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ABSTRACT 

 

Characterization of Telomerase RNP in Arabidopsis thaliana. 

(December 2008) 

Kalpana Kannan, B.Sc., University of Madras, India; 

M.Sc., Indian Institute of Technology, Chennai, India 

Chair of Advisory Committee:   Dr. Dorothy E. Shippen 

 

 Telomeres are critical for the integrity of eukaryotic genomes. They function to 

protect chromosome ends from DNA damage surveillance and inappropriate repair. 

Telomeres are maintained by the specialized ribonucleoprotein complex telomerase. 

Without telomerase, telomere shortening would ultimately lead to compromised genome 

stability and cellular senescence. Therefore, telomerase function is necessary for 

extension of the proliferative capacity of the cell. 

In this dissertation, we describe the characterization of core components of 

telomerase ribonucleoprotein complex in the flowering plant, Arabidopsis thaliana. We 

find that dyskerin, one of the core telomerase components in humans is also conserved 

in Arabidopsis telomerase. Arabidopsis dyskerin associates with the telomerase RNP in 

an RNA-dependent manner and is required for telomere length maintenance in this 

organism. We also describe the characterization of another core telomerase component, 

the telomerase RNA subunits (TERs). Unexpectedly, we uncovered two distinct TER 

subunits that share a region of high identity. The two TERs named TER1G7 and TER5G2, 

based on their chromosomal positions, display differences in their expression levels and 

their association with telomere-related proteins. Both TERs can serve as templates for 

telomerase in vitro. Through genetic analyses, we show a templating function for TER1G7 
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in vivo and a novel role for TER5G2 as a negative regulator of telomerase. Finally, the 

presence of TER genes in other plant species was investigated and evidence for 

duplication of TER genes in plants closely related to Arabidopsis was obtained. We also 

show evidence for a template mutation in Asparagus TER that could lead to variant 

repeats in this organism.       

In summary, the studies presented in this dissertation reveal that Arabidopsis 

telomerase shares both similarities and differences with other telomerase RNPs, making 

it an exciting model system for study of telomere biology.  
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CHAPTER I 

INTRODUCTION 

 

History of Telomeres 

 Telomeres are the physical ends of chromosomes. The idea that the ends of 

chromosomes had special characteristics was established through the work of Hermann 

Muller and Barbara McClintock, who were studying the breakage and fusion of broken 

chromosomes in Drosophila and maize, respectively (215). They independently 

observed that a broken chromosome end was never attached to an intact chromosome 

end, suggesting that the natural ends of chromosomes were in some way protected from 

rearrangements. Muller coined the term ‘telomeres’ for these special ends of 

chromosomes (28). We now know that this property of telomeres is necessary for 

maintaining chromosomal stability from DNA repair activities and nucleolytic 

degradation.           

 Later, when the structure of DNA and the mechanism of DNA replication was 

understood (276), it was predicted that the very ends of chromosomes could not be fully 

replicated. Lagging strand DNA synthesis requires an RNA primer for synthesis of DNA 

and after the last RNA primer is removed, a gap would remain.  This is known as the 

‘end-replication problem’ as proposed by Alexey Olovnikov and James Watson 

independently (243, 327). Over time, this loss would be detrimental to any organism as 

sequences from chromosome termini would be lost and this could lead to cellular 

senescence. Seminal work by Elizabeth Blackburn in the ciliate Tetrahymena showed  

that eukaryotic organisms had found a way to avert the end-replication problem. She 

This dissertation follows the style and format of Molecular and Cellular Biology. 
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observed that rDNA molecules in Tetrahymena had tandem repeats of a hexanucleotide 

sequence repeat TTGGGG (26). This was the first telomere repeat identified and soon 

similar G-rich repetitive sequences were also identified in other organisms. However, the 

mechanism of addition of these telomeric repeats was still unknown.  

 Elizabeth Blackburn and Jack Szostak asked if Tetrahymena telomeres could 

function in yeast.  They introduced a linear yeast plasmid with Tetrahymena termini into 

yeast and observed that the plasmid could be maintained (299). Moreover, sequencing 

of the plasmid revealed that yeast specific TG1-3 repeats were added onto the 

Tetrahymena telomeres (285). This indicated that telomeres are functionally conserved 

across evolutionarily different organisms and that there was a mechanism to add these 

repeats on to the chromosome ends de novo. 

 

Discovery of Telomerase 

 The question then arose as to what generated these repeats. Two ideas were 

presented: one was that these sequences were transposed or recombined onto the end 

and the other was that an enzyme might be responsible for the addition of these repeats 

(27). To address this question, the Blackburn lab took a biochemical approach and 

purified the activity that was responsible for addition of repeats from the ciliate 

Tetrahymena thermophila (116, 117). They set up an assay in which they supplied a G-

rich single-strand DNA primer (similar to the telomeric sequence) and allowed the 

extracts to incorporate radioactive nucleotides in the generation of telomeric repeats 

(116, 117). When the products were resolved on a sequencing gel, the result was a 

ladder of bands that had a six base periodicity corresponding to the addition of the six 

base TTGGGG repeat found at Tetrahymena telomeres (116). Ultimately, they were able 

to show that this activity was specific to a telomeric primer and interestingly, even an 
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oligonucleotide that ended in a yeast telomere could be extended by the Tetrahymena 

extract. They called this activity telomere terminal transferase or “telomerase” (117). 

 The Blackburn lab then investigated the mechanism that specifies the addition of 

specific telomere repeats. They found that the activity depended on a nucleic acid 

component. Subsequent work led to the identification of the telomerase RNA subunit 

(TER) which was found to have a sequence complementary to 1.5 repeats of the 

Tetrahymena telomere sequence. This sequence was shown by mutagenesis to act as a 

template for the addition of Tetrahymena telomere repeat (118). Thus, the telomerase 

complex was defined as a reverse transcriptase with an integral RNA subunit. 

 Several years later, the catalytic protein subunit, also known as telomerase 

reverse transcriptase or TERT, was identified by purification and mass spectrometry 

from the ciliate Euplotes aediculatus (191). Simultaneously, yeast mutants in TERT 

(Est2) were identified that had unmistakable telomere defects such as telomere 

shortening with every generation and an early onset of senescence. These mutants 

were termed EST for “ever shorter telomeres” (200). The first yeast mutants also 

indicated the importance of proper functioning of telomeres and telomerase for all 

organisms. Based on the sequence of the first TERT and the presence of canonical 

reverse transcriptase motifs, similar proteins from other eukaryotes were identified (238).

 The sequence of human telomeres was revealed to be TTAGGG similar to 

Tetrahymena telomeres (234). Human telomerase was also identified soon thereafter 

(233). This was followed by the development of a sensitive PCR assay termed telomere 

repeat amplification protocol (TRAP) that revealed that telomerase was not expressed in 

all human cells but was active in many cancer cells (162). Also, telomere shortening was 

found to occur with human cells in culture (123). The above data fit with the prediction 

that the end replication problem results in telomere loss and might be the cause of the 
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senescence observed in human cell culture (244). An exciting finding resulted when 

telomerase was expressed in these cells: telomere loss was not observed anymore and 

the cells became immortal (31). This result pointed to a connection between telomeres 

and cellular aging and suggested that telomere loss is a tumor suppressor mechanism 

(123). Telomeres are typically shorter in cancer cells than in normal tissue because 

cancer cells undergo more cell divisions (71, 127). In order to survive, cancer cells must 

activate a telomere maintenance mechanism usually telomerase (127). Telomerase 

alone is not sufficient to cause the transformation of cancer cells. Work from the 

Weinberg lab has shown that ectopic expression of telomerase catalytic subunit as well 

as co-expression of two oncogenes (ras and SV40 large T-antigen), is needed for the 

tumorigenic conversion of normal human cells (120). Thus, the implications of telomeres 

and telomerase in cancer and cellular aging have fueled subsequent research to 

understand their composition and regulation.      

 The above experiments established the essential nature of telomeres for genome 

stability of eukaryotes. However, telomerase and telomeric proteins have diverged 

considerably and our knowledge of telomerase particularly in the plant kingdom is 

limited. Therefore, the focus of this dissertation is on the composition and function of the 

telomerase RNP in the model plant Arabidopsis thaliana. 

 

Structure of Telomeres 

Telomeric DNA consists of an array of G-rich repeats: Tetrahymena contains 

about 50 copies of the repeat TTGGGG (26), while the related TTAGGG repeat is 

common to vertebrates (234). Although telomeres in most organisms consist of perfect 

repeat arrays, the telomere repeat is degenerate in some organisms including S. 

cerevisiae.  In this case, telomeres consist of TG1-3 repeats. It is thought that degenerate 
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repeats are the consequence of inappropriate translocation and stuttering along the RNA 

template during nucleotide addition (87).     

 Arabidopsis and most other plant species have a seven-base telomeric repeat, 

TTTAGGG (263).  Interestingly, some plants in the monocot order of Asparagales (for 

example Asparagus) contain human-type TTAGGG repeats (297). The change in the 

Asparagus telomere repeat is most probably due to a mutation in template of the 

telomerase RNA subunit. Some members of the Alliaceae species (which includes 

onion), have lost the human-type repeat and their telomere sequence still remains to be 

determined (251). Some organisms like Drosophila have no simple telomere repeat at 

the end of their chromosomes. Instead, chromosomes terminate in retrotransposon 

sequences which are periodically transferred to the terminus to solve the end replication 

problem (22).         

 Telomeres have both a double-stranded repeat region as well as a 3’ single-

stranded portion known as the G-overhang (Fig. 1A). Adjacent to the double-stranded 

telomeric repeats is the subtelomeric region (Fig. 1A). This region has been implicated in 

negative regulation of telomere length, prevention of recombination, telomeric silencing 

and nuclear telomere positioning (16, 88, 107, 132). In budding yeast, the subtelomeric 

region contains repetitive elements that vary among chromosome arms (257). These 

include the Y’ element and a core X element that is present on all chromosome arms 

(257). In Arabidopsis thaliana, 8 of the 10 chromosome arms have unique subtelomeric 

regions that do not contain any repetitive elements (130). This feature of Arabidopsis 

subtelomeres can be exploited to study telomere length dynamics of individual 

chromosome arms (130). 
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FIG. 1. Telomere structure. (A) Telomeres are composed of a double-stranded region of multiple G-rich 

repeats and a short single-stranded region known as the G-overhang. Adjacent to the double stranded 

telomeric DNA is the sub-telomeric region (B) Telomeres form a t-loop structure. The t-loop is formed by the 

invasion of the 3’ G-overhang into the double-stranded portion of the telomere. The 3’ overhang displaces 

one strand and anneals to other strand of telomeric DNA forming a D-loop. The 3’ overhang is thus 

protected from deleterious activities. 



7 

 

 The G-overhang is located at the end of the telomere. The length of the G-

overhang is small when compared to the double-stranded region and it varies from 20 

nts in Tetrahymena to 250 nts in vertebrates (167, 205). In Arabidopsis, the length of the 

overhang is around 20 nt (267). The G-overhang is essential for telomere maintenance 

as it is the substrate for telomerase and it is required for proper packaging of the 

chromosome terminus into a structure that is resistant to nucleolytic attack or 

recombination. When exposed, the G-overhang can trigger deleterious end-to-end 

chromosome fusion events (358).       

 The G-overhang is generated by a combination of telomerase action and 

nuclease events (reviewed in (104)). After DNA replication, leading strand synthesis 

results in synthesis of a blunt ended product; while the lagging strand telomere has a 3’ 

overhang from the removal of the last RNA primer. However, since both ends need to be 

similar, the blunt ends are thought to be subject to the action of nucleases so that 3’ 

overhangs result. The exact mechanism of G-overhang generation is currently under 

investigation. The overhangs are bound by specific binding proteins and are converted 

into a structure known as the T-loop (330) (see below). Recently, it was discovered that 

in C. elegans both G- and C-overhangs are present at telomeres and are bound by 

distinct proteins (259). This finding suggests that mechanisms exist to maintain both G- 

and C-overhangs in this organism and raises questions about the prevalence of C-

overhangs in other organisms. 

 The formation of T-loops involves the invasion of the 3’ G-overhang into the 

double-stranded telomeric DNA (119). The invading strand then base pairs with the C-

strand and displaces the G-strand. Since, the invasion occurs at a distance from the very 

end of chromosome, a structure resembling a duplex lariat is formed. This is called the 

T-loop (Fig. 1B). Internal to the T-loop is the D-loop or displacement loop. T-loops have 
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not been observed in vivo, but through in vitro electron microscopy studies, t-loops have 

been identified in a variety of species such as humans, trypanosomes and in the pea 

plant (41, 119, 236). T-loops have not been observed in S. cerevisiae where telomeres 

are only 300 bp long (274). However, a fold-back structure has been proposed in yeast 

and in this way the telomeric ends are thought to be protected (69). Formation of these 

protective structures provides an architectural solution to protect telomeres from 

deleterious activities (such as recombination and chromosomal fusions) and at the same 

time control telomerase access to the ends (70). During S-phase of the cell cycle, the t-

loops are thought to unfold and allow telomerase access to the chromosome end.

 The G-overhang is a unique feature of telomeres, but its single-stranded nature 

can be a trigger for DNA damage response (DDR) pathways in the cell. The formation of 

a t-loop structure at telomeres, and the association of telomeric proteins with the t-loop 

are proposed to inhibit DDR at telomeres (67, 70) (see below). Interestingly, proteins 

involved in DDR, physically associate with telomeres and are in fact, required for normal 

telomere function (67). However, when telomeres become critically short or 

dysfunctional, a DDR is triggered (reviewed in (65)).The damage response involves the 

accumulation of several proteins including 53BP1, gamma-H2AX, Mre11 complex and 

phosphorylated ATM and ATR at telomeres. These proteins can be observed 

cytologically and result in the formation of telomere dysfunction induced foci (TIFs) 

(301). Surprisingly, even at functional telomeres, a transient DDR is observed (316). The 

sequential recruitment of ATR and ATM to telomeres during S and G2 phases of the cell 

cycle is necessary for the complete replication of telomeres and the formation of the 

protective t-loop structure (316). This transient activation may also be an effective 

method of targeting telomerase to the shorter telomeres in a cell population (67). Thus, 

the action of DDR machinery at telomeres occurs at multiple levels. 
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Telomere Associated Proteins 

 Telomeres are nucleoprotein complexes and are associated with a variety of 

proteins that bind specifically to either the double-stranded telomeric DNA or the single-

stranded G-overhang. Another class of telomeric proteins are those that do not contact 

DNA directly but rather act at telomeres through protein-protein interactions. This highly 

ordered structure of telomeric DNA and proteins is necessary for maintaining species-

specific telomere length. Telomeric proteins regulate the length of telomere tracts by 

controlling the accessibility of DNA to telomerase extension. Moreover, these proteins 

are also involved in chromosome end protection and loss of these proteins can trigger 

genome instability. 

 

Telomere protein composition in yeast      

 In S.cerevisiae, double-strand telomeric DNA is bound by repressor activator 

protein 1 (Rap1) which negatively regulates telomere length (208). Rap1 is associated 

with two other proteins, Rif1 and Rif2 (rap1-interacting factors) that also contribute to 

regulation of telomere length (183). When Rap1/Rif1/Rif2 was fused to a GAL4 binding 

domain and targeted to a specific site in the subtelomere, the observed telomere length 

shortening was proportional to the number of binding sites for the proteins (183, 208). 

Therefore, a protein counting mechanism is proposed for the control of telomere length 

in budding yeast where loss of telomere bound Rap1 results in loss of telomerase 

inhibition and leads to telomerase-mediated telomere elongation (183, 208).   

 The protein responsible for binding the G-overhang in yeast is Cdc13 (239). 

Cdc13 contains an oligonucleotide/ oligosaccharide binding fold (OB-fold). This domain 

is common to single-strand telomere binding proteins in all organisms (see below). Loss 

of Cdc13 results in chromosome end de-protection and extension of the G-overhang 
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(102) . The cdc13-2 allele results in the EST phenotype; however telomerase activity is 

unaffected in these mutants (189, 239). This mutation can be rescued by overexpression 

of Est1, a component of yeast telomerase RNP (239, 249). Therefore, Cdc13 is thought 

to recruit telomerase holoenzyme to telomere ends in S-phase via its interaction with 

Est1 and thus provide telomerase access to the telomere. Alternately, telomerase 

components are thought to be present at telomeres at all times and are activated by the 

Cdc13-Est1 interaction to synthesize telomeres at S-phase (300).   

 Cdc13 also forms a heterotrimeric complex with the proteins Stn1 (suppressor of 

cdc thirteen) and Ten1 (telomeric pathways in association with Stn1 number 1). This 

complex is involved in both telomere length control and telomere capping (44, 111). 

Mutants in all three genes result in long G-overhangs, C-strand resection and cell cycle 

arrest (110, 111). It is noteworthy that all three proteins, Cdc13, Stn1 and Ten1, bear 

OB-folds and are essential genes in budding yeast (100, 110, 111). The trimer of Cdc13, 

Stn1 and Ten1 are proposed to act in a manner similar to the RPA proteins but with 

specificity for telomeric DNA (100). 

 

Telomere associated proteins in humans      

 Work in recent years has helped define the composition of proteins present at 

human telomeres. Mammalian telomeres are protected by a complex of six proteins 

called shelterin (70). Shelterin includes TRF1(telomeric repeat factor binding), TRF2, 

TIN2 (TRF-interacting protein 2), POT1 (protection of telomeres 1), TPP1, and Rap1 (70, 

192) (Fig. 2). Shelterin performs many essential functions such as generation of t-loops, 

control of telomere length and protection of the chromosome terminus (70). 

 In humans, telomere length regulation is primarily accomplished by the double-

strand telomere binding proteins,TRF1 and TRF2 (23, 35). TRF1 and TRF2 can form  
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FIG. 2. The six member shelterin complex at human telomeres. Homodimers of TRF1 and TRF2 bind to the 

double-strand telomeric DNA. Rap1 accumulates at telomeres via its binding to TRF2. TIN2 is a protein that 

bridges both TRF1 and TRF2 and also contacts the TPP1-POT1 complex. TPP1 recruits POT1 which 

accumulates on the G-overhang and provides chromosome end protection. 
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homodimers and oligomers and can thus coat telomeric DNA (21, 35). A DNA-binding 

deficient mutant of TRF1, when overexpressed, results in longer telomeres, implicating 

TRF1 in negative regulation of telomere length (313). TRF2 is an essential gene that is 

required for chromosome end protection. Overexpression of a TRF2 mutant lacking both 

its DNA-binding domain and N-terminal basic domain results in severe telomere defects, 

including loss of 3’ G-overhangs and chromosomal fusions (155, 314).   

 TIN2 connects TRF1 and TRF2 to the TPP1/POT1 complex at the chromosome 

end (163, 164, 242). TIN2 mutants that prevent its binding to either TRF1 or TRF2 cause 

removal of these proteins from telomeres and trigger telomere lengthening and DNA 

damage responses (163, 346, 347). Human Rap1 is a highly diverged ortholog of 

S.cerevisiae Rap1 that does not bind DNA directly, but rather associates with telomeres 

by binding to TRF2 (184). Loss of hRap1 result in mild telomere lengthening implicating 

hRap1 in negative telomere length regulation (184, 241).   

 Protection of telomeres 1 (POT1) is the most conserved component of the 

shelterin complex and it is the factor that binds the G-overhang. POT1 was identified as 

a protein similar to the α-subunit of the telomere end binding protein (TEBP) from the 

ciliate Oxytricha nova (18). Interestingly, another shelterin component, TPP1, shows 

similarity to the β-subunit of TEBP, arguing that this ancient protein complex is 

conserved in all eukaryotes (324, 344).  

 POT1 accumulates both on the single-strand overhang and on the duplex region 

of the telomere through its interaction with TRF1 (195). This interaction is mediated by 

TPP1 (193, 348).  DNA-binding of POT1 is through its two oligonucleotide / 

oligosaccharide-binding (OB) folds (178). RNAi-mediated depletion of POT1 results in 
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loss of G-overhangs, chromosomal fusions and apoptosis (52, 140). Studies have shown 

that POT1 binding to the telomeric terminus inhibits telomerase (157, 179). In contrast, 

POT1 mutants that lack DNA binding activity lack telomere length regulation and 

therefore longer telomeres result (195). Hence, POT1 is both a positive and negative 

regulator of telomerase.         

 On its own, TPP1 does not have any DNA-binding activity. However, TPP1 

increases the affinity of POT1 for the 3’ end of telomeric DNA (324, 344). Depletion of 

TPP1 by RNAi results in the loss of POT1 signal at chromosome ends and, 

subsequently, telomere lengthening and DNA-damage responses at the telomere (344). 

Interestingly, the OB fold in TPP1 was shown to physically interact with telomerase (324, 

344). It is hypothesized that the binding of multiple TPP1-POT1 complexes at the 3’ end 

results in a non-extendible state of the telomere (64). When telomeres become short, the 

TPP1-POT1 complex is lost and this results in an extendible state of the telomere. At 

this point, telomerase is enriched at the telomere via its interaction with TPP1 and is 

stimulated to add repeats by TPP1 (64). Thus, shelterin components mediate the access 

of telomerase to the telomere and function in length regulation. 

 

Telomere protein composition in Arabidopsis 

 Several shelterin components, Rap1, TIN2 and TPP1, cannot be detected in the 

sequenced plant genome. However, Arabidopsis is unique in that it contains numerous 

proteins that resemble TRF1 and TRF2. These proteins are categorized in two families. 

The members of the first family contain a myb-like domain at the C-terminus, whereas 

the members of the second family contain the myb domain as well as an additional 

domain termed the myb-extension domain (154).  The members of the second family of 

proteins termed TRF-like (TRFL) can form both homodimers and heterodimers, and bind 
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double-strand telomeric DNA in vitro (154).  Functional redundancy has complicated in 

vivo analysis of mutants for the TRFL proteins. None of the single mutants show a 

strong telomere phenotype (L. Vespa & D. Shippen, unpublished data). However, a 

TRF1 homolog, AtTBP1 was identified and like TRF1, mutants in this gene show gradual 

telomere lengthening (148).  The contributions of the rest of the proteins still remain to 

be assessed.         

 Arabidopsis contains three divergent POT1-like proteins. AtPOT1a and AtPOT1b 

are predicted to encode two OB-folds (284), while AtPOT1c has only one (A. Nelson, Y. 

Surovtseva, and D. Shippen, manuscript in preparation). AtPOT1a is necessary for 

telomere length maintenance; pot1a mutants show progressive telomere loss every 

generation, like tert mutants (296). Moreover, immunoprecipitation experiments indicate 

that AtPOT1a is physically associated with the telomerase RNP. 

Overexpression of N-terminus of AtPOT1b leads to chromosomal fusions which 

implicates it in a capping role (284). Finally, AtPOT1c represents a recent partial 

duplication of AtPOT1a. Overexpression of this protein leads to longer G-overhangs, 

while preliminary RNA interference studies suggest that AtPOT1c is involved in 

protecting telomeres from recombination (A. Nelson, Y. Surovtseva, and D. Shippen, 

manuscript in preparation). Arabidopsis also harbors a STN1 homolog. Loss of AtSTN1 

leads to immediate and profound telomere erosion, longer G-overhangs and multiple 

chromosomal fusions, indicating a chromosome capping role for this protein (Song et al., 

submitted). 

 

DNA damage response proteins 

 Although, telomeres must be disguised from being recognized as a double-strand 

break and have therefore evolved mechanisms to inhibit inappropriate DNA damage 
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response, DNA damage response proteins are critical for telomere replication (reviewed 

in (196)). The telomere specific roles of some of the DDR proteins in telomere biology 

are discussed below. 

 

MRX/MRN complex 

 The MRX or MRN complex comprises Mre11, Rad50 and Xrs2 in S. cerevisiae or 

NBS1 in mammals.  These proteins act as DSB sensors which recruit and activate the 

checkpoint kinase ATM (in mammals)/Tel1 (in S. cerevisiae). MRX/N is responsible for 

resection of the DSB and generation of 3′ single-stranded tails that are coated by a non-

specific single-stranded DNA-binding complex RPA (reviewed in (266)). RPA bound to 

single-stranded DNA then recruits and activates ATR/Mec1. The activation of the 

checkpoint kinases leads to a cascade of events resulting in cell cycle arrest and repair 

of the DSB (196).        

 Mutations in human NBS1 result in the disease Nijmegen Breakage Syndrome 

(NBS) (74). These patients have short telomeres and show increased genome instability 

and predisposition to cancer. Mutation of any one of the proteins of the MRX complex in 

yeast also results in telomere shortening (reviewed in (289)). This telomere defect is 

thought to be the result of impaired processing of the G-overhang and impaired 

recruitment of telomerase components Est1 and Cdc13 to telomeres at S-phase in MRX 

mutants (303) (see below).  

 

ATM/ATR 

 ATM (Ataxia Telangiectasia Mutated) and ATR (Ataxia Telangiectasia and Rad3 

related) are protein kinases that are the key players in checkpoint activation in response 

to DNA damage (reviewed in (196)). Checkpoint activation allows the cell to delay cell 
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cycle progression so that damage can be repaired. ATM is involved in the response to 

double-strand breaks (DSB), while ATR responds to single-strand DNA that is bound by 

the protein RPA which can originate from stalled replication forks.    

 In addition to their role as checkpoint proteins, ATM and ATR are also involved in 

telomere biology. In humans, ATM is localized to telomeres during most of the cell cycle, 

but it is replaced by ATR in S phase when telomere synthesis occurs (302).  The 

presence of ATM and ATR at telomeres argues that they are necessary for proper 

telomere function, despite the natural response of telomeric proteins to suppress them. 

In humans, TRF2 inhibits ATM at normal telomeres and POT1 binding to the G-

overhang represses the activation of ATR (Fig. 3) (72). However, when telomeres 

become short, loading of the shelterin decreases and this leads to derepression of both 

ATM and ATR (72). Hence, at short dysfunctional telomeres, activation of both ATM and 

ATR occurs and ultimately leads to cell-cycle arrest.        

 ATM and ATR are also involved in telomere length maintenance. Inactivation of 

ATM in humans and yeast causes telomere shortening (114, 247, 266). Yeast mec1Δ 

strains do not show a significant telomere length defect, but mec1Δ tel1Δ and mec1Δ 

mrxΔ double mutants are unable to maintain telomeres and display an increased loss of 

viability (270). The telomere length effects of Tel1 and Mec1 are dependent on their 

kinase activity, while their association to telomeres does not require kinase activity (207). 

Telomerase activity is also not affected in mec1Δ tel1Δ cells (43), and the telomere 

shortening in these mutants can be bypassed by overexpression of an Est1-Cdc13 

fusion protein (310). The data suggest that these kinases function in regulation of 

telomerase recruitment.  

 As mentioned above, both kinases require Mre11 for recruitment to telomeres 

(109). Tel1 binds preferentially to short telomeres (275) and is needed to recruit 
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FIG. 3. Telomeric proteins protect against inappropriate DNA damage responses. Telomeres are bound by 

the six member shelterin complex. The double-strand telomere binding protein, TRF2, inhibits the activation 

of the checkpoint kinase ATM and the action of the Mre 11/Rad 50/Nbs 1(MRN) complex at telomeres.  The 

single-strand protein POT1 is thought to inhibit action of both telomerase and ATR at telomeres (196). 

However, at S-phase, DDR proteins are recruited to telomeres and function in telomere regulation. 
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telomerase to short telomeres.  Mec1 is also observed at short telomeres in conjunction 

with Mre11 (303). Both Tel1 and Mec1 are known to phosphorylate the G-overhang 

binding protein, Cdc13 (309). The phosphorylation of Cdc13 is necessary for its 

association with Est1 and subsequently telomerase in late S–G2 phase 

(309).Furthermore, in mec1 mutants, both Est1 loading and telomere localization of 

Cdc13 are affected (303). In humans, ATM and MRN complex are implicated in 

phosphorylation of TRF1 on short telomeres which leads to its dissociation from 

telomeres (166, 341). Thus, telomerase is provided access to short telomeres. The 

above data support a model in which a short telomere, the preferred substrate for 

telomerase, may induce a transient cell-cycle regulated DNA damage checkpoint 

response that is required for telomerase binding.      

 ATM and ATR are also conserved in Arabidopsis and are implicated in both 

chromosome end protection and telomere length homeostasis. Arabidopsis atm, atr and 

atm atr double mutants do not show any telomere length defects (317). However, 

studies of atm tert double mutants suggest that Arabidopsis ATM is required for 

protection of short telomeres and for telomere length maintenance on homologous 

chromosomes (317, 318). Interestingly, telomeres in atr tert mutants shorten faster than 

in tert mutants alone implicating Arabidopsis ATR in prevention of nuclease attack as 

well as telomere length maintenance (317).  

 

Ku heterodimer 

Ku is a sequence-independent DNA-binding protein complex that is very 

abundant in cells (266). It exists as a heterodimer of Ku70 and Ku80. The Ku 

heterodimer is an important component of the non-homologous end joining (NHEJ) 

pathway for repairing DSBs (reviewed in (266)). However, Ku is also required for 
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telomere maintenance and chromosome end protection in various organisms and these 

roles of Ku are distinct from its role in NHEJ.      

 Ku plays multiple roles in telomere biology. Ku is required for the establishment 

of transcriptionally silent telomeric chromatin and for telomere maintenance in budding 

yeast (34, 108, 112, 253). By ChIP assays, Ku was shown to be physically associated 

with telomeres, but it is not known whether this association is through direct DNA binding 

or through protein interaction partners (112, 173). In S. cerevisiae, loss of Ku leads to 

telomere shortening to one third of wild-type telomere length and long G-overhangs 

(253). Ku also interacts with yeast TER, TLC1, and this interaction is essential for TERT 

(Est2) telomere association in G1. The above data suggest that Ku is involved in positive 

regulation of telomere length (82, 250).      

 In humans, Ku binds both hTERT and hTR (42, 307).  In a situation similar to 

budding yeast, Ku binds to a stem loop structure in hTR and this interaction can occur in 

the absence of TERT (307). Furthermore, loss of Ku in both mice and human cells leads 

to telomere shortening (66, 237). All the above data suggest that Ku may function in 

recruitment of telomerase through hTR or stabilization of telomerase at the telomere 

(307). In addition to contacting DNA directly, Ku also interacts with both TRF1 and TRF2 

(143, 291). Loss of Ku80 or Ku70 in mice can lead to massive chromosomal fusions 

(77). Thus, binding of Ku to double-strand telomere binding proteins may be necessary 

for its chromosome end protection function.       

 In contrast to its function in other species, in Arabidopsis, Ku functions as a 

negative regulator of telomerase. Arabidopsis ku70  mutants display telomerase-

dependent hyper elongated telomeres (97, 269). ku70 mutants also display longer G-

overhangs. The switch from positive regulatory role of Ku in other organisms to the role 

of a negative regulator in Arabidopsis may be a result of acquiring new binding partners. 
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The mechanism of negative regulation of telomerase by Arabidopsis Ku is currently 

unknown.  When plants are deficient for both AtKu70 and AtTERT, accelerated telomere 

shortening and increased number of chromosomal fusions are observed in contrast to 

tert mutants alone (130, 265). The data implicate Arabidopsis Ku in chromosome end 

protection and indicate the possibility of interactions between telomere binding proteins 

and Ku at the chromosome terminus. 

 

Telomerase 

  The core components of the telomerase enzyme are its reverse transcriptase 

subunit (TERT) and its RNA subunit (TER). In most unicellular organisms, core 

telomerase components are expressed at all times. In humans, active telomerase is 

detected only in early embryogenesis, germline and epithelial and lymphoid progenitors 

and is low or undetectable in somatic cells (339). Telomerase is active early in 

development so that the telomere loss encountered by rapidly dividing cells is not 

inhibitory for proliferation. While the human telomerase RNA (hTR) is expressed in all 

tissues (80) and is estimated to be present at about 23,000 molecules per cell in 

telomerase positive cells, hTERT mRNA is estimated to be present at about 5 molecules 

per cell suggesting that this is the limiting component (349, 350). In this section, the 

focus will be on the structural features of the TERT proteins and their functions. 

 TERT proteins are closely related to reverse transcriptases of non-LTR (long 

terminal repeat) retrotransposons and group II introns (118, 289).  As detailed below, 

TERT proteins share many features of reverse transcriptases but have notable 

exceptions too. The most important difference in TERT is the requirement for an intrinsic 

RNA that provides the template for extension, and cycles of translocation to allow the 

RNP to add multiple repeats. 
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Telomerase mechanism 

For telomere addition, the telomerase RNA must bind to its substrate, the G-

overhang (Fig. 4).  The synthesis of telomeric DNA by telomerase follows three steps: 

alignment, nucleotide addition, and translocation (58, 115, 197). First, the telomerase 

RNP binds to the telomeric DNA. This involves the formation of a hybrid between the 

template of the telomerase RNA and the 3’ end of the DNA. Interactions between the 5’ 

end of the DNA and the anchor site of TERT (see below) also enable alignment. Next, 

nucleotides are added by reverse transcription of the template sequence of the RNA by 

TERT.  Secondary structure elements in the RNA known as template boundary elements 

inhibit synthesis beyond the template (311).  When the boundary element is reached, the 

enzyme translocates and repositions itself so that the RNA template region is again re-

aligned with the G-overhang. This process allows for multiple repeats to be added to the 

DNA end in a single binding event. In yeast, repeat synthesis only extends partially 

through the template resulting in the degenerate repeat TG1-3 sequence (54).  

 

Structural features of TERT 

 All TERT proteins have seven highly conserved RT motifs (1, 2, A, B’, C, D and 

E) present in the central region of TERT (Fig. 5). Additionally, TERT proteins also 

possess a large insertion between the conserved motifs A and B’ called IFD (in fingers 

domain), a large N-terminal extension and a short C-terminal extension (Fig. 5). The 

identification of TERT proteins from a number of organisms has also revealed the 

presence of telomerase-specific motifs (GQ, CP, QPF and T) (39, 57, 63, 159, 211). 

TERT proteins from different organisms are not all alike; for example TERT from 

Caenorhabditis elegans has no C-terminal region (206). Another interesting variation is 
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FIG. 4. Model for processive elongation of human telomeres by telomerase. (A) Telomeric DNA is 

recognized by the telomerase RNP consisting of TERT (green shape), TER (black line with template 

nucleotides indicated). The 3’ end of the telomeric DNA forms a hybrid with the 3’ end of the TER template 

while the 5’ end of the DNA is in contact with the anchor site of TERT. (B) Nucleotides are added to the 3’ 

end until the TER template boundary element is reached. (C) The RNP then translocates in order to 

reposition itself for nucleotide addition again. 
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FIG. 5. Features of human TERT. hTERT contains the classical RT motifs (1, 2, A, B’, C, D and E), 

telomerase-specific motifs (GQ, CP, QFP and T), and N and C-terminal domains. The RNA-interacting 

domains (RID) 1 and 2 are indicated by blue lines. A conserved feature of all TERT proteins is the insertion 

in between the RT motifs A and B’ called the ‘in fingers domain’ (IFD). 
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in the size of the linker region present between the GQ motif and the rest of the protein 

in the N-terminus. This linker region can extend from 20 aa to about 500 aa (in 

Plasmodium species) making Plasmodium TERTs larger than TERTs from other species 

(reviewed in (12)). The above motifs have been implicated in various aspects of 

telomerase function such as repeat addition processivity, catalysis and RNA binding 

(see below).          

 The conservation of RT motifs between TERT and other reverse transcriptases 

suggests that TERT proteins rely on a mechanism of catalysis similar to RTs, which 

involves two metal binding residues that are involved in nucleotide transfer. Based on 

sequence similarity to HIV-1 RT, three invariant aspartate residues found in motifs A and 

C are considered to be important for catalysis (191). Indeed, mutation of these residues 

results in loss of telomerase activity in vitro and telomere maintenance in vivo (191, 

331). Recent studies suggest that the N-terminus of Tetrahymena TERT is also involved 

in catalysis. Crystallization of TERT proteins has been difficult because of their large 

size, poor expression yields and insolubility but through high-throughput screening of 

GFP-tagged fragments of Tetrahymena TERT, one soluble domain was identified (150). 

The crystal structure of this domain called TERT essential N-terminal (TEN) domain 

reveals a novel protein fold (149). The core structure is composed of a β-sheet 

surrounded by seven α-helices and a short β-hairpin (Fig. 6). Alignment of this region of 

TERT from different species, reveals the presence of three invariant residues which are 

required for proper folding of this domain and for DNA-protein interactions (149). 

Furthermore, single residues essential for telomerase activity as well as RNA-binding 

were also identified in the TEN domain, making this region all important for catalysis 

(see below). 
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FIG. 6. Crystal structure of Tetrahymena TERT essential TEN domain. β-sheets are indicated in blue and α-

helices in red and yellow. Taken from (305). 
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TERT motifs involved in telomerase processivity  

 The conserved motifs 1, 2 and E in TERT are implicated in nucleotide addition 

processivity. Point mutations in these motifs in both yeast and Tetrahymena TERTs 

result in impaired processivity (32, 225, 248). These motifs are thought to contact either 

the nucleotide triphosphates or the primer for extension. In vitro, telomerase from 

Tetrahymena and human can synthesize long products efficiently whereas mouse and 

yeast telomerases are non-processive and generate only short products (54, 115, 256). 

Interestingly, mutation of two residues present in motif E of yeast Est2 to that present in 

HIV RT at the same positions result in increased processivity (248). Mutations in the IFD 

region between conserved regions  A and B’ in Est2 also lead to defects in repeat 

addition (199). Two other regions that contribute to processivity include: motif C and the 

C-terminal domain of both yeast and human TERT (142, 145, 248). Deletion mutants in 

the C-terminus of hTERT affect both nucleotide and repeat addition processivity (145). 

The last region implicated in repeat addition processivity is the GQ domain of yeast 

TERT. Mutations in this domain result in reduced processivity as well as reduced DNA 

binding (198). Finally, processivity can also be influenced by proteins that contact the 

telomerase RNP. These include human TPP1 and Euplotes aediculatus p43 (1, 324, 

344). 

 

Anchor site of telomerase 

 The influence of the 5’ end of DNA primer sequences on processivity and binding 

affinity led to the idea that telomerase contains a template-independent DNA binding site 

(58, 220, 254). This site is known as the anchor site and can be divided into a template-

proximal and a template-distal site. Cross-linking experiments support the existence of 

contacts between TERT and the 5’ region of the DNA primer (122, 254). The RID1 
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domain which encompasses the GQ motif (Fig. 5) has been suggested to act as the 

template proximal anchor site. Mutations in this domain affect repeat addition 

processivity as well as DNA binding (19, 176, 231, 232, 342). However, more research is 

required to identify the contribution of TERT and TER in anchor site function.  

 

TERT motifs involved in telomerase recruitment 

 Certain mutants in the N and C-terminus of TERT are capable of telomerase 

activity in vitro but are unable to support telomere maintenance in vivo (6, 62, 90, 342). 

These mutants are referred to as DAT (dissociates activities of telomerase) mutants. 

Telomere maintenance defects of DAT mutants may be due to compromised recruitment 

of telomerase to telomeres. This is the case in yeast DAT mutants, where binding to 

Est3, a telomerase holoenzyme component is compromised (91). The telomere 

maintenance defects of hTERT DAT mutants were restored when these constructs were 

fused to either TRF2 or POT1, thus obviating the need for recruitment (7, 8). DAT 

mutants also revealed defects in processivity which could contribute to telomere length 

defects (176, 232).  

 

RNA binding domains of TERT 

 RNA-protein interactions are essential for the function of telomerase. Two 

domains of TERT are involved in interactions with the telomerase RNA. The N-terminal 

part of TERT which includes the motifs CP, QFP and T binds telomerase RNA with high 

affinity in yeast, humans and Tetrahymena (13, 19, 37, 90, 172). This domain recognizes 

different telomerase RNA targets in different species (Fig. 5). In humans, this domain is 

called RID2 (RNA-interaction domain) and it contacts the conserved region CR4-CR5 

region of hTR (Fig. 7) (13, 172, 227, 231). In Tetrahymena, the targets of TERT on the 



28 

 

RNA appear to be stem II and the template boundary element (172, 186) and in yeast, 

TERT binds to the putative pseudoknot structure (Fig. 7) (46, 68, 188, 352). A second 

lower affinity interaction is observed between TERT and the RNA subunit. RID1 of 

hTERT (which encompasses the GQ motif) is also a site of RNA interaction and contacts 

the pseudoknot-template region of hTR (231). Similarly, the N-terminus of Tetrahymena 

TERT binds to helix IV of TER (240). In addition, the RNA binding domains of 

Tetrahymena TERT are also necessary for template boundary definition (170, 225). It is 

not known whether yeast TERT interacts with its RNA subunit at another site.  

 

Nuclease activity of telomerase  

 Telomerase is associated with nuclease activity that co-purifies with elongation 

over several chromatographic steps (54, 58, 144, 221). Cleaved products are also 

observed when telomerase is reconstituted in vitro in rabbit reticulocyte lysate (144, 

245). Interestingly, certain mutations in motifs 1 and 2 of TERT can promote nucleolytic 

cleavage of the primer rather than elongation (32, 225). Analysis of the cleavage 

products indicates that cleavage occurs most often at the 5’ end of the template. 

Therefore, the purpose of this activity may be to ensure that either there is no read-

through reverse transcription or that non-telomeric sequences are not extended (58, 

113, 144, 221). Thus, the nuclease activity may enhance the fidelity of telomerase (58, 

144, 221, 245). Alternatively, it may ensure that a substrate can be generated when the 

complexes have been stalled (144, 245). The establishment of an assay that detects 

nuclease activity separately from elongation will be necessary to understand this role of 

telomerase. 
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FIG. 7. Secondary structures of TER subunits from Tetrahymena thermophila, Saccharomyces cerevisiae 

and humans. Conserved features of all TERs such as the template, template boundary element and the 

pseudoknot are indicated. Binding sites of TERT and species-specific proteins are also indicated by dotted 

lines. Figure was taken from (177). 
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Regulation of TERT  

 Telomerase is subjected to various types of regulation, at the levels of 

transcription, splicing, post-translational modifications, transport and subcellular 

localization. hTERT is transcriptionally repressed in somatic cells, but it is upregulated in 

immortal cells (61). Transcription factors Sp1 and c-myc have been implicated in the 

activation of hTERT transcription (reviewed in (61)). C-myc has been shown to activate 

hTERT transcription and activity in primary fibroblasts (325). The hTERT promoter is 

also subject to negative regulation by transcription factors such as p53, Mad1 and pRB 

(reviewed in (61)). hTERT mRNA is subject to alternative splicing that is expected to 

lead to production of inactive TERT isoforms. However, these proteins have not been 

detected. Nonetheless, the spliced transcripts can have a dominant negative effect on 

telomere length maintenance (159).        

