the culture had exhausted its replicative potential. The latter 

stage was defined as the period when cultures failed to become confluent in a 10 cm dish 

within 30 days and stained positive for β-galactosidase at pH 6.0 [298] (Section 2.2.6). 

2.2.4 Harvesting cells 

One or two 15 cm culture dishes of approximately 90 % confluent 293T were 

harvested by gently scraping into approximately 10 mL of culture medium. One or two 

15 cm culture dishes of approximately 90 % confluent BJ cells were harvested by 

incubating with 5 mL of pre-warmed trypsin-EDTA (Invitrogen) at 37ºC for 

approximately 3 min and then gently scraping into approximately 10 mL of growth 

medium. Cell clumps were dissociated with gentle mixing and the homogenous cell 

solution was transferred into a 15 or 50 mL conical tube and subsequently pelleted by 

centrifugation in a pre-cooled rotor at 153 × g for 3 min (4ºC). The supernatant was 

removed by aspiration and the pellet was gently resuspended in approximately 10 

volumes of PBS prior to a second centrifugation at 153 × g for 3 min (4ºC). Using 

aspiration, the supernatant was carefully decanted and the cell pellet was frozen and 

stored at - 80ºC until further use. 
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2.2.5 Cell lysis 

293T and BJ cell pellets were thawed on ice, resuspended in 0.5-1.0 mL NP-40 

lysis buffer (10 mM Tris-HCl, pH 7.5; 1 % [vol/vol] NP-40; 10 % [vol/vol] glycerol; 1 

mM EGTA; 1 mM MgCl2; 150 mM NaCl) containing fresh β-mercaptoethanol (5 mM), 

10 U/mL RNaseOUT™ (Invitrogen), and an appropriate amount of Complete EDTA-

Free Protease Inhibitor Cocktail (Roche), incubated on ice for 30 min, and then incubated 

with rocking at 4C for 30 min . Lysates were centrifuged at 12 100  g for 30 min at 4ºC 

to remove the insoluble debris. The soluble fraction was pre-cleared with 40-50 μL 

Protein G Sepharose™ (GE Healthcare) (50 % slurry) for 30 min at 4C with rocking and 

then centrifuged at 800  g for 3 min at 4ºC. The supernatant was transferred to a fresh 

tube and the pellet was discarded. An aliquot of the pre-cleared soluble fraction was used 

in the Bio-Rad Protein Detection Assay (Bio-Rad) to measure protein concentration in 

the lysates (absorbance at 600 nm and fitting to a standard curve). An Eppendorf 

BioPhotometer UV/Vis spectrophotometer and Eppendorf UVette® cuvettes were used in 

the quantification assay. 

2.2.6 β-galactosidase staining 

Adherent BJ cells grown in 10 cm culture dishes were washed in PBS (pH 7.2), 

fixed for 3-5 min at room temperature in PBS (pH 7.2) containing 0.5 % gluteraldehyde 

(Sigma-Aldrich), washed with PBS (pH 7.2) supplemented with 1 mM MgCl2, and 

stained overnight at 37ºC (no CO2) with fresh β-galactosidase staining solution: PBS (pH 

6.0) containing 1 mg/mL 5-bromo-4-chloro-3-indolyl β-D-galactoside (X-Gal) (stock = 
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20 mg/mL in dimethylformamide), 1 mM MgCl2, 120 µM potassium ferricyanide, and 

120 µM potassium ferrocyanide. Staining was evident the next day: stained cells were 

washed in PBS (pH 7.2) and visualized with bright-field microscopy. 

2.2.7 Indirect immunofluorescence 

The cellular localization of WT or Q169A hTERT were visualized in 293T cells 

that stably expressed pBABEpuro, pBABEpuro-FLAG-hTERT, or pBABEpuro-FLAG

hTERT Q169A. Cells were seeded on poly-L-Lysine-coated coverslips (courtesy of Dr. 

Ebba Kurz, University of Calgary, Calgary AB), fixed in 3.7 % (w/v) formaldehyde for 

10 min at room temperature, and permeabilized in PBS containing 0.5 % (v/v) Triton X

100 for 10 min at room temperature. Samples were blocked in PBS containing 1 % (w/v) 

bovine serum albumin (BSA) for 1 h at room temperature prior to incubation with rabbit 

anti-FLAG polyclonal antibody (1:2500 dilution in blocking buffer) (Sigma-Aldrich) at 

4°C overnight with gentle agitation. After six washes in PBS containing 0.05 % (v/v) 

Tween-20, cells were incubated with tetramethyl rhodamine iso-thiocyanate  (TRITC)

conjugated goat anti-rabbit IgG (1:400 dilution in blocking buffer) (Sigma-Aldrich) for 

30 min at room temperature. After an additional six washes in PBS containing 0.05 % 

(v/v) Tween-20, nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) 

(1 µg/mL in PBS) (Sigma-Aldrich) for 10 min at room temperature, washed, and 

mounted using VECTASHIELD® Mounting Media (Vector Laboratories Canada, Inc.). 

For detection of immunofluorescence, slides were viewed using a Zeiss Axiovert 200M 

inverted microscope (Carl Ziess AG Light Microscopy, Germany) at × 630 
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magnification. This experiment was performed once and the images are representative of 

approximately 80 % of the total cells scored (about 20 cells per construct).   

2.3 DNA Analysis 

2.3.1 Oligonucleotide sequences and synthesis 

All oligonucleotides were synthesized by University Core DNA Services 

(University of Calgary). Unless otherwise noted, oligonucleotides used in the primer 

binding and conventional telomerase activity assays contained a biotin molecule at the 5’

end. The oligonucleotides used in the telomere repeat amplification protocol and terminal 

restriction fragment analyses were non-biotinylated. Oligonucleotide sequences, written 

5’ to 3’, are listed in Table 2.1. 

2.3.2 Oligonucleotide radiolabelling 

DNA oligonucleotides containing 3’-biotin molecules were 5’-end-labelled with 

[γ-32P]ATP using T4 polynucleotide kinase (Invitrogen). A typical 20 μL reaction 

containing 1x exchange reaction buffer (5x stock = 250 mM imidazole-HCl [pH 6.4]; 60 

mM MgCl2; 5 mM 2-mercaptoethanol; 350 µM ADP), 200 pmol 3’-biotinylated 

oligonucleotide, 3-5 μL [γ-32P]ATP (3000 Ci/mmol, 10 mCi/mL) (GE Healthcare), and 

10 U T4 polynucleotide kinase (Invitrogen) was incubated for 30 min in a 37ºC water 

bath. The labelling reaction was terminated by the addition of 25 mM EDTA. 

Unincorporated nucleotides were removed by applying the reaction to a MicroSpin™ G

25 Gel Filtration Column (GE Healthcare), which was centrifuged at 200 × g for 2 min at  



94 

Table 2.1 Description of ssDNA primers used in primer binding studies, 
conventional telomerase activity assays, and the telomere repeat amplification 

protocol. 

Name 
Length 

(nt) 
DNA Sequence (5’ to 3’) 

bio-TELO30 30 TTAGGG TTAGGG TTAGGG TTAGGG TTAGGG 

bio-TELO24 24 TTAGGG TTAGGG TTAGGG TTAGGG 

bio-TELO18 18 TTAGGG TTAGGG TTAGGG 

bio-TELO12 12 TTAGGG TTAGGG 

bio-TELO6 6 TTAGGG 

bio-antiTELO18 18 AATCCC AATCCC AATCCC 

bio-pBR 24 AGCCAC TATCGA CTACGC GATCAT 

bio-BBP 24 AATCCG TCGAGC AGAAAT CCGCAA 

bio-Tetrahymena 18 TTGGGG TTGGGG TTGGGG 

bio-Yeast 15 TGTGTG GTGTGT GGG 

TELO24 24 TTAGGG TTAGGG TTAGGG TTAGGG 

TELO18 18 TTAGGG TTAGGG TTAGGG 

TS 18 AATCCG TCGAGC AGAGTT 

ACX 30 GCGCGG CTTACC CTTACC CTTACC CTAACC 

These primers were tested for physical interaction with hTERT in the primer binding 

assay and telomerase-mediated extension in the conventional telomerase activity assay 

(bio-TELO18 and bio-TELO6) or telomere repeat amplification protocol (TS and ACX). 

Primers containing a 5’-biotin molecule are indicated with the prefix ‘bio’. 
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room temperature and then discarded. The filtrate was diluted 1 in 100 with nuclease-free 

water and stored at -20ºC. Approximately 103 cpm were loaded as molecular weight 

markers for conventional telomerase activity assays (Sections 2.6.2 and 2.6.3). 

2.3.3 Terminal restriction fragment analysis 

2.3.3.1 Synthesis of molecular weight marker DNA 

Two μg HindIII-digested λ DNA (Invitrogen) was incubated at 37ºC for 1 h in a 

20 μL reaction containing REact® 2 buffer (50 mM Tris-HCl [pH 8.0]; 10 mM MgCl2; 50 

mM NaCl) (Invitrogen), 2.5 mM dATP, 2.5 mM dTTP, 2.5 mM dCTP, 5 µL [α-32P]

dGTP (3000 Ci/mmol, 10 mCi/mL) (GE Healthcare), and 5 U large fragment of DNA 

polymerase I (Klenow fragment) (Invitrogen). The reaction was terminated by the 

addition of 12.5 mM EDTA, diluted 1 in 100 with nuclease-free water, and stored at 

20ºC. Approximately 103 cpm were loaded as molecular weight markers for in-gel 

hybridization experiments (Section 2.3.3.3).  

2.3.3.2 Synthesis of telomeric DNA probe 

Telomeric DNA probes were synthesized from an 800 bp fragment of duplex 

DNA containing TTAGGG repeats (courtesy of Dr. J. Karlseder, Salk Institute for 

Biological Studies, La Jolla CA). Double-stranded template DNA (100 ng) was mixed 

with 1000 pmol random primers p(dN)6 (Roche) in a 14 μL reaction and incubated at 

95ºC for 3 min to denature the template DNA. The reaction was subsequently placed in 

ice and the following components were added (25 μL final volume): REact® 2 buffer (50 
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mM Tris-HCl [pH 8.0]; 10 mM MgCl2; 50 mM NaCl) (Invitrogen), 50 μM dATP, 50 μM 

dTTP, 50 μM dCTP, 5 μL [α-32P]-dGTP (3000 Ci/mmol, 10 mCi/mL) (GE Healthcare), 

and 3-9 U (1 μL) large fragment of DNA polymerase I (Klenow fragment) (Invitrogen). 

The assembled synthesis reaction was then incubated at room temperature for 5 h. 

Unincorporated nucleotides were removed by applying the reaction to a MicroSpin™ G

25 Gel Filtration Column (GE Healthcare), which was centrifuged at 200 × g for 2 min 

(room temperature) and then discarded. The filtrate was stored at -20ºC. 

2.3.3.3 In-gel hybridization 

Telomeres were visualized by in-gel hybridization of HinfI and RsaI restriction 

enzyme-digested genomic DNA (5 μg) with the telomeric DNA probe described above. 

Aliquots of HinfI and RsaI digested DNA were electrophoresed though a 0.6 % agarose 

gel at 90 V for 5 h (450 Vh) at 4 ºC. Gels were denatured for 45 min in denaturation 

solution (0.5 M NaOH; 1.5 M NaCl), neutralized for 45 min in neutralization solution (1 

M Tris, pH 8.0; 1.5 M NaCl), and dried on a piece of Whatman 3MM filter paper for 45 

min at room temperature, followed by an additional 45 min at 60°C using a Model 583 

Gel-Dryer (Bio-Rad). The dried gel was submerged in denaturation solution for 10 min at 

room temperature (with gentle rocking) and then in neutralization solution for 10 min at 

room temperature (with gentle rocking), prior to hybridization in 5x SSC (20x stock = 3 

M NaCl; 300 mM sodium citrate) containing approximately 4  106 cpm 32P-labelled 

telomeric probe at 37°C for 20 h. Hybridized gels were washed three times in 2x SSC for 

10 min (room temperature), washed once in nuclease-free water for 5 min (at room 
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temperature with gentle rocking), dried on a piece of Whatman 3MM filter paper for 20 

min at 60°C using a Model 583 Gel-Dryer, covered in plastic wrap, and exposed to a 

phosphorimager screen. 

2.3.3.4 Quantification of telomere length 

Mean telomere length was calculated from at least three independent experiments 

using OptiQuant™ version 5.0 software (PerkinElmer, Inc.), ± Standard Error of the 

Mean (SEM). The molecular weight of telomeric bands was determined by measuring the 

intensity of the peak apex and comparing it to a standard curve constructed from 

radiolabelled DNA molecular weight markers run on the same gel. 

2.4 Protein Analysis 

2.4.1 Limited proteolysis of radiolabelled hTERT 

α-chymotrypsin from bovine pancreas (Sigma-Aldrich) was reconstituted in 1 

mM HCl containing 2 mM CaCl and diluted to the appropriate working concentration in 

1x reaction buffer (10x stock = 200 mM Tris-HCl, pH 8.3; 150 mM MgCl2; 630 mM 

KCl; 0.5 % Tween-20; 10 mM EGTA, pH 8.0). RRL containing [35S]cysteine-labelled 

FLAG-hTERT (Section 2.5.1) was digested with various concentrations of chymotrypsin 

for a constant time or with a constant enzyme concentration for various time points. In 

the former experiments, RRL containing comparable amounts of radioactivity (1 or 2 µL 

RRL containing [35S]cysteine-labelled hTERT) was digested in a 15 μL reaction 

containing 1x reaction buffer and 10, 100, or 1000 ng/mL chymotrypsin in a 30ºC water 
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bath for 2 min. In the latter experiments, RRL containing comparable amounts of 

radioactivity (1 or 2 µL RRL containing [35S]cysteine-labelled hTERT)  was digested 

with 500 ng/mL chymotrypsin in a 30ºC water bath for 30 s, 1 min, 2 min, 5 min, 10 min, 

15 min, 30 min, and 45 min. In all experiments, the reactions were terminated by the 

addition of SDS-PAGE loading buffer and boiling (5 min) and the entire reaction was 

resolved by SDS-PAGE on a gel containing 12 % (wt/vol) polyacrylamide (29:1 [wt/wt] 

acrylamide-bisacrylamide). The gel was dried on a piece of Whatman 3MM filter paper 

for 30 min at 80ºC using a Model 583 Gel Dryer, wrapped in plastic wrap, and exposed to 

a high performance autoradiography film or phosphorimager screen. 

2.4.2 anti-FLAG immunoprecipitation 

FLAG-hTERT was immunoprecipitated with anti-FLAG M2 affinity resin 

(Sigma-Aldrich) in ice-cold IP buffer 150 (10 mM Tris-HCl, pH 7.5; 1 % [vol/vol] NP

40; 10 % [vol/vol] glycerol; 1 mM EGTA; 1 mM MgCl2; 150 mM NaCl) supplemented 

with 10 U/mL RNaseOUT™ (Invitrogen) and an appropriate amount of Complete 

EDTA-Free Proteinase Inhibitor Cocktail (Roche). Aliquots (100-200 μL) of anti-FLAG 

M2 affinity resin (50 % slurry) were pre-equilibrated by washing five times in 1 mL IP 

buffer 150 (centrifuged at 300 × g for 30 s between washes). Soluble cell lysate (800

1000 μg) was immunoprecipitated for 2 h at 4ºC with 40-50 μL pre-equilibrated anti-

FLAG M2 affinity resin in IP buffer 150 (1 mL final volume) (end-over-end rotation). 

The protein-resin complex was centrifuged at 300 × g for 3 min (4ºC) and washed four 

times with either 1 mL of ice-cold IP buffer 150 (washes 1 and 4) or IP buffer 300 (IP 
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buffer containing 300 mM NaCl; washes 2 and 3) with 30 s spins at 300 × g between 

washes. FLAG-hTERT was eluted from the anti-FLAG M2 affinity resin by competition 

with excess 3 × FLAG peptide (Sigma-Aldrich). The affinity resin was resuspended in 30 

μL ice-cold IP buffer 150 containing 2 mg/mL 3 × FLAG peptide, rocked for 30 min at 

4ºC, and then centrifuged at 800  g for 3 min (4ºC). The eluate containing FLAG

hTERT was transferred to a fresh tube. The resin was subjected to a second competitive 

elution and the eluate was combined with that from the first elution. 

2.4.3 Western blotting  

Following SDS-PAGE, proteins were transferred to a polyvinylidene diflouride 

membrane in ice-cold transfer buffer (25 mM Tris base; 190 mM glycine; 20 % [vol/vol] 

methanol; pH adjusted to 8.0), fixed in methanol, air dried, and blocked with TBS (50 

mM Tris-HCl, pH 7.4; 150 mM NaCl) containing 0.5 % Tween-20 and 5 % (wt/vol) 

nonfat dry milk (NFDM) for 1-2 h at room temperature. To detect hTERT, blocked 

membranes were incubated overnight at 4ºC with either a 1:500 dilution of the 

commercially-available polyclonal anti-hTERT antibody (Rockland Immunochemicals, 

Inc.) or a 1:1000 dilution of the polyclonal anti-hTERT antibody (courtesy of Dr. S. 

Artandi, Stanford School of Medicine, Stanford, CA) [232], prepared in TBST (TBS; 0.1 

% Tween-20) containing 2.5 % (wt/vol) NFDM. After probing, the blots were washed 

three times in TBST (15-20 min; room temperature), rinsed in TBS, and incubated with 

ECL™ donkey, anti-rabbit immunoglobin G, horseradish peroxidase-linked secondary 

antibody (GE Healthcare) (1:2000 dilution in TBST-2.5 % [wt/vol] NFDM) for 1 h at 
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room temperature. The blots were subsequently washed three times in TBST (10-15 min; 

room temperature) and once in TBS (5-10 min; room temperature). The membrane was 

then incubated with enhanced chemiluminescence (ECL) reagent (GE Healthcare), 

covered in plastic wrap, and exposed to a high performance chemiluminescence film. 

2.4.4 Coimmunoprecipitation of hTERT-hTR complexes 

2.4.4.1 Synthesis of [α-32P]UTP-labelled hTR 

hTR was transcribed from EcoRI-linearized plasmid DNA [148] in the presence 

of [α-32P]UTP with the MEGAscript T7-coupled expression system (Ambion, Inc.). Final 

reaction volumes contained 1 µg template DNA, 1x transcription buffer, 500 µM ATP, 

500 µM CTP, 500 µM GTP, 6 µM unlabeled UTP, 5 μL [α-32P]UTP (3000 Ci/mmol; 10 

mCi/mL; GE Healthcare), 2 U/µL RNaseOUT™ (Invitrogen), and 1x T7 RNA 

polymerase enzyme mix. Reactions were incubated in a 37ºC water bath for 2 h, treated 

with 1 µL of TURBO DNase™, and incubated in the 37ºC water bath for an additional 15 

min. Unincorporated nucleotides were removed by applying the reaction to a 

MicroSpin™ G-25 Gel Filtration Column, which was centrifuged at 200 × g for 2 min at 

room temperature and then discarded. RNA concentration in the filtrate was determined 

by measuring the absorbance at 260 nm using an Eppendorf BioPhotometer UV/Vis 

spectrophotometer and Eppendorf UVette® cuvettes. A typical transcription reaction 

yielded approximately 100 ng/μL RNA. In some instances, the RNA concentration was 

adjusted using unlabelled in vitro transcribed hTR. The activity of [α-32P]UTP-labelled 

hTR was approximately 106 cpm/pmol, as determined by scintillation counting. 
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2.4.4.2 In vitro reconstitution of radiolabelled human telomerase 

Human telomerase was reconstituted using the RRL TNT® T7 Coupled 

Transcription-Translation System (Promega, Fisher Scientific Ltd.). Ten µL reactions 

were assembled on ice and contained 5 μL TNT® RRL, 0.8 μL TNT® reaction buffer, 0.8 

μL TNT® amino acid mixture (minus cysteine), 8 U RNaseOUT™ (Invitrogen), 0.4 µL 

[35S]cysteine (> 1000 Ci/mmol, 10 mCi/mL; GE Healthcare), 600 ng FLAG-hTERT 

plasmid DNA, 300 ng [α-32P]UTP-labelled hTR, and 0.4 μL TNT® T7 RNA polymerase. 

RRL reactions were incubated in a 30ºC water bath for 60-90 min and either 

immunoprecipitated immediately (below) or snap frozen in liquid N2 and stored at -80ºC 

(no CO2) until the following day.  

2.4.4.3 Coimmunoprecipitation 

hTERT-hTR complexes were immunoprecipitated using two methods, similar to 

those described previously [152]. Initial experiments were performed using the first 

method and later experiments were performed by slightly modifying this protocol, as 

detailed in the second method. 

Aliquots (100-200 μL) of anti-FLAG M2 affinity resin (50 % slurry) (Sigma-

Aldrich) were pre-equilibrated by washing five times in 1 mL ice-cold coIP buffer 150 

(10 mM Tris-HCl, pH 7.5; 0.5 % [wt/vol] 3-[(3-cholamidopropyl)dimethylammonio]-1

propanesulfonate (CHAPS); 10 % [vol/vol] glycerol; 1 mM MgCl2; 150 mM NaCl) 

supplemented with 10 U/mL RNaseOUT™ (Invitrogen), and Complete EDTA-Free 

Protease Inhibitor Cocktail (Roche), with 30 s spins at 300 × g (room temperature) 
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between washes. Forty µL of pre-washed affinity resin was resuspended in 1 mL ice-cold 

coIP buffer 150 containing blocking agents (200 µg/mL yeast total RNA, 100 µg/mL 

Escherichia coli tRNA, and 100 µg/mL BSA) and rocked at 4ºC overnight to block non

specific binding sites. The next day, samples were centrifuged at 300 × g for 1 min and 

resuspended in ice-cold coIP buffer 150 containing the blocking agents described above. 

RRL reactions containing human telomerase complexes were pre-cleared with 

Sepharose® CL-4B (Sigma-Aldrich) in coIP buffer 150 by rotating end-over-end at 4ºC 

for 30 min. After centrifugation at 300 × g for 1 min, the supernatant was 

immunoprecipitated with 40 μL pre-blocked anti-FLAG M2 affinity resin resuspended in 

coIP buffer 150 (1 mL final volume) for 90 min at 4ºC (end-over-end rotation). 

Following immunoprecipitation, samples were washed four times in ice-cold coIP buffer 

containing either 150 mM (washes 1 and 4) or 300 mM (washes 2 and 3) NaCl, with 30 s 

spins at 300 × g (room temperature) between washes. For washes 2 and 3, samples were 

rotated end-over-end for 10 min at room temperature. After washing, 100 % of the beads 

were resuspended in SDS-PAGE loading buffer and 15 µL aliquots were resolved by 

SDS-PAGE on a pre-cast gradient gel containing 4-15 % (wt/vol) polyacrylamide (Bio-

Rad). The gel was dried on a piece of Whatman 3MM filter paper for 40 min at 80ºC 

using a Model 853 Gel Dryer, covered in plastic wrap, and exposed to two pieces of high 

performance autoradiography film or a phosphorimager screen.  

In the second method, 1 µg of rabbit polyclonal anti-FLAG antibody (Sigma-

Aldrich) was bound to 40 μL Protein G-Sepharose™ (50 % slurry) (GE Healthcare) by 

rocking at 4ºC for 90 min in ice-cold coIP buffer 150 containing blocking agents (100 
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µg/mL yeast total RNA, 50 µg/mL E.coli tRNA, and 50 µg/mL BSA). RRL reactions 

containing human telomerase complexes were pre-cleared by rotating end-over-end for 

90 min at 4ºC with Protein G-Sepharose™ in ice-cold coIP buffer 150 and then 

centrifuged at 300 × g for 1 min. The supernatant was subsequently immunoprecipitated 

with 40 μL anti-FLAG Protein G-Sepharose™ in coIP buffer 150 (1 mL final volume), as 

described above. 

