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Dissertation Abstract

Telomerase is reverse transcriptase composed minimally of a protein subunit (TERT) and

an internal, highly structured RNA component (TER) that contains the templating region

(3’AACCCCAAC5’ in Tetrahymena). The secondary structure of the telomerase RNA

(TeRNA) in ciliated protozoans is highly conserved among many different species

(Lingner et al., 1994; Romero and Blackburn, 1991). To investigate the importance of

helix IV and the dinucleotide bulge, a series of TeRNA mutations were made in the

Tetrahymena thermophila cell. In this study, I examined helix IV mutations for the --, --~~

* * -- *

ability to intragenically suppress previously characterized template mutations 44G and ■ º º º:

43A (Gilley et al., 1995; Yu et al., 1990). Analyses were performed both in vivo and in rº. º

vitro. TeRNA deleted of the GA bulge in helix IV is expressed, stable, and causes a mild f -
phenotype. AGA/44G RNA is not catalytically active in vitro and causes no change to *"

*

telomere length or sequence composition in vivo. In contrast, expansion of the GA bulge

from GA to GAA is well-tolerated. GAA/43A RNA is expressed, stable, specifically º -

detected in assembled RNP complexes, and is catalytically active in vitro. Deletion of all

of helix IV (residues 107-153) allows expression but not stability of the truncated RNA in -*

vivo. From these studies, we conclude that helix IV is generally essential for telomerase

function, a conclusion consistent with in vitro mutational methods in other studies

(Autexier and Greider, 1998; Licht and Collins, 1999). To investigate the importance of

the template region, we separately replaced the template domain (9 of 9 bases) in vivo.

Contrary to the expectation of ablating telomerase activity through template replacement,

we find that telomerase can efficiently polymerize using three different non-telomeric

templates in vitro (U9, AUN, and AU4). We further demonstrate the fidelity of U9

vi



telomerase, and utilize AUN telomerase as a tool to show that anchor-site primer binding

in telomerase is independent from template-base pairing. In vivo, AU4 and AUN genes

cause telomere shortening, macronuclear enlargement, and the statistically significant

appearance of hyper-elongated micronuclei, observed previously and indicative of a

block in mitotic anaphase (Kirk et al., 1997).

f

º-º-º-º-
---- WJT

Elizabeth Blackburn, Dissertation Advisor
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CHAPTER ONE

AN INTRODUCTION TO TELOMERASE



How to replicate a chromosome end

DNA polymerases replicate DNA in a 5’ to 3’ direction, initiating from an RNA primer

that is later removed. This is predicted to leave the 3’ terminus of the linear parent strand

uncopied, thereby shortening the chromsome over successive cell divisions. This

problem was recognized in the early 1970s. Mechanisms for complete replication of the

genome were proposed including concatamerization (Watson, 1972), and self-priming of

a palindromic end sequence (Cavalier-Smith, 1974). However, knowing the sequence of

the chromosome end was essential for developing any valid theory to explain end

replication. The extreme termini of chromosomes are not easy to sequence, even in 1998.

Low representation of end sequence in the genome and limited biochemical tools made

this sequence data even more difficult to obtain in the 1970s. Two pieces of the puzzle

came together in the late 1970s when a post-doctoral fellow, experienced in sequencing

methods, began experimenting on the abundant rDNA of a ciliated protozoan called

Tetrahymena. The rDNA of Tetrahymena is present at 10,000 copies in the

macronucleus, but not in tandem arrays as is observed in many eukaryotes. Instead, the

rDNA is on its own multi-copy chromosome which by the mid 1970s was known to be a

22 kb palindrome of two rDNA coding regions (Karrer and Gall, 1976). End-sequence

clearly composes a much higher proportion of the total genome when the chromosomes

are small. And so, in 1978 Tetrahymena and Elizabeth Blackburn gave us the first

chromsome end sequence (Blackburn and Gall, 1978). The rDNA end contained the

tandemly repeated six base sequence TTGGGG, and a curious set of unligatable nicks or

gaps, particularly in the C-strand. Shortly thereafter, a repetitive TG-rich sequence was



also found at the chromosome termini of four different ciliate species (Klobutcher et al.,

1981).

A terminal transferase

Knowing the sequence of telomeres still did not explain how the ends of chromosomes

were replicated. Since the linear rDNA is a palindrome, each end contains the same set

of restriction sites, and should produce a terminal fragment of a single size upon

digestion. However, this was not found to be the case (Blackburn and Gall, 1978). The

terminal fragment band was broad on an agarose gel, Suggesting something heterogenous

about the size or structure of these supposedly identical termini. Since conventional

replication of other linear genomes was not known to produce different ends on each

DNA chromosome, other mechanisms of end-replication were proposed for the rDNA.

Recombination between chromosome termini was one suggested mechanism that could

account for heterogeneity in telomere length, and had been proposed for the linear

genome of T4 virus. Yet, later studies of telomere function in yeast argued against

recombination as the primary mode of end-replication. It was discovered that a

Tetrahymena sequence could stabilize the propagation of a linear yeast chromosome in

yeast (Szostak and Blackburn, 1982). After many generations of propagating a

Tetrahymena telomere in yeast cells, a long stretch of repetitive and TG-rich yeast

telomeric sequence becomes added to the distal end, but is not mixed in with the original

Tetrahymena end sequence (Shampay et al., 1984). The lack of strict homology between

the two species of telomere sequence and the abrupt transition between Tetrahymena and

yeast sequence in the clones did not support a recombinational model of end-replication.



Furthermore, early results on telomere length dynamics in Trypanosomes and later in

Tetrahymena showed that slow net lengthening, rather than shortening or abrupt

lengthening was occurring over the course of many generations (Bernards et al., 1983;

Larson et al., 1987). Rather than recombination, a novel terminal transferase-like activity

was suggested as a possible mechanism of end-replication (Shampay et al., 1984).

Biochemical investigations in Tetrahymena uncovered such an activity (Greider and

Blackburn, 1985). Provided with a (TTGGGG)4 oligonucleotide, a previously

undescribed polymerase activity added [o-32P) label in dGTP, but not dTTP, dATP, or

dCTP, when the other three dNTPs were present unlabeled at high concentration (100

puM). A control reaction with Klenow showed how different the new polymerase was,

both in its dMTP usage and G-base repeat product pattern. This data argued against the

possibility that telomere terminal transferase was really a Klenow-like polymerase,

catalyzing self-priming and template slippage as a mechanism of telomere replication.

The presence of products at 1 nucleotide intervals also argued against the suggestion that

telomeres were created by ligation of pre-assembled units in the cell.

In 1987, telomerase received its new name and two RNAs were co-purified with activity.

(Only one RNA was later found to be essential to activity.) The high molecular weight

(200-500 kD) of telomere terminal transferase during gel filtration was consistent with

nucleic acid being present in the enzyme. At this time, telomerase was noted for having

a primer sequence specificity, both at the 5’ and 3’ ends of oligonucleotide substrates

(Greider and Blackburn, 1987). Telomeric sequence (12-32 nt) from Tetrahymena,

hypotrichs, and yeast were all utilized by telomerase, while 6 nt Tetrahymena sequence



and 34 nt primers of pHR322 origin were not. Several roles for the co-purifying RNA

were proposed, including substrate recognition (by analogy with a Shine-Dalgarno

sequence), catalysis, and provision of a template sequence. The latter was supported by

the presence of a telomere complement sequence, AACCCCAAC in the RNA co

purifying with activity (Greider and Blackburn, 1989). Furthermore, oligonucleotides

complementary to the template and surrounding region inhibited activity, both in the

presence and absence of RNaseH. On the basis of the 6-base ladder and the RNA

template sequence, an elongation-translocation model was proposed that is still consistent

with current biochemical data (Greider and Blackburn, 1989).

After the discovery that telomerase in Tetrahymena was an RNP, telomerase activity was

reported in the ciliates Oxytricha nova (Zahler and Prescott, 1988) and Euplotes crassus

(Shippen-Lentz and Blackburn, 1989), and soon after in human cells (Morin, 1989). The

Euplotes activity co-purified with an RNA containing the Euplotes telomeric sequence.

Anti-sense oligonucleotide inhibition experiments were done to confirm the use of the

RNA as a template. The discovery of RNA templating functions in Tetrahymena and

Euplotes established telomerase as a reverse transcriptase (Shippen-Lentz and Blackburn,

1990). (The properties of telomerase as a reverse transcriptase is discussed in the

introduction to Chapter Three.) Proof of RNA templating was obtained in 1990 when

mutations in the telomerase RNA created the corresponding mutation in the sequence of

Tetrahymena telomeres (Yu et al., 1990).



Telomerase activity has been subsequently discovered biochemically in extracts of a wide

range of eukaryotic cells such as mouse (Prowse et al., 1993), frog (Mantell and Greider,

1994), three yeast species (Cohn and Blackburn, 1995; Fulton and Blackburn, 1998),

several plant species (Fitzgerald et al., 1996), Plasmodium (Bottius et al., 1998), and

kinetoplastid parasitic protozoa (Cano et al., 1999). The form of telomeric sequences in

many more eukaryotes-tandem repeats of short sequences with varying numbers of

repeats on the telomere end-is taken as evidence that their telomeres are maintained by

telomerase (Greider, 1995).

Telomeres and their cellular roles

Before turning to telomerase again, I will review some basic findings about telomere

biology. Telomeric repeats are bound specifically by several proteins and together

comprise the telomere. Telomeres cap chromosomes and function in several ways to

maintain the integrity of the genome: protection from DNA degradation (Gottschling and

Zakian, 1986); distinction of natural chromosome ends from double-stranded breaks

(Ahmad and Golic, 1999; Sandell and Zakian, 1993); prevention of end-to-end

chromosome fusion (Kirk et al., 1997; van Steensel et al., 1998). A role for telomeres in

meiosis has been hypothesized for many years. During meiotic prophase, telomeres

cluster in a manner thought to facilitate homolog pairing (see reviews, de Lange, 1998;

Dernburg et al., 1995; Roeder, 1997). In mammals and plants, this clustering occurs

under the nuclear envelope in what is called the bouquet stage (Bass et al., 1997;

Scherthan et al., 1994). In fission yeast, telomeres cluster with the spindle pole body

(SPB) during prophase to form the rapidly moving horsetail nucleus (Chikashige et al.,



1997). Mutation of the double-stranded telomeric binding protein, Tazlp (Cooper et al.,

1997) disrupts telomeric clustering with the SPB, and is associated with low spore

viability and a reduced rate of homologous recombination among viable spores (Cooper

et al., 1998; Nimmo et al., 1998). Separately, studies of meiosis in budding yeast have

revealed a requirement for telomeres in homolog recognition (Rockmill and Roeder,

1998). The role of telomeres in non-meiotic chromosome segregation has also been

studied. In the somatic nuclei of Tetrahymena and yeast, mutation of sequences within

the telomere impairs cell division and leads to large increases in nuclear DNA content

and cell death (Smith and Blackburn, 1999; Yu et al., 1990). Furthermore, a specific

mutation in the telomeric repeat of Tetrahymena (from G4T2 to G4T4) causes an

accumulation of hyper-elongated nuclei during anaphase mitosis (Kirk et al., 1997).

These studies indicate that wild-type telomeres are necessary for proper chromosome

segregation during mitosis.

Telomerase RNAs and secondary structure

Before 1994, much of the work on the T. thermophila telomerase RNA had focused on

mutating single template residues to elucidate the mechanism of polymerization.

(Template mutations are reviewed in the introduction to Chapter Three.) However, the

importance of non-template regions had also become apparent by this time. Twenty

ciliate telomerase RNAs (TeRNA) were cloned by 1994, providing a large pool of

phylogenetic data. The first TeRNA secondary structure model was proposed for seven

tetrahymenine species (Romero and Blackburn, 1991) and later extended by the cloning

of six more tetrahymenine RNAs (McCormick-Graham and Romero, 1995). The



tetrahymenine telomerase RNAs range from 148-160 nucleotides (nt) with a basic

secondary structure consisting of four helical domains numbered I through IV. The T.

thermophila telomerase RNA model is shown in Figure 2-1. This basic model is also

conserved among the telomerase RNAs of seven holotrichous species: Euplotes,

Oxytricha, and Stylonychia (Lingner et al., 1994; Shippen-Lentz and Blackburn, 1990).

The exception to this basic structure is the absence of helix II in the smallest TeRNA of

Tetrahymena paravorax (148 nt) and all seven holotrichous TeRNAs. More recently, the

ciliate TeRNA pool has been enriched by the cloning of four Paramecium TeRNAs

(McCormick-Graham and Romero, 1996). These RNAs are longer (202-209 nt), and do

contain helix II. Interestingly, the Paramecium RNAs also contain a fifth helix between

helix III and IV.

The conservation of secondary structural features among 24 ciliate telomerase RNAs

suggest that these TeRNA motifs have essential functions in the RNP. Present in all the

TeRNA models are helices I, III, and IV. Furthermore, a pseudoknot consistently

appears in helix III, while helix IV is always separated into two halves by a conserved

RNA bulge of 2 or more nucleotides. In the tetrahymenine model, this bulge is always a

dinucleotide bulge of the sequence GA. Both helix IV and the GA bulge are the focus of

Chapter Two.