 TERT is also subjected to post-translational modifications such as 

phosphorylation and ubiquitination and these modifications might provide additional 

control of telomerase activity. Multiple kinases such as Akt have been reported to act on 

hTERT (reviewed in (61)). Phosphorylation of hTERT is proposed to positively regulate 

telomerase activity (152). An ubiquitin ligase, MKRN1 was shown to interact with hTERT 

through yeast-two hybrid assays (160). Overexpression of MKRN1 causes degradation 

of TERT and results in decreased telomere lengths and activity (160). Therefore, 

MKRN1 functions in telomere maintenance by modulating TERT protein stability.  

 Telomerase can also be regulated by controlling its localization. Amino acids in 

the N-terminus of hTERT have been identified that function in its nucleolar localization. 

Analysis of hTERT localization during the cell cycle suggest that hTERT is present at 

subnuclear foci that do not correspond to either nucleoli or cajal bodies for most of the 

cell cycle (308). At S phase, hTERT is redistributed to cajal bodies, where hTR is 
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present, thus implicating cajal bodies in the biogenesis/assembly of the telomerase RNP 

(308). Therefore, sequestration of telomerase components is another mechanism for 

regulation of activity.  

 

Telomerase RNA 

 Telomerase RNA, termed TER in S. pombe and ciliates, TR in vertebrates and 

TLC1 in S. cerevisiae, provides the template for repeat addition. TERs from various 

species have been identified and similarities and differences can be noted. While both 

hTR and TLC1 are the products of RNA polymerase II transcription (45, 80), ciliate TERs 

are transcribed by RNA polymerase III and have a run of uridine residues at the 3’ end 

(118). TLC1 is polyadenylated in vivo; however, it is subject to processing events that 

result in the removal of poly A tails in the mature TLC1 (45). TERs have diverged quite 

rapidly and there is no primary sequence conservation among TERs. However, 

secondary structures of TERs are found to be highly conserved (Fig. 7).  

 Phylogenetic analysis was used to determine the secondary structure of TERs in 

ciliates, yeast and vertebrates (50, 68, 272, 352). All TERs contain a single-stranded 

template sequence that corresponds to 1.5 copies of the telomere repeat. Besides the 

template, all TERs contain a 5’ template boundary element (TBE) and a pseudoknot 

region downstream of the template (Fig. 7). The TBE functions to prevent telomerase 

from copying nucleotides outside the templating domain in TER. The pseudoknot 

domain is a high affinity TERT binding site (47, 201). It is essential for telomerase 

activity in vivo as it is involved in dimerization of the RNA and formation of a stable RNP 

(103, 202). In addition, other structural elements in the RNA are required for telomerase 

processivity, accumulation and regulation by binding proteins.  
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Secondary structure of ciliate TERs 

 Ciliate TERs represent the smallest TERs identified and range from 150 nt (in 

Tetrahymena thermophila) to 200 nts (in Paramecium species). The Tetrahymena TER 

was the first to be identified through biochemical purification of telomerase. This set the 

stage for identification of TERs from other ciliates such as Euplotes crassus (286) and 

Oxytricha nova (190), which have different telomere repeats and therefore were 

predicted to have different template regions. Paramecia have a single TER gene like 

other ciliates, but synthesize variable telomere repeats due to the misincorporation of a 

thymine nucleotide by telomerase (216).  

  Phylogenetic analysis led to a consensus secondary structure for ciliate TERs. A 

pseudoknot structure that comprises helix IIIa and IIIb is predicted (Fig. 7). The ciliate 

pseudoknot is important for RNP assembly in vivo (103), however it has not been 

confirmed by structural studies. Two other conserved helices (helix I and IV) are also 

present. Helix IV is the site of interaction of TERT and is important for telomerase 

processivity (171). TERT also binds the ciliate TER at a conserved motif close to helix II 

(172). This sequence present 5’ of the template functions as a template boundary 

element (TBE) in ciliates (11, 170). It is possible that the TERT protein itself acts 

sterically to inhibit reverse transcription into non-template sequences. Finally, ciliate 

TERs also possess a region next to the template known as the template recognition 

element (TRE) which is implicated repeat addition processivity (240). 

 

Secondary structure of yeast TERs 

 S. cerevisiae TLC1 is the largest known TER at approximately 1.3 kb. TLC1 was 

identified through a novel genetic screen for suppressors of telomeric silencing in yeast 

(287). Only recently the S. pombe TER1 was identified. The RNA was found 
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simultaneously by two groups using biochemical purification (181, 329). SpTER1 is 

similar to TLC1 in size (~1.2 kb). Secondary structure analysis for yeast TERs has been 

difficult because of their large size, sequence diversity and limited availability of 

sequences from closely related species. However, a working secondary structure model 

for TLC1 has been proposed (68, 352). TER sequences diverge rapidly and therefore 

TLC1 homologs from other yeasts in the “sensu stricto” group were cloned based on 

synteny of surrounding protein coding genes (68). The four TLC1 homologs cloned 

share only 43% identity; nevertheless these sequences were used for phylogenetic 

analysis. The predicted secondary structure (Fig. 7) contains a core region from which 

three helical arms extend out (68, 352). As expected, the central core contains a single-

stranded template region. Template boundary definition is achieved by an RNA structure 

(helix I) which is present immediately 5’ of the template (311). A potential pseudoknot 

was also identified in the secondary structure model.  However, experimental studies 

have not detected the presence of pseudoknots in yeast TLC1. Rather two hairpins are 

proposed in this region (68). It is possible that TLC1 switches between these two 

conformations (see below). The putative pseudoknot region is the site of interaction with 

S. cerevisiae Est2 (TERT) (46, 188). Separate stem loops have also been identified that 

act as binding sites for Est1 (a holoenzyme component) and Ku (250, 281). 

 The large size of TLC1 has made it difficult to reconstitute activity in vitro due to 

misfolding of the RNA. However, a 500 nt truncated version of TLC1 called mini-T RNA 

reconstitutes activity with Est2p (353). Mini-T RNA contains the essential protein 

interaction sites for Est1, Ku and Sm proteins along with the central core that binds to 

Est2. The smallest RNA that works in the reconstitution assay is 384 nts long. Thus, 

most of the yeast TLC1 RNA is not required for telomerase activity (353). 
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 The identification of TER1 from S. pombe has made it possible to draw 

comparisons between TER1 and TLC1. Like TLC1, TER1 also harbors binding sites for 

the TERT and Est1 (181, 329). Interestingly, interactions between TER1 and Ku were 

not identified (329). A preliminary secondary structure model for TER1 (Fig. 8) predicts a 

central core containing the template, template boundary element (TBE), a potential 

pseudoknot region and two long arms emanating from the core region (329). This model 

suggests that the heterogeneity in S. pombe telomere sequences could arise as a result 

of breathing in the TBE, which allows TERT to read beyond the template. Overall, the 

TER1 secondary structure is very similar to that of TLC1.  

 

Secondary structure of vertebrate TERs 

 Subtractive screening of cDNA libraries from telomerase positive and negative 

cells led to the identification of hTR (80). Subsequently, vertebrate RNAs from various 

organisms representing different phyla were cloned (50). Vertebrate TERs are the most 

diverse in terms of size ranging from 319 nts in teleost fish to 559 nts in sharks; while 

human TR is approximately 451 nts in length (50, 343). These sequences were used to 

construct a secondary structure model for vertebrate TR (Fig. 7). The structure closely 

resembles that of the ciliate TER. Similar to ciliate TERs, TRs contain a single-stranded 

template region, a 5’ template boundary element and a pseudoknot region downstream 

of the template (Fig. 7).  In humans, the P1b helix upstream of the template acts as the 

TBE (49). Interestingly, mouse telomerase RNA lacks the P1b helix and the template 

boundary is established two nucleotides downstream of the 5’ end (49). The pseudoknot 

region is a high-affinity binding site for TERT (231). In hTR, the pseudoknot is 

considered to be a dynamic structure in equilibrium with an alternative structure  
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FIG. 8. Proposed secondary structure of S. pombe TER1. On the right, the central region of TER1 is shown 

in more detail. The secondary structure shows a single-stranded template (indicated by arrows 1-7), a 

template boundary element, a potential pseudoknot and a Sm binding motif. Taken from (329). 
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containing two hairpins. The switching of the pseudoknot between the two alternate 

structures is important as mutations in hTR that abolish this switching result in the  

telomerase deficiency disease dyskeratosis congenita (60). This might also be the 

reason why some studies have failed to identify the pseudoknot domain in vivo (3). 

In addition to the pseudoknot region, conserved regions CR4/CR5 of hTR, which 

resembles stem IV of ciliate TER, bind TERT (172, 227, 231). The P6.1 stem of the 

CR4/CR5 region of hTR (Fig. 7) is absolutely essential for telomerase activity (51). It has 

been suggested that this stem might be involved in a long-range interaction with the 

template at the 5’ end of hTR (312). Another conserved stem in the CR4/CR5 region, 

p6a, is however not required for telomerase activity (231). A minimal functional 

telomerase can be reconstituted with hTERT and two independent hTR domains (the 

pseudoknot and CR4/CR5 domains) (227). Both these regions are present in the 5’ end 

of hTR. The 3’ region of hTR contains two important regions: the H/ACA box as well as 

the CR7 domain that includes a cajal body motif (CAB) (50). These regions are required 

for RNA stability and accumulation (48). The H/ACA box forms a 'hairpin-hinge-hairpin-

tail' structure similar to that found in small nucleolar RNAs (3). The role of the 3’ region of 

hTR is in the biogenesis of the telomerase RNP (see below). 

 

Telomerase RNP Composition and Biogenesis 

Telomerase activity can be reconstituted in vitro when TERT and TER are added 

to a crude extract such as rabbit reticulocyte lysate (331). Telomerase function requires 

core components and additional factors that may be involved in stability, folding or 

function of the RNP complex (Table 1). Some of the factors required for holoenzyme 

assembly in vivo have been identified in various species and dissociation of these 

factors most likely induces RNP turnover. Interestingly, TERT is not required for the  
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Table 1 Telomerase associated proteins and their functions 

Proteins involved in Telomerase RNP biogenesis, stability and localization Reference 
  
Ciliates  
p65 (336) 
p43 (1, 2) 
 

Yeast  
Sm proteins (282) 
 

Humans  
Dyskerin (229) 
Gar1 (75) 
Nhp2 (252) 
Nop10 (252) 
Pontin (315) 
Reptin (315) 
SmB (93) 
SmD3 (93) 
p23 (141) 
Hsp90 (141) 
14-3-3 (280) 
 

Proteins involved in Telomerase recruitment  
Ciliates  
p45 (336) 
p75 (337) 
 

Yeast  
Est1 (189, 300) 
Est3 (146, 189) 
Ku70/80 (82, 250) 
 

Humans  
hEst1A (262, 290) 
hnRNP A1 (86) 
hnRNP C1 (85) 
 

Proteins involved in Telomerase regulation  
Yeast  
PinX1 (187) 
Pif1 (279, 355) 
 

Humans  
Akt (61) 
MKRN1 (160) 
PinX1 (15, 356) 
Pif1 (214) 
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stability of TERs in either yeast or vertebrates (55) as evidenced by hTR accumulation in 

cells without TERT. However, one report suggests that the half-life of hTR can be 

increased in the presence of TERT (350). In this section, the biogenesis or the process 

of transcription of the telomerase RNA until its incorporation into a functional RNP will be 

discussed.  

 

Ciliate telomerase biogenesis 

 The ciliate TERs are products of RNA polymerase III transcription (118). In both 

Tetrahymena and Euplotes, affinity purification of TERT recovered proteins containing a 

La motif, called p65 and p43 respectively (2, 336). La proteins function in maturation of 

polymerase III transcripts. Tetrahymena p65 co-purifies with telomerase activity and 

recent studies indicate that it binds to stem IV of the Tetrahymena TER. This association 

results in an altered conformation that allows TERT to bind TER efficiently (295). 

Genetic depletion of p65 results in reduced TER and TERT accumulation and therefore 

p65 is an essential part of the telomerase holoenzyme (336). Thus, the biogenesis of 

ciliate TERs shares similarities with other polymerase III transcripts.  

 The Tetrahymena holoenzyme also consists of the proteins p20, p45 and p75 

that were identified by affinity purification of telomerase (336). Epitope-tagged p45 co-

purifies telomerase and genetic depletion of the p45 protein results in telomere 

shortening without affecting RNP accumulation (336). A similar phenotype is observed 

for the protein p75 (337). It is possible that these proteins might be involved in 

telomerase recruitment to the chromosome end. Tetrahymena p20 is also known as 

Skp1 and is part of the ubiquitin ligase machinery (337). Depletion of Skp1 promotes 

telomere elongation and therefore it is thought to have a negative role in telomere 



39 

 

maintenance (337). However, the mechanism of Skp1 function in the telomerase RNP is 

currently unknown. 

  In another purification of telomerase from Tetrahymena, two other proteins p80 

and p95 were identified (59). Both these proteins bind TER and telomeric DNA. 

Furthermore, disruption of p80 and p95 leads to telomere lengthening (98, 224). 

However, it seems that these proteins are not specific to the telomerase RNP but rather 

bind a variety of RNPs in the cell (212). 

 

Yeast telomerase biogenesis 

 S.cerevisiae TLC1 is transcribed by RNA polymerase II. The transcribed RNA 

has a poly A tail (approximately 150 nts), but it is immediately removed and this “tail 

minus” form of TLC1 is more abundant in the cell (45).  TLC1 biogenesis involves 

nucleo-cytoplasmic transit that is dependent on other holoenzyme components (95). 

TLC1 RNA has a 5’-2, 2, 7-trimethylguanosine or TMG cap similar to small nuclear 

RNAs (snRNA) like U1 (282). Another feature common to both snRNAs and TLC1 is the 

presence of a uridine-rich motif that is the binding site of the Sm proteins. Sm proteins 

are heptameric complexes that promote the stability of small nuclear RNAs (158). 

Deletion of this motif as well as depletion of one of the members of the Sm complex 

leads to reduced levels of TLC1 (282). Immunoprecipitation with Sm proteins revealed 

that most telomerase activity is associated with the Sm complex. Therefore, the 

biogenesis pathway of TLC1 parallels that of snRNAs.  

 Inspection of S. pombe TER1 sequence also revealed the presence of a Sm 

motif (181). Deletion of this motif led to rapid shortening of telomeres and accumulation 

of an unprocessed TER1 transcript, suggesting that this motif is essential for TER1 

function in fission yeast.  
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Vertebrate telomerase biogenesis 

 Human TR is a product of RNA polymerase II transcription and is expressed in 

most tissues (80). Like TLC1, hTR also contains a 5’-TMG cap (80, 93). hTR has two 

important regions in its 3’ end that are necessary for proper processing and stability: the 

H/ACA box  and the CR7 domain. The H/ACA motif is required for accumulation and in 

vivo function of telomerase (92). This motif is common to small nucleolar RNAs 

(snoRNAs) which are bound by the proteins dyskerin, Nhp2, Nop10 and Gar1. The 

snoRNP complex functions in pseudouridylation of other RNAs such as ribosomal RNA 

or snRNAs (219). hTR is co-transcriptionally bound by the dyskerin complex of proteins 

(46,18,41), but so far no pseudouridylation target has been identified for this complex. 

Instead, the role of dyskerin complex is to stabilize the RNP and perhaps to constrain 

hTR so that hTERT can bind to it. Recent evidence suggests that the core telomerase 

consists of two molecules of hTERT, hTR and dyskerin (53).  Dyskerin is an essential 

gene (129) and mutations in dyskerin lead to the disease dyskeratosis congenita (see 

below). A recent purification of hTERT identified two ATPases, pontin and reptin that 

bind to both TERT as well as dyskerin (315). Depletion of these proteins resulted in loss 

of hTR as well as dyskerin, and co-immunoprecipitation of either protein brings down 

TERT that has reduced catalytic activity (315). The data suggest that pontin and reptin 

may function in the assembly of the telomerase complex. 

In addition to the H/ACA motif, assembly of a functional telomerase RNP also 

requires a loop in the CR7 domain. This loop contains a consensus cajal body (CAB) 

localization signal (151). Cajal bodies are nuclear compartments that act as sites of 

modification and assembly of RNPs. The presence of both H/ACA motif and a CAB box 

make hTR similar to a group of RNAs called small cajal-body RNAs (scaRNA) (151). It 

may be that the cajal bodies function in post-transcriptional maturation or assembly of 
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the telomerase holoenzyme. hTR has been observed to accumulate in cajal bodies 

throughout most of the cell cycle (151, 359). At S phase, hTR co-localizes with hTERT at 

foci near telomeres enabling telomerase to act at telomeres (308). Substitutions of the 

CAB box do not affect telomerase activity, but recent data indicates that these mutants 

are not able to recruit telomerase to the telomeres and hence cells undergo shortening 

of telomeres (64). The necessity of this motif indicates that cajal bodies are involved in 

maturation of hTR enabling it to bind to telomeres. Alternatively, cajal bodies may be 

involved in transporting telomerase to the telomeres.  

Unlike TLC1, hTR does not contain a Sm binding motif. However, 

immunoprecipitation experiments with antibodies to SmB and SmD3 proteins pull down 

both hTR and telomerase activity (93). The association to Sm proteins seems to be 

mediated by the CAB motif. This is in contrast to yeast telomerase RNP where the Sm 

motif mediates binding of Sm proteins. Therefore, the biogenesis pathway of hTR is 

similar to that of scaRNAs, while TLC1 biogenesis is similar to snRNAs. 

 

Other Telomerase-associated Proteins 

Telomerase-associated proteins involved in enzyme recruitment to telomeres 

 In order for telomerase to function at telomeres in vivo, it needs to access the 3’ 

G-overhang. In budding yeast, this access is mediated largely by the holoenzyme 

components: Est1 and Est3. Epitope tagged Est1 and Est3 co-purify telomerase activity, 

but strains lacking Est1 or Est3 do not show reduced telomerase activity (146, 189). 

Furthermore, these components are not required for telomerase activity in vitro. Est1 

binds a bulged stem of TLC1 RNA independently of Est2, whereas binding of Est3 to 

TLC1 requires Est2 (189, 281, 352). Recent data also shows that TLC1 accumulation in 

the nucleus is affected in mutants of Est1, Est2 and Est3 (95). When Est1 was fused to 
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the DNA-binding domain (DBD) of the G-overhang binding protein Cdc13, it promoted 

telomere lengthening (78). Furthermore, Est1 is not required for telomere maintenance 

when an Est2-Cdc13 DBD fusion protein is present in the cell (78). These data argue 

that Est1 functions in telomerase recruitment. One model for the recruitment of 

telomerase in yeast is the binding of Est1 to telomerase through TLC1 and the 

subsequent recruitment to the telomere by the interaction of Est1 with the end-binding 

protein Cdc13 in S-phase (300). Another model, proposed by the Zakian lab based on 

chromatin immunoprecipitation data, suggests that telomerase is always present on the 

telomere, however it is activated in S-phase by the binding of Est1 (300).  

 Telomerase recruitment in budding yeast also involves the DNA binding Ku 

heterodimer. Ku also localizes telomeres to the nuclear periphery (133, 173). In addition, 

Ku directly contacts telomerase through an interaction with a 48 nt stem loop present in 

TLC1 (250). Disruption of the TLC1-Ku interaction results in critically short telomeres 

with very long G-overhangs (112, 293). Loss of Ku also affects TLC1 nuclear localization 

(95). Therefore, Ku is thought to direct telomerase to telomeres through its interaction 

with TLC1 and this interaction promotes Est2-telomere association in G1 phase (82). 

However, other factors are required to convert telomerase to an active form in S phase. 

The prevalent mode of recruitment of telomerase is still under investigation. 

 EST protein homologs have also been identified in other organisms. S. pombe 

Est1 is also a holoenzyme component; it interacts with TER1 independently of Trt1 

(TERT) and may also function in telomerase recruitment (181, 329). Similarly, human 

Est1a is associated with telomerase in vivo and when overexpressed causes telomere 

length elongation and fusions (262, 290). Human Est1b is also associated with 

telomerase and binds TERT directly. However, defining a role for hEst1a and hEst1b in 

telomerase recruitment has been confounded by their involvement in the nonsense-
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mediated decay pathway (262, 290). Arabidopsis EST proteins have no known role in 

telomere biology. Rather, AtEst1b is important for exit from meiosis (264). 

 Other factors linked to telomerase recruitment in humans are the heterogenous 

nuclear RNP proteins (hnRNPs). These proteins are very abundant and are associated 

with most RNA polymerase II transcripts. Several observations suggest that hnRNPs 

could function in telomerase recruitment. Mice deficient in hnRNP A1 display telomere 

shortening (169). hnRNP A1, hnRNP C1/C2 can also bind simultaneously to both hTR 

and a telomeric DNA substrate (81, 85, 169). Immunoprecipitation of hnRNP A1 pulls 

down telomerase activity. However, it is not known whether these abundant proteins are 

always associated with telomerase, as loss of some members of the complex do not 

affect telomere maintenance (reviewed in (86)).  

 Overall, the mechanisms controlling telomerase recruitment to the telomere are 

poorly understood and involve interactions between telomerase components and 

telomere binding proteins. 

 

Telomerase-associated proteins involved in RNP biogenesis, stability and localization 

 The molecular chaperones Hsp90 and p23 directly associate with hTERT and 

are necessary for telomerase activity (141).  These proteins are stably associated with 

telomerase and are involved in the proper assembly of the telomerase RNP. It is 

hypothesized that chaperones could facilitate the conformational change required for the 

translocation step of telomere synthesis (141). Genetic screens have identified Staufen, 

L22, TEP1 and SMN (survival motor neuron) as binding partners of telomerase (14, 125, 

174). The requirement of these proteins for telomerase function in vivo is unknown.  

 14-3-3 was identified by yeast-two hybrid assay as a binding partner for hTERT 

(280). 14-3-3 is proposed to increase the nuclear localization of hTERT by inhibiting 
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hTERT binding to an export factor (280). Two other hTERT interacting proteins are the 

nucleotide triphosphatases (NTPase) NAT10 and GNL3L (94). The functions of these 

proteins are unknown but their overexpression results in telomere shortening (94). It is 

proposed that the NTPases function in telomerase assembly or localization.  

 

Telomerase-associated proteins involved in telomerase regulation  

 A protein that is involved in negatively regulating telomerase function in vivo is 

PinX1 (356). PINX1 was first identified as a TRF1 interacting protein. Overexpression of 

PinX1 inhibits telomerase activity and causes telomere shortening (356). In vitro, PinX1 

binds directly to hTERT, and represses telomerase activity by binding to the assembled 

telomerase complex (15). Yeast PinX1 binds to the RNA binding domain of Est2p 

forming inactive telomerase complex that prevents TLC1 from binding (187). PinX1 

localizes to both the nucleolus as well as telomeres because of its association with 

TRF1. Thus, it can function as a potent regulator of telomerase.  

 Pif1, a 5'-->3' DNA helicase, was first identified in S. cerevisiae as a protein 

important for maintenance of mitochondrial DNA (89). ScPif1 is also implicated in 

inhibition of de novo telomere addition (279). Accordingly, pif1Δ mutants in yeast display 

long telomeres and double-strand breaks in pif1Δ mutants are repaired by telomere 

addition (279, 355). ScPif1 can remove telomerase from telomeres in vivo and in vitro 

and is therefore thought to negatively regulate telomerase action by unwinding telomeric 

DNA: RNA hybrids (33). Human Pif1 binds to hTERT and this interaction is not 

dependent on RNA (214). However, the role of human Pif1 in telomere length 

maintenance is controversial (214, 354).  
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Dimerization of Telomerase 

 Dimerization has been reported for telomerase from several species (human, 

yeast and E. crassus) (20, 254, 326).  Dimerization of hTERT has been observed (4, 

231). Specifically, the N-terminal domain of TERT can interact with the RT and C-

terminal domain in trans and reconstitute activity (20).  In humans, the catalytic core of 

telomerase is composed of two molecules each of TERT, hTR and dyskerin (53, 333). 

However, purification of telomerase from Tetrahymena indicates that the complexes 

contain a single TERT and TER indicating that this enzyme is active only as a monomer 

(38, 336). Dimerization has also been observed in vitro for the both human and yeast 

TERs (105, 202). Non-denaturing polyacrylamide gel electrophoresis was used to show 

that hTR dimerization occurs through the formation of a trans-pseudoknot (202). 

However, it is not known whether this trans-pseudoknot is formed in vivo.  

 Why does telomerase need to dimerize? Two models have been suggested (254, 

333)(Fig. 9). The first one called the parallel extension model postulates that by 

dimerization, telomerase can extend two substrates simultaneously, for instance it can 

work on two sister chromatids. The other model called the template switching model 

envisions that the substrate is passed between two active sites so that processive 

elongation can take place. Support for the latter model comes from work in S. cerevisiae 

where introduction of an inactive template mutant RNA into yeast resulted in telomeres 

with both mutant and wild-type repeats (254, 255). Work from the Blackburn lab 

suggests that a telomerase dimer can processively use a single template for extension 

(271). Therefore, it is still not clear which model is the preferred mode of telomerase 

action.  
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FIG. 9. Models for telomere elongation by a telomerase dimer. (A) In the parallel synthesis model, the 

telomerase dimer acts on two substrates (sister chromatids) simultaneously. (B) The template switching 

model envisions processive telomere elongation by switching of the DNA primer between two RNPs (254, 

333).  

  

Parallel synthesis model Template switching model 



47 

 

Consequences of Telomerase Dysfunction 

 Telomere synthesis is restricted to the S phase of the cell cycle (332, 340). In 

highly proliferative tissues even when telomerase is present, it does not act at every 

chromosome end in every cell cycle. Studies have established that telomerase is 

preferentially recruited to only short telomeres (135, 283, 304) and yet a species- 

specific telomere length is established and is essential for long term cell survival. In this 

section, the consequences of telomerase loss and haploinsufficiency are detailed.  

 

Loss of telomerase function  

 Telomerase is abundant in unicellular eukaryotes, whereas telomerase is limiting 

in multicellular eukaryotes. Moreover, in mammals, telomerase is not active in most 

somatic cells and therefore telomere shortening results which in turn limits the 

proliferation potential of cells. Telomerase is upregulated in most cancers and therefore 

it seems that limiting telomerase is necessary to be able to form a barrier against cancer.  

 A complete loss of TERT or TER by gene deletion results in a heritable loss of 

telomere length. This is well demonstrated in the case of mice lacking the telomerase 

RNA component (mTR).  mTR -/- are viable and early generations of mTR -/-  mutants do 

not display any abnormalities (30). This is due to the inherently long telomeres (20-150 

kb) possessed by laboratory mice. However, late generation mTR -/- mutants display 

severe growth and reproductive defects and a shortened life span as a result of critically 

shortened telomeres and accumulation of chromosomal fusions (175). 

Loss of Arabidopsis TERT also results in progressive telomere shortening that ultimately 

results proliferation defects, genome instability and sterility (84, 268). Even though 

telomeres in Arabidopsis are only 2-5 kb, tert -/- plants survive up to nine generations, 

losing 200 bp per generation (84, 268). When telomeres become critically 
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short at approximately 1 kb, they are subject to nucleolytic attack and end-joining 

activities that lead to fusion events (130). The increasing number of fusion events in late 

generation tert -/- plants leads to worsening phenotypes in these plants. 

 

Haploinsufficiency of telomerase  

Mating of mTR +/- mice having long telomeres with wild-type mice having short 

telomeres resulted in progeny with populations of long and short telomeres in the same 

cell. Surprisingly, mTR +/- from this cross are unable to lengthen the shortest telomeres 

(128). These mice display haploinsufficiency for telomere length maintenance, but are 

able to maintain the short telomeres from the cross. Similarly, heterozygosity of mTERT 

also leads to defects in the maintenance of longer telomeres, although it can rescue the 

short telomeres (76, 194). Haploinsufficiency of telomerase is also the underlying cause 

of the disease dyskeratosis congenita (see below). 

In yeast, haploinsufficiency of the telomerase RNA subunit, TLC1, leads to 

telomere length defects (235). None of the other components of yeast telomerase 

display haploinsufficiency. However, additive haploinsufficiency has been observed in 

the case of tlc1 est1 double mutants (180). Surprisingly, none of the known Arabidopsis 

telomerase components (AtTERT and AtPOT1a)  are haploinsufficient for telomere 

length maintenance  (84, 296). This might mean that Arabidopsis requires less 

telomerase to maintain its twenty telomeres than humans (92 telomeres) or yeast (64 

telomeres). 

 

Mutations in telomerase components lead to mammalian diseases of cell proliferation 

 Purification of telomerase from cancer cells indicated that the core telomerase 

RNP is a dimer of TERT, TER and dyskerin (53). The importance of this core complex is 
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further supported by the finding that mutations in any of these components can lead to 

telomerase deficiency (Fig. 10) (101). Such mutations are a hallmark of several disease 

phenotypes. 

 While telomerase deficiency is the underlying cause of several diseases 

including aplastic anemia, pulmonary fibrosis and Hoyeraal-Hreidarsson syndrome (56), 

the most severe disease associated with telomerase deficiency is X-linked dyskeratosis 

congenita (DC). Approximately 1 in 1,000,000 individuals are affected by this premature            

ageing disease (101). Males who inherit a mutant dyskerin allele suffer from a variety of 

symptoms such as nail dystrophy, abnormal skin pigmentation and progressive bone 

marrow failure (210). In general, tissues requiring constant renewal like skin and bone 

marrow are the most affected by the disease.   

Various mutant alleles of dyskerin have been identified in patients with 

dyskeratosis congenita and most of these are single amino-acid missense changes that 

cluster around the N-terminal domain and the archaeosine-specific transglycosylase  

(PUA) domain of dyskerin (261). Both these domains play a role in binding hTR. Patients 

with X-linked DC have lower levels of hTR accumulation, lower telomerase activity and 

also shorter telomeres than age-matched controls (229). However, the levels of other 

H/ACA snoRNAs or rRNA processing are not affected in these patients (229, 338), 

suggesting that defects in telomere maintenance are the cause of the disease 

phenotype. 

 The autosomal dominant form of DC is caused by mutations that affect the 

human telomerase RNA (320). The mutations in hTR that culminate in autosomal 

dominant DC affect either the 3’ end of the RNA or the pseudoknot and CR4/CR5 region 

of hTR (48). Mutations in the H/ACA domain or the CAB box in the 3’ end of hTR affect  
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FIG. 10. Mutations in telomerase components lead to Dyskeratosis congenita and other diseases. The 

human telomerase RNP and the diseases associated with mutations in each telomerase component are 

shown. Adapted from (101).  
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RNP biogenesis as well as RNA accumulation, resulting in lower levels of hTR which in 

turn lead to telomerase haploinsufficiency (320). The mutant form of hTR is not 

detectable in these patients. 

 Mutations in the pseudoknot region and the CR4/CR5 region of hTR result in a 

stable but inactive form of the RNA. This mutant hTR is incorporated into an RNP, but it 

is not competent for telomere maintenance resulting in telomerase haploinsufficiency 

(92). Furthermore, missense mutations in the TERT subunit have also been found to 

lead to the autosomal recessive form of DC (5). Strikingly, genetic anticipation is also 

observed in DC families with mutations in either TERT or TER. Successive generations 

who inherit the mutant gene and the accompanying short telomeres show an earlier 

onset of the disease phenotype and increased disease severity relative to their parents 

(101, 321). 

 Recently, mutations in both Nop10 and Nhp2 proteins, which are associated with 

the telomerase RNP as part of the dyskerin complex, have been linked to autosomal 

recessive DC (319, 323). Thus, the common thread in all DC patients, regardless of the 

inheritance pattern, is the presence of short telomeres. Telomerase deficiency in these 

patients leads to loss of telomere maintenance which is detrimental to the renewal of 

regenerative tissues. DC particularly affects the stem cells of the hematopoietic system 

which leads to bone marrow failure in these patients (165).  

 

Additional Roles of Telomerase Components 

The presence of TERT at telomeres in phases of the cell cycle when it does not 

act on the G-overhang suggests that TERT may perform roles besides telomere 

extension (288, 300). In both yeast and mammals, there are separation of function 

mutations in telomerase that affect either cell viability or telomere length maintenance 
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(reviewed in (25)). Mutants that are unable to function in telomere elongation are 

nevertheless capable of preventing chromosomal fusions. A hypomorphic TERT allele 

that cannot prevent telomere shortening can still prolong cellular lifespan (357), while 

overexpression of catalytically inactive TERT alleles can cause cell death without 

significant changes in bulk telomere length (161).  These results suggest that even low 

levels of telomerase or defective telomerase can protect telomeres from fusion events by 

physically capping the chromosome termini.  

Finally, hTR also has an additional role apart from telomerase. Overexpression of 

hTR inhibits activity of the protein kinase ATR and this effect is independent of hTERT 

(156). In response to UV damage, ATR levels are increased and the downstream targets 

like p53 are phosphorylated, leading to cell cycle arrest. In this situation, hTR levels are 

slowly increased, leading to inhibition of ATR activity and reinitiation of the cell cycle 

(156).  However, the mechanism of hTR upregulation is still unknown. 

 

Arabidopsis as a Model for Telomere Biology 

 Arabidopsis thaliana belongs to the Brassicaceae family of angiosperms. It is the 

model plant system to work with because of its sequenced genome (125 Mb) and short 

generation time. Several species related to Arabidopsis thaliana such as Arabidopsis 

lyrata and Capsella rubella are also being sequenced. The information obtained from 

these sequencing projects will be useful for comparative genomics projects to identify 

evolutionarily conserved proteins and non-coding sequences (277, 278).  

 A variety of Arabidopsis mutant collections including T-DNA mutant lines, EMS-

mutagenized lines and activation-tagged lines are available to researchers. With T-DNA 

lines, on average 1.5 insertions events occur. In cases where mutant lines are 

unavailable, overexpression, antisense or RNA interference constructs can be efficiently 
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transformed into plants. Furthermore, transformation efficiencies are higher in 

Arabidopsis than in other plant species. Crosses between mutants can be easily 

performed to generate double and triple mutants. Recently, synchronized Arabidopsis 

cell cultures have also become available (222). This has proven to be a great resource 

for telomere biology as telomerase is extremely abundant in cell culture. 

Arabidopsis telomeres are much shorter than in mouse, the other major genetic 

model for telomere biology in higher eukaryotes. Telomeres range in size from 2 to 5 kb 

in the Columbia ecotype (283) and therefore even slight differences in telomere length 

between various backgrounds can be easily determined. For analysis of the length of 

individual chromosome arms, researchers can exploit the unique subtelomeric regions 

present on most of the chromosomes (130). Homologs to nearly all known telomere 

proteins in humans have also been identified in Arabidopsis, making it possible to draw 

conclusions about similarity/divergence of protein function across species.   

Arabidopsis TERT is similar to other known TERT proteins. Its pattern of 

expression closely mirrors hTERT in that it is expressed only in reproductive organs and 

other highly proliferative cells (83, 159, 238). Arabidopsis tert mutants survive for up to 

nine generations indicating that both telomere dysfunction and genome instability can be 

tolerated by plants (268). Another component of the Arabidopsis telomerase RNP is 

AtPOT1a, which is structurally similar to other POT1 proteins, but is unique in its 

association with telomerase (296). This suggests that components of the telomerase 

RNP are evolving rapidly and this may be due to the divergence of the TER subunit (55). 

However, TER has not yet been identified in any plant species. In summary, the 

composition of the Arabidopsis telomerase RNP is relatively unknown and identification 

and characterization of other members of this complex is the focus of this dissertation. 
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Overview 

 In this dissertation, I describe the identification and characterization of essential 

components of the Arabidopsis telomerase RNP complex. In Chapter II, the role of 

dyskerin (AtNAP57) in the Arabidopsis telomerase RNP is described. I demonstrate that, 

like its human homolog, AtNAP57 is associated with active telomerase and this 

association is most likely mediated through the RNA subunit. Although, null alleles of 

AtNAP57 are embryonic lethal, missense mutants of AtNAP57 could be studied. These 

plants showed defects in telomere length maintenance. Through in vivo and in vitro 

analysis, I demonstrated that dyskerin is required for proper telomere maintenance in 

Arabidopsis and thus is a conserved component of the telomerase RNP in higher 

eukaryotes. 

 In Chapter III, the identification and characterization of two putative Arabidopsis 

telomerase RNA subunits are described. Unexpectedly, this work uncovered two novel 

telomerase RNAs TER1G7 and TER5G2. The two RNAs display different levels of gene 

expression in plants and are abundant in tissues with telomerase activity. When co-

expressed with AtTERT, both TERs can reconstitute telomerase activity in vitro. 

Moreover, in vivo knockdown and mutagenesis studies suggest that both RNAs function 

in the telomerase RNP in vivo. Interestingly, a distinct set of interactions of telomeric 

proteins with the two TERs were observed in vivo suggesting similarities and differences 

in the function of the two TERs. 

 In Chapter IV, the search for homologs of TER candidates in other plant species 

is presented. Through synteny searches and degenerate PCR approaches, candidate 

TERs from several other plant species were identified. A preliminary working secondary 

structure model of the Arabidopsis TER1G7 is also described. This model predicts 
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secondary structure features including a single-stranded template, pseudoknot domain 

and template boundary elements that are conserved in other known TERs.  

 Finally, in the appendix, I describe bioinformatics approaches that were adopted 

initially to identify telomerase RNA candidates. I characterized two candidates and none 

showed the properties expected for Arabidopsis TER in vivo. Although these approaches 

were unsuccessful, they laid the foundation for characterization of the bona fide TER 

species in Arabidopsis.  

 In total, the data presented in this dissertation support the conclusion that 

Arabidopsis is an important and unique model organism for the study of telomere 

biology. 
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 CHAPTER II 

DYSKERIN IS A COMPONENT OF THE ARABIDOPSIS TELOMERASE RNP 

REQUIRED FOR TELOMERE MAINTENANCE * 

 

Summary 

 Dyskerin binds the H/ACA box of human telomerase RNA and is a core 

telomerase subunit required for RNP biogenesis and enzyme function in vivo. Missense 

mutations in dyskerin result in dyskeratosis congenita, a complex syndrome 

characterized by bone marrow failure, telomerase enzyme deficiency, and progressive 

telomere shortening. Here we demonstrate that dyskerin also contributes to telomere 

maintenance in Arabidopsis thaliana. We report that both AtNAP57, the Arabidopsis 

dyskerin homolog, and AtTERT, the telomerase catalytic subunit, accumulate in the 

plant nucleolus, and AtNAP57 associates with active telomerase RNP particles in an 

RNA-dependent manner. Furthermore, AtNAP57 interacts in vitro with AtPOT1a, a novel 

component of Arabidopsis telomerase. Although a null mutation in AtNAP57 is lethal, 

AtNAP57, like AtTERT, is not haploinsufficient for telomere maintenance in Arabidopsis. 

However, introduction of an AtNAP57 allele containing a T66A mutation decreased 

telomerase activity in vitro, disrupted telomere length regulation on individual 

chromosome ends in vivo, and established a new, shorter telomere length set point.  

These results imply that T66A NAP57 behaves as a dominant-negative inhibitor of 

telomerase. We conclude that dyskerin is a conserved component of the telomerase 

RNP complex in higher eukaryotes that is required for maximal enzyme activity in vivo. 

* Reprinted with permission from Kannan, K., Nelson, A.D., and Shippen, D.E. 2008.  
Dyskerin is a component of the Arabidopsis telomerase RNP required for telomere 
maintenance.  Molecular and Cellular Biology 28, 2332-2341. Copyright 2008 © by The 
American Society for Microbiology. 
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Introduction 

An essential step in the maturation of ribosomal RNA is the conversion of uridine 

to pseudouridine by H/ACA ribonucleoproteins (RNPs) (219). Components of H/ACA 

RNPs include small nucleolar RNAs (snoRNAs), Gar1, Nhp2, Nop10, and the 

pseudouridine synthase, dyskerin. Dyskerin is an essential gene and its loss results in 

embryonic lethality in mice (128). In addition to its role in rRNA maturation, dyskerin also 

binds the H/ACA box of human telomerase RNA (hTR) and is involved in hTR 

processing and stabilization (48, 229). Mass spectrometry studies indicate that the core 

telomerase complex is composed of a dimer of a catalytic telomerase reverse 

transcriptase (TERT), TR (which acts as a template for TERT), and dyskerin (53). 

Notably, the dyskerin homolog in yeast, Cbf5p, is not stably associated with the 

telomerase RNA (73), and a different constellation of proteins is required for telomerase 

RNP biogenesis and enzyme function in this organism (55).  

Mutations in human dyskerin are the cause of X-linked dyskeratosis congenita 

(DC), a rare disease that affects regenerative tissues and is characterized by abnormal 

skin pigmentation and bone marrow failure (134). Patients suffering from X-linked DC 

have shorter telomeres relative to age-matched controls (229). Most mutations in 

patients with X-linked DC cluster around the PUA (pseudouridine synthase and 

archeosine transglycosylase) domain of dyskerin, which is responsible for RNA binding 

(261). One of the most commonly identified dyskerin mutations, A353V, perturbs rRNA 

pseudouridylation and also results in reduced levels of TR, decreased telomerase 

activity, and shorter telomeres in mouse embryonic stem cells (230). Similarly, 

hypomorphic mice that express low levels of dyskerin display the clinical symptoms of 

DC and exhibit shorter telomeres, but only in later generations (273). While rRNA 
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processing is affected in some dyskerin mutants, the T66A mutation in humans appears 

to exclusively affect the telomerase-associated functions of dyskerin (229).   

Recent data indicate that bone marrow disease can also arise through reduction 

of other telomerase RNP constituents. Heterozygous mutations in hTR, which reduce its 

accumulation and perturb its structure, lead to an autosomal dominant form of DC 

through haploinsufficiency of the RNA subunit (40, 106, 320). Similarly, 

haploinsufficiency of TERT has been implicated in DC and in aplastic anemia (5, 322, 

345). Limiting abundance of telomerase subunits may help to facilitate the fine balance 

of telomerase repression and activation associated with differentiated cells and their 

stem cell progenitors (124).        

 The flowering plant Arabidopsis is a useful model for telomere biology (218). In 

contrast to mouse, Arabidopsis telomere tracts are relatively short (2-5 kb) and are 

abutted by unique sequences on most chromosome arms (130), making it possible to 

study the dynamics of individual telomeres. Moreover, Arabidopsis is exceptionally 

tolerant to telomere dysfunction and genome instability. Disruption of AtTERT results in 

a slow, but progressive loss of telomeric DNA (84). Beginning in the sixth generation 

(G6), tert mutants exhibit a low level of end-to-end chromosome fusions and the onset of 

growth and developmental defects (268).  Remarkably, plants survive for up to five more 

generations with worsening phenotypes until they ultimately arrest growth in a miniature, 

de-differentiated state unable to produce a germline (37).   