2.5 Primer Binding Assay  

2.5.1 Synthesis of radiolabelled hTERT 

hTERT proteins were synthesized in the absence of hTR using the RRL TNT® T7 

Coupled Transcription-Translation System (Promega, Fisher Scientific Ltd.). Thirty µL 

reactions were assembled on ice and contained 15 μL TNT® RRL, 2.4 μL TNT® reaction 

buffer, 2.4 μL TNT® amino acid mixture (minus cysteine), 24 U RNaseOUT™ 

(Invitrogen), 2.4 μg FLAG-hTERT plasmid DNA, 1.2 µL [35S]cysteine (>1000 Ci/mmol, 

10 mCi/mL) (GE Healthcare), and 1.2 μL TNT® T7 RNA polymerase. For control 

samples, TNT® luciferase DNA was substituted for hTERT DNA. Reactions were 

incubated in a 30C water bath for 1.5-2 h, snap frozen in liquid N2, and stored at -80ºC 

(no CO2). 

2.5.2 DNA-binding 

Aliquots (100 µL) of Ultralink® Immobilized NeutrAvidin slurry (Pierce 

Biotechnology, Inc.) were pre-equilibrated with binding buffer (90.7 mM HEPES, pH 
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8.0; 7 mM KCl; 2.3 mM MgCl2) supplemented with fresh β-mercaptoethanol (1 mM) and 

an appropriate amount of Complete EDTA-Free Protease Inhibitor Cocktail (Roche). 

Each aliquot was washed four times in 500 µL binding buffer and centrifuged for 5 min 

at 3300  g (room temperature) between washes. During the second wash, the beads were 

rotated end-over-end for 30 min at 4C with 5 µL RRL containing reconstituted human 

telomerase to block non-specific binding sites. After the fourth wash, the beads were 

resuspended in 500 µL of binding buffer and kept on ice until the next step (below).  

The hTERT-primer complex was assembled on ice by adding equivalent counts of 

[35S]cysteine-labelled hTERT (calculation described in Section 2.5.3) to a 60 μL final 

reaction volume containing 1x reaction buffer (10x stock = 200 mM Tris-HCl, pH 8.3; 

150 mM MgCl2; 630 mM KCl; 0.5 % Tween-20; 10 mM EGTA, pH 8.0), 1000 pmol 

(TTTTTT)3 oligonucleotide, and 600 pmol 5’-biotinylated oligonucleotide of interest. 

hTERT-primer complex formation was allowed to proceed for 10 min at room 

temperature. The reaction was subsequently incubated with 100 μL pre-equilibrated 

NeutrAvidin (in 500 µL binding buffer) for 3 h at 4C with end-over-end rotation. After 

pull-down, the samples were centrifuged at 3300  g for 5 min (room temperature) and 

washed three times with binding buffer (500 µL for washes one and three; 750 µL for 

wash 2) with 5 min spins at 3300  g (room temperature) between washes. The second 

wash was rotated end-over-end for 15 min at room temperature with rocking. After the 

final wash, the beads were resuspended in 5 μL SDS-PAGE loading buffer, boiled for 5 

min, and centrifuged at 16 000  g for 5 min. 15 μL aliquots were resolved by SDS
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PAGE on a gel containing 8 % or 10 % (wt/vol) polyacrylamide (29:1 [wt/wt] 

acylamide:bisacrylamide). The gel was dried on a piece of Whatman 3MM filter paper 

for 30 min at 80ºC with a Model 583 Gel Dryer, covered in plastic wrap, and exposed 

overnight to a high performance autoradiography film or phosphorimager screen. A 

schematic of this assay is shown in Figure 2.1. 

The primer binding protocol was further optimized for the experiments described 

in Chapters 4 and 5. Specifically, the primer mix containing 1x reaction buffer, 1000 

pmol (TTTTTT)3 oligonucleotide, and 600 pmol 5’-biotinylated oligonucleotide was 

incubated on ice for 45-60 min prior to adding the RRL reaction containing [35S]cysteine

labelled hTERT proteins. All other steps were performed as described in the original 

protocol. 

2.5.3 Quantification 

To determine the amount of [35S]cysteine-labelled hTERT in each RRL 

reconstitution reaction, 2 µL of RRL was mixed with SDS-PAGE loading buffer, boiled 

(5 min), and separated with 8 % or 10 % SDS-PAGE. The gel was dried on a piece of 

Whatman 3MM filter paper for 30 min at 80ºC using a Model 583 Gel Dryer and exposed 

overnight to a high performance autoradiography film (Chapter 3) or phosphorimager 

screen (Chapters 4 and 5). The signal intensity of bands corresponding to each hTERT 

construct was quantified using Bio-Rad Quantity One® version 4.5.0 software. The 

volume of RRL added to each primer binding reaction was adjusted so that each 

experiment was performed with nearly equivalent counts of radiolabelled-hTERT 
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Figure 2.1: Schematic of the primer binding assay. 

Human telomerase reverse transcriptase (hTERT; red oval) is reconstituted in vitro in the 

presence of [35S]cysteine with the rabbit reticulocyte lysate (RRL) system (step 1). RRL 

containing reconstituted hTERT proteins is incubated in a primer binding reaction 

containing excess blocking oligonucleotide, (TTTTTT)3, and a saturating amount of 5’

biotinylated oligonucleotide, such as biotin-(TTAGGG)4 (step 2). The biotinylated 

oligonucleotide (and associated hTERT) is immobilized on NeutrAvidin resin (step 3). 

DNA-bound radiolabelled-hTERT is boiled off the resin, resolved by SDS-PAGE, and 

visualized by autoradiography or phosphorimaging (step 4). 
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proteins. The total protein counts in this volume were mathematically calculated and 

considered to represent ‘input counts’. To determine the percentage of hTERT that was 

bound to the 5’-biotinylated ssDNA primer (‘final counts’), the appropriate hTERT bands 

were quantified using Quantity One® version 4.5.0 software (Bio-Rad), adjusted for 

background binding by subtracting the non-biotinylated TELO24 oligonucleotide signal, 

and applied to the formula, (final counts/input counts)  100 %. Primer binding results 

are reported as the mean ± SEM of at least three independent experiments. 

2.5.4 Statistical analysis 

Statistical significance was assessed using GraphPad InStat version 3.00®. One-

way Analysis of Variance (ANOVA) with Tukey multiple comparisons post-test or 

Student’s two-tailed unpaired T-tests were used to calculate the levels of statistical 

significance observed between binding of wild type hTERT to different primers or 

between wild type and mutant hTERT with a given primer, respectively.  

2.6 Telomerase Activity Assays 

2.6.1 Telomere repeat amplification protocol 

Telomerase activity was detected using a modified, two-step version of the 

Telomeric Repeat Amplification Protocol (TRAP) [169] (Figure 2.2). In the first step 

(telomere extension), 1 μL of RRL or 2 μL of 3 × FLAG peptide eluate was incubated for 

30 min at room temperature in a 50 μL reaction containing 1x TRAP buffer (10x stock = 

200 mM Tris-HCl, pH 8.3; 150 mM MgCl2; 630 mM KCl; 0.5 % Tween-20; 10 mM 
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EGTA, pH 8.0), 50 µM dATP, 50 µM dCTP, 50 µM dGTP, 50 µM dTTP, 0.1 μg TS 

primer (5’-AATCCGTCGAGCAGAGTT-3’), and 2 U Taq DNA polymerase 

(Invitrogen). In the second step (amplification), 0.1 μg of ACX primer (5'

GCGCGG[CTTACC]3CTAACC-3’) and 1 μL of [α-32P]dGTP (3000 Ci/mmol; 10 

mCi/mL) (GE Healthcare) were added to each 50 μL extension reaction, which was then 

amplified using a RoboCycler® Gradient 40 (Stratagene) PCR machine equipped with a 

heated lid for 20 to 25 cycles consisting of 95ºC for 30 s, 50ºC for 30 s, and 72ºC for 90 

s. 5 μL of DNA loading dye (0.25 % [wt/vol] bromophenol blue, 0.25 % [wt/vol] xylene 

cyanol, and 30 % [vol/vol] glycerol) was added to each PCR reaction. TRAP reaction 

products (9 μL) were electrophoresed on a native 12 % (wt/vol) polyacrylamide (29:1 

[wt/wt] acrylamide-bisacrylamide) gel for 25 min at 1500 V. The gel was dried on a piece 

of Whatman 3MM filter paper for 30 min at 80ºC with a Model 583 Gel Dryer, covered 

in plastic wrap, and exposed overnight to a high performance autoradiography film or 

phosphorimager screen. 

2.6.2 Conventional telomerase activity assay 

The Conventional Telomerase Activity assay (CTA) was performed using a 

modified version of the original protocol [139] (Figure 2.3). A 24.5 µL aliquot of RRL 

containing reconstituted human telomerase (Section 2.1.3) was assayed for activity in a 

40 µl final reaction volume containing 1x CTA buffer (10x stock = 500 mM Tris–HCl, 

pH 8.3; 500 mM KOAc; 10 mM MgCl2; 50 mM β-mercaptoethanol; 10 mM spermidine), 

1 mM dATP, 1 mM dTTP, 1.25 μM dGTP, 1.5 µM 5’-biotinylated telomeric ssDNA 



109 

Figure 2.2: Schematic of the telomere repeat amplification protocol. 

Human telomerase (red oval) is reconstituted in vitro with the rabbit reticulocyte lysate 

(RRL) system and incubated in a reaction containing dNTPs and a G-rich oligonucleotide 

ssDNA primer (green line). Telomerase extends the primer with the available dNTPs 

(step 1) and the extension products are subsequently amplified using the polymerase 

chain reaction (PCR) (step 2). The PCR reaction contains forward (TS; blue line) and 

reverse (ACX; black line) primers and radiolabelled dGTP (indicated by red asterisks). 

The PCR amplification products are resolved by PAGE and visualized by 

autoradiography or phosphorimaging (step 3).  
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Figure 2.3: Schematic of the conventional telomerase activity assay. 

Human telomerase (red oval) is reconstituted in vitro with the rabbit reticulocyte lysate 

(RRL) system and incubated in a reaction containing dTTP, dATP, and radiolabelled 

dGTP (indicated in red font and with a red asterisk) and a 5’-biotinylated telomeric 

ssDNA primer, such as (TTAGGG)3. Telomerase extends the biotinylated primer with 

the available dNTPs (step 1) and the extension products are subsequently immobilized on 

streptavidin resin (step 2). The extension products are boiled off the resin, resolved by 

denaturing PAGE, and visualized by phosphorimaging (step 3). 
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primer, and 6 μL [α-32P]dGTP (3000 Ci/mmol, 10 mCi/mL) (GE Healthcare). The 

elongation reaction was incubated in a 30C water bath for 3.5 h and then terminated by 

adding 50 µl of stop buffer (10 mM EDTA; 2 M NaCl; 0.1 mg/ml RNase A) and 

incubating in a 37°C water bath for 15 min.  

Aliquots (70 L) of Streptavidin MagneSphere® paramagnetic beads (Promega, 

Fisher Scientific Ltd.) were pre-equilibrated by washing three times with 250 μL buffer A 

(10 mM Tris-HCl, pH 7.5; 1 M NaCl; 0.5 mM EDTA). The pre-equilibrated beads were 

resuspended in 250 μL buffer A and incubated with the elongation reaction (above) for 1 

h at room temperature, during which time the samples were mixed by pipetting once 

every 10-15 min. Subsequently, the bead–elongation product complexes were washed 

three times with buffer A, twice with buffer B (10 mM Tris-HCl, pH 7.5), resuspended in 

10 l loading dye (95 % [vol/vol] deionized formamide; 10 mM EDTA; 0.05 % [wt/vol] 

xylene cyanol; 0.05 % [wt/vol] bromophenol blue), and boiled for 30 min. Telomerase 

elongation products (9 μL) were resolved by electrophoresis though a denaturing (8 M 

urea) gel containing 8 % (wt/vol) polyacrylamide (19:1 [wt/wt] acrylamide

bisacrylamide) at 1500 V for 1 h 50 min. The gel was dried on a piece of Whatman 3MM 

filter paper for 1 h at 80ºC with a Model 583 Gel Dryer, covered in plastic wrap, and 

exposed to a phosphorimaging screen. 

2.6.3 Pulse-chase conventional telomerase activity assay 

Pulse-chase CTA assays were used to determine the repeat addition processivity 

of human telomerase in Chapter 4, using protocols similar to those described previously 
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[139,208]. RRL containing reconstituted telomerase was incubated in a 40 μL reaction 

containing 1x CTA buffer (10x stock = 500 mM Tris-HCl, pH 8.3; 500 mM KOAc; 10 

mM MgCl2; 50 mM β-mercaptoethanol; 10 mM spermidine), 1.5 µM 5’-biotinylated 

(TTAGGG)3 primer, 1 mM dATP, 1 mM dTTP, 1.25 µM dGTP, and 6 L [α-32P]dGTP 

(3000 Ci/mmol, 10 mCi/mL) (GE Healthcare) at 30ºC for 5 min (‘pulse’). The pulse 

reaction was incubated with 200 µM non-biotinylated (TTAGGG)3 primer for 5, 15, or 

30 min (‘chase’) and terminated by incubating with stop buffer (10 mM EDTA; 2 M 

NaCl; 0.1 mg/mL RNase A) at 37°C for 15 min. Elongated biotinylated pulse primers 

were separated from elongated non-biotinylated chase primers by immobilization on 

streptavidin MagneSphere® paramagnetic beads, as described above for the standard 

CTA. 

2.6.4 Quantification of conventional telomerase activity assay data 

Telomerase activity (i.e. DNA synthesis) was measured using data collected with 

the standard CTA assay and repeat addition processivity was calculated with the data 

obtained in pulse-chase CTA experiments (Chapter 4) or standard CTA experiments 

(Chapters 3 and 5). The signal of each elongation product was quantified using Quantity 

One® version 4.5.0 software (Bio-Rad) and normalized to the total number of [α 

32P]dGTP incorporated [139]. 

Total DNA synthesis within the first hexameric telomeric repeat (Pi) was 

calculated using the formula Pi = (Ti + Ti+1 + … + Ti+5). T values correspond to the signal 

of the elongation product at position i. For the 18 nt telomeric primer (bio-TELO18), the 
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normalized values obtained at positions Ti … Ti+5 in each independent experiment were 

added and expressed as a fraction of WT telomerase activity. For bio-TELO6, only the 

most intense products within the first telomeric repeat were quantified. Next, the signals 

at each position were summed to determine the total DNA synthesis within the first 

repeat. This value was expressed relative to the total DNA synthesis calculated for the 

wild type enzyme in the same experiment. The results of three independent experiments 

were averaged and the SEM was calculated.  

Repeat addition processivity (Pi) was calculated within the first three (for bio

TELO6 data) or five (for bio-TELO 18 data) hexameric repeats, using methods similar to 

those described previously [139,341]. The normalized signals of the +6, +12, +18, +24, 

+30, and +36 elongation products were applied to the formula Pi = (Ti+6)/(Ti + Ti+6). First, 

we calculated the repeat addition processivity for each pair of elongation products 

separately. Next, the repeat addition processivity values at each position were summed to 

determine the overall processivity within the repeats that were quantified. The overall 

processivity results of three independent experiments were averaged (RAPx [mut or wt]) and 

the SEM was calculated (SEMx [mut or wt]). Average repeat addition processivity for mutant 

telomerases was expressed relative to the wild type enzyme (RAPy) and the SEM (SEMy) 

was calculated using the formula shown below. The final repeat addition processivity and 

SEM values were multiplied by 100 to report as a percent wild type telomerase repeat 

addition processivity ± SEM.  

SEMy/RAPy = sqrt ({SEMx[wt]/RAPx[wt]}
2 + {SEMx[mut]/RAPx[mut]}

2) 
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2.6.5 Statistical analysis of conventional telomerase activity assay data 

Statistical significance was assessed using GraphPad InStat version 3.00®. 

Student’s two-tailed unpaired T-tests were calculated to determine if DNA synthesis or 

repeat addition processivity was statistically different for human telomerase reconstituted 

with hTERT WT compared to mutant hTERT. 
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Chapter Three: Characterization of physical and functional anchor site interactions 
in human telomerase 

3.1 Preface 

As discussed previously, multiple studies have provided evidence for DNA-

binding domains in TERT that reside outside the catalytic domain (anchor sites). Anchor 

sites are thought to bind telomeric and G-rich ssDNA primers upstream of the template-

hybridizing region and confer telomerase with the property of repeat addition 

processivity (RAP). At the time of this study, the information available about human 

TERT (hTERT) anchor sites had been inferred from activity-based assays and it was not 

clear if hTERT could bind telomeric ssDNA in the absence of the human telomerase 

RNA subunit (hTR). We developed a DNA-binding assay, the primer binding assay, to 

identify regions in hTERT that regulate the strength and sequence-specificity of physical 

interactions with ssDNA in vitro. The primer binding assay was used in conjunction with 

the conventional telomerase activity assay to investigate the relationship between primer 

binding and primer utilization and identify separation-of-function hTERT mutants.  

3.2 Summary 

Telomerase is a ribonucleoprotein reverse transcriptase that adds telomeric DNA 

to the 3’-ends of linear chromosomes and is crucial for genome stability. It is thought that 

the N-terminal extension (NTE) of the protein subunit, TERT, contains an anchor site 

that forms stable interactions with G-rich ssDNA to facilitate telomere synthesis and 
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RAP. According to this hypothesis, hTERT should bind telomeric ssDNA in the absence 

of the hTR. In this work, we developed a primer binding assay to study interactions 

between RRL-reconstituted hTERT and ssDNA primers in vitro. We provide the first 

detailed evidence that hTERT can form stable and sequence-specific interactions with 

telomeric ssDNA in the absence hTR. Our results also demonstrate that hTERT-mediated 

primer binding can be functionally uncoupled from telomerase-mediated primer 

extension. The primer binding results demonstrate that the first 350 amino acids of 

hTERT have a critical role in regulating the strength and specificity of protein-ssDNA 

interactions, supporting the presence of an anchor region in the TERT NTE. We also 

identified primer grip regions in the hTERT NTE and RT domain that are important for 

physical and functional interactions with ssDNA primers in vitro. Collectively, our data 

indicate that hTERT contains distinct anchor regions that likely co-operate to regulate the 

recognition and elongation of telomeric ssDNA. 

3.3 Results 

3.3.1 hTERT interacts sequence-specifically with telomeric ssDNA in the absence of 
hTR 

The primer binding assay was developed to characterize physical interactions 

between the telomerase catalytic protein subunit, hTERT, and ssDNA oligonucleotides in 

vitro. [35S]cysteine-labelled FLAG-hTERT (simply referred to as hTERT from this point 

forth) was reconstituted in RRL in the absence of hTR and tested for its ability to interact 

with 5’-biotinylated primers comprised of telomeric or anti-telomeric ssDNA (Table 3.1).  
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Table 3.1: Description of ssDNA primers used in primer binding studies and 
conventional telomerase activity assays. 

Name 
Length 

(nt) 
DNA Sequence (5’ to 3’) 

bio-TELO24 24 TTAGGG TTAGGG TTAGGG TTAGGG 

bio-TELO18 18 TTAGGG TTAGGG TTAGGG 

bio-TELO12 12 TTAGGG TTAGGG 

bio-TELO6 6 TTAGGG 

bio-antiTELO18 18 AATCCC AATCCC AATCCC 

TELO24 24 TTAGGG TTAGGG TTAGGG TTAGGG 

These primers were tested for physical interaction with hTERT in the primer binding 

assay and telomerase-mediated extension in the conventional telomerase activity assay 

(bio-TELO18 and bio-TELO6). Primers containing a 5’-biotin molecule are indicated 

with the prefix ‘bio’. 
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Biotinylated ssDNA primers (and associated hTERT proteins) were purified using 

neutravidin resin. Initial primer binding experiments were conducted using buffers that 

contained 24 mM, 50 mM, 90 mM, or 190 mM HEPES (Figure 3.1). Minimal levels of 

hTERT background-binding were observed with buffers containing 50 mM or 90 mM 

HEPES. Subsequent experiments were conducted with the 90 mM HEPES buffer. Using 

these experimental conditions, hTERT showed a strong interaction with bio-TELO24, the 

primer comprised of 24 nt of human telomeric ssDNA (i.e. four consecutive TTAGGG 

repeats) (Figure 3.2). In contrast, the interaction between hTERT and bio-antiTELO18, 

an 18 nt anti-telomeric primer containing the sequence (AATCCC)3, was markedly 

reduced (p < 0.001), confirming that the hTERT-DNA interactions detected in this assay 

were specific for telomeric ssDNA (Figure 3.2). The 18 nt anti-telomeric primer was used 

as a negative control instead of a 24-mer because the interaction between hTERT and 

bio-TELO18 was slightly stronger than that with bio-TELO24 and human telomerase was 

more active with bio-TELO18 than bio-TELO24 (Figures 3.3 and 3.4, respectively). No 

interaction was observed when bio-TELO24 was incubated with comparable counts of in 

vitro synthesized [35S]cysteine-labelled luciferase (Figure 3.2), providing additional 

evidence for the specificity of the interactions between hTERT and human telomeric 

ssDNA. Negligible amounts of hTERT bound the neutravidin resin in the absence of an 

oligonucleotide or in the presence of a non-biotinylated 24 nt telomeric primer, TELO24 

(Figure 3.2). To correct for non-specific background binding in subsequent primer 

binding experiments, we measured the signal intensity of TELO24-bound hTERT and 

subtracted this from the signal intensity derived from biotinylated DNA-bound hTERT. 
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Figure 3.1: Optimizing the primer binding assay.  

The primer binding assay was used to test for interactions between [35S]cysteine-labelled 

hTERT and 5’-biotinylated and non-biotinylated telomeric ssDNA (bio-TELO24 and 

TELO24, respectively) and 5’-biotinylated anti-telomeric ssDNA (bio-antiTELO18) in 

reactions that contained 24 mM, 50 mM, 90 mM, or 190 mM HEPES buffer. Reactions 

conducted in 90 mM HEPES buffer yielded a strong interaction between [35S]cysteine

labelled hTERT and bio-TELO24 and minimal non-sequence-specific interactions with 

bio-antiTELO18. Furthermore, negligible amounts of hTERT-TELO24 complexes were 

retained non-specifically on the neutravidin resin using the buffer that contained 90 mM 

HEPES. This experiment was performed twice.  
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Figure 3.2: hTERT interacts sequence-specifically with telomeric ssDNA in vitro. 
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Figure 3.2: hTERT interacts sequence-specifically with telomeric ssDNA in vitro. 

Top, Comparable amounts of [35S]cysteine-labelled hTERT or luciferase proteins (left 

panel) were tested for physical interactions with biotinylated or non-biotinylated DNA 

primers (right panel). [35S]cysteine-labelled hTERT bound 5’-biotinylated ssDNA 

primers containing 24 telomeric nt (bio-TELO24) and showed a significantly reduced 

interaction with 5’-biotinylated primers comprised of anti-telomeric ssDNA (bio

antiTELO18). Very low levels of [35S]cysteine-labelled hTERT were non-specifically 

retained on the neutravidin resin in the absence of DNA or after incubation with non

biotinylated telomeric DNA (TELO24). As the control, [35S]cysteine-labelled luciferase 

did not interact with bio-TELO24. 