In addition to phylogenetic data, several biochemical studies supported the existence of

secondary structural motifs within the telomerase RNA. In vitro chemical and enzymatic

structure probing was performed in parallel on two telomerase RNAs that diverge in



primary sequence outside the template region by 49% (Bhattacharyya and Blackburn,

1994). The patterns of reactivity and protection (DEP, RNase T1, and RNase VI) of

Glaucoma chattoni and Tetrahymena thermophila RNAs (in the absence of protein) were

nearly identical to one another, and also provided strong support for helix I and IV as

proposed in the initial tetrahymenine model. A potential kink in helix IV was later

discovered by performing electrophoretic mobility assays on representative DNA

oligonucleotide helices, where the position of the GA bulge was systematically varied (A.

Bhattacharyya and E. Blackburn, unpublished data). While the structure probing data for

helix III was less conclusive, Bhattacharyya proposed that the helix III pseudoknot was a

dynamic structure capable of forming and unforming with a single stranded region near

the template. In a separate study, dimethyl-sulfate (DMS) footprinting on the telomerase

RNA in live Tetrahymena cells provided information on the structure of the telomerase

RNA within the RNP (Zaug and Cech, 1995). While the DMS footprint showed more

extensive regions of protection than in vitro structure probing, two critical observations

were that the template region was accessible and the GA bulge was protected from

methylation. Protection of the GA bulge suggested that it remained buried within the

RNP. Accessibility of the template region suggests that it does not remain continuously

base-paired with telomeres or other parts of the TeRNA (tertiary interactions).

Although telomerase RNAs were cloned from other species during this time, their size

makes them less amenable to secondary structure modeling. The Saccharomyces

cerevisiae (Singer, 1994) and Kluyveromyces lactis telomerase RNAs (McEachern and

Blackburn, 1995) are over 1.2 kb in size, while the human (Feng et al., 1995) and mouse



telomerase RNAs (Blasco et al., 1995) are approximately 400 and 450 nucleotides,

respectively.

Searching for telomerase protein components

Not until 1995 were the first polypeptides associated with telomerase reported in the

literature. Tetrahymena telomerase extracts were used to add a photoreactive dTTP

analog and [0-32P] dGTP to a telomeric primer. After UV-crosslinking, only one protein

(approximately 100-120 kD) associated specifically with telomerase elongation activity

(Harrington et al., 1995). Separate large scale biochemical purification of Tetrahymena

activity turned up two proteins, p80 and p95, that co-purified with activity and showed

TeRNA and telomeric primer binding activity repectively (Collins et al., 1995). Other

proteins, including an approximately 100 kD protein, co-purified with activity, but

apparently not reproducibly (Collins et al., 1995). One troubling detail was the lack of

an expected reverse transcriptase (RT) polymerase motif in either p80 or p95. Due to the

difficulties created by differential codon usage in Tetrahymena versus E. coli, activity

was not reconstituted from recombinant sources at that time. After recombinant sources

were available, activity could not be convincingly reconstituted with p80, p85, and

TeRNA. Instead the focus was later placed on interactions between the telomerase RNA

and telomeric primers with p80 and p95 (Gandhi and Collins, 1998). Searches for

homologs of p80 and p95 turned up a few matches in mammalian cells. A rat p80

homolog called TLP1 was cloned (Nakayama et al., 1997), while mouse and human

homologs called TP1 were also cloned (Harrington et al., 1997a). Antibodies to

10



TLP1/TP1 immunoprecipitated telomerase activity in both studies. p95 however,

remained a mystery.

Meanwhile, biochemical purification of the relatively abundant Euplotes aediculatus

telomerase was initiated in the Cech laboratory. One protein, p123 associated with

telomerase activity and contained the expected RT motif. The sequence of this gene was

homologous to a yeast gene EST2, previously identifed in a screen for telomere

shortening. Lacking a genetic (or reverse genetic) system in Euplotes, the Lundblad and

Cech groups collaborated to make single base mutations in putative EST2 catalytic

residues which caused telomere shortening in yeast. Biochemical analyses of point

mutants were not performed on either p123 or EST2 (Lingner et al., 1997). Homologs to

the EST2 sequence were soon identified in the S. pombe and human genomes, although

no biochemical studies were reported (Meyerson et al., 1997; Nakamura et al., 1997).

Direct biochemical evidence for a telomerase protein was not obtained until late 1997.

Mutations in putative RT residues of TP2 (human EST2) were shown to severely reduce

activity in vitro (Harrington et al., 1997b). Shortly thereafter, activity was finally

reconstituted for the first time from recombinant protein and telomerase RNA (human)

(Beattie et al., 1998; Weinrich et al., 1997). Activity was later reconstituted from

recombinant protein and RNA for mouse and Tetrahymena telomerase (Collins and

Gandhi, 1998; Greenberg et al., 1998). The Tetrahymena telomerase protein turned out

to be 133 kD. A discussion of more current p80 and p95 data is discussed in Chapter Two

and Chapter Four.

11



Homologs of EST2 and p123 have subsequently been renamed “TERT" genes, while the

RNA is TER as named in the original gene mutational study in Tetrahymena (Yu et al.,

1990). (The telomerase RNA is abbreviated TeRNA in this thesis). An Oxytricha

trifallax TERT gene has been cloned and sequence alignments have revealed two new

motifs, unique to telomerases, in TERT genes from seven species. One region of

homology in all the TERT sequences is called Motif T, for telomerase. Another region of

homology is present only in the ciliate TERT sequences, named Motif CP for ciliate

protozoan (Bryan et al., 1998).

The genetic system of Tetrahymena thermophila

I chose T. thermophila as a telomerase model system for studying the telomerase RNA.

Tetrahymena has a small TeRNA (159 nt), robust and well-characterized biochemical

activity, and the potential for making in vivo mutations. Only ciliate telomerase RNAs

had been cloned when I joined the lab and Tetrahymena is genetically tractable compared

to other ciliates. Furthermore, electroporation had just replaced microinjection as the

method for transforming Tetrahymena in 1993, making it easier to obtain large numbers

of transformants.

Due to the many differences between Tetrahymena and familiar bacterial or fungal

genomes, I will summarize the basics of the Tetrahymena genetic system here.

Tetrahymena, like many ciliates contains a germline micronucleus and a transcriptionally

active macronucleus in every cell. Tetrahymena reproduces either vegetatively or

sexually, through a process of conjugation and reciprocal micronuclear exchange. The
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micronucleus of Tetrahymena is diploid, containing pairs of five unique chromosomes.

The macronucleus contains hundreds of chromosomes, each of which contain many

genes. The rDNA is present at approximately 10,000 copies while the remainder of the

macronucleus is 45N.

Tetrahymena contains approximately 45 wild type copies of the telomerase RNA gene in

the macronucleus, preventing the complete knockout of all wild-type telomerase genes.

Instead, a successful system of RNA replacement, which also yields other valuable

information, has been developed for Tetrahymena thermophila TeRNA studies. In this

strategy, a mutant telomerase RNA gene (with its own transcriptional control regions) is

placed in a non-transcribed spacer of an rDNA vector called prD4-1 (Yu and Blackburn,

1990). The rDNA in prD4-1 contains a paromomycin drug resistance mutation. The

construct is electroporated into Tetrahymena at the time of conjugation, when the resident

macronucleus has been destroyed and a copy of the germline micronucleus is developing

into a new macronucleus. The rDNA vector contains a base change in its origin of

replication, allowing it to out-replicate the endogenous rDNA allele. In this way, the

exogenous rDNA vector containing a telomerase RNA gene (renamed from prD4-1 to

prTER) becomes amplified to thousands of copies during the process of macronuclear

development. Transcription of telomerase RNA genes results in a swamping of the

steady state pool of telomerase RNA. Run-on transcription assays confirm that total

telomerase RNA gene transcription rate is much higher in wild-type transformed versus

wild-type untransformed cells, but steady state telomerase RNA levels are the same (Yu

et al., 1990). All template point mutants studied have produced exclusively mutant
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telomerase activity in vitro. This confirms that functional swamping with exogenous

TeRNA occurs in the telomerase RNP. This is probably due to the tight control on steady

state telomerase RNA levels. If assembly of telomerase RNA within the RNP is

necessary for stability, then the mutant RNA would simply have a much higher

probability (at 10,000 gene copies) of being utilized. The fact that free telomerase RNA

is not detected in S100 extracts analyzed on RNP gels or column gel filtration is

consistent with this hypothesis.

Project Rationale and Dissertation Overview

By 1993, the importance of the telomerase RNA and secondary structural motifs was

well-established. However, no mutational studies had been done to study the potential

function of non-template regions of the telomerase RNA. I began this thesis project by

selecting a secondary structure motif of the telomerase RNA, helix IV. I made small and

large deletions, placing them in the same TeRNA gene with a lethal template mutation.

Using this method allowed me to screen the ability of helix IV deletions to intragenically

suppress template mutation phenotypes. The results of this project are elaborated in

Chapter Two.

Chapter Three of this dissertation focuses on the project that started mostly as a control

experiment, but later became the most significant work of this dissertation. Mutant

nuclear phenotypes had been observed in Tetrahymena in response to template mutations

in the telomerase RNA. However, we did not know whether the phenotype was caused

by mutant telomeric sequence or an aberrant activity of mutant telomerase (such as
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accessibility to the telomere, processivity, etc). The phenotype of a true telomerase RNA

null was unkown due to the impossibility at that time of a genomic knockout of the

telomerase RNA gene in Tetrahymena. At a particular crossroads in the helix IV project,

I became interested in finding out what would happen in cells when the template was

completely substituted. This was predicted to effectively constitute a functional knockout

of telomerase. Given the remaining secondary structural elements of the telomerase

RNA, we predicted that this RNA would bind telomerase proteins, but be catalytically

inactive. This would enable us to analyze the roles of non-template regions in telomerase

activity, since available information suggested that the telomerase RNA was not merely a

passive reverse transcriptase template. We also had the potential with this experiment to

answer the “mutant telomere versus mutant telomerase” conundrum about phenotype.

Science fortunately surprises us. Telomerase is catalytically active with three different

template substitutions. The in vitro and in vivo effects of these substitutions are

described in Chapter Three.

At the end of this chapter is Figure 1-1, a summary schematic of the telomerase RNA

mutations described in this dissertation.
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Figure 1-1
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CHAPTER TWO

IN VIVO MUTATION OF HELIX IV IN THE

T. THERMOPHILA TELOMERASE RNA
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Abstract

The secondary structure of the telomerase RNA (TeRNA) in ciliated protozoans is highly

conserved among many different species (Lingner et al., 1994; Romero and Blackburn,

1991). Conserved features include three helical domains (I, III, IV), a pseudoknot, and a

dinucleotide bulge in helix IV. To investigate the importance of helix IV and the

dinucleotide bulge, a series of TeRNA mutations were made in the Tetrahymena

thermophila cell. Changes to helix IV were made in combination with a marker mutation

in the template region, either 44G or 43A. In this study, I examined helix IV mutations

for the ability to suppress these previously characterized template mutations (Gilley et al.,

1995; Yu et al., 1990). Analyses were performed both in vivo and in vitro. TeRNA

deleted of the GA bulge in helix IV is expressed, stable, and causes a mild phenotype.

AGA/44G RNA is not catalytically active in vitro and causes no change to telomere

length or sequence composition in vivo. In contrast, expansion of the GA bulge from GA

to GAA is well-tolerated. GAA/43A RNA is expressed, stable, specifically detected in

assembled RNP complexes, and is catalytically active in vitro as evidenced by the

activity of the 43A marker mutation. Deletion of all of helix IV (residues 107-153)

allows expression but not stability of the truncated RNA in vivo. From these studies, we

conclude that helix IV is generally essential for telomerase function, a conclusion

consistent with in vitro mutational methods in other studies (Autexier and Greider, 1998;

Licht and Collins, 1999).
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Introduction

In vivo mutation of T. thermophila telomerase RNA secondary structures

The next step in understanding TeRNA secondary structure function in 1994 was

mutational analysis. When I began this thesis project, mutational studies had not been

performed on any portion of the telomerase RNA outside the template region, with either

in vivo RNA replacement or in vitro transcribed (and mutated) RNA methods (see

Discussion section). I began by making TeR gene deletions in helix IV and placing them

back into Tetrahymena, using the same approach and methodology that had been used

successfully to study template mutations in the lab. In this approach, the mutant

telomerase RNA of interest is transcribed and assembled in vivo, providing data about

effects of the mutation on RNA expression (transcription or stability), nuclear and cell

morphology, telomere length and maintenance, and telomerase activity from extracts.

My studies of helix IV were paralleled by the work of two colleagues in the laboratory,

who began studying other secondary structural motifs of the T. thermophila RNA.

Following his discovery of nearly identical secondary structures, A. Bhattacharyya used

the G. chattoni RNA to replace the T. thermophila telomerase RNA in vivo

(Bhattacharyya and Blackburn, 1997). The template sequence was marked with a single

point mutation (wild-type G. chattoni and T. thermophila templates are identical) that

served to later verify template usage in vivo (the mutation appearing in telomere clones).