Aside from the presence of AtTERT, little is known about telomerase RNP 

composition and biogenesis in plants. The TR subunit has not yet been identified in any 

plant species, owing to the rapid evolution of the TR nucleotide sequence. However, 

recent studies indicate that AtPOT1a, an OB-fold containing protein whose counterparts 

in yeast and mammals associate with telomeres (17), functions as a telomerase RNP 
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accessory factor in Arabidopsis (296). This observation implies that the composition 

and/or role of telomerase subunits may vary among higher eukaryotes.   

Arabidopsis encodes a dyskerin homolog, AtNAP57 (182, 203) and here we 

examine its contribution to telomerase biochemistry and telomere maintenance. We 

demonstrate that AtNAP57 localizes to the nucleolus along with AtTERT and associates 

with enzymatically active telomerase RNP particles in an RNA-dependent fashion. 

Although a null mutation is lethal, AtNAP57 is not haploinsufficient for telomere 

maintenance. However, transgenic plants carrying an AtNAP57 allele with a T66A 

mutation exhibit decreased telomerase activity in vitro and in vivo, deregulated telomere 

tracts on individual chromosome ends, and shorter, but stable telomeres. We conclude 

that dyskerin is a conserved component of the telomerase RNP in multicellular 

organisms that is required for telomere maintenance. 

 

Materials and Methods 

Plant materials, genotyping, c-DNA synthesis, site-directed mutagenesis and 

transformation    

  Arabidopsis seeds with T-DNA insertions in the AtNAP57 (SALK_031065) and 

AtKU70 (SALK_ 123114) genes were purchased from the Arabidopsis Biological 

Resource Center (Ohio State University, Columbus, Ohio), cold-treated overnight at 4°C, 

and then placed in an environmental growth chamber and grown under a 16 h light/8 h 

dark photoperiod at 23°C. Arabidopsis suspension culture cells were maintained as 

described (222). Siliques from wild-type and AtNAP57 heterozygotes were dissected 10 

days after fertilization and photographed using a Zeiss Axiocam digital camera coupled 

to a Zeiss microscope.   
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 For genotyping, DNA was extracted from flowers and PCR was performed with 

the following sets of primers for AtNAP57: D5: 5’ GTCGACATCTCACACTCGAA 3’ and 

D 8: 5’ GTCTCACTTTGTTCCAGAGT 3’ and for AtKU70: Ku 1: 5’ 

TTACTTTGTTGTTTCGGGTGC 3’ and Ku 2: 5’ CTCTTGGCAAGTACACGCTTC 3’. 

 Total RNA was extracted from 0.5 g of plant tissue using Tri Reagent solution 

(Sigma). cDNAs were synthesized from total RNA using Superscript III reverse 

transcriptase (Invitrogen). Oligo dT primers were incubated with 2 µg of total RNA in the 

supplied buffer at 65°C for 5 min. Reverse transcription was carried with 100 U of 

Superscript III at 55°C for 60 min. RNA was degraded with RNase H (USB). For 

amplifying AtNAP57, we used primers D5 (above) and D2: 5’ 

GCCATCACAGATGTTGTCATC 3’. 

 The genomic copy of AtNAP57 (AtNAP57 cDNA + 1kb promoter) was amplified 

by PCR and ligated into a binary vector pCBK05 (269) lacking the 35S CaMV promoter. 

To generate the T66A mutation, site-directed mutagenesis was performed with Pfu turbo 

polymerase (Stratagene) on the genomic version of AtNAP57 in pCBKO5 using the 

primers M1: 5’ CCTCAACGTCCGTGCCGGTCAC 3’ and M2: 5’ 

GTGACCGGCACGGACGTTGAGG 3’ according to the manufacturer’s guidelines. The 

construct was introduced into Agrobacterium tumefaciens strain GV3101. Transformation 

of AtNAP57 heterozygous plants was performed by the in planta method as described in 

(269). Transformants were selected on 0.5 Murashige and Skoog basal medium 

supplemented with 20 mg/L of phosphinothricine (Crescent Chemical) and Kanamycin 

(50 µg/mL) and then genotyped. To generate epitope-tagged protein, AtNAP57 cDNA 

was amplified and ligated it into pCBKO5 with an N-terminal 3X FLAG tag. This 

construct was transformed into Agrobacterium and then transformed into wild-type plants 

as described above. 
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TRF analysis, PETRA, TRAP and quantitative TRAP assays 

DNA from individual whole plants was extracted and TRF analysis was performed 

with Tru1I (Fermentas) restriction enzyme and [32P] 5' end-labeled (T3AG3)4 

oligonucleotide as a probe (84). The peak value for bulk telomere length (FIG. 15D) was 

determined by ImageQuant software.  PETRA analysis was conducted on DNA from 

whole plants as described (328). TRAP protein extraction and assays were performed on 

flowers as previously described (83). 

  Real-time quantitative TRAP was performed as described (137), but with the 

following modifications. 10.5 µl of a 4.8 ng/μl protein extract dilution, 1 μl of 10 μM 

forward primer (5' CACTATCGACTACGCGATCAG 3'), and 12.5 µl SYBR Green PCR 

Master Mix (NEB) were incubated at 37°C for 45 min. 1 µl of reverse primer (5' 

CCCTAAACCCTAAACCCTAAA 3') was added and products were amplified for 35 PCR 

cycles with 30 sec at 95°C and 90 sec at 60°C. Threshold cycle values (Ct) were 

calculated using an iCycler iQ thermal cycler (BIO-RAD) and the supplied Optical 

System Software.  Samples were analyzed in triplicate, with inactivated samples and 

lysis buffer serving as negative controls.  

 

Western blotting, immunoprecipitation and immunofluorescence 

Plant extracts were made by grinding 0.3 g of flowers in buffer A (50 mM Tris-Cl 

pH7.5, 10 mM MgCl2, 100 mM NaCl, 1 mM EDTA, 10% glycerol, 1 mM DTT and plant 

protease inhibitors (SIGMA)). Western blotting was performed with a 1:1000 dilution of 

anti-FLAG antibody (SIGMA) and a 1:10,000 dilution of HRP-conjugated anti-Mouse IgG 

(SIGMA). For immunoprecipitation, 50 µl of α-FLAG beads (SIGMA) were washed four 

times with buffer A and incubated with 500 µl of extract for 2 h at 4°C. Beads were then 

washed three times with buffer A and eluted using the 3X FLAG peptide for 30 min.  
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A peptide antibody against AtTERT was raised in rabbits and affinity purified 

(Covance). The peptide used was N-CIKHKRTLSVHENKRKRDDNVQP corresponding 

to residues 180-202 of AtTERT. Peptide antibodies against mouse dyskerin (230) were a 

gift from Dr. Monica Bessler.  

Arabidopsis suspension culture extracts were made as above, diluted in buffer 

W-100 (20 mM TrisOAc pH 7.5, 10% glycerol, 1 mM EDTA, 5 mM MgCl2, 0.2 M NaCl, 

1% NP-40, 0.5 mM sodium deoxycholate and 100 mM potassium glutamate) and pre-

cleared with Protein-A agarose (PIERCE). Extracts were incubated with antibody and 

pre-blocked beads. Beads were washed three times with W-300 (W-100 containing 300 

mM potassium glutamate) and once with TMG (10 mM TrisOAc pH 7.5, 1 mM MgCl2 and 

10% glycerol). The beads were then used for either TRAP or western blotting. Proteins 

were expressed in rabbit reticulocyte lysate (RRL) (Promega) according to the 

manufacturer’s protocol and used in immunoprecipitation experiments as above. The 

fraction of enzymatically active telomerase particles that was associated with AtNAP57 

was determined by calculating the efficiency with which the TERT antibody 

immunoprecipitated telomerase activity in a TRAP assay (relative to input) using 

ImageQuant software.  This value was compared to the amount of AtNAP57 signal 

obtained by western blot analysis following immunoprecipitation of these same samples 

using QuantityOne software. 

For immunofluorescence, Arabidopsis suspension culture cells and floral buds 

were fixed with 3.5% formaldehyde in 1X PBS for 30 min and then washed with 1X PBS. 

Cells were soaked in 1X citric buffer (10 mM sodium citrate and 10 mM EDTA) for 10 

min. Citric buffer was removed and enzyme mix (1% pectinase, 4% cellulose and 1% 

macerozyme) was added and incubated at 37°C for 40 min. Cells were rinsed with 1X 

PBS and spun down onto poly-lysine coated slides in a swinging bucket rotor centrifuge 
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for 3 min at 300 xg. Slides were removed from the centrifuge and immediately soaked in 

1X PBS with 0.2% Triton X-100 for 30 min to permeabilize the cells. Slides were washed 

with 1X PBS and treated with Image-IT solution (Molecular probes). Primary antibodies 

(1:200 dilution for AtTERT and 1:400 dilution for dyskerin) were added to the slides, 

covered with a plastic coverslip, and incubated overnight at room temperature. After 

washes in 1X PBS and PI, secondary antibody (Goat anti-rabbit IgG conjugated to 

Texas Red 1:200 dilution) was added and incubated for 4 h. Slides were washed, 

Vectashield containing DAPI was applied, and images were captured using a CCD 

camera coupled to a Zeiss epifluorescent microscope.  

 

Co-immunoprecipitation and yeast two-hybrid assays 

Co-immunoprecipitation was performed as previously described (154) using full-

length AtTERT, AtNAP57, AtKU70, AtKU80 and AtPOT1a proteins expressed in RRL. 

All components of the yeast two-hybrid system were obtained from Clontech 

Laboratories. AtNAP57 was subcloned from FLAG-AtNAP57-pCBKO5 into pAS2-1. 

KU70-pAS2-1, KU80-pAS2-1 and NAP57-pAS2-1 were transformed into the yeast strain 

AH109. AtKU80 and AtPOT1a were cloned into the prey vector pACT2 and then 

transformed into Y187 strain. Yeast mating assays were performed as detailed in the 

Clontech yeast protocols handbook (# PT3024-1). Double selection (SD/-leucine/-

tryptophan) was used to obtain diploids and triple selection (SD/- leucine/-tryptophan/–

histidine) was used to screen for interaction. To confirm interactions, β-galactosidase 

assays (colony-lift filter assay) were performed on the colonies that grew on triple 

selection plates and development of the blue color was followed for several hours. 
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Results 

Characterization of Arabidopsis AtNAP57 

 AtNAP57 is encoded by a single gene (At3g57150) on the third Arabidopsis 

chromosome (203) and has only a single exon and no introns. RT-PCR experiments 

revealed that expression of the 1.6 kb AtNAP57 transcript is ubiquitous (FIG. 11A), as 

for mammalian dyskerin (126). AtNAP57 mRNA translates to a highly basic protein with 

a molecular mass of 63 kDa. A heterologous antibody directed at mouse dyskerin (230) 

immunoprecipitated recombinant AtNAP57 expressed in rabbit reticulocyte lysate (RRL) 

(FIG. 11B) as well as the endogenous plant protein (see FIG. 12D). This antibody was 

used to examine the subcellular localization of AtNAP57 in Arabidopsis suspension 

culture cells. Consistent with a role for the plant AtNAP57 in rRNA processing, a bright 

signal for AtNAP57 was detected exclusively in the nucleolus (FIG. 11C). A similar 

finding was observed by Lermontova et al. in a recent study of Arabidopsis dyskerin 

(182). We next asked whether AtTERT also localized to this compartment using a 

peptide antibody raised against AtTERT. The anti-TERT antibody recognized 

recombinant AtTERT expressed in RRL (FIG. 11B) as well as the endogenous protein 

from suspension culture extracts (data not shown). Immunolocalization experiments 

reveal that AtTERT, like AtNAP57, localized to the nucleolus (FIG. 11C). Nucleolar 

localization of AtTERT was not detected in tert-/- flowers indicating that staining is 

specific. These findings imply that telomerase biogenesis may occur in the plant 

nucleolus. 
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FIG. 11. Expression and localization of AtNAP57. (A) RT-PCR analysis of the AtNAP57 transcript in different 

plant tissues. AtTRP1H encodes a putative double-strand telomere binding protein (23) and was used as a 

loading control. (B) Recombinant AtNAP57 and AtTERT proteins were expressed in RRL and labeled with 

[35S] methionine (*). Proteins were immunoprecipitated with an antibody (Ab) raised against mouse dyskerin 

(α-dyskerin) or an antibody raised against an N-terminal peptide in AtTERT (α-TERT). Relevant lanes are 

shown. (C) Immunolocalization of AtNAP57 and AtTERT in Arabidopsis suspension culture cells and in floral 

buds. Nuclei were stained with DAPI or the antibodies discussed above. 
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AtNAP57 is a component of the Arabidopsis telomerase RNP 

We asked if AtNAP57 physically associates with the Arabidopsis telomerase 

RNP. A fusion construct was generated containing three copies of the FLAG epitope 

inserted at the N-terminus of AtNAP57 coding region under the control of the robust 

cauliflower mosaic virus 35S promoter. This construct was transformed into wild-type 

Arabidopsis and transformants were analyzed by western blotting using a FLAG 

antibody. Approximately 1 in 10 of the herbicide resistant transformants generated 

detectable levels of the FLAG-AtNAP57 protein (FIG. 12A; data not shown). These 

plants were used for further study. Complexes containing FLAG-AtNAP57 were 

immunoprecipitated from transgenic plants and eluted using 3X FLAG peptide. As 

expected, AtNAP57 was immunoprecipitated from transgenic plants, but not from their 

wild-type counterparts (FIG. 12B).  

 To monitor AtNAP57 association with telomerase, the telomere repeat 

amplification protocol (TRAP) was performed on FLAG-AtNAP57 and wild-type 

immunoprecipitates. Telomerase activity was immunoprecipitated from FLAG-AtNAP57 

plants, but not from wild-type plants lacking FLAG-AtNAP57 (FIG. 12C). To verify that 

the AtNAP57 interaction with telomerase was specific, we performed a reciprocal 

immunoprecipitation experiment using the TERT peptide antibody to pull-down AtNAP57 

from suspension culture cell extract. Telomerase activity was immunoprecipitated, and 

as expected, pre-treatment of the extract with RNase A abolished telomerase activity 

(FIG. 12D). Notably, western blot analysis revealed a strong enrichment of AtNAP57 in 

the α-TERT immunoprecipitate, but not when the extract was pre-treated with RNase A 

prior to immunoprecipitation (FIG. 12D, bottom panel). To determine the relative amount 
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FIG. 12. AtNAP57 associates with Arabidopsis telomerase RNP. (A) Western blot analysis with FLAG 

antibody on plant extracts from the wild type (WT) or transformants bearing FLAG-tagged AtNAP57 (FN). 

(B) Western blot analysis of input or immunoprecipitates (IP) obtained with FLAG antibody on extracts from 

the WT and FLAG tagged AtNAP57 transformants. Four percent of input and 30% of IP was loaded on the 

gel. (C) TRAP assay results for WT and FN extracts before (input) or after immunoprecipitation (IP) with 

FLAG antibody. Immunoprecipitates were assayed in duplicate. (D) Top panel, TRAP assay results for cell 

culture extracts immunoprecipitated with preimmune serum (PI) and anti-TERT (α-TERT) peptide antibody. 

The sample shown in the far-right lane was pretreated with 100 µg/ml of RNase A prior to 

immunoprecipitation. Bottom panel, α-TERT immunoprecipitates were subjected to Western blot analysis 

using the dyskerin antibody (α-dyskerin). Fifteen percent of input and 60% of IP was loaded on the gel. 
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 of telomerase that was associated with AtNAP57, we compared the efficiency of the 

AtTERT IP, which was determined to be approximately 10% from the experiment in FIG. 

11B, to the amount of AtNAP57 recovered. From these data, we estimate that more than 

90% of the active telomerase precipitated by the TERT antibody is associated with 

AtNAP57. These findings indicate that AtNAP57 is associated with catalytically active 

telomerase RNP particles and that this interaction requires RNA.  

 In mammals, dyskerin primarily associates with telomerase through TR. Because 

TR has not yet been identified in Arabidopsis, we asked whether AtNAP57 interacts with 

the known telomerase-associated proteins in vitro using co-immunoprecipitation. As 

expected in our control reactions (269) we detected the formation of AtKU70-AtKU80 

heterodimers, while no interaction was observed for AtKU70 alone (FIG. 13A). We failed 

to observe binding of T7-tagged AtNAP57 to radiolabeled full-length TERT protein (FIG. 

13A), and similarly in reciprocal co-immunoprecipitation experiments with T7-tagged 

AtTERT and labeled AtNAP57, no interaction was detected (data not shown). 

Furthermore, we did not detect binding of AtNAP57 to segments corresponding to the N-

terminus, middle and C-terminus of TERT. Although there was a high background in the 

AtPOT1a control reaction with beads alone, AtPOT1a abundance was reproducibly 

higher in the immunoprecipitate of T7-tagged AtNAP57(FIG. 13A; data not shown). The 

AtNAP57-POT1a interaction appears to be specific as a closely related protein, 

AtPOT1b (284) was not precipitated with T7-tagged AtNAP57 (data not shown). We 

confirmed the AtNAP57-AtPOT1a interaction using a yeast two-hybrid mating assay.  

Yeast strains containing different plasmids were mated and diploids were 

selected on triple selection (FIG. 13B). To monitor reporter gene activity, β-galactosidase 

assays were performed. Blue staining, indicative of interaction, was observed for 

AtKU70- AtKU80 within one hour, and after four hours staining was detected for 
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FIG. 13. AtNAP57 weakly associates with AtPOT1a. (A) Coimmunoprecipitation experiments were 

performed with the full-length recombinant AtKU70, AtTERT, and AtPOT1a proteins, labeled using 

[35S]methionine (*), and T7-tagged AtKU80, AtKU70, and AtNAP57. Proteins were incubated with either T7 

antibody (Ab) beads (control) or T7 beads and the indicated T7-tagged unlabeled proteins. The supernatant 

(S) and pellet (P) fractions were loaded in equal amounts. (B) Results of yeast two-hybrid analysis are 

shown. The indicated yeast crosses were performed and plated on medium lacking leucine, tryptophan, and 

histidine. Results of a colony lift β-galactosidase (β-gal) assay are shown. The blue color is indicative of 

protein interaction. 
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AtNAP57-AtPOT1a (FIG. 13B). Thus, the interaction between AtNAP57 and AtPOT1a is 

weak, but specific. Taken together, these data argue that AtNAP57 is physically 

associated with the Arabidopsis telomerase RNP. 

 

AtNAP57 is not haploinsufficient for telomere maintenance in Arabidopsis 

To investigate the role of AtNAP57 in telomere maintenance, we obtained a 

mutant line (SALK_031065) carrying a T-DNA insertion in the extreme 5’ end of the gene 

corresponding to the 18th amino acid of the AtNAP57 ORF (FIG. 14A). Although we 

genotyped a population of more than 50 progeny from this line, we did not recover any 

homozygous mutants (data not shown). Dissection of siliques (seed pods) from the 

heterozygous mutants revealed a reduced seed set in which approximately 25% of the 

seeds failed to form viable embryos (FIG. 14B) This outcome implies that AtNAP57 is an 

essential gene, a conclusion consistent with a recent report for plants with homozygous 

mutation in AtNAP57 (182).  

Heterozygous AtNAP57 mutants were indistinguishable from wild-type in their 

growth and development over successive plant generations. Furthermore, terminal 

restriction fragment (TRF) analysis conducted on ten first generation (G1) nap57+/- 

mutants revealed some variability in bulk telomere length, but in all cases, telomeres 

were in the wild-type 2-5 kb size range (FIG. 14C, left panel; data not shown). A similar 

result was obtained when telomeres from G2 nap57+/- were examined (FIG. 14C, right 

panel; data not shown). These data imply that AtNAP57 is not haploinsufficient for 

telomere length maintenance in Arabidopsis.  
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FIG. 14. AtNAP57 is an essential gene in Arabidopsis. (A) Schematic diagram of the AtNAP57 coding region 

showing the position of the T-DNA insertion, pseudouridine synthase domain (TruB), pseudouridine 

synthase, archeosine transglycosylase domain (PUA), and nuclear localization signal (NLS). (B) Siliques 

(seed pods) from wild-type (WT) or nap57-/- plants were visualized by microscopy. A reduced seed set was 

observed for nap57+/- plants, implying that the homozygous mutation is lethal. (C) TRF analysis of WT, first-

generation (G1), or second-generation (G2) nap57+/- plants. Molecular size markers are indicated. 
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The T66A mutation in AtNAP57 results in a new shorter telomere length set point 

The T66A missense mutation in dyskerin culminates in DC in humans and is 

associated with a defect in telomere maintenance (229). Since threonine 66 is 

conserved in AtNAP57 (FIG. 15A), we asked whether an alanine substitution at this site 

would lead to a telomere-related phenotype in plants. Plants heterozygous for the T-

DNA insertion in AtNAP57 were transformed with an AtNAP57 gene carrying the T66A 

mutation under the control of its native promoter (FIG. 15B). We expected to obtain 

plants heterozygous or homozygous with respect to the T-DNA insertion, and which also 

carried the exogenous T66A NAP57. Surprisingly, we failed to recover plants that were 

homozygous for the T-DNA insertion in AtNAP57 and also contained the T66A 

transgene. Thus, the AtNAP57 gene bearing the T66A mutation is unable to rescue 

plants homozygous for the T-DNA insertion.  

To test the effect of T66A NAP57 on bulk telomere length, TRF analysis was 

performed on first generation of transformants expressing T66A NAP57 (T1). Based on 

previous transformation experiments (FIG. 12; refs. (284, 328)), we expected that any 

detrimental consequences of the T66A mutation would be evident in a population of 10-

20 transformants (T1 generation). Accordingly, we examined twenty independent 

transgenic lines. While for most plants bulk telomeres were in the wild-type range (FIG. 

15C, lanes 2 and 3; data not shown), a subset of telomeres in several plants were 

significantly shorter than wild-type and their shortest telomere tracts trailed down to 

below 1.6 kb in length (FIG. 15C, lanes 4 and 5). To determine whether telomeres would 

continue to shorten in subsequent generations, we monitored the progeny of one T1 

plant (FIG. 15C, lane 4; FIG. 15D). For all of the T2 progeny, the shortest telomere tracts 

migrated below 2 kb (FIG. 15C, lanes 7-10), and for one plant, the range of telomere 
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FIG. 15. The T66A mutation in AtNAP57 results in the establishment of a shorter telomere length set point. (A) Sequence 

alignment of human dyskerin and AtNAP57 proteins. Conserved residues are highlighted in gray boxes, and the threonine 

residue targeted for mutagenesis is denoted by an asterisk. (B) Overview of the process for introduction of the T66A 

mutation in AtNAP57 into nap57+/- plants. (C) TRF analysis of first, second, and third (T1, T2, and T3) generations of T66A 

transformants. The T1 plant whose telomeres were analyzed in the left panel, lane 4, was used as the parent for T2 

progeny plants analyzed in the middle panel. The T2 plant represented in the middle panel, lane 7, was the parent for the 

T3 progeny analyzed in the right panel. DNA samples were not run as far into the gel shown the right panel as in the other 

two gels. (D) Graphic representation of bulk telomere length size range and peak telomere length (indicated by -) for WT 

and T66A transformants is shown. Arrows indicate telomere length measurements for plants used as T1 and T2 parents. 
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lengths was nearly identical to its T1 parent, spanning ~1.2 to 3.5 kb (FIG. 15C, compare 

lanes 4 and 7). When this T2 plant was propagated to T3, the telomere tracts of all four 

progeny were of similar lengths to their T2 parent (FIG. 15C, lanes 12-15; FIG. 15D). 

The loss of longer telomeres was more pronounced in T3 plants (FIG. 15D). The 

average bulk telomere length in wild-type plants (~ 4 kb) was reduced by 2 kb in T3 

T66A mutants to ~2.1 kb (FIG. 15D). We detected no additional shortening in two T4 

plants monitored (data not shown). Furthermore, none of the shortest telomeres fell 

below 1 kb in the four generations the transgenic plants were propagated (FIG. 15D). 

Thus, the T66A mutation perturbs telomere length regulation, but does not result in 

progressive telomere shortening. Instead, this mutation appears to promote the 

establishment of a new shorter length set point.  

 

The T66A mutation in AtNAP57 deregulates telomere length on individual 

chromosome ends 

To further examine telomere length dynamics in T66A nap57 mutants, we 

monitored telomeres on three individual chromosome arms: the right arm of 

chromosome 2 (2R), the left arm of chromosome 3 (3L), and the right arm of 

chromosome 4 (4R) using Primer Extension Telomere Repeat Amplification (PETRA). 

As expected, PETRA produced a single diffuse band for each telomere in wild-type 

samples (FIG. 16A, lanes 1-3), consistent with tight regulation of telomere tracts on 

homologous chromosomes (283). A similar profile was observed in nap57+/- mutants 

(FIG. 16A, lanes 4-6). A different result was obtained with T66A nap57 mutants. In the 

T1, T2 and T3 mutants that displayed shorter bulk telomere lengths, individual telomere 

tracts appeared as a cluster of several sharp bands (FIG. 16A, lanes 10-18; FIG. 16B). 
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FIG. 16. The T66A mutation in AtNAP57 affects telomere length regulation on individual chromosome ends 

and decreases telomerase activity in vitro. (A) PETRA results are shown for the WT and individual nap57+/-, 

T1, T2, and T3 T66A nap57 transformants with short telomeres (S) and a T3 T66A nap57 transformant with 

wild-type-length telomeres (L). The telomeres monitored are indicated. 2R, right arm of chromosome 2; 3L, 

left arm of chromosome 3; 4R, right arm of chromosome 4. (B) Graphic representation of PETRA products 

obtained in each reaction as determined by visual inspection. (C) TRAP assay results for the WT and 

nap57+/- and T66A nap57 transformants. Reactions were conducted using 1:50, 1:500, and 1:5,000 dilutions 

of protein extracts. (D) Results of real-time TRAP. The top panel shows raw data for three (each) of the WT 

and nap57+/- and T66A nap57 transformants. The dashed line represents the threshold cycle for TRAP 

product detection. The bottom panel shows a histogram of the telomerase activity levels for nap57+/- and 

T66A transformants relative to those for the WT. Extracts from 10 individual plants from each genotype were 

monitored. 
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In contrast, the siblings of these plants whose bulk telomeres fell within the wild-type 

range showed a PETRA profile that more closely resembled to wild-type plants (FIG. 

16A, lanes 7-9; FIG. 16B). This finding implies that the telomere length regulation on 

homologous chromosomes is perturbed in T66A nap57 mutants. As discussed below, 

this phenotype is consistent with decreased telomerase activity. 

 

The T66A mutation in AtNAP57 decreases telomerase activity in vitro and in vivo 

To determine whether the T66A mutation in AtNAP57 decreased telomerase 

enzyme activity in vitro, TRAP assay was performed. Extract titration experiments 

revealed no detectable difference in the level of telomerase activity in wild-type versus 

nap57+/- mutants (FIG. 16C), supporting the conclusion that AtNAP57 is not 

haploinsufficient in Arabidopsis. In contrast, TRAP conducted at the highest dilution 

 (1:5000) of protein extract reproducibly revealed decreased in vitro telomerase activity 

in T66A transformants relative to nap57+/- siblings (FIG. 16C). To more precisely gauge 

the level of telomerase activity in these mutants, we performed quantitative real-time 

TRAP following a method developed to monitor telomerase activity levels in human cells 

(137). As expected, we found no significant difference in telomerase activity in extracts 

prepared from nap57+/- versus wild-type plants. In contrast, T66A nap57 mutants 

showed a seven-fold decrease in enzyme activity (FIG. 16D). 

 To examine the effect of the T66A nap57 mutation on telomerase activity in vivo, 

we studied the consequences of this mutation in ku70 mutants. KU70 is best known for 

its role in the non-homologous end joining (NHEJ) DNA repair pathway (266), but in 

Arabidopsis it also acts as a potent negative regulator of telomerase (96, 269). 

Telomeres in ku70 mutants expand to two to three-fold the size of wild-type in a single 

generation and this elongation is dependent on telomerase (269, 328). Thus, we 
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predicted that incorporation of T66A nap57 into the telomerase RNP would diminish the 

enzyme’s ability to elongate telomeres in a ku70 background. To test this hypothesis, we 

crossed the T66A nap57 transformants with ku70-/- plants (FIG. 17A). In the first (F1) 

generation, we generated plants heterozygous for AtKU70 and AtNAP57 and selected 

for the T66A mutant transgene. In the second generation (F2), we recovered plants that 

were ku70-/- nap57+/- and carried the mutant T66A transgene. TRF analysis of the F2 

population showed that ku70-/- nap57+/- plants elongated their telomeres to 5-8 kb (FIG. 

17B, lane 8), while telomeres remained short in the presence of the T66A transgene 

(FIG. 17B, lanes 1-7).  We conclude that expression of the T66A nap57 allele prevents 

telomerase from hyper-elongating telomeres when its negative regulator KU70 is 

inactivated.  Altogether, our data argue that AtNAP57 is essential for maximal activity of 

the Arabidopsis telomerase RNP in vivo. 

 

Discussion 

A conserved pathway for telomerase biogenesis in higher eukaryotes 

 The telomerase RNP is evolving at a rapid pace. The TR and TERT subunits 

have diverged dramatically, and a distinct set of proteins has emerged in higher and 

lower eukaryotes to promote RNP biogenesis and enzyme action at the chromosome 

terminus (48, 55). The yeast TR (TLC1) bears a Sm-protein binding motif and has 

adopted an RNP biogenesis scheme similar to snRNPs (282), while vertebrate TRs have 

acquired a 3’ H/ACA box domain found in snoRNAs and are bound by the dyskerin 

complex. Thus, although dyskerin’s function in catalyzing pseudouridylation of ribosomal 

RNAs is conserved, in mammals it has evolved an additional, more specialized role as 

an integral component of the telomerase RNP (53, 229). 
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FIG. 17. The T66A mutation in AtNAP57 reduces telomerase activity in vivo. (A) Schematic diagram of 

genetic crossing scheme to generate ku70-/- mutants carrying the T66A nap57 allele. (B) TRF analysis of 

seven ku70-/- T66A nap57 plants and one ku70-/- nap57+/- control plant is shown. 
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In this study we provide several lines of evidence that telomerase enzymes from 

higher eukaryotes share a requirement for dyskerin. First, we found that AtNAP57 and 

AtTERT proteins co-localize to the nucleolus in Arabidopsis. Nucleolar localization of 

telomerase could be especially advantageous for Arabidopsis, since telomeres cluster at 

the nucleolar periphery (9). Second, we showed that AtNAP57 physically associates with 

enzymatically active telomerase particles. The major interaction partner for AtNAP57 in 

the plant telomerase RNP is likely to be TR, since AtNAP57 association with telomerase 

is abolished following RNase A treatment. Intriguingly, we also discovered a novel, but 

weak, interaction for AtNAP57 with AtPOT1a. AtPOT1a is an OB-fold bearing protein 

that physically interacts with catalytically active telomerase in Arabidopsis and promotes 

enzyme function in vitro and in vivo (296). Recent studies indicate that human 

telomerase associates with TPP1, an hPOT1 binding partner that also harbors a OB-fold 

motif (324, 344). Whether the human dyskerin contacts TPP1 is unknown. Third, and 

most importantly, we demonstrated that AtNAP57 is crucial for the function of 

Arabidopsis telomerase. Transgenic plants bearing a mutant AtNAP57 allele display 

reduced levels of telomerase activity in vitro and perturbed telomere length regulation in 

vivo (see below). 

 

Arabidopsis is not haploinsufficient for its known telomerase components 

Essential components of the telomerase RNP are limiting in mammals and yeast. 

In both terc+/- (TR) and tert+/- ES mouse cells, telomere maintenance is compromised 

(76, 128, 194). Indeed, haploinsufficiency of hTR is directly linked to autosomal 

dominant DC and the reduced hTR levels along with shorter telomeres in these patients 

results in disease anticipation (321). Similarly, recent studies indicate that TLC1, the TR 

component in S. cerevisiae, is haploinsufficient for telomere maintenance (235). 
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Moreover, yeast heterozygous for both TLC1 and EST1, a telomerase-associated 

protein, exhibit a phenomenon referred to as additive haploinsufficiency, where telomere 

tracts are even shorter than in either single heterozygote (180, 189).  

In contrast, the known telomerase-associated proteins in Arabidopsis, AtTERT 

(84), AtPOT1a (296), and AtNAP57 (this study) are not haploinsufficient for telomere 

maintenance. Plants heterozygous for these components display wild-type levels of 

telomerase activity in vitro, and maintain telomeres in the wild-type size range through 

multiple generations. While it is possible that TR will prove to be present in limiting 

quantities, Arabidopsis may simply require a very low level of telomerase to maintain 

genome stability. We note that the Arabidopsis genome is comprised of only 10 

chromosomes (twenty telomeres), significantly fewer than in diploid budding yeast (64 

telomeres) or in human (92 telomeres) cells. 

 

The T66A mutation in AtNAP57 acts as a dominant negative allele to decrease 

telomerase activity in vitro and in vivo 

 The T66A mutation in human dyskerin leads to DC through reduction in the 

steady state level of hTR, decreased telomerase activity and progressive telomere 

shortening (229). To determine if Arabidopsis would exhibit similar defects in 

telomerase, we generated transgenic plants harboring the corresponding mutant allele. 

As for humans (229), the T66A mutation in AtNAP57 did not grossly affect rRNA 

processing in Arabidopsis (K. Kannan and D.Shippen, unpublished data). Nonetheless, 

this mutation is highly deleterious; expression of this allele could not rescue the lethality 

associated with plants lacking both copies of the wild-type AtNAP57. Furthermore, 

although plants harboring one wild-type copy of AtNAP57 and the T66A nap57 

transgene were viable, they displayed decreased telomerase activity both in vitro and in 
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vivo. We suspect that this outcome is a consequence of reduced stability of telomerase 

RNA, but testing this hypothesis awaits identification of this molecule. Nonetheless, in 

marked contrast to the fate of human telomeres in T66A DC cells (229), telomeres in 

T66A nap57 transgenic plants did not undergo progressive shortening. Instead, 

telomeres were stably maintained at a length approximately 2 kb shorter than in wild-

type. 

Data from PETRA on individual chromosome ends argue that this new length set 

point for telomeres is a consequence of limiting telomerase activity. In the PETRA assay, 

wild-type telomeres on homologous chromosomes appear as a single heterogeneous 

band (FIG. 16A, ref.(283)). Because DNA is analyzed from an entire plant, these results 

mean that individual telomere tracts are subjected to extremely tight regulation during 

plant growth and development (283). Strikingly, in T66A nap57 mutants PETRA 

generates a complex profile of multiple sharp bands, indicating that telomere length is 

deregulated on individual chromosome ends. Previous studies in yeast (304), mammals 

(135), and in Arabidopsis (283) show that telomerase acts preferentially on the shortest 

telomeres in the population. We hypothesize that substrate preference is exacerbated in 

plants with reduced levels of telomerase (e.g. T66A nap57 mutants), resulting in 

elongation of only a subset of telomeres in a fraction of cells. Bulk telomeres can then 

establish a new length set point when equilibrium between the compromised telomerase 

and forces that shorten telomeres (eg. the end-replication problem, nuclease action and 

recombination) is attained. Because the demand for telomerase activity is significantly 

greater in humans, we suspect such cells bearing the T66A nap57 mutation fail to 

achieve a new telomere length set point and suffer progressive telomere erosion. 

How does the T66A mutation in AtNAP57 inhibit telomerase activity in 

Arabidopsis? Since AtNAP57 is not haploinsufficient for telomerase function in plants, 
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but telomerase is inhibited when the T66A nap57 allele is introduced into this 

background, the data argue that T66A NAP57 acts as a dominant negative inhibitor. 

Catalytically active human telomerase is a 670 kDa dimer comprised of two TERT, two 

TR, and two dyskerin molecules (53). Arabidopsis telomerase is approximately the same 

molecular mass and like hTERT (20), AtTERT is capable of dimerization in vitro (C. 

Cifuentes-Rojas, K. Kannan and D. Shippen, unpublished data). Thus, the plant 

telomerase may also harbor two copies of AtNAP57. Accordingly, incorporation of a 

mutant form of this protein into the telomerase RNP may compromise enzyme function.  
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     CHAPTER III 

IDENTIFICATION AND CHARACTERIZATION OF ARABIDOPSIS TELOMERASE 

RNA SUBUNITS 

 

Summary 

 The ends of eukaryotic chromosomes are capped with repetitive G-rich telomeric 

repeats that are necessary for genome stability. Telomeres are primarily maintained by 

the specialized reverse transcriptase, telomerase. Telomerase has a catalytic 

component, TERT, and an intrinsic RNA subunit, TER, that serves as the template for 

TERT. Here, we describe the identification and characterization of the TER subunit in 

the model plant, Arabidopsis thaliana. Biochemical purification of Arabidopsis 

telomerase led to the identification of two highly related RNAs termed TER1G7 and 

TER5G2. The two TERs display differences in expression levels and interaction partners. 

Reconstitution experiments reveal that both TERs can function as templates for 

telomerase in vitro. Expression of TER1G7 containing a mutant template in plants led to 

generation of mutant telomerase activity indicating that TER1G7 acts as a template for 

telomerase in vivo. Genetic analysis of TERs indicates that both RNAs function 

redundantly in telomere length maintenance. Antisense experiments suggest that 

telomerase activity and telomere length maintenance are affected in plants with reduced 

TER levels. Thus, the finding of two TERs in Arabidopsis reveals unanticipated 

complexity in telomerase RNP composition and regulation. 

 

Introduction 

The end replication problem refers to the inability of the conventional DNA 

replication machinery to completely replicate the ends of eukaryotic chromosomes (289). 
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Without a solution to this problem, terminal chromosome sequences will be lost after 

every round of replication, ultimately leading to cell arrest or death. Eukaryotic 

organisms can avert this disastrous outcome by the addition of short G-rich repeats 

called telomeres to the ends of their chromosomes. Telomeres are primarily maintained 

by the enzyme telomerase. The action of telomerase, together with telomere-binding 

proteins, enables organisms to protect chromosome ends from debilitating activities 

such as chromosomal fusions and nucleolytic degradation, and to maintain genome 

integrity. 

Telomerase is a ribonucleoprotein that was first identified in the ciliate 

Tetrahymena thermophila (117). It principally consists of two subunits: the catalytic 

telomerase reverse transcriptase (TERT) and the telomerase RNA (TER). These two 

subunits are sufficient to reconstitute telomerase activity in vitro when expressed in a cell 

free eukaryotic system such as rabbit reticulocyte lysate (331). In vivo, several additional 

proteins are necessary for maximal telomerase activity. For example, Est1 and Est3 

subunits of the S. cerevisiae telomerase function to regulate access of telomerase to the 

telomere in vivo, but are not required in vitro (54, 146).  

The addition of G-rich telomeric repeats is specified by a short template region in 

the telomerase RNA that is complementary to 1.5 telomere repeats (reviewed in (24)). 

TERs have no significant primary sequence conservation (55). However, phylogenetic 

analysis of ciliate, vertebrate and yeast TERs has led to the identification of several 

conserved elements of secondary structure (50, 68, 272, 352). These conserved 

elements are required for telomerase enzyme activity and TERT binding. TER subunits 

diverge in domains that are required for species-specific biogenesis and regulation. For 

example, hTR is similar to ciliate TER in secondary structure except that its 3’ region 

contains motifs necessary for the binding to the protein dyskerin (229).  Dyskerin is a 
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component of the core telomerase complex in humans (53). Mutations in any of the core 

telomerase components (TER, TERT and dyskerin) can lead to the devastating disease 

dyskeratosis congenita (DC) (210). DC results in loss of telomere maintenance and this 

in turn affects the regenerative capacity of cell types such as bone marrow cells (5, 229, 

320). Bone marrow failure is the cause of death in DC patients (210). 

Telomere structure is conserved throughout eukaryotes. The telomere repeat in 

most plants, TTTAGGG (263), differs from the human repeat, TTAGGG, by only a single 

nucleotide. Interestingly, some members of the plant kingdom display different telomere 

repeats. For example, some species in the monocot order of Asparagales have the 

human type telomere repeat, while members of the Alliaceae family including Allium 

cepa (onion) lack any of the known telomere repeat sequences (298). These changes in 

the telomere repeat are most likely due to mutations in the template of TERs, but so far 

TER homologs have not been identified from any plant species. 

Several proteins that play a role in telomere biology have been identified in 

Arabidopsis. Recent work has shown that the Arabidopsis telomerase RNP consists of 

the proteins AtTERT, AtPOT1a and AtNAP57(dyskerin) (84, 153, 296). Loss of AtTERT 

results in progressive telomere shortening that leads to genome instability and ultimately 

complete sterility and developmental arrest in the tenth generation (268). tert mutants 

lose an average of 200-500 bp per generation (84). The same rate of loss of telomere 

length is seen in pot1a mutants (296). AtPOT1a was identified based on similarity to a 

family of single-strand telomere binding proteins characterized by an oligosaccharide 

/oligonucleotide binding fold (OB-fold). AtPOT1a is a positive regulator of telomere 

length and a telomerase RNP component that acts in the same genetic pathway as 

AtTERT (296). AtNAP57 is a homolog of human dyskerin recently found to be a 

conserved component of the plant telomerase RNP (153). As in mammals, mutations in 
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AtNAP57 affect telomere maintenance in plants. AtTERT, AtPOT1a and AtNAP57 

display only weak interactions with each other in vitro (153, 296). Therefore, it is possible 

that as in the case of S. cerevisiae TLC1 (TER) (352), Arabidopsis TER is a bridging 

factor that brings the protein components of the RNP together for telomerase to function. 

To identify the Arabidopsis TER subunit, biochemical purification of telomerase 

from suspension cell culture was performed (C. Cifuentes-Rojas and D. Shippen, 

unpublished data).  We show that Arabidopsis is a unique model system for telomere 

biology as it harbors not one, but two distinct TERs. Biochemical purification of 

telomerase indicated that both TERs co-purify with enzyme activity. Interestingly, the 

template sequence in the two RNAs is identical but is situated at different positions in the 

two RNAs. In vitro, both TERs interact with AtTERT to reconstitute telomerase activity. 

The two TERs are expressed at dramatically different levels in plants, but display the 

same overall pattern with the highest levels of RNA found in telomerase positive organs. 

T-DNA mutations in either TER1G7 or TER5G2 genes have no obvious effect on telomere 

length. However, antisense experiments indicate that reducing the levels of both TERs 

decreases telomerase activity, implying that the two RNAs may play overlapping roles in 

promoting telomerase activity. Interestingly, the two TERs interact with a different set of 

proteins in vitro and in vivo, suggesting that this may be a means of regulating 

telomerase.  