Bottom, Quantification and statistical analysis of the primer binding experiments is 

shown in graphical format. The results are reported as the mean % DNA-bound hTERT ± 

SEM of at least four independent experiments. Asterisks denote levels of statistical 

significance compared to the relative strength of the interaction between hTERT and bio

TELO24, as determined using Student’s two-tailed unpaired T-tests; p < 0.01 (**) and p 

< 0.001 (***). 



122 

Figure 3.3: hTERT binds 5’-biotinylated primers containing different lengths 
telomeric ssDNA. 
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Figure 3.3: hTERT binds 5’-biotinylated primers containing different lengths of 

telomeric ssDNA. 

Top, Approximately equivalent amounts of [35S]cysteine-labelled hTERT were incubated 

in a primer binding reaction containing 600 pmol of the indicated 5’-biotinylated 

oligonucleotide (Table 3.1). hTERT-DNA complexes were immobilized on neutravidin 

beads, purified, resolved by 8 % SDS-PAGE, and detected by autoradiography.  

Bottom, Quantification and subsequent statistical analysis of the primer binding 

experiments is shown in graphical format. Results are reported as the mean % DNA-

bound hTERT ± SEM of seven independent experiments. Asterisks denote levels of 

statistical significance as determined using one-way ANOVA; p < 0.0001 (***). 
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Figure 3.4: Telomerase extends 5’-biotinylated ssDNA primers containing different 
lengths of telomeric DNA in vitro. 
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Figure 3.4: Telomerase extends 5’-biotinylated ssDNA primers containing different 

lengths of telomeric DNA in vitro. 

Human telomerase was reconstituted with hTERT and hTR and tested for its ability to 

extend 5’-biotinylated ssDNA primers (Table 3.1) using the conventional telomerase 

activity assay. Telomerase efficiently extended primers containing different lengths of 

telomeric ssDNA but not anti-telomeric ssDNA. The size of the elongation products, as 

indicated on the left side of the image, was determined based on the migration of 5’

radiolabelled TELO18 primer that contained a biotin molecule at the 3’-end. 
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3.3.2 Investigating the relationship between physical and functional hTERT-DNA 
interactions 

We combined the primer binding assay with the conventional telomerase activity 

assay (CTA) to directly compare physical hTERT-DNA interactions with functional 

interactions between human telomerase and the same ssDNA primers (i.e. primer 

extension). We studied a series of primers containing different lengths of human 

telomeric ssDNA (Table 3.1) because telomerase elongates primers containing two or 

three TTAGGG repeats more efficiently than one or four TTAGGG repeats [163,272]. To 

determine if differences in  hTERT-DNA interactions could explain the differences in 

primer utilization, we compared the ability of hTERT to bind biotinylated primers 

containing one, two, three, or four consecutive TTAGGG repeats with the ability of 

telomerase to elongate these DNA primers (Figures 3.3 and 3.4, respectively).  

As shown in Figure 3.3, hTERT bound each telomeric ssDNA primer with similar 

avidity (p > 0.05), although the primer binding assay might lack the sensitivity required 

to detect, with statistical confidence, subtle differences in hTERT binding to each DNA 

primer. We observed that one TTAGGG repeat was sufficient for a stable and sequence-

specific interaction with hTERT in vitro, indicating that the 5’-biotin did not impede 

hTERT from contacting short stretches of telomeric ssDNA. The interaction between 

hTERT and bio-TELO12 or bio-TELO6 was significantly greater than that observed with 

bio-antiTELO18, providing additional evidence for the specificity of hTERT-DNA 

interactions measured in this assay. In contrast to the primer binding results, yet 

consistent with previous studies, CTA experiments showed that human telomerase was 
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more active on telomeric primers containing two or three TTAGGG repeats than on 

primers containing one or four repeat(s) (Figure 3.4) [163,272]. This result indicated that 

the relative strength of physical hTERT-telomeric ssDNA interactions was not the sole 

determinant of the efficiency with which telomerase extended these primers.   

3.3.3 Primer binding can be functionally uncoupled from primer utilization  

The preceding experiments suggested that the requirements for a physical 

interaction between hTERT and telomeric ssDNA were different than those needed for 

primer extension in vitro. We therefore investigated the DNA-binding activity of hTERT 

containing a D712A mutation, which disrupts the evolutionarily-conserved triad of metal-

coordinating aspartic acids that are required for catalysis (D712, D868, and D869) 

[119,123,124]. hTERT D712A bound telomeric ssDNA primers at levels that were 

indistinguishable from wild type hTERT (Figure 3.5). However, as anticipated, human 

telomerase reconstituted with hTERT D712A was catalytically inactive (Figure 3.6). The 

loss of catalytic activity was not due to reduced stability of the hTERT D712A protein in 

RRL, as determined by comparable levels of [35S]cysteine-labelled WT and D712A 

hTERT (Figure 3.5, top left panel). These experiments provided evidence that primer 

binding could be functionally uncoupled from primer utilization in human telomerase. 

Further support is provided by experiments described in the following sections.  
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Figure 3.5: hTERT D712A binds telomeric ssDNA as efficiently as WT hTERT. 
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Figure 3.5: hTERT D712A binds telomeric ssDNA as efficiently as WT hTERT.   

Top, Comparable amounts of [35S]cysteine-labelled hTERT (left panel) were tested for 

physical interaction with the indicated ssDNA primer (right panel). hTERT-DNA 

complexes were immobilized on neutravidin beads, purified, and the reaction products 

were separated by 10 % SDS-PAGE and visualized with autoradiography.  

Bottom, Quantification and statistical analysis of the primer binding results is shown in 

graphical format. Results are reported as the mean % DNA-bound hTERT ± SEM of at 

least three independent experiments. No statistically significant differences were detected 

between hTERT WT and D712A primer binding results, as determined using Student’s 

two-tailed unpaired T-tests and the hTERT WT primer binding data set shown in Figure 

3.3. 
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Figure 3.6 Human telomerase reconstituted with hTERT D712A is catalytically 
inactive. 
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Figure 3.6 Human telomerase reconstituted with hTERT D712A is catalytically 

inactive. 

Human telomerase was reconstituted with hTR and hTERT or hTERT D712A and tested 

for its ability to extend 5’-biotinylated ssDNA primers comprised of 18 nt or 6 nt of 

telomeric ssDNA using the conventional telomerase activity assay (bio-TELO18 and bio

TELO6, respectively). As the control, hTERT was synthesized in the absence of hTR to 

demonstrate that the activity is not due to contaminating polymerases in the RRL. The 

positions of the 22 nt and 28 nt (bio-TELO18) or 10 nt and 16 nt (bio-TELO6) elongation 

products are indicated on the left side of the image. 
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3.3.4 Identification of hTERT regions required for stable interaction with telomeric 
ssDNA 

We tested several hTERT truncation proteins in the primer binding assay to 

identify regions of hTERT that mediate the strength and sequence-specificity of 

interactions with telomeric ssDNA, [147,148]. As shown in Figure 3.7, this panel 

included N-terminal fragments (spanning residues 1-300 or 1-350), mutants that lack 

different regions of the N-terminus (mutants that span residues 301-1132 or 351-1132), 

C-terminal fragments (spanning residues 928-1132 or 967-1132), and RT domain 

variants (spanning residues 505-967 and 601-927). Many of these truncated proteins have 

previously been shown to bind hTR and the telomerase-associated protein TEP1 

[148,208]. Furthermore, the proteins are not degraded when expressed in RRL or in 

human cells ([131,148,152,208] and Figure 3.8). Collectively, these results indicate that 

the truncated proteins are not grossly misfolded although we cannot rule out changes in 

protein conformation. Each primer binding experiment contained comparable counts of 

radiolabelled hTERT, as assessed by SDS-PAGE and autoradiography, to ensure an 

accurate comparison of different hTERT variants (Figure 3.8). Additional product bands 

migrating below the expected molecular mass of each hTERT construct likely represent 

prematurely truncated proteins and/or proteins synthesized from non-coding start sites. 

These products did not interact with the biotinylated primers at levels that exceeded 

background binding. 
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Figure 3.7: Schematic summary of the hTERT truncation mutants tested in the 
primer binding assay.  

These deletion constructs were used to delineate regions of hTERT that mediate stable 

and human telomere sequence-specific interactions with ssDNA primers. The full length 

protein is represented by a blue rectangle and the N-terminal FLAG epitope is shown in 

purple. Specific colors are superimposed upon the full length protein to represent 

different protein domains. The telomerase essential N-terminal (TEN) domain is shown 

in cyan; the telomerase RNA-binding domain (TRBD) in pink; the telomerase specific 

motif (T) is shown in green; and the reverse transcriptase (RT) domain in yellow. 
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Figure 3.8: hTERT deletion constructs are stably expressed in vitro. 

10 % SDS-PAGE and autoradiography was used to show that the amount of RRL added 

to primer binding reactions contained equivalent amounts of radiolabelled hTERT. 

Control reactions included RRL without protein (RRL control) and RRL containing 

cDNA for the pCI vector control. Bands corresponding to the molecular mass of each 

hTERT mutant were quantified and normalized to that of the full length protein.  
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We first investigated protein-DNA interactions using the N-terminal variants. The 

interaction between hTERT 1-300 and each telomeric primer was indistinguishable from 

that of full length hTERT, whereas the slightly larger fragment spanning amino acids 1

350 showed significantly reduced interactions with telomeric ssDNA (p < 0.05) (Figure 

3.9). hTERT 1-300 also showed an abnormally strong interaction with bio-antiTELO18 

relative to full length hTERT (p < 0.01) (Figure 3.9). This result suggested that the region 

between amino acids 300 and 350 might negatively regulate the strength of hTERT

ssDNA interactions and provide specificity for telomeric ssDNA.  

To expand this observation, we assessed the DNA-binding properties of hTERT 

mutants that lacked either the first 300 amino acids (hTERT 301-1132) or the first 350 

amino acids (hTERT 351-1132). Consistent with the above observations, hTERT 301

1132 showed a reproducible reduction in binding short telomeric ssDNA (bio-TELO12 

and bio-TELO6) when compared to full length hTERT (Figure 3.10). However, hTERT 

301-1132 showed a more stable interaction with bio-antiTELO18 than full length hTERT 

(p < 0.05) (Figure 3.10). This might indicate that the region spanning amino acids 300 to 

350 functions in cis with the extreme N-terminus (i.e. the first 300 amino acids) to 

provide hTERT with specificity for telomeric ssDNA (see discussion).  

We next tested two protein fragments that lacked the NTE and RT domain 

(hTERT 928-1132 and 967-1132) to determine if the hTERT CTE was sufficient to bind 

telomeric ssDNA in vitro. Neither hTERT 928-1132 nor 967-1132 bound telomeric 

ssDNA primers at levels that exceeded background binding, indicating that the CTE does 

not contain a high affinity DNA-binding domain (Figure 3.11). Lastly, we determined if  
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Figure 3.9: Identification of hTERT N-terminal regions required to support a stable 
and sequence-specific interaction with telomeric ssDNA. 
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Figure 3.9: Identification of hTERT N-terminal regions required to support a stable 

and sequence-specific interaction with telomeric ssDNA 

Top, Approximately equivalent counts of [35S]cysteine-labelled hTERT (Figure 3.8) were 

tested for physical interaction with the indicated ssDNA primer (Table 3.1).  hTERT-

DNA complexes were immobilized on neutravidin beads, purified, and the reaction 

products were separated by 10 % SDS-PAGE and visualized with autoradiography.  

Bottom, Quantification and statistical analysis of the primer binding results is shown in 

graphical format. Results are reported as the mean % DNA-bound hTERT ± SEM of at 

least three independent experiments. Asterisks denote levels of statistical significance 

compared to the interaction observed between full length hTERT and the corresponding 

primer, as determined using Student’s two-tailed unpaired T-tests and the hTERT WT 

primer binding data set shown in Figure 3.3; p < 0.05 (*), and p < 0.01 (**). 
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Figure 3.10: The hTERT N-terminus is important for telomeric ssDNA-binding 
activity in vitro. 
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Figure 3.10: The hTERT N-terminus is important for ssDNA-binding activity in 

vitro. 

Top, Approximately equivalent amounts of [35S]cysteine-labelled hTERT (Figure 3.8) 

were tested for physical interaction with the indicated ssDNA primer (Table 3.1). 

hTERT-DNA complexes were immobilized on neutravidin beads, purified, and the 

reaction products were separated by 10 % SDS-PAGE and visualized with 

autoradiography. 

Bottom, Quantification and statistical analysis of the primer binding results is shown in 

graphical format. Results are reported as the mean % DNA-bound hTERT ± SEM of at 

least three independent experiments. Asterisks denote levels of statistical significance 

compared to the interaction observed between full length hTERT and the corresponding 

primer, as determined using Student’s two-tailed unpaired T-tests and the hTERT WT 

primer binding data set shown in Figure 3.3; p < 0.05 (*) and p < 0.01 (**). 
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Figure 3.11: Contribution of the hTERT CTE and RT domain to telomeric ssDNA
binding activity in vitro. 
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Figure 3.11: Contribution of the hTERT CTE and RT domain to telomeric ssDNA

binding activity in vitro. 

Top, RRLs containing approximately equivalent counts of [35S]cysteine-labelled hTERT 

(Figure 3.8) were tested for physical interaction with the indicated ssDNA primer (Table 

3.1). hTERT-DNA complexes were immobilized on neutravidin beads, purified, and the 

reaction products were separated by 10 % SDS-PAGE and visualized with 

autoradiography. 

Bottom, Quantification and statistical analysis of the primer binding results is shown in 

graphical format. Results are reported as the mean % DNA-bound hTERT ± SEM of at 

least three independent experiments. Asterisks denote levels of statistical significance 

compared to the interaction observed between full length hTERT and the corresponding 

primer, as determined using Student’s two-tailed unpaired T-tests and the hTERT WT 

primer binding data set shown in Figure 3.3; p < 0.05 (*), p < 0.01 (**), and  p < 0.001 

(***). 
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the RT domain alone could support stable interactions with telomeric ssDNA. Two 

different hTERT RT mutants were tested: the 601-927 variant comprises most of the RT 

domain, and the 505-967 mutant consists of the entire RT domain, the telomerase

specific motif, and a short stretch of residues C-terminal to the RT domain. With the 

exception of the interaction with bio-TELO6, we found that both RT mutants consistently 

bound telomeric ssDNA with greater avidity than that observed for the C-terminal 

fragments. In comparison to full length hTERT, however, the RT mutants exhibited a 

modest reduction in binding bio-TELO24 and significantly reduced interactions with bio

TELO18, bio-TELO12, and bio-TELO6 (Figure 3.11). This result indicates that the NTE 

makes a significant contribution to the overall stability of hTERT-DNA complexes, 

especially with short DNA primers (Figure 3.11). Interestingly, both RT mutants showed 

a slight, but reproducible, increase in the relative strength of the interaction with bio

antiTELO18, although this was not statistically significant (Figure 3.11). This could 

mean that the hTERT RT domain contains a length-dependent, sequence-non-specific 

ssDNA-binding activity whereas DNA-binding domains beyond the RT domain confer 

hTERT with specificity for human telomeric DNA.   
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3.3.5 Identification and characterization of hTERT primer grip regions  

We speculated that the region between amino acids 927 and 967 (RT motif E) was 

important for the length-dependent ssDNA binding demonstrated by hTERT 505-967. 

This region contains a five residue primer grip sequence (W930CGLL) that is conserved in 

other telomerase and non-telomerase RT proteins [117] (Figures 3.12 and 3.13). In HIV-1 

RT, the primer grip sequence is required for template-primer interactions and DNA 

polymerization [342]. Alanine substitution of the corresponding primer grip in S. 

cerevisiae Est2p impaired DNA synthesis and enzyme processivity [157]. To determine if 

this region was important for human telomerase activities, the putative primer grip region 

of full length hTERT was substituted with alanine residues. The hTERT RT-GRIP 

mutant was then synthesized in RRL and tested for its ability to recognize and utilize 

different lengths of telomeric ssDNA primers. hTERT RT-GRIP was expressed at levels 

similar to WT hTERT and bound bio-TELO24, bio-TELO18, and bio-TELO12 as 

efficiently as the WT protein (Figure 3.14). However, a statistically significant decrease 

in binding was observed with bio-TELO6 (p < 0.01), suggesting that the RT primer grip 

stabilized the interaction between hTERT and short stretches of telomeric ssDNA. 

Substitution of the RT primer grip abolished telomerase activity, indicating that the RT 

primer grip is critical for enzyme function in vitro (Figure 3.15 and Table 3.2). 

Importantly, these experiments provided additional evidence that the requirements for 

primer binding could be functionally uncoupled from primer utilization.  
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Figure 3.12: Conservation of the telomerase reverse transcriptase domain. 
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Figure 3.12: Conservation of the telomerase reverse transcriptase domain. 

This figure was taken from Nakamura et al. [117] and modified for visual clarity of the 

primer grip region in motif E (underlined in red).   

Multiple sequence alignment of telomerase reverse transcriptases (RTs) and other RT 

families (Sc_al, cytochrome oxidase group II intron 1-eoncoded protein from S. 

cerevisiae mitochondria; Dm_TART, RT from Drosophila melanogaster TART non-

LTR retrotransposable element). Residues in boldface are identical in at least three 

telomerase sequences in the alignment and coloured residues are highly conserved in 

telomerase and non-telomerase RTs. Telomerase reverse transcriptase (TRT) con and RT 

con indicate the consensus sequences for telomerase and non-telomerase RTs, 

respectively. Red arrowheads indicate some of the differences between telomerase and 

other RT enzymes. Numbers represent how many amino acids are located between each 

motif.  



146 

Figure 3.13: Amino acid sequence of hTERT indicating the locations of the primer 
grip regions within the N-terminus and RT domain.  

Blue type indicates amino acid residues located within the evolutionarily-conserved RT 

domain and red type indicates the primer grip regions in the N-terminus and RT domain. 
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Figure 3.14: hTERT primer grip regions are involved in regulating the strength and 
sequence-specificity of interactions with telomeric ssDNA. 
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Figure 3.14: hTERT primer grip regions are involved in regulating the strength and 

sequence-specificity of interactions with telomeric ssDNA. 

Top, Approximately equivalent amounts of [35S]cysteine-labelled hTERT (left panel) 

were tested for physical interaction with the indicated ssDNA primer (right panel). 

hTERT-DNA complexes were immobilized on neutravidin beads, purified, and the 

reaction products were separated by 10 % SDS-PAGE and visualized with 

autoradiography. 

Bottom, Quantification and statistical analysis of the primer binding results is shown in 

graphical format. Results are reported as the mean % DNA-bound hTERT ± SEM of at 

least three independent experiments. Asterisks denote levels of statistical significance 

compared to the interaction observed between WT hTERT and the corresponding primer, 

as determined using Student’s two-tailed unpaired T-tests and the hTERT WT primer 

binding data set shown in Figure 3.3; p < 0.05 (*) and p < 0.001 (***). 
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Figure 3.15: hTERT primer grip regions are important for primer extension. 
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Figure 3.15: hTERT primer grip regions are important for primer extension.  

Human telomerase was reconstituted with hTR and hTERT WT, hTERT N-GRIP, RT

GRIP, or N&RT-GRIP and tested for its ability to extend 5’-biotinylated ssDNA primers 

comprised of 18 nt or 6 nt of telomeric ssDNA using the conventional telomerase activity 

assay (bio-TELO18 and bio-TELO6, respectively). As the control, hTERT was 

reconstituted in the absence of hTR to demonstrate that the DNA extension activity 

detected with this assay is not catalyzed by polymerases in the RRL. The positions of the 

22 nt and 28 nt (bio-TELO18) or 10 nt and 16 nt (bio-TELO6) elongation products are 

indicated on the left side of the image. Table 3.2 shows the quantification of results 

obtained from at least three independent experiments. 
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Table 3.2: Quantification of activity and repeat addition processivity observed for 
human telomerase reconstituted with hTERT primer grip mutants. 

hTERT 
Mutant 

bio-TELO18 bio-TELO6 

DNA 
Synthesis 
(% WT ± 

SEM) 

Repeat Addition 
Processivity 

(% WT ± SEM) 

DNA 
Synthesis 
(% WT ± 

SEM) 

Repeat Addition 
Processivity 

(% WT ± SEM) 

N-GRIP 19 ± 10 § 87 ± 4 * 24 ± 10 * 25 ± 4 * 

RT-GRIP ND ND ND ND 

N&RT
GRIP 

ND ND ND ND 

Results are reported as the mean % DNA synthesis or repeat addition processivity ± 

SEM, relative to WT telomerase. DNA synthesis was calculated by measuring the signal 

intensity of the elongation products within the first hexameric repeat. For bio-TELO6, 

only the most intense products were quantified. Repeat addition processivity was 

determined by measuring the signal intensities of the pause products within the first five 

hexameric repeats (bio-TELO18) or first three hexameric repeats (bio-TELO6). Not 

detected (ND) indicates that telomerase was catalytically inactive. Asterisks denote 

statistical significance compared to WT telomerase, as determined using Student’s two-

tailed unpaired T-tests (p < 0.05, [*]) and the section sign (§) indicates p values that were 

not statistically significant despite a reproducible decrease in total DNA synthesis 

compared to the wild type enzyme. 
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As shown in Figure 3.13, analysis of the hTERT primary sequence revealed an 

additional putative primer grip in the hTERT NTE (W137GLLL). We hypothesized that 

this region might partially account for the strong DNA-binding activity displayed by the 

hTERT mutant spanning amino acids 1-300. W137GLLL was substituted with A137AAAA 

in the context of full length hTERT (hTERT N-GRIP). The mutant was synthesized in 

RRL (at nearly equivalent levels to WT hTERT) and subsequently tested in the primer 

binding and CTA assays. Interestingly, hTERT N-GRIP bound telomeric ssDNA primers 

at levels similar to WT hTERT, but exhibited a relatively stronger association with bio

antiTELO18 (Figure 3.14). This suggested that the N-terminal primer grip was involved 

in the ability of hTERT to recognize human telomeric ssDNA. The functional importance 

of this region was revealed when telomerase reconstituted with hTERT N-GRIP 

exhibited significantly reduced levels of DNA synthesis and RAP with bio-TELO18 and 

bio-TELO6 (Figure 3.15 and Table 3.2). The catalytic defects were most severe with bio

TELO6, indicating that this region of the hTERT NTE is particularly important for 

telomerase-dependent elongation of short telomeric primers. Finally, a full length hTERT 

construct with alanine substitutions in both primer grips was generated. hTERT N&RT

GRIP was expressed in RRL at comparable levels to the WT protein (Figure 3.14, top left 

panel). The double mutant did not exhibit statistically significant alterations in its 

capacity to bind telomeric ssDNA (Figure 3.14). However, we did observe a reproducible 

reduction in the interaction with bio-TELO6 when compared to WT hTERT. Telomerase 

reconstituted with hTERT N&RT-GRIP was incapable of synthesizing telomeric DNA in 

vitro (Figure 3.15 and Table 3.2). 
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3.3.6 hTERT DAT regions are involved in primer binding and utilization 

hTERT contains several DAT domains that dissociate the biological and catalytic 

activities of telomerase and have been implicated in physical and functional telomerase

telomere interactions [140,162,163,165-167]. We used the primer binding and CTA 

assays to test the DNA-binding properties and catalytic activity, respectively, of five 

well-characterized hTERT DAT mutants [140,162,165]. These included four N-terminal 

mutants (DAT +68, DAT +98, DAT +122, and DAT +128) and the lone C-terminal 

mutant (DAT +1127). The DAT mutations are six amino-acid NAAIRS substitutions that 

are reported to have negligible impact on overall protein structure because the NAAIRS 

peptide sequence maintains protein length and can adopt multiple conformations 

[162,343]. Importantly, it has previously been shown that the DAT mutants studied here 

interact with hTERT (multimerization) and hTR in vitro [140,162]. 

hTERT DAT mutants were synthesized as [35S]cysteine-labelled proteins in RRL 

at levels comparable to WT hTERT (Figure 3.16, top left panel). These proteins were 

tested for ssDNA-binding and enzyme activity in vitro. With the exception of the 

interaction between hTERT DAT +122 and bio-TELO24, the DAT mutants appeared to 

associate more weakly with telomeric ssDNA primers than WT hTERT, although this 

was not always statistically significant (Figure 3.16). hTERT DAT +68 and hTERT DAT 

+98 exhibited the weakest interactions with ssDNA primers containing 18, 12, or 6 

telomeric nt (p < 0.05). Telomerase reconstituted with these mutants also exhibited 

reduced levels of DNA synthesis with bio-TELO18 and bio-TELO6, indicating that 

impaired ssDNA-binding might contribute to the catalytic defects of these mutants 
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(Figure 3.17 and Table 3.3). Repeat addition processivity was unaffected with bio

TELO18 but reduced with bio-TELO6 (p < 0.01), suggesting that the +68 and +98 DAT 

regions are critical for processive elongation of short telomeric primers. Telomerase 

reconstituted with hTERT DAT +122 showed significant reductions in DNA synthesis 

and RAP (bio-TELO6) (Figure 3.17 and Table 3.3). hTERT DAT +128 exhibited a 

general trend of weaker ssDNA-binding than WT hTERT (Figure 3.16). Interestingly, 

although this mutant catalyzed near wild type levels of DNA synthesis with bio-TELO18, 

enzyme activity was significantly impaired with the short primer, bio-TELO6 (Figure 

3.17). Similar to the DAT +128 mutant, hTERT DAT +1127 exhibited a general trend of 

weaker ssDNA-binding than WT hTERT (Figure 3.16). However, telomerase 

reconstituted with this mutant demonstrated profound functional defects and was devoid 

of catalytic activity with bio-TELO6, indicating that the C-DAT region is critical for 

enzyme function (Figure 3.17 and Table 3.3). The DAT mutants studied here did not 

show a statistically significant interaction with bio-antiTELO18 and thus, retained 

sequence-specificity for human telomeric ssDNA (Figure 3.16). Overall, we did not 

observe a direct correlation between the magnitude of the reduction in ssDNA-binding 

activity and reduction in enzyme activity or processivity. These results indicate that the 

DAT phenotype can result from alterations in multiple aspects of telomerase 

biochemistry, including hTERT-ssDNA interactions. 
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Figure 3.16: hTERT DAT regions are involved in primer binding. 
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Figure 3.16: hTERT DAT regions are involved in primer binding. 