Telomerase assays further confirmed the usage of the swapped RNA in vitro and revealed

a stronger cleavage activity of a different pattern than expected. This interspecies swap

highlighted the importance of secondary structure, as opposed to primary sequence
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conservation, and revealed potential influences of the non-template RNA domains on

both polymerization and cleavage. A very recent study in the lab on another structure in

the RNA has subsequently shown that elimination (by mutation and later by

compensatory restoration) of the helix III pseudoknot prevents stable in vivo assembly of

the telomerase RNA with the catalytic RT subunit, as indicated by native gel analysis and

loss of enzymatic function in vitro (Gilley and Blackburn, 1999).

Rationale and Questions

Previous data had shown that helix IV was phylogenetically conserved in more than 21

ciliate RNAs (Greider and Blackburn, 1989; Lingner et al., 1994; McCormick-Graham

and Romero, 1995; Romero and Blackburn, 1991; Shippen-Lentz and Blackburn, 1990)

and structure probing data supported this structure in T. thermophila and G. chattoni

TeRNAs. However, telomerase is a reverse transcriptase and it was still formally

possible at that stage to think of the telomerase RNA as a passive template. At the time

when this work was started, we did not have functional evidence that helix IV was

essential. Therefore, I first tested whether telomerase could function with a full deletion

of helix IV (bases 107-153). The deletion was made by leaving the terminal string of 5

rU residues at the 3’ end (and all downstream regions) intact, see Figure 1-1.

The GA bulge itself and two neighboring residues are conserved in primary sequence.

The precedent of HIV Tat protein interaction with the bulge of the TAR RNA (Brodsky

et al., 1998; Puglisi et al., 1992) led to a similar proposal for the function of the GA bulge

in the telomerase RNA (Bhattacharyya and Blackburn, 1994). The in vivo protection of
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the telomerase GA bulge from DMS treatment supported this hypothesis by suggesting

that the GA bulge was buried in either RNA-RNA or RNA-protein interactions.

Therefore, I next specifically deleted the GA bulge to test whether it was essential for

telomerase function.

Since deletion of the GA bulge disrupts function, we further questioned whether the

sequence or geometry of the bulge was most significant. I tested the importance of the

GA bulge geometry by expanding the GA bulge to GAA. Addition of an ra residue to

the GA bulge was predicted to change the local geometry without deleting the potentially

essential primary sequence, GA. RNA bulges can do several things to mediate

interactions with proteins. These functions include exposing the bases of the bulge,

widening the major groove in the adjacent helix, and distorting the nucleic acid

backbone. Sequence-specific recognition of DNA by protein is mediated primarily

through the pattern of hydrogen bond donors and acceptors in the major groove

(reviewed in Steitz, 1990). Since RNA is an A-form helix with a deep major groove, the

sequence-specific information is much less accessible than in its DNA counterpart.

Mobility assays with telomerase oligonucleotide helices in vitro indicated that the

telomerase GA bulge induces a kink in helix IV (Bhattacharyya and Blackburn, 1994).

This is predicted to cause major groove widening in helix IV adjacent to the GA bulge.

Expanded RNA bulges are known to increase the angle of helix kinking (Bhattacharyya

et al., 1990; Zacharias and Hagerman, 1995). We predicted that expansion of the GA

bulge to GAA would disrupt telomerase function, possibly by altering the angle of helix

kinking or by widening the major groove.
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These questions can be stated briefly, as they developed during the project:

1. Can the telomerase RNA function without all of helix IV?

2. Can the telomerase RNA function without the GA bulge?

3. Can the telomerase RNA function with an expansion of the GA bulge to GAA'?

If no, what problems are created: expression (transcription and stability), assembly, or

polymerization?

Results

Organization of results

The following order of data presentation has been chosen (over chronological) for ease of

communication. It is basically organized according to assay type.

A.

B.

F.

I.

Experimental design of double mutants

Creation of TeR transformants and extraction of samples

Use of the telomerase assay for a catalytically active double mutant, GAA/43A

Viability assays of double mutant transformants

Telomere length and sequence composition in double mutant transformants

In vitro telomerase assays of Ahelix IV/44G and AGA/44G transformant extracts

Measurement of in vivo expression of double mutant RNAs

Assembly measurements of double mutant RNAs in transformant extracts

Properties of the slow-migrating TeRNA-containing species seen in RNP gels
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A. Experimental design: double mutants to test for intragenic suppression

As outlined in the first chapter, telomerase RNA mutations in Tetrahymena are made in a

background of 45 wild-type copies. Mutant telomerase RNA genes on an rDNA vector

are electroporated and rapidly amplified to approximately 10,000 copies per cell. Since

my focus was studying non-template RNA motifs, I needed a positive marker to confirm

usage of mutant RNAs. The best way of achieving this was to make mutations in helix

IV (which includes the GA bulge) and couple them with marker mutations in the template

region of the telomerase RNA. Two different template mutations were chosen, one

phenotypically severe and one phenotypically benign. Template mutation 44G, is

phenotypically severe, causing cellular enlargement (monsters) and cell death by roughly

the ninth generation (Yu et al., 1990). 44G telomerase (single mutation in the RNA)

completely replaces wild-type telomerase and adds the marked mutant repeat, GGGGTC

to the chromosomes (rather than the wild-type GGGGTT repeats) (Gilley et al., 1995).

In contrast, template mutation 43A is phenotypically benign but still enzymatically active

in vitro and in vivo (Gilley et al., 1995). Wild-type telomerase produces a “ladder' of 6

base repeats (GGGGTT) that stems from the strong probability of dissociation at the end

of the template after each round of elongation in vitro. 43A telomerase is easily

recognized by its characteristic 7-base telomeric repeat (GGGGTTT). By creating

TeRNA genes mutated in helix IV as well as the template, I could test the ability of helix

IV mutations to intragenically suppress (or not) 43A or 44G templates. This intragenic

suppression is not of the usual type, that is isolation of a mutation that restores function.

Rather, this intragenic suppression is inhibition of the mutant template to function in the
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RNP. This all occurs in the presence of background wild-type telomerase in the cell and

therefore no phenotype is observed. Note: in this context I will use the term ‘double

mutant’ to refer not simply to the mutation of multiple bases (like G and A), but rather to

the mutation of two distinct regions of the telomerase RNA (helix IV and the template).

B. Creation of TeR transformants and extraction of biological samples

A list of the mutant genes I constructed appears beneath the secondary structure of the

telomerase RNA in Figure 2-1. (A few of these genes were never studied in vivo but

appear only for future reference.) Mutant genes are named with the following system:

helix IV mutation (including GA bulge mutations)/template mutation. An example is

deletion of the GA bulge with a 44G template, designated AGA/44G. Telomerase RNA

mutations were made in the context of the original 0.5 kb TeR genomic clone (see Figure

2-2) by overlapping PCR mutagenesis (with two flanking primers M-up and M-down, see

Methods and Table 2-A). TeR genes were ligated into the rDNA vector, prD4-1 (Figure

2-3) and renamed prTER-x according to the mutations made. prTER constructs were

electroporated into mated Tetrahymena and paromomycin selection was applied within

24 hours. Electroporated cells were diluted and cultured in both 0.25L flasks and 96-well

plates. Transformants were identified three days later and subcultured under continued

drug selection. For each set of transformations, a wild-type gene control was used, and

the resulting cells were designated wild-type transformed (WT-t). Since the process of

transformation and retention of the exogenous rDNA may in itself cause changes to the

cell, I used WT-t samples as controls in nearly all analyses.
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To compare DNA, RNA, and telomerase activity from a particular time point, samples

from transformant cells were always prepared in parallel (for mutant and WT-t) within a

short time span surrounding the fifth day. The fifth day is the first day that sufficient

cells are available to prepare extracts. It is important to catch the cells at the earliest

possible stage due to the potential for phenotypic reversion of the culture (a few reverted

cells taking over the entire culture due to their faster doubling times). This is

characterized by an overnight saturation of cells that have been growing slowly and

consistently over the course of several days. Such reversion has never been observed

before day seven in my hands or that of laboratory colleagues. Previous efforts to limit

the effects of reversion involved growing several small cultures side-by-side. This

allowed the investigator to discard any reverted cultures, while pooling the unreverted

cultures to obtain enough cells for extract preparation. When studying template mutants,

an abundance of wild-type activity is a strong indicator during assays that reversion

probably took place in the culture (used to prepare extracts). When studying mutations in

non-template regions of the RNA, wild-type activity is actually an expected result when

the non-template mutation inhibits the RNA from functioning in the RNP. Wild-type

telomease activity cannot be used in these experiments as an indicator of reversion at the

time of telomerase assays. Therefore, culturing must be done within a strict time window

to avoid later misinterpretation. Informal investigations in our lab by K. Kirk (personal

communication, 1995) revealed that drug concentration and timing of drug application

were not factors in promoting reversion. Instead, she concluded that minimizing the

number of doublings after transformation was key to preventing culture reversion. For

this reason, we maximize the number of transformed cells from the beginning and culture
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them under observation as one pool for the minimum number of days required to obtain

extracts. This involves performing multiple transformations with 25 pig of the same

construct, immediately pooling transformants, and extracting samples on the earliest day

that enough cells are available. A standard electroporation yielded 0.25 L of transformed

cells in 5 days (at 1-5x10° cells/ml) which is safely within the number of days before

reversion has been observed. Genomic DNA was extracted from 2 ml of cell culture on

the fifth day while RNA was extracted at the same time from 10 ml of cell culture. The

remaining cells were washed gently and placed in starvation medium, a standard practice

to increase the amount of extractable telomerase in the cell. S100 extracts were prepared

in parallel after 12-24 hours of starvation, and stored at -80°C until DEAE-agarose and

Octyl-sepharose purification (see Methods) could be performed on all samples on another

day.

C. Use of the telomerase assay to assess the effects of TeRNA mutations:

a catalytically active double mutant, GAA/43A

An important test for all mutant RNAs in this project was the telomerase assay. For this

reason, I begin by describing the assay of a mutant telomerase RNA that we found to be

catalytically active. In this manner, I can explain with actual results, the positive

indicators we expect for marked template RNA use in the telomerase RNP. With a

marked template, there are two possible biochemical outcomes. A high proportion of

43A activity in the GAA/43A transformant extracts would indicate good utilization of the

GAA mutant RNA. In this case, the introduced TeRNA is stable and competes

efficiently with endogenous wild-type TeRNA for complex components (Yu et al., 1990)
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and wild-type activity is correspondingly diminshed or undetectable as shown previously

(Gilley et al., 1995). Alternately, exclusively wild-type activity in the GAA/43A

transformant extracts would indicate that the GAA RNA was not being used in the

telomerase RNP and wild-type activity would come from the background of 45 wild-type

genes still present in the cell.

A telomerase reaction cocktail contains an unlabeled gel-purified DNA oligonucleotide

primer (annealing in an appropriate register to the template), buffer, Mg”, and dNTPs.

The selection of primer and nucleotides (labeled and unlabeled) determines the pattern of

products created by telomerase.

In the simplest *T-only assay, the primer provided ends in TGGGG (3’) and [o-32P]

dTTP is the only nucleotide provided (Lee and Blackburn, 1993). The four G's of the

primer anneal to wild-type and marked templates at the same core of four C residues (see

Figure 2-4). Wild-type telomerase adds only two dT residues because dG is the next

nucleotide to be added and is not available. 43A is mutated at this position and therefore

adds three dT residues and stops (with a small amount of read-through to the next base or

slippage/reiterative synthesis). The template boundary is specified from position 41, two

bases outside the template. Since this boundary is intact in 43A telomerase, we do not

anticipate read-through activity.

In the traditional *G+T assay, a useful primer is (T2G4)2TTGGG 3', allowing the

TTGGG 3’ end to anneal identically to both wild-type and marked templates (43A or
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44G) at residues AACCC (see Figure 2-4). dGTP is [0-32P]-labelled in this assay and

the first nucleotide to be added by telomerase, creating a strong n+1 product. The next

two nucleotides to be added are cold dT residues. Added nucleotides are indicated by

lower case letter, adjacent to each product band in Figure 2-4. The third nucleotide to be

added is a labelled d6, called the “translocation G” because it corresponds to the natural

end of the wild-type template (position 43). After this dG is added, telomerase either re

positions its product (ending now in gttg 3’) at the beginning of the template, or

dissociates from its product. The enhanced probability of pause and/or dissociation at

this position is what creates the characteristic ladder of strong product bands every 6

bases. In the case of 43A telomerase, the translocation position is mutated and products

end in the register gttt 3’. This causes 43A telomerase to re-position the 3’ end of its

product (a dT) during the next round of synthesis by base-pairing to the A at position 49,

resulting in its characteristic 7-base ladder. The difference in 6 and 7 base ladder is

present but difficult to see in Figure 2-4, although it is noted by the difference in the

product registers, visible in the region of medium-length products. In addition to creating

a 7 base pattern of products, 43A telomerase is characterized by a relatively strong stop

(compared to WT) at position 45.

The results of *T-only and *G + T assays on WT-t, 43A and GAA/43A extracts (Figure

2-4) indicated that the GAA/43A RNA is transcribed, stable, assembled, and active

within the telomerase RNP. GAA/43A telomerase behaved identically to 43A in the

*G+T assay and similarly to 43A telomerase in the *T-only assay. Slight differences

between GAA/43A and 43A telomerase *T-only synthesis were seen in the amount of
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read-through (n+4 product) and the ratio between products n+3 and n+1. The

dissimilarity of GAA/43A and WT-t telomerase profiles further confirms the usage of the

GAA RNA in the telomerase RNP and its efficient replacement of WT endogenous

TeRNA in the telomerase complex population in the cell.