 

Materials and Methods 

Plant materials and genotyping 

 Arabidopsis seeds with T-DNA insertions in TER1G7 (SAIL_25_H08 and 

SALK_089362) and TER5G2 (SAIL_556_A04) genes were obtained from the Arabidopsis 

Biological Resource Center (Ohio State University, Columbus, OH). The seeds were cold 
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treated overnight at 4°C, and then placed in an environmental growth chamber and 

grown under a 16-h light/8-h dark photoperiod at 23°C. For genotyping, DNA from 

flowers was extracted and PCR was performed with the following sets of primers: for 

TER1G7, LP (5' GAAAGACCTCAGCATCAGTGC 3') and RP (5' 

GGACTTTTTGAAAACAATTACAAATC 3'); for AtKU70, Ku 1 (5' 

TTACTTTGTTGTTTCGGGTGC 3') and Ku 2 (5' CTCTTGGCAAGTACACGCTTC 3'). 

For TER5G2, 5G2 38 (5' GACGACAACTAAACCCTACGCTTACA 3') and 5G2 45 (5’ 

CGATGTTGTTTTTCTGCTTAGGACACA 3’) primers were used for amplifying the 

product from the wild-type allele. For the allele with the T-DNA insertion, the T-DNA 

primer was used along with 5G2 8526-01 fwd (5’ 

GAGACGCAGCGAGCGATAGCCGATAG 3’) primer.  

 Homozygous TER1G7-1 and TER5G2-1 mutants were crossed to obtain double 

heterozygous plants. The progeny of these plants were genotyped in order to find 

homozygous mutations in both TER1G7 and TER5G2. 

 

Antisense RNA constructs, site-directed mutagenesis and plant transformation  

For antisense constructs, full-length TER genes were cloned into the gateway 

destination vector pB7WG2 in the antisense orientation. The constructs were then 

introduced into Agrobacterium tumefaciens strain GV3101. AtKu70 heterozygous plants 

were transformed by the in planta method (269). Transformants were selected on 0.5 

Murashige and Skoog basal medium supplemented with 20 mg/liter of phosphinothricin 

(Crescent Chemical) and kanamycin (50 µg/ml) and then genotyped.  

 To generate template mutations in TER1G7, site-directed mutagenesis was 

performed with Pfu turbo polymerase (Stratagene) on TER1G7-pDONR221 using the 

primers M1: 5’ GCCTATCAGACGACAACTAAAGGCTACACGCTTACA 3' and M2: 5' 
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TGTAAGCGTGTA GCCTTTAGTTGTCGTCTGATAGGC 3' according to the 

manufacturer’s guidelines. 

 

Purification of telomerase  

 Arabidopsis suspension culture cells were maintained as described previously 

(222). Telomerase was purified from nuclei extracted from Arabidopsis cell culture. 

Briefly, cells were collected from 4.5 L of cell culture and approximately 320 g of dry 

tissue were ground in liquid nitrogen. The resulting powder was resuspended in nuclei 

isolation buffer (50 mM Tris HCl pH 8.0, 5 mM EDTA, 10 mM KCl, 250 mM sucrose, 1.5 

mM MgCl2, 0.3% Triton X-100, 1 mM DTT, 1 mM spermine, 1 mM spermidine, 10 mM 

ribonucleoside vanadyl complex, 1X complete protease inhibitors (Roche) , 0.4 mM 

Pefablock SC Plus (Roche)) and spun at 4000 xg for 20 minutes. The pellet was 

resuspended in nuclei isolation buffer containing 1% Triton X-100 and spun at 2000 xg 

for 1 min and then at 4000 xg for 1 min. The pellet was resuspended in nuclei extraction 

buffer (20 mM Hepes pH 8.0, 1.5mM MgCl2, 0.2 mM EDTA, 300 mM NaCl, 10% 

glycerol, 1% triton X-100, 0.1% NP40, 5mM DTT, 10 mM ribonucleoside vanadyl 

complex, 1X complete protease inhibitors (Roche), 0.4 mM Pefablock SC Plus (Roche)), 

incubated with rotation at 4°C for 30 min and spun for 15 min at 14000 xg at 4°C. The 

supernatant was collected, loaded into a 10 ml Q-sepharose column (Amersham 

Pharmacia) and eluted using a 100 mM-1 M NaCl gradient at 2 ml/min. The fractions 

were collected and tested for telomerase activity by TRAP assay. The peak of activity 

fractions were dialyzed to 100 mM, loaded in a 5 ml Heparin Agarose column 

(Amersham Pharmacia) eluted using a 100mM-1M NaCl gradient at 2 ml/min. The 

fractions were collected and tested for telomerase activity by TRAP assay. 
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RNA isolation 

 RNA was extracted from the heparin column peak of activity fractions using a 

buffer containing 50 mM Tris HCl pH 9.0, 100 mM NaCl, 2% SDS, 10 mM EDTA and 20 

mM β-Mercaptoethanol and standard acid phenol:chloroform extraction was performed. 

Samples were precipitated at -80°C in ethanol, sodium acetate and glycogen and spun 

at 14000 xg for 30 min at 4°C. The pellet was washed with cold 70% ethanol, air dried at 

room temperature and resuspended in Tris-EDTA buffer. RNA was 3’ end labeled with 

Cytidine-3',5' - bis (phosphate), [5'-32P] (Molecular Probes) in an standard overnight T4 

RNA ligation reaction and resolved in a 6% acrylamide gel. All the labeled RNAs were 

individually isolated and a RT-PCR performed, using penta-decamers for first strand 

synthesis using SuperScript III (Invitrogen). cDNA was sequenced using seven different 

permutations of the predicted Arabidopsis RNA template (CUAAACCCUA) and the 

resulting sequences were used in a BLAST search against the Arabidopsis transcripts 

and nucleotide collection databases. 

 

TRF analysis, TRAP and real time TRAP assay 

 TRF and TRAP assays were performed as previously described (83, 84). TRAP 

products from mutant telomerase were amplified using the primers mutant forward (5' 

CACTATCGACTA CGCGATTAG 3') and mutant reverse (5' 

GGCTAAAGGCTAAAGGCTAAAG 3'). 

 Real time TRAP was performed as described previously (137), but with the 

following modifications. 10.5 µl of a 4.8 ng/μl protein extract dilution, 1 μl of 10 μM 

forward primer (5' CACTATCGACTACGCGATCAG 3'), and 12.5 µl SYBR Green PCR 

Master Mix (NEB) were incubated at 37°C for 45 min. 1 µl of reverse primer (5' 

CCCTAAACCCTAAACCCTAAA 3') was added and products were amplified for 35 PCR 
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cycles with 30 sec at 95°C and 90 sec at 60°C. Threshold cycle values (Ct) were 

calculated using an iCycler iQ thermal cycler (BIO-RAD) and the supplied Optical 

System Software.  Samples were analyzed in triplicate. 

 

RT-PCR, real-time RT-PCR and RNA 5’ and 3’ mapping 

 Total RNA was extracted from 0.5 g of flowers or other tissue using Tri Reagent 

(Sigma). cDNAs were synthesized from total RNA using Superscript III reverse 

transcriptase (Invitrogen). Random pentadecamers were incubated with 2 µg of total 

RNA in the supplied buffer at 65°C for 5 min. Reverse transcription (RT) was carried out 

with 100 U of Superscript III at the following temperatures 37°C for 20 min, 42°C for 20 

min and 55°C for 20 min. Enzyme was inactivated by incubation at 70°C for 10 min and 

subsequently RNA was degraded with RNase H (NEB). 1.5 µl of cDNA was used in 

PCR.  

 For real-time RT-PCR, 2 µl of the above cDNA was used at a 1:10 dilution in a 20 

µl reaction containing 10 µl of SyBr green Master mix (NEB), 2 µl of each primer (2 µM) 

and 4 µl of water. PCR was performed for 40 cycles with 30s at 95°C and 60s at 60°C. 

Primers used for real-time PCR are as follows: 1G7 Q4F: 5’ 

CCCATTTCGTGCCTATCAGACGAC 3’ and 1G7 Q4R: 5’ 

TCTCCGACGACCATTCTCTCGATAC 3’; 5G2 38: 5’ 

GACGACAACTAAACCCTACGCTTACA 3’ and 5G2 40: 5’ 

CAGGATCAATCGGAGAGTTCAATCTC 3’; Actin 2F 5’ 

TCCCTCAGCACATTCCAGCAGAT 3’ and Actin 2R 5’ 

AACGATTCCTGGACCTGCCTCATC 3’; ß-6-tubulin F 5’ 

ACCACTCCTAGCTTTGGTGATCTG 3’ and ß-6-tubulin R  5’ 

AGGTTCACTGCGAGCTTCCTCA 3’ 
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 For identification of the 5’ and 3’ ends of RNAs, total RNA from the heparin 

column peak of activity fraction were ligated at the 3’ end to a primer (miRNA linker-1 

(IDT)). cDNA was synthesized with a primer specific to the linker and circularized using 

CircLigase (Epicentre) according to the manufacturer’s protocol. PCR was performed 

using primers 301fwd (5’ ACAGAGAACGATGTTCCAACT 3’) and template rev (5’ 

CTCCTTGAGAATCTCAGCGAGT 3’) for TER1G7. Products were then sequenced. 

 

Antibodies, western blotting and immunoprecipitation 

 Antibodies to AtKu70 were a gift from Dr. Karel Riha (Gregor Mendel Institute, 

Vienna). A peptide antibody against Arabidopsis ATR was raised in rabbits and affinity 

purified (Covance). The peptide used was [C]-GKKRHIEDESTYKRKRQKV 

corresponding to residues 419-437 of ATR.  

Arabidopsis suspension culture cells were maintained as described (222). 

Immunoprecipitation experiments using cell culture were performed following the 

protocol in (153). Western blotting was performed with a 1:2000 dilution of anti-Ku70 

antibody and a 1:10,000 dilution of peroxidase-conjugated light chain-specific mouse 

anti-rabbit secondary antibodies (Jackson Immunoresearch). 

 

Telomerase reconstitution 

 For telomerase reconstitution experiments, TERT-pET28a plasmid with an N-

terminal T7 tag was used. Reactions were assembled with 8 µl of a mix containing 

Rabbit reticulocyte lysate (Promega), amino acids, RNase inhibitors, T7 RNA 

polymerase, 100 ng of TERT-pET28a plasmid and 0.5 pmol of gel purified DNA template 

encoding TER driven by a T7 promoter. The reactions were incubated for 90 min at 

30°C. In parallel, T7 agarose beads (Novagen) were blocked with buffer W-100 (20 mM 
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TrisOAc [pH 7.5], 10% glycerol, 1 mM EDTA, 5 mM MgCl2, 0.2 M NaCl, 1% NP-40, 0.5 

mM sodium deoxycholate, and 100 mM potassium glutamate) containing 0.5 mg/ml 

BSA, 0.5 mg/ml lysozyme, 0.05 mg/ml glycogen, 1 mM DTT and 1 µg/ml yeast tRNA. 

Beads were blocked four times for 30 min and after the last blocking; beads were spun 

down and resuspended in W-100 to get a final volume of 200 µl per reaction. After 90 

min of incubation, the RRL mix was added to the beads and incubated for 2h at 4°C with 

rotation. Beads were then washed with 800 µl of W-300 buffer (W-100 containing 300 

mM potassium glutamate) for five times and with 800 µl of TMG buffer (10 mM TrisOAc 

[pH 7.5], 1 mM MgCl2, and 10% glycerol) for three times. After the final wash, beads are 

left with about 30 µl of TMG. 2 µl of beads were used for TRAP assays as in reference 

(83). 

 

Results 

Identification of TER1G7 and TER5G2 

Several bioinformatics approaches to identify candidate TERs were tried but 

were unsuccessful (Appendix A). As an alternative strategy, we undertook a biochemical 

approach (details in Materials and methods) to identify the Arabidopsis TER from 

Arabidopsis suspension cell culture (83) (C. Cifuentes-Rojas and D. Shippen, 

unpublished data). The expected template sequence for the Arabidopsis TER is 5’ 

CUAAACCCUA 3’ corresponding to 1.5 telomere repeats. This sequence was found in 

one RNA that co-purified with telomerase activity after column purification. BLAST 

search revealed a hit for this RNA in the 5’ region of At1g71310 on chromosome 1. 

Interestingly, BLAST also identified a second related gene (At5g24670) on chromosome 

5 that also contained the predicted template. RT-PCR revealed that RNAs 

corresponding to the sequence identified by BLAST were enriched in highly purified 
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telomerase fractions (C. Cifuentes-Rojas and D. Shippen, unpublished data). The two 

RNAs were named TER1G7 and TER5G2 based on their chromosomal positions.  

 The 5’ and 3’ ends of the RNAs were mapped and the sizes of TER1G7 and 

TER5G2 were found to be 748 and 784 nts respectively (C. Cifuentes-Rojas and D. 

Shippen, unpublished data). In TER5G2, the putative template is only 8 nts from the 5’ 

end of the RNA (FIG. 18A). This is similar to the template in mouse TER (50).  In 

TER1G7, the putative template is located 241 nts away from the 5’ end of the RNA, more 

like the human TER. Interestingly, TER1G7 and TER5G2 share 90% identity in a 220 nt 

region that includes the putative template; however in TER5G2 this region is separated by 

an insertion that is not shared (FIG. 18A). The first 144 nts of TER5G2, including the 

template, are 85% identical to TER1G7 and the region encompassing the nts 694-748 in 

TER5G2 shares 96% identity with TER1G7 (FIG. 18B).  

 The two TERs display dramatic differences in expression levels. Real time RT-

PCR revealed that both TER1G7 and TER5G2 are expressed in all tissues and follow a 

similar pattern of expression with the peak of expression being in flowers and cell culture 

(FIG. 19A). Interestingly, TER5G2 is expressed at ~ 13 fold lower levels than TER1G7 in 

flowers, cauline and rosette leaves. In stems, the difference in expression levels 

between TER1G7 and TER5G2 is about 30 fold; while in cell culture, the difference is 

approximately 60 fold. The increased levels of TERs in flowers and cell culture coincides 

with the abundance of telomerase activity in these cells (FIG. 19B) (83). In contrast, in 

telomerase negative tissues (leaves and stem), the expression levels of TERs are 

correspondingly lower. The difference in the expression levels of TERs may be important 

for their function in vivo. 
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FIG. 18. Arabidopsis contains two TER genes. A. Schematic representation of TER1G7 and TER5G2 genes. 

Red region which includes the template (black box) represents the region shared by the two genes. In 

TER5G2, this region is interrupted by an insertion. B. Alignment of regions shared by TER1G7 and TER5G2. 

The two TERs share 85% identity in the first region and 96% identity in the second region.
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FIG. 19. TERs are expressed at different levels in plant cells. A. Graphical representation of TER1G7 and 

TER5G2 levels in plant tissues and cell culture as determined by real-time RT-PCR. TER levels were 

normalized to actin mRNA in all cases. B. Telomerase activity levels in different plant tissues are indicated 

by ‘+’ signs. Telomerase activity is abundant in flowers and cell culture. 
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TER1G7 and TER5G2 reconstitute telomerase activity in the presence of AtTERT 

 To determine whether the TER candidates could serve as a template for TERT in 

vitro, they were used in an in vitro telomerase reconstitution assay. Human and ciliate 

telomerase are reconstituted with TERT and TER expressed in rabbit reticulocyte lysate 

(RRL) (10, 331). Therefore, each Arabidopsis TER was expressed from a PCR product 

containing a T7 promoter along with T7-tagged AtTERT in RRL. Immunoprecipitation 

was performed with a T7 antibody followed by TRAP. Co-expression of either TER with 

AtTERT gave rise to a ladder of TRAP products (FIG. 20, lanes 3 and 6), whereas 

incubation of RRL with TER (FIG. 20, lane 2) or AtTERT alone (FIG. 20, lane 1) did not 

result in telomerase activity. Furthermore, addition of RNase A to the reaction mixture 

abolished TRAP activity as expected (FIG. 20, lanes 4 and 7). Treatment with both 

RNase A and RNase inhibitors simultaneously prevented degradation of TER and 

restored activity (FIG. 20, lanes 5 and 8). The above experiments suggest that 

reconstitution of telomerase activity is dependent on both intact TER and TERT. 

 When reconstitution experiments were performed with AtTERT and an antisense 

version of TER1G7 (FIG. 20, lane 9) or another non-coding RNA that contained a 

telomere template sequence (FIG. 20, lane 10), telomerase activity was not observed. 

These data indicate that telomerase reconstitution is specific for either TER1G7 and 

TER5G2 and not any RNA with a template region.  Other controls confirmed that 

telomerase activity was dependent on AtTERT and could not be substituted by another 

telomeric protein (FIG. 20, lane 11). Thus, both TER1G7 and TER5G2 are capable of 

providing a template for TERT during telomere synthesis in vitro.  

Striking results were obtained when reconstitution experiments were performed 

with varying amounts of PCR template (C. Cifuentes-Rojas and D.Shippen, 
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FIG. 20. In vitro reconstitution of telomerase activity. Reconstitution experiments were set up using a 

plasmid encoding T7-tagged AtTERT and PCR product for TER in RRL. RNP complexes were 

immunoprecipitated using T7 antibody and then subjected to TRAP assay. Reaction treated with either 

RNase A or RNase inhibitors or both are indicated by “+” signs in respective lanes. 415 is a non-coding RNA 

containing a template similar to TERs and POT1c is a non-catalytic component of telomerase. (Data from C. 

Cifuentes-Rojas). 
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 unpublished data). For reconstitution with TER1G7, the lowest amount of the PCR 

product that supported detectable telomerase activity in our assay was 0.1 pmol. When 

TER1G7  PCR product concentration was increased, a corresponding increase in activity 

was observed. Reconstitution with TER5G2 followed a different pattern. Preliminary 

titration experiments showed no telomerase reconstitution with 0.1 pmol of the TER5G2 

PCR product. However, when the concentration of TER5G2 PCR product was decreased 

to 1 fmol, robust activity is obtained (C. Cifuentes-Rojas and D.Shippen, unpublished 

data). Thus, the biochemical properties of the two TERs appear to be different. 

Moreover, the concentration dependence of these reactions suggest that TER5G2 may be 

active as a monomer and TER1G7 as a dimer.  

  

Template mutations in TER1G7  

 To ask if the template sequence within TER1G7 serves as a template for 

telomerase in vivo, we made a mutation in this region of TER1G7 that should promote 

incorporation of mutant telomeric repeats. The template of TER1G7 was mutated from 

CTAAACCCTA to CTAAAGGCTA by site-directed mutagenesis. The expected mutant 

telomeric repeat is TTTAGCC. The mutated TER1G7 will be referred to as TER1G7- CC. 

 To verify that TER1G7-CC could reconstitute telomerase activity with AtTERT in 

vitro, reconstitution was performed as described above, but with a reverse primer 

corresponding to the mutant repeat. TRAP products were not amplified in this reaction 

(data not shown). The 3’ terminus of the original TRAP forward primer (5' 

CACTATCGACTACGCGATCAG 3') forms two base-pairs with the template of wild-type 

TER1G7 and TER1G7-CC (FIG. 21A, panel 1 and 2). We reasoned that the primer contacts  

with the template of TER1G7-CC might not suffice for proper alignment and extension. 

Therefore, a point mutation was introduced into the TRAP forward primer (5'  
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FIG. 21. Template mutation in TER1G7. A. Schematic showing alignment of original forward primer (black nucleotides) and 

mutant forward primer (ending in red nucleotides) and with either wild-type template (black) or mutant template (red). After 

extension by telomerase, either mutant reverse primer (red-specific to mutant repeats) or wild-type reverse primer (black) 

were used to generate TRAP products. To be able to observe incorporation of mutant repeats, mutant forward and 

reverse primers were used. B. Reconstitution experiments were performed as before with AtTERT and either TER1G7 CC or 

with TER1G7. TRAP assay was performed with a mutant forward primer (indicated by black arrow with red asterisk) and a 

reverse primer specific to the mutant repeats (indicated by a red arrow). C. TRAP assay on wild-type and TER1G7 CC 

transformants. TRAP assay was performed with combinations of the mutant forward primer, regular forward primer (black 

arrow), regular reverse primer (small black arrow) and mutant reverse primer. 
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CACTATCGACTA CGCGATTAG 3') to enable it to make an additional base-pair with the 

mutant template (CTAAAGGCTA) (FIG. 21A, panel 4). The mutant forward primer 

should also work for wild-type TER1G7 reconstitution (FIG. 21A, panel 3). When TRAP 

was performed on the reconstitution reaction of TER1G7-CC and AtTERT using the mutant 

forward primer and the mutant reverse primer, amplification products were obtained 

(FIG. 21B). However, no TRAP products were obtained when these primers were used 

in reactions with wild-type TER1G7 (FIG. 21B). These findings indicate that TER1G7-CC is 

capable of reconstituting telomerase activity in vitro. 

 To determine whether the mutant template could be used by telomerase in vivo, 

wild-type plants were transformed with TER1G7-CC under the control of the powerful 35S 

CaMV promoter. As expected, TRAP assays performed with extracts from transformants 

using the wild-type reverse primer and either of the two forward primers generated 

TRAP products (FIG. 21C). This activity represents the wild-type telomerase present in 

the plants. No activity was observed when the wild-type forward primer and the mutant 

reverse primer were used (FIG. 21C, panel 2). However, TER1G7-CC transformants 

showed TRAP activity with the mutant forward primer and the mutant reverse primer 

(FIG. 21C, panel 4). We conclude that mutant TER1G7 can be incorporated into the 

telomerase RNP in vivo and can function to direct the synthesis of telomere repeats by 

telomerase. Similar experiments to examine TER5G2 templating function in vivo are 

underway. 

 

Analysis of TER1G7 and TER5G2 T-DNA mutants 

We obtained T-DNA insertion lines for both the TER candidates. For TER1G7, we 

have a line with a T-DNA insertion (SAIL_25_H08) 40 nts upstream of the template 

termed TER1G7-1 (FIG. 22A). To determine if TER1G7 transcripts were generated in  
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FIG. 22. T-DNA insertion in TER1G7. A. Schematic of TER1G7 gene with template (red box) and T-DNA 

insertions TER1G7-1 and TER1G7-2 (blue triangles) upstream of template. Primers used for RT-PCR (below) 

are also indicated. B. RT-PCR analysis of TER1G7 transcript in wild-type, ter1G7-1 
+/- and ter1G7-1 

-/- plants using 

the primer-pairs 50 & 504 or 100 & 504 (shown in A). Transcripts of TER5G2 and a control double-stranded 

telomeric protein (TRFL9) were also monitored. C. TRF analysis of DNA from ter1G7-1 
+/- and ter1G7-1 

-/- (P 

represents G1 parent and Pr represents G2 progeny).The parent plants (in lanes 1 and 3) are siblings. In 

lane 2, DNA from the heterozygous progeny of the plant in lane 1 was analyzed. In lanes 4, 5 and 6, the 

homozygous progeny of the plant in lane 3 were analyzed. 
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homozygous TER1G7-1 mutants, RT-PCR was performed. Unexpectedly, a TER1G7-1 

transcript was produced in the homozygous mutants (FIG. 22B). Cloning and sequence 

analysis revealed that this TER1G7 transcript lacked ~200 nts from the 5’ terminus, but 

still retained an intact template. TER1G7-1 was able to reconstitute telomerase activity in 

vitro when co- expressed with AtTERT, albeit to a much reduced level (C. Cifuentes-

Rojas and D.Shippen, unpublished data). Thus, TER1G7-1 is not a null allele.  

Homozygous TER1G7-1 mutants were further analyzed by TRAP and TRF 

analysis. By real time TRAP, we observed no significant changes in telomerase activity 

levels compared to wild-type plants (data not shown). Consistent with this finding, 

telomere length was in the wild-type range in both the homozygous mutant and its 

heterozygous sibling in the first generation (FIG. 22C, compare lanes 1 and 3). When 

these plants were propagated to the next generation, no change in telomere length was 

observed between heterozygous and homozygous TER1G7-1 mutants (FIG. 22C, compare 

lane 2 to lanes 4-6). Homozygous mutants of another TER1G7 T-DNA line (TER1G7-2) 

which is located further upstream in the TER1G7 gene (FIG. 22A) also showed no 

telomere length defects (data not shown). Thus, the two TER1G7 T-DNA lines available 

are not null. 

For TER5G2, a line with a T-DNA insertion (SAIL_556_A04) directly in the 

template region termed TER5G2-1 was available. No TER5G2 transcript was produced in 

the homozygous TER5G2-1 mutants indicating that this is a true null allele (C. Cifuentes-

Rojas and D. Shippen, unpublished data). Homozygous TER5G2-1 mutants did not show 

any obvious defects in telomere maintenance in the first generation. However, real time 

TRAP revealed a 2.8 fold increase in telomerase activity in homozygous TER5G2-1 

mutants when compared to wild-type (C. Cifuentes-Rojas and D.Shippen, unpublished 



103 

 

data). Although this increase in telomerase activity is modest, the data suggest that 

TER5G2 may function as a negative regulator of telomerase in vivo. 

Since neither single mutant showed obvious telomere length defects nor loss of 

telomerase activity, we reasoned that the two RNAs may act redundantly. Therefore, we 

crossed TER1G7-1 and TER5G2-1 in order to generate a double mutant. However, since the 

TER1G7-1 mutation results in only a knockdown of TER1G7, we still may not observe 

defects in telomerase activity, but this possibility will be tested by real-time TRAP and 

TRF. 

 

Antisense knockdown of TER1G7 and TER5G2   

In parallel with analysis of the T-DNA insertion lines, antisense constructs 

targeting both RNAs were transformed into plants in order to reduce TER levels. To 

optimize chances of detecting a telomere maintenance defect, we transformed plants 

heterozygous for AtKu70 with these constructs. AtKu70 is a strong negative regulator of 

telomerase (269). In ku70 -/- plants, telomeres are hyperelongated from the wild-type 

length of 2-5 kb to about 6-8 kb in one generation (FIG. 23A). This elongation is 

dependent on telomerase. We reasoned that when levels of TERs are lowered, 

telomerase would be unable to extend telomeres in a ku70 -/- mutant (FIG. 23A). In ku70 

+/- with reduced telomerase, we predicted that telomeres would stay in the wild-type 

range or shorten slightly (FIG. 23A). Thus, a difference in telomerase function would be 

apparent when the telomere lengths of these transformants are analyzed by TRF.  

RT-PCR analysis of the first generation of TERAS transformants (T1) revealed 

plants in which both TERs were knocked down relative to wild-type. In the eight 

transformants analyzed, real-time RT-PCR revealed that TER1G7 levels were reduced 

twelve-fold on average, while TER5G2 levels were reduced four-fold on average  
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FIG. 23. Antisense constructs directed at TER subunits result in lower telomerase activity. A. Schematic of 

experiment. Telomere lengths of ku70 +/- and ku70 -/- plants are indicated. If TER levels are decreased in 

plants, the telomere length in ku70 -/- is expected to be short and in the wild-type range of 2-5 kb. In fact, the 

observed telomere lengths of TERAS ku70 -/- plants are the same as ku70 -/- mutants. B. Real time RT-PCR 

analysis of TER1G7 (blue bars) and TER5G2 (red bars) transcripts in antisense transformants. C. Results of 

quantitative telomerase activity assay on T1 and T2 antisense transformants. D. TRF analysis of one TERAS 

ku70 +/- (lane 1) and one TERAS ku70 -/- (lane 2) is shown. In the right panel, TRF analysis of control 

untransformed ku70 +/- (lane 3) and ku70 -/- (lane 4) are shown.  
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(FIG. 23B). We next asked whether telomerase activity was affected in the TERAS 

transformants that showed a knockdown of TER levels. By real-time TRAP assay, we 

observed a decrease of approximately 2.7 fold in telomerase activity in first generation of 

transformants (T1) (FIG. 23C). We asked if the decrease in telomerase activity leads to 

telomere length defects. TRF analysis revealed no obvious change in the telomere  

length in T1 TERAS transformants relative to ku70 +/- mutants (FIG. 23D, lanes 1 and 3). 

ku70 -/- mutants with lower levels of TERs were still able to elongate telomeres to the 

same extent as in first-generation ku70 -/- mutants (FIG. 23D, lanes 2 and 4). This result 

suggested that TER levels may have to be reduced to a greater extent in order to 

observe a telomere length defect. 

 An unexpected result was obtained when TERAS transformants were propagated 

to the next generation (T2). Real-time TRAP indicated ~2.9 fold reduction in telomerase 

activity indicating that the antisense construct was active in the second generation of 

transformants (FIG. 23C). Since, telomerase activity was reduced in T2 plants, we 

expected telomere lengths in TERAS ku70 +/- plants to remain in wild-type range or 

become slightly shorter (FIG. 24A). However, TRF analysis of T2 TERAS transformants 

indicated that many telomeres in these plants were grossly elongated, spanning 3- 12 kb 

with an average size of 5.2 kb (FIG. 24B, lanes 3-12). Genotyping of the ten T2 

transformants revealed that all were heterozygous for AtKu70 (FIG. 24C). Since 

telomeres are in the wild-type range in ku70 +/- mutants (FIG. 23D, lane 3; ref (269)), it 

appears that the combined loss of one allele of AtKu70 and depletion of TER levels in 

the T2 generation led to loss of negative regulation of telomere length and as a 

consequence gross telomere elongation. 
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FIG. 24. Reduced levels of AtKu70 and TERs lead to telomere elongation. A. Schematic of telomere lengths 

in ku70 +/- mutants. Expected telomere lengths in T1 and T2 TERAS ku70 -/- and observed telomere length in 

T1 and T2 TERAS ku70 -/- mutants are shown. The average telomere length of 5.2 kb, observed in T2 TERAS 

ku70 -/- mutants is indicated by a dash. B. TRF analysis of first (T1) and second (T2) generation of TERAS 

ku70 +/- plants. C. Genotyping of TERAS transformants with primers to detect wild-type and T-DNA mutant 

alleles of AtKu70. The presence of PCR products for both wild-type and T-DNA mutant alleles indicate that 

TERAS transformants are heterozygous for AtKu70.  Wild-type and ku70 -/- mutants were used as controls. 
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TER1G7 and TER5G2 bind a distinct set of proteins   

TER subunits must interact with TERT in order to reconstitute telomerase 

activity. To verify this interaction, AtTERT was immunoprecipitated from Arabidopsis 

suspension cell culture using a peptide antibody against AtTERT (153). As expected, 

immunoprecipitation (IP) of AtTERT pulled down telomerase activity (FIG. 25A, lane 6)  

but not when antibody was omitted during IP (FIG. 25A, lane 5). Furthermore, IP with 

AtTERT antibody pulled down both TER1G7 and TER5G2 (FIG. 25C, lanes 7 and 8). 

 TER subunits bind a variety of proteins that function in conferring stability to the 

RNP, biogenesis or the recruitment of telomerase to the telomere (reviewed in (55)). In 

Arabidopsis, several telomere-related proteins have been identified, but their mechanism 

of action is unknown. For example, although AtPOT1a is a positive regulator of 

telomerase, stably associated with the telomerase RNP (296), the interaction of 

AtPOT1a with AtTERT and AtNAP57 (dyskerin) is very weak (153, 296). We reasoned 

that AtPOT1a could be associated with telomerase through TER1G7 or TER5G2. In vitro 

co-IP experiments suggest that AtPOT1a binds to TER1G7 and not to TER5G2 (C. 

Cifuentes-Rojas and D. Shippen, unpublished data).  

 To test whether the specific interaction between AtPOT1a and TER1G7 is seen in 

vivo, IP was performed with Arabidopsis suspension cell culture using a peptide antibody 

against AtPOT1a (296). Antibodies to AtPOT1a pulled down telomerase activity as 

expected (FIG. 25A, lane 3). Telomerase activity was not precipitated when antibody 

was omitted (FIG. 25A, lane 2). RT-PCR performed on the IP confirmed that TER1G7 was 

precipitated with the AtPOT1a antibody and not when antibody is omitted (FIG. 25C, 

lanes 5 and 6, lower panel). IP with AtPOT1a does not pull down TER5G2 (FIG. 25C, lane 

6, upper panel) arguing that AtPOT1a is anchored to the telomerase RNP via its  
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FIG. 25. TER subunits associate with different telomere-related proteins. A. POT1a, TERT and ATR 

immunoprecipitate telomerase activity. Proteins were immunoprecipitated from cell culture extracts with 

either no antibody (No Ab) and indicated antibodies and followed by TRAP assay. Immunoprecipitation with 

Ku70 antibody gave different results- telomerase activity was obtained after IP sometimes and not at other 

times (compare lanes 8 and 11). B. Immunoprecipitation of AtKu70 from cell culture. Cell culture extracts 

were immunoprecipitated with either no antibody or with a Ku70 antibody and immunoprecipitated material 

was subjected to western analysis using Ku70 antibody. C. Differential association of TERs with telomere-

related proteins. RNA was extracted from immunoprecipitated material and subjected to RT-PCR analysis 

using primers specific to TER1G7 and TER5G2. 
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interaction with TER1G7. Furthermore, the data suggest that AtPOT1a is in a distinct RNP 

complex that does not include TER5G2.  

 As discussed above, AtKu70 is a known negative regulator of Arabidopsis 

telomerase (97, 269). However, the basis of this regulation is unknown as no 

interactions have been detected in vitro between Ku and AtTERT (M. Heacock and D. 

Shippen, unpublished data). In yeast and mammals, Ku70/80 binds directly to TER (250, 

307). Therefore, an in vitro co-IP experiment was performed to check whether AtKu70 

bound either of Arabidopsis TERs. The results indicated that AtKu70 bound TER5G2 

specifically and not TER1G7 (C. Cifuentes-Rojas and D. Shippen, unpublished data). A 

similar IP as described above was performed using a Ku70 antibody to look for Ku 

association with TER5G2 in vivo. AtKu70 was pulled down only when IP was carried out 

using the AtKu70 antibody and not when antibody was omitted (FIG. 25B). However, we 

obtained contrasting results when TRAP assays were performed after IP. In some 

experiments, telomerase activity could be precipitated with Ku70 antibody (FIG. 25A, 

lane 8), but not in others (FIG. 25A, lane 11). This finding suggests that the association 

of AtKu70 with telomerase may be regulated. RT-PCR after IP indicated that unlike 

AtPOT1a, AtKu70 binds to both TER1G7 and TER5G2 (FIG. 25C, lane 4), although more 

TER5G2 was pulled down than TER1G7. This finding suggests that the two TERs could be 

in the same telomerase sub-complex in vivo. 

 Another telomere-related protein is the checkpoint kinase ATR, which has been 

implicated in telomerase recruitment in yeast (303). In Arabidopsis, atr tert double 

mutants show a faster rate of shortening than tert mutants alone, implicating ATR in 

telomere maintenance (317). We obtained a peptide antibody specific for Arabidopsis 

ATR. Western blots conducted with this antibody recognized a 200 kDa protein that 

corresponds to ATR in wild-type extracts but not in atr -/- extracts (L. Vespa and D. 
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Shippen, unpublished data). IP of cell culture extracts with ATR antibody pulled down 

telomerase activity, suggesting that ATR physically interacts with the telomerase 

complex (FIG. 25A, lane 7). Surprisingly, IP of ATR pulled down TER5G2 and not TER1G7 

(FIG. 25C, lane 2). Therefore, ATR may be associated with a sub-complex of active 

telomerase that contains TER5G2 alone. Altogether, these data suggest that TERs are 

found in different RNP complexes, and that these complexes may have distinct functions 

in telomere maintenance. 

 

Discussion 

 In 1989, the first telomerase RNA was identified by several steps of biochemical 

purification of Tetrahymena extracts (118).  A similar approach was adopted to identify 

the Arabidopsis TERs. Unexpectedly, we uncovered two related TERs. TER duplication 

is unique to Arabidopsis. The genome of Arabidopsis thaliana has undergone several 

rounds of duplication (29, 294). Previous work in our lab indicates that both double and 

single-strand telomere binding proteins are present in multigene families (154, 284). 

However, not all genes encoding telomere-related proteins are duplicated. For example, 

TERT and dyskerin are single copy genes (84, 153). Thus, the duplication of TER may 

be biologically significant. In support of this conclusion, TER1G7 and TER5G2 have distinct 

expression patterns, biochemical properties and protein interaction partners. Thus, the 

two TERs appear to represent an example of neofunctionalization, when one or both in a 

pair of duplicated genes acquire a novel function distinct from its single copy ancestor 

(185). 

 Telomerase is known to act as a dimer in many species including humans, and 

dimerization has been reported for both TERT and TER subunits (20, 105, 202, 231, 

254, 271, 326, 333). However, in Tetrahymena, telomerase acts as a monomer (38). 
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Thus, telomerase can function both as dimer and monomer. Arabidopsis TERT is 

capable of dimerization in vitro (data not shown) and the size of purified Arabidopsis 

telomerase RNP is consistent with a dimer (C. Cifuentes-Rojas and D. Shippen, 

unpublished data). Our data suggest that core Arabidopsis telomerase RNP may exist in 

different forms: monomers, homodimers and heterodimers (FIG. 26). In vitro telomerase 

reconstitution with low levels of TER5G2 result in robust telomerase activity, suggesting 

that TER5G2 may be more active as a monomer. On the other hand, robust telomerase 

activity was obtained with TER1G7 only when levels of TER1G7 PCR product were ~100 

fold higher than for TER5G2. This observation suggests that TER1G7 favors dimer 

formation for maximal telomerase activity. Other sub-complexes of telomerase 

containing either TER subunit may also be formed in vivo.   

 

TER1G7 and TER5G2 act as templates for telomerase  

  The classical experiment for confirming TER template function is mutation of the 

template and the detection of mutant telomeric repeats on chromosome ends (217, 351). 

To study TER1G7 template function, this region was mutated so that telomeres with 

TTTAGCC repeats would be synthesized. Telomerase reconstitution experiments 

indicate that TER1G7-CC can function as a template for telomerase in vitro (FIG. 21B). 

Furthermore, TRAP assays revealed that TER1G7-CC transformants synthesize both wild-

type and mutant telomere repeats (FIG. 21C). Thus, TER1G7 can function as a template 

for telomerase in vitro and in vivo.  

 To determine if TER1G7 can be used to incorporate telomere repeats onto 

chromosome ends, we performed primer extension telomere repeat amplification 

(PETRA) assays with TER1G7-CC transformants to amplify and clone the most 3’ telomeric 

repeats (130). With this method, it is possible to target individual chromosome arms by  
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FIG. 26. Model for Arabidopsis telomerase complexes. TER1G7 and TER5G2 can both form monomers and 

dimers with TERT. TER1G7 is more active as a dimer, and is bound by AtPOT1a. TER5G2 is active as a 

monomer and it is bound by Ku70. The two TERs can also heterodimerize forming an enzymatically inactive 

telomerase complex.  
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using specific subtelomeric primers and thus the sequences of the repeats at a specific 

chromosome end can be determined. Sequencing of one PETRA product which was 700 

nts in length, revealed the presence of one mutant repeat after sixty-five wild-type  

repeats (data not shown). Therefore, mutant repeats are added onto chromosome ends 

by TER1G7-CC.  

 To examine whether TER5G2 can also function as a template for telomerase in 

vivo, a TER5G2 construct with a template mutation was transformed into TER5G2-1 

homozygous mutants. This template mutant called TER5G2-Rsa can reconstitute 

telomerase activity in vitro (C. Cifuentes-Rojas and D. Shippen, unpublished data). The 

in vivo analysis of TER5G2-Rsa transformants is underway.   

 

TER5G2 may act as a negative regulator of telomerase 

 Several lines of evidence suggest a novel role for TER5G2 as a negative regulator 

of telomerase. First, although TER5G2 is expressed at a very low level in telomerase 

positive tissues, complete loss of TER5G2 transcript leads to an increase in telomerase 

activity in homozygous TER5G2-1 mutants. Second, when reconstitution experiments are 

performed with both TER1G7 and TER5G2 PCR products, increasing the levels of TER5G2 

PCR products result in lower telomerase activity (C. Cifuentes-Rojas and D. Shippen, 

unpublished data). We hypothesize that increased levels of TER5G2 relative to TER1G7 

may promote the formation of heterodimers that are enzymatically inactive (FIG. 26). 

Third, TER5G2 interacts in vivo and in vitro with AtKu70, a known negative regulator of 

telomerase. Thus, negative regulation of telomerase might involve the interaction 

between AtKu70 and TER5G2. This prediction is supported by our antisense experiments 

which suggest that simultaneous depletion of both AtKu70 and TER5G2, lead to a 

dramatic increase in telomere length in T2 TERAS ku70 +/- plants.  
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 The only other example of a telomerase component which acts as a negative 

regulator is the Tetrahymena Skp1p (337). The genetic depletion of this protein causes 

telomere lengthening in Tetrahymena, but it is not clear if this is a direct consequence of 

affecting the telomerase holoenzyme (337). Thus, the presence of a negative regulator 

in the Arabidopsis core telomerase RNP is a completely novel finding. 

  

Depletion of TER1G7 and TER5G2 in Arabidopsis leads to a decrease in telomerase 

activity 

 Loss of TER subunits in various organisms lead to progressive telomere 

shortening (80, 181, 287, 329). However, the presence of two TER candidates in 

Arabidopsis made our genetic analyses complicated. A double mutant abolishing 

production of both TERs is required to see if a telomere shortening phenotype typical of 

other TER mutants could be observed. Unfortunately, we do not have a null mutant for 

TER1G7. Therefore a double null mutant cannot be generated at this time. 

 As an alternative approach, we transformed antisense constructs aimed at both 

TERs into ku70 +/- plants. Ku is a potent negative regulator of telomere length (269). We 

reasoned that if TER levels are reduced in ku70 -/- mutants, telomeres will not be 

elongated. TERAS transformants displayed diminished levels of both TER1G7 and TER5G2 

and reduced telomerase activity. However, there was no effect of reduced TER levels on 

telomere length in the first generation of antisense transformants. This could be due to 

the slow turnover of telomerase complexes in vivo. In support of this hypothesis, in 

second generation TERAS ku70 +/- transformants, telomeres were grossly extended 

ranging from 3-12 kb. We hypothesize that the extended telomeres in T2 antisense 

transformants result from the combined depletion of the two negative regulators AtKu70 

and TER5G2. We propose that the regulation of TER5G2 is necessary to control 
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telomerase action in vivo. In this model, the action of the negative regulators AtKu70 and 

TER5G2 controls the enzymatic activity of TER1G7 homodimers by formation of 

heterodimers and thus helps maintain a telomere length set point (FIG. 27). In TERAS 

transformants, however, levels of both TERs are reduced and telomerase activity is also 

reduced. However, the residual TER1G7 in these plants is able to function at telomeres 

and in the absence of negative regulators, telomeres are extended (FIG. 27).  