Top, Approximately equivalent amounts of [35S]cysteine-labelled hTERT (left panel) 

were tested for physical interaction with the indicated ssDNA primer (right panel). 

hTERT-DNA complexes were immobilized on neutravidin beads, purified, and the 

reaction products were separated by 8 % SDS-PAGE and visualized with 

autoradiography. 

Bottom, Quantification and statistical analysis of the primer binding results is shown in 

graphical format. Results are reported as the mean % DNA-bound hTERT ± SEM of at 

least three independent experiments. Asterisks denote levels of statistical significance 

compared to the interaction observed between hTERT WT and the corresponding primer, 

as determined using Student’s two-tailed unpaired T-tests and the hTERT WT primer 

binding data set shown in Figure 3.3; p < 0.05 (*) and p < 0.01 (**). 
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Figure 3.17: hTERT DAT regions are involved in primer utilization. 
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Figure 3.17: hTERT DAT regions are involved in primer utilization.  

Human telomerase was reconstituted with hTR and hTERT WT, hTERT DAT +68, DAT 

+98, DAT +122, DAT +128, or DAT +1127 and tested for its ability to extend 5’

biotinylated ssDNA primers comprised of 18 nt or 6 nt of telomeric ssDNA using the 

CTA assay (bio-TELO18 and bio-TELO6, respectively). As the control, hTERT WT was 

reconstituted in the absence of hTR to demonstrate that the DNA extension activity 

detected with this assay is not catalyzed by polymerases in the RRL. The positions of the 

22 nt and 28 nt (bio-TELO18) or 10 nt and 16 nt (bio-TELO6) elongation products are 

indicated on the left side of the image. The quantification of these results is shown in 

Table 3.3. 
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Table 3.3: Quantification of DNA synthesis and repeat addition processivity 
observed for human telomerase reconstituted with hTERT DAT mutants. 

hTERT 
DAT 

Mutant 

bio-TELO18 bio-TELO6 

DNA 
Synthesis 
(% WT ± 

SEM) 

Repeat Addition 
Processivity 

(% WT ± SEM) 

DNA 
Synthesis 
(% WT ± 

SEM) 

Repeat Addition 
Processivity 

(% WT ± SEM) 

+68 60 ± 11 § 96 ± 5 44 ± 4 § 85 ± 1 ** 

+98 56 ± 14 § 98 ± 5 34 ± 4 * 82 ± 2 ** 

+122 38 ± 10 § 95 ± 6 34 ± 5 * 86 ± 1 ** 

+128 75 ± 24 93 ± 6 43 ± 7 * 85 ± 1 ** 

+1127 18 ± 9 * 86 ± 3 ND ND 

Results are reported as the mean % DNA synthesis or repeat addition processivity ± 

SEM, relative to WT telomerase. DNA synthesis was calculated by measuring the signal 

intensity of the elongation products within the first hexameric repeat. For bio-TELO6, 

only the most intense products were quantified. Repeat addition processivity was 

determined by measuring the signal intensities of the pause products within the first five 

hexameric repeats (bio-TELO18) or first three hexameric repeats (bio-TELO6). Not 

detected (ND) indicates that telomerase was catalytically inactive. Asterisks denote 

statistical significance compared to WT telomerase, as determined using Student’s two-

tailed unpaired T-tests (p < 0.01, [**] and p < 0.05, [*]), and the section sign (§) indicates 

p values that were not statistically significant despite a reproducible decrease in total 

DNA synthesis compared to the wild type enzyme.  
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3.4 Discussion 

3.4.1 hTERT interacts with telomeric ssDNA in the absence of hTR 

Here, we report the development of an activity-independent DNA-binding assay 

that was used to delineate regions of hTERT that formed stable and sequence-specific 

interactions with telomeric ssDNA. This assay utilizes biotinylated ssDNA 

oligonucleotides to test for protein-DNA interactions, similar to the methods that Snow et 

al. used to characterize interactions between telomeric ssDNA and the telomere-binding 

protein, hEST1A [344]. In this study, optimal reaction conditions were established to 

characterize in vitro interactions between the catalytic subunit of human telomerase, 

hTERT, and biotinylated ssDNA primers. We chose an in vitro approach to focus on 

hTERT-DNA interactions in the absence of cellular factors that may aid or inhibit this 

association in vivo. hTERT was synthesized in RRL in the absence of hTR to gain insight 

into important protein-DNA interactions that might be masked by hTR-DNA interactions. 

In addition, this approach was used because we could not determine how much 

recombinant hTERT was bound to hTR, making it impossible to distinguish between 

DNA-bound hTERT and DNA-bound hTERT-hTR species. Furthermore, the formation 

of hTERT-hTR complexes in RRL is relatively inefficient and technical difficulties have 

precluded the reconstitution of large quantities of purified hTERT-hTR complexes that 

would be needed for biochemical studies.  

The primer binding assay was used to show that hTERT synthesized in RRL 

could form stable and telomere-sequence-specific interactions with ssDNA in the absence 

of hTR. These observations are in accordance with those made by Sealey and Harrington, 

who have also found that hTERT interacts sequence-specifically with biotinylated 



161 

telomeric ssDNA in the absence of hTR (D. Sealey and L. Harrington, personal 

communication). We observed that hTERT interacts very weakly with ssDNA 

representing the sequence of the chromosome C-strand (bio-antiTELO18 primer). This 

observation provided evidence that the hTR template is not required for hTERT to 

recognize and bind telomeric ssDNA in vitro. This observation is consistent with a 

substantial amount of functional data indicating that the primary determinant of telomere 

recognition is protein contacts with the 5’-end of G-rich ssDNA primers [267,282-284]. 

3.4.2 Primer binding can be functionally uncoupled from primer utilization 

We used the primer binding and conventional telomerase activity assays to 

understand the relationship between physical hTERT-DNA interactions and functional 

telomerase-DNA interactions (summarized in Table 3.4). This experimental approach 

also allowed us to: 1) determine if the interactions detected in the primer binding assay 

were functionally relevant, and 2) identify separation-of-function hTERT mutants (i.e. 

proteins that retained ssDNA-binding activity but did not reconstitute functional 

enzymes). 

We concluded that physical hTERT-DNA interactions were functionally relevant 

because the anti-telomeric primer that showed negligible interaction with hTERT was not 

extended by telomerase in vitro. Likewise, hTERT formed stable interactions with each 

of the human telomeric primers that were primers for telomerase-dependent elongation. 

However, our studies revealed a complex relationship between the relative strength of 

hTERT-mediated primer binding and the efficiency of telomerase-mediated primer 

extension. Consistent with previous functional studies of human [163,272] and ciliate 
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[280,283,286,288] telomerase, we found that the catalytic activity of human telomerase 

was greatest with primers that contained 18 and 12 nt of telomeric DNA and much 

reduced with primers containing 24 and 6 nt of telomeric DNA. However, the primer 

binding results showed that hTERT bound each of these primers with similar avidity (p > 

0.05). One interpretation of these data is that only a small region of telomeric ssDNA is 

needed to form a stable hTERT-DNA complex, which is consistent with the ability of 

ciliate, yeast, and human telomerase to efficiently extend short telomeric primers in vitro 

[268,272,280,283,288,345]. However, we cannot rule out the possibility that the primer 

binding assay lacks the sensitivity that is required to measure subtle differences in 

protein-DNA interactions. 

Primer binding results indicated that the reduced activity of human telomerase on 

certain telomeric primers was not due to an overall reduction in the ability of hTERT to 

bind these DNA primers. We speculate that the decreased activity of telomerase with bio

TELO24 may, in part, be due to the ability of telomeric primers containing four 

consecutive TTAGGG repeats to adopt a higher-order DNA structure known as the G

quadruplex since our reaction conditions were similar to those in which these structures 

can form [346,347]. Prior to telomerase-mediated elongation, the G-quadruplex would 

have to be unwound to allow telomerase access to the ssDNA primer. In support of this, 

hPOT1 has been shown to stimulate the RecQ helicases WRN and BLM to unwind 

telomeric dsDNA structures and, upon doing so, increases the efficiency with which 

telomerase extends (TTAGGG)4 primers in vitro [74,347]. 

Our hypothesis that the protein requirements for telomere binding are distinct 

from those required for telomere elongation was supported by the finding that 
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catalytically inactive hTERT mutants bound telomeric primers as efficiently as WT 

hTERT. More specifically, we studied the relationship between primer binding and 

utilization using a catalytically inactive mutant containing a point mutation in the RT 

domain (hTERT D712A). The TERT RT domain contains an evolutionarily-conserved 

triad of metal-coordinating aspartic acids that are essential for catalysis in vitro and in 

vivo (D712, D868, and D869 in hTERT) [119,123,124]. As expected, human telomerase 

reconstituted with hTERT D712A was devoid of catalytic activity. However, hTERT 

D712A bound telomeric ssDNA-binding activity at levels that were indistinguishable 

from WT hTERT. This result provided evidence that physical primer binding could be 

functionally uncoupled from primer utilization and demonstrated the feasibility of using 

this approach to identify separation-of-function hTERT mutants.  

3.4.3 Evidence for multiple DNA-binding sites in hTERT 

Collectively, our primer binding experiments provided evidence for multiple 

ssDNA-binding sites in hTERT. We identified a strong DNA-binding activity within the 

first 300 amino acids. However, truncated hTERT mutants that lacked the first 300 amino 

acids also formed stable interactions with telomeric ssDNA. Furthermore, hTERT 

variants comprised of the RT domain alone retained weak telomeric ssDNA-binding 

activity in vitro. These results were independently supported in a recent study that used a 

similar primer binding assay to study TERT-DNA interactions in T. thermophila 

telomerase [286]. We found that the hTERT CTE was not sufficient to reconstitute stable 

hTERT-DNA interactions with telomeric ssDNA. In contrast, the CTE of T. thermophila 

TERT has been reported to be important for primer binding in vitro [286]. Similarly, a 
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weak nucleic-acid binding activity has been reported for the yeast TERT CTE [135]. 

These somewhat contradictory observations might be due to the different experimental 

approaches that were used to detect protein-DNA interactions. However, the TERT CTE 

has very weak sequence conservation and therefore, it is possible that this domain has 

evolved species-specific roles in telomere-binding. 

3.4.4 Contribution of a specific region within the hTERT N-terminus to primer 
recognition and utilization 

Previous studies have shown that human telomerase reconstituted in RRL with 

hTERT 301-1132 catalyzes short elongation products in the TRAP assay whereas 

telomerase reconstituted with hTERT 351-1132 is devoid of catalytic activity [148]. 

These functional defects could not be attributed to loss of hTR-binding. Furthermore, 

each truncation restored wild type levels of catalytic activity to its complementary N-

terminal fragment in trans [131,148]. However, 1-300 hTERT could not restore catalytic 

activity to hTERT 351-1132, identifying an important functional role for amino acids 300 

to 350 [131,148]. Collectively, these studies provided the first evidence that this 50

amino acid region might facilitate primer recognition and extension by mediating protein-

DNA interactions. 

Our primer binding results support this hypothesis and provide novel insight into 

the significance of this 50-amino acid region. Specifically, we found that this region was 

an important determinant of the strength and sequence-specificity of hTERT-ssDNA 

interactions in vitro. The apparent strength of the interaction between hTERT 1-300 and 

telomeric ssDNA primers was indistinguishable from that observed with the full length 
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protein. However, hTERT 1-300 showed an equally strong interaction with anti-telomeric 

ssDNA, suggesting that this fragment interacts with ssDNA in a sequence non-specific 

manner. Interestingly, sequence-specificity was restored in the hTERT 1-350 mutant. 

This result indicates that the region between residues 300 and 350 is critical for 

recognition of human telomeric ssDNA. Since hTERT 301-1132 also bound ssDNA in a 

sequence non-specific manner, we suggest that the 50-amino acid region acts in cis with 

the extreme N-terminus of hTERT to confer specificity for telomeric ssDNA.  

Interestingly, we also observed that the apparent strength of the interactions 

between hTERT 1-350 and telomeric ssDNA were significantly less than that observed 

with either full length or 1-300 hTERT. This leads us to suggest that the region between 

amino acids 300 and 350 may also negatively regulate the strength of the interaction 

between hTERT and telomeric ssDNA. We speculate that telomerase requires a negative 

regulatory DNA-binding domain because an exceedingly strong hTERT-DNA complex 

could ‘lock’ the enzyme into a conformation that impedes polymerization and 

translocation. In conclusion, we propose that hTERT contains at least two distinct, but 

co-operative, anchor regions that are partly regulated by the region spanning amino acids 

300 to 350. Further studies will be required to fully understand how this region mediates 

primer binding and utilization in human telomerase. 

3.4.5 hTERT primer grip regions are involved in primer binding and utilization 

In HIV-1 RT, the primer grip region in the RT domain is required for template-

primer interactions, DNA polymerization, and enzyme processivity [342]. This motif is 

structurally conserved in the TERT proteins. In Est2p, the RT domain primer grip 
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regulates telomerase activity in vitro and is necessary for telomerase-dependent telomere 

length maintenance in vivo [157]. Here, we showed that the RT primer grip was 

important for the apparent strength of interactions between hTERT and short telomeric 

ssDNA and was essential for telomerase activity in vitro. We identified a putative primer 

grip within the hTERT NTE that was involved in regulating sequence-specificity and 

elongation of telomeric primers in vitro. We speculate that the existence of two primer 

grips may be explained as follows: the evolutionarily conserved RT-primer grip is needed 

to align the 3’-end of the ssDNA primer in the catalytic site for telomerase-mediated 

elongation, and the N-terminal primer grip is involved in regulating the strength and 

specificity of protein interactions with the primer 5’-end. Together, optimal N- and RT-

primer grip interactions facilitate sequence-specific primer binding and processive 

elongation of telomeric primers.   

3.4.6 Not all DATs are created equal 

hTERT contains several DAT domains that are required for telomerase-dependent 

telomere length maintenance in human cells and elongation of completely telomeric 

primers in vitro [140,162,163,167]. The DAT mutations, however, do not hinder the 

ability of human telomerase to elongate non-canonical telomeric primers in vitro and 

therefore, dissociate the catalytic and biological activities of telomerase [140,162,167]. 

Importantly, the loss of biological activity is not due to abrogated interactions with hTR, 

protein degradation, or nuclear exclusion [140,162]. It has thus been speculated that the 

DAT domains are a key determinant of protein-DNA interactions at the telomere 

[140,162,163,165-167]. More specifically, DAT domains are thought to be involved in 
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either telomerase recruitment to the telomere (physical association with telomeric DNA) 

or in the accurate positioning of telomerase at the chromosome 3’-overhang (termed end-

positioning). Previous studies have relied on activity-based assays to gain insight into 

interactions between hTERT DAT mutants and telomeric ssDNA in vitro. The strength of 

our study is that we used an activity-independent DNA-binding assay to characterize 

physical interactions between specific hTERT DAT mutants and ssDNA primers.  

The primer binding results presented here provide the first direct insight into the 

ssDNA-binding capacity of hTERT DAT mutants. The DAT mutants studied here 

demonstrated slightly less stable interactions with telomeric ssDNA than WT hTERT. In 

most cases, telomerase reconstituted with these mutants exhibited reduced levels of DNA 

synthesis (bio-TELO18 and bio-TELO6) and reduced RAP (bio-TELO6). In a related 

study, Autexier et al. reported that telomerase reconstituted with hTERT DAT +110 

exhibited defects in RAP that were rescued at high primer concentrations, which 

provided indirect evidence for altered protein-DNA interactions [163]. Thus, it seems 

clear that the DAT mutations do alter the ability of hTERT to bind telomeric ssDNA. Our 

data indicate that there is not a direct correlation between the magnitude of the reduction 

in ssDNA-binding and severity of the catalytic phenotype. For example, although hTERT 

DAT +68 and +98 showed the weakest interactions with telomeric ssDNA, the most 

severe functional defect was associated with telomerase reconstituted with hTERT DAT 

+1127. This observation is consistent with the previous finding that extracts from human 

cells expressing hTERT DAT +1127 are devoid of catalytic activity [167] and provides 

additional evidence that the hTERT CTE has a critical role in telomerase function. 

Collectively, our results indicate that defects in various aspects of telomerase 
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biochemistry, including telomeric ssDNA-binding, can manifest the DAT phenotype. Not 

surprisingly, a complex interplay of interactions within the telomerase RNP complex 

appears to regulate the ability of the enzyme to recognize, bind, and elongate telomeric 

ssDNA. 

3.4.7 Perspectives 

We developed the first DNA-binding assay to characterize interactions between 

RRL-reconstituted hTERT and ssDNA primers in vitro. Our results provide the first 

evidence that hTERT can interact sequence-specifically with telomeric ssDNA in the 

absence of hTR. We also demonstrate that the first 350 amino acids of hTERT have a 

critical role in regulating protein-DNA interactions, which strengthens the hypothesis that 

the TERT NTE contains an anchor site. Importantly, we have uncovered an additional 

region within motif E of the RT domain that is involved in protein-DNA interactions and 

is essential for enzyme activity. Collectively, our data indicate that hTERT contains 

distinct anchor regions that co-operate to regulate telomerase-mediated DNA recognition 

and elongation. 
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Table 3.4: Summary of the primer binding and conventional telomerase activity 
assay results obtained with the hTERT constructs and bio-TELO18 or bio-TELO6. 
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Table 3.4: Summary of the primer binding and conventional telomerase activity 

assay results obtained with the hTERT constructs and bio-TELO18 or bio-TELO6.  

Results are reported relative to WT hTERT (DNA-binding) and telomerase (DNA 

synthesis and repeat addition processivity [RAP]). Sequence specificity refers to whether 

or not a stable interaction was observed between the hTERT construct and anti-telomeric 

ssDNA primer. Yes (Y) indicates that the construct did not interact with the anti

telomeric ssDNA primer and, thus, retained sequence-specificity and no (N) indicates 

that the hTERT mutant formed a relatively stable interaction with the anti-telomeric 

ssDNA primer and thus, was deemed to lack sequence-specificity.  A wild type (WT) 

designation means there was no statistically significant difference between the mutant 

and WT enzyme. Arrows indicate the relative reduction in DNA-binding, DNA synthesis, 

or RAP compared to WT telomerase: small reduction (↓), moderate reduction (↓↓), and 

dramatic reduction (↓↓↓). Not detected (ND) indicates that telomerase reconstituted with 

hTR and the hTERT mutant was catalytically inactive. The section sign (§) indicates 

values that are not statistically significant despite a reproducible decrease in DNA 

binding or total DNA synthesis compared to the WT enzyme. 
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Chapter Four: Human telomerase reverse transcriptase (hTERT) Q169 is essential 
for telomerase function in vitro and in vivo 

4.1 Preface 

In 2006, the atomic-resolution structure of the T. thermophila Telomerase 

Essential N-terminal (TEN) domain was determined by X-ray crystallography [143]. 

Phylogenetically-conserved residues on the surface of this domain were predicted to form 

a previously unrecognized ssDNA-binding channel that could represent a long sought-

after anchor site. Consistent with this, structure-function studies indicated that an 

invariant Gln was involved in ciliate and yeast telomerase anchor site function 

[143,278,289]. In this study, I characterized the corresponding residue in human 

telomerase reverse transcriptase (hTERT) to determine if the Gln residue was important 

for telomerase function, anchor site interactions, and telomere length maintenance in 

human telomerase.  

4.2 Summary 

Telomerase is a reverse transcriptase that maintains the telomeres of linear 

chromosomes and preserves genomic integrity. The minimal components for enzyme 

activity in vitro are a catalytic protein subunit, the telomerase reverse transcriptase 

(TERT), and an RNA subunit, the telomerase RNA (TR). Telomerase is unique in its 

ability to catalyze processive telomere repeat addition, which is facilitated by telomere-

specific DNA-binding domains in TERT called anchor sites. In lower eukaryotes, a 

conserved glutamine residue in the TERT N-terminus is important for anchor site 
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interactions. To understand the significance of this residue in human TERT (hTERT 

Q169), we performed site-directed mutagenesis to create neutral (Q169A), conservative 

(Q169N), and non-conservative (Q169D) mutant proteins. In this work, we show that 

these mutations severely compromise telomerase activity in vitro and in vivo. The 

functional defects are not due to abrogated interactions with hTR or telomeric ssDNA. 

However, substitution of hTERT Q169 dramatically impairs the ability of telomerase to 

incorporate nucleotides at the second position of the template. Furthermore, Q169 

mutagenesis alters the relative strength of hTERT-telomeric ssDNA interactions, which 

identifies Q169 as a novel residue in hTERT required for optimal primer binding. 