From this point on in the chapter, I will focus primarily on Ahelix IV/44G, AGA/44G,

and WT-t control transformants, reporting the results of the investigations performed

assay by assay.

D. Viability assays of double mutant transformants

Culture doubling time is one way to assess the health of transformed cells. Culture

doubling time is affected not just by the time it takes each cell to divide but also by the

fraction of cells in the population that actually give rise to progeny cells. The fraction of

cells that do not divide to seed a culture can be determined by isolating single cells and

scoring for growth several days later. This was done by diluting cells to on average, one

cell per 0.1 ml and applying this volume to each of 192 wells. This is called the “plating

assay.” Centered around a mean of one cell per well, there is approximately a 2/3

probability that wells will receive one or two cells and a 1/3 probability that wells will

receive zero cells. Thus, 67% of wells, are predicted in theory to contain a growing

culture several days later. I followed the culture doubling times and used the plating

assay for multiple clonal lines, comparing WT-t and AGA/44G clonal lines within the

same transformation experiment. Cells were counted and plated in parallel usually on the

same day.
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Table 2-B shows the clonal line culture doubling times and % empty wells for WT-t and

mutant transformants. WT-t cells doubled in roughly 4 hours while a 44G cell population

cease doubling after approximately the 9" generation (D. Gilley, personal

communication, 1995). The doubling time for Ahelix IV/44G transformants was nearly

the same as WT-t (approximately 4.5 hours) indicating suppression of the primary effects

of the 44G template. In contrast, AGA/44G transformant doubling times ranged from 4.5

to 11.5 hours indicating that these cells have a growth defect. The AGA/44G clone with a

doubling time of 4.5 hours (very similar to the WT-t) is likely to have undergone

phenotypic reversion (with loss of the mutant gene copies). Strengthening the conclusion

that AGA/44G clones have a growth defect, a direct correlation was observed in

AGA/44G clones between the doubling times and the percentage of empty wells in the

plating assay (Table 2-B). This low viability of AGA/44G clones could have been

mediated through the known effects of the 44G template. However, plating assays on

AGA/WT cells (data not shown) demonstrated that low plating efficiency and longer

doubling times also occurred in these transformants. This result suggests that the AGA

mutant interfered with cell growth, possibly by competing with WT endogenous TeRNA

to bind TERT or other protein components, without forming a functional telomerase

RNP. Plating assays were not performed on the transformants of GAA/43A mutants,

although this mutant doubling time was generally similar to that of WT-t.

E. Telomere length and sequence composition in double mutant transformants
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To determine whether the Ahelix IV/44G and AGA/44G RNAS were active in the

telomerase RNP in vivo, I examined telomere length and sequence composition in

genomic DNA (gDNA) prepared from transformants. g|DNA was prepared 5 and 10 days

after transformation, digested with Pst■ , fractionated by agarose gel electrophoresis, and

Southern blotted. First, a probe to wild-type telomeric repeats, (GAT2)2 was used. After

autoradiography, blots were stripped and re-probed with an oligonucleotide specific for

the repeat made by 44G telomerase, (GATC)2 (Yu et al., 1990). Panel A of Figure 2-5

contains gDNA from WT-t and AGA/44G clonal lines on days 5 and 10. AGA/44G

telomeres were very slightly shorter and more hetereogenous in size than WT-t

telomeres. The Pst■ digest of 44G gDNA (kindly provided by D. Gilley) produces very

large telomeric fragments. Very little of the telomeric rDNA is present in the 1.0 kb Pst■

band (as seen in WT-t) due to the persistence of circular DNA replicons in these mutants

(Romero and Blackburn, 1995). The blot in panel A was stripped and re-probed with the

44G telomeric probe and the results are shown in panel B (Figure 2-5). g|DNA from 44G

cells clearly hybridizes specifically to the (GATC)2 probe while g|DNAs from WT-t and

AGA/44G clonal lines do not. Shown in panel C are the results of performing the same

digest gDNA from WT-t and Ahelix IV/44G clonal lines and probing with (GAT2)2. Panel

D contains the re-probing of panel C with the 44G probe, (GATC)2. From this set of

telomere blots (and others not shown), we concluded that AGA/44G and Ahelix IV/44G

mutant RNAs are not actively templating in vivo. However, the small degree of

shortening in AGA/44G clones (combined with low viability of the cells) suggested that

AGA/44G RNA was not phenotypically silent in vivo.
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F. In vitro telomerase assays of Ahelix IV/44G and AGA/44G transformant extracts

I tested extracts of Ahelix IV/44G and AGA/44G mutants to determine the relative levels

of 44G or WT telomerase activity. Like 43A telomerase, 44G telomerase has distinctive

features detectable in a *G+T (+/- C) telomerase assay (Gilley et al., 1995). The

predicted alignment of primer to a 44G and WT template is shown in Figure 2-6. The

first nucleotides added to the primer by both 44G and WT telomerase are a single [O-

32P] dO, followed by one unlabelled dT. At this point, WT telomerase continues

adding dT and d6, while 44G telomerase stops unless the cocktail also contains dGTP.

Addition of dCTP to the *G+T cocktail allows 44G telomerase to insert the template

specified base and synthesize longer products. On the high resolution sequencing gel

used to fractionate the elongation products, the product(s) containing a dC residue

migrate slightly faster than their WT counterparts containing only dT at the same position

(Gilley et al., 1995). A highly sensitive test for the presence of 44G telomerase is chain

termination in the presence of ddC. WT telomerase is completely insensitive to the

presence of ddCTP.

As shown in Figure 2-6, the telomerase of AGA/44G extract is indistinguishable from

WT in the *G+T assay. While the telomerase in Ahelix IV/44G extract has a more

pronounced n+3 product than WT, this is within the range of variation seen between WT

t extracts. Importantly, the AGA/44G extract was clearly not dependent on dCTP to

produce long products. (44G telomerase is dependent on dCTP to make long products.)

Addition of dOTP to the reaction cocktail did not result in the creation of distinguishable,

new, or more long products in either mutant extract. 44G telomerase controls were not
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run on any of these gels largely because extract was scarce (the cells are very sick making

extract preparation difficult). The lack of detection of any in vitro 44G telomerase

activity was consistent with the absence of in vivo changes to telomere length and

sequence composition expected from 44G template usage (Figure 2-5). To look further

for signs of 44G activity, I tested the sensitivity of a new AGA/44G extract (prepared in a

new transformation experiment) to ddCTP. Shown in Figure 2-7 (lanes 7-9), ddCTP

made no difference in the products patterns compared to *G+T alone. I concluded that

the results of the previous *G+T assay (Figure 2-6) were reproducible. We concluded
- **** 1

from this assay that Ahelix IV/44G and AGA/44G RNAs were not active in the *…*
*** *** *

telomerase RNP in vitro. -- " -

Telomerase with mutant RNA is seen in certain cases to misincorporate dATP (Gilley et ****

al., 1995). I tested whether the telomerase in WT-t, Ahelix IV/44G, and AGA/44G

extracts would misincorporate dATP (Figure 2-7) when added to the *G+T reaction

cocktail. Although the telomerase in AGA/44G extract does misincorporate a small

amount of dATP (see doublet bands at n+3 and n+4), this level of incorporation is similar gºº

to WT-t extracts under similar conditions.

To verify that the AGA/44G extract used in Figures 2-6 and 2-7 was not unique in time or

transformation variables, I prepared extracts from three different clonal lines of

AGA/44G and two clonal lines of WT-t in a new round of electroporation. The product

patterns in three different telomerase assays (*G+T, *G+T+ddC, *G+T+A) were similar

not only between all five clones but also between reaction cocktails (Figure 2-8). This
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confirmed that multiple AGA/44G clones all contain telomerase that appears very similar

to wild-type in vitro.

G. Measurement of in vivo expression of double mutant RNAs

Observing no positive indicators of the AGA/44G or AhelixIV/44G RNA in telomerase

activity, we wished to determine at what level the failure of telomerase function was

occurring. First I examined RNA expression and stability. Total cellular RNA was

prepared from transformants on the fifth day after transformation by guanidine

thiocyanate treatment, shearing of DNA through a small needle, phenol extraction, and

finally ethanol precipitation. The telomerase RNA is small and AGA/44G contains two

fewer nucleotides than WT (157 versus 159). To detect this difference in size, Iran RNA

samples on 5% denaturing polyacrylamide using a full-length sequencing apparatus. The

gel portion surrounding the xylene cyanol (a suitable length marker) was electroblotted to

Hybond N+ membrane. Membranes were hybridized with oligonucleotide probes

corresponding to mutant and WT RNAs. Positive control DNA markers (PCR products

from the mutant genes) served as size markers and verified the ability of probes to

differentially hybridize to the correct sequence.

As shown in the top panel of Figure 2-9, WT RNA was expressed and stable in two WT-t

and three AGA/44G clonal lines (and GAA/43A cells). The probe, TeR57 is a short

oligonucleotide probe corresponding to a region near the template (unmutated in any of

my helix mutants). Since the TeR57 probe detects WT as well as mutant TeRNAs, a

probe specific to the AGA region was also used and is shown in the bottom panel of

º ºr nº-n

Rºss -- *

*..." --> *

** as º

*** *** * *
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Figure 2-9. This probe hybridized to RNA in the AGA/44G clones and the AGA/44G

DNA control, but not to RNA in the WT-t clones or the WT DNA control. This confirms

the specificity of the AGA probe to AGA sequence. A small amount of signal was seen

with the WT DNA marker but the amount of DNA present is also quite high (see signal

with WT probe). These results confirmed that AGA/44G TeRNA is stably expressed in

AGA/44G clones.

The GAA/43A RNA, which was active in the telomerase RNP in vitro (Figure 2-4), was

readily detected by Northern blotting and hybridization (Figure 2-10). The GAA-specific

probe hybridizes intensely to the GAA/43A marker DNA and GAA/43A RNA sample,

while hybridizing weakly to the WT DNA marker. This confirmed that GAA/43A RNA

is stably expressed in the cell, as expected from the positive telomerase assay results.

This set of Northern blots also served as a positive test of my methodology.

In contrast to the results with AGA/44G and GAA/43A TeRNAS, AhelixIV/44G RNA

was not highly expressed in any of several transformants (Figure 2-11). However, a

cluster of RNA bands of the expected size of this RNA was seen at low levels in a

number of the transformant preparations (panel A of Figure 2-11). This evidence of

degraded telomerase RNA occurred in only some of the AhelixIV/44G clones. The

small, heterogenous telomerase RNA signal is not present in panel B (Figure 2-11), but

small RNA species are again seen in panel C (Figure 2-11) using a probe specific to the

unique junction in the helixIV deletion. The specificity of the helixIV probe is confirmed
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in panel C by the DNA marker and the absence of signal in WT-t lanes. We concluded

that AhelixIV/44G RNA is expressed but not stable in the cell.

H. Assembly measurements of double mutant RNAs in transformant extracts

The next question to address was whether AGA/44G RNA was assembled into an RNP in

mutant cells. The TeR57 probe hybridizes to an unstructured region of the telomerase

RNA near the template and had previously produced a very strong signal on Northern

blots (Figure 2-11, panel B). To analyze telomerase complexes, I modified a native gel

electrophoresis protocol used to examine Euplotes telomerase (J. Lingner, personal

communication, 1995). The native gel is run at 4°C, soaked afterward in 50% urea to

denature the RNP for exposure of the RNA, and transferred to either nylon membrane

(for oligo probing) or nitrocellulose (for antibody staining). Initially I tried using semi

purified telomerase extracts from transformants but found I could not detect any signal

with the TeR57 oligo probe. I was however, successful in obtaining telomerase RNA

signal using S100 extracts.

When this project started in 1994, the identity of telomerase proteins was unknown. In

1995, two proteins, p80 and p95 were identified in Tetrahymena and were proposed to be

the sole components of the core telomerase complex (Collins et al., 1995). When I

discovered that telomerase RNA deleted of its GA bulge was stable in vivo but not

catalytically competent in vivo or in vitro, we suspected assembly was the defect.

Antibodies to p80 and p95 were made available to us by K. Collins (University of

* -
- s -

º
.º

º -

***** -
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California, Berkeley) and I used them in Western blotting analyses of telomerase

fractionated on native gels.

In Figure 2-12 are the results of native gel analysis using TeR57 oligonucleotide and

antibodies to p80 and p95 as probes (putative telomerase proteins). Samples were loaded

in duplicate sets so that the lanes on one half of the gel could be transferred to nylon and

the other half to nitrocellulose for separate handling and probing. Therefore, the

positions of bands in each half could be directly compared. A boiled WT-t S100 extract

was included as a size indicator of free telomerase RNA in the S100 extract. Nucleic

acid hybridized to TeR57 oligo at three positions labeled as slow, medium, and fast

migrating. The slow and medium-migrating RNA complexs appeared in all S100

extracts and likely correspond to complexes a and b that were subsequently described

(Gilley and Blackburn, 1999). The fast-migrating complex appeared in mutant extracts

and never appeared in WT-t extracts(data not shown). This fast-migrating complex was

clarly slower migrating than the free telomerase RNA. The right side of the gel was

incubated with polyclonal, affinity-purified antibody to the putative telomerase protein,

p80. Following detection of the p80 signal, the nitrocellulose membrane was stripped,

and then incubated with antibody to putative telomerase protein, p95. O-p95 and o-p80

bound exclusively to the medium-migrating complex.