 

Different binding partners for Arabidopsis TERs 

 IP experiments indicate that both TERs are involved in a distinct set of protein 

interactions. These interactions may be required for biogenesis of the complex, 

recruitment of telomerase to the telomeres or regulation of enzyme activity in vivo. Our 

experiments suggest that AtPOT1a may perform a role similar to Est1 in yeast (79). Est1 

binds to yeast TER (TLC1) and is thought to recruit telomerase to the telomeres via its 

interaction with the G-overhang binding protein Cdc13 (78, 281). Alternatively, Est1 may 

bind to telomeres at S-phase and interact with Cdc13 to activate telomere-bound 

telomerase (300). Analogous to Est1, AtPOT1a binding to telomerase through TER1G7 

may help in recruitment of telomerase to the telomere. AtPOT1a does not bind telomeric 

DNA on its own, but by chromatin IP assays it was shown to associate with telomeres in 

S-phase when telomerase is known to act (296). How AtPOT1a binds to the telomere is 

unknown, but our data suggest that AtPOT1a can function as a positive regulator of 

telomerase through interaction with TER1G7.  

 Arabidopsis Ku is a negative regulator of telomerase (96, 269). Our data 

suggests that Arabidopsis Ku is similar to its homologs in yeast and humans in its ability 

to bind to telomerase RNA (250, 293, 307). Interestingly, however, Ku is a positive 

regulator of telomere length in yeast (34, 112, 253) and a negative regulator of telomere
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FIG. 27. Speculative model for negative regulation of Arabidopsis telomerase. Loss of negative regulators 

AtKu70 and TER5G2 leads to telomere elongation. A. In wild-type plants, the action of TER1G7 homodimers 

on telomeres is regulated by TER5G2 monomers that are bound by Ku70. TER5G2 can also form enzymatically 

inactive heterodimers with TER1G7. B. In TERAS ku70 +/- plants, the level of TER5G2 and TER1G7 are much 

lower. The negative regulation exerted by TER5G2-Ku70 complex is reduced and therefore, the residual 

TER1G7 in these plants can elongate telomeres. 

 



117 

 

 length in Arabidopsis. Perhaps, the switch in regulation occurred with the duplication of 

TER subunits and an increased affinity of AtKu70 for the inhibitory TER subunit. Our 

TRAP results indicate that AtKu70 may be associated with both active and inactive 

telomerase complexes. Since these experiments were not performed with synchronized 

cell cultures, these results may reflect the association of AtKu70 with telomerase at 

different stages of the cell cycle. However, we hypothesize that AtKu70 primarily 

interacts with telomerase through TER5G2 and this interaction may limit telomerase action 

(FIG. 26).  

 

TER5G2 is linked to the DNA damage response protein ATR 

 ATR plays an important role in the replication of telomeres during S phase (302). 

Studies in yeast have established a role for ATR in telomerase recruitment to short 

telomeres. In late S phase, Mec1 (ATR) is recruited to telomeres by the MRX complex 

(303). Mec1 binding leads to binding of Cdc13 and Est1 to telomeres and subsequently 

telomerase activation (303). How these events are orchestrated in higher eukaryotes is 

unknown. Here we show that Arabidopsis ATR is physically associated with the 

telomerase RNP and specifically with TER5G2. 

 One ATR interacting factor identified in our lab is the OB-fold containing protein 

ATPOT1b (L. Vespa and D. Shippen, unpublished data). AtPOT1b was shown to interact 

directly with TER5G2 by in vitro co-immunoprecipitation experiments (C. Cifuentes-Rojas 

and D. Shippen, unpublished data). Therefore, we hypothesize that Arabidopsis ATR is 

involved in recruiting the TER5G2-TERT monomer to telomeres by modification of factors 

such as AtPOT1b. Since TER5G2-TERT monomer is extremely proficient at telomere 

synthesis, targeting of this complex to short telomeres may promote efficient lengthening 
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of telomeres. The identification of other components of this pathway will throw more light 

on telomerase recruitment in Arabidopsis. 

 In conclusion, the identification of two distinct Arabidopsis TER subunits has 

revealed unanticipated complexity in telomerase RNP composition, and the potential for 

novel modes of telomerase regulation. 
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CHAPTER IV 

IDENTIFICATION OF PUTATIVE TER GENES FROM OTHER PLANT SPECIES 

 

Summary 

 The enzyme telomerase is a ribonucleoprotein complex that maintains telomere 

length by addition of telomeric repeats to the ends of eukaryotic chromosomes. 

Telomerase RNA (TER) provides the template for addition of telomeric repeats by the 

catalytic component, TERT. TER species have been identified in various ciliates, yeast 

and vertebrates. TERs are highly divergent in both size and primary sequence, but 

display a conserved secondary structure. However, TER species have not been 

identified in any plant species and therefore a gap remains in our understanding of 

evolution of TER architecture. In the previous chapter, we discussed the identification of 

two Arabidopsis TER subunits that can function as templates for telomerase. Here, we 

investigate the presence of these TER genes in other plant species using both gene 

synteny and PCR approaches. We find evidence for the presence of TER genes in other 

members of the Brassicaceae family as well as in Oryza sativa and Medicago truncatula. 

Furthermore, we demonstrate that a single nucleotide deletion is present in the 

Asparagus TER gene and may be responsible for the human type telomere repeats 

found in this organism. 

 

Introduction 

 Telomerase is a ribonucleoprotein complex that adds short G-rich telomeric 

repeats to the ends of eukaryotic chromosomes. Telomerase consists of a reverse 

transcriptase subunit (TERT) and an integral RNA subunit, TER. TER provides the 

template for the addition of repeats onto chromosome ends. The TERT subunit is 
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characterized by several conserved RT motifs as well as telomerase-specific domains 

(reviewed in (12)). These conserved motifs have made it possible to identify TERT 

subunits from a variety of species (191).  

 The TER subunit, on the other hand, has diverged very rapidly (48). Although 

Tetrahymena TER was identified years before the first TERT subunit (118, 191), the 

absence of any significant primary sequence conservation made it difficult to recover 

TERs from other species by homology searches. Instead, biochemical and genetic 

approaches were adopted to identify the array of TER sequences available today (80, 

117, 287).  

 Primary sequences of TER species can be used to construct secondary structure 

models. These models can be tested by mutational analyses which provide an insight 

into the roles played by different regions of the RNA. Thus, a structure-function 

relationship can be established. For secondary structure determination, both 

experimental and phylogenetic approaches can be used. Phylogenetic covariation has 

been used to establish the secondary structure of TERs from ciliates, vertebrates and 

yeast (50, 68, 272, 352). To establish the vertebrate telomerase RNA secondary 

structure, homologous sequences from five different classes of the vertebrate phylum 

were cloned (50). Work from the Wellinger lab has shown that a reasonable secondary 

structure model can be deduced from as few as four sequences from closely related 

species. For optimal results, it is required that the sequences to be aligned have at least 

60 – 80% identity (68). These sequences can then be used to build a secondary 

structure model by phylogenetic covariation analysis (246).  

 The basic tenet of this method is that homologous sequences from different 

organisms will exhibit a similar structure. Therefore, if a helix is important for the function 

of the RNA, then the pairing potential will be retained in homologous sequences too 
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(246). In vitro mapping experiments can then be performed to test these secondary 

structure models. Surprisingly, secondary structure models of TERs from ciliates, yeast 

and vertebrates revealed a high degree of conservation (50, 68, 272, 352). Therefore, it 

seems that TERs are similar in their functional domain composition rather than in 

primary sequence.  

 The striking features of the secondary structure models for TER include a single-

stranded template region that corresponds to 1.5 telomeric repeats. The template is the 

region of TER that is transcribed by TERT reiteratively to make the telomere. All TERs 

also have a pseudoknot region downstream of the template. The pseudoknot domain is 

a high affinity binding site for TERT (46, 188, 231). It is considered to be essential for 

telomerase activity in vivo as it is involved in the formation of a stable RNP as well as 

dimerization of the RNA (103, 202). TERs also contain a template boundary element that 

limits reverse transcription to the template region of TER. 

  Other sites in TERs are important for binding to TERT and other factors that aid 

in telomerase recruitment and RNP biogenesis (48, 55). For example, TLC1 is bound by 

proteins involved in telomerase recruitment such as Est1 and Ku (250, 281). The 3’ 

region of human telomerase RNA contains two essential motifs that contribute to its 

accumulation and localization in the cell. The H/ACA motif in hTR is bound by the protein 

dyskerin, that is necessary for the stability of the RNA in vivo (229). The CAB box is 

necessary for directing hTR to cajal bodies where presumably RNP assembly is 

coordinated (151, 359). Mutations in the pseudoknot region and the H/ACA domain (48) 

of hTR affect RNA accumulation or telomerase activity resulting in haploinsufficiency of 

telomerase and defective telomere maintenance (306). Loss of telomere maintenance in 

bone marrow cells is the underlying cause of autosomal dominant dyskeratosis 

congenita (229).  
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 TER subunits have not been identified in the plant kingdom. Plants represent a 

eukaryotic branch that diverged from yeast approximately 1.6 billion years ago (131). 

Currently, there is a huge gap in our understanding of TER subunit divergence which 

could be bridged by the determination of a secondary structure for plant TERs. In 

Arabidopsis, we have identified two novel and related TER subunits: TER1G7 and TER5G2. 

These two RNAs share a 220 nt region (includes the template) with 90% identity. From 

in vitro analysis, both TERs can function as templates for repeat addition (CHAPTER III). 

Thus, Arabidopsis is the only species that has two TER subunits.  

 In order to understand more about TER subunits in plants, we sought to identify 

these subunits in other plant species closely related to Arabidopsis thaliana. Here, we 

report the identification of several TER1G7 subunits from species in the Brassicaceae 

family (to which Arabidopsis belongs) as well as in Rice, Medicago and Asparagus 

suggesting the conservation of this gene in other plant species. The identification of 

these TERs is also necessary for the establishment of a secondary structure for plant 

TERs. We present a preliminary secondary structure model proposed by our collaborator 

Dr. Yehuda Tzfati that provides evidence for conserved secondary structure elements in 

Arabidopsis TER1G7. Finally, we investigated the occurrence of TER gene duplication in 

the Brassicaceae family and find support that this duplication event dates to about 15 

million years.  

 

Materials and Methods 

Alignments and BLAST searches  

Sequence alignments were generated using the program CLUSTAL W and the 

Boxshade program was used to show identical nucleotides. BLAST searches were 
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conducted from NCBI BLAST web page using full length At1g71310 and At5g24670 

genes against the Rice and Medicago truncatula databases. 

 

PCR & Southern Blotting 

Different combinations of the following primers from Arabidopsis thaliana TER1G7 

and TER5G2 were used to amplify TER genes from Arabidopsis lyrata, Olimarabidopsis 

pumila, Capsella rubella and Brassica oleraceae. Primers used were 1G7-1 (5' 

TTAAGCTTTTCTTCTTCTCTGT 3'), 1G7-2 (5' AGGGTTTAGCAAACCTGGAGCA 3'), 

1G7-3 (5' GACGACAACTAAACCCTACAC 3’), 1G7-4 (5’ AATAATACACCAAAATGTCA 

3’), 1G7-5 (5’ CGAACCCCAGAAGAACAAGAGA 3’), 1G7-6 (5’ 

GAAGTGAAGATTAGTGACCCT 3’) and 1G7-7 (5’ TTCTATTTGGGTTTAGTGT 3’). For 

TER5G2, the following sets of primes were used: 5G2-1(5’ 

GACGACAACTAAACCCTACGCTTACA 3’), 5G2-2 (5’ 

TCACGTCTCTCTCTTACGTCGTC 3’), 5G2-3 (5’ 

CGATGTTGTTTTTCTGCTTAGGACACA 3’), 5G2-4 (5' 

CACCCCATAATTTTATTTTATCTATTCT 3'), 5G2-5 

(TGTAAGCGTAGGGTTTAGTTGTCGTC 3’), 5G2-6 (5’ 

AATTCTGTGTAGCTATGATCTTGTGGCA 3’) and 5G2-7 (5’ 

AGGAGATTTCTTCTACTCACCATACCC 3’). 

For cloning the Asparagus TER, primers were designed in the region surrounding 

the putative Rice template in chromosome 1. The template is located in the region 

corresponding to nucleotides 47737-47746 of the Rice PAC AP003261. The following 

primers used for PCR with Asparagus DNA as template: 47680 fwd 

(AGAGCTAACGAGTGTAGGGAG 3’), 47700 fwd (5’ 

GCAGTGTACATAAGAATAGGCCA 3’), 47720 fwd (5’ CCAAAAGGCATTCAGGCCT 3’), 
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47780 rev (5’ TTCTGAGTGTGATTGATTACA 3’), 47800 rev (5’ 

GATAAATAGCTGGTGACAATTCT 3’) and 47850 rev (5’ 

ATCCGTAACTCAATGTGAACA 3’). PCR products were cloned into pDrive (QIAGEN) 

and sequenced. 

 For southern blotting analysis, DNA from the above species was digested with 

EcoRI and XhoI and then resolved on an agarose gel overnight. The DNA was 

transferred to a membrane and hybridized with a PCR product labeled using [α-32P] 

dCTP and HighPrime (Roche). The probe spanned nucleotides 234-383 of TER1G7. 

Following overnight hybridization at 65° C, washes were performed twice with 2X SSC 

and 0.1% SDS and twice with 0.2 X SSC and 0.1% SDS for 15 min each. The blot was 

exposed to a phosphorscreen overnight.  

 

Results 

Identification of TER1G7 orthologs in other plant species 

 Arabidopsis is the only known organism that has two TER genes. We were 

curious to know whether these TER genes were also present in other plant species.  For 

this purpose, we sought to identify these genes from plants closely related to 

Arabidopsis.  

Arabidopsis thaliana belongs to the Brassicaceae family. Other closely related 

members of Brassicaceae family include Arabidopsis lyrata, Olimarabidopsis pumila, 

Capsella rubella and Brassica oleracea. The evolutionary distance between A. thaliana 

and the other members of the Brassicaceae ranges from 5 million years to 20 million 

years. A. thaliana is thought to have diverged from A. lyrata approximately 5 million 

years ago (mya); whereas the evolutionary distance between A. thaliana and O. pumila 

is about 15 mya (FIG. 28A). The genomes of these plant species are still unknown  
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FIG. 28. PCR approach to identify TER genes in plant species closely related to A. thaliana. A. Phylogenetic 

tree of some of the Brassicaceae species. The estimated dates of divergence at different nodes are 

indicated in millions of years (mya).  Adapted from (121). B. Schematic of TER1G7 gene with red box 

indicating region shared with TER5G2 and black box representing the template region. Positions of different 

primers used in (C) are also indicated. C. Results of PCR amplification using indicated primer pairs and DNA 

from A. thaliana, A. lyrata, B. oleracea and O. pumila. 
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although sequencing projects are underway for two close A. thaliana relatives 

(Arabidopsis lyrata and Capsella rubella) (277). Therefore, we decided to use 

degenerate PCR to amplify TER1G7 genes from these species. Using this approach, we 

were able to obtain PCR products which were then cloned and sequenced (FIG. 28C). 

Sequence alignment of the PCR fragments indicated that TER1G7 ortholog from A. lyrata 

exhibited 93% identity to the A. thaliana TER1G7 gene (FIG. 29). The O. pumila ortholog 

exhibited 87% identity to the A. thaliana TER1G7 (FIG. 29).  In contrast, TER1G7 from B. 

oleracea (Cauliflower) showed only 30% identity to TER1G7 from A. thaliana (data not 

shown). Therefore, cauliflower RNA might not be useful in secondary structure 

determination. For TER5G2, we have been unable to identify any orthologs in other plant 

species by PCR approaches even though many primer combinations were tried. The 

failure to identify orthologs for TER5G2 suggests that this RNA could be diverging rapidly.  

 Several sequenced plant genomes were scrutinized to identify putative TER1G7 

orthologs by in silico analysis. Since TER is a rapidly diverging non-coding RNA, its 

sequence is not likely to be as well conserved as protein-coding genes flanking it.  

Therefore, we took advantage of gene synteny or chromosomal positioning of the gene 

in related plant species. This approach was used to identify TLC1 homologs in yeast 

belonging to the “sensu stricto” group (68). TER1G7 from Arabidopsis thaliana is present 

in the 5’ UTR of a gene called SnRK1 interacting protein 1 (At1g71310). Both genes are 

expressed in the same direction and the template in TER1G7 lies just 59 bp upstream of 

the start of At1g71310 gene (FIG. 30). Therefore, the sequence of this gene was used 

as query to BLAST against sequenced genomes such as Rice (a monocot) and 

Medicago truncatula (a dicot). The evolutionary distance between Rice and A. thaliana is 

about 100 mya and the distance between M. truncatula and A. thaliana is about 140 

mya. In spite of the large evolutionary distance between these species, a significant hit  
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FIG. 29. Alignment of partial sequences of TER1G7 orthologs from A. thaliana, A. lyrata and O. pumila. The 

template region is indicated by a red line. Black nucleotides are identical in all species. A. thaliana and A. 

lyrata TER1G7 orthologs share 93% identity and A. thaliana and O. pumila orthologs share 87% identity. 
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FIG. 30. Identification of putative TER genes in other plant species using a gene synteny approach. 

Schematic showing chromosomal position of Arabidopsis TER1G7 relative to 5’ end of At1g71310 gene which 

encodes SnRK1interacting protein 1. Putative TERs from M. truncatula and O. sativa were identified based 

on conserved protein coding sequence of SnRK1 interacting protein 1 in those genomes. The positions of 

putative template sequences are also indicated relative to the conserved protein coding gene. The 

evolutionary distance between A. thaliana and M. truncatula is ~100 Mya and that between A. thaliana and 

O. sativa is ~140 Mya. 
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was registered with an E value of 8e-06 for Rice and an E value of 9e-24 for M. truncatula. 

More importantly, template sequences were identified approximately 30 kb upstream of 

the SnRK1 homologs in either case. The template in Oryza sativa (Rice) was 10 nts long 

and corresponded to 1.5 telomeric repeats as in Arabidopsis (FIG. 30). Interestingly, the 

template region in the dicot Medicago truncatula (a legume) was 18 nts long that 

corresponded to 2.5 telomeric repeats (FIG. 30). Similarly, gene synteny approaches for 

TER5G2 were also employed, but this gene is flanked only by retrotransposon elements 

and no conserved protein-coding genes. As a result, we were unable obtain significant 

hits from BLAST searches.  

 The plant kingdom is highly diverse and some species of the plants (like the 

Asparagales order) display a six base human-type telomere repeat (TTAGGG) instead 

of the Arabidopsis type repeat (TTTAGGG) (298). We hypothesize that the change in the 

telomere repeat of Asparagus to the human-type repeat is caused by a single nucleotide 

deletion in the template region of the TER gene. The asparagus genome sequence is 

currently unavailable, but it is thought to have diverged from Rice about 110 mya (335). 

Therefore, using primers from the region immediately flanking the template in the rice 

TER1G7 candidate, we performed PCR on Asparagus DNA. A single PCR product of 300 

nts was generated. Sequence analysis revealed that the region contained a template 

sequence CTAACCCTA that was identical to the template of human telomerase RNA. 

This mutation in the putative TER subunit of Asparagus could explain the emergence of 

human-type telomere repeats in this plant. Partial sequence alignment indicated that the 

Rice and the Asparagus TERs exhibited approximately 30% identity (FIG. 31). The 

identity in this partial sequence alignment is encouraging given the large evolutionary 

distance between these two species. In this context, we would expect the identity 

between TER1G7 orthologs from Arabidopsis and cauliflower to be higher.  
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FIG. 31. Alignment of partial sequences of TER1G7 orthologs from Rice and Asparagus. The two RNAs share 

30% identity. The putative template region in both RNAs is indicated by the red line. 
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A putative secondary structure model for TER1G7 

  In the previous section, we provide evidence for TER1G7 orthologs in other plant 

species. The sequences of TER1G7 genes from other plant species can be used in 

phylogenetic analysis to generate a secondary structure model for plant TERs. As a 

starting point, a secondary structure model was generated for A. thaliana TER1G7 by our 

collaborator, Dr. Yehuda Tzfati (Hebrew University) (FIG. 32). The secondary structure 

shows a single-stranded template region and a stem loop structure immediately 5’ of the 

template. This stem is reminiscent of the template boundary element identified in the 

secondary structure of other TERs (49, 170, 311). A potential pseudoknot was also 

predicted. Using the identified elements as constraints, the rest of the sequence was 

then predicted. Interestingly, a stem resembling the p6.1 region of hTR was also 

identified (FIG. 32). This stem is part of the conserved region CR4/CR5 domain of hTR 

which is essential for telomerase activity (51). The 3’ end of the RNA has a motif that is 

the consensus Sm protein binding motif. Both yeast and human TERs exhibit Sm protein 

binding although this motif is not present in hTR (93, 282). Therefore, TER1G7 may be 

similar to hTR in its ability to bind both the dyskerin complex (228, 229) as well as the 

Sm protein complex (93). This initial secondary structure model will be improved upon by 

the addition of TER1G7 sequences from closely related species.  

 

Duplication of TER genes in plant species 

The unique feature of Arabidopsis TERs is the presence of two related genes. 

We wanted to know whether this duplication is prevalent among all plant species. As 

mentioned earlier, our attempts to clone TER5G2 orthologs from plant species in the 

Brassicaceae were unsuccessful. Therefore, we adopted another strategy to ascertain  
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FIG. 32. Preliminary secondary structure model of A. thaliana TER1G7. The single-stranded template region 

(blue line) and the template boundary element (purple lines) are indicated. A sequence resembling a Sm site 

is also indicated as is a stem-loop structure resembling the p6.1 stem from human telomerase RNA. A 

potential pseudoknot domain is also indicated.  The structure does not show the secondary structure for all 

regions of the RNA. (Model was generated by Dr. Yehuda Tzfati, Hebrew University). 
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the presence of TER gene duplication. A Southern blot was performed on genomic DNA 

from Brassicaceae species using a probe to the region of similarity shared by TER1G7 

and TER5G2. Interestingly, we were able to observe the presence of two bands by 

southern in both A. lyrata and O. pumila (FIG. 33). This suggests the presence of two 

TER genes in these species. We were able to detect only a single faint band in C. 

rubella. However, this does not rule out the possibility of a second gene in this species. 

Therefore, from this preliminary analysis of TER gene duplication, we conclude that TER 

gene duplication dates back to at least 15 mya.  

 

Discussion 

Conservation of TER1G7 in plant species 

 All organisms studied so far have only one TER subunit. Arabidopsis is the only 

organism with two TER genes, both of which appear to be functional in telomere 

maintenance (CHAPTER III). The finding of these two TERs prompted many questions 

about plant TERs. The first question relates to the conservation of these TER species. 

Using gene synteny and PCR approaches; we obtained evidence for the conservation of 

TER1G7 gene in several plant species. In the Brassicaceae family, we identified TER1G7 

orthologs that displayed a high identity to the A. thaliana TER1G7 gene. 

 Draft genome sequence has already been released for Carica papaya; a distant 

relative of A. thaliana (226) and genome sequencing projects are underway for other 

species in the Brassicaceae family (277). Once complete sequences are published, 

gene synteny approaches can be used to identify other TER1G7 homologs. Through gene 

synteny approach, we identified an extended template region in the putative TER from 

Medicago truncatula. It will be interesting to identify when the change from a 10 nt  
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FIG. 33. Evidence for TER gene duplicatiion in plant species closely related to A. thaliana. A. Schematic of 

TER1G7 gene showing the region shared with TER5G2 (red) and the template (black). The probe used for 

southern encompassed the region shared by the two TERs. B. Southern blot of digested DNA from A. 

thaliana, A. lyrata, O. pumila and C. rubella that were hybridized to the probe indicated in A.  
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template to a 18 nt template took place evolutionarily and also whether the extended 

template is prevalent in other plant species.  

 In this chapter, we provide evidence for a template mutation in the putative TER 

subunit of Asparagus that is likely to be responsible for the human-type repeats present 

in this organism. The sequence information from the putative Asparagus TER can be 

used to clone TER subunits from other closely related species such as Allium cepa 

(onion). Chromosome ends in Allium cepa do not terminate with any known telomeric 

repeats (298). Thus, cloning of the TER subunit from Onion will throw more light on the 

composition of telomeres in this organism.  

 

A secondary structure model for plant TERs 

The work presented in this chapter also provides a progress report on the 

generation of a secondary structure for plant TERs. A plant TER model is essential for 

understanding the evolution of the TER gene. The ciliate TERs are about 150 nts in 

length and are the prototype for TERs (50). The 5’ half of human TER resembles ciliate 

TERs in its secondary structure. However, the 3’ half of this molecule is not represented 

in the ciliate TER. This part of hTR may have evolved to provide additional regulation 

and to promote its biogenesis (reviewed in (48)).  

The plant TERs (~750 nts) are closer in size to hTR (451 nts) than yeast TERs 

(~1.3 kb). Therefore, we predict that the secondary structure elements identified in hTR 

may also be conserved in plants. The working model proposed for TER1G7 (FIG. 32) 

contains a stem region that resembles the p6.1 stem from hTR CR4/CR5 region that is 

essential for telomerase activity. Another element identified in the model of TER1G7 (FIG. 

32), is the template boundary element. It will be possible to disrupt these elements and 

then study the requirements of these various domains by in vitro reconstitution assays or 
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by in vivo complementation assays. Thus, we can begin to study the structure- function 

relationship of Arabidopsis TER1G7. 

The secondary strucuture model for TERs is also expected to contain a 

pseudoknot domain, as this conserved domain is essential for telomerase function in 

vivo (103, 202). Mfold cannot be used to predict pseudoknot domains and hence the 

conserved regions identified by phylogenetic analysis will be necessary to predict this 

structure. 

To obtain a good secondary structure model, it will be necessary to obtain 

sequences from additional plant species closely related to Arabidopsis thaliana. As few 

as four sequences have been used to create secondary structure models (68); however, 

the more the number of sequences, the better the model. A robust secondary structure 

model for vertebrate TERs was obtained from phylogenetic comparison of 32 TERs from 

five different classes (50). These sequences will also need to be divergent from the 

TERs in A. thaliana for reasonable phylogenetic comparative analysis. The sequences of 

TERs obtained from A. lyrata and B. oleracea may not be suitable for phylogenetic 

analysis as they are either too similar (as in the case of A. lyrata) or too distant (as in the 

case of cauliflower). Therefore, sequences from species closer to O. pumila and B. 

oleracea such as Crucihimalaya himalaica and Caradamine amara need to be identified, 

so that TER sequences suitable for phylogenetic analysis can be obtained.  

Finally, we have also identified that AtTERT, AtKu70 and AtPOT1a bind to 

TER1G7 in vivo (CHAPTER III). Once, a phylogenetic structure has been established for 

TERs, it will be possible to identify structural elements in TER1G7 that support binding of 

these proteins. Ku70 has been shown to bind a stem-loop structure in both the yeast as 

well as the human TER subunit (250, 307). It will be interesting to find whether the 
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binding of the Ku proteins to Arabidopsis TERs is also mediated by a stem-loop 

structure. 

 

Duplication of TER genes 

 Studies of genomes have indicated that most of the Brassicaceae species have 

undergone duplication events and therefore multiple gene families are found in these 

species (294). In this chapter, we provide evidence for duplication of TER genes in at 

least some of the Brassicaceae species. With the available Southern data, this 

duplication event can be dated to have occurred about 15 mya. One of the reasons for 

retention of the duplicated genes in genomes may be to counter the dosage-sensitivity of 

some genes (278). Also, differential expression and neo-functionalization of genes may 

have led to retention of these duplicated genes (278). In this context, the two TERs are 

also bound by different sets of proteins (CHAPTER III) suggesting that they could be 

playing different roles in vivo. Additionally, the presence of two TER subunits could also 

be a means of regulating telomerase activity.  

 Work in our lab has indicated that POT1 genes, which are involved in telomere 

end protection and telomere length maintenance (284, 296), are also duplicated in the 

Brassicaceae species (E. Shakirov and D. Shippen, unpublished data). Furthermore, 

Arabidopsis POT1 proteins are unique in that they bind telomerase RNAs rather than 

DNA (C. Cifuentes-Rojas and D. Shippen, unpublished data). Therefore, it will be 

interesting to see if the duplication of TER genes extends to the plant species where 

duplication of POT1 genes has also been observed.  
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CHAPTER V 

SUMMARY AND FUTURE DIRECTIONS 

 

 Telomerase has been the focus of many research groups as its enzyme activity 

has implications for both cellular aging and cancer. Telomerase activity is upregulated in 

many cancer lines and this is one of the key determinants for tumorigenesis (61). The 

telomerase RNP has been characterized in various organisms: from ciliates where it 

performs a housekeeping function to humans where its expression and action are highly 

regulated. Many differences are observed in telomerase RNP composition, assembly 

and regulation across species (55). In this dissertation, we extend the study of 

telomerase RNP to the plant kingdom and find commonalities with mammals (presence 

of dyskerin in the telomerase RNP) and we observe yet another layer of complexity: the 

presence of two TER subunits. 

 

Protein Composition of the Arabidopsis Telomerase RNP 

Dyskerin is a component of Arabidopsis telomerase  

 In chapter II, we investigated the role of AtNAP57 in the Arabidopsis telomerase 

complex. AtNAP57 is a homolog of the pseudouridine synthase, dyskerin, which is a 

core component of telomerase in humans (53). Dyskerin is essential for the biogenesis 

of human telomerase RNA and mutations in dyskerin compromise telomerase function 

and lead to the disease dyskeratosis congenita (165, 210, 229). This disease primarily 

affects tissues that require constant renewal such as bone marrow and skin (165, 210). 

 Our studies in Arabidopsis indicate that dyskerin is a conserved component of 

telomerase in plants as well. Both AtTERT and AtNAP57 localize in the nucleolus and 

immunoprecipitation of AtNAP57 from plants pulls down telomerase activity. However, 
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our experiments suggest that this interaction is mediated by the telomerase RNA subunit 

as treatment with RNase A abolished the pull down of dyskerin when AtTERT was 

immunoprecipitated. This is similar to the situation in mammals, where dyskerin binds to 

telomerase through the H/ACA motif of hTR (228, 229). 

 Dyskerin performs an essential role in the pseudouridylation of ribosomal RNAs 

(219), and therefore is an essential gene in mammals (129). Similarly, we found that 

AtNAP57 is also an essential gene in Arabidopsis. Interestingly, haploinsufficiency of 

telomerase components is observed in other systems and leads to dyskeratosis 

congenita in humans (124, 213, 235). But, none of the known Arabidopsis telomerase 

components AtTERT, AtPOT1a and AtNAP57 are haploinsufficient for telomere length 

maintenance (84, 153, 296). We hypothesize that plants require a lower amount of 

telomerase to maintain their telomeres. They have fewer telomeres when compared to 

humans or yeast.  

 Patients suffering from X-linked dyskeratosis congenita (due to mutations in 

dyskerin) have shorter telomeres and lower telomerase activity than normal people, 

suggesting that telomere maintenance is affected in these patients (229). Analysis of 

plants containing both a wild-type AtNAP57 allele and a T66A mutant AtNAP57 allele 

similarly indicated that telomere maintenance is compromised in these plants. Mutants 

have shorter telomeres than wild-type plants, but the shortening is not progressive. 

Rather telomeres are stabilized at a shorter set point. These mutants also show a seven-

fold decrease in telomerase activity, suggesting that the mutant allele could disrupt the 

telomerase RNP in a dominant negative manner. Therefore, AtNAP57 is critical for 

telomerase function in Arabidopsis. The precise mode of AtNAP57 operation still needs 

to be addressed and this will throw more light on the biogenesis of the telomerase 

complex in plants. AtNAP57 shows a weak interaction with another telomerase 
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component, AtPOT1a (CHAPTER II), but not with AtTERT. However, our experiments 

suggest that the major binding partners for AtNAP57 are likely to be the TER subunits. 

Indeed, in vitro data suggests that both TER1G7 and TER5G2 are able to bind AtNAP57 (C. 

Cifuentes-Rojas & D. Shippen, unpublished data). Although putative H/ACA motifs have 

been identified in both TERs, it will be interesting to map the site of interaction of 

AtNAP57 to see if those motifs are necessary for binding.  

 

Colocalization of Arabidopsis telomerase components  

 Studies in human cells have shown that both TERT and hTR accumulate at foci 

near cajal bodies only during mid S-phase (308). Interestingly, these foci also colocalize 

with a subset of telomeres (308). Therefore, control of telomerase component 

localization may be a way of restricting telomerase action to S-phase. The components 

of the Arabidopsis telomerase complex AtTERT and AtNAP57 both show nucleolar 

staining (153). Preliminary RNA in situ hybridization experiments suggest that TER1G7 is 

also nucleolar (J. Lamb and D. Shippen, unpublished data). Since, Arabidopsis 

telomeres also localize to the nucleolar periphery (9), nucleolar localization of 

telomerase components may enable access to the telomere. To understand the 

biogenesis of the Arabidopsis telomerase RNP, it will be useful to follow the localization 

patterns of AtNAP57, AtTERT and the TER subunits through the cell cycle. These 

experiments will help in determining how localization of telomerase components is 

coordinated with telomerase action at telomeres. 

 

Identification of other mutants in AtNAP57 that compromise telomerase function  

 To study the regions of AtNAP57 that are involved in telomerase function, it 

would be useful to have other mutant lines besides the one described above. EMS 
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mutagenized TILLING lines (136) would be a good starting point to identify mutations in 

AtNAP57 that are not lethal. The levels of TERT and TERs can be analyzed in these 

mutants as well as the telomere length phenotype.  

 

Identification of other putative telomerase associated proteins involved in telomerase 

biogenesis  

 Dyskerin is part of a complex that consists of the proteins Gar1, Nop10 and Nhp2 

(reviewed in (219)). All these proteins are conserved in Arabidopsis. However, some of 

these proteins are encoded by multigene families making it difficult to dissect their 

function. We predict that these proteins will also be associated with the Arabidopsis 

telomerase complex. Another protein Naf1, interacts with the dyskerin complex in 

humans and is required for association of dyskerin with small nucleolar RNAs (139). 

Interestingly, RNAi depletion of human Naf1 affected the accumulation of hTR levels in 

addition to that of snoRNAs (139), suggesting that hNAf1 may also play a role in the 

biogenesis of human telomerase RNP. Naf1 is a single-copy gene in Arabidopsis 

(At1g03530), and it interacts and co-localizes with AtNAP57 (182). We obtained a line 

with an insertion in AtNaf1 (SALK_013589) and analyzed the telomere phenotype of null 

mutants. Telomeres in null naf1 mutants were in the wild-type range, indicating that 

AtNaf1 is not required for telomere length maintenance. (K. Kannan and D. Shippen, 

unpublished data). However, the effect of AtNaf1 inactivation on telomerase activity as 

well as telomerase RNA accumulation remains to be tested.  

 Recently, two novel telomerase components were identified from human cells 

through affinity purification of TERT. These proteins called pontin and reptin are 

ATPases (315). Pontin and reptin interact with both TERT as well as dyskerin. Depletion 

of these proteins results in reduced hTR accumulation (315). Pontin and reptin may 
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transiently associate with telomerase during its biogenesis and then dissociate before 

telomere synthesis. Unfortunately, Arabidopsis contains multiple homologs to pontin and 

reptin and thus like the dyskerin complex, it will be difficult to dissect their role in plant 

telomerase biogenesis.  

We are only beginning to understand the composition of the Arabidopsis 

telomerase RNP.  Sequence homologs to telomerase components in other systems 

have been identified in Arabidopsis; however, the functions of these proteins are not 

always conserved. For example, there are two putative homologs to S. cerevisiae EST 

proteins in Arabidopsis, but neither of the plant proteins are components of the 

telomerase holoenzyme (264). Similarly, we have also looked at the interaction of 

AtTERT with Hsp90, p23 and 14-3-3 proteins, all of which interact with hTERT (141, 

280). However, by co-immunoprecipitation experiments, no interactions were detected 

between AtTERT and the homologs of Hsp90, p23 and 14-3-3 (K. Kannan and D. 

Shippen, unpublished data). It may be that these proteins bind to the telomerase 

complex rather than to AtTERT alone. Another possibility is that these interactions are 

not conserved in Arabidopsis.  

  To identify additional telomerase components in Arabidopsis, yeast-two hybrid 

library screening could be performed using AtTERT as bait protein. Alternatively, mass 

spectrometry on purified telomerase complexes would enable the identification of novel 

components.  

 

Identification and Characterization of Arabidopsis TERs 

In chapter III, the identification and characterization of Arabidopsis telomerase 

RNA subunit is described. Biochemical purification of telomerase from Arabidopsis cell 

culture led to the unexpected finding of two telomerase RNA subunits, TER1G7 and 
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TER5G2. This is a novel finding as all other model organisms have only one TER subunit. 

The two TERs share a 220 nucleotide region of nearly 93% identity which includes the 

templating domain. Outside this region, there is little sequence similarity. TERs are 

expressed at dramatically different levels in plant tissues, but peak in highly proliferative 

cells where telomerase is active. This is similar to the situation in normal human cells, 

where hTR is abundant but its abundance further increases in cancer cells where 

telomerase activity is high (reviewed in (61)). It will be of interest to determine why 

Arabidopsis TERs are expressed at such different levels and how telomerase activity is 

impacted by altering the levels of RNAs in vivo.  

 

Strategies to reduce levels of TERs in plants 

In this dissertation, I have taken advantage of a variety of genetic strategies 

available to analyze gene function in Arabidopsis, including T-DNA insertion lines, 

antisense and RNAi. This has allowed analysis of the function of TERs in vivo.  

Genetic analysis of two T-DNA insertions in TER1G7 failed to uncover a null 

mutant. The truncated TER1G7 transcript generated in TER1G7-1 mutants can still function 

to reconstitute telomerase activity, although the level of activity is reduced (C. Cifuentes-

Rojas & D. Shippen, unpublished data). Therefore, null mutants are unavailable for 

TER1G7 as of now. A priority for future studies of TER subunits will be the identification of 

mutant lines which are null for TER1G7. In addition to T-DNA insertion lines available in 

the Arabidopsis biological resource center (ABRC), many collections of unmapped T-

DNA lines are also available. About 33,000 such lines were screened by PCR to identify 

additional insertion lines for TER1G7 (K. Kannan and D. Shippen, unpublished data). 

Unfortunately, we were able to identify insertions only in the 5’ of TER1G7 gene. However, 

more collections of unmapped T-DNA lines are available for screening. A null mutant is 
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available for TER5G2, but telomere maintenance is not compromised in the first 

generation of this mutant. This suggests that the two TERs may function redundantly in 

telomere maintenance. 

Unexpectedly, TER5G2-1 mutants display a 2.5 fold increase in telomerase activity 

(C. Cifuentes-Rojas & D. Shippen, unpublished data). This suggests that TER5G2 acts an 

inhibitor of telomerase activity in vivo. This is a novel role for a TER subunit that has not 

been observed in other species and warrants more investigation. Parent-progeny 

analysis through at least two more generations will be necessary to understand the 

effects of the increased telomerase activity on telomere length in these mutants.  

Another strategy to lower the levels of TERs in plants is to perform antisense and 

RNAi experiments. Given the regions of extensive similarity in the two RNAs, it is 

possible to target both TERs and to target each TER separately through their distinct 

regions. We transformed wild-type plants with an RNAi construct targeting 100 nts of the 

region shared by the two TERs, which included the template region. However, we were 

not able to identify any transformants in which TERs levels were knocked down 

significantly (K. Kannan and D. Shippen, unpublished data). We think that the RNAi 

machinery may not have been able to target TER since it is a nuclear RNA and this 

machinery mostly targets mRNAs present in the cytoplasm. 

Next, we tried using an antisense approach to lower TER levels. To increase the 

sensitivity of detecting telomerase deficiency, we transformed antisense constructs into 

ku70 +/- mutants. AtKu70 is a negative regulator of telomerase (97, 269). In ku70 +/- 

mutants, telomeres are in the wild-type range of 2-5 kb, but in the first generation of 

ku70 -/- mutants, telomeres get elongated to about 6-8 kb by telomerase (269). We 

expected that if TER levels are decreased, then telomere lengthening would not be 

observed in first generation ku70 -/- mutants and this could be discerned by TRF analysis 
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(CHAPTER III, FIG. 23). In ku70 +/- mutants, we expected telomeres to stay in the wild-

type range or shorten slightly when TER levels are decreased in this background 

(CHAPTER III, FIG. 23). 

Initial antisense experiments in ku70 +/- mutants suggested that TER levels are 

decreased in vivo. But, a telomere phenotype was observed only in the second 

generation of transformants where telomeres are considerably elongated ranging from 3-

12 kb. We suspect that this is elongation is due to the combined loss of one allele of 

AtKu70 and TER5G2 in these mutants. This data reveals an unanticipated role for TER5G2 

as a negative regulator of telomerase in vivo and suggests that proper telomere length 

maintenance in Arabidopsis requires action of TER5G2.  

To further reduce TER levels, we transformed antisense constructs against 

TER1G7 into a TER5G2 null mutant. If this experiment lowers TER1G7 levels to a great 

extent, and we expect to see a more significant loss of telomerase, and perhaps 

telomere shortening. These experiments are in progress. 

 

Contribution of TERs to telomere synthesis 

 The duplication of TER genes in Arabidopsis raises the question of whether both 

TERs are involved in telomere repeat synthesis in vivo. Specifically, does TER5G2 

function as a regulator alone or is it also used for telomere synthesis? To address these 

questions, it would be useful to have a double null mutant for both TERs. These plants 

could then be transformed with template mutant constructs for both TERs under the 

control of their native promoters. Analysis of the telomere sequence in the transformed 

plants would reveal whether one or both of the TERs were involved in telomere repeat 

synthesis. For TER1G7, a template mutant TER1G7-CC was transformed into plants and 
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sequencing of telomeres in the transformants revealed a low level of incorporation of 

these repeats onto chromosome ends.  

 If a heterodimer of TERs is active then we might expect to observe alternating 

mutant repeats from each TER. We have already transformed TER5G2-1 plants with a 

construct overexpressing TER5G2 template mutation (TER5G2-Rsa). The levels of TER5G2 in 

these transformants will be higher than that in wild-type plants and therefore if TER5G2 is 

a negative regulator, these plants may not be useful in understanding whether TER5G2 is 

involved in maintaining telomere tracts under physiological conditions. However, this 

experiment will allow us to gauge if TER5G2 can be incorporated into telomerase RNP in 

vivo and if it can be used as a template by telomerase. 