Proteolysis experiments indicate that Q169 regulates conformational flexibility of the 

hTERT N-terminus, providing the first evidence that this residue maintains the hTERT 

NTE in a conformation that is critical for catalytic function. Collectively, our results 

indicate that Q169 is important for a conformation of the hTERT N-terminus that is 

necessary for optimal substrate-enzyme interactions and nucleotide incorporation. We 

show for the first time that the conserved Gln is a functionally critical residue in human 

telomerase and provide the first detailed evidence regarding the cellular significance of 

this residue in higher eukaryotes. 

4.3 Results 

4.3.1 Q169 mediates the polymerase function of human telomerase in vitro 

We first sought to determine whether the evolutionarily-conserved Gln residue 

was required for human telomerase activity in vitro. Human telomerase complexes were 

assembled in RRL with N-terminally FLAG-tagged hTERT WT or Q169 mutant plasmid 
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DNA and in vitro transcribed hTR, and tested for enzyme activity using the Telomere 

Repeat Amplification Protocol (TRAP). We found that human telomerase reconstituted 

with either hTERT Q169A, Q169D, or Q169N exhibited a dramatic reduction in catalytic 

activity compared to the WT enzyme (Figure 4.1). Control reactions showed that RNase 

A inhibited these reactions, indicating that DNA synthesis was catalyzed by telomerase 

and not by contaminating polymerases present in the RRL. The Q169D substitution was 

particularly disruptive and largely eliminated enzymatic activity, perhaps due to 

electrostatic repulsion between the polyanionic DNA backbone and electronegative 

carboxylic acid side-chain. 

The TRAP is a highly sensitive method to detect telomerase activity. However, it 

does not distinguish between enzymes with catalytic defects (i.e. impaired DNA 

polymerization) and non-processive enzymes with translocation defects that synthesize 

fewer than four telomeric repeats [169,348]. Therefore, we used the CTA to gain more 

insight into the catalytic defects of the hTERT Q169 mutants. Similar to the TRAP 

results, human telomerase reconstituted with hTERT Q169A, Q169D, or Q169N 

exhibited markedly reduced activity compared to the WT enzyme when tested with an 18 

nt telomeric ssDNA primer, bio-TELO18 (Figure 4.2). CTA assays were performed with 

bio-TELO18 because human telomerase exhibits robust activity with this primer ([158] 

and Figure 3.4). Quantification of three independent experiments showed that telomerase 

reconstituted with hTERT Q169A was approximately 20 % as active as the WT enzyme 

(p < 0.001) (Table 4.1). The activity defect was more severe for telomerases reconstituted 

with either hTERT Q169D or hTERT Q169N, which were only 11 % and 14 % as active 

as WT telomerase, respectively (p < 0.001). We observed a striking defect in the ability  
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Figure 4.1: In vitro activity of telomerase reconstituted with hTERT Q169 mutants.  

Human telomerase was reconstituted in RRL with hTR and plasmid DNA for the pCI 

vector, hTERT WT, hTERT Q169A, hTERT Q169D, or hTERT Q169N and tested for in 

vitro enzyme activity using the telomere repeat amplification protocol. RRL 

reconstitution reactions (1 μL) were assayed in the presence and absence of 5 µg RNase 

A to show that DNA extension was catalyzed by telomerase and not by polymerases 

present in the RRL. The triangles represent a five-fold dilution of each reaction to 

confirm that the activity assays were in the linear range. This experiment was performed 

four times. 
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Figure 4.2: hTERT Q169 mutants exhibit defects in overall DNA synthesis.  

Human telomerase reconstituted in RRL with hTR and hTERT WT, Q169A, Q169D, or 

Q169N was tested for catalytic activity with an 18 nt telomeric primer, bio-TELO18. The 

positions of the 22 nt and 28 nt elongation product are shown at the left of the image and 

were determined by comparison with the mobility of a 5’-end-radiolabelled 18 nt 

telomeric primer containing a 3’-biotin residue (data not shown). The nucleotide 

corresponding to the second position of the hTR template region is indicated as + 2. The 

quantification and statistical analysis of these data are shown in Table 4.1.  
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Table 4.1: Quantification of DNA synthesis and repeat addition processivity 
observed for telomerase Q169 mutants with primer bio-TELO18. 

hTERT 
Mutant 

DNA Synthesis 
(% WT ± SEM) 

Repeat Addition 
Processivity 

(% WT ± SEM) 

Q169A 21 ± 1 *** 96 ± 4 

Q169D 11 ± 1 *** ND 

Q169N 14 ± 3 *** ND 

DNA synthesis was calculated using the data shown in Figure 4.3 and repeat addition 

processivity was determined from the data shown in Figure 4.4. Results were calculated 

from three independent experiments and the mean ± SEM is reported relative to the wild 

type enzyme. DNA synthesis was calculated within the first hexameric repeat and repeat 

addition processivity was determined within the first five hexameric repeats. Not detected 

(ND) indicates that the signal was below the detection limit of this assay and the data 

were not quantified. Asterisks denote the level of statistical significance compared to 

wild type telomerase, as determined using Student’s two-tailed unpaired T-tests: p < 

0.0001 (***). 
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of the Q169 mutants to incorporate the second nucleotide, which corresponds to the 

second G in the extension product 5’-GGGTTAG-3’. This could be explained if the Q169 

mutants have reduced affinity for the nucleotide that would be incorporated at this 

position. However, we have not been able to address this question because kinetic studies 

and derivation of affinity constants cannot be performed with RRL-reconstituted human 

telomerase. This limitation is due to the high abundance of RRL proteins and the inability 

to accurately quantify the concentration of functional enzyme. Similar arguments exist 

for FLAG-immunoprecipitated human telomerase. An alternative, but not necessarily 

independent explanation is that substitution of Q169 altered hTERT conformation, which 

prevented efficient nucleotide incorporation.    

Pulse-chase CTA experiments indicated that mutation of hTERT Q169 did not 

affect repeat addition processivity (RAP) (Figure 4.3). These experiments were 

performed by allowing telomerase to bind and extend bio-TELO18 for 5 min (‘pulse’), 

‘chasing’ the enzyme with several-fold excess non-biotinylated TELO18 (TELO18), and 

then isolating the biotinylated extension products with streptavidin-conjugated magnetic 

beads. Only processive enzymes continue to extend the pulse primer (bio-TELO18) when 

challenged with chase DNA (TELO18). A direct correlation was observed between the 

length of the extended, biotinylated products and the time that WT and Q169A 

telomerase were incubated with chase DNA. This result indicated that telomerase 

remained associated with bio-TELO18 and catalyzed processive DNA synthesis. 

Quantification of the repeat addition processivity within the first five telomeric repeats 

revealed that hTERT Q169A was at least 95 % as processive as WT telomerase when 

pulsed with bio-TELO18 and chased with TELO18 (p > 0.05). This data suggests that 
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Figure 4.3: Repeat addition processivity of hTERT Q169 mutants. 
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Figure 4.3: Repeat addition processivity of hTERT Q169 mutants. 

Pulse-chase CTA experiments were used to measure repeat addition processivity of 

human telomerase reconstituted in RRL with hTR and hTERT WT, Q169A, Q169D, or 

Q169N and bio-TELO18. The telomerase extension reaction was initiated with 1.5 µM 

bio-TELO18. Telomerase was allowed to extend bio-TELO18 for 5 min and then 

challenged with 200 µM chase primer (TELO18) for 5, 15, and 30 min. The first three 

lanes in each panel represent control reactions (left to right): pulse (5 min), reactions 

performed with pulse primers alone to show that telomerase can efficiently elongate this 

bio-TELO18; pulse + chase, pulse and chase primers added simultaneously to 

demonstrate the efficiency of the chase conditions; chase (30 min), reactions performed 

with the chase primer alone to show that the non-biotinylated reaction products are not 

isolated on streptavidin beads. The positions of the 22 nt and 28 nt elongation product are 

shown at the left of the image. The quantification and statistical analysis of these data are 

shown in Table 4.1. 
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hTERT Q169 has a critical role in the first round of DNA synthesis but is less important 

for subsequent rounds of DNA synthesis (i.e. translocation). However, we cannot rule out 

a potential role for Q169 in repeat addition processivity since were unable to quantify the 

processivity of telomerase reconstituted with hTERT Q169D or Q169N.  

4.3.2 Biochemical characterization of hTERT Q169 

To investigate the basis for the activity defects, we determined whether Q169 

modulates hTERT stability, conformation, and physical interactions with hTR. There was 

no appreciable difference in the protein levels of [35S]cysteine-labelled hTERT WT, 

Q169A, Q169D, or Q169N (Figure 4.4), indicating that Q169 mutagenesis does not have 

a significant impact on hTERT stability in vitro. However, it remained possible that Q169 

mutation might induce a conformational change in hTERT that inhibited enzyme activity 

without compromising protein stability. Therefore, RRL containing comparable levels of 

[35S]cysteine-labelled WT or Q169 mutated hTERT were subjected to limited proteolysis 

using chymotrypsin. Interestingly, the signal intensity of [35S]cysteine-labelled 

proteolytic fragments migrating at approximately 20 kDa was diminished in hTERT 

Q169A, Q169D, and Q169N. This result indicated that the hTERT Q169A, Q169D, and 

Q169N mutants were more susceptible to chymotrypsin digestion than hTERT WT 

(Figure 4.5). This was an hTR-independent effect because the proteolytic fragments 

derived from hTERT reconstituted in the presence of hTR were indistinguishable from 

those observed in its absence (Figure 4.6). This observation was confirmed with time-

course proteolytic digestions of [35S]cysteine-labelled hTERT WT, Q169A, Q169D, or 

Q169N that were synthesized in the presence and absence of hTR (Figures 4.7 and 4.8). 
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Figure 4.4: Substitution of hTERT Q169 does not alter protein stability in vitro. 

SDS-PAGE and autoradiography was used to assess the expression and stability of 

[35S]cysteine-labelled proteins synthesized in RRL. Reconstitution reactions contained 

plasmid DNA for the following (left to right): pCI ‘empty’ vector, hTERT WT, hTERT 

Q169A, hTERT Q169D, and hTERT Q169N. 2 μL of each RRL reaction were resolved 

by 8 % SDS-PAGE and visualized by autoradiography and phosphorimaging.  
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Figure 4.5: hTERT Q169 mutants show subtle differences in the proteolytic cleavage 
pattern following treatment with chymotrypsin.     

Comparable amounts of [35S]cysteine-labelled hTERT WT, hTERT Q169A, hTERT 

Q169D, or hTERT Q169N were incubated with 0, 10 ng/mL, 100 ng/mL, or 1000 ng/mL 

chymotrypsin at 30ºC for 2 min. Reactions were terminated by the addition of SDS

PAGE loading buffer and boiling (5 min). Following digestion, products were resolved 

by 12 % SDS-PAGE. Arrows indicate the proteolytic fragments that are reduced upon 

substitution of hTERT Q169. 
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Figure 4.6: Q169 modulates hTERT conformation in an hTR-independent manner.    

Comparable counts of human telomerase reconstituted with hTR and [35S]cysteine

labelled hTERT WT, hTERT Q169A, hTERT Q169D, or hTERT Q169N were incubated 

with 0, 10 ng/mL, 100 ng/mL, or 1000 ng/mL chymotrypsin at 30ºC for 2 min. Reactions 

were terminated by the addition of SDS-PAGE loading buffer and boiling (5 min). 

Following digestion, products were resolved by 12 % SDS-PAGE. Arrows indicate the 

proteolytic fragments that are reduced upon substitution of hTERT Q169.  
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Figure 4.7: Time-course proteolytic digestion of hTERT WT and Q169 mutants in 
the absence of hTR. 
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Figure 4.7: Time-course proteolytic digestion of hTERT WT and Q169 mutants in 

the absence of hTR. 

Comparable counts of [35S]cysteine-labelled hTERT WT, Q169A, Q169D, or Q169N 

were incubated with 500 ng/mL chymotrypsin at 30ºC for 30 s, 1 min, 2 min, 5 min, 10 

min, 15 min, 30 min, and 45 min. Reactions were terminated by the addition of SDS

PAGE loading buffer and boiling (5 min). Following digestion, products were resolved 

by 12 % SDS-PAGE and visualized by autoradiography and phosphorimaging. Arrows 

indicate the proteolytic fragments that are reduced upon substitution of hTERT Q169. 
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Figure 4.8: Time-course proteolytic digestion of telomerase reconstituted with hTR 
and hTERT WT or Q169 mutants. 
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Figure 4.8: Time-course proteolytic digestion of telomerase reconstituted with hTR 

and hTERT WT or Q169 mutants. 

Comparable counts of human telomerase reconstituted with hTR and [35S]cysteine

labelled hTERT WT, Q169A, Q169D, or Q169N were incubated with 500 ng/mL 

chymotrypsin at 30ºC for 30 s, 1 min, 2 min, 5 min, 10 min, 15 min, 30 min, and 45 min. 

Reactions were terminated by the addition of SDS-PAGE loading buffer and boiling (5 

min). Following digestion, products were resolved by 12 % SDS-PAGE and visualized 

by autoradiography and phosphorimaging. Arrows indicate the proteolytic fragments that 

are reduced upon substitution of hTERT Q169. 
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To gain insight into the identity of the proteolytic fragments at approximately 20 

kDa, we performed limited proteolysis on truncated hTERT proteins containing the first 

300 amino acids. A comparison of the proteolytic profiles of [35S]cysteine-labelled 1 – 

300 hTERT WT and Q169A, Q169D, and Q169N revealed a reduction in the 20 kDa 

proteolytic fragment in the Q169 mutants, similar to the results obtained with full length 

hTERT (Figure 4.9 and 4.10). This analysis provides the first experimental evidence that 

Q169 is important for the structure of the hTERT N-terminus. 

Interactions between hTERT and hTR are essential for telomerase activity and 

some mutations in hTERT that impair hTR-binding reconstitute non-functional enzymes 

[131,148,152]. Thus, defects in hTERT-hTR assembly could potentially explain the loss 

of activity observed with the hTERT Q169 mutants. To test this possibility, human 

telomerase was reconstituted with [α-32P]UTP-labelled hTR and [35S]cysteine-labelled-

FLAG-hTERT WT, Q169A, Q169D, or Q169N. [35S]cysteine-labelled hTERT was 

immunoprecipitated with FLAG antibodies and analyzed for the presence of [α-32P]UTP

labelled hTR. As shown in Figure 4.11, the hTERT Q169 mutants bound hTR as 

efficiently as hTERT WT, indicating that the functional defects observed with these 

mutants are not due to abrogated hTERT-hTR interactions. 

4.3.3 hTERT Q169A, Q169D, and Q169N retain sequence-specific ssDNA-binding 
activity 

Telomeric primers need to be positioned correctly within the telomerase active 

site to initiate reverse transcription. In addition to RNA-DNA interactions, this requires 

interactions between the TERT RT domain and the 3’-end of the ssDNA primer, as well 



189 

Figure 4.9: Time-course proteolytic digestion of 1-300 hTERT WT and Q169 
mutants in the absence of hTR. 
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Figure 4.9: Time-course proteolytic digestion of 1-300 hTERT WT and Q169 

mutants in the absence of hTR.  

Comparable counts of [35S]cysteine-labelled 1-300 hTERT WT, Q169A, Q169D, or 

Q169N were incubated with 500 ng/mL chymotrypsin at 30ºC for 30 s, 1 min, 2 min, 5 

min, 10 min, 15 min, 30 min, and 45 min. Reactions were terminated by the addition of 

SDS-PAGE loading buffer and boiling (5 min). Following digestion, products were 

resolved by 12 % SDS-PAGE and visualized by autoradiography and phosphorimaging. 

Arrows indicate the proteolytic fragments that are reduced upon substitution of hTERT 

Q169. In 1-300 Q169A, note the inversion of the 30 s and 30 min samples. 
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Figure 4.10: Time-course proteolytic digestion of telomerase reconstituted with hTR 
and 1-300 hTERT WT or Q169 mutants. 
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Figure 4.10: Time-course proteolytic digestion of telomerase reconstituted with hTR 

and 1-300 hTERT WT or Q169 mutants.  

Comparable amounts of human telomerase reconstituted with hTR and [35S]cysteine

labelled 1-300 hTERT WT, Q169A, Q169D, or Q169N were incubated with 500 ng/mL 

chymotrypsin at 30ºC for 30 s, 1 min, 2 min, 5 min, 10 min, 15 min, 30 min, and 45 min. 

Reactions were terminated by the addition of SDS-PAGE loading buffer and boiling (5 

min). Following digestion, products were resolved by 12 % SDS-PAGE and visualized 

by autoradiography and phosphorimaging. Arrows indicate the proteolytic fragments that 

are reduced upon substitution of hTERT Q169. 
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Figure 4.11: Substitution of Q169 does not abrogate hTERT-hTR interactions.  

Human telomerase was reconstituted in RRL with [α-32P]UTP-labelled hTR and 

[35S]cysteine-labelled FLAG-hTERT WT, Q169A, Q169D, or Q169N and 

immunoprecipitated with anti-FLAG antibodies. [α-32P]UTP-labelled hTR (indicated by 

asterisks) was coimmunoprecipiated with [35S]cysteine-labelled FLAG-hTERT WT or 

Q169 mutants (indicated by arrow). Coimmunoprecipitates were resolved by 4-15 % 

SDS-PAGE and visualized by autoradiography and phosphorimaging. The signal 

corresponding to [α-32P]UTP-labelled hTR was confirmed by placing two sheets of 

autoradiography film on the gel: the [35S]cysteine signal cannot penetrate the first film 

and therefore, only [α-32P]UTP signals appeared on the second film. 
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as between the N-terminus (anchor region) and the primer 5’-end [129]. Thus, suboptimal 

interactions between hTERT and DNA primers could explain the activity defects 

observed with the hTERT Q169 mutants.  

We used our recently-developed DNA-binding assay to characterize physical 

interactions between hTERT WT, Q169A, Q169D, and Q169N and 5’-biotinylated ss

oligonucleotides (Table 4.2) [158]. As described in Chapter 3, we did not detect 

statistically significant differences in the physical interactions between RRL-reconstituted 

hTERT and 5’-biotinylated ssDNA primers containing one, two, three, or four TTAGGG 

repeats (bio-TELO6, bio-TELO12, bio-TELO18, and bio-TELO24, respectively; p > 

0.05, as determined by ANOVA). Nonetheless, we did observe a general trend in the 

apparent strength of hTERT-ssDNA interactions: bio-TELO18 ~ bio-TELO12 ˃ bio

TELO24 ~ bio-TELO6 (Figure 3.3). The primer binding results reported here and in 

Chapter 5 reveal a more pronounced difference in the apparent strength of the interaction 

between hTERT and ssDNA primers containing different lengths of telomeric DNA. 

However, ANOVA indicates that the difference between the means is not significant (p > 

0.05). In these experiments the trend in the apparent strength of hTERT-ssDNA 

interactions was bio-TELO30 ~ bio-TELO18 > bio-TELO24 ~ bio-TELO12 > bio

TELO6 (Figure 4.12). This difference can be explained by the method of detection and 

data quantification. Specifically, the primer binding data in Chapter 3 were quantified 

from autoradiography film whereas the results presented here and in Chapter 5 were 

quantified from phosphorimager screens. The latter method is more accurate and 

sensitive, thereby revealing subtle differences in the strength of hTERT-ssDNA 

interactions. 
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Table 4.2: Description of ssDNA primers used in the primer binding studies of 
hTERT Q169, Q169A, Q169D, and Q169N. 

Name 
Length 

(nt) 
DNA Sequence (5’ to 3’) 

bio-TELO30 30 TTAGGG TTAGGG TTAGGG TTAGGG TTAGGG 

bio-TELO24 24 TTAGGG TTAGGG TTAGGG TTAGGG  

bio-TELO18 18 TTAGGG TTAGGG TTAGGG  

bio-TELO12 12 TTAGGG TTAGGG  

bio-TELO6 6 TTAGGG 

bio-antiTELO18 18 AATCCC AATCCC AATCCC 

bio-pBR 24 AGCCAC TATCGA CTACGC GATCAT  

bio-BBP 24 AATCCG TCGAGC AGAAAT CCGCAA  

bio-Tetrahymena 18 TTGGGG TTGGGG TTGGGG  

bio-Yeast 15 TGTGTG GTGTGT GGG  

TELO24 24 TTAGGG TTAGGG TTAGGG TTAGGG  

TELO18 18 TTAGGG TTAGGG TTAGGG  

These primers were tested for physical interaction with hTERT in the primer binding 

assay and telomerase-mediated extension in the conventional telomerase activity assay 

(bio-TELO18). Primers containing a 5’ biotin molecule are indicated with the prefix 

‘bio’. 
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Figure 4.12: hTERT WT and Q169 mutants physically interact with telomeric 
ssDNA. 
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Figure 4.12: hTERT WT and Q169 mutants physically interact with telomeric 

ssDNA. 

Top, Comparable counts of [35S]cysteine-labelled hTERT (Figure 4.5) were tested for 

physical interaction with biotinylated ssDNA primers containing different lengths of 

human telomeric DNA. A description of the oligonucleotides can be found in Table 4.2. 

hTERT-ssDNA complexes were immobilized on neutravidin beads, purified, separated 

by 8 % SDS-PAGE and visualized with autoradiography and phosphorimaging.  

Bottom, Quantification and statistical analysis of at least three independent experiments is 

shown in graphical format. Results are reported as the mean % DNA-bound hTERT ± 

SEM. Asterisks denote levels of statistical significance compared to the interaction 

between hTERT WT and the corresponding primer, as determined using Student’s two-

tailed unpaired T-tests; p < 0.05 (*) and p < 0.01 (**). 
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The data shown in Figure 4.12 indicates that the Q169 mutants retained sequence-

specific ssDNA-binding activity in vitro. When compared with hTERT WT, however, the 

Q169 mutants exhibited differences in their interactions with specific lengths of human 

telomeric DNA (Figure 4.12). The relative strength of the interaction between short 

telomeric primers (bio-TELO12 and bio-TELO6) and the Q169 mutants was greater than 

that observed for hTERT WT. This was also observed between hTERT Q169A and bio

TELO24, and may reflect tighter binding of the primers to the Q169 mutants (p < 0.01). 

In contrast, the relative strength of the interaction between hTERT Q169D or Q169N and 

bio-TELO30, the longest primer tested, was significantly reduced (p < 0.05). 

We next tested the Q169 mutants for interactions with non-human telomeric or 

random ssDNA to determine whether Q169 was important for the sequence-specificity of 

hTERT (Table 4.2). As shown in Figures 4.12 and 4.13, hTERT Q169A, Q169D, and 

Q169N demonstrated sequence-specific ssDNA-binding activity that was 

indistinguishable from hTERT WT. The interactions between Q169 mutants and primers 

comprised of either 18 nt (bio-antiTELO18) or 24 nt (bio-pBR and bio-BBP) of non

telomeric DNA were not statistically different from those observed with hTERT WT (p > 

0.05). When tested with primers representing the telomeres of other organisms, hTERT 

WT and Q169 mutants interacted very efficiently with a primer containing 18 nt of T. 

thermophila telomeric DNA (bio-Tetrahymena) and much less efficiently with a primer 

containing 15 nt of S. cerevisiae telomeric DNA (bio-Yeast) (Figure 4.13). The 

interaction with bio-Tetrahymena is consistent with the ability of wild type human 

telomerase to elongate primers containing this G-rich sequence (TTGGGG) [272]. 



199 

Figure 4.13: hTERT Q169 mutants do not exhibit altered sequence-specific ssDNA
binding activity in vitro. 
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Figure 4.13: hTERT Q169 mutants do not exhibit altered sequence-specific ssDNA

binding activity in vitro. 