The initial RNP analysis left two unanswered questions. First, what was the slow

migrating complex apparently lacking p80 and p95? A partial answer to this question

was obtained in 1998. Neither p80 nor p95 were the catalytic subunits of telomerase;
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p133, the TERT homolog in T. thermophila had been missed in the purification reported

in 1995. p133 may or may not be present in the slow-migrating complex detected on

RNP gels with the TeR57 oligonucleotide probe. p80 and p95 clearly bind telomerase

RNA in the medium-migrating complex, but for what purpose is still not understood.

(A discussion of T. thermophila telomerase RNA binding to proteins appears in the

discussion section of this chapter.) Further properties of the slow-migrating TeRNA

species appears in section I. of this chapter. The second unanswered question concerned

the fast-migrating complex. Did the fast-migrating complex contain exclusively mutant
**, *--

AGA/44G RNA, perhaps missing one or more protein components or aberrently *** -->
º-º- -

assembled? tº .
º, *

* - i.

*... "

To address the second unanswered question, I investigated whether the fast-migrating -

complex contained only mutant RNA and no WT RNA. I ran another native gel and tº a

*
loaded samples in triplicate so that three panels could be separately probed without - - -

. .
stripping. Purified, protein-free RNA samples (prepared directly from transformant cells * * *

- ºr

using guanidine isothiocyanate extraction) were included as positive and negative -

controls for differential hybridization and are labeled as “RNA” lanes. In Figure 2-13 are

panels labeled A, B, and C. Panel B contains S100 samples from WT-t, AGA/44G, 43A,

and GAA/43A transformants, probed with the TeR57 oligo (that detects all WT and

mutant TeRNAs). The RNA in panel A was probed with an oligo specific for AGA

RNA, as demonstrated by positive hybridization to the AGA/44G RNA sample (third

lane) and negative hybridization to the WT-t S100 sample (first lane). Panel C was
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probed with an oligo specific to the GAA RNA whose specificity is also demonstrated by

positive and negative controls on the gel.

We concluded from the results in Figure 2-13 that GAA/43A RNA is present in both the

slow and medium-migrating complexes. This is consistent with the positive results of

telomerase assays on GAA/43A extracts. In contrast, AGA/44G RNA was not

specifically detected in any of the RNP gel telomerase complexes. Two possibilities may

explain this negative result. The most obvious conclusion is that AGA/44G RNA is not

assembled. Since AGA/44G has a very long, uninterrupted helix IV region, an alternative

explanation may be that the structure of the AGA/44G RNA prevents detection with the

oligonucleotide probe used for specific detection. While the RNP gel is treated with 50%

urea after running, the transfer to nylon membrane occurs in 1X TBE for 30 min at a

temperature that increases from 4°C to 30°C. Under these conditions, it is possible that

helix IV renatures and is structured when UV-crosslinking is performed after transfer.

This possibility could be investigated by repeating the assay, using a denaturing agent

(other than NaOH) in the RNA transfer buffer.

I. Properties of the slow-migrating TeRNA-containing species seen in RNP gels

Another remaining question from the intial RNP gel (Figure 2-12) was the identity of the

slow-migrating telomerase species on the native gel. The presence of a slow-migrating

species in the protein-free RNA samples (Figure 2-13) led us consider the possibility that

this was DNA. To test this hypothesis, I incubated AGA S100 extract with DNase,

RNase, and DNase Mg” buffer alone. Samples were then run on native gels and probed

*** -
ºs-ºs

wº-ºº:
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with the TeR47 oligo probe. Previous attempts to add DNase directly to extracts without

any Mg” buffer had proven unsuccessful (data not shown). Figure 2-14 shows the

results of the various S100 extract incubations. DNase and RNase were recombinant

forms and free of other nucleases. In lane 1 is a AGA/44G S100 starting sample (no

additions and kept on ice until running on the native gel). In lane 2 is a PCR product

(from the TeR gene), added to the sample in lane 3 to verify DNase activity. In lane 3,

the PCR product and slow-migrating telomerase species are clearly ablated at 37°C in the

presence of DNase, while the medium-migrating species is stable. Lane 5 (37°C
* ------

incubation in the presence of Mg” buffer alone) demonstrates that the selective loss of - -------
*** * * *

the slow-migrating species in lanes 3 and 4 was not dependent exclusively on DNase º:
*s, *-

(compare lanes 3, 4, and 5 with lane 6). Lane 6 demonstrates that 37°C treatment without -
buffer (versus ice, lane 1) does not result in loss of signal. Lane 7 shows that all species tº

*:

are RNase-sensitive at room temperature in the absence of Mg” buffer. We conclude *-ºs---

from this investigation that the slow-migrating species in S100 extracts is composed of - -

RNA. We suggest that the slow-migrating species in lanes 3 and 4 is degraded by w" & º
*** *

nucleases inherent in the S100 that are activated by the Mg” buffer. We do not know

why the medium-migrating complex is not degraded under the same conditions, unless

the assembly of nucleic acid with p80 and p95 (demonstrated in Figure 2-12) provides

protection from nucleases other than the added RNase.
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Discussion

Summary of helix IV in vivo mutational analysis

In this study, I expanded the GA bulge of helix IV to GAA, which is predicted to disrupt

the geometry of the GA bulge without deleting the conserved sequence, GA. This RNA

was marked with the 43A template mutation which is detectable in vitro but

phenotypically benign. GAA/43A RNA is expressed and stable in vivo (Figure 2-10),

and specifically detected as an assembled complex on native gels (Figure 2-13).
" * --

Telomerase assays on GAA/43A reveal its similarity to 43A telomerase rather than WT-t º
*

(Figure 2-4). In short, telomerase tolerates an expansion of its GA bulge by one rà ::

residue. º º
º

Furthermore, I deleted the GA bulge of the TeRNA, marked the template with a lethal zººar

template mutation (44G), and looked for suppression or expression of the 44G phenotype. ºº
We concluded that AGA/44G RNA is expressed, stable, and causes a mild phenotype. -

Transformation of Tetrahymena with AGA/44G reduced cell viability versus WT-t (Table --

2-B) but not to the extent caused by 44G alone. A decrease in cell viability was also

found when transformation was done with AGA/WT (data not shown). AGA/44G

transformation caused a slight shortening of telomeres (Figure 2-5), which is markedly

different from the apparent increase in telomere fragment size that occurs in 44G cells

(Yu et al., 1990). However, telomerase assays of AGA/44G mutant extracts (Figure 2-6

and 2-7) revealed only WT-like activity that was not dependent on dCTP, did not chain

terminate in the presence of ddCTP, and did not exhibit enhanced misincorporation of
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dATP (versus WT-t). These properties were observed in three additional AGA/44G

clonal lines (Figure 2-8). These biochemical properties are entirely consistent with the

presence of wild-type telomerase in AGA/44G extracts and the absence of 44G

telomerase. Analysis of RNA samples on sequencing-length polyacrylamide gels

revealed that AGA/44G is expressed and stable in mutant cells (Figure 2-9). S100

extracts of AGA/44G cells contain telomerase RNA signals that run at three different

sizes on native gels (slow, medium, and fast-migrating). All three species are much

larger than free telomerase RNA. Experiments with DNase and RNase indicate that all

three bands are RNA (Figure 2-14). The fast-migrating TeRNA on native gels is not

present in WT-t extracts. Immunodetection of p80 and p95 proteins on native gels

revealed their presence only with the medium-migrating TeRNA species. Attempts to

detect AGA/44G RNA specifically in native gel complexes was unusccessful, although

potentially due to a lack of denaturation of helix IV during UV-crosslinking. It is

interesting that a faster-migrating TeRNA species only appears in AGA/44G and

GAA/43A cells. This observation is consistent with the idea that mutant TeRNAs can

partially assemble with telomerase proteins. However, in the absence of a positive

identification of mutant RNAs in complexes, conclusions cannot be drawn from the

native gels about the assembly of AGA/44G RNA. In summary, all results on AGA/44G

transformants is consistent with suppression of the 44G phenotype but how AGA RNA

exerts its effects on the cell is not understood. One possibility is that AGA RNA partially

and aberrently assembles, titrating critical cellular proteins.
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In addition to the specific deletion of the GA bulge, I deleted all of helix IV, marked it

with the lethal 44G template and looked for suppression of the 44G phenotype. No

decreases in telomere length or cell viability were observed when compared to WT-t

(Figure 2-5 and Table 2-B). Telomerase activity in transformant extracts was similar to

WT-t (Figures 2-6 and 2-7) and not 44G telomerase. Northern blots on RNA samples

from AhelixIV/44G cells revealed a single band at the 159 nt size marker (Figure 2-11,

panel A). However in some preparations, multiple but faint TeRNA bands were seen

below the 111 nt marker (the predicted size of AhelixIV/44G RNA) using a probe for all

TeRNAs (TeR57). Using an oligonucleotide probe specific for the AhelixIV junction,

faint signal was seen below the 111 nt marker only in the AhelixIV/44G lanes, and no

comparable signal was seen in WT-t lanes (Figure 2-10, panel C). We concluded that

RNA lacking helix IV (bases 107-153) is expressed, however the truncated RNA is not

Stable in vivo.

In vitro transcribed RNA: alternate methods for studying the T. thermophila

telomerase RNA secondary structure

In addition to in vivo methods of mutational analysis, an in vitro transcription and

assembly system was developed called “functional reconstitution” (Autexier and Greider,

1994). Functional reconstitution involves semi-purification of extracts, treatment with

micrococcal nuclease and essential Ca”, followed by MNase inactivation with EGTA.

In vitro transcribed RNA and Mg" are added back to the extract for assembly and then

assayed for activity. As time went on, it became clear that functional reconstitution was

quick but had limited usefulness, mostly in studying template mutations. Due to the
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positive readout of a template mutation that confirms assembly, functional reconstitution

provides more reliable information for this region than it does for any non-template

domains such as helix IV. Even with its usefulness in studying the template, differences

were seen between mutations made by traditional methods in vivo (Gilley and Blackburn,

1996), and the same mutations analyzed by functional reconstitution (Autexier and

Greider, 1995). The differences in the two methods can be generalized as a lack of

sensitivity of reconstitution. Two problems prevented the reliable extension of functional

reconstitution as a method to study non-template regions of the RNA. First, assembly is

done in a non-native situation and RNA is provided in mM concentrations to achieve

even a small fraction of initial telomerase activity. Certain mutations in non-template

regions have a higher probability of affecting assembly which is difficult to assess using

functional reconstitution. The second problem concerns potentially incomplete MNase

elimination of telomerase RNA. Truncated TeRNA (nt 1-64) is sufficient for functional

reconstitution of activity (L. Gandhi and K. Collins, unpublished data, cited in Gandhi

and Collins, 1998). The pseudoknot and stem-loop II were also found to be non-essential

using this method (Autexier and Greider, 1998). These results are inconsistent with in

vivo mutation results (Gilley and Blackburn, 1999) and recombinant reconstitution results

as described below (Licht and Collins, 1999).

A recombinant in vitro reconsititution method was first reported in 1997 (after I

discontinued the helix IV project) using purified recombinant p80 and p95, expressed in

E. coli, and combined with in vitro transcribed RNA (Gandhi and Collins, 1998). A co

expression recombinant reconstitution method was reported this year to study telomerase

** -
ºn an a- -

******
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RNA and TERT (p133), expressed and assembled in rabbit reticulocyte lysates (Licht and

Collins, 1999). A reticulocyte lysate factor was required in this system to produce

catalytically competent telomerase, which the authors proposed is involved in assembly

of the telomerase complex. These authors found that small RNAs did not reconstitute

activity with recombinant TERT (p133) and a deletion of stem-loop II ablated both

binding and activity (Licht and Collins, 1999). These results differ significantly from

functional reconstitution data. This can potentially be explained by RNA domains buried

in the RNP that remained undigested by MNase in the functional reconstitution

experiments. ** ----
º -- **

gº º - -
* ... -->
* * : * *

Most recently, another in vitro method has been introduced to study non-template regions * - - - - -
*a. º

of the telomerase RNA. This is called ‘RNP relaxation and gel shift' and is being used to -

study binding in the T. thermophila telomerase RNP (Autexier and Triki, 1999). Semi

purified telomerase from Tetrahymena extracts is treated with reagents to relax the folded * -
* -º

telomerase RNP. In vitro transcribed mutant TeRNA is radiolabeled and tested for its -
ºzº tº

ability to compete with wild-type TeRNA to gel shift proteins in the Tetrahymena extract. --

Comparing in vivo and in vitro data on helix IV

There are two methods to study the binding of telomerase RNAs to telomerase protein

components in vitro. One method is to assess the ability of RNA variants (added to a

semi-purified Tetrahymena extract) to competitively inhibit the gel shift (RNP relaxation

method) of wild-type telomerase RNA. A deletion of as few as thirteen 3’ terminal

residues of the telomerase RNA (part of helix IV) causes a 10 fold reduction in the ability
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of this RNA (versus wild-type) to compete during gel shift (Autexier and Triki, 1999).