 

Interactions of TER subunits with distinct proteins 

TERs bind a distinct set of proteins in vivo and in vitro. Both Arabidopsis TERs 

are bound by AtTERT (CHAPTER III). The telomerase component AtPOT1a binds only 

to TER1G7 and not to TER5G2, whereas both ATR and AtKu70 interact only with TER5G2 

(CHAPTER III). Thus, different sub-complexes of telomerase are possible in vivo. It will 

be interesting to know when in the cell cycle these interactions occur and to know the 

roles of the different sub-complexes of telomerase in vivo. Studies in yeast have shown 

that Est2 (TERT) is situated at the telomeres at all times during the cell cycle, and that 

binding of Ku70/80 and Est1 (a component of the yeast telomerase holoenzyme) to 

telomerase is cell cycle regulated (82, 300). Loss of KU results in decreased 

accumulation of Est1 at telomeres and subsequently disrupts telomerase action at 

telomeres (82). Mec1 (ATR) binding to telomeres is also cell cycle regulated and is 

coordinated to enable telomerase action at telomeres during S-phase (302, 303). Thus, 
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telomere synthesis requires cell cycle regulated interactions of telomere-related proteins 

with telomerase. 

In Arabidopsis, it is known that AtPOT1a is associated with telomerase and that 

AtPOT1a association with telomeres is increased in S-phase (296). It will be interesting 

to find out whether TERT is bound to telomeres at all times and when Ku70/80 binds to 

telomerase. How does the loss of any of these components affect the accumulation of 

other components at the telomere? We could also examine the localization of ATR with 

telomeres and telomerase through the cell cycle. These experiments will provide an 

insight into the dynamic nature of telomerase in vivo.  

For all the interactions identified, it will be necessary to define the region of 

interaction on the TER subunit as well as the protein domains involved in binding. This 

study can be done by in vitro binding studies or by using the yeast-three hybrid system. 

In vitro data indicates that AtPOT1a binds to TER1G7 through its OB-fold domains (C. 

Cifuentes-Rojas & D. Shippen, unpublished data). AtPOT1b is different from AtPOT1a in 

that it binds to TER5G2 (C. Cifuentes-Rojas & D. Shippen, unpublished data). It will be 

interesting to see if the OB-folds of AtPOT1b are necessary for this interaction. If this is 

so, then it would be necessary to understand the differences between the OB-folds of 

AtPOT1a and AtPOT1b that allow recognition of different TERs. Studies in other 

systems have shown that protein-TER interactions are mediated by specific secondary 

structures such as pseudoknots or stem-loops in the RNA (reviewed in (305)). Similar 

secondary structure elements necessary for binding to TERT and Ku will also need to be 

identified in Arabidopsis TERs. These studies will be greatly aided by the generation of a 

secondary structure model for Arabidopsis TERs (see below). 

The interaction of ATR with Arabidopsis telomerase is an exciting finding and 

implies that the DNA damage response proteins have a conserved role in telomerase 
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recruitment like in yeast and mammals (196) (CHAPTER III). In yeast, Mec1 (ATR) is 

recruited to telomeres during S-phase by the MRX complex and this recruitment is 

necessary for subsequent recruitment of telomerase by Cdc13 (G-overhang binding 

protein) and Est1 (302, 303). Therefore, we suspect that interaction of ATR with 

Arabidopsis telomerase is not a direct interaction, but may occur through telomere 

binding proteins that function in telomerase recruitment. The identification of these 

proteins will be crucial for understanding the role of ATR in the telomerase complex in a 

higher eukaryote. One candidate ATR interacting protein is AtPOT1b which binds to 

TER5G2 like ATR. AtPOT1b appears to interact with ATR by co-IP and yeast-two hybrid 

analysis (L. Vespa, M. Jasti and D. Shippen, unpublished data). Both atr and pot1b 

single mutants do not show any telomere length phenotype but these mutants have 

been crossed to generate double mutants (E. Shakirov and D.Shippen, unpublished 

data) (317). Analysis of these mutants may provide further insight into the relationship 

between telomerase and the DNA damage response.  

 

Identification of novel protein interacting partners for Arabidopsis TERs 

 Several proteins have been proposed to interact with TERs in other species (53, 

55). The presence of two Arabidopsis TERs and the possibility of different sub-

complexes of telomerase suggest that TERs may have other unique protein partners. 

The associations of these partners could be transient, but may be important in 

modification, regulation or transport of TERs.  

 Yeast- three hybrid library analyses can be performed with either TER as bait to 

find interaction partners. An alternate approach is to tag TERs with small tags such as 

aptamer tags (292) and introduce the tagged TER in plants null for the specific TER. 

Complexes can then be purified using the tags and mass spectrometry analyses can 
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then be performed. Novel protein components that are retrieved from these analyses 

can be characterized with respect to their role in telomere length regulation or 

telomerase activity.  

 Interestingly, yeast-two hybrid screens for AtPOT1a interacting proteins 

uncovered two proteins that have not been characterized previously (M. Jasti and D. 

Shippen, unpublished data). One of these proteins has a putative RNA binding motif. It 

remains to be seen if these proteins interact with Arabidopsis TERs and if they play any 

role in the telomerase RNP. 

 

Identification of the roles of TERT and TER domains by in vitro reconstitution studies 

Our experiments indicate that both TERs can reconstitute telomerase activity in 

vitro when co-expressed with AtTERT (C. Cifuentes-Rojas & D. Shippen, unpublished 

data). This result was important as it provided strong evidence that the TER subunits 

serve as a template for telomerase. The establishment of this assay has made it 

possible to address questions relating to function of the TERT domains and elements of 

the RNA involved in binding and processivity. For example, in humans, it was found that 

two conserved regions of hTR, the pseudoknot region and the CR4/CR5 domain are 

sufficient to reconstitute telomerase activity in vitro (227).  Also, the contribution of 

different TERT and TER domains to telomerase processivity can be assessed. It would 

be interesting to know if the N-terminal domain of AtTERT plays an important role in 

telomerase processivity in plants as it does in humans and yeast (reviewed in (12)). 

Thus, we can begin to understand the functions of TER and TERT domains. 
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Identification of TER Homologs  

 In chapter IV, we describe the approaches taken to identify TER homologs in 

species closely related to Arabidopsis thaliana. We wanted to determine when the TER 

gene duplication occurred and also to obtain sequences of TER homologs from related 

species to generate a secondary structure based on phylogenetic covariation analysis. 

Phylogenetic analysis has been used to determine the secondary structure of TERs in 

ciliates, yeast and vertebrates (50, 68, 272, 352) and has led to the identification of a 

conserved TER core. We would expect plant TERs to also contain these conserved 

secondary structure elements.  

 The identification of TER1G7 homologs in species such as Arabidopsis lyrata and 

Olimarabidopsis pumila revealed these TER subunits exhibit 93% and 87% identity to 

Arabidopsis thaliana TER1G7. In contrast, the TER1G7 homolog from Brassica oleraceae 

displays only 30% identity to A. thaliana TER1G7.  Thus, it will be necessary to determine 

if the other Brassica TERs have diverged significantly from A. thaliana (e.g. TERs from 

Brassica rapa) or if B. oleraceae is an outlier. The genome of B. rapa is currently being 

sequenced and therefore it will be possible to identify TER1G7 orthologs in this organism 

(278).  

 For secondary structure determination by phylogenetic analysis, it is preferable to 

have sequences exhibiting ~ 60-80% identity (68). The greater the number of 

sequences, the better the secondary structure model generated. Therefore, TER 

subunits need to be cloned from species closely related to A. thaliana. Some of the 

species that can be considered are Crucihimalaya himalaica and Caradamine amara 

that are separated from A. thaliana by 10-14 mya and 13-19 mya respectively (121, 

168). Sequencing projects are underway for other species related to A. thaliana such as 

Capsella rubella and Thellungiella halophila (278). The availability of sequenced 
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genomes and degenerate PCR approaches should make the identification of TER 

subunits relatively straightforward and will allow us to generate a secondary structure 

model for TER1G7. 

 For TER5G2, we have been unable to find orthologs in species closely related to 

A. thaliana by degenerate PCR approaches (CHAPTER IV). Preliminary Southern 

blotting experiments performed using a probe to the region shared by both TER1G7 and 

TER5G2; indicate the presence of two TER genes in both A. lyrata and O. pumila 

(CHAPTER IV). Perhaps, this RNA is diverging rapidly, and therefore PCR approaches 

need to be modified to focus on the region shared with TER1G7. 

  

Extent of TER duplication in plant species 

 Preliminary Southern blotting experiments reveal that duplication of TER genes 

at least extends to a species that diverged from A. thaliana about 15 mya (CHAPTER 

IV). This analysis needs to be extended to other species closely related to A. thaliana to 

more precisely define the date for duplication. Southern blotting with a variety of probes 

specific to either TER or common to both TERs can be used to analyze the extent of 

duplication in Brassicaceae. This branch of angiosperms is interesting as species with 

different genome sizes and different duplication histories are present. For example, it is 

known that segments of Arabidopsis genomes are present in triplicate in the Brassica 

species (121). Several species within Brassicaceae have genomes that are smaller than 

A. thaliana including the plant Cardamine amara, whose genome size is one-third of 

Arabidopsis (121). Does TER duplication extend to this plant species? With more plant 

TER sequences, we can begin to address questions about the structure/function of 

RNAs and about the conservation of protein-binding sites in these RNAs. 
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Verification of the secondary structure model for TER1G7 

 A secondary structure model was generated for A. thaliana TER1G7 by our 

collaborator, Dr. Yehuda Tzfati (Hebrew university). This preliminary model is very 

encouraging as it shows elements conserved in other TER species. The presence of 

such elements (e.g. template boundary element, the pseudoknot and the p6.1 stem) can 

be verified through mutational analysis followed by reconstitution reactions in vitro. 

These mutants can also be transformed into plants null for TER1G7 to study the effect of 

these changes on telomerase activity in vivo. Compensatory mutations that restore the 

secondary structure element can be introduced to check if telomerase activity is 

restored.  

A consensus Sm motif was also identified in the preliminary secondary structure 

model for TER1G7. Heptameric Sm proteins function in biogenesis of snRNAs (260), and 

bind both yeast and human TERs (93, 282). It will be interesting to see if an Sm binding 

site is also seen in TER5G2. This analysis can be extended to see if the biogenesis 

pathway of Arabidopsis TERs is more similar to that of small nucleolar RNAs (involving 

dyskerin complex) or small nuclear RNAs (involving Sm proteins). Arabidopsis TERs 

may also be similar to human telomerase RNA which has a biogenesis pathway 

involving the dyskerin complex and is additionally also associated with members of the 

Sm protein complex (reviewed in (48)).  

 Human telomerase RNA contains an H/ACA motif at its 3’ end which is bound by 

dyskerin (228, 229). This motif consists of an H box (ANANNAA) and an ACA box which 

together adopt a hairpin-hinge-hairpin-tail secondary structure (99). Our data suggest 

that Arabidopsis dyskerin (AtNAP57) is associated with telomerase through an RNA 

subunit (153). In vitro, AtNAP57 binds both TER1G7 and TER5G2 (C. Cifuentes-Rojas & D. 

Shippen, unpublished data). Both TERs contain many putative H/ACA motifs and 
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therefore a secondary structure model will help in resolving which of these motifs are 

functionally relevant. 

 Finally, secondary structure models for Arabidopsis TERs will be very useful in 

understanding the elements of TERs that are necessary for protein binding. Are 

Arabidopsis TERs also modular structures similar to yeast TLC1? Once protein binding 

elements have been mapped on TERs, experiments can be performed in which the 

positions of these elements are swapped in TERs and the impact of this swapping on 

TER function can be assessed.  

 In summary, a secondary structure model for TERs will help in understanding 

why certain features of TERs have been conserved and how plant TERs relate to TERs 

from other eukaryotes.   

 

Defining a minimal TER core 

The yeast TER, TLC1, is the largest TER identified at 1.3 kb (287). The 

secondary structure for TLC1 predicts a central core region that contains the template 

and pseudoknot domains and three long helical arms that emanate from this central 

core, which are necessary for binding to specific proteins (68, 352). Intriguingly, most of 

the RNA is not required for function: a 500 nt version of TLC1, called Mini-T RNA that 

contains only the central core and the protein-binding stems can maintain telomeres in 

vivo and reconstitute telomerase activity in vitro (353). Thus, Mini-T RNA represents the 

core of the telomerase RNA in yeast.  

One observation that led us to think about a TER core for Arabidopsis TERs is 

that homozygous TER1G7-1 mutants, that express a truncated TER1G7, display reduced 

activity in vitro. This truncated transcript is similar to TER5G2 in that the template region is 

present at the 5’ end. Thus, the 5’ 200 nucleotides of TER1G7 are apparently not required 
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for its function. Once, secondary structures have been defined for Arabidopsis TERs, it 

will be interesting to define the minimal TER1G7 and TER5G2 core that is necessary for 

telomerase function in vivo and study the differences in the two TER cores that 

contribute to their function. It may be that the shared region in the two TERs is sufficient 

to constitute the core TER. Once the core elements are defined, it may be possible to 

recreate a TER core that combines elements of both TER1G7 and TER5G2 (such as 

protein-binding structural elements). This RNA will be representative of the ancestral 

RNA before duplication of TER subunits occurred. It will be exciting to see if this 

ancestral RNA can function in vivo.  

  

Identification of TERs in plant species with non-canonical telomere repeats 

 In chapter IV, we present the identification of a putative TER from Asparagus. 

Asparagus is one of several plant species in the Asparagales order of plants that display 

human-type telomere repeats (298). When the sequence of full-length Asparagus TER is 

available, the interaction of this TER with Asparagus POT1 can be checked. Asparagus 

POT1 was cloned in our lab and was shown to bind both Arabidopsis and human type 

telomeric DNA in vitro by gel-shift assays (E. Shakirov and D. Shippen, unpublished 

data). This is in contrast to AtPOT1a, which does not show any binding to telomeric DNA 

repeats in vitro and instead has evolved to bind TER1G7 (296). Therefore, it will be 

interesting to know if Asparagus POT1 has retained both DNA and RNA binding 

activities.  

 The sequence information from the putative Asparagus TER can be used to 

clone TER subunits from other closely related species such as Allium cepa (onion). 

Allium cepa does not contain any of the known telomere repeat sequences (251, 298). 

Although strategies such as FISH and Southern blotting have been used to detect 
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telomere repeats in Allium, no G-rich repeat has been identified (251, 298). Cloning of 

the TER subunit and definition of the telomere template sequence from Onion will throw 

more light on the composition and evolution of telomeres in plants.  

 

Conclusions 

 In conclusion, we have characterized two of the core components of the 

Arabidopsis telomerase RNP. Our studies reveal similarities and intruiging differences 

between telomerase RNPs in Arabidopsis and other organisms. Future challenges will 

include elucidating the function of these components in the telomerase RNP and 

defining additional components. The proposed studies will provide insight into the 

evolution of the telomerase complex.  

 



156 

 

 REFERENCES 

 

1. Aigner, S., and T. R. Cech. 2004. The Euplotes telomerase subunit p43 

stimulates enzymatic activity and processivity in vitro. RNA 10:1108-1118. 

2. Aigner, S., J. Postberg, H. J. Lipps, and T. R. Cech. 2003. The Euplotes La 

motif protein p43 has properties of a telomerase-specific subunit. Biochemistry 

42:5736-5747. 

3. Antal, M., E. Boros, F. Solymosy, and T. Kiss. 2002. Analysis of the structure 

of human telomerase RNA in vivo. Nucleic Acids Res. 30:912-920. 

4. Arai, K., K. Masutomi, S. Khurts, S. Kaneko, K. Kobayashi, and S. 

Murakami. 2002. Two independent regions of human telomerase reverse 

transcriptase are important for its oligomerization and telomerase activity. J. Biol. 

Chem. 277:8538-8544. 

5. Armanios, M., J. L. Chen, Y. P. Chang, R. A. Brodsky, A. Hawkins, C. A. 

Griffin, J. R. Eshleman, A. R. Cohen, A. Chakravarti, A. Hamosh, and C. W. 

Greider. 2005. Haploinsufficiency of telomerase reverse transcriptase leads to 

anticipation in autosomal dominant dyskeratosis congenita. Proc. Natl. Acad. Sci. 

USA 102:15960-15964. 

6. Armbruster, B. N., S. S. Banik, C. Guo, A. C. Smith, and C. M. Counter. 2001. 

N-terminal domains of the human telomerase catalytic subunit required for 

enzyme activity in vivo. Mol. Cell. Biol. 21:7775-7786. 

7. Armbruster, B. N., K. T. Etheridge, D. Broccoli, and C. M. Counter. 2003. 

Putative telomere-recruiting domain in the catalytic subunit of human telomerase. 

Mol. Cell. Biol. 23:3237-3246. 



157 

 

8. Armbruster, B. N., C. M. Linardic, T. Veldman, N. P. Bansal, D. L. Downie, 

and C. M. Counter. 2004. Rescue of an hTERT mutant defective in telomere 

elongation by fusion with hPot1. Mol. Cell. Biol. 24:3552-3561. 

9. Armstrong, S. J., F. C. Franklin, and G. H. Jones. 2001. Nucleolus-associated 

telomere clustering and pairing precede meiotic chromosome synapsis in 

Arabidopsis thaliana. J. Cell Sci. 114:4207-4217. 

10. Autexier, C., and C. W. Greider. 1994. Functional reconstitution of wild-type and 

mutant Tetrahymena telomerase. Genes Dev. 8:563-575. 

11. Autexier, C., and C. W. Greider. 1995. Boundary elements of the Tetrahymena 

telomerase RNA template and alignment domains. Genes Dev. 9:2227-2239. 

12. Autexier, C., and N. F. Lue. 2006. The structure and function of telomerase 

reverse transcriptase. Annu. Rev. Biochem. 75:493-517. 

13. Bachand, F., and C. Autexier. 2001. Functional regions of human telomerase 

reverse transcriptase and human telomerase RNA required for telomerase 

activity and RNA-protein interactions. Mol. Cell. Biol. 21:1888-1897. 

14. Bachand, F., F. M. Boisvert, J. Cote, S. Richard, and C. Autexier. 2002. The 

product of the survival of motor neuron (SMN) gene is a human telomerase-

associated protein. Mol. Biol. Cell 13:3192-3202. 

15. Banik, S. S., and C. M. Counter. 2004. Characterization of interactions between 

PinX1 and human telomerase subunits hTERT and hTR. J. Biol. Chem. 

279:51745-51748. 

16. Barton, A. B., Y. Su, J. Lamb, D. Barber, and D. B. Kaback. 2003. A function 

for subtelomeric DNA in Saccharomyces cerevisiae. Genetics 165:929-934. 

17. Baumann, P. 2006. Are mouse telomeres going to pot? Cell 126:33-36. 



158 

 

18. Baumann, P., and T. R. Cech. 2001. Pot1, the putative telomere end-binding 

protein in fission yeast and humans. Science 292:1171-1175. 

19. Beattie, T. L., W. Zhou, M. O. Robinson, and L. Harrington. 2000. 

Polymerization defects within human telomerase are distinct from telomerase 

RNA and TEP1 binding. Mol. Biol. Cell 11:3329-3340. 

20. Beattie, T. L., W. Zhou, M. O. Robinson, and L. Harrington. 2001. Functional 

multimerization of the human telomerase reverse transcriptase. Mol. Cell. Biol. 

21:6151-6160. 

21. Bianchi, A., S. Smith, L. Chong, P. Elias, and T. de Lange. 1997. TRF1 is a 

dimer and bends telomeric DNA. EMBO J. 16:1785-1794. 

22. Biessmann, H., K. Valgeirsdottir, A. Lofsky, C. Chin, B. Ginther, R. W. Levis, 

and M. L. Pardue. 1992. HeT-A, a transposable element specifically involved in 

"healing" broken chromosome ends in Drosophila melanogaster. Mol. Cell. Biol. 

12:3910-3918. 

23. Bilaud, T., C. E. Koering, E. Binet-Brasselet, K. Ancelin, A. Pollice, S. M. 

Gasser, and E. Gilson. 1996. The telobox, a Myb-related telomeric DNA binding 

motif found in proteins from yeast, plants and human. Nucleic Acids Res. 

24:1294-1303. 

24. Blackburn, E. H. 1992. Telomerases. Annu. Rev. Biochem. 61:113-129. 

25. Blackburn, E. H. 2005. Telomeres and telomerase: their mechanisms of action 

and the effects of altering their functions. FEBS Lett. 579:859-862. 

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

termini of the extrachromosomal ribosomal RNA genes in Tetrahymena. J. Mol. 

Biol. 120:33-53. 



159 

 

27. Blackburn, E. H., M. L. Budarf, P. B. Challoner, J. M. Cherry, E. A. Howard, 

A. L. Katzen, W. C. Pan, and T. Ryan. 1983. DNA termini in ciliate macronuclei. 

Cold Spring Harb. Symp. Quant. Biol. 47 Pt 2:1195-1207. 

28. Blackburn, E. H., C. W. Greider, and J. W. Szostak. 2006. Telomeres and 

telomerase: the path from maize, Tetrahymena and yeast to human cancer and 

aging. Nat. Med. 12:1133-1138. 

29. Blanc, G., and K. H. Wolfe. 2004. Functional divergence of duplicated genes 

formed by polyploidy during Arabidopsis evolution. Plant Cell 16:1679-1691. 

30. Blasco, M. A., H. W. Lee, M. P. Hande, E. Samper, P. M. Lansdorp, R. A. 

DePinho, and C. W. Greider. 1997. Telomere shortening and tumor formation 

by mouse cells lacking telomerase RNA. Cell 91:25-34. 

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

B. Harley, J. W. Shay, S. Lichtsteiner, and W. E. Wright. 1998. Extension of 

life-span by introduction of telomerase into normal human cells. Science 

279:349-352. 

32. Bosoy, D., and N. F. Lue. 2001. Functional analysis of conserved residues in 

the putative "finger" domain of telomerase reverse transcriptase. J. Biol. Chem. 

276:46305-46312. 

33. Boule, J. B., L. R. Vega, and V. A. Zakian. 2005. The yeast Pif1p helicase 

removes telomerase from telomeric DNA. Nature 438:57-61. 

34. Boulton, S. J., and S. P. Jackson. 1998. Components of the Ku-dependent 

non-homologous end-joining pathway are involved in telomeric length 

maintenance and telomeric silencing. EMBO J 17:1819-1828. 



160 

 

35. Broccoli, D., A. Smogorzewska, L. Chong, and T. de Lange. 1997. Human 

telomeres contain two distinct Myb-related proteins, TRF1 and TRF2. Nat. Genet. 

17:231-235. 

36. Brown, J. W., G. P. Clark, D. J. Leader, C. G. Simpson, and T. Lowe. 2001. 

Multiple snoRNA gene clusters from Arabidopsis. RNA 7:1817-1832. 

37. Bryan, T. M., K. J. Goodrich, and T. R. Cech. 2000. Telomerase RNA bound by 

protein motifs specific to telomerase reverse transcriptase. Mol. Cell 6:493-499. 

38. Bryan, T. M., K. J. Goodrich, and T. R. Cech. 2003. Tetrahymena telomerase 

is active as a monomer. Mol. Biol. Cell 14:4794-4804. 

39. Bryan, T. M., J. M. Sperger, K. B. Chapman, and T. R. Cech. 1998. 

Telomerase reverse transcriptase genes identified in Tetrahymena thermophila 

and Oxytricha trifallax. Proc. Natl. Acad. Sci. USA 95:8479-8484. 

40. Cerone, M. A., R. J. Ward, J. A. Londono-Vallejo, and C. Autexier. 2005. 

Telomerase RNA mutated in autosomal dyskeratosis congenita reconstitutes a 

weakly active telomerase enzyme defective in telomere elongation. Cell Cycle 

4:585-589. 

41. Cesare, A. J., N. Quinney, S. Willcox, D. Subramanian, and J. D. Griffith. 

2003. Telomere looping in P. sativum (common garden pea). Plant J. 36:271-

279. 

42. Chai, W., L. P. Ford, L. Lenertz, W. E. Wright, and J. W. Shay. 2002. Human 

Ku70/80 associates physically with telomerase through interaction with hTERT. 

J. Biol. Chem. 277:47242-7. 

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

telomere structure allows telomerase to act in yeast lacking ATM kinases. Curr. 

Biol. 11:1240-1250. 



161 

 

44. Chandra, A., T. R. Hughes, C. I. Nugent, and V. Lundblad. 2001. Cdc13 both 

positively and negatively regulates telomere replication. Genes Dev. 15:404-414. 

45. Chapon, C., T. R. Cech, and A. J. Zaug. 1997. Polyadenylation of telomerase 

RNA in budding yeast. RNA 3:1337-1351. 

46. Chappell, A. S., and V. Lundblad. 2004. Structural elements required for 

association of the Saccharomyces cerevisiae telomerase RNA with the Est2 

reverse transcriptase. Mol. Cell. Biol. 24:7720-7736. 

47. Chen, J. L., and C. W. Greider. 2003. Determinants in mammalian telomerase 

RNA that mediate enzyme processivity and cross-species incompatibility. EMBO 

J. 22:304-314. 

48. Chen, J. L., and C. W. Greider. 2004. Telomerase RNA structure and function: 

implications for dyskeratosis congenita. Trends Biochem. Sci. 29:183-192. 

49. Chen, J. L., and C. W. Greider. 2003. Template boundary definition in 

mammalian telomerase. Genes Dev. 17:2747-2752. 

50. Chen, J. L., M. A. Blasco, and C. W. Greider. 2000. Secondary structure of 

vertebrate telomerase RNA. Cell 100:503-514. 

51. Chen, J. L., K. K. Opperman, and C. W. Greider. 2002. A critical stem-loop 

structure in the CR4-CR5 domain of mammalian telomerase RNA. Nucleic Acids 

Res. 30:592-597. 

52. Churikov, D., C. Wei, and C. M. Price. 2006. Vertebrate POT1 restricts G-

overhang length and prevents activation of a telomeric DNA damage checkpoint 

but is dispensable for overhang protection. Mol. Cell. Biol. 26:6971-6982. 

53. Cohen, S. B., M. E. Graham, G. O. Lovrecz, N. Bache, P. J. Robinson, and R. 

R. Reddel. 2007. Protein composition of catalytically active human telomerase 

from immortal cells. Science 315:1850-1853. 



162 

 

54. Cohn, M., and E. H. Blackburn. 1995. Telomerase in yeast. Science 269:396-

400. 

55. Collins, K. 2006. The biogenesis and regulation of telomerase holoenzymes. 

Nat. Rev. Mol. Cell. Biol. 7:484-494. 

56. Collins, K. 2008. Physiological assembly and activity of human telomerase 

complexes. Mech. Ageing Dev. 129:91-98. 

57. Collins, K., and L. Gandhi. 1998. The reverse transcriptase component of the 

Tetrahymena telomerase ribonucleoprotein complex. Proc. Natl. Acad. Sci. USA 

95:8485-8490. 

58. Collins, K., and C. W. Greider. 1993. Tetrahymena telomerase catalyzes 

nucleolytic cleavage and nonprocessive elongation. Genes Dev. 7:1364-1376. 

59. Collins, K., R. Kobayashi, and C. W. Greider. 1995. Purification of 

Tetrahymena telomerase and cloning of genes encoding the two protein 

components of the enzyme. Cell 81:677-686. 

60. Comolli, L. R., I. Smirnov, L. Xu, E. H. Blackburn, and T. L. James. 2002. A 

molecular switch underlies a human telomerase disease. Proc. Natl. Acad. Sci. 

USA 99:16998-17003. 

61. Cong, Y. S., W. E. Wright, and J. W. Shay. 2002. Human telomerase and its 

regulation. Microbiol. Mol. Biol. Rev. 66:407-25. 

62. Counter, C. M., W. C. Hahn, W. Wei, S. D. Caddle, R. L. Beijersbergen, P. M. 

Lansdorp, J. M. Sedivy, and R. A. Weinberg. 1998. Dissociation among in vitro 

telomerase activity, telomere maintenance, and cellular immortalization. Proc. 

Natl. Acad. Sci. USA 95:14723-14728. 

63. Counter, C. M., M. Meyerson, E. N. Eaton, and R. A. Weinberg. 1997. The 

catalytic subunit of yeast telomerase. Proc. Natl. Acad. Sci. USA 94:9202-9207. 



163 

 

64. Cristofari, G., K. Sikora, and J. Lingner. 2007. Telomerase unplugged. ACS 

Chem. Biol. 2:155-158. 

65. d'Adda di Fagagna, F. 2008. Living on a break: cellular senescence as a DNA-

damage response. Nat. Rev. Cancer 8:512-522. 

66. d'Adda di Fagagna, F., M. P. Hande, W. M. Tong, D. Roth, P. M. Lansdorp, Z. 

Q. Wang, and S. P. Jackson. 2001. Effects of DNA nonhomologous end-joining 

factors on telomere length and chromosomal stability in mammalian cells. Curr. 

Biol. 11:1192-1196. 

67. d'Adda di Fagagna, F., S. H. Teo, and S. P. Jackson. 2004. Functional links 

between telomeres and proteins of the DNA-damage response. Genes Dev. 

18:1781-1799. 

68. Dandjinou, A. T., N. Levesque, S. Larose, J. F. Lucier, S. Abou Elela, and R. 

J. Wellinger. 2004. A phylogenetically based secondary structure for the yeast 

telomerase RNA. Curr. Biol. 14:1148-1158. 

69. de Bruin, D., Z. Zaman, R. A. Liberatore, and M. Ptashne. 2001. Telomere 

looping permits gene activation by a downstream UAS in yeast. Nature 409:109-

113. 

70. de Lange, T. 2005. Shelterin: the protein complex that shapes and safeguards 

human telomeres. Genes Dev. 19:2100-2110. 

71. de Lange, T., L. Shiue, R. M. Myers, D. R. Cox, S. L. Naylor, A. M. Killery, 

and H. E. Varmus. 1990. Structure and variability of human chromosome ends. 

Mol. Cell. Biol. 10:518-527. 

72. Denchi, E. L., and T. de Lange. 2007. Protection of telomeres through 

independent control of ATM and ATR by TRF2 and POT1. Nature 448:1068-71. 



164 

 

73. Dez, C., A. Henras, B. Faucon, D. Lafontaine, M. Caizergues-Ferrer, and Y. 

Henry. 2001. Stable expression in yeast of the mature form of human telomerase 

RNA depends on its association with the box H/ACA small nucleolar RNP 

proteins Cbf5p, Nhp2p and Nop10p. Nucleic Acids Res. 29:598-603. 

74. Difilippantonio, S., and A. Nussenzweig. 2007. The NBS1-ATM connection 

revisited. Cell Cycle 6:2366-2370. 

75. Dragon, F., V. Pogacic, and W. Filipowicz. 2000. In vitro assembly of human 

H/ACA small nucleolar RNPs reveals unique features of U17 and telomerase 

RNAs. Mol. Cell. Biol. 20:3037-3048. 

76. Erdmann, N., Y. Liu, and L. Harrington. 2004. Distinct dosage requirements for 

the maintenance of long and short telomeres in mTert heterozygous mice. Proc. 

Natl. Acad. Sci. USA 101:6080-6085. 

77. Espejel, S., S. Franco, S. Rodriguez-Perales, S. D. Bouffler, J. C. Cigudosa, 

and M. A. Blasco. 2002. Mammalian Ku86 mediates chromosomal fusions and 

apoptosis caused by critically short telomeres. EMBO J. 21:2207-2219. 

78. Evans, S. K., and V. Lundblad. 1999. Est1 and Cdc13 as comediators of 

telomerase access. Science 286:117-120. 

79. Evans, S. K., and V. Lundblad. 2002. The Est1 subunit of Saccharomyces 

cerevisiae telomerase makes multiple contributions to telomere length 

maintenance. Genetics 162:1101-1115. 

80. Feng, J., W. D. Funk, S. S. Wang, S. L. Weinrich, A. A. Avilion, C. P. Chiu, R. 

R. Adams, E. Chang, R. C. Allsopp, J. Yu, and et al. 1995. The RNA 

component of human telomerase. Science 269:1236-1241. 



165 

 

81. Fiset, S., and B. Chabot. 2001. hnRNP A1 may interact simultaneously with 

telomeric DNA and the human telomerase RNA in vitro. Nucleic Acids Res. 

29:2268-2275. 

82. Fisher, T. S., A. K. Taggart, and V. A. Zakian. 2004. Cell cycle-dependent 

regulation of yeast telomerase by Ku. Nat. Struct. Mol. Biol. 11:1198-205. 

83. Fitzgerald, M. S., T. D. McKnight, and D. E. Shippen. 1996. Characterization 

and developmental patterns of telomerase expression in plants. Proc. Natl. Acad. 

Sci. USA 93:14422-14427. 

84. Fitzgerald, M. S., K. Riha, F. Gao, S. Ren, T. D. McKnight, and D. E. Shippen. 

1999. Disruption of the telomerase catalytic subunit gene from Arabidopsis 

inactivates telomerase and leads to a slow loss of telomeric DNA. Proc. Natl. 

Acad. Sci. USA 96:14813-8. 

85. Ford, L. P., J. M. Suh, W. E. Wright, and J. W. Shay. 2000. Heterogeneous 

nuclear ribonucleoproteins C1 and C2 associate with the RNA component of 

human telomerase. Mol. Cell. Biol. 20:9084-9091. 

86. Ford, L. P., W. E. Wright, and J. W. Shay. 2002. A model for heterogeneous 

nuclear ribonucleoproteins in telomere and telomerase regulation. Oncogene 

21:580-583. 

87. Forstemann, K., and J. Lingner. 2001. Molecular basis for telomere repeat 

divergence in budding yeast. Mol. Cell. Biol. 21:7277-7286. 

88. Fourel, G., E. Revardel, C. E. Koering, and E. Gilson. 1999. Cohabitation of 

insulators and silencing elements in yeast subtelomeric regions. EMBO J. 

18:2522-2537. 



166 

 

89. Foury, F., and J. Kolodynski. 1983. pif mutation blocks recombination between 

mitochondrial rho+ and rho- genomes having tandemly arrayed repeat units in 

Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 80:5345-5349. 

90. Friedman, K. L., and T. R. Cech. 1999. Essential functions of amino-terminal 

domains in the yeast telomerase catalytic subunit revealed by selection for viable 

mutants. Genes Dev. 13:2863-2874. 

91. Friedman, K. L., J. J. Heit, D. M. Long, and T. R. Cech. 2003. N-terminal 

domain of yeast telomerase reverse transcriptase: recruitment of Est3p to the 

telomerase complex. Mol. Biol. Cell 14:1-13. 

92. Fu, D., and K. Collins. 2003. Distinct biogenesis pathways for human 

telomerase RNA and H/ACA small nucleolar RNAs. Mol. Cell 11:1361-1372. 

93. Fu, D., and K. Collins. 2006. Human telomerase and Cajal body 

ribonucleoproteins share a unique specificity of Sm protein association. Genes 

Dev. 20:531-536. 

94. Fu, D., and K. Collins. 2007. Purification of human telomerase complexes 

identifies factors involved in telomerase biogenesis and telomere length 

regulation. Mol. Cell 28:773-785. 

95. Gallardo, F., C. Olivier, A. T. Dandjinou, R. J. Wellinger, and P. Chartrand. 

2008. TLC1 RNA nucleo-cytoplasmic trafficking links telomerase biogenesis to its 

recruitment to telomeres. EMBO J. 27:748-757. 

96. Gallego, M. E., J. Y. Bleuyard, S. Daoudal-Cotterell, N. Jallut, and C. I. 

White. 2003. Ku80 plays a role in non-homologous recombination but is not 

required for T-DNA integration in Arabidopsis. Plant J. 35:557-565. 

97. Gallego, M. E., N. Jalut, and C. I. White. 2003. Telomerase dependence of 

telomere lengthening in Ku80 mutant Arabidopsis. Plant Cell 15:782-789. 



167 

 

98. Gandhi, L., and K. Collins. 1998. Interaction of recombinant Tetrahymena 

telomerase proteins p80 and p95 with telomerase RNA and telomeric DNA 

substrates. Genes Dev. 12:721-733. 

99. Ganot, P., M. Caizergues-Ferrer, and T. Kiss. 1997. The family of box ACA 

small nucleolar RNAs is defined by an evolutionarily conserved secondary 

structure and ubiquitous sequence elements essential for RNA accumulation. 

Genes Dev. 11:941-956. 

100. Gao, H., R. B. Cervantes, E. K. Mandell, J. H. Otero, and V. Lundblad. 2007. 

RPA-like proteins mediate yeast telomere function. Nat. Struct. Mol. Biol. 14:208-

214. 

101. Garcia, C. K., W. E. Wright, and J. W. Shay. 2007. Human diseases of 

telomerase dysfunction: insights into tissue aging. Nucleic Acids Res. 35:7406-

7416. 

102. Garvik, B., M. Carson, and L. Hartwell. 1995. Single-stranded DNA arising at 

telomeres in cdc13 mutants may constitute a specific signal for the RAD9 

checkpoint. Mol. Cell. Biol. 15:6128-6138. 

103. Gilley, D., and E. H. Blackburn. 1999. The telomerase RNA pseudoknot is 

critical for the stable assembly of a catalytically active ribonucleoprotein. Proc. 

Natl. Acad. Sci. USA 96:6621-6625. 

104. Gilson, E., and V. Geli. 2007. How telomeres are replicated. Nat. Rev. Mol. Cell. 

Biol. 8:825-838. 

105. Gipson, C. L., Z. T. Xin, S. C. Danzy, T. G. Parslow, and H. Ly. 2007. 

Functional characterization of yeast telomerase RNA dimerization. J. Biol. Chem. 

282:18857-18863. 



168 

 

106. Goldman, F., R. Bouarich, S. Kulkarni, S. Freeman, H. Y. Du, L. Harrington, 

P. J. Mason, A. Londono-Vallejo, and M. Bessler. 2005. The effect of TERC 

haploinsufficiency on the inheritance of telomere length. Proc. Natl. Acad. Sci. 

USA 102:17119-17124. 

107. Gonzalo, S., I. Jaco, M. F. Fraga, T. Chen, E. Li, M. Esteller, and M. A. 

Blasco. 2006. DNA methyltransferases control telomere length and telomere 

recombination in mammalian cells. Nat. Cell. Biol. 8:416-424. 

108. Gottschling, D. E., O. M. Aparicio, B. L. Billington, and V. A. Zakian. 1990. 

Position effect at S. cerevisiae telomeres: reversible repression of Pol II 

transcription. Cell 63:751-762. 

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

and Mre11p are required for normal levels of Est1p and Est2p telomere 

association. Mol. Cell 24:603-610. 

110. Grandin, N., C. Damon, and M. Charbonneau. 2001. Ten1 functions in 

telomere end protection and length regulation in association with Stn1 and 

Cdc13. EMBO J. 20:1173-1183. 

111. Grandin, N., S. I. Reed, and M. Charbonneau. 1997. Stn1, a new 

Saccharomyces cerevisiae protein, is implicated in telomere size regulation in 

association with Cdc13. Genes Dev. 11:512-527. 

112. Gravel, S., M. Larrivee, P. Labrecque, and R. J. Wellinger. 1998. Yeast Ku as 

a regulator of chromosomal DNA end structure. Science 280:741-744. 

113. Greene, E. C., J. Bednenko, and D. E. Shippen. 1998. Flexible positioning of 

the telomerase-associated nuclease leads to preferential elimination of 

nontelomeric DNA. Mol. Cell. Biol. 18:1544-1552. 



169 

 

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

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

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

829. 

115. Greider, C. W. 1991. Telomerase is processive. Mol. Cell. Biol. 11:4572-4580. 

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

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

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

of Tetrahymena is a ribonucleoprotein enzyme with two kinds of primer 

specificity. Cell 51:887-898. 

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

Tetrahymena telomerase required for telomere repeat synthesis. Nature 

337:331-337. 

119. Griffith, J. D., L. Comeau, S. Rosenfield, R. M. Stansel, A. Bianchi, H. Moss, 

and T. de Lange. 1999. Mammalian telomeres end in a large duplex loop. Cell 

97:503-514. 

120. Hahn, W. C., C. M. Counter, A. S. Lundberg, R. L. Beijersbergen, M. W. 

Brooks, and R. A. Weinberg. 1999. Creation of human tumour cells with 

defined genetic elements. Nature 400:464-468. 

121. Hall, A. E., A. Fiebig, and D. Preuss. 2002. Beyond the Arabidopsis genome: 

opportunities for comparative genomics. Plant Physiol. 129:1439-1447. 

122. Hammond, P. W., T. N. Lively, and T. R. Cech. 1997. The anchor site of 

telomerase from Euplotes aediculatus revealed by photo-cross-linking to single- 

and double-stranded DNA primers. Mol. Cell. Biol. 17:296-308. 



170 

 

123. Harley, C. B., A. B. Futcher, and C. W. Greider. 1990. Telomeres shorten 

during ageing of human fibroblasts. Nature 345:458-460. 

124. Harrington, L. 2005. Making the most of a little: dosage effects in eukaryotic 

telomere length maintenance. Chromosome Res. 13:493-504. 

125. Harrington, L., T. McPhail, V. Mar, W. Zhou, R. Oulton, M. B. Bass, I. Arruda, 

and M. O. Robinson. 1997. A mammalian telomerase-associated protein. 

Science 275:973-977. 

126. Hassock, S., D. Vetrie, and F. Giannelli. 1999. Mapping and characterization of 

the X-linked dyskeratosis congenita (DKC) gene. Genomics 55:21-27. 

127. Hastie, N. D., M. Dempster, M. G. Dunlop, A. M. Thompson, D. K. Green, and 

R. C. Allshire. 1990. Telomere reduction in human colorectal carcinoma and 

with ageing. Nature 346:866-868. 

128. Hathcock, K. S., M. T. Hemann, K. K. Opperman, M. A. Strong, C. W. 

Greider, and R. J. Hodes. 2002. Haploinsufficiency of mTR results in defects in 

telomere elongation. Proc. Natl. Acad. Sci. USA 99:3591-3596. 

129. He, J., S. Navarrete, M. Jasinski, T. Vulliamy, I. Dokal, M. Bessler, and P. J. 

Mason. 2002. Targeted disruption of Dkc1, the gene mutated in X-linked 

dyskeratosis congenita, causes embryonic lethality in mice. Oncogene 21:7740-

7744. 

130. Heacock, M., E. Spangler, K. Riha, J. Puizina, and D. E. Shippen. 2004. 

Molecular analysis of telomere fusions in Arabidopsis: multiple pathways for 

chromosome end-joining. EMBO J. 23:2304-2313. 

131. Hedges, S. B., J. E. Blair, M. L. Venturi, and J. L. Shoe. 2004. A molecular 

timescale of eukaryote evolution and the rise of complex multicellular life. BMC 

Evol. Biol. 4:2. 



171 

 

132. Hediger, F., A. S. Berthiau, G. van Houwe, E. Gilson, and S. M. Gasser. 

2006. Subtelomeric factors antagonize telomere anchoring and Tel1-independent 

telomere length regulation. EMBO J. 25:857-867. 

133. Hediger, F., F. R. Neumann, G. Van Houwe, K. Dubrana, and S. M. Gasser. 

2002. Live imaging of telomeres: yKu and Sir proteins define redundant 

telomere-anchoring pathways in yeast. Curr. Biol. 12:2076-2089. 