Top, Comparable counts of [35S]cysteine-labelled hTERT (Figure 4.5) were tested for 

physical interaction with biotinylated ssDNA primers containing non-human telomeric or 

random DNA. A description of the oligonucleotides can be found in Table 4.2. hTERT

ssDNA complexes were immobilized on neutravidin beads, purified, separated by 8 % 

SDS-PAGE and visualized with autoradiography and phosphorimaging (top panel).  

Bottom, Quantification and statistical analysis of at least three independent experiments is 

shown in graphical format. Results are reported as the mean % DNA-bound hTERT ± 

SEM. No statistically significant differences were detected between WT hTERT and the 

Q169 mutants, as determined by Student’s two-tailed unpaired T-tests. 
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4.3.4 The hTERT TEN domain does not stably associate with ss telomeric DNA in vitro 

It has been previously shown that the T. thermophila TEN domain photo-cross

links to telomeric ssDNA and that this interaction is compromised by a Q168A 

substitution [143]. To address the contribution of the isolated TEN domain to TERT-

telomere interactions in human telomerase, we engineered an hTERT construct spanning 

amino acids 1 to 196 and tested the ability of this fragment to associate with different 

lengths of human telomeric ssDNA (Table 4.2). However, we could not detect stable 

interactions between the TEN domain and telomeric DNA that exceeded background 

levels (Figure 4.14), consistent with previous studies of T. thermophila telomerase [286]. 

These data support a model in which multiple DNA-binding domains within hTERT 

mediate overall telomere recognition and binding. Furthermore, this finding provides 

evidence that the hTERT TEN domain alone does not possess significant binding affinity 

for telomeric ssDNA.  

4.3.5 Q169 mediates the ability of truncated hTERT proteins to interact with ssDNA 

As mentioned above, TERT contains multiple DNA-binding regions that make it 

difficult to assess how one amino acid might influence DNA binding in the full length 

protein. Since we were unable to detect stable interactions between the TEN domain and 

telomeric DNA, the Q169A, Q169D, and Q169N mutations were cloned into an hTERT 

fragment comprised of residues 1 to 300. We have previously shown that this hTERT 

variant binds telomeric DNA in vitro at levels that are readily apparent above background 

binding (Figure 3.9 and [158]). As shown in Figure 4.15, the Q169 substitutions reduced 

the relative strength of the interactions between hTERT 1-300 and short telomeric 
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Figure 4.14: The hTERT TEN domain does not interact with human telomeric 
ssDNA at levels that exceed background binding.  

Approximately equivalent counts of [35S]cysteine-labelled hTERT TEN (representative 

sample included in the first lane on the left) were tested for physical interaction with 

biotinylated ssDNA primers containing different lengths of human telomeric DNA. A 

description of the oligonucleotides can be found in Table 4.2. hTERT-ssDNA complexes 

were immobilized on neutravidin beads, purified, separated by 10 % SDS-PAGE and 

visualized with autoradiography and phosphorimaging. 
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Figure 4.15: hTERT 1-300 WT and Q169 mutants physically interact with human 
telomeric ssDNA. 
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Figure 4.15: hTERT 1-300 WT and Q169 mutants physically interact with human 

telomeric ssDNA. 

Top, Approximately equivalent counts of [35S]cysteine-labelled hTERT 1-300 were tested 

for physical interaction with biotinylated ssDNA primers containing different lengths of 

human telomeric DNA. A description of the oligonucleotides can be found in Table 4.2. 

hTERT-ssDNA complexes were immobilized on neutravidin beads, purified, separated 

by 10 % SDS-PAGE and visualized with autoradiography and phosphorimaging.  

Bottom, Quantification and statistical analysis of at least three independent experiments is 

shown in graphical format. Results are reported as the mean % DNA-bound hTERT ± 

SEM. Asterisks denote levels of statistical significance compared to the interaction 

between hTERT 1-300 WT and the corresponding primer, as determined using Student’s 

two-tailed unpaired T-tests; p < 0.05 (*). 
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primers (bio-TELO12 and bio-TELO6). This result provides an interesting contrast to 

that observed with full length hTERT, where mutation of Q169 increased the apparent 

strength of the interaction between bio-TELO12 and bio-TELO6 (Figure 4.12). In 

addition, the hTERT 1-300 Q169 mutants showed a marked decrease in the interaction 

with ss primers comprised of yeast telomere (bio-Yeast) or random (bio-pBR and bio-

BBP) sequences (Figure 4.16). The relatively strong interaction between hTERT 1-300 

fragments and bio-Tetrahymena can be explained by the sequence similarity between T. 

thermophila telomeres (TTGGGG) and human telomeres (TTAGGG). Taken together, 

the data in Figures 4.15 and 4.16 indicate that Q169 is involved in the ssDNA-binding 

activity of the hTERT N-terminus and thus, contributes to anchor site interactions in 

human telomerase. 

4.3.6 Q169 mediates the cellular functions of human telomerase 

The preceding experiments demonstrated that hTERT Q169 was required for 

human telomerase activity in vitro. To extend these studies, we next determined if Q169 

mediates the biological activity of telomerase in human cells. hTERT Q169A was stably 

expressed in telomerase positive (SV40 large T-antigen transformed human embryonic 

kidney cells; 293T) and telomerase negative (human foreskin fibroblasts; BJ) cells. 

Q169A was chosen as a representative mutant for these experiments since this 

substitution was the least detrimental to telomerase activity in vitro (Figure 4.2). 

Polyclonal cell populations were analyzed at various mean population doublings (mpd) 

for hTERT protein expression, telomerase activity, and telomere length maintenance with  
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Figure 4.16: hTERT 1-300 Q169 mutants exhibit reduced primer binding with 
certain ssDNA primers in vitro. 
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Figure 4.16: hTERT 1-300 Q169 mutants exhibit reduced primer binding with 

certain ssDNA primers in vitro. 

Top, Approximately equivalent counts of [35S]cysteine-labelled hTERT 1-300 were tested 

for physical interaction with biotinylated ssDNA primers containing non-human 

telomeric or random DNA. A description of the oligonucleotides can be found in Table 

4.2. hTERT-ssDNA complexes were immobilized on neutravidin beads, purified, 


separated by 10 % SDS-PAGE and visualized with autoradiography and


phosphorimaging. 


Bottom, Quantification and statistical analysis of at least three independent experiments is 


shown in graphical format. Results are reported as the mean % DNA-bound hTERT ±


SEM. Asterisks denote levels of statistical significance compared to the interaction


between hTERT 1-300 WT and the corresponding primer, as determined using Student’s 


two-tailed unpaired T-tests; p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). 
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cell proliferation. Cells stably expressing hTERT served as the positive control and 

cultures expressing the vector only served as the negative control for these experiments.  

We first investigated the cellular function of hTERT Q169A in 293T cells. Figure 

4.17 shows that anti-FLAG-immunoprecipitated hTERT WT exhibited robust TRAP 

activity at various stages during culture whereas the Q169A mutant was consistently 

inactive. The loss of telomerase activity was not due to abrogated protein expression 

(Figure 4.17) or nuclear exclusion (Figure 4.18). As expected, telomere elongation was 

observed in 293T cells expressing hTERT WT but not in cultures expressing the 

catalytically inactive Q169A mutant (Figure 4.19 and Table 4.3). As mentioned above, 

293T cells contain functional endogenous telomerase. This allowed us to investigate 

whether hTERT Q169A inhibited the action of endogenous telomerase at telomeres. Bulk 

telomere length in cells stably expressing hTERT Q169A was indistinguishable from that 

of vector-only control cells (Figure 4.19 and Table 4.3), indicating that hTERT Q169A 

does not function as a dominant negative protein in vivo. 

The cellular function of hTERT Q169A was also investigated in normal diploid 

fibroblasts (BJ cells). Telomerase negative BJ cells provided a strong cellular contrast to 

the telomerase positive 293T cells and thus, provided a control for cell line-dependent 

phenotypes. Expression of hTERT WT, but not Q169A, conferred BJ cells with 

telomerase activity (Figure 4.20). The lack of telomerase activity in immunoprecipitates 

containing hTERT Q169A was not due to abrogated protein expression (Figure 4.20). 

Furthermore, stable expression of hTERT WT induced telomere elongation with cell 

proliferation during early passages and telomere length maintenance during later passages 

(Figure 4.21 and Table 4.4). These cells completed approximately three times more mean  
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Figure 4.17: hTERT Q169 is required for telomerase activity in transformed human 
cells. 

Extracts from telomerase positive 293T cells that stably expressed either pBABEpuro, 

pBABEpuro-FLAG-hTERT, or pBABEpuro-FLAG-hTERT Q169A were 

immunoprecipitated with anti-FLAG antibodies. FLAG-hTERT was eluted from the 

beads by competition with excess FLAG peptide and the following experiments were 

performed: 

Top, 2 µL of eluate was tested for telomerase activity by the telomere repeat 

amplification protocol. Not applicable (NA).  

Bottom, 35 µL of eluate was examined for hTERT protein expression by Western blotting  

with anti-hTERT antibodies. 
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Figure 4.18: hTERT Q169A is not excluded from the nucleus in human cells.  

Indirect immunofluorescence was used to investigate the cellular localization of hTERT 

and hTERT Q169A in telomerase positive 293T cells (mean population doubling [mpd] 

indicated in parentheses). These experiments were performed using anti-FLAG 

antibodies that recognize the FLAG epitope on the hTERT N-terminus and TRITC-

conjugated goat anti-rabbit IgG secondary antibodies (red). Nuclei were counterstained 

with DAPI (blue). 
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Figure 4.19: hTERT Q169 is required for telomere elongation in transformed 
human embryonic kidney cells. 

Telomerase positive 293T cells that stably expressed pBABEpuro, pBABEpuro-FLAG

hTERT, or pBABEpuro-FLAG-hTERT Q169A were tested with the terminal restriction 

fragment analysis to measure bulk telomere length. Arrows are included for visual 

clarification and represent the approximate mean bulk telomere length of each sample. 

Untransfected 293T cells are included as an additional control for these experiments. Not 

applicable (NA). The quantification of these results is shown in Table 4.3. 



212 

Table 4.3: Effect of hTERT Q169A on bulk telomere length in 293T transformed 
human embryonic kidney cells. 

Mean 
Population 
Doubling 

Mean Telomere Length (kb) ± SEM 

pBABEpuro hTERT 
hTERT 
Q169A 

Untransfected 
293Ts 

4 4.5 ± 0.12 8.0 ± 0.14 4.8 ± 0.29 NA 

10 4.6 ± 0.19 10.0 ± 0.34 4.8 ± 0.36 NA 

20 4.8 ± 0.03 10.7 ± 0.00 4.8 ± 0.38 NA 

40 4.9 ± 0.03 11.8 ± 0.38 5.0 ± 0.49 NA 

NA NA NA NA 5.1 ± 0.04 

The terminal restriction fragment analysis was used to measure telomere length at various 

mean population doublings (Figure 4.19). Results are reported as the mean telomere 

length ± SEM from at least three independent experiments. Untransfected 293T cells are 

included as additional controls for these experiments and the mean telomere length ± 

SEM was calculated from four independent experiments. Not applicable (NA).  
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Figure 4.20: hTERT Q169 is required for telomerase activity in primary human 
fibroblasts. 

Extracts from telomerase negative BJ cells that stably expressed pBABEpuro, pBABEpuro-

FLAG-hTERT, or pBABEpuro-FLAG-hTERT Q169A were immunoprecipitated with anti-

FLAG antibodies. FLAG-hTERT was eluted from the beads by competition with excess 

FLAG peptide and tested as follows: 

Top, 2 µL of eluate was tested for telomerase activity by the telomere repeat 

amplification protocol.  

Bottom, 35 µL of eluate was examined for hTERT protein expression by Western blotting 

with anti-hTERT antibodies.  
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Figure 4.21: hTERT Q169 is required for telomere length maintenance in primary 
human fibroblasts. 

Telomerase negative BJ cells that stably expressed pBABEpuro, pBABEpuro-FLAG

hTERT, or pBABEpuro-FLAG-hTERT Q169A were tested in the terminal restriction 

fragment analysis to measure bulk telomere length. Arrows are included for visual 

clarification and represent the approximate mean bulk telomere length of each sample. 

Uninfected BJ cells at mean population doublings 55 and 71 correspond to the infected 

cultures at mean population doublings 4 and 22, respectively. The quantification of these 

results is shown in Table 4.4. 
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Table 4.4: Effect of hTERT Q169A on bulk telomere length in BJ fibroblasts. 

Mean 
Population 
Doubling 

Mean Telomere Length (kb) ± SEM 

Uninfected 
BJs 

pBABEpuro hTERT 
hTERT 
Q169A 

4 NA 8.7 ± 0.18 8.5 ± 0.10 7.5 ± 0.30 

12 NA 8.0 ± 0.11 9.2 ± 0.13 6.8 ± 0.22 

22 NA 7.5 ± 0.13 11.3 ± 0.09 6.2 ± 0.30 

55 8.6 ± 0.27 NA NA NA 

71 7.3 ± 0.15 NA NA NA 

The terminal restriction fragment analysis was used to measure telomere length at early, 

mid, and late mean population doublings (Figure 4.21). Results are reported as the mean 

telomere length ± SEM from four independent experiments. Uninfected BJ cells at mean 

population doublings 55 and 71 correspond to the infected cultures at mean population 

doublings 4 and 22, respectively. Not applicable (NA). 
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population doublings (mpd) than the vector-only control cells and did not exhibit 

senescence-associated β-galactosidase activity (Figures 4.22 and 4.23, respectively) 

[298]. BJ cells expressing hTERT Q169A exhibited defects in telomere length 

maintenance, exhausted their replicative potential after 25 mpd, and did not surmount 

replicative senescence (Figures 4.21, 4.22, and 4.23). Thus, mutation of hTERT Q169 

inhibited human telomerase function in living cells. 

4.4 Discussion 

4.4.1 hTERT Q169 is needed to reconstitute robust human telomerase activity in vitro 

Important questions in telomerase biochemistry pertain to the mechanisms by 

which the enzyme recognizes and orientates telomeric ssDNA in the active site and 

catalyzes processive telomere synthesis. A long-standing notion is that telomerase has 

two modes of primer recognition: initial recognition of a telomere sequence and/or 

structure at the DNA 5’-end and subsequent identification of the 3’-terminus to prime the 

addition of telomeric nt [129]. Template-independent enzyme-DNA interactions are 

known as anchor site interactions and a subset of these are believed to confer telomerase 

with the property of RAP. After synthesizing a complete telomeric repeat, Watson-Crick 

base pairs between the DNA 3’-end and RNA template are melted so that the nascent 

DNA 3’-end can be repositioned with the template for the next round of telomere 

synthesis. During this dynamic process, the telomerase anchor site(s) remains associated 

with upstream nt and prevents the enzyme from dissociating from the ssDNA primer.   

The crystal structure of the T. thermophila TEN domain revealed a ssDNA

binding groove on the surface that contained several phylogenetically-conserved residues, 
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Figure 4.22: Q169 is required for the biological activities of hTERT in primary 
human cells. 

Growth curves were used to monitor the proliferative potential of BJ cells that stably 

expressed pBABEpuro, pBABEpuro-FLAG-hTERT, or pBABEpuro-FLAG-hTERT Q169A. 

BJ cells that stably expressed hTERT Q169A ceased proliferation at approximately the 

same time point as the vector-only expressing cells (approximately 25 mean population 

doublings post-retroviral infection). In contrast, stable expression of hTERT WT 

significantly prolonged the proliferative lifespan of BJ cells.  
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Figure 4.23: Primary human cells expressing hTERT Q169A enter replicative 
senescence. 

BJ cells that stably expressed pBABEpuro, pBABEpuro-FLAG-hTERT, or pBABEpuro-

FLAG hTERT Q169A were tested for β-galactosidase activity at pH 6.0. The mean 

population doubling (mpd) of each culture is indicated in parentheses. Representative BJ 

cells that stably expressed the empty vector or FLAG-hTERT Q169A exhibited blue 

staining that coincided with the cessation of proliferation (Figure 4.23). These cells also 

exhibited the morphological changes associated with replicative senescence, including an 

increased cell size and irregular and flat shape. In contrast, cells stably expressing FLAG

hTERT WT stained negative for β-galactosidase activity (pH 6.0). 
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including the Gln residue investigated here [143,289]. Alanine mutagenesis of tTERT 

Q168 significantly impaired telomerase activity without affecting RAP and identified an 

important role for this residue in ciliate telomerase anchor site interactions [143,289]. The 

corresponding mutation in Est2p caused a dramatic loss of yeast telomerase activity in 

vivo [278,290]. Here, we show for the first time that human telomerase reconstituted with 

hTERT Q169A, Q169D, or Q169N exhibited severe defects in DNA polymerization in 

vitro and in vivo, indicating that the invariant Gln residue has an evolutionarily-conserved 

role in telomerase function. Our study provides novel insight into the role of this residue 

by revealing its importance for the ability of telomerase to incorporate nucleotides at the 

second position of the RNA template. The loss of telomerase activity in vivo was not due 

to nuclear exclusion or abrogated protein expression, although protein levels were 

reduced compared to hTERT WT. Similarly, yeast strains expressing endogenous Est2p 

Q146A exhibited a reduction in Est2p protein levels, telomere attrition, and severe 

growth defects [141,278,290]. Thus, it appears that living cells do not tolerate high 

expression of TERT proteins harboring mutations of the invariant Gln residue.  

In the absence of crystallographic data of hTERT, we can only speculate on the 

mechanism underlying the severity of the Q169D and Q169N mutations in relation to 

Q169A. As mentioned previously, the non-conservative Q169D substitution could cause 

electrostatic repulsion between the polyanionic DNA backbone and electronegative 

carboxylic acid side-chain. Our observation that the conservative Q169N does not rescue 

the catalytic phenotype indicates that both the length and the hydrogen-bonding potential 

of the side chain at position 169 are critical for the activity of human telomerase. The 

finding that hTERT Q169A reconstitutes weak telomerase activity is likely due to the fact 
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that this is a neutral amino acid substitution. Although both Ala and Asn potentially 

eliminate important hydrogen-bonding interactions that would be normally fulfilled by 

Gln, the Q169N substitution is more detrimental to activity. One interpretation of this 

data is that the Asn substitution also introduces an unfavorable interaction whereby the 

shorter side chain prevents the amide group from satisfying its hydrogen-bonding 

potential. 

Finally, we note that this residue appears to have evolved some species-specific 

functions. Alanine substitution of the corresponding residue in Est2p significantly 

impaired RAP in vitro [278]. One intriguing explanation for these differences might be 

that telomerase uses different mechanisms to interact with different sequences of 

telomeric DNA. It is conceivable that ciliate and human telomerase use similar 

mechanisms to bind and synthesize telomeric DNA because of the high degree of 

telomere sequence similarity (TTGGGG and TTAGGG, respectively). In contrast, yeast 

telomeres are degenerate (e.g.  G2-3(TG)1-6 in S. cerevisiae) [20] and different molecular 

mechanisms might be used for telomere length maintenance in this organism.  

4.4.2 Q169 mediates conformational flexibility of the hTERT N-terminus 

Telomerase is thought to contain template-distal and template-proximal anchor 

sites [129]. It has been speculated that a conformational change in the template-proximal 

anchor site is required for telomerase to transition into an elongation-competent complex 

[129]. Structure-function studies with T. thermophila telomerase suggested that the 

ssDNA-binding groove on the surface of the TEN domain formed part of a template-

proximal anchor site [143,289]. Photo-cross-linking studies with tTERT and short 
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telomeric ssDNA suggested that the TEN domain was displaced relative to the catalytic 

site during telomere synthesis [143,289]. It was proposed that this movement was needed 

to reposition the template-proximal anchor site relative to the active site and correctly 

orientate the DNA primer or DNA-RNA heteroduplex in the active site during primer 

elongation [143,289]. 

In this work, we investigated the structural significance of hTERT Q169 directly 

by using limited proteolysis to monitor the conformational flexibility of mutant proteins. 

Importantly, our results indicated that the overall conformation of hTERT Q169A, 

Q169D, and Q169N was intact. However, the NTE of the Q169 mutants was more 

sensitive to chymotrypsin proteolysis than hTERT WT. This is interpreted as evidence 

that Q169 is important for the conformation of the hTERT N-terminus. We believe that a 

small fraction of the mutant proteins attained WT conformation because there was not a 

complete loss of the 20 kDa fragments. It is possible that these Q169 mutants are 

catalytically competent and thus, are responsible for the low levels of processive 

telomerase activity we observe in vitro (see below). 

4.4.3 hTERT Q169 mutants physically interact with hTR 

TERT contains an essential and universally-conserved telomerase RNA-binding 

domain (TRBD) that makes extensive contacts with TR and represents the major TR-

binding domain [144,208]. It seemed unlikely that substitution of hTERT Q169 would 

disrupt hTERT-hTR interactions since this residue is not located in the TRBD. We 

confirmed here that hTERT Q169 is not involved in critical hTERT-hTR interactions. 

However, we cannot rule out the possibility that Q169 substitution causes small changes 
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in hTR-binding that are masked in the context of the full length protein. Similarly, Q169 

could regulate conformational changes in hTR or the RNP complex that are required for 

telomerase activity. 

4.4.4 Q169 mediates ssDNA-binding activity in hTERT  

We showed here for the first time that hTERT proteins containing Q169A, 

Q169D, or Q169N mutations retained telomere sequence-specific ssDNA-binding 

activity in vitro. However, when compared to hTERT WT, the Q169 mutants exhibited 

subtle differences in the relative strength of the interactions with telomeric ssDNA. In 

parallel, we investigated the DNA-binding properties of hTERT 1-300 variants 

containing the Q169 substitutions. hTERT 1-300 Q169A, Q169D, and Q169N also 

retained telomeric ssDNA-binding activity and demonstrated subtle differences in the 

relative strength of protein-DNA interactions when compared to 1-300 WT. Although the 

presence of multiple DNA-binding sites in TERT complicates the interpretation of these 

data [158,286], our studies clearly indicate that Q169 is involved in protein-telomeric 

DNA interactions, thereby identifying a novel residue in hTERT that regulates ssDNA

binding activity. Future studies are required to determine if Q169 substitution has a direct 

or indirect effect on DNA-binding.  