Another binding assay is to recombinantly co-express p133 and mutant RNAs in lysates,

then immunopurify pl33 to see whether the mutant RNA remains associated.

Contradicting gel shift results, small and large deletions of helix IV are not inhibited in

binding to pl33 in this recombinant co-expression system (Licht and Collins, 1999). In

accordance with immunopurification results, Licht and Collins found that RNA deleted in

helix IV could inhibit activity by competition with wild-type RNA during telomerase

assays.

There are also two methods that have been used to assay the telomerase activity of mutant

RNAs in vitro. The results from these two different activity assays on helix IV deletions

are highly consistent. The first method developed was functional reconstitution. The

same terminal deletion of 13 nucleotides (done for the binding assay just described) at the

3’ end reduced activity to <10% of wild-type functional reconstituted activity. A

substitution of the loop in helix IV also had a deleterious effect, reducing reconstituted

activity to 14% of wild-type. A substitution of the GA bulge (to CU) caused little or no

reduction in reconstituted activity (Autexier and Greider, 1998). The more recent

method used to assay activty is co-expression of mutant RNA and p133 in rabbit

reticulocyte lysates followed by partial purification and telomerase assay. Substitutions

of the GA bulge were not tested in this study using recombinant co-expression (Licht and

Collins, 1999). However, truncation of 51 terminal 3’ nucleotides (all of helix IV)

reduced activity substantially which is consistent with the functional reconstitution
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results. Interestingly, a deletion of the loop of helix IV reduced activity to an even

greater extent.

Comparing the in vitro mutational analyses with the results in this dissertation, we can

conclude that helix IV is essential for RNA stability in vivo and binding or activity in

vitro. All methods agree on the necessity of helix IV in the function of the telomerase

RNA. Deletion of the GA bulge in vivo abolishes the activity of the telomerase RNA in

the cell. Replacement of the GA bulge with CU in vitro reduces binding in the RNP gel

shift assay, but only reduces functional reconstitution activity by 8% in vitro. A direct

comparison of results is difficult due to the slight differences in deleted residues and

significant differences in the conditions used to prepare the in vitro telomerase RNPs. A

discussion of the relative advantages of these methods and future directions for studying

the telomerase RNA appears in Chapter Four.

The Ahelix IV project: 1996 to the present

Despite the experimental effort and promise of newly available antibodies to p80 and

p95, native gel analysis in 1996 still left many unanswered questions. I thought the

unanswered questions were due solely to the limitations of RNP gel analysis. This led

me to intiate gel filtration experiments. I found in my test runs with WT-t S100s that

telomerase RNA was migrating on one meter S-300 columns as a complex much larger

than the estimated 230 kD (for a 50 kD RNA, p80, p95, all in a 1:1:1 stoichiometry).

This was consistent with results obtained by a colleague in the lab using a different gel

filtration resin (Wang and Blackburn, 1997). Multimer complexes were proposed as an
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explanation but this was not consistent with the observed sizes. In 1996, I was not

confident that the results of gel-filtration experiments would be informative in a

reasonable time span, either for WT or AGA/44G RNAs. I had a strong sense by this

point that something was not right about the information we currently possessed about

the telomerase RNP. This information was that p133, the catalytic subunit had not been

discovered or accounted for. What we now understand about p80 and p95 is that they are

dispensible for telomerase activity in vivo (M. Miller and K. Collins, unpublished data,

cited in Licht and Collins, 1999).

It was at this time that I broadened my focus, having already begun a control experiment

consisting of completely substituting the template. We suspected this would confirm the

importance of telomerase RNA secondary structures by having a dominant inhibitory

effect on telomerase in the cell. It was fortunate that we were wrong. A new project, rich

in data, conflicting with an existing model of template usage was now in front of me.

This project appears in Chapter Three.
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Materials and Methods

Site-directed mutagenesis

Mutated telomerase RNA genes were created using template DNA (44G, 43A,or prTER1,

provided by D. Gilley and E.H.B.), primers flanking the 533 bp TeRNA XhoI fragment

(with added XhoI sites, M-up and M-down) and mutagenic primers (according to the

helix IV or GA bulge mutation created) in a polymerase chain reaction essentially as

described (Higuchi, 1989). The reaction mixes were placed in a DNA Thermal Cycler

(Perkin-Elmer Cetus) for 30 cycles (94°C, 55°C, 72°C, 30 sec each). The 0.5 kb products

were cloned into the vector, prD4-1 (Yu and Blackburn, 1990) at the XhoI site, checked

for orientation (to go in the same orientation as transcription of the rDNA, used

consistently in all derivative plasmids made in the lab), and sequenced (Sequenase 2.0,

United States Biochemical).

Strains and Electroporation

Fresh T. thermophila strains, CU428 and CU427 were kindly provided by Jacek Gaertig,

University of Georgia. Cells were grown in 2% PPYS (2% proteose peptone, 0.2% yeast

extract, 0.003% Sequestrine) plus lx Antibiotic/Antimycotic (Pen Strep Fungizone) with

shaking at 100 rpm, 30°C, to a density of 5x10°. Cells were starved in 10 mM Tris pH

8.0 for 5 hours then adjusted to a density of 4x10°. The two strains were mixed (50 ml

each in a 2L flask) and shaken at 160 rpm to prevent mating until starvation had

continued for a total of 18 hours. Pairing efficiency was assessed at +4 hours (70%) after

cessation of shaking. Electroporation of wild type and mutant telomerase RNA genes

was performed at +10.5 hours as described (Gaertig and Gorovsky, 1992). The
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electroporator (Bio-Rad Gene Pulser) was set to 0.44kV, 200 ohms, and 25 puf with 0.4

cm gap cuvettes. Cells were immediately transferred to 50 ml of 2% PPYS with shaking

at 30°C. Dilutions of this culture were plated in 96 well dishes to assess transformation

efficiency and to obtain single transformants. Twelve hours after electroporation,

selection drug was applied to individual wells (paromomycin, final concentration

100pg/ml) and the 50 ml culture was diluted into 0.25-0.5 L of 2% PPYS + paromomycin

for growth to 2-5x10° (usually 3 days). Clonal transformant lines were followed for

telomere length and viability. All transformants were cultured in log phase with contined

paromomycin selection unless indicated otherwise. The persistence of maternal, º
endogenous telomerase for some period after electroporation is supported by the fact that

telomeres cloned from cells transformed in this manner have consistently shown an

* ºabundance of wild-type repeats in a centromere proximal position (Bhattacharyya and

Blackburn, 1997; Kirk et al., 1997). A previous study also demonstrated that telomerase sºa-º. " -

is not destroyed with each vegetative fission and persists after the addition of new genes º
-

º

via microinjection (Yu and Blackburn, 1991). º º
2.

–
Viability Assessments

To compute doubling time, cultures were allowed to grow to a density of 1-7x 10°

cells/ml (for accurate counting using a hemocytometer). Subcultures of 3 ml (in 5 ml

wells of 6-well culture dishes) were started for each line at 1x 10" cells/ml and allowed to

grow under drug selection at 30°C with mild agitation in an unsealed moisture chamber.

Each culture was followed until it reached a density in the range appropriate for counting.

The following calculations were performed to determine the number of doublings (x): 2
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logx = log (final concentration/initial concentration). Doubling time was computed as

elapsed hours divided by x. Plating assays were performed by taking the same initial

cultures used to assess doubling time and performing serial dilutions in 2%

PPYS+paromomycin to a final concentration of 1 cell per 100 pil. This volume was

placed in each of 192 wells (two 96-well plates). Plates were checked four days later

under a dissecting microscope for culture growth and the percentage of empty wells was

recorded.

Telomere Blots

Genomic DNA was extracted from Tetrahymena as previously described (Romero and

Blackburn, 1995) on days 5 and 10 after transformation. g|DNA was restricted with Pst■

for 2 hrs at 37°C and run overnight at 25V on 1.0% agarose in 1XTBE. Southern

blotting to Hybond N+ (Amersham) was performed as described (Church and Gilbert,

1984) with hybridization to a 5’■ 32P)-labeled oligonucleotide (polynucleotide kinase,

New England Biolabs) at temperature and wash conditions indicated on each figure.

Kinasing was performed according to methods found in Molecular Cloning (Sambrook et

al., 1989).

Partial Purification of Telomerase

The 0.5L transformant cultures (described in electroporation section) were starved (on

day 5 after electroporation) for 16 hours, washed in T2MG++(20 mM Tris, pH 8.0, 1

mM MgCl2, 10% glycerol, plus PMSF and DTT) and concentrated into 1-2 ml.

Throughout the purification, all extracts and buffers were kept at 4°C with (0.1 mM)
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PMSF and (10 mM) DTT added just before contacting the extract. NP40 detergent was

added to a final concentration of 0.1% and medium vortexing (setting 5) was performed

for 30 minutes at 4°C. Lysed cells were spun in a TL-100 rotor at 48K for 60 min. The

supernatant was applied to a 1.2 mL DEAE-Agarose (Bio-Rad) column, pre-equilibrated

with T2MG. Flow-through was re-loaded and subsequently washed with 6 ml of 0.2M

NaOAC in T2MG. Telomerase was eluted with 2 ml of 0.3M NaOAc in T2MG, eluate

adjusted to a concentration of 0.5M NaOAc in T2MG, and loaded onto a 0.5 ml octyl

Sepharose (Pharmacia) column (pre-equilibrated with 0.5M NaOAc in T2MG).

Telomerase was desalted with 6 ml of T2MG, eluted with 1% Triton-X100/T2MG into

BSA, 0.5 mg/ml final (New England Biolabs), and stored in 0.3 ml fractions at -80°C.

Telomerase Reactions

All DNA primers were purified by denaturing PAGE, elution in dB20, and EtOH

precipitation in 0.3M NaOAc. Primer concentrations were based on OD260 readings and

an approximate molar extinction coefficient (#bases x 10). Reactions were carried out

with 5-10 ul of extract for 10-30 minutes at 30°C. Final reaction contained 60 mM Tris

HCl (pH 8.0), 1mM MgCl2, 1 mM spermidine, 3 mM DTT, 1 um primer, 100 uM

unlabeled dNTP or ddNTP (where indicated), and 1.88 uM [O-32P] dTTP or [0-32P)

dATP. Reactions were stopped with the addition of 80 ul of TES (50 mM Tris-HCl, pH

8.0, 20 mM EDTA, 0.2% SDS), and extractions were performed with an equal volume of

phenol/chloroform. In some cases, a [32P]-5’-labeled 37-mer tracer primer was added to

TES to normalize recovery during phenol extraction and precipitation steps. Products
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were precipitated in 2.75 M NH4OAc, 10 pig glycogen, 3 volumes of EtOH, and resolved

on 15% polyacrylamide (19:1), 0.6XTBE gels.

RNA extraction and Northern blotting

RNA was extracted from transformed cells on day 5 after transformation using guanidine

thiocyanate and phenol. To 10° cells, 700 pil of solution D was added (4M guanidine

thiocyanate, 25mm sodium citrate pH 5.2, 1.0% N-laurylsarcosine, plus 2

mercaptoethanol added just prior to use at a final concentration of 1.0%). This mixture

was apirated up and down 20 times using a 25-gauge needle with samples on remaining

on ice. The lysate was allowed to sit on ice for 5 min followed by addition of 500 pil of

TE-saturated phenol (pH 6.6), vortexing, and another ice incubation for 5 min. 200 pil of

chloroform-isoamyl alcohol (24:1) was added, samples vortexed, and then spun for 2 min

in a microfuge. The aqueous phase was transferred to 500 pil of isopropanol, mixed, and

allowed to precipitate overnight at -20°C. Samples were spun for 30 min at 4°C at 14K

rpm in a refrigerated microfuge. The pellets were washed twice with cold 70% EtOH and

air-dried. The RNA was resuspended in TE, pH 7.0 at 37°C for 10 min and then stored at

-20°C.

Because the telomerase RNA is small, 6% polyacrylamide gels (19:1, 7.5M urea,

0.6XTBE) were chosen to separate on the basis of size. An aliquot of RNA was removed

and heated to 90°C for 3 min in sequencing loading buffer before applying to the gel.

Gels were run at 60-80V until the xylene cyanol (a good marker for size) was at the

appropriate position. Either a mini-gel apparatus was used (Hoefer) or a full-length
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sequencing gel apparatus (BRL). A large gel portion surrounding the 160-nt region was

transferred to Hybond N+ either using a semi-dry blotter for 20 min or using a tank

blotter with chilled O.5XTBE at 80V for 1 hour. The Hybond N+ was UV-crosslinked

twice using a Stratalinker (Stratagene). Hybridization was performed according to

Church and Gilbert using the radiolabeled (kinased) oligonucleotides indicated on each

figure. Washes were generally done twice for 5 min at RT followed by twice for 5 min at

the indicated temperature.

Native Gels

Seven by five inch gel plates were stripped with NaOH and taped up with 1.5mm spacers

and combs to cast native gels. 120 ml of gel was prepared in two stages. First, 0.8 mg of

agarose was boiled in 54 ml of dB20 and 6 ml of 1M Tris-Oac (pH 8.0). This mixture

was allowed to cool in a 60°C water bath while the acrylamide portion of the gel was

prepared. 10.9 ml of acrylamide: bis (60:1, 38.5%) was mixed with 49.1 ml of dH20.