134. Heiss, N. S., S. W. Knight, T. J. Vulliamy, S. M. Klauck, S. Wiemann, P. J. 

Mason, A. Poustka, and I. Dokal. 1998. X-linked dyskeratosis congenita is 

caused by mutations in a highly conserved gene with putative nucleolar 

functions. Nat. Genet. 19:32-38. 

135. Hemann, M. T., M. A. Strong, L. Y. Hao, and C. W. Greider. 2001. The shortest 

telomere, not average telomere length, is critical for cell viability and 

chromosome stability. Cell 107:67-77. 

136. Henikoff, S., B. J. Till, and L. Comai. 2004. TILLING. Traditional mutagenesis 

meets functional genomics. Plant Physiol. 135:630-636. 

137. Herbert, B. S., A. E. Hochreiter, W. E. Wright, and J. W. Shay. 2006. 

Nonradioactive detection of telomerase activity using the telomeric repeat 

amplification protocol. Nat Protoc. 1:1583-1590. 

138. Hirsch, J., V. Lefort, M. Vankersschaver, A. Boualem, A. Lucas, C. Thermes, 

Y. d'Aubenton-Carafa, and M. Crespi. 2006. Characterization of 43 non-

protein-coding mRNA genes in Arabidopsis, including the MIR162a-derived 

transcripts. Plant Physiol. 140:1192-1204. 

139. Hoareau-Aveilla, C., M. Bonoli, M. Caizergues-Ferrer, and Y. Henry. 2006. 

hNaf1 is required for accumulation of human box H/ACA snoRNPs, scaRNPs, 

and telomerase. RNA 12:832-840. 



172 

 

140. Hockemeyer, D., A. J. Sfeir, J. W. Shay, W. E. Wright, and T. de Lange. 2005. 

POT1 protects telomeres from a transient DNA damage response and 

determines how human chromosomes end. EMBO J. 24:2667-2678. 

141. Holt, S. E., D. L. Aisner, J. Baur, V. M. Tesmer, M. Dy, M. Ouellette, J. B. 

Trager, G. B. Morin, D. O. Toft, J. W. Shay, W. E. Wright, and M. A. White. 

1999. Functional requirement of p23 and Hsp90 in telomerase complexes. 

Genes Dev. 13:817-826. 

142. Hossain, S., S. Singh, and N. F. Lue. 2002. Functional analysis of the C-

terminal extension of telomerase reverse transcriptase. A putative "thumb" 

domain. J. Biol. Chem. 277:36174-36180. 

143. Hsu, H. L., D. Gilley, S. A. Galande, M. P. Hande, B. Allen, S. H. Kim, G. C. Li, 

J. Campisi, T. Kohwi-Shigematsu, and D. J. Chen. 2000. Ku acts in a unique 

way at the mammalian telomere to prevent end joining. Genes Dev. 14:2807-

2812. 

144. Huard, S., and C. Autexier. 2004. Human telomerase catalyzes nucleolytic 

primer cleavage. Nucleic Acids Res. 32:2171-2180. 

145. Huard, S., T. J. Moriarty, and C. Autexier. 2003. The C terminus of the human 

telomerase reverse transcriptase is a determinant of enzyme processivity. 

Nucleic Acids Res. 31:4059-4070. 

146. Hughes, T. R., S. K. Evans, R. G. Weilbaecher, and V. Lundblad. 2000. The 

Est3 protein is a subunit of yeast telomerase. Curr. Biol. 10:809-812. 

147. Huttenhofer, A., and J. Vogel. 2006. Experimental approaches to identify non-

coding RNAs. Nucleic Acids Res. 34:635-646. 

148. Hwang, M. G., and M. H. Cho. 2007. Arabidopsis thaliana telomeric DNA-

binding protein 1 is required for telomere length homeostasis and its Myb-



173 

 

extension domain stabilizes plant telomeric DNA binding. Nucleic Acids Res. 

35:1333-1342. 

149. Jacobs, S. A., E. R. Podell, and T. R. Cech. 2006. Crystal structure of the 

essential N-terminal domain of telomerase reverse transcriptase. Nat. Struct. 

Mol. Biol. 13:218-225. 

150. Jacobs, S. A., E. R. Podell, D. S. Wuttke, and T. R. Cech. 2005. Soluble 

domains of telomerase reverse transcriptase identified by high-throughput 

screening. Protein Sci. 14:2051-2058. 

151. Jady, B. E., E. Bertrand, and T. Kiss. 2004. Human telomerase RNA and box 

H/ACA scaRNAs share a common Cajal body-specific localization signal. J. Cell. 

Biol. 164:647-652. 

152. Kang, S. S., T. Kwon, D. Y. Kwon, and S. I. Do. 1999. Akt protein kinase 

enhances human telomerase activity through phosphorylation of telomerase 

reverse transcriptase subunit. J. Biol. Chem. 274:13085-13090. 

153. Kannan, K., A. D. Nelson, and D. E. Shippen. 2008. Dyskerin is a component 

of the Arabidopsis telomerase RNP required for telomere maintenance. Mol. Cell. 

Biol. 28:2332-2341. 

154. Karamysheva, Z. N., Y. V. Surovtseva, L. Vespa, E. V. Shakirov, and D. E. 

Shippen. 2004. A C-terminal Myb extension domain defines a novel family of 

double-strand telomeric DNA-binding proteins in Arabidopsis. J. Biol. Chem. 

279:47799-47807. 

155. Karlseder, J., D. Broccoli, Y. Dai, S. Hardy, and T. de Lange. 1999. p53- and 

ATM-dependent apoptosis induced by telomeres lacking TRF2. Science 

283:1321-1325. 



174 

 

156. Kedde, M., C. le Sage, A. Duursma, E. Zlotorynski, B. van Leeuwen, W. 

Nijkamp, R. Beijersbergen, and R. Agami. 2006. Telomerase-independent 

regulation of ATR by human telomerase RNA. J. Biol. Chem. 281:40503-40514. 

157. Kelleher, C., I. Kurth, and J. Lingner. 2005. Human protection of telomeres 1 

(POT1) is a negative regulator of telomerase activity in vitro. Mol. Cell. Biol. 

25:808-818. 

158. Khusial, P., R. Plaag, and G. W. Zieve. 2005. LSm proteins form heptameric 

rings that bind to RNA via repeating motifs. Trends Biochem. Sci. 30:522-528. 

159. Kilian, A., D. D. Bowtell, H. E. Abud, G. R. Hime, D. J. Venter, P. K. Keese, E. 

L. Duncan, R. R. Reddel, and R. A. Jefferson. 1997. Isolation of a candidate 

human telomerase catalytic subunit gene, which reveals complex splicing 

patterns in different cell types. Hum. Mol. Genet. 6:2011-2019. 

160. Kim, J. H., S. M. Park, M. R. Kang, S. Y. Oh, T. H. Lee, M. T. Muller, and I. K. 

Chung. 2005. Ubiquitin ligase MKRN1 modulates telomere length homeostasis 

through a proteolysis of hTERT. Genes Dev. 19:776-781. 

161. Kim, M., L. Xu, and E. H. Blackburn. 2003. Catalytically active human 

telomerase mutants with allele-specific biological properties. Exp. Cell. Res. 

288:277-287. 

162. Kim, N. W., M. A. Piatyszek, K. R. Prowse, C. B. Harley, M. D. West, P. L. Ho, 

G. M. Coviello, W. E. Wright, S. L. Weinrich, and J. W. Shay. 1994. Specific 

association of human telomerase activity with immortal cells and cancer. Science 

266:2011-2015. 

163. Kim, S. H., C. Beausejour, A. R. Davalos, P. Kaminker, S. J. Heo, and J. 

Campisi. 2004. TIN2 mediates functions of TRF2 at human telomeres. J. Biol. 

Chem. 279:43799-43804. 



175 

 

164. Kim, S. H., P. Kaminker, and J. Campisi. 1999. TIN2, a new regulator of 

telomere length in human cells. Nat. Genet. 23:405-412. 

165. Kirwan, M., and I. Dokal. 2008. Dyskeratosis congenita: a genetic disorder of 

many faces. Clin. Genet. 73:103-112. 

166. Kishi, S., X. Z. Zhou, Y. Ziv, C. Khoo, D. E. Hill, Y. Shiloh, and K. P. Lu. 2001. 

Telomeric protein Pin2/TRF1 as an important ATM target in response to double 

strand DNA breaks. J. Biol. Chem. 276:29282-29291. 

167. Klobutcher, L. A., M. T. Swanton, P. Donini, and D. M. Prescott. 1981. All 

gene-sized DNA molecules in four species of hypotrichs have the same terminal 

sequence and an unusual 3' terminus. Proc. Natl. Acad. Sci. USA 78:3015-3019. 

168. Koch, M., B. Haubold, and T. Mitchell-Olds. 2001. Molecular systematics of 

the Brassicaceae: evidence from coding plastidic matK and nuclear Chs 

sequences. Am. J. Bot. 88:534-544. 

169. LaBranche, H., S. Dupuis, Y. Ben-David, M. R. Bani, R. J. Wellinger, and B. 

Chabot. 1998. Telomere elongation by hnRNP A1 and a derivative that interacts 

with telomeric repeats and telomerase. Nat. Genet. 19:199-202. 

170. Lai, C. K., M. C. Miller, and K. Collins. 2002. Template boundary definition in 

Tetrahymena telomerase. Genes Dev. 16:415-420.  

171. Lai, C. K., M. C. Miller, and K. Collins. 2003. Roles for RNA in telomerase 

nucleotide and repeat addition processivity. Mol. Cell 11:1673-1683. 

172. Lai, C. K., J. R. Mitchell, and K. Collins. 2001. RNA binding domain of 

telomerase reverse transcriptase. Mol. Cell. Biol. 21:990-1000. 

173. Laroche, T., S. G. Martin, M. Gotta, H. C. Gorham, F. E. Pryde, E. J. Louis, 

and S. M. Gasser. 1998. Mutation of yeast Ku genes disrupts the subnuclear 

organization of telomeres. Curr. Biol. 8:653-656. 



176 

 

174. Le, S., R. Sternglanz, and C. W. Greider. 2000. Identification of two RNA-

binding proteins associated with human telomerase RNA. Mol. Biol. Cell 11:999-

1010. 

175. Lee, H. W., M. A. Blasco, G. J. Gottlieb, J. W. Horner, 2nd, C. W. Greider, 

and R. A. DePinho. 1998. Essential role of mouse telomerase in highly 

proliferative organs. Nature 392:569-574. 

176. Lee, S. R., J. M. Wong, and K. Collins. 2003. Human telomerase reverse 

transcriptase motifs required for elongation of a telomeric substrate. J. Biol. 

Chem. 278:52531-52536. 

177. Legassie, J. D., and M. B. Jarstfer. 2006. The unmasking of telomerase. 

Structure 14:1603-1609. 

178. Lei, M., E. R. Podell, and T. R. Cech. 2004. Structure of human POT1 bound to 

telomeric single-stranded DNA provides a model for chromosome end-protection. 

Nat. Struct. Mol. Biol. 11:1223-1229. 

179. Lei, M., A. J. Zaug, E. R. Podell, and T. R. Cech. 2005. Switching human 

telomerase on and off with hPOT1 protein in vitro. J. Biol. Chem. 280:20449-

20456. 

180. Lendvay, T. S., D. K. Morris, J. Sah, B. Balasubramanian, and V. Lundblad. 

1996. Senescence mutants of Saccharomyces cerevisiae with a defect in 

telomere replication identify three additional EST genes. Genetics 144:1399-

1412. 

181. Leonardi, J., J. A. Box, J. T. Bunch, and P. Baumann. 2008. TER1, the RNA 

subunit of fission yeast telomerase. Nat. Struct. Mol. Biol. 15:26-33. 



177 

 

182. Lermontova, I., V. Schubert, F. Bornke, J. Macas, and I. Schubert. 2007. 

Arabidopsis CBF5 interacts with the H/ACA snoRNP assembly factor NAF1. 

Plant Mol. Biol. 65:615-626. 

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

Saccharomyces cerevisiae telomeres regulates telomere length. Mol. Cell. Biol. 

24:10857-10867. 

184. Li, B., S. Oestreich, and T. de Lange. 2000. Identification of human Rap1: 

implications for telomere evolution. Cell 101:471-483. 

185. Li, W. H., J. Yang, and X. Gu. 2005. Expression divergence between duplicate 

genes. Trends Genet. 21:602-607. 

186. Licht, J. D., and K. Collins. 1999. Telomerase RNA function in recombinant 

Tetrahymena telomerase. Genes Dev. 13:1116-1125. 

187. Lin, J., and E. H. Blackburn. 2004. Nucleolar protein PinX1p regulates 

telomerase by sequestering its protein catalytic subunit in an inactive complex 

lacking telomerase RNA. Genes Dev. 18:387-396. 

188. Lin, J., H. Ly, A. Hussain, M. Abraham, S. Pearl, Y. Tzfati, T. G. Parslow, and 

E. H. Blackburn. 2004. A universal telomerase RNA core structure includes 

structured motifs required for binding the telomerase reverse transcriptase 

protein. Proc. Natl. Acad. Sci. USA 101:14713-14718. 

189. Lingner, J., T. R. Cech, T. R. Hughes, and V. Lundblad. 1997. Three Ever 

Shorter Telomere (EST) genes are dispensable for in vitro yeast telomerase 

activity. Proc. Natl. Acad. Sci. USA 94:11190-11195. 

190. Lingner, J., L. L. Hendrick, and T. R. Cech. 1994. Telomerase RNAs of 

different ciliates have a common secondary structure and a permuted template. 

Genes Dev. 8:1984-1998. 



178 

 

191. Lingner, J., T. R. Hughes, A. Shevchenko, M. Mann, V. Lundblad, and T. R. 

Cech. 1997. Reverse transcriptase motifs in the catalytic subunit of telomerase. 

Science 276:561-567. 

192. Liu, D., M. S. O'Connor, J. Qin, and Z. Songyang. 2004. Telosome, a 

mammalian telomere-associated complex formed by multiple telomeric proteins. 

J. Biol. Chem. 279:51338-51342. 

193. Liu, D., A. Safari, M. S. O'Connor, D. W. Chan, A. Laegeler, J. Qin, and Z. 

Songyang. 2004. PTOP interacts with POT1 and regulates its localization to 

telomeres. Nat. Cell. Biol. 6:673-680. 

194. Liu, Y., H. Kha, M. Ungrin, M. O. Robinson, and L. Harrington. 2002. 

Preferential maintenance of critically short telomeres in mammalian cells 

heterozygous for mTert. Proc. Natl. Acad. Sci. USA 99:3597-3602. 

195. Loayza, D., and T. De Lange. 2003. POT1 as a terminal transducer of TRF1 

telomere length control. Nature 423:1013-1018. 

196. Longhese, M. P. 2008. DNA damage response at functional and dysfunctional 

telomeres. Genes Dev. 22:125-140. 

197. Lue, N. F. 2004. Adding to the ends: what makes telomerase processive and 

how important is it? Bioessays 26:955-962. 

198. Lue, N. F. 2005. A physical and functional constituent of telomerase anchor site. 

J Biol Chem 280:26586-26591. 

199. Lue, N. F., Y. C. Lin, and I. S. Mian. 2003. A conserved telomerase motif within 

the catalytic domain of telomerase reverse transcriptase is specifically required 

for repeat addition processivity. Mol. Cell. Biol. 23:8440-8449. 

200. Lundblad, V., and J. W. Szostak. 1989. A mutant with a defect in telomere 

elongation leads to senescence in yeast. Cell 57:633-643. 



179 

 

201. Ly, H., E. H. Blackburn, and T. G. Parslow. 2003. Comprehensive structure-

function analysis of the core domain of human telomerase RNA. Mol. Cell. Biol. 

23:6849-6856. 

202. Ly, H., L. Xu, M. A. Rivera, T. G. Parslow, and E. H. Blackburn. 2003. A role 

for a novel 'trans-pseudoknot' RNA-RNA interaction in the functional dimerization 

of human telomerase. Genes Dev. 17:1078-1083. 

203. Maceluch, J., M. Kmieciak, Z. Szweykowska-Kulinska, and A. Jarmolowski. 

2001. Cloning and characterization of Arabidopsis thaliana AtNAP57--a 

homologue of yeast pseudouridine synthase Cbf5p. Acta Biochim. Pol. 48:699-

709. 

204. MacIntosh, G. C., C. Wilkerson, and P. J. Green. 2001. Identification and 

analysis of Arabidopsis expressed sequence tags characteristic of non-coding 

RNAs. Plant Physiol. 127:765-776. 

205. Makarov, V. L., Y. Hirose, and J. P. Langmore. 1997. Long G tails at both ends 

of human chromosomes suggest a C strand degradation mechanism for telomere 

shortening. Cell 88:657-666. 

206. Malik, H. S., W. D. Burke, and T. H. Eickbush. 2000. Putative telomerase 

catalytic subunits from Giardia lamblia and Caenorhabditis elegans. Gene 

251:101-108. 

207. Mallory, J. C., and T. D. Petes. 2000. Protein kinase activity of Tel1p and 

Mec1p, two Saccharomyces cerevisiae proteins related to the human ATM 

protein kinase. Proc. Natl. Acad. Sci. USA 97:13749-13754. 

208. Marcand, S., E. Gilson, and D. Shore. 1997. A protein-counting mechanism for 

telomere length regulation in yeast. Science 275:986-990. 



180 

 

209. Marker, C., A. Zemann, T. Terhorst, M. Kiefmann, J. P. Kastenmayer, P. 

Green, J. P. Bachellerie, J. Brosius, and A. Huttenhofer. 2002. Experimental 

RNomics: identification of 140 candidates for small non-messenger RNAs in the 

plant Arabidopsis thaliana. Curr. Biol. 12:2002-2013. 

210. Marrone, A., A. Walne, and I. Dokal. 2005. Dyskeratosis congenita: telomerase, 

telomeres and anticipation. Curr. Opin. Genet. Dev. 15:249-257. 

211. Martin-Rivera, L., E. Herrera, J. P. Albar, and M. A. Blasco. 1998. Expression 

of mouse telomerase catalytic subunit in embryos and adult tissues. Proc. Natl. 

Acad. Sci. USA 95:10471-10476. 

212. Mason, D. X., C. Autexier, and C. W. Greider. 2001. Tetrahymena proteins p80 

and p95 are not core telomerase components. Proc. Natl. Acad. Sci. USA 

98:12368-12373. 

213. Mason, P. J., and M. Bessler. 2004. Heterozygous telomerase deficiency in 

mouse and man: when less is definitely not more. Cell Cycle 3:1127-1129. 

214. Mateyak, M. K., and V. A. Zakian. 2006. Human PIF helicase is cell cycle 

regulated and associates with telomerase. Cell Cycle 5:2796-2804. 

215. McClintock, B. 1941. The stability of broken ends of chromosomes in Zea mays. 

Genetics 26:234-282. 

216. McCormick-Graham, M., W. J. Haynes, and D. P. Romero. 1997. Variable 

telomeric repeat synthesis in Paramecium tetraurelia is consistent with 

misincorporation by telomerase. EMBO J. 16:3233-3242. 

217. McEachern, M. J., and E. H. Blackburn. 1995. Runaway telomere elongation 

caused by telomerase RNA gene mutations. Nature 376:403-409. 

218. McKnight, T. D., and D. E. Shippen. 2004. Plant telomere biology. Plant Cell 

16:794-803. 



181 

 

219. Meier, U. T. 2005. The many facets of H/ACA ribonucleoproteins. Chromosoma 

114:1-14. 

220. Melek, M., B. T. Davis, and D. E. Shippen. 1994. Oligonucleotides 

complementary to the Oxytricha nova telomerase RNA delineate the template 

domain and uncover a novel mode of primer utilization. Mol. Cell. Biol. 14:7827-

7838. 

221. Melek, M., E. C. Greene, and D. E. Shippen. 1996. Processing of nontelomeric 

3' ends by telomerase: default template alignment and endonucleolytic cleavage. 

Mol. Cell. Biol. 16:3437-3445. 

222. Menges, M., and J. A. Murray. 2002. Synchronous Arabidopsis suspension 

cultures for analysis of cell-cycle gene activity. Plant J. 30:203-212. 

223. Mengiste, T., and J. Paszkowski. 1999. Prospects for the precise engineering 

of plant genomes by homologous recombination. Biol. Chem. 380:749-758. 

224. Miller, M. C., and K. Collins. 2000. The Tetrahymena p80/p95 complex is 

required for proper telomere length maintenance and micronuclear genome 

stability. Mol. Cell 6:827-837. 

225. Miller, M. C., J. K. Liu, and K. Collins. 2000. Template definition by 

Tetrahymena telomerase reverse transcriptase. EMBO J. 19:4412-4422. 

226. Ming, R., S. Hou, Y. Feng, Q. Yu, A. Dionne-Laporte, J. H. Saw, P. Senin, W. 

Wang, B. V. Ly, K. L. Lewis, S. L. Salzberg, L. Feng, M. R. Jones, R. L. 

Skelton, J. E. Murray, C. Chen, W. Qian, J. Shen, P. Du, M. Eustice, E. Tong, 

H. Tang, E. Lyons, R. E. Paull, T. P. Michael, K. Wall, D. W. Rice, H. Albert, 

M. L. Wang, Y. J. Zhu, M. Schatz, N. Nagarajan, R. A. Acob, P. Guan, A. 

Blas, C. M. Wai, C. M. Ackerman, Y. Ren, C. Liu, J. Wang, J. Wang, J. K. Na, 

E. V. Shakirov, B. Haas, J. Thimmapuram, D. Nelson, X. Wang, J. E. Bowers, 



182 

 

A. R. Gschwend, A. L. Delcher, R. Singh, J. Y. Suzuki, S. Tripathi, K. 

Neupane, H. Wei, B. Irikura, M. Paidi, N. Jiang, W. Zhang, G. Presting, A. 

Windsor, R. Navajas-Perez, M. J. Torres, F. A. Feltus, B. Porter, Y. Li, A. M. 

Burroughs, M. C. Luo, L. Liu, D. A. Christopher, S. M. Mount, P. H. Moore, T. 

Sugimura, J. Jiang, M. A. Schuler, V. Friedman, T. Mitchell-Olds, D. E. 

Shippen, C. W. dePamphilis, J. D. Palmer, M. Freeling, A. H. Paterson, D. 

Gonsalves, L. Wang, and M. Alam. 2008. The draft genome of the transgenic 

tropical fruit tree papaya (Carica papaya Linnaeus). Nature 452:991-996. 

227. Mitchell, J. R., and K. Collins. 2000. Human telomerase activation requires two 

independent interactions between telomerase RNA and telomerase reverse 

transcriptase. Mol. Cell 6:361-371. 

228. Mitchell, J. R., J. Cheng, and K. Collins. 1999. A box H/ACA small nucleolar 

RNA-like domain at the human telomerase RNA 3' end. Mol Cell Biol 19:567-76. 

229. Mitchell, J. R., E. Wood, and K. Collins. 1999. A telomerase component is 

defective in the human disease dyskeratosis congenita. Nature 402:551-555. 

230. Mochizuki, Y., J. He, S. Kulkarni, M. Bessler, and P. J. Mason. 2004. Mouse 

dyskerin mutations affect accumulation of telomerase RNA and small nucleolar 

RNA, telomerase activity, and ribosomal RNA processing. Proc. Natl. Acad. Sci. 

USA 101:10756-10761. 

231. Moriarty, T. J., D. T. Marie-Egyptienne, and C. Autexier. 2004. Functional 

organization of repeat addition processivity and DNA synthesis determinants in 

the human telomerase multimer. Mol. Cell. Biol. 24:3720-3733. 

232. Moriarty, T. J., R. J. Ward, M. A. Taboski, and C. Autexier. 2005. An anchor 

site-type defect in human telomerase that disrupts telomere length maintenance 

and cellular immortalization. Mol. Biol. Cell 16:3152-3161. 



183 

 

233. Morin, G. B. 1989. The human telomere terminal transferase enzyme is a 

ribonucleoprotein that synthesizes TTAGGG repeats. Cell 59:521-529. 

234. Moyzis, R. K., J. M. Buckingham, L. S. Cram, M. Dani, L. L. Deaven, M. D. 

Jones, J. Meyne, R. L. Ratliff, and J. R. Wu. 1988. A highly conserved 

repetitive DNA sequence, (TTAGGG)n, present at the telomeres of human 

chromosomes. Proc. Natl. Acad. Sci. USA 85:6622-6626. 

235. Mozdy, A. D., and T. R. Cech. 2006. Low abundance of telomerase in yeast: 

implications for telomerase haploinsufficiency. RNA 12:1721-1737. 

236. Munoz-Jordan, J. L., G. A. Cross, T. de Lange, and J. D. Griffith. 2001. t-

loops at trypanosome telomeres. EMBO J. 20:579-588. 

237. Myung, K., G. Ghosh, F. J. Fattah, G. Li, H. Kim, A. Dutia, E. Pak, S. Smith, 

and E. A. Hendrickson. 2004. Regulation of telomere length and suppression of 

genomic instability in human somatic cells by Ku86. Mol. Cell. Biol. 24:5050-

5059. 

238. Nakamura, T. M., G. B. Morin, K. B. Chapman, S. L. Weinrich, W. H. 

Andrews, J. Lingner, C. B. Harley, and T. R. Cech. 1997. Telomerase catalytic 

subunit homologs from fission yeast and human. Science 277:955-959. 

239. Nugent, C. I., T. R. Hughes, N. F. Lue, and V. Lundblad. 1996. Cdc13p: a 

single-strand telomeric DNA-binding protein with a dual role in yeast telomere 

maintenance. Science 274:249-252. 

240. O'Connor, C. M., C. K. Lai, and K. Collins. 2005. Two purified domains of 

telomerase reverse transcriptase reconstitute sequence-specific interactions with 

RNA. J. Biol. Chem. 280:17533-17539. 



184 

 

241. O'Connor, M. S., A. Safari, D. Liu, J. Qin, and Z. Songyang. 2004. The human 

Rap1 protein complex and modulation of telomere length. J. Biol. Chem. 

279:28585-28591. 

242. O'Connor, M. S., A. Safari, H. Xin, D. Liu, and Z. Songyang. 2006. A critical 

role for TPP1 and TIN2 interaction in high-order telomeric complex assembly. 

Proc. Natl. Acad. Sci. USA 103:11874-11879. 

243. Olovnikov, A. M. 1971. Principle of marginotomy in template synthesis of 

polynucleotides. Dokl. Akad. Nauk. SSSR 201:1496-1499. 

244. Olovnikov, A. M. 1973. A theory of marginotomy. The incomplete copying of 

template margin in enzymic synthesis of polynucleotides and biological 

significance of the phenomenon. J. Theor. Biol. 41:181-190. 

245. Oulton, R., and L. Harrington. 2004. A human telomerase-associated nuclease. 

Mol. Biol. Cell 15:3244-3256. 

246. Pace, N. R., D. K. Smith, G. J. Olsen, and B. D. James. 1989. Phylogenetic 

comparative analysis and the secondary structure of ribonuclease P RNA--a 

review. Gene 82:65-75. 

247. Pandita, T. K. 2002. ATM function and telomere stability. Oncogene 21:611-618. 

248. Peng, Y., I. S. Mian, and N. F. Lue. 2001. Analysis of telomerase processivity: 

mechanistic similarity to HIV-1 reverse transcriptase and role in telomere 

maintenance. Mol. Cell 7:1201-1211. 

249. Pennock, E., K. Buckley, and V. Lundblad. 2001. Cdc13 delivers separate 

complexes to the telomere for end protection and replication. Cell 104:387-396. 

250. Peterson, S. E., A. E. Stellwagen, S. J. Diede, M. S. Singer, Z. W. 

Haimberger, C. O. Johnson, M. Tzoneva, and D. E. Gottschling. 2001. The 



185 

 

function of a stem-loop in telomerase RNA is linked to the DNA repair protein Ku. 

Nat. Genet. 27:64-67. 

251. Pich, U., J. Fuchs, and I. Schubert. 1996. How do Alliaceae stabilize their 

chromosome ends in the absence of TTTAGGG sequences? Chromosome Res. 

4:207-213. 

252. Pogacic, V., F. Dragon, and W. Filipowicz. 2000. Human H/ACA small 

nucleolar RNPs and telomerase share evolutionarily conserved proteins NHP2 

and NOP10. Mol. Cell. Biol. 20:9028-9040. 

253. Porter, S. E., P. W. Greenwell, K. B. Ritchie, and T. D. Petes. 1996. The DNA-

binding protein Hdf1p (a putative Ku homologue) is required for maintaining 

normal telomere length in Saccharomyces cerevisiae. Nucleic Acids Res. 

24:582-585. 

254. Prescott, J., and E. H. Blackburn. 1997. Functionally interacting telomerase 

RNAs in the yeast telomerase complex. Genes Dev. 11:2790-2800. 

255. Prescott, J., and E. H. Blackburn. 1997. Telomerase RNA mutations in 

Saccharomyces cerevisiae alter telomerase action and reveal nonprocessivity in 

vivo and in vitro. Genes Dev. 11:528-540. 

256. Prowse, K. R., A. A. Avilion, and C. W. Greider. 1993. Identification of a 

nonprocessive telomerase activity from mouse cells. Proc. Natl. Acad. Sci. USA 

90:1493-1497. 

257. Pryde, F. E., T. C. Huckle, and E. J. Louis. 1995. Sequence analysis of the 

right end of chromosome XV in Saccharomyces cerevisiae: an insight into the 

structural and functional significance of sub-telomeric repeat sequences. Yeast 

11:371-382. 



186 

 

258. Qu, L. H., Q. Meng, H. Zhou, and Y. Q. Chen. 2001. Identification of 10 novel 

snoRNA gene clusters from Arabidopsis thaliana. Nucleic Acids Res. 29:1623-

1630. 

259. Raices, M., R. E. Verdun, S. A. Compton, C. I. Haggblom, J. D. Griffith, A. 

Dillin, and J. Karlseder. 2008. C. elegans telomeres contain G-strand and C-

strand overhangs that are bound by distinct proteins. Cell 132:745-757. 

260. Raker, V. A., G. Plessel, and R. Luhrmann. 1996. The snRNP core assembly 

pathway: identification of stable core protein heteromeric complexes and an 

snRNP subcore particle in vitro. EMBO J. 15:2256-2269. 

261. Rashid, R., B. Liang, D. L. Baker, O. A. Youssef, Y. He, K. Phipps, R. M. 

Terns, M. P. Terns, and H. Li. 2006. Crystal structure of a Cbf5-Nop10-Gar1 

complex and implications in RNA-guided pseudouridylation and dyskeratosis 

congenita. Mol. Cell 21:249-260. 

262. Reichenbach, P., M. Hoss, C. M. Azzalin, M. Nabholz, P. Bucher, and J. 

Lingner. 2003. A human homolog of yeast Est1 associates with telomerase and 

uncaps chromosome ends when overexpressed. Curr. Biol. 13:568-574. 

263. Richards, E. J., and F. M. Ausubel. 1988. Isolation of a higher eukaryotic 

telomere from Arabidopsis thaliana. Cell 53:127-136. 

264. Riehs, N., S. Akimcheva, J. Puizina, P. Bulankova, R. A. Idol, J. Siroky, A. 

Schleiffer, D. Schweizer, D. E. Shippen, and K. Riha. 2008. Arabidopsis 

SMG7 protein is required for exit from meiosis. J. Cell Sci. 121:2208-2216. 

265. Riha, K., and D. E. Shippen. 2003. Ku is required for telomeric C-rich strand 

maintenance but not for end-to-end chromosome fusions in Arabidopsis. Proc. 

Natl. Acad. Sci. USA 100:611-615. 



187 

 

266. Riha, K., M. L. Heacock, and D. E. Shippen. 2006. The role of the 

nonhomologous end-joining DNA double-strand break repair pathway in telomere 

biology. Annu. Rev. Genet. 40:237-277. 

267. Riha, K., T. D. McKnight, J. Fajkus, B. Vyskot, and D. E. Shippen. 2000. 

Analysis of the G-overhang structures on plant telomeres: evidence for two 

distinct telomere architectures. Plant J. 23:633-641. 

268. Riha, K., T. D. McKnight, L. R. Griffing, and D. E. Shippen. 2001. Living with 

genome instability: plant responses to telomere dysfunction. Science 291:1797-

1800. 

269. Riha, K., J. M. Watson, J. Parkey, and D. E. Shippen. 2002. Telomere length 

deregulation and enhanced sensitivity to genotoxic stress in Arabidopsis mutants 

deficient in Ku70. EMBO J. 21:2819-2826. 

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

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

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

6075. 

271. Rivera, M. A., and E. H. Blackburn. 2004. Processive utilization of the human 

telomerase template: lack of a requirement for template switching. J. Biol. Chem. 

279:53770-53781. 

272. Romero, D. P., and E. H. Blackburn. 1991. A conserved secondary structure for 

telomerase RNA. Cell 67:343-353. 

273. Ruggero, D., S. Grisendi, F. Piazza, E. Rego, F. Mari, P. H. Rao, C. Cordon-

Cardo, and P. P. Pandolfi. 2003. Dyskeratosis congenita and cancer in mice 

deficient in ribosomal RNA modification. Science 299:259-262. 



188 

 

274. Runge, K. W., and V. A. Zakian. 1989. Introduction of extra telomeric DNA 

sequences into Saccharomyces cerevisiae results in telomere elongation. Mol. 

Cell. Biol. 9:1488-1497. 

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

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

561. 

276. Schekman, R., A. Weiner, and A. Kornberg. 1974. Multienzyme systems of 

DNA replication. Science 186:987-993. 

277. Schranz, M. E., M. A. Lysak, and T. Mitchell-Olds. 2006. The ABC's of 

comparative genomics in the Brassicaceae: building blocks of crucifer genomes. 

Trends Plant Sci 11:535-542. 

278. Schranz, M. E., B. H. Song, A. J. Windsor, and T. Mitchell-Olds. 2007. 

Comparative genomics in the Brassicaceae: a family-wide perspective. Curr. 

Opin. Plant Biol. 10:168-175. 

279. Schulz, V. P., and V. A. Zakian. 1994. The saccharomyces PIF1 DNA helicase 

inhibits telomere elongation and de novo telomere formation. Cell 76:145-155. 

280. Seimiya, H., H. Sawada, Y. Muramatsu, M. Shimizu, K. Ohko, K. Yamane, 

and T. Tsuruo. 2000. Involvement of 14-3-3 proteins in nuclear localization of 

telomerase. EMBO J. 19:2652-2661. 

281. Seto, A. G., A. J. Livengood, Y. Tzfati, E. H. Blackburn, and T. R. Cech. 2002. 

A bulged stem tethers Est1p to telomerase RNA in budding yeast. Genes Dev. 

16:2800-2812. 

282. Seto, A. G., A. J. Zaug, S. G. Sobel, S. L. Wolin, and T. R. Cech. 1999. 

Saccharomyces cerevisiae telomerase is an Sm small nuclear ribonucleoprotein 

particle. Nature 401:177-180. 



189 

 

283. Shakirov, E. V., and D. E. Shippen. 2004. Length regulation and dynamics of 

individual telomere tracts in wild-type Arabidopsis. Plant Cell 16:1959-1967. 

284. Shakirov, E. V., Y. V. Surovtseva, N. Osbun, and D. E. Shippen. 2005. The 

Arabidopsis Pot1 and Pot2 proteins function in telomere length homeostasis and 

chromosome end protection. Mol. Cell. Biol. 25:7725-7733. 

285. Shampay, J., J. W. Szostak, and E. H. Blackburn. 1984. DNA sequences of 

telomeres maintained in yeast. Nature 310:154-157. 

286. Shippen-Lentz, D., and E. H. Blackburn. 1990. Functional evidence for an RNA 

template in telomerase. Science 247:546-552. 

287. Singer, M. S., and D. E. Gottschling. 1994. TLC1: template RNA component of 

Saccharomyces cerevisiae telomerase. Science 266:404-409. 

288. Smith, C. D., D. L. Smith, J. L. DeRisi, and E. H. Blackburn. 2003. Telomeric 

protein distributions and remodeling through the cell cycle in Saccharomyces 

cerevisiae. Mol. Biol. Cell 14:556-570. 

289. Smogorzewska, A., and T. de Lange. 2004. Regulation of telomerase by 

telomeric proteins. Annu. Rev. Biochem. 73:177-208. 

290. Snow, B. E., N. Erdmann, J. Cruickshank, H. Goldman, R. M. Gill, M. O. 

Robinson, and L. Harrington. 2003. Functional conservation of the telomerase 

protein Est1p in humans. Curr. Biol. 13:698-704. 

291. Song, K., D. Jung, Y. Jung, S. G. Lee, and I. Lee. 2000. Interaction of human 

Ku70 with TRF2. FEBS Lett. 481:81-85. 

292. Srisawat, C., and D. R. Engelke. 2001. Streptavidin aptamers: affinity tags for 

the study of RNAs and ribonucleoproteins. RNA 7:632-641. 



190 

 

293. Stellwagen, A. E., Z. W. Haimberger, J. R. Veatch, and D. E. Gottschling. 

2003. Ku interacts with telomerase RNA to promote telomere addition at native 

and broken chromosome ends. Genes Dev. 17:2384-2395. 

294. Sterck, L., S. Rombauts, K. Vandepoele, P. Rouze, and Y. Van de Peer. 

2007. How many genes are there in plants (... and why are they there)? Curr. 

Opin. Plant. Biol. 10:199-203. 

295. Stone, M. D., M. Mihalusova, M. O'Connor C, R. Prathapam, K. Collins, and 

X. Zhuang. 2007. Stepwise protein-mediated RNA folding directs assembly of 

telomerase ribonucleoprotein. Nature 446:458-461. 

296. Surovtseva, Y. V., E. V. Shakirov, L. Vespa, N. Osbun, X. Song, and D. E. 

Shippen. 2007. Arabidopsis POT1 associates with the telomerase RNP and is 

required for telomere maintenance. EMBO J. 26:3653-3661. 

297. Sykorova, E., A. R. Leitch, and J. Fajkus. 2006. Asparagales telomerases 

which synthesize the human type of telomeres. Plant Mol. Biol. 60:633-646. 

298. Sykorova, E., K. Y. Lim, Z. Kunicka, M. W. Chase, M. D. Bennett, J. Fajkus, 

and A. R. Leitch. 2003. Telomere variability in the monocotyledonous plant 

order Asparagales. Proc. Biol. Sci. 270:1893-904. 

299. Szostak, J. W., and E. H. Blackburn. 1982. Cloning yeast telomeres on linear 

plasmid vectors. Cell 29:245-255. 

300. Taggart, A. K., S. C. Teng, and V. A. Zakian. 2002. Est1p as a cell cycle-

regulated activator of telomere-bound telomerase. Science 297:1023-1026. 

301. Takai, H., A. Smogorzewska, and T. de Lange. 2003. DNA damage foci at 

dysfunctional telomeres. Curr. Biol. 13:1549-1556. 



191 

 

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

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

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

303. Takata, H., Y. Tanaka, and A. Matsuura. 2005. Late S phase-specific 

recruitment of Mre11 complex triggers hierarchical assembly of telomere 

replication proteins in Saccharomyces cerevisiae. Mol. Cell 17:573-583. 

304. Teixeira, M. T., M. Arneric, P. Sperisen, and J. Lingner. 2004. Telomere 

length homeostasis is achieved via a switch between telomerase- extendible and 

-nonextendible states. Cell 117:323-335. 

305. Theimer, C. A., and J. Feigon. 2006. Structure and function of telomerase RNA. 

Curr. Opin. Struct. Biol. 16:307-318. 

306. Theimer, C. A., L. D. Finger, L. Trantirek, and J. Feigon. 2003. Mutations 

linked to dyskeratosis congenita cause changes in the structural equilibrium in 

telomerase RNA. Proc. Natl. Acad. Sci. USA 100:449-54. 

307. Ting, N. S., Y. Yu, B. Pohorelic, S. P. Lees-Miller, and T. L. Beattie. 2005. 

Human Ku70/80 interacts directly with hTR, the RNA component of human 

telomerase. Nucleic Acids Res. 33:2090-2098. 

308. Tomlinson, R. L., T. D. Ziegler, T. Supakorndej, R. M. Terns, and M. P. 

Terns. 2006. Cell cycle-regulated trafficking of human telomerase to telomeres. 

Mol. Biol. Cell 17:955-965. 

309. Tseng, S. F., J. J. Lin, and S. C. Teng. 2006. The telomerase-recruitment 

domain of the telomere binding protein Cdc13 is regulated by Mec1p/Tel1p-

dependent phosphorylation. Nucleic Acids Res. 34:6327-6336. 



192 

 

310. Tsukamoto, Y., A. K. Taggart, and V. A. Zakian. 2001. The role of the Mre11-

Rad50-Xrs2 complex in telomerase- mediated lengthening of Saccharomyces 

cerevisiae telomeres. Curr. Biol. 11:1328-1335. 

311. Tzfati, Y., T. B. Fulton, J. Roy, and E. H. Blackburn. 2000. Template boundary 

in a yeast telomerase specified by RNA structure. Science 288:863-867. 

312. Ueda, C. T., and R. W. Roberts. 2004. Analysis of a long-range interaction 

between conserved domains of human telomerase RNA. RNA 10:139-147. 

313. van Steensel, B., and T. de Lange. 1997. Control of telomere length by the 

human telomeric protein TRF1. Nature 385:740-743. 

314. van Steensel, B., A. Smogorzewska, and T. de Lange. 1998. TRF2 protects 

human telomeres from end-to-end fusions. Cell 92:401-413. 

315. Venteicher, A. S., Z. Meng, P. J. Mason, T. D. Veenstra, and S. E. Artandi. 

2008. Identification of ATPases pontin and reptin as telomerase components 

essential for holoenzyme assembly. Cell 132:945-957. 

316. Verdun, R. E., and J. Karlseder. 2006. The DNA damage machinery and 

homologous recombination pathway act consecutively to protect human 

telomeres. Cell 127:709-720. 

317. Vespa, L., M. Couvillion, E. Spangler, and D. E. Shippen. 2005. ATM and ATR 

make distinct contributions to chromosome end protection and the maintenance 

of telomeric DNA in Arabidopsis. Genes Dev. 19:2111-2115. 

318. Vespa, L., R. T. Warrington, P. Mokros, J. Siroky, and D. E. Shippen. 2007. 

ATM regulates the length of individual telomere tracts in Arabidopsis. Proc. Natl. 

Acad. Sci. USA 104:18145-18150. 

319. Vulliamy, T., R. Beswick, M. Kirwan, A. Marrone, M. Digweed, A. Walne, and 

I. Dokal. 2008. Mutations in the telomerase component NHP2 cause the 



193 

 

premature ageing syndrome dyskeratosis congenita. Proc. Natl. Acad. Sci. USA 

105:8073-8078. 