Interestingly, the hTERT Q169 mutations cause an increase in the relative 

strength of the interaction between the full length protein and short telomeric ssDNA 

primers whereas the mutations decrease the interactions between hTERT 1-300 and these 

ssDNA primers. We have previously identified multiple DNA-binding regions 

throughout the hTERT protein, including the N-terminus, RT domain, and C-terminus 
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[158]. Similar results have now been reported for ciliate TERT [286]. Importantly, the 

DNA-binding regions appear to co-operate during telomeric ssDNA-binding in vitro and 

establish a dynamic ‘DNA-binding equilibrium’ in which the primer can interact with any 

or all of the DNA-binding domains [158,286]. Our primer binding studies indicate that 

the Q169 mutations have disrupted an important DNA-binding domain in the hTERT N-

terminus thereby favouring an interaction with the remaining DNA-binding domains. Our 

observation that short ssDNA primers interact with the full length Q169 mutants to a 

greater extent than wild type hTERT implies that in the context of full length hTERT, 

Q169 negatively regulates the overall strength of the interaction with short telomeric 

primers. The apparent decrease in the strength of the interaction between bio-TELO30 

and hTERT Q169D and Q169N, however, implies that Q169 may also be required to 

stabilize interactions with longer stretches of telomeric ssDNA. In contrast to full length 

hTERT, mutation of Q169 decreases the interaction between short telomeric primers and 

hTERT 1-300. One explanation for this decrease is that the 1-300 mutants lack many of 

the previously identified DNA-binding regions in hTERT. Thus, Q169 has an important 

role in stabilizing the interactions that occur between the hTERT N-terminus and short 

telomeric ssDNA primers in vitro. Importantly, we have previously shown that the 

hTERT 1-300 fragment has a strong non-sequence-specific ssDNA-binding activity in 

vitro [158]. We interpreted this to mean that the hTERT N-terminus contains a strong 

ssDNA-binding activity but regions beyond the N-terminus are important for TTAGGG-

specific ssDNA-binding. We show here that substitution of Q169 in the context of 

hTERT 1-300 causes a significant decrease in the ability of this fragment to bind ssDNA 

primers comprised of random or yeast telomeric ssDNA. This identifies a previously 
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unrecognized role for Q169 in stabilizing the interactions between the hTERT NTE and 

ssDNA primers that lack the human telomeric sequence, providing further evidence that 

the first 300 amino acids of hTERT have little sequence-specificity for telomeric DNA 

[158]. Our data support previous studies that identified a potential role for Q168 in 

mediating ciliate telomerase’s affinity for telomeric ssDNA [143,289]. Collectively, these 

studies indicate that the Gln residue has an evolutionarily-conserved role in regulating 

TERT-telomeric ssDNA interactions (i.e. anchor site interactions). 

4.4.5 Conceptual model to describe the catalytic phenotype of hTERT Q169 mutants 

Recently, Zaug et al. proposed a model for telomerase activity in which the 

catalytic cycle is regulated by a series of conformational changes [279]. It was suggested 

that telomerase initiates DNA synthesis when the TEN domain is in close proximity to 

the remainder of the RNP (‘closed state’) (Figure 1.13, top cartoons). This conformation 

is regulated by an intramolecular protein-protein interaction between the TEN domain 

and an as yet unidentified residue [279]. Once the first round of telomere synthesis is 

completed, this interaction is broken and the TEN domain is displaced relative to the 

catalytic site, which relaxes the RNP into an ‘open state’ (Figure 1.13, translocation step). 

Displacement of the TEN domain repositions the template-proximal anchor site and 

template region and restores base-pairing between the DNA 3’-end and template 5’-end. 

It is thought that the DNA 5’-end slides through the ssDNA-binding groove on the TEN 

domain, which signals the RNP to return to the closed state for the next round of telomere 

synthesis (Figure 1.13, bottom left cartoon). This model invokes conformation changes 

within telomerase that are similar to those described for bacterial and eukaryotic RNA 
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polymerases during the transition from transcription initiation to elongation (reviewed in 

[349,350]). For example, the initial loading of promoter DNA onto RNA polymerase II 

triggers a series of structural changes that includes the closure of an evolutionarily-

conserved ‘clamp’ over the template and transcript. Clamp closure converts the enzyme 

from an open to a closed state that is required for transcription elongation. It is intriguing 

to speculate that the TEN domain could be involved in processes that are similar to the 

RNA polymerase clamp structure. 

We interpret the increased protease-sensitivity of full length and 1-300 hTERT 

Q169 mutants as evidence that the N-terminus adopts a conformation that is more 

accessible to chymotrypsin than WT hTERT (i.e. greater conformational flexibility). We 

speculate that the mutants cannot easily convert between open and closed states, which 

alters critical telomerase-DNA interactions and causes severe catalytic defects in vitro 

and in vivo. This conformational change seems particularly important for the ability of 

human telomerase to incorporate nucleotides at the second position of the hTR template. 

We suggest that the minimal activity observed with Q169 mutants in vitro stems from a 

small population of enzymes that correctly orientate the DNA primer and/or DNA-RNA 

hybrid in the catalytic site to initiate DNA synthesis. It is possible that a small fraction of 

mutant proteins fold into the WT conformation and initiate telomere synthesis. According 

to the model proposed by Zaug et al., Q169 is not directly involved in RAP [279], which 

is consistent with our observation that hTERT Q169A demonstrates normal RAP. We 

propose that the mechanism by which Q169 regulates telomerase activity involves 

conformational changes that promote optimal enzyme-primer-substrate interactions and 
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facilitate the efficient incorporation of nucleotides during the first round of telomere 

synthesis. 

4.4.6 Perspectives 

In summary, we show that Q169 is a functionally critical residue in human 

telomerase and provide the first detailed evidence regarding the biochemical and cellular 

significance of this evolutionarily-conserved Gln residue in higher eukaryotes. The 

intimate relationship between telomerase and human disease underscores the importance 

for structure-function studies that elucidate regions in hTERT that could be amenable to 

therapeutic intervention. Our studies are necessary, but not sufficient, for a complete 

understanding of how the TEN domain contributes to telomerase structure, activity, and 

telomere length maintenance in higher eukaryotes.  
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Chapter Five: In vitro analysis of naturally-occurring hTERT mutants 

5.1 Preface 

Mutations in the human TRT gene have been identified in patients with 

dyskeratosis congenita (DC) (Figure 5.1). Dyskeratosis congenita is a multifaceted 

disorder that has several disease variants, including idiopathic pulmonary fibrosis (IPF) 

[320]. The common link between these diseases is telomere length: patients have 

telomeres that are significantly shorter than age-matched controls [338]. This observation 

implies that the underlying disease mechanism is telomerase deficiency. However, a 

detailed description of how these mutations affect telomerase structure and function is 

still lacking. To this end, I engineered several of the naturally-occurring hTERT mutants 

and tested the mutant proteins for the ability to bind telomeric ssDNA and reconstitute 

human telomerase activity in vitro. This work forms provides a platform for future 

studies to examine further the biochemical and cellular consequence of several disease-

associated hTERT variants.   

5.2 Results 

5.2.1 Characterization of hTERT mutants found in patients with dyskeratosis 
congenita 

We studied five hTERT variants to gain insight into the mechanism by which TRT 

mutations might contribute to the short telomere phenotype of DC patients: A279T, 

P721R, K902N, R979W, and F1127L. The locations of these residues are as follows: 1) 

A279 resides in the N-terminal linker region; 2) P721 and K902 are located in the RT 

domain; and 3) R979 and F1127 reside in the C-terminal domain (Figure 5.1). 
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Figure 5.1: Linear architecture of the human telomerase reverse transcriptase 
showing the locations of various naturally-occurring mutations. 
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Figure 5.1: Linear architecture of the human telomerase reverse transcriptase 

showing the locations of various naturally-occurring mutations. 

This figure illustrates the predicted structural organization of the human telomerase 

reverse transcriptase (hTERT) and the approximate positions of the disease-associated 

mutations characterized in this study. The hTERT protein encompasses a long N-terminal 

extension (NTE), a central catalytic reverse transcriptase (RT) domain, and a short C-

terminal extension (CTE). Pink boxes are used to indicate the predicted locations of the 

telomerase essential N-terminal (TEN) domain and the telomerase-specific motifs CP, 

QFP, and TS. The purple box indicates the telomerase RNA-binding domain (TRBD). An 

unstructured linker region connects the TEN domain and TRBD. Blue boxes represent 

the seven evolutionarily-conserved motifs in the RT domain (1, 2, A, B, C, D, E). The 

CTE contains four blocks of conserved amino acids, which are shown as green boxes (E

I, E-II, E-III, E-IV).  
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The hTERT A279T mutation has been identified in patients suffering from aplastic 

anemia (AA), a variant of classical DC [326]. Interestingly, this mutation has also been 

detected in apparently healthy individuals [326]. The F1127L mutation was identified in 

a patient demonstrating symptoms associated with Hoyeraal-Hreidarsson (HH) 

syndrome, another disease variant of classical DC [326].  

We first sought to understand how these mutations affect the catalytic activity of 

telomerase. Human telomerase was reconstituted in RRL with hTR and either hTERT 

WT, A279T, P721R, K902N, R979W, or F1127L and tested for in vitro activity with the 

TRAP assay. As shown in Figure 5.2, telomerase reconstituted with hTERT P721R, 

R979W, or F1127L showed nearly wild type levels of TRAP activity, whereas telomerase 

reconstituted with hTERT A279T exhibited a notable defect in this assay. The hTERT 

K902N mutation abolished catalytic activity, indicating that that this residue is essential 

for telomerase function in vitro (Figure 5.2). With the exception of the A279T mutation 

(see discussion), our results corroborate the TRAP activity detected in lysates prepared 

from VA13 human cells transfected with the hTERT variants [327]. 

As mentioned previously, the TRAP is a highly sensitive method to detect 

telomerase activity. However, it does not distinguish between enzymes with catalytic 

defects and enzymes with defects in repeat addition processivity. Therefore, we used the 

CTA to gain more insight into the catalytic defects of the DC-associated hTERT mutants. 

Unexpectedly, hTERT A279T exhibited wild type levels of DNA synthesis and RAP 

when tested with telomeric ssDNA primers containing 18 nt or 6 nt (Figure 5.3). The 

quantification of at least three independent experiments is shown in Table 5.1. One 

interpretation of these data is that the catalytic defect of these mutants is only unveiled in 
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Figure 5.2: In vitro activity of telomerase reconstituted with distinct hTERT 
mutants identified in DC patients.  

Human telomerase reconstituted in RRL with hTR and plasmid DNA for the pCI vector, 

hTERT WT, A279T, P721R, R979W, K902N, or F1127L was tested for in vitro enzyme 

activity using the telomere repeat amplification protocol. RRL reconstitution reactions (1 

μL) were assayed in the presence and absence of 5 µg RNase A to show that DNA 

extension was catalyzed by telomerase and not by polymerases present in the RRL. The 

triangles represent a five-fold dilution of each reaction to confirm that the activity assays 

were in the linear range. This experiment was performed four times. 
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Figure 5.3: Analysis of the activity and repeat addition processivity of telomerase 
mutants associated with DC.  

Human telomerase reconstituted in RRL with hTR and hTERT WT, A279T, P721R, 

K902N, R979W, or F1127L was tested for catalytic activity and repeat addition 

processivity with an 18 nt telomeric primer, bio-TELO18, and a 6 nt telomeric primer, 

bio-TELO6. The positions of the 22 nt and 28 nt elongation product are shown at the left 

of the image and were determined by comparison with the mobility of a 5’-end

radiolabelled 18 nt telomeric primer containing a 3’-biotin molecule (not shown). The 

quantification and statistical analysis of these data is shown in Table 5.1. 
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Table 5.1: Quantification of DNA synthesis and repeat addition processivity 
observed for telomerase mutants associated with DC. 

hTERT 
Mutant 

bio-TELO18 bio-TELO6 

DNA Synthesis 
(% WT ± SEM) 

Repeat 
Addition 

Processivity 
(% WT ± SEM) 

DNA Synthesis 
(% WT ± SEM) 

Repeat Addition 
Processivity 

(% WT ± SEM) 

A279T 106 ± 16 98 ± 8 95 ± 5 95 ± 7 

P721R 97 ± 16 99 ± 9 116 ± 5 91 ± 6 

K902N 12 ± 1 ** ND ND ND 

R979W 54 ± 11 * 78 ± 8 26 ± 4 * 87 ± 10 

F1127L 44 ± 2 * 91 ± 8 23 ± 2 * 87 ± 10 

DNA synthesis and repeat addition processivity were determined from the data shown in 

Figure 5.3. Results were calculated from three independent experiments and the mean ± 

SEM is reported relative to the wild type enzyme. DNA synthesis was calculated within 

the first hexameric repeat and repeat addition processivity was determined within the first 

five hexameric repeats. Not detected (ND) indicates that the signal was below the 

detection limit of this assay and the data were not quantified. Asterisks denote the level of 

statistical significance compared to wild type telomerase, as determined using Student’s 

two-tailed unpaired T-tests; p < 0.01 (**) and p < 0.05 (*). 
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the presence of a partially telomeric ssDNA primer, such as that used in the TRAP assay 

(see discussion). Interestingly, hTERT P721R also exhibited wild type levels of DNA 

synthesis and RAP in the CTA (Figure 5.3). However, telomerase reconstituted with 

hTERT R979W or F1127L exhibited defects in DNA synthesis when tested with long 

and short telomeric primers. We observed that the activity defects were more severe with 

the short ssDNA primer, bio-TELO6 (Figure 5.3 and Table 5.1). The R979W and 

F1127L mutations do not appear to disrupt RAP. Lastly, telomerase reconstituted with 

hTERT K902N exhibited severe activity defects when tested with bio-TELO18 and was 

devoid of activity in the presence of bio-TELO6 (Figure 5.3). The severe catalytic defect 

observed with bio-TELO18 prevented the determination of RAP. 

We used the primer binding assay to determine if any of the mutations had 

disrupted the ability of hTERT to bind primers containing different lengths of telomeric 

ssDNA (Table 5.2). As shown in Figure 5.4, each hTERT variant retained the ability to 

interact with different lengths of ssDNA in vitro. The interaction between hTERT K902N 

and bio-TELO18, however, was significantly reduced compared to the wild type protein 

(p < 0.05). This reduction in ssDNA-binding could be a contributing factor to the 

inability of hTERT K902N to elongate bio-TELO18 in the CTA (Figure 5.3). 

Interestingly, the interaction between bio-TELO12 and hTERT A279T or F1127L was 

significantly greater than that observed for hTERT WT (p < 0.05). These mutants also 

showed a reproducibly stronger interaction with bio-TELO6, although this was not 

statistically significant (Figure 5.4). The DC-associated hTERT mutants did not form 

stable interactions with bio-antiTELO18, indicating that these mutants retained 

specificity for telomeric ssDNA in vitro (Figure 5.4). 
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Table 5.2: Description of ssDNA primers used in the primer binding studies and 
conventional telomerase activity assays of disease-associated hTERT mutations. 

Name 
Length 

(nt) 
DNA Sequence (5’ to 3’) 

bio-TELO24 24 TTAGGG TTAGGG TTAGGG TTAGGG  

bio-TELO18 18 TTAGGG TTAGGG TTAGGG  

bio-TELO12 12 TTAGGG TTAGGG  

bio-TELO6 6 TTAGGG 

bio-antiTELO18 18 AATCCC AATCCC AATCCC 

TELO24 24 TTAGGG TTAGGG TTAGGG 

These primers were tested for physical interaction with hTERT in the primer binding 

assay and telomerase-mediated extension in the conventional telomerase activity assay 

(bio-TELO18 and bio-TELO6). Primers containing a 5’ biotin molecule are indicated 

with the prefix ‘bio’.  
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Figure 5.4: Analysis of the telomeric ssDNA-binding activity of hTERT mutants 
associated with DC in vitro. 
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Figure 5.4: Analysis of the telomeric ssDNA-binding activity of hTERT mutants 

associated with DC in vitro. 

Top, Comparable counts of [35S]cysteine-labelled hTERT (left panel) were tested for 

physical interaction with biotinylated ssDNA primers containing different lengths of 

human telomeric DNA (right panel). A description of the oligonucleotides can be found 

in Table 5.2. hTERT-ssDNA complexes were immobilized on neutravidin beads, 

purified, separated by 8 % SDS-PAGE and visualized with autoradiography and 

phosphorimaging. 

Bottom, Quantification and statistical analysis of at least three independent experiments is 

shown in graphical format. Results are reported as the mean % DNA-bound hTERT ± 

SEM. Asterisks denote levels of statistical significance compared to the interaction 

between hTERT WT and the corresponding primer, as determined using Student’s two-

tailed unpaired T-tests; p < 0.05 (*). 
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5.2.2 Characterization of hTERT mutants found in patients with idiopathic pulmonary 
fibrosis 

To understand how hTERT mutations contribute to IPF, we focused on three 

distinct full length hTERT variants: V144M, R865C, and R865H. These residues are 

located within the TEN and RT domains, respectively (Figure 5.1). We also investigated 

a truncated protein lacking the first 144 amino acids because it was not clear if the 

V144M mutant was translated as a full length protein or if translation was initiated from 

the novel internal methionine.  

We first determined whether these mutants could form a functional telomerase 

complex. Human telomerase was reconstituted in RRL with hTR and hTERT WT, Δ144, 

V144M, R865C, or R865H and tested for enzyme activity in vitro with the TRAP assay. 

Human telomerase reconstituted with hTERT V144M exhibited a minor reduction in 

enzyme activity compared to the wild type enzyme (Figure 5.5). The catalytic defect was 

more pronounced when telomerase was reconstituted with hTERT R865C and R865H. 

Strikingly, telomerase reconstituted with hTERT Δ144 was devoid of catalytic activity, 

which reveals for the first time that these 144 amino acids are essential for telomerase 

activity in vitro (Figure 5.5). Control reactions showed that RNase A inhibited these 

reactions, indicating that DNA synthesis was catalyzed by telomerase and not by 

contaminating polymerases present in RRL (Figure 5.5).  

We next tested wild type and mutant telomerase in the CTA to gain more detailed 

information on the catalytic properties of these enzymes. As expected, human telomerase 

reconstituted with hTERT Δ144 was devoid of enzyme activity (Figure 5.6). Human 

telomerase reconstituted with hTERT V144M exhibited nearly wild type levels of total 
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Figure 5.5: In vitro activity of telomerase reconstituted with distinct hTERT 
mutants identified in patients afflicted with IPF.  

Human telomerase reconstituted in RRL with hTR and plasmid DNA for the pCI vector, 

hTERT WT, Δ144, V144M, R865C, or R865H was tested for in vitro enzyme activity 

using the telomere repeat amplification protocol. RRL reconstitution reactions (1 μL) 

were assayed in the presence and absence of 5 µg RNase A to show that DNA extension 

was catalyzed by telomerase and not by polymerases present in the RRL. The triangles 

represent a five-fold dilution of each reaction to confirm that the activity assays were in 

the linear range. This experiment was performed four times. 
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Figure 5.6: Analysis of the activity and repeat addition processivity of telomerase 
mutants associated with IPF.  

Human telomerase reconstituted in RRL with hTR and hTERT WT, Δ144, V144M, 

R865C, or R865H was tested for catalytic activity and repeat addition processivity with 

an 18 nt telomeric primer, bio-TELO18, and a 6 nt telomeric primer, bio-TELO6. The 

positions of the 22 nt and 28 nt elongation product are shown at the left of the image and 

were determined by comparison with the mobility of a 5’-end-radiolabelled 18 nt 

telomeric primer containing a 3’-biotin molecule (not shown). The quantification and 

statistical analysis of these data is shown in Table 5.1. 
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DNA synthesis and RAP when tested with 18 nt and 6 nt telomeric ssDNA primers (bio

TELO18 and bio-TELO6, respectively) (Figure 5.6). By contrast, the hTERT R865C and 

R865H mutations were associated with severe defects in total DNA synthesis and RAP 

with bio-TELO18 and bio-TELO6 (Figure 5.6). Quantification of three independent 

experiments showed that that telomerase reconstituted with hTERT R865C and R865H 

were approximately 20 % as active as the WT enzyme when tested with bio-TELO18 

(Table 5.3). We were unable to detect any activity with the shorter ssDNA primer, bio

TELO6. Furthermore, the R865 mutations caused significant defects in RAP, indicating 

that these residues are required for efficient DNA synthesis and processive repeat 

addition (Figure 5.6 and Table 5.3). 

We next tested the ability of the mutant proteins to interact with telomeric ssDNA 

to determine if the catalytic defects were caused by impaired protein-DNA interactions. 

Figure 5.7 shows that the hTERT mutants did not form a stable interaction with bio

antiTELO18 and thus, retained sequence-specific ssDNA-binding activity in vitro. When 

compared with hTERT WT, however, the IPF mutants exhibited differences in their 

interactions with specific lengths of human telomeric ssDNA (Figure 5.7). Interestingly, 

the relative strength of the interaction between bio-TELO18 and each of the R865 

mutants was significantly less than that observed for hTERT WT (Figure 5.7). This result 

suggests that impaired protein-DNA interactions could contribute to the activity and RAP 

defects of telomerase reconstituted with hTERT R865C and R865H. The R865H mutant, 

which exhibited the most severe defects in DNA synthesis and RAP, also showed a 

relatively weak interaction with bio-TELO12 and bio-antiTELO18. The increased 

strength of the interaction between hTERT V144M and bio-TELO24 may reflect tighter  
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Table 5.3: Quantification of DNA synthesis and repeat addition processivity 
observed for telomerase mutants associated with IPF. 

hTERT 
Mutant 

bio-TELO18 bio-TELO6 

DNA Synthesis 
(% WT ± SEM) 

Repeat Addition 
Processivity 

(% WT ± SEM) 

DNA Synthesis 
(% WT ± SEM) 

Repeat Addition 
Processivity 

(% WT ± SEM) 

ΔV144 ND ND ND ND 

V144M 65 ± 13 105 ± 9 92 ± 6 94 ± 19 

R865C 24 ± 3 * 14 ± 4 ** ND ND 

R865H 20 ± 4 ** ND ND ND 

DNA synthesis and repeat addition processivity was determined from the data shown in 

Figure 5.3. Results were calculated from three independent experiments and the mean ± 

SEM is reported relative to the wild type enzyme. DNA synthesis was calculated within 

the first hexameric repeat and repeat addition processivity was determined within the first 

five hexameric repeats. Not detected (ND) indicates that the signal was below the 

detection limit of this assay and the data was not quantified. Asterisks denote the level of 

statistical significance compared to wild type telomerase, as determined using Student’s 

two-tailed unpaired T-tests; p < 0.05 (*) and p < 0.01 (**). 
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Figure 5.7: Analysis of the telomeric ssDNA-binding activity of hTERT mutants 
associated with IPF in vitro. 
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Figure 5.7: Analysis of the telomeric ssDNA-binding activity of hTERT mutants 

associated with IPF in vitro. 

Top, Comparable counts of [35S]cysteine-labelled hTERT (left panel) were tested for 

physical interaction with biotinylated ssDNA primers containing different lengths of 

human telomeric DNA (right panel). A description of the oligonucleotides can be found 

in Table 5.2. hTERT-ssDNA complexes were immobilized on neutravidin beads, 

purified, separated by 8 % SDS-PAGE and visualized with autoradiography and 

phosphorimaging. 

Bottom, Quantification and statistical analysis of at least three independent experiments is 

shown in graphical format. Results are reported as the mean % DNA-bound hTERT ± 

SEM. Asterisks denote levels of statistical significance compared to the interaction 

between hTERT WT and the corresponding primer, as determined using Student’s two-

tailed unpaired T-tests and the hTERT WT primer binding data set shown in Figure 5.4; p 

< 0.05 (*) and p < 0.01 (**). 
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binding of the primers to this mutant. Interestingly, the catalytically inactive hTERT 

Δ144 bound the telomeric ssDNA primers as efficiently as WT hTERT (Figure 5.7). This 

observation is consistent with the studies described in Chapter 3, which indicate primer 

binding can be functionally uncoupled from primer utilization.  