When the agarose was cooled to 60°C, 250 pil of 10% ammonium persulfate and 100 pil

of TEMED were added to the acrylamide. The warm agarose was added and mixed,

quickly and thoroughly with the acrylamide and poured into taped glass plates. The gel

and a running buffer of 50 mM Tris-OAc were chilled at 4°C. 3X sample loading buffer

consisted of 150 mM Tris-OAc, 30% glycerol, plus bromphenol blue and xylene cyanol.

Samples were kept on ice at all times and run on native gels in the cold room at

approximately 200-400 V. Gel temperature was monitored periodically to prevent

warming. After running the XC to approximately 1/3 the distance, the gel sandwich was

opened the gel was soaked in 50% urea for 15-30 min with gentle shaking. RNA transfer
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to Hybond N+ was performed in a tank blotter with cold 0.5XTBE at 300 mA constant

current for 1 hour. UV-crosslinking was done twice using a Stratalinker. Protein

transfers were done in a similar apparatus using the method and cooled transfer buffer as

indicated in Current Protocols in Molecular Biology (Ausubel et al., 1994) (Tris-Gly

SDS-MeOH, no azide).

Immunodetection of proteins

Nitrocellulose membranes from native gels were handled according to Current Protocols

in Molecular Biology (Ausubel et al., 1994). Briefly, membranes were blocked using

TTBS +10% volume/volume nonfat dry milk (100 mM Tris-Cl, 0.9% NaCl, pH 7.5, 0.1%

Tween 20). Primary p80 antibody (affinity-purified polyclonal to the terminal 30 kD

region) was a gift of Kathleen Collins (University of California, Berkeley). p80 antibody

was diluted in TTBS at 1/500. Washes were performed in TTBS and HRP secondary

rabbit antibody (ECL, Amersham Life Sciences) was diluted in TTBS at 1/1000 to

1/10000. Detection was done according to the ECL manufacturer protocol. The

membrane was stripped of primary p80 antibody according to the manufacturer protocol

and processed with reagent to test for residual signal. The membrane was re-equilibrated,

blocked, and incubated with primary p95 antibody (also from K. Collins). Secondary

antibody and detection were performed as for p80.
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Name in text

TeR 57

GAA-specific

AGA-specific

AhelixIV-specific

M-down

M-up

Oligonucleotide Sequences”

Sequence (5' to 3’)

GAA-GGT-TAT-ATC-AGC-ACT-AG

Used to detect TeRNA in a region that
was not mutated in any construct.

ATC-AAA-TGT-TCG-ATA-GT

ATC-AAA-TGG-ATA-GTC-TT

AAA-ATA-ACC-CCC-ATT

GGG-GGG-GTA-CCC-TCG-AGG...

GAA-GCT-ATT-TTT-AG

GGG-GGG-GGG-GGG-TGA-TCA...

CTC-GAG-GGA-GCT-CAT-AAA-TA

Table 2-A

Where (wild type #s)

antisense to #56-75

antisense to #113-129

antisense to #1 14-130

antisense to #100–159

(minus 107-153)

downstream of TeR

gene (flanking region)

upstream of TeR
gene (flanking region)

*(includes only sequences that do not appear explicitly in figure diagrams or legends)
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Viability Assessments of WT-t, AGA/44G, and AhelixIV/44G cells

Clonal Line

WT-t-#1

WT-t-#2

WT-t-#3

AGA/44G-#1

AGA/44G-#2

AGA/44G-#3

AGA/44G-#4

AGA/44G-#5

AGA/44G-#6

AGA/44G-#7

Ahelix IV/44G-#1

Ahelix IV/44G-#2

96 well Plating Assay
% Empty Wells

4.3

3.2

7.3

11

11

42

20

46

65

4.2

4.3

3.9

4.5

11.5

5.0

6.8

5.3

7.5

6.4

4.0

Ahelix IV/44G-#3

4.5

4.0

Table 2-B

Doubling Time (hrs)
in 3 ml culture
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Figure 2-1

The Tetrahymena thermophila
Telomerase RNA

templating
domain

Figure 2-1. Secondary structure model as proposed in Romero et al., 1991
and Bhattacharyya and Blackburn, 1997.
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M-up
togaggg.ccctogagggagctotataaataataaataataaatatattttgatataatttaatttaaatatotatotaaa1

81 gtgttgtaaaaaaaatatatatatatottgctogtottctattatattttcttaaacagaccoataaaaattogcttcca

161 aatattttccactttaagtagaaattattttaagtcttttataccogcttaattoattoagatctgtaatagaactgtca

241 ttcaa.ccc.caaaaatctagtgctgatataacct tcaccaattaggttcaaataagtggtaatgcgggacaaaagactato

32 1 gacatttgatacactatttatcaatggatgtcttattttttttatctatttcgatttgtattotatatt tatgagacatt

401 gatcctattaaaatacgtoaaaaaataacttgttaaaacaaatccaattaattaattaattatttttatataataaattt

481 cattagtaaactataaatttttcataagaaattcttactaaaaatagottcco

M-down

Figure 2-2. Sequence of the Telomerase RNA gene and flanking region
present in the pr’■ ER1 clone. The annealing positions of flanking primers
M-up and M-down are shown.

80

160

240

320

400

480

Figure 2-2
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Figure 2-3

1.9 kb C3 origin 1.9 kb C3 origin —P-

2459 MIU |

Pvu | 12126 2914 NCO |

Bg|| 11873
prD4-1

+ 3796 Ban ||

15082 base pairs 3796 Sac |
- -

3898 SpelUnique Sites
XCa | 10637

4829. Af| ||

N.
N 5420 BSU36 |

O

PaeP7 | 9225 5994 Bbe |
5994 Nar ||

Kpn 19220 6597 BSSH ||
Asp718 9220 SS

Xma 9216
Sma | 9216

Not | 9209
BC|| 9203

Esp | 8992
Stu | 8308

PfIM | 8286
AVr || 7659

Figure 2-3. Tetrahymena rDNA vector as described previously by Yu, 1990, prD4-1 contains
a largely B-rDNA half-palindrome with a point mutationconferring paromomycin resistance, a
telomeric tract, and a Pvu■ I-Bamh 1 fragment of pBR322. Tetrahymena origins of replication
are from C3 rDNA. In this study, the telomerase RNA genes are inserted in the XhoI site in
the same orientation as transcription of the rDNA.
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Telomerase Tolerates Expansion of the GA Bulge (GA-->GAA)

(+3) *t - - -
(+2) *t -- *-
(+1) *t ---

--

| | |
GP. Y.*, *, *.

YP *
—t—

dNTP *T-only

primer 5'(T2G4)2TTGGGG

WT template AACCCCAAC 5'
43A template AACCCCAA A 5'

5'G(T2C4)2TTGGG

Figure 2-4

hºu
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º
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ºtº
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–
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Figure 2-4. Telomerase tolerates expansion of the GA bulge (GA->GAA). Telomerase
assays of wild-type transformed (WT-t) and mutant transformed extracts, using primers
and nucleotide substrates as indicated. Results of T-only assays are shown in the left
panel. GAA/43A is most similar to 43A activity, not WT-t. Primer plus first, second,
and third nucleotides are noted. Results of a G+T assay are shown in the panel on the
right. 43A products are offset from the pattern of WT-t products, especially noted in the
region of medium length products. The GAA/43A pattern is again similar to 43A.
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Figure 2-5

Telomere length and sequence composition
five and ten days post-transformation

A B
probe for WT telomere repeats: probe for 44G templated repeats:

(G4T2)2 (G4TC)2
day 5 day 10

K:
Sº a

&
a b c de *a b c de

g|DNA from clonal lines _

a,b=WT-t
c-e=AGA/44G

>

6.5 kb -

2.2 kb -
2.0 kb -

stripped and
re-probed

1.0 kb -

a. a h

gDNA from clonal lines
a, b=WT-t
f-i=AhelixIV/44G

-
-
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Figure 2-5. Telomere length and sequence composition five and ten days post
transformation. Genomic DNA was restricted with Pst■ and separated on 1% agarose
overnight, Southern blotted and probed with an oligonucleotide as indicated. (A) Gel
was double loaded, top and bottom, with restricted genomic DNAs from transformants of
the type indicated. 44G transformant g|DNA was loaded as a control where indicated. (B)
The same Southern blot, stripped with NaOH and re-probed with the indicated oligo
probe. Lane assignments are identical to that in A.
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Telomerase from AhelixIV/44G and AGA/44G cells is similar

to wild-type, not 44G: no dependence on dCTP

º s
-

primer + 1 –

| | | | | |

<2, ■ o $3, $o ºt.
%. % º

* Q % Cº.

dNTPs *G (1.3HM) *G (1.31M)
T (100 puM) T (100 puM)

C (100 HM)

primer 5'G(T2C4)2TTGGG same primer

WT template AACCCCAAC 5'
44G template AACCCCAGC 5'

Figure 2-6. Telomerase assay of mutant and WT extracts. The position of primer plus the
first radiolabeled d(STP is indicated. WT extracts (from untransformed cells) in lanes 3
and 6 are from from different preparations. 12/16/94.

Figure 2-6

º

º
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Figure 2-7

Telomerase from AGA/44G and AhelixIV/44G cells resembles wild-type,
not 44G: no da CTP sensitivity, little dATP misincorporation

*G (2.5LM)
T (100 piM)

dNTPs

primer G(T2G4)2TTGGG

p + 1

*G (2.51M)
T (100 HM)
A (100 puM)

same primer

p + 1 -

*G (2.5LM)
T (100 puM)

ddC (100 HM)

same primer

Figure 2-7. *G+T telomerase assays with added dATP or ddCTP. The position of
primer-1 is indicated. Smaller products are the result of primer cleavage followed by
*dG addition. 1/5/95.
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Figure 2-8

Similarity of telomerase from multiple clonal lines of AGA/44G and WT-t cells

º
-

º

º º * *

-- º º . - º

º
- * * - º

*

dNTPs *G (2.51M) *G (2.51M) *G (2.5HM)

T (100 puM) T (100 HM) T (100 puM) T. 1/7Cl
ddC (100 HM) A (100 puM)

- A R
primer G(T2G4)2TTGGG same primer same primer Jº ■ º

_s
º

º
*/

Figure 2-8. Telomerase assays of extracts from multiple clonal lines. The position of primer +1 **,
is shown. The sample in lane 3 was pre-incubated with RNase to show that polymerization is - ºRNA-dependent. 6/24/95.
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Figure 2-9

Stable expression of AGA/44G RNA in transformed cells

§ { ...?
s & sº sº sº s”.

nºw-wºº "º.
* * * * ~ * • (unmutated region)
* 2:… º. ººr-º-º-º-º-º-º----------—

Positive control
DNA markers

º ºzº sº º

º º: º* * . AGA-specific probe

Positive control
DNA markers

Figure 2-9. Northern blot of WT-t and AGA/44G RNAs. RNA was extracted from
mutant and wild-type transformed cells by a guanidine thiocyanate method and run on
denaturing polyacrylamide gels. DNA markers were obtained by PCR amplification of the
coding region from mutant and wild-type TeRNA genes. Oligonucleotides (Table 2-B)
were hybridized at 42 and 319C respectively. 5/11/96.
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Figure 2-10

Stable expression of GAA/43A RNA in transformed cells

K3 Wºr

SS & sº
&Y &

| 3 GAA-specific probe

º -- * * **** -º-º-º: * -a, ------- - -º-º-º:
-

Positive control
DNA markers

Figure 2-10. Northern blot of WT-t and GAA/43A RNAs. RNA was extracted from
mutant and wild-type transformed cells (guanidine thiocyanate) and run on denaturing
polyacrylamide gels. DNA markers were obtained by PCR amplifying the coding region
from mutant and wild-type TeRNA genes. Oligonucleotide (Table 2-B) was hybridized at
31OC. 5/1 1/96.