320. Vulliamy, T., A. Marrone, F. Goldman, A. Dearlove, M. Bessler, P. J. Mason, 

and I. Dokal. 2001. The RNA component of telomerase is mutated in autosomal 

dominant dyskeratosis congenita. Nature 413:432-435. 

321. Vulliamy, T., A. Marrone, R. Szydlo, A. Walne, P. J. Mason, and I. Dokal. 

2004. Disease anticipation is associated with progressive telomere shortening in 

families with dyskeratosis congenita due to mutations in TERC. Nat. Genet. 

36:447-449. 

322. Vulliamy, T. J., A. Walne, A. Baskaradas, P. J. Mason, A. Marrone, and I. 

Dokal. 2005. Mutations in the reverse transcriptase component of telomerase 

(TERT) in patients with bone marrow failure. Blood Cells Mol. Dis. 34:257-263. 

323. Walne, A. J., T. Vulliamy, A. Marrone, R. Beswick, M. Kirwan, Y. Masunari, F. 

H. Al-Qurashi, M. Aljurf, and I. Dokal. 2007. Genetic heterogeneity in 

autosomal recessive dyskeratosis congenita with one subtype due to mutations 

in the telomerase-associated protein NOP10. Hum. Mol. Genet. 16:1619-1629. 

324. Wang, F., E. R. Podell, A. J. Zaug, Y. Yang, P. Baciu, T. R. Cech, and M. Lei. 

2007. The POT1-TPP1 telomere complex is a telomerase processivity factor. 

Nature 445:506-510. 

325. Wang, J., L. Y. Xie, S. Allan, D. Beach, and G. J. Hannon. 1998. Myc activates 

telomerase. Genes Dev. 12:1769-1774. 

326. Wang, L., S. R. Dean, and D. E. Shippen. 2002. Oligomerization of the 

telomerase reverse transcriptase from Euplotes crassus. Nucleic Acids Res. 

30:4032-4039. 



194 

 

327. Watson, J. D. 1972. Origin of concatemeric T7 DNA. Nat. New Biol. 239:197-

201. 

328. Watson, J. M., and D. E. Shippen. 2007. Telomere rapid deletion regulates 

telomere length in Arabidopsis thaliana. Mol. Cell. Biol. 27:1706-1715. 

329. Webb, C. J., and V. A. Zakian. 2008. Identification and characterization of the 

Schizosaccharomyces pombe TER1 telomerase RNA. Nat. Struct. Mol. Biol. 

15:34-42. 

330. Wei, C., and M. Price. 2003. Protecting the terminus: t-loops and telomere end-

binding proteins. Cell. Mol. Life Sci. 60:2283-2294. 

331. Weinrich, S. L., R. Pruzan, L. Ma, M. Ouellette, V. M. Tesmer, S. E. Holt, A. G. 

Bodnar, S. Lichtsteiner, N. W. Kim, J. B. Trager, R. D. Taylor, R. Carlos, W. 

H. Andrews, W. E. Wright, J. W. Shay, C. B. Harley, and G. B. Morin. 1997. 

Reconstitution of human telomerase with the template RNA component hTR and 

the catalytic protein subunit hTRT. Nat. Genet. 17:498-502. 

332. Wellinger, R. J., A. J. Wolf, and V. A. Zakian. 1993. Saccharomyces telomeres 

acquire single-strand TG1-3 tails late in S phase. Cell 72:51-60. 

333. Wenz, C., B. Enenkel, M. Amacker, C. Kelleher, K. Damm, and J. Lingner. 

2001. Human telomerase contains two cooperating telomerase RNA molecules. 

EMBO J. 20:3526-3534. 

334. Wesley, S. V., C. A. Helliwell, N. A. Smith, M. B. Wang, D. T. Rouse, Q. Liu, 

P. S. Gooding, S. P. Singh, D. Abbott, P. A. Stoutjesdijk, S. P. Robinson, A. 

P. Gleave, A. G. Green, and P. M. Waterhouse. 2001. Construct design for 

efficient, effective and high-throughput gene silencing in plants. Plant J. 27:581-

590. 



195 

 

335. Wikstrom, N., V. Savolainen, and M. W. Chase. 2001. Evolution of the 

angiosperms: calibrating the family tree. Proc. Biol. Sci. 268:2211-2220. 

336. Witkin, K. L., and K. Collins. 2004. Holoenzyme proteins required for the 

physiological assembly and activity of telomerase. Genes Dev. 18:1107-1118. 

337. Witkin, K. L., R. Prathapam, and K. Collins. 2007. Positive and negative 

regulation of Tetrahymena telomerase holoenzyme. Mol. Cell. Biol. 27:2074-

2083. 

338. Wong, J. M., and K. Collins. 2006. Telomerase RNA level limits telomere 

maintenance in X-linked dyskeratosis congenita. Genes Dev. 20:2848-2858. 

339. Wright, W. E., M. A. Piatyszek, W. E. Rainey, W. Byrd, and J. W. Shay. 1996. 

Telomerase activity in human germline and embryonic tissues and cells. Dev. 

Genet. 18:173-179. 

340. Wright, W. E., V. M. Tesmer, M. L. Liao, and J. W. Shay. 1999. Normal human 

telomeres are not late replicating. Exp. Cell. Res. 251:492-499. 

341. Wu, Y., S. Xiao, and X. D. Zhu. 2007. MRE11-RAD50-NBS1 and ATM function 

as co-mediators of TRF1 in telomere length control. Nat. Struct. Mol. Biol. 

14:832-840. 

342. Xia, J., Y. Peng, I. S. Mian, and N. F. Lue. 2000. Identification of functionally 

important domains in the N-terminal region of telomerase reverse transcriptase. 

Mol. Cell. Biol. 20:5196-5207. 

343. Xie, M., A. Mosig, X. Qi, Y. Li, P. F. Stadler, and J. J. Chen. 2008. Structure 

and function of the smallest vertebrate telomerase RNA from teleost fish. J. Biol. 

Chem. 283:2049-2059. 



196 

 

344. Xin, H., D. Liu, M. Wan, A. Safari, H. Kim, W. Sun, M. S. O'Connor, and Z. 

Songyang. 2007. TPP1 is a homologue of ciliate TEBP-beta and interacts with 

POT1 to recruit telomerase. Nature 445:559-562. 

345. Yamaguchi, H., R. T. Calado, H. Ly, S. Kajigaya, G. M. Baerlocher, S. J. 

Chanock, P. M. Lansdorp, and N. S. Young. 2005. Mutations in TERT, the 

gene for telomerase reverse transcriptase, in aplastic anemia. N. Engl. J. Med. 

352:1413-1424. 

346. Ye, J. Z., and T. de Lange. 2004. TIN2 is a tankyrase 1 PARP modulator in the 

TRF1 telomere length control complex. Nat. Genet. 36:618-623. 

347. Ye, J. Z., J. R. Donigian, M. van Overbeek, D. Loayza, Y. Luo, A. N. 

Krutchinsky, B. T. Chait, and T. de Lange. 2004. TIN2 binds TRF1 and TRF2 

simultaneously and stabilizes the TRF2 complex on telomeres. J. Biol. Chem. 

279:47264-47271. 

348. Ye, J. Z., D. Hockemeyer, A. N. Krutchinsky, D. Loayza, S. M. Hooper, B. T. 

Chait, and T. de Lange. 2004. POT1-interacting protein PIP1: a telomere length 

regulator that recruits POT1 to the TIN2/TRF1 complex. Genes Dev. 18:1649-

1654. 

349. Yi, X., J. W. Shay, and W. E. Wright. 2001. Quantitation of telomerase 

components and hTERT mRNA splicing patterns in immortal human cells. 

Nucleic Acids Res. 29:4818-4825. 

350. Yi, X., V. M. Tesmer, I. Savre-Train, J. W. Shay, and W. E. Wright. 1999. Both 

transcriptional and posttranscriptional mechanisms regulate human telomerase 

template RNA levels. Mol. Cell. Biol. 19:3989-3997. 



197 

 

351. Yu, G. L., J. D. Bradley, L. D. Attardi, and E. H. Blackburn. 1990. In vivo 

alteration of telomere sequences and senescence caused by mutated 

Tetrahymena telomerase RNAs. Nature 344:126-132. 

352. Zappulla, D. C., and T. R. Cech. 2004. Yeast telomerase RNA: a flexible 

scaffold for protein subunits. Proc. Natl. Acad. Sci. USA 101:10024-10029. 

353. Zappulla, D. C., K. Goodrich, and T. R. Cech. 2005. A miniature yeast 

telomerase RNA functions in vivo and reconstitutes activity in vitro. Nat. Struct. 

Mol. Biol. 12:1072-1077. 

354. Zhang, D. H., B. Zhou, Y. Huang, L. X. Xu, and J. Q. Zhou. 2006. The human 

Pif1 helicase, a potential Escherichia coli RecD homologue, inhibits telomerase 

activity. Nucleic Acids Res. 34:1393-1404. 

355. Zhou, J., E. K. Monson, S. C. Teng, V. P. Schulz, and V. A. Zakian. 2000. 

Pif1p helicase, a catalytic inhibitor of telomerase in yeast. Science 289:771-774. 

356. Zhou, X. Z., and K. P. Lu. 2001. The Pin2/TRF1-interacting protein PinX1 is a 

potent telomerase inhibitor. Cell 107:347-359. 

357. Zhu, J., H. Wang, J. M. Bishop, and E. H. Blackburn. 1999. Telomerase 

extends the lifespan of virus-transformed human cells without net telomere 

lengthening. Proc. Natl. Acad. Sci. USA 96:3723-3728. 

358. Zhu, X. D., L. Niedernhofer, B. Kuster, M. Mann, J. H. Hoeijmakers, and T. de 

Lange. 2003. ERCC1/XPF removes the 3' overhang from uncapped telomeres 

and represses formation of telomeric DNA-containing double minute 

chromosomes. Mol. Cell 12:1489-1498. 

359. Zhu, Y., R. L. Tomlinson, A. A. Lukowiak, R. M. Terns, and M. P. Terns. 

2004. Telomerase RNA accumulates in Cajal bodies in human cancer cells. Mol. 

Biol. Cell 15:81-90. 



198 

 

360. Zuker, M. 2003. Mfold web server for nucleic acid folding and hybridization 

prediction. Nucleic Acids Res. 31:3406-3415. 

 
 

  



199 

 

APPENDIX A 
 

ALTERNATIVE APPROACHES TO IDENTIFY TER CANDIDATES IN ARABIDOPSIS 

THALIANA 

 

Summary 

 Telomerase is the enzyme responsible for addition of telomeric repeats to the 

ends of chromosomes. The catalytic component of telomerase, TERT, is highly 

conserved among eukaryotes, while the RNA subunit of this enzyme, TER, is highly 

divergent in both sequence and size. Thus, it has been difficult to identify TER orthologs 

by homology searches. Here, we describe biochemical and in silico approaches that 

were adopted to identify the Arabidopsis TER subunit and the subsequent 

characterization of these TER candidates. We focused on identification of putative 

telomere template sequences in the Arabidopsis genome. Several potential candidates 

were identified. These candidates were subjected to Mfold and expression analysis, from 

which a suitable candidate, 4G3 RNA, was obtained. However, through subsequent 

biochemical and genetic analyses, we found that 4G3 RNA was not a true TER subunit. 

Other approaches taken to identify candidate TERs are also described. Although these 

attempts were unsuccessful, they laid the foundation for characterization of bona-fide 

TER subunits, TER1G7 and TER5G2. 

 

Introduction 

 Telomerase is a ribonucleoprotein complex that serves to add G-rich telomeric 

repeats to chromosome ends. Telomerase functions to maintain telomeres, helping the 

cell avoid disastrous situations such as chromosomal fusions and nucleolytic 

degradation of chromosomal DNA. Telomeres and the proteins that bind telomeres 
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provide this protection by disguising the chromosomal ends from factors that can 

recognize the terminus as a double-stranded break. 

 Telomerase is minimally composed of two subunits: a reverse transcriptase 

subunit (TERT) and an RNA subunit (TER). TERT subunits are distinguished by several 

conserved RT motifs in the central region and a variable N and C-terminal region that aid 

in RNA binding and processivity (reviewed in (12)). In contrast, the TER subunits are 

highly divergent with sizes varying from 150 nts in ciliates to 1.3 kb in yeast (reviewed in 

(48)). There is no significant primary sequence conservation among the various TER 

subunits. Instead, the conservation is at the level of secondary structure. All TERs 

contain a single-stranded template region that is composed of sequence complementary 

to 1.5 telomeric repeats. Another conserved feature is a pseudoknot domain 

downstream of the template. This region is thought to be essential for telomerase activity 

(reviewed in (48)). The yeast TER, TLC1, is much larger, but recent data suggests that it 

has a smaller core that is sufficient for telomere maintenance (353). The truncated yeast 

TER called Mini-T contains the template and the pseudoknot region that forms the 

central core. In addition, Mini-T contains the binding arms for other proteins such as 

Est1, Ku and Sm proteins that enable its biogenesis and function (352, 353). 

  In vitro, telomerase activity can be reconstituted with TERT and TER in the 

presence of an extract such as rabbit reticulocyte lysate (331). For reconstitution of 

human telomerase activity, the 5’ end of hTR is sufficient. This region contains the 

template and pseudoknot regions (227). The 3’ region of hTR, which is required for its 

biogenesis and accumulation in cajal bodies (151, 228, 359), contains an H/ACA motif 

that serves as the binding site for the dyskerin complex of proteins (229). The dyskerin 

complex (which includes Gar1, Nhp2 and Nop10) binds to H/ACA small nucleolar RNAs 

(snoRNAs) and is involved in pseudouridylation of target residues in ribosomal RNAs. 
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Recent data suggests that dyskerin is also a member of the catalytic core of human 

telomerase (53). Purification of telomerase activity from cancer cells showed that the 

telomerase core enzyme consists of two molecules of TERT, hTR and dyskerin.  The 3’ 

region of hTR also contains a CAB box which is necessary for directing the RNA to cajal 

bodies (151). It is thought that these sub-nuclear structures may be important in the 

biogenesis and assembly for the telomerase complex as both hTERT and hTR localize 

to this compartment (48).  

 In Arabidopsis, the TERT subunit had been studied in some detail. Inactivation of 

AtTERT leads to loss of 200-500 bp of telomeric DNA per generation (84, 268). From the 

sixth generation (G6) onward, these plants begin to accumulate end to end chromosome 

fusions leading to genome instability (268). These mutants can survive up to nine 

generations, but ultimately arrest in a terminal vegetative state (268). Work in our lab 

has led to identification of two other protein constituents of the Arabidopsis telomerase 

complex- AtNAP57 (153) and AtPOT1a (296). AtNAP57 is homolog of human dyskerin, 

and AtNAP57 co-purifies with telomerase activity (153). AtPOT1a also co-purifies with 

telomerase activity and is required for maximal telomerase activity in vivo (296). The 

missing component of the Arabidopsis telomerase complex is the TER subunit.  

 In this section, we discuss the different biochemical and bioinformatics 

approaches taken to identify TER candidates in Arabidopsis. Although several candidate 

TERs were identified, knockdown and knock-outs of these RNA candidates did not lead 

to a telomere maintenance defect. Thus, using these approaches, we were unable to 

find real TER subunits.  
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Materials and Methods 

Bioinformatics strategy 

 Identification of telomere template in the genome was performed by using the 

program called Patmatch (http://Arabidopsis.org/cgi-bin/patmatch/nph-patmatch.pl) on 

the TAIR website. The sequence CTAAACCCTA, which corresponds to the putative 

TER template, was used as the query. Both DNA strands of the intergenic dataset of the 

Arabidopsis genome were searched. Hits that contained multiple templates in the same 

sequence were eliminated. Mfold analysis to predict the secondary structure of 

candidate TERs was performed using default parameters on the Mfold website 

(http://mfold.bioinfo.rpi.edu/cgi-bin/rna-form1.cgi). 

 

Plant materials and genotyping  

  Arabidopsis seeds with T-DNA insertions in the 4G3 RNA (FLAG_368C04) and 

At_oRNA_415 (SALK_ 065403) genes were purchased from INRA (France) and the 

Arabidopsis Biological Resource Center (Ohio State University, Columbus, Ohio) 

respectively. Seeds were cold-treated overnight at 4°C, and then placed in an 

environmental growth chamber and grown under a 16 h light/8 h dark photoperiod at 

23°C.  

For genotyping, DNA was extracted from flowers and PCR was performed with 

the following sets of primers for 4G3 RNA: F1: 5’ CGGATGCACTAAACCCTACA 3’ and 

R1: 5’ ACGTGAACGAAAGCTTCGT 3’ and for 3G0 RNA: Fwd: 5’ 

AATCACTTATTTCTCTAAAAATCT 3’ and Rev: 5’ ATATGGTGTTTGAACATATTTTGA 

3’.  
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RNA extraction and c-DNA synthesis  

Total RNA was extracted from 0.5 g of flowers using Tri Reagent solution 

(Sigma). cDNAs were synthesized from total RNA using Superscript III reverse 

transcriptase (Invitrogen). Oligo dT primers were incubated with 2 µg of total RNA in the 

supplied buffer at 65°C for 5 min. Reverse transcription was carried with 100 U of 

Superscript III at 55°C for 60 min. RNA was degraded with RNase H (USB). For 

amplifying cDNA, genotyping primers were used.  

For recovering sequences of RNAs co-purifying with FLAG-TERT 

immunoprecipitation, the protocol described in references (147, 209) were followed. 

PCR products were cloned into pDrive (QIAGEN) and subsequently sequenced. 

 

RNAi, antisense constructs and plant transformation 

For RNAi against 4G3 RNA, 100 nucleotides surrounding the template region 

were targeted. This region was cloned into the vector pKannibal (334) and then 

transformed into plants. For 3G0 RNA, the targeted regions were amplified by PCR and 

cloned into gateway compatible vectors pB7WG1GW2 for RNAi and pB7WG2 for 

antisense. The constructs were introduced into Agrobacterium tumefaciens strain 

GV3101. Transformation of wild-type plants was performed by the in planta method as 

described in (269). Transformants were selected on 0.5 Murashige and Skoog basal 

medium supplemented with 20 mg/L of phosphinothricine (Crescent Chemical) and 

Kanamycin (50 µg/mL) and then genotyped.  
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Immunoprecipitation and western blots 

Extracts were made by grinding 0.3 g of flowers in buffer A (50 mM Tris-Cl 

pH7.5, 10 mM MgCl2, 100 mM NaCl, 1 mM EDTA, 10% glycerol, 1 mM DTT and plant 

protease inhibitors (SIGMA)). For immunoprecipitation, 50 µl of α-FLAG beads (SIGMA) 

were washed four times with buffer A and incubated with 500 µl of extract for 2 h at 4°C. 

Beads were then washed three times with buffer A and eluted using the 3X FLAG 

peptide for 30 min. Elution was performed three times and 2 µl of each eluate was used 

for TRAP assay and RNA was extracted from the rest using TRI reagent. For western 

blots, eluates were run on 10% SDS-PAGE gel and then transferred to nitrocellulose 

membranes. For western, POT1a peptide antibody (296) was used at 1:1000 dilution 

and peroxidase-conjugated light chain-specific mouse anti-rabbit secondary antibody 

was used as 1:10,000 dilution (Jackson Immunoresearch). 

 

TRF analysis and TRAP assays 

DNA from individual whole plants was extracted and TRF analysis was 

performed with Tru1I (Fermentas) restriction enzyme and [32P] 5' end-labeled (T3AG3)4 

oligonucleotide as a probe (84). Extracts for TRAP assays were made from flowers as 

previously described (83). For the telomerase inhibition studies, the following 

oligonucleotides (at 1 µg/µl concentration) were boiled for 5 min and then 1 µl of 

oligonucleotide was incubated with 2 µl of wild-type protein extract for 30 min. TRAP 

assay was then performed as previously described (83). Oligonucletide 7: 5’ 

TGTAGGGTTTAGTGC 3’; Oligonucletide 8: 5’ ACTAGGGTTTAGACG 3’; Oligonucletide 

9: 5’ CATAGGGTTTAGCAT 3’ and Oligonucletide 6: 5’ TGTAGGGTTTAGTGC 3’. 
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Results 

Identification and characterization of 4G3 RNA 

 The Arabidopsis telomere repeat is TTTAGGG and it differs from the human 

repeat TTAGGG by a single nucleotide. The template in hTR is 5’ CUAACCCUA 3’ (80). 

Therefore, we hypothesized that the permutation of the Arabidopsis telomere repeat (5’ 

CUAAACCCUA 3’) might be found in Arabidopsis, corresponding to 1.5 telomere 

repeats. We initiated an in silico analysis of the Arabidopsis genome to search for the 

presence of the template. A major impediment to our search was the presence of 

several interstitial telomere repeats in Arabidopsis. To avoid these elements in our 

search, we restricted the search to the intergenic regions of the genome. Our reasoning 

is based on a report that indicated that most H/ACA snoRNAs in Arabidopsis are located 

in intergenic regions (209). For our search, we also assumed that the Arabidopsis TER 

would be similar to the human TER, which contains an H/ACA box motif at the 3’ 

terminus.  

 To start our search, we used the program Patmatch on the TAIR website. 

Patmatch is a pattern matching program that can be used to search for short (<20 

residues) nucleotide sequences or patterns. Using CTAAACCCTA as query, we 

searched for patterns occurring in both strands of the genome in intergenic dataset. The 

program identified approximately 1700 hits in the intergenic region of the genome. To 

narrow the candidates, we eliminated hits that contained multiple templates in the same 

sequence. Further, hits that were in regions larger than 800 nts were also disregarded. 

This criterion was based on earlier work in our lab indicating that the size of the TER 

subunit was approximately 600 nts (M. Fitzgerald and D. Shippen, unpublished data). 

With these restrictions, the number of hits was reduced to 600.  
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 In all TERs, the template region is single-stranded. In order to predict the single-

stranded nature of the template region in the hits, we used the program Mfold (360). 

While Mfold can make accurate predictions of DNA/RNA secondary structures, it cannot 

predict pseudoknot structures. Mfold was also adopted by the Wellinger lab in their 

identification of TER subunits in the “sensu stricto” group of Saccharomyces (68). Mfold 

was used to identify candidate RNAs in which a single-stranded template was predicted 

among the lowest energy structures. By this method, we were able to reduce the number 

of candidates to 16 (Table 2). 

 The above candidates represented putative TERs; however, it was not known 

whether these candidate TERs were expressed in vivo. In humans, TER is expressed in 

all tissues, whereas telomerase activity is restricted to highly proliferative tissues (80). 

Similarly, in Arabidopsis, telomerase activity is restricted to flowers indicating that TER 

must be expressed in flowers. Therefore, we tested the expression of candidate TERs in 

flowers. Most candidates were expressed in wild-type flowers, while some candidates 

were eliminated as they were not expressed in flowers (FIG. 34A, lane 5; FIG. 34B, lane 

5). Although, TER subunits are stable in the absence of TERT in humans and yeast (55), 

we checked to see if Arabidopsis TER might need to be stabilized by its association with 

TERT. We checked to see if the TER candidates were also expressed when TERT was 

absent. One TER candidate was well expressed in wild-type but not expressed in a tert 

mutant (FIG. 34A; compare lanes 7 and 8). The absence of the TER candidate was not 

a consequence of the genome instability associated with late-generation tert -/- mutants 

(268) as even in G3 tert -/- mutants, this TER candidate was not detected (FIG. 34B;  

compare lanes 9 and 10). We named this candidate 4G3 RNA and proceeded to 

characterize this RNA.
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Table 2  List of TER candidates with a single-stranded template in Mfold analysis 

Intergenic region Template position Total length of sequence 
   

AT5G57280 797 - 706 818 

AT5G64360 32 - 41 268 

AT5G06200 582 - 591 695 

AT3G14855 66 - 75 447 

AT2G27980 33 - 42 478 

AT1G03810 672 - 681 760 

AT1G06720 154 - 145 324 

AT1G14990 21 - 12 406 

AT1G20530 67 - 58 752 

AT1G47915 232 - 223 463 

AT1G62120 61 - 52 614 

AT2G44050 92 - 83 234 

AT4G39300* 444 - 435 471 

AT5G06950 185 - 176 253 
 

* This TER candidate was analyzed biochemically and genetically. See text for details.  
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FIG. 34. Expression analysis of candidate TERs. (A) RT-PCR analysis of candidate TERs in wild-type 

flowers (lanes A) and G8 tert -/- flowers (lanes B). (B) RT-PCR of candidate TERs in wild-type (lanes A) and 

G3 tert -/- flowers (lanes B). 
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 Telomerase activity can be inhibited by oligonucleotides complementary to the 

template region of TER (80). To see if oligonucleotides complementary to 4G3 RNA 

inhibit telomerase activity, several oligonucleotides of different lengths were designed 

and tested in a telomere repeat amplification (TRAP) assay (FIG. 35A). Oligonucleotides 

were incubated with extract from wild-type flowers and then subjected to TRAP assay. 

Results of the TRAP assay indicated that the shortest complementary oligonucleotide 

(Oligo 7) inhibited telomerase activity in vitro (FIG. 35B; lanes 3 and 4). Oligo 7 is a 15-

mer predicted to anneal to the template and five adjacent nucleotides that surrounded 

the template (FIG. 35A). When the non-template bases of this oligonucleotide were 

modified, activity was not inhibited (FIG. 35B; lanes 5, 6, 7 and 8). Furthermore a longer 

oligonucleotide was also unable to inhibit telomerase activity (FIG. 35B; lanes 1 and 2). 

One reason why longer oligonucleotides might fail to inhibit telomerase activity is that 

they cannot stably bind to the template and adjacent region tightly. It is possible that the 

region surrounding the template is not available for binding to the oligonucleotide. The 

above data suggested that annealing of oligonucleotides to 4G3 RNA inhibits telomerase 

activity. 

We then analyzed the consequences of a knock-out in the gene encoding 4G3 

RNA. A mutant line with a T-DNA insertion in the 3’ region of the RNA termed 4G3-1 

was obtained from the INRA (France) collection (FIG. 36A). 4G3-1 mutant is in the 

Wassilewskija (WS) ecotype of Arabidopsis. Telomere length distribution varies among 

different Arabidopsis ecotypes (283). In the WS ecotype, telomeres are typically 

maintained in the 2-8 kb range (283) (FIG. 36B, lanes 1 and 2). Telomere lengths of both 

heterozygous and homozygous 4G3-1 mutants were analyzed and were found to be in 

the wild-type size range (FIG. 36B, lanes 3-7). Furthermore, telomerase activity 
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FIG. 35.  Oligonucleotides complementary to the template region of 4G3 RNA inhibit telomerase activity. (A) 

Sequence of 5’ region of 4G3 RNA. The template region is underlined in red. Oligonucleotide 7 is 

complementary to the template of 4G3 RNA and oligonucleotides 8 and 9 differ from oligonucleotide 7 only 

in the nucleotides that lie outside the template domain. Oligonucleotide 6 is a 22-mer specific to 4G3 RNA. 

(B) Protein extracts from flowers were incubated with the indicated oligonucleotides and tested for 

telomerase activity.  
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FIG. 36. Analysis of plants with T-DNA insertion in 4G3 RNA. (A) Schematic of T-DNA insertion in 4G3 RNA 

gene (4G3-1) (B) TRF analysis of wild-type, 4G3 +/- and 4G3 -/- plants. These mutants are in the WS 

ecoptype of Arabidopsis where telomeres range from 2-8 kb (283) (C) TRAP assay was performed on 

extracts from 4G3 +/- and 4G3 -/- flowers. (D) RT-PCR using a 5’ primer and T-DNA left border primer on 

RNA from wild-type and 4G3 -/- flowers.  



212 

 

was not reduced in the homozygous mutants (FIG. 36C). However, RT-PCR analysis 

using primers directed at the template region of 4G3 and the left border of the T-DNA 

showed that a truncated 4G3 RNA was being produced in the homozygous mutants 

(FIG. 36D). This expression most likely results from a cryptic promoter in the T-DNA 

(223). Therefore, the 4G3-1 mutant is not null for 4G3 RNA.  

To generate a more complete knockdown of 4G3 RNA, RNAi constructs directed 

at 4G3 RNA were transformed into wild-type plants. Transformants that showed a 

decrease in 4G3 RNA expression were obtained (FIG. 37A). However, these plants did 

not show a corresponding loss of telomerase activity (FIG. 37A) and telomeres remained 

in the wild-type range (FIG. 37B). These data suggested that 4G3 RNA is not required 

for telomerase activity. Therefore, other strategies were implemented to look for 

Arabidopsis TER candidates. 

 

Analysis of RNAs co-purifying with AtTERT 

Next, a biochemical approach was undertaken to identify TER candidates. Here, 

the goal was to sequence RNAs co-purifying with AtTERT.  Therefore, to enrich for 

telomerase, we overexpressed AtTERT in plants. AtTERT cDNA was tagged with an N-

terminal 3X FLAG tag and placed under the control of the 35S CaMV promoter. To 

ensure complete replacement of endogenous TERT for the tagged TERT, the construct 

was overexpressed in early generation tert -/- plants. This construct also contained the 

first intron of AtTERT present in frame with the rest of the coding sequence. We 

expected this transcript to be spliced and therefore not be targeted for degradation. 

 Transformants were obtained and whole cell protein extracts were made from 

flowers and subjected to western blots. Unfortunately, we could never detect a band of 

the right size corresponding to the FLAG-TERT (data not shown). However, since we 
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FIG. 37. Loss of 4G3 RNA does not diminish telomerase activity in vitro or telomere length in vivo. (A) RT-

PCR analysis of 4G3 RNA levels in control non-transformed plants and plants transformed with RNAi 

construct directed at 4G3 RNA. TRAP analysis of extracts from control and knockdown plants. (B) TRF 

analysis of wild-type, control and plants showing knockdown of 4G3 RNA.  
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transformed this construct in a knock-out background, we checked to see if the protein 

extracts from flowers had telomerase activity. Indeed, activity was obtained in the FLAG-

TERT transformants and this suggested that FLAG-TERT was being expressed (FIG. 

38A).  

Immunoprecipitation was then performed on the floral extracts using anti-FLAG 

beads. As expected, telomerase activity was recovered from FLAG-TERT 

immunoprecipitate, but not from wild-type immunoprecipitates (FIG. 38B). In addition, we 

were able to detect AtPOT1a by western in the FLAG-TERT immunoprecipitate and not 

in the wild-type immunoprecipitate (FIG. 38C). Thus, an intact telomerase RNP was 

purified. RNA was then extracted from the FLAG-TERT eluate. Using a protocol 

developed for cloning non-coding RNA (147), RNA from FLAG-TERT immunoprecipitate 

was ligated to 3’ and 5’ linkers sequentially and then reverse-transcribed to cDNA using 

primer specific to the 3’ linker and then subjected to PCR amplification. PCR products 

were subsequently cloned and sequenced. Sequencing of the clones revealed ribosomal 

RNA to be a major contaminant and we were unable to retrieve any template containing 

RNAs by this strategy. Therefore, even though we were able to purify telomerase, we 

suspect that we were unable to clone TER candidates due to their low abundance in 

comparison to ribosomal RNA. 

 

Identification and characterization of 3G0 RNA 

 In addition to performing our own in silico analysis, we also analyzed data from 

other labs that were involved in the search for non-coding RNAs in Arabidopsis (36, 138, 

204, 209, 258). We were particularly interested in orphan RNA transcripts (138). Orphan 

RNAs are not annotated as the product of any particular gene and therefore represent 



215 

 

 

 

FIG. 38. Analysis of FLAG-TERT transformants. (A) TRAP assay of extracts from FLAG-TERT 

transformants. Extract from wild-type flowers was used as positive control for TRAP assay. (B) IP of wild-

type and FLAG-TERT extracts using anti-FLAG beads. Eluates were tested for telomerase activity. (C) Wild-

type and FLAG-TERT eluates were also subjected to western using POT1a anti-serum.  
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non-coding RNAs. TER is a non-coding RNA and therefore, we searched the orphan 

RNA database (http://atornadb.bio.uni-potsdam.de/) for TER candidates by looking for 

the template region in these RNAs. We identified five candidates that contained the 

predicted Arabidopsis template. Mfold analysis of the template containing orphan RNAs 

was also performed. Only one orphan RNA (At_oRNA_415), termed 3G0, was predicted 

to contain a single-stranded template region in the 5’ region of the RNA. This RNA was 

expressed in all plant tissues (138). Interestingly, 3G0 RNA was not expressed in 

flowers from G3 tert mutants (FIG. 39A).  

 To further characterize the 3G0 RNA, we performed an immunoprecipitation 

experiment on Arabidopsis cell culture extracts using AtPOT1a antibody. AtPOT1a is a 

constituent of the telomerase RNP (296) and is associated with active telomerase. 

Therefore, we asked whether 3G0 RNA is associated with active telomerase in an 

AtPOT1a immunoprecipitation.  Arabidopsis cell culture extracts were 

immunoprecipitated with either pre-immune serum or with AtPOT1a anti-serum. Immune 

complexes were analyzed by TRAP assay and RT-PCR. Telomerase activity was 

specifically pulled down using AtPOT1a anti-serum (FIG. 39B). Interestingly, 3G0 RNA 

was also recovered in same IP, but not in the IP with pre-immune serum (FIG. 39B). In 

contrast, the abundant U6 snRNA was present in both pre-immune and anti-POT1a 

immunoprecipitates. This suggested that 3G0 RNA is associated with active telomerase 

and that this interaction is specific. 

 The Arabidopsis database contained a line with a T-DNA insertion in the 3’ end 

of the 3G0 RNA, termed 3G0-1 (FIG. 40A). Since the insertion was present in the 3’ end, 

we checked to see if 3G0 transcripts were expressed in 3G0-1 mutants. RT-PCR 

analysis using a template primer and a T-DNA primer indicated that products   
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FIG. 39. 3G0 RNA is associated with telomerase. (A) RT-PCR analysis of 3G0 RNA in wild-type and tert -/- 

flowers. TRP1H is a double-stranded telomere binding protein and was used as a control for RT-PCR. (B) 

Immunoprecipiation (IP) of cell culture extracts was performed with pre-immune serum (PI) or anti-POT1a 

serum. Upper panel: TRAP assay of immunoprecipitates. Lower panel: RNA was also extracted from the 

immunoprecipitates and RT-PCR was performed for 3G0 and U6 RNA. 
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corresponding to this region were still expressed in the homozygous plants (FIG. 40A). 

Therefore, the T-DNA insertion does not seem to affect the abundance of 3G0 RNA as it 

is present only in the 3’ end of the RNA. However, the loss of the 3’ region may result in 

a non-functional RNA. Therefore, telomere lengths were analyzed in 3G0-1 mutants. 

TRF analysis indicated no change in telomere length among heterozygous and 

homozygous mutants in this line (FIG. 40B). Screening of DNA pools from T-DNA 

mutagenized plants, not included in the database, showed no other insertions in 3G0 

RNA (data not shown).  

 We used two additional approaches to knock down 3G0 RNA in wild-type plants: 

antisense RNA and RNA interference (RNAi). An antisense RNA construct was 

generated by overexpressing full length 3G0 RNA in the antisense orientation. For RNAi, 

two constructs targeting 100 nts of 3G0 RNA template region (called template RNAi) or 

the nucleotides from 350-450 (called middle RNAi) were made. Antisense and RNAi 

constructs were transformed into wild-type plants. Transformants obtained from all three 

transformations were analyzed by RT-PCR. In all transformants analyzed, 3G0 RNA was 

undetectable even after 40 cycles of PCR whereas the mRNA for TRP1H, a double-

stranded telomere binding protein control (154), was amplified in all transformants (FIG. 

41A). TRAP assays revealed abundant telomerase activity in these transformants (FIG. 

41B).Thus, the 3G0 RNA does not appear to be a viable TER candidate. 

 

Discussion 

A bioinformatics approach to identify candidate TERs 

 The bioinformatics approach was a good starting point for identification of 

Arabidopsis TERs since Arabidopsis has a sequenced and annotated genome. 
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FIG. 40. Analysis of T-DNA insertion in 3G0 RNA. (A) Upper panel: Schematic of T-DNA  insertion in 3’ 

region of 3G0 RNA (At3g09162). Lower panel: RT-PCR of 3G0 RNA using template primer and T-DNA 

primer in 3G0 heterozygous and homozygous plants. 3G0 RNA is still expressed in these plants. (B) TRF 

analysis of wild-type, 3G0 +/- and 3G0 -/- plants.  
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FIG. 41. Knockdown of 3G0 RNA. A. RT-PCR analysis of 3G0 RNA and TRFL9 (control) transcripts in 

antisense, RNAi and wild-type plants. B. TRAP assay was performed on extracts from 3G0 RNA antisense, 

RNAi and wild-type plants. 
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Furthermore, several tools are also available to analyze and filter candidates resulting 

from these approaches. Using the bioinformatics approach, we were able to identify 

many template-containing candidates. We restricted our search to the intergenic regions 

of the Arabidopsis genome based on work on the identification of other non-coding RNA 

genes in these regions of the genome (209). However, since our work, the annotation of 

the genome has changed, and many candidates that were considered to be located in 

intergenic regions are now part of coding regions. The Arabidopsis TERs, TER1G7 and 

TER5G2 (CHAPTER III), have their template sequence located in intergenic regions and 

were present in the initial list of candidates. Therefore, in spite of improper annotation, 

this was a good criterion to distinguish TER candidates. Another good criterion to filter 

TER candidates was the requirement for a single-stranded template region as 

determined by Mfold analysis (360). As mentioned earlier, this criterion was also used 

for TLC1 homologs in other yeast species (68). When determining the secondary 

structure of RNAs, it is important to know the sequence boundaries. This was not 

possible with the above TER candidates. Since, we did not know the 5’ and 3’ ends of 

these RNAs; we may have missed several other candidates. We also looked for the 

presence of H/ACA boxes in candidate TERs to account for the association of 

Arabidopsis dyskerin (AtNAP57) with the telomerase RNP. However, these motifs are 

degenerate: the sequence of the consensus H box is ANANNAA (where N is any 

nucleotide). This criterion did not help in ruling out candidates, as this sequence was 

present in nearly all candidates. In total, the lack of sequence information apart from the 

template region did not help us in setting appropriate criteria for candidate TERs. 

 While the bioinformatics approach we took was flawed, we still obtained a 

reasonable TER candidate. Several lines of evidence pointed to 4G3 RNA as a possible 

Arabidopsis TER subunit. First, this RNA is absent in tert -/- mutants. One interpretation 
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of the observation is that Arabidopsis TER is stabilized by association with AtTERT. 

Therefore, it may accumulate in flowers only when AtTERT is present. Second, by yeast-

three hybrid assays, we were able to show an interaction between 4G3 RNA and both 

AtTERT and AtNAP57 (data not shown). Finally, the inhibition of telomerase activity by 

oligonucleotides aimed at 4G3 RNA template convinced us that this RNA was an 

excellent candidate. In retrospect, we realized that both AtNAP57 and AtTERT bind RNA 

non-specifically. Inhibition of telomerase by 4G3 RNA oligonucleotides is an accidental 

consequence of the sequence similarity in the template region between 4G3 RNA and 

Arabidopsis TERs. The 15-mer oligonucleotide that showed maximal inhibition of 

telomerase (oligo 7) shares 12 nts with TER1G7 and 10 nts with TER5G2, and can thus 

bind to the template of Arabidopsis TERs and inhibit activity. 

 In the above context, the genetic analysis was very important. Homozygous 

mutants in 4G3 RNA showed no telomere length defects. Initially, we attributed the 

absence of telomere defects to the expression of a truncated 4G3 transcript that 

contained an intact telomere template.  However, with RNAi against 4G3 RNA, we were 

able to conclusively prove that loss of 4G3 RNA did not affect telomerase activity or 

telomere length. We also considered the possibility that the absence of telomere length 

defects in the above mutants may be due to duplication of 4G3 RNA. However, a BLAST 

search of the genome revealed that 4G3 RNA is a single-copy gene. Thus, we were able 

to dismiss 4G3 as a viable TER candidate. 

 Many laboratories are involved in the cloning of non coding RNA species in 

Arabidopsis (36, 138, 204, 258). We were able to take advantage of the data generated 

from these laboratories and search for putative TER candidates. We screened 500 

candidates and found 5 candidates that contained the template. Our search led to the 

identification of a single-strand template containing RNA that we named 3G0 RNA. This 
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RNA was expressed in all plant tissues (138). As for 4G3 RNA, genetic analysis showed 

that telomerase activity and telomere length maintenance is unperturbed in 3G0 

mutants. Thus, 3G0 is not likely to be Arabidopsis TER. 

 One interesting feature of 4G3 and 3G0 RNAs is the inability to detect these 

RNAs in early generation tert mutants. Stability of both human and yeast TERs are not 

affected in the respective tert -/- backgrounds. Furthermore, accumulation of TER1G7 and 

TER5G2, the bona fide Arabidopsis TERs, are stable in the absence of AtTERT 

(CHAPTER III).  It is unclear why both 4G3 and 3G0 RNAs, which have a template 

region, are destabilized in a tert -/- background. One interesting possibility is that a 

surveillance mechanism is in place to regulate the levels of the non-coding RNAs and 

that this mechanism is triggered in response to telomerase inactivation. Microarray 

analysis of tert mutants would perhaps throw light on the factors contributing to the 

stability of other non-coding RNAs. More research is required to understand this 

mechanism and implications of this observation.  

 In summary, the bioinformatics approach is a good starting point for TER 

identification in sequenced, annotated genomes such as C. elegans. With the 

establishment of relevant criteria, this approach can be a useful tool for identification of 

TER orthologs in other sequenced plant genomes.  

 

PCR approach to clone TER candidates 

 Purification of telomerase complexes is a good strategy to identify TER 

candidates and this approach was used was ultimately successful in identifying TER1G7 

and TER5G2 in Arabidopsis. In this study, we took the first step in this direction by looking 

for RNAs that co-purified with tagged TERT. However, the presence of abundant 

contaminating ribosomal RNA fragments hindered our attempts to clone TER candidates 
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by the PCR approaches that have worked well for other non coding RNAs (147). Even 

with additional purification steps, it is difficult to avoid ribosomal RNA contamination 

(CHAPTER III). This problem was also faced by the Zakian group in their two-step 

purification of S. pombe telomerase (329).  

 Although the attempts described above to identify Arabidopsis TER were 

unsuccessful, we learned several valuable lessons. Multiple genetic approaches need to 

be taken to analyze putative TER function. Cryptic promoters in T-DNA insertions may 

lead to partially functional RNA transcripts. Therefore, antisense and RNA interference 

approaches can be useful to decrease the endogenous level of RNA. These lessons 

were very useful in analyzing the Arabidopsis TER genes described in chapter III. 
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