5.3 Discussion 

5.3.1 Discussion of hTERT mutants associated with dyskeratosis congenita 

Dyskeratosis congenita is a rare, multi-system disorder that generally presents 

during childhood [320]. Accelerated telomere shortening due to telomerase deficiency is 

the general underlying cause of DC and DC-related diseases [320]. Inherited forms of DC 

exhibit anticipation, whereby successive generations exhibit earlier disease onset and 

present with more severe phenotypes [321,322]. The mechanism of disease anticipation 

in DC is thought to be caused by the inheritence of short telomeres that continue to 

shorten at an accelerated rate in the afflicted offspring. Mutations have been detected in 

five telomerase holoenzyme genes (TERC, TRT, DKC1, NOP10, and NHP2) and one 

shelterin gene, TINF2 [320]. In this study, we sought to gain insight into the mechanisms 

by which specific TRT mutations contribute to this disease. We determined the effects of 

five different hTERT mutants on overall telomerase activity, RAP, and telomeric ssDNA

binding activity in vitro. None of the hTERT substitutions altered protein expression or 

stability in RRL. The results of these experiments are summarized in Table 5.4 and 

discussed below. 
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Table 5.4: Summary of the in vitro DNA synthesis, repeat addition processivity, and 
ssDNA-binding activities of hTERT mutants associated with DC. 

hTERT 
Mutant 

TRAP 
Activity 

bio-TELO18 bio-TELO6 

DNA 
Binding 

DNA 
Synthesis 

Repeat 
Addition 

Processivity 

DNA 
Binding 

DNA 
Synthesis 

Repeat 
Addition 

Processivity 

A279T ↓↓ WT WT WT WT WT WT 

P721R WT/↓ WT WT WT WT WT WT 

K902N ↓↓↓ ↓ ↓↓↓ ND WT ND ND 

R979W WT/↓ WT ↓ WT WT ↓↓ WT 

F1127L WT/↓ WT ↓↓ WT WT ↓↓ WT 

A wild type (WT) designation is given to mutants that did not show a difference 

compared to wild type telomerase or hTERT. Not detected (ND) indicates that the signal 

was below the detection limit of this assay and the data were not quantified. The number 

of arrows indicates the relative level of change compared to wild type telomerase or 

hTERT: minor decrease (↓), moderate decrease (↓↓), and severe decrease (↓↓↓). 
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The hTERT A279T mutation is particularly interesting because it has been 

identified in both diseased and apparently healthy individuals [326]. This residue forms 

part of the N-terminal linker region that separates the TEN and TRB domains and has 

species-specific roles in telomerase activity and TR-binding in vitro [142,145,152]. The 

length and sequence of the linker region varies significantly between species, although 

vertebrate TERTs contain a small block of conserved residues in the extreme C-terminal 

portion of the linker [152]. Based on the observation that A279 resides in a poorly 

conserved region that exhibits structural flexibility, we speculate that the conservative 

A279T mutation could be well-tolerated, thereby explaining its presence in apparently 

healthy individuals. Nonetheless, Thr is physically larger and more polar than Ala, 

indicating that the substitution could affect TERT structure and/or function. Consistent 

with this, we found that telomerase reconsituted with hTERT A279T exhibited reduced 

levels of TRAP activity compared to the wild type enyzme (Figure 5.2). By contrast, the 

mutant enzyme catalyzed wild type levels of DNA synthesis and RAP in the CTA (Figure 

5.3). The most obvious explanation for this difference is the sequence composition of the 

ssDNA primer: the TRAP assay utilizes a G-rich primer that does not contain canonical 

TTAGGG repeats whereas the CTA uses primers comprised entirely of telomeric repeats. 

Thus, the A279T mutation seems to affect the ability of telomerase to elongate non

telomeric G-rich ssDNA primers in vitro. Consistent with this is our observation that 

hTERT A279T interacts with ssDNA primers containing 24 nt or 18 nt of telomeric DNA 

in vitro as efficiently as wild type hTERT (Figure 5.4). Interestingly, another group has 

shown that human telomerase reconsituted in vivo with hTERT A279T exhibits wild type 

levels of TRAP activity [327]. The most likely explanations for this difference are: 1) the 
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reconstitution system (RRL vs human VA13 cells); 2) sample origin (crude RRL vs total 

cell lysate); and/or 3) the number of PCR cycles used to amply telomerase-extension 

products variations, which we have found strongly affect the observed TRAP activity of 

certain hTERT mutants.  

Two of the amino acid substitutions investigated in this study are located within 

the hTERT RT domain: P721R and K902N. These residues form part of the highly 

conserved RT motifs A and D, respectively [116,117]. We expected that the P721R 

substitution would have a significant impact on telomerase structure and function because 

of its non-conservative nature and the general importance of Pro residues in protein 

folding. However, telomerase reconstituted with hTERT P721R showed wild type levels 

of DNA synthesis and RAP in vitro (Figure 5.3). Furthermore, hTERT P721R bound 

telomeric ssDNA primers as effeciently as wild type hTERT (Figure 5.4). Our TRAP 

corroborates a previous demonstration that human telomerase reconstituted with hTERT 

P721R in vivo exhibits nearly wild type levels of TRAP activity [327]. In light of these 

data, it would be useful to know the telomere lengths of patients that carry this mutation 

because it appears that this mutation does not lead to telomerase deficiency. If these 

patients do in fact harbour short telomeres then it would be interesting to determine the 

cellular localization of hTERT P721R and whether it is targeted to telomeric DNA in 

vivo. Furthermore, motif A of the hTERT RT domain has been shown to be required for 

an efficient interaction with the ATPase pontin, suggesting that that the P721R mutation 

could have disrupted the ability of pontin to stabilize the telomerase complex in vivo 

[232]. 
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Telomerase reconsituted with hTERT K902N was devoid of catalytic activity in 

the TRAP assay (Figure 5.2). The mutant enzyme also exhibited severe activity defects 

when tested in the CTA with an 18 nt telomeric primer and was catalytically inactive 

with the 6 nt primer (Figure 5.3). Our results are consistent with previous observations 

regarding the effect of this mutation on human telomerase activity in vitro and in vivo 

[322,327] and collectively indicate that hTERT K902N is a loss-of-function mutant. 

hTERT K902 forms part of the evolutionarily-conserved motif D within the catalytic RT 

domain [116,117]. The high-resolution structure of flour beetle TERT reveals that motif 

D forms a loop beneath the active site [128]. The positively charged Lys side-chain is 

believed to position and/or stabilize the triphosphate group of the incoming dNTP during 

catalysis [128]. This model is supported by biochemical studies of the corresponding 

residue in HIV-1 RT, which have identified an important role for this residue in 

nucleotide binding [351]. We propose that the non-conservative K902N mutation directly 

impairs dNTP-binding and/or positioning in the enzyme active site, thereby explaining 

the loss of catalytic activity associated with this mutation.  

We studied the effects of two C-terminal amino acid substitutions (R979W and 

F1127L) on telomerase function in vitro. Although the CTE is not as well-characterized 

as other regions in TERT, it is important for the activity and processivity of human 

telomerase in vitro and in vivo [139,140]. Interestingly, hTERT F1127 resides in the CTE 

DAT domain, which is required for telomerase-mediated telomere elongation in human 

cells [140]. We found that human telomerase reconstituted with either hTERT R979W or 

F1127L exhibited nearly wild type levels of activity in the TRAP assay and did not 

demonstrate any RAP defects in the CTA (Figure 5.3). However, both mutants 
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demonstrated a significant reduction in overall DNA synthesis when tested with 18 and 6 

nt telomeric primers in the CTA (Figure 5.3). Importantly, our studies have uncovered a 

previously unrecognized role for these residues in mediating the first round of DNA 

synthesis. The observation that hTERT R979W retains wild type levels of ssDNA

binding is consistent with our previous finding that the CTE does not contain a major 

DNA-binding domain (Chapter 3) [158].    

5.3.2 Discussion of hTERT mutants associated with idiopathic pulmonary fibrosis 

Idiopathic pulmonary fibrosis is a progressive and often fatal lung disease that 

typically presents after the fifth decade [338]. There are no medical therapies that prolong 

life expectancy and the mean survival is three years after initial diagnosis [338]. The 

disease is characterized by extensive damage to the lung parenchyma due to a 

combination of dysfunctional epithelial repair processes, fibrosis, and inflammation. 

Another distinguishing feature of IPF is the unknown etiology, although recent genetic 

studies have provided insight into the culprit genes. More specifically, heterozygous TRT 

mutations have been identified in patients afflicted with familial IPF [337,352]. The 

telomeres of these patients are significantly shorter than the telomeres of age-matched 

family members without these mutations [337,352]. Telomerase deficiency is considered 

the underlying cause of this phenotype. However, a detailed description of how these 

mutations affect telomerase structure and function is still lacking. To gain a more detailed 

insight into how hTERT mutations contribute to IPF, we investigated the effects of four 

different hTERT mutations on telomerase activity, RAP, and telomeric ssDNA-binding 

activity in vitro. Notably, none of the hTERT substitutions altered protein expression or 
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stability in RRL (Figure 5.7). The results of these experiments are summarized in Table 

5.5 and discussed below. 

We observed that telomerase reconstituted with hTERT ΔV144 was devoid of 

enzyme activity in the TRAP and CTA (Figures 5.5 and 5.6). This result provides strong 

evidence that amino acids 1 to 144 are required for the catalytic activity of telomerase in 

vitro. Beattie et al. have previously shown that telomerase reconstituted with hTERT 

Δ200 exhibits low levels of TRAP activity, which indicates that residues 144-200 are 

required for catalytic activity [148]. We interpret these results as evidence that an intact 

hTERT TEN domain, and not residues 144-200 per se, is required for telomerase activity 

in vitro. Amino acids 1-144 comprise approximately three-quarters of the TEN domain, 

which has important roles in enzyme function and telomeric ssDNA-binding activity 

(Chapter 4). However, hTERT ΔV144 exhibited wild type levels of telomeric ssDNA

binding activity in vitro, suggesting that the first 144 amino acids are dispensable for 

primer binding (Figure 5.7). Importantly, hTERT ΔV144 contains the evolutionarily-

conserved anchor region that is located within the TEN domain (Figure 4.1). We 

speculate that the DNA-binding properties of this mutant are intact because it contains all 

the regions that are necessary for physical interactions with telomeric ssDNA in vitro. 

Our TRAP results indicate that hTERT V144M does not negatively impact the 

ability of telomerase to elongate partially telomeric ssDNA primers in vitro, which 

corroborates the independent work of Garcia and colleagues [352]. Our CTA results 

show that telomerase reconstituted with the full length V144M hTERT variant exhibits 

wild type levels of DNA synthesis and RAP when tested with completely telomeric 

ssDNA primers (Figure 5.6). These observations collectively indicate that the V144M 
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Table 5.5: Summary of the in vitro DNA synthesis, repeat addition processivity, and 
ssDNA-binding activities of hTERT mutants associated with IPF. 

hTERT 
Mutant 

TRAP 
Activity 

bio-TELO18 bio-TELO6 

DNA 
Binding 

DNA 
Synthesis 

Repeat 
Addition 

Processivity 

DNA 
Binding 

DNA 
Synthesis 

Repeat 
Addition 

Processivity 

ΔV144 ND ↑ ND ND WT ND ND 

V144M WT WT WT WT WT WT WT 

R865C ↓↓ ↓ ↓↓ ↓↓↓ WT ND ND 

R865H ↓↓ ↓↓ ↓↓ ND WT ND ND 

A wild type (WT) designation is given to mutants that did not show a difference 

compared to wild type telomerase or hTERT. Not detected (ND) indicates that the signal 

was below the detection limit of this assay and the data were not quantified. The number 

of arrows indicates the relative level of change compared to wild type telomerase or 

hTERT: minor increase (↑), minor decrease (↓), modest decrease (↓↓), and dramatic 

decrease (↓↓↓). 
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mutation does not have a significant impact on telomerase function in vitro. This is 

consistent with the semi-conservative nature of the substitution. Whether this mutation 

has a more severe consequence on enzyme activity in vivo is currently unknown. 

The hTERT R865C and R865H mutations are located within motif C of the 

catalytic RT domain and form part of the conserved LhRhhDD motif, where h indicates 

hydrophobic residues [159]. In hTERT, the sequence of this motif if LLRLVDD. The two 

Asp residues form part of the catalytic triad that is shared by all RTs and directly 

participates in nucleotide addition, coordinated by a two metal ion mechanism: mutating 

these residues ablates telomerase activity in vitro and in vivo 

[116,117,119,123,124,137,154-156]. The Val residue forms part of the nucleotide-

binding pocket [128] and mutations of this residue lead to significant changes in overall 

DNA synthesis and nucleotide incorporation fidelity without affecting RAP [159]. Based 

on these results, we expected that that the R865 mutations would impair enzyme activity. 

The polar character of the Arg side-chain makes it ideal for binding negatively charged 

groups, which is consistent with high-resolution structural data that place this residue in 

the nucleotide-binding pocket [128]. Our studies have uncovered novel roles for R865 in 

enzyme activity and show that R865C and R865H mutations severely impair DNA 

synthesis and RAP in vitro (Figures 5.5 and 5.6). We speculate that the R865C and 

R865H mutations disrupt nucleotide positioning in the active site and therefore, directly 

compromise the catalytic reaction.     
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5.3.3 Perspectives 

Mutations in the human TRT gene have been recently identified in patients 

afflicted with DC and several DC disease-variants, including IPF, AA, and HH 

syndrome. The common phenotype among these patients is abnormally short telomeres, 

suggesting that the general mechanism of these disease states is telomerase deficiency. 

This is interesting because these patients are predisposed to developing cancer, which is 

associated with an up-regulation of telomerase activity. It is not clear how genetic lesions 

in TRT contribute to such a broad spectrum of disease phenotypes. The prevailing 

hypothesis is that a combination of telomerase deficiency and additional genetic or 

stochastic mutations determine the overall phenotype. This emphasizes the need for a 

detailed description regarding the mechanisms by which specific hTERT mutations affect 

telomerase function. The study of naturally-occurring hTERT mutants will provide 

important fundamental insight into protein structure and function and may ultimately 

translate into novel therapeutic strategies. Our studies are necessary, but not sufficient, 

for a complete understanding of how specific hTERT mutations contribute to human 

disease. 
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Chapter Six: Future Directions and Conclusions 

6.1 General Discussion  

Telomeres are essential nucleoprotein structures that form a protective cap for 

chromosome ends. The cap provides an architectural mechanism that enables cells to 

regulate telomere elongation and distinguish natural chromosome ends from bona fide 

DNA breaks [50]. The proper maintenance of telomere structure and function is crucial 

for prolonged cell proliferation and genome stability [295]. Importantly, most normal 

somatic cells have a limited lifespan and exhibit telomere attrition during cell-division 

because the semi-conservative DNA replication machinery cannot replicate the termini of 

linear chromosomes [89-91]. The loss of functional genetic information would result in 

cellular catastrophe and the terminal segments of linear chromosomes have evolved 

unique strategies to this from occurring. Almost all eukaryotes utilize an enzyme called 

telomerase to synthesize and maintain telomeric DNA. 

Telomerase is a cellular reverse transcriptase complex that minimally contains a 

catalytic protein subunit (TERT) and an RNA subunit (TR) [110-112]. TERT proteins are 

structurally defined by conserved RT and telomerase-specific domains [129]. TERT-

specific domains in the NTE and CTE contribute to the biochemical properties that 

distinguish telomerase from prototypical RT’s. TERT uses a small RNA template within 

TR to reverse transcribe telomeric nucleotides onto the ss 3’-ends of chromosomes in 

vivo or certain ssDNA primers in vitro. Telomerase is unique in its ability to catalyze 

processive DNA synthesis, which is facilitated by telomere-specific DNA-binding 

domains called anchor sites. 
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Genetic and somatic mutations that disrupt the normal assembly and function of 

the human telomerase RNP are associated with a spectrum of disease states [338]. 

Characterization of human telomerase structure and function is required to understand the 

molecular mechanisms that underlie these disease states. The physiological importance of 

telomerase is further illustrated by the fact that approximately 85 % of human cancers 

exhibit up-regulated telomerase activity [169], which prevents telomere shortening and 

confers these cells with unlimited replicative capacity. This emphasizes the need for 

therapeutics that can modulate telomerase activity in vivo. Unfortunately, the 

applicability and efficacy of currently available therapeutic strategies is limited because 

the molecular mechanism(s) that regulate the assembly and activity of human telomerase 

are poorly understood [314]. Thus, structure-function studies of human telomerase are 

also necessary for the rational design of novel therapeutic compounds.  

6.2 Future Directions 

My thesis work has expanded our knowledge of hTERT structure and function 

and provides a platform for many different avenues of future research, of which three are 

discussed below. 

6.2.1 Contribution of the telomerase RNA subunit and telomerase-associated proteins 
to ssDNA-binding 

We developed the primer binding assay to investigate interactions between 

hTERT and ssDNA in the absence of hTR. However, it would be interesting to determine 

how hTR affects hTERT-ssDNA interactions in vitro. One important challenge that needs 
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to be resolved is the isolation of fully-assembled hTERT/hTR complexes from RRL. 

Dual-affinity purification of telomerase could theoretically recover fully assembled 

complexes but whether this purification strategy would recover sufficient amounts of 

enzyme for the primer binding assay is unknown.  

The primer binding assay could also be used to investigate how telomerase- and 

telomere-associated proteins influence the DNA-binding activity of hTERT in vitro. 

Based on the recent report that Hsp82 mediates the accessibility of telomeric ssDNA to S. 

cerevisiae telomerase [109], it would be very interesting to determine how the human 

proteins HSP90 and p23 influence the ssDNA-binding activity of hTERT. This could be 

accomplished by immunodepleting HSP90 and/or p23 from the RRL reconstitution 

reaction or by the addition of HSP90/p23 inhibitors (e.g. geldanamycin) before or after 

hTERT synthesis. 

Another potential modification of the primer binding assay is the source of the 

hTERT and/or telomerase that is assayed for DNA-binding. It would be interesting to 

study the ssDNA-binding properties of hTERT immunoprecipitated from human cells of 

different lineages. The main challenges associated with this protocol will be: 1) the 

ability to recover sufficient amounts of protein to perform the primer binding assay; 2) 

controlling for the heterogeneity of the immunoprecipitated protein complex; and 3) the 

antibody-based detection of DNA-bound hTERT. Nonetheless, this approach seems 

warranted in light of the technical difficulties and cellular manipulations associated with 

detecting telomere-bound hTERT by chromatin immunoprecipitation [353].   
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6.2.2 Understanding hTERT mutations in relation to the telomerase holoenzyme  

Several proteins are integral or transient components of the telomerase 

holoenzyme. Based on this observation, it will be important to determine if the 

composition of the telomerase RNP is altered in cells that ectopically express distinct 

hTERT mutants. It would be equally informative to investigate if RNP composition 

varies between telomerase-positive and telomerase-negative cell lines that ectopically 

express the mutant hTERT proteins. This objective could be addressed using biased and 

unbiased approaches. For example, the mutant telomerase complex could be 

immunoprecipitated and probed for specific interacting proteins, such as dyskerin, 

pontin/reptin, and TCAB1 (i.e. biased approach). Alternatively, the immunoprecipitated 

complex could be analyzed by mass spectrometry, which would provide unbiased 

information on telomerase-interacting proteins. One important advantage of the latter 

approach is the potential to uncover novel telomerase-interacting proteins.  

6.2.3 Cellular significance of naturally-occurring hTERT mutants 

It will be important to express the naturally-occurring hTERT mutants in 

telomerase-positive and telomerase-negative human cell lines and determine how these 

mutations affect telomerase activity, protein-protein interactions, and telomere length 

maintenance. These experiments will help us understand the biological consequences of 

hTERT mutations in relation to human disease. The identification of hTERT mutants that 

do not exhibit defects in telomere length maintenance would be particularly interesting. 

This would indicate that the accentuated telomere shortening observed in patients 

harbouring the TRT mutation is caused by another telomerase-relevant mutation. The 
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most likely candidates for additional mutations are genes encoding telomere- and 

telomerase-associated proteins.   

6.3 Conclusions and Perspectives 

The overall objective of my thesis work was to understand the fundamental 

mechanisms by which hTERT interacts with telomeric ssDNA and how these interactions 

contribute to telomerase function. I was especially interested in elucidating hTERT 

anchor regions since there was limited information about these telomerase-specific DNA-

binding regions at the time I started my thesis work. With this in mind, it is worth 

mentioning some of the biochemical challenges that are associated with the hTERT 

protein. First, biochemical purification of full length hTERT has been impeded by the 

fact that the protein is insoluble and/or unstable under various purification schemes. 

Related to this is the fact that the endogenous protein is expressed at very low levels in 

human cells (approximately 20-50 molecules per cell) [101], which is further complicated 

by the lack of high-quality and reliable hTERT antibodies [354]. These issues can be 

circumvented by reconstituting human telomerase in vitro with the RRL transcription-

translation system. However, the RRL contains a high concentration of endogenous 

proteins that interfere with many biochemical techniques, such as UV-cross-linking and 

electrophoretic mobility-shift assays (T.L. Beattie, personal communication). Thus, 

although protein-DNA interactions are a fundamental aspect of telomerase activity, 

limited information was available on this matter when I started my thesis work. 

Furthermore, the information that was available regarding protein-DNA interactions had 
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been inferred from activity assays and therefore, it was unknown if TERT could 

physically bind telomeric ssDNA in the absence of the integral RNA subunit. 

We developed a DNA-binding assay to characterize interactions between RRL-

reconstituted hTERT and ssDNA primers in vitro. Our studies were the first to 

demonstrate that hTERT could form stable and sequence-specific interactions with 

telomeric ssDNA in the absence of the telomerase RNA subunit. Through extensive 

mutational analysis of hTERT, we uncovered novel regions of the protein that are critical 

for a stable and sequence-specific interaction with telomeric ssDNA. Our studies were 

also the first to show that the interaction between hTERT and telomeric ssDNA could be 

functionally uncoupled from telomerase-mediated telomere elongation. Collectively, our 

data supported a model in which distinct anchor regions in hTERT co-operate to regulate 

primer binding and extension in vitro. 

During the course of my thesis work, the first atomic-resolution structure of 

TERT was determined – the ciliate TEN domain, which encompasses amino acids 2-191 

[143]. Phylogenetically conserved amino acids were identified on the surface of this 

domain and were predicted to form a ssDNA-binding groove. This previously 

unrecognized ssDNA-binding channel was expected to represent a long-sought after N-

terminal anchor region. Consistent with this hypothesis, an evolutionarily-conserved Gln 

residue was shown to be required for telomerase function in lower eukaryotes 

[143,278,289]. We provided the first detailed evidence regarding the biochemical and 

cellular roles of this Gln residue in higher eukaryotes. Our studies were the first to show 

that this residue is required for human telomerase activity in vitro and in vivo. We 

provided the first evidence that this Gln residue is required for conformational changes in 
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the hTERT N-terminus that are necessary for optimal substrate-enzyme interactions and 

nucleotide incorporation. We also uncovered a role for this amino acid in sequence-

specific interactions between the hTERT NTE and human telomeric ssDNA. 

Collectively, our results indicate that the Gln residue forms part of a long-sought 

evolutionarily-conserved anchor region in the TERT NTE.   

Another milestone that was reported during my graduate work was the 

identification of TRT mutations in patients afflicted with DC and IPF. These patients have 

telomeres that are significantly shorter than age-matched controls, suggesting that the 

underlying disease mechanism is telomerase deficiency [338]. Although the mutations 

are distributed throughout the hTERT protein, many reside in the RT domain and were 

anticipated to directly alter the catalytic reaction. Importantly, other mutations are located 

within poorly understood regions of hTERT (e.g. the linker region and CTE). Thus, we 

reasoned that characterizing naturally-occurring hTERT mutants would provide 

important insight into telomerase structure and function in relation to human disease. Our 

studies have provided novel insight into the functional consequences of these mutations 

in vitro. We are the first to report on how these mutations affect hTERT-telomeric 

ssDNA interactions. These studies are necessary, but not sufficient, for a complete 

understanding of how mutations in telomerase contribute to human disease. These 

insights may ultimately lead to the development of novel treatment options for patients 

suffering from DC and IPF. 
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