*** *
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Figure 2-11
AhelixIV/44G RNA is unstable in transformed cells

A
— 157 nt

full-length RNA

TeR57 probe
(unmutated region)

§ 3. .x: x*
& S3 & S3 K3

s … sº gº gº gºs sº
s’s’s’s’s sº $ 9. § 9’s.’s
ºº

- --- º

B ** **** 157 nt
full-length RNA

TeR57 probe
-

(unmutated region) tº

Positive control
DNA markersS. 30.3%. X*X

§§§§§ sº
§ § \ § § §
*.*.*.*.*.*XN

SSsºsºsºsºsº.g

C º º* * – 157 nt

-
º

--- full-length RNA
Ahelix/V/44G- -

specific probe

-

-ºº º * 111 nt

*A A A Positive controlDNA marker
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Figure 2-11. AhelixIV/44G RNA is unstable in transformed cells. Northern blot of
AhelixIV/44G and WT-t telomerase RNAS. RNA was extracted from mutant and wild

type transformed cells using a guanidine thiocyanate method, and separated on
denaturing polyacrylamide gels. DNA markers were obtained by PCR amplification of
the coding region from mutant and wild-type TeRNA genes. (A) Oligonucleotide probe
that detects all telomerase RNAs reveals small products only in deleted helix IV lanes.
(B) Repeat of experiment in panel A using a positive control marker for hybridization and
size. (C) Oligonucleotide probe specific for the new junction sequence created by
deleting helix IV from the gene. Positive control DNA marker and WT-t lanes verify the
specificity of the probe. Small products of several sizes are seen only in deleted helix IV
lanes, suggesting degradation of the truncated RNA.
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Figure 2-12

Assembly of telomerase RNAs in transformed cells
(native gel + Northern and Western blotting)

all S100 extracts

Slow

Medium

Fast

free

- -

-

TeR57 oligo
-

0-p80 cº-p95

- - - - - - - -
-V

- - - - - - - - - - - - - - - - - - - - - - - -]

transferred to nylon transferred to nitrocellulose

V V stripped,re-probed
probe: TeR57 oligonucleotide o-p80 (polyclonal) -- 0-p95 (polyclonal)

(unmutated region)

Figure 2-12. Native gel analysis of S100 samples. A multiply-loaded gel was split into two parts
and separately transferred to nylon and nitrocellulose for detection of telomerase RNA and proteins
p80 and p95. 6/22/96.
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Figure 2-13

Native gel analysis: GAA/43A RNA assembles,
AGA/44G RNA not detected in assembled complexes

Slow

Medium

Fast

free RNA → * *

A B C
oligo
probe: AGA-specific TeR57 (unmutated region) GAA-specific

Figure 2-13: Native gel analysis of S100 and RNA samples. All lanes contain S100 extract, except where
noted as RNA. RNA samples are guanidine thiocyanate extracted from whole cells and not from S100
extracts. Samples were multiply-loaded on the same gel, transferred to nylon and probed separately with
the indicated oligonucleotide probes (Table 2-B) at 31, 42, and 319C respectively. 5/12/96.
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Figure 2-14

Identity of slow and medium-migrating
TeR nucleic acid signal on a native gel

AGA S100 extract + - + + + + +

PCR marker
- + + - - - -

DNase buffer w/ Mg2+ -
- + + + - -

DNase (RNase-free)
- - + + - - -

RNase (DNase-free)
- - - - - - +

Slow

Medium

TeR57 oligo probe
(an umutated region)

Figure 2-14. Nuclease treatments of S100 samples. All samples were incubated at 370c for 8 min
except lane 1 (ice) and lane 7 (RT). In buffer lanes, 10X correction buffer was added to S100s to
bring them to DNase manufacturer recomendations of: 40mM Tris (pH 7.9), 10mM NaCl, 6mm
MgCl2, 10mM CaCl2. Native gel was handled and probed as in Figure 2-13. 9/30/96.
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CHAPTER THREE

NON-TELOMERIC TEMPLATE-SUBSTITUTED

TELOMERASE IS CATALYTICALLY ACTIVE IN VITRO AND

CAUSES A MITOTIC PHENOTYPE IN VIVO

TRACY L. WARE, HE WANG, ERICA. S. ORR,

AND ELIZABETH H. BLACKBURN
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Abstract ºf J

Telomerase is reverse transcriptase composed minimally of a protein subunit (TERT) and

an internal, highly structured RNA component (TER) that contains the templating region

(3’AACCCCAAC5’ in Tetrahymena). Point mutation of template bases can cause

reduced processivity and misincorporation in vitro. Here we report the first complete

replacement (9 of 9 bases) of the telomerase templating region in vivo. Contrary to the

expectation of ablating telomerase activity, we find that telomerase can efficiently

polymerize using three different non-telomeric templates in vitro (U9, AUN, and AU4).

We further demonstrate the fidelity of U9 telomerase, and utilize AUN telomerase as a

tool to show that anchor-site primer binding in telomerase is independent from template

base pairing. In vivo, AU4 and AUN genes cause telomere shortening, macronuclear

enlargement, and the statistically significant appearance of hyper-elongated micronuclei,

observed previously and indicative of a block in mitotic anaphase (Kirk et al., 1997). As

revealed in ternary structures of DNA polymerases and HIV-RT complexes (reviewed in : - *-
Jager and Pata, 1999b) we propose that the active site functions of correct dNTP selection * sº

* - ST

and insertion in telomerase are are not dependent on base-specific interactions between ~ º,
- *

the template and the catalytic subunit.
w

Keywords: telomerase/reverse transcriptase/anchor-site/mitosis/Tetrahymena
A R_Y

-º-
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Introduction

Telomerase is a reverse transcriptase

Telomerase synthesizes DNA by copying an RNA template, making it a reverse

transcriptase (RT). Telomerase proteins identified in many organisms (TERTs) contain

reverse transcriptase sequence motifs A and C ((Bryan et al., 1998) including three

invariant aspartates necessary for catalytic activity (Collins and Gandhi, 1998; Harrington

et al., 1997; Lingner et al., 1997). Tetrahymena telomerase (the most well-characterized

in vitro), differs significantly from retroviral RTs in several ways. Retroviral RTs can

utilize a variety of RNA molecules as templates for DNA synthesis, whereas telomerase

is highly specific for a particular RNA (Collins and Gandhi, 1998). (It is important to

note the difference in RT and telomerase nomenclature when using the term “template.”

A reverse transcriptase template is the whole RNA strand used for RNA-dependent DNA

synthesis, whereas a telomerase template is only the region of RNA that is copied.)

Telomerase requires structures present in the whole RNA for activity (Ware and

Blackburn, unpublished data, Bhattacharyya and Blackburn, 1997; Gilley and Blackburn,

1999; Roy et al., 1998) and remains stably associated with its RNA (Licht and Collins,

1999). While retroviral RTs can transcribe long stretches of RNA, telomerase uses only a

small region in its RNA for templating, as defined by specific borders encoded in the

RNA (Tzfati et al, in preparation, Autexier and Greider, 1994). Lastly, during its in vitro

synthesis reaction, Tetrahymena telomerase can translocate many times to the beginning

of its template region, placing dozens of DNA repeats on a single primer (Greider, 1991).
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Telomerase RNA templates and mutations

Telomerase RNA templates from several organisms have been mutated and studied,

including Tetrahymena thermophila (Autexier and Greider, 1994; Gilley and Blackburn,

1996; Gilley et al., 1995), Kluyveromyces lactis (McEachern and Blackburn, 1995),

human (Marusaic et al., 1997), and Saccharomyces cerevisiae (Chan and Blackburn,

unpublished data, Prescott and Blackburn, 1997). Many RNA template mutations are

copied into the corresponding telomeric DNA sequences in vivo. This can cause a variety

of phenotypes including telomere shortening, telomere lengthening, increases in telomere

length heterogeneity, senescence or loss of cell viability, and the defects in nuclear

division (Chapter One). Biochemical studies of telomerase (assembled in vivo and

extracted from cells) have shown that mutations in the template RNA are not only copied

into DNA products, but additionally can cause specific changes in enzymatic properties

in vitro. Various trinucleotide substitututions within the yeast TLC1 template (Prescott

and Blackburn, 1997) cause loss of activity, induce polymerization past the usual 5’

template boundary, or promote slippage synthesis under specific conditions (repetitive

nucleotide addition at a single template position). In Tetrahymena, single base

substitutions in the template sequence (see Fig 1) can cause dNTP misincorporation

(48U), early dissociation of product at template position 45 (43A and 48U), and

mispaired primer extension (48U and 49G) (Gilley and Blackburn, 1996; Gilley et al.,

1995). These studies have led to a model wherein specific template RNA residues play

an active role in basic enzyme function, beyond providing a template for nucleotide

addition. These roles have been proposed to be mediated through base-specific

interactions between the template and other RNA or amino acid residues.
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On the basis of this model, we set out to determine whether telomerase activity in

Tetrahymena cells could be abolished by completely replacing the template region with a

new sequence. To choose a highly disruptive sequence, we relied on information about

the sequence-specificity of telomerase for its substrates. Telomerase is most efficient in

vitro when the primer substrate contains a G-rich, telomeric sequence in both the 3’ end

(which base-pairs with the template) and the 5’ end (proposed to interact with an anchor

site) (Collins and Greider, 1993; Hammond and Cech, 1998; Lee and Blackburn, 1993).

Furthermore, telomerase has preferred dMTP substrates reflected in substrate Km values

(G3T3A). To construct a “null-like” telomerase in vivo, we eliminated the core of four C

residues from the template (complementary to G-rich telomere substrates) and attempted

to force utilization of a non-telomeric nucleotide (dATP). To this end, three different

non-telomeric sequences (composed of ra and/or ru) were chosen and substituted for

wild-type sequence. Although in vivo results of a complete template replacement have

been reported previously (Henning et al., 1998) this study involved substituting one

telomeric template (yeast) for another telomeric template (human), thereby mutating only

9 of 16 template residues and preserving much of the original template.

Here we report the first complete in vivo replacement of a telomerase RNA template with

a non-telomeric sequence (poly-U, named ‘U9’). Contrary to our expectations,

substituting the template with this and two other non-telomeric sequences (AU4 and

AUN) did not ablate activity but instead produced enzymatically active polymerase in

vitro in each case. All three enzymes polymerize according to their new templates in
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vitro. We further demonstrate the fidelity (correct dNTP selection/insertion) of U9

template-replaced telomerase. From these experiments, we conclude that telomerase can

efficiently carry out the active site functions of polymerization, including correct dINTP

selection, utilizing three different non-telomeric templates in vitro. Template substitution

does impair translocation (to the beginning of the template) and processivity but does not

abolish nucleolytic cleavage. Examining in vivo effects, the U9 template-replacement

caused no significant changes to telomere length, cell division rate, or nuclear

morphology. However, AUN template substitution resulted in the statistically significant

appearance of enlarged macronuclei and hyper-elongated micronuclei, indicative of a

block in anaphase chromosome separation. As described, this mitotic phenotype has

been seen previously with another template mutation (43A-A) in Tetrahymena (Kirk et

al., 1997). Here we observe the same phenotype in cells with a completely different

template mutation (AUN). This suggests that the anaphase bridges seen previously were

not due to novel DNA-DNA structures formed by mutant telomeric DNA. Our

observation of hyper-elongated micronuclei also highlights the likely need for functional

telomeres during the process of mitosis in Tetrahymena.

Results

Currently there are three methods in Tetrahymena for studying telomerase RNA

mutations using in vitro transcribed RNA: recombinant TERT reconstitution (Licht and

Collins, 1999), micrococcal nuclease treatment of cellular extracts (Autexier and Greider,

1994), and RNP relaxation with gel shift using cellular extracts (Autexier and Triki,

1999). Although each method has advantages, we chose in vivo transcription and
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assembly of RNA so that telomere length and cellular phenotypes could be observed.

Using this method, in vitro analyses are performed by extracting and partially purifying

telomerase from mutant cells. To this end, we separately substituted AU4, AUN and U9

template sequences (Fig 1A) into otherwise wild-type telomerase RNA genes and placed

them on the rDNA chromosome vector, prD4-1(containing a paromomycin resistance

marker, see Yu and Blackburn, 1990). Mutant genes were electroporated into mating

Tetrahymena, and became amplified to high-copy number in the cell (~10,000). For each

mutant gene, a small volume of electroporated cell suspension was serially diluted and

plated in 96-well microtiter dishes to obtain single transformants. (Cells receiving the

wild-type gene control are referred to hereafter as WT-transformed.) Clonal lines were

followed from single transformants and used for microscopy and viability studies, while

the remaining cell volume was diluted into 0.25 L of growth medium and cultured as a

population. Transformants in all cases were identified by resistance to paromomycin.

Although wild-type copies of the endogenous telomerase RNA gene are still present in

the cell, previous studies have shown that mutant telomerase RNAs introduced using this

high-copy number vector can replace the endogenous RNA in the telomerase RNP

(Gilley et al., 1995). During normal development of mated Tetrahymena, cells undergo

chromosome breakage and de novo telomere addition (reviewed in Blackburn, 1995).

Since the mutant gene is introduced after this process begins (Orias, 1986), de novo

telomere addition is performed by the maternal endogenous telomerase until

transformants are swamped by expression of the introduced mutant telomerase RNA (see

Methods). Hence, all telomeres should contain wild-type ends when first encountered by

newly created mutant telomerase.
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AU template substitution reduces cell viability and shortens telomeres in vivo

To determine whether template substitution altered telomerase action in vivo, we first

looked for telomere shortening among transformants. For several different time points

and independent electroporation experiments, genomic DNA was extracted from

transformant populations and Southern blot analysis was performed. Using a Pst■ digest,

rDNA and several non-rDNA telomeres are clearly resolved, allowing a clear assessment

of telomere length. A representative Southern blot is shown in Figure 2. AU4 and AUN

mutant cells (Figure 1B, lanes 4 and 6) reproducibly displayed telomere shortening of

150 bases relative to WT-t. This was the case for all repeated electroporations and time

points studied (days 3-10). Included on the gel for comparison is genomic DNA from

cells with the previously studied template mutation, 43A (Figure 1B, lane 2; (Gilley et

al., 1995) which is known to cause telomeres to become stably short. AU4 and AUN

mutants are slightly shorter but more heterogeneous in size compared to 43A telomeres

(Figure 1B, compare lanes 2 and 4). To examine the viability of AU4 and AUN

transformants, single transformants were subcultured in 1 ml of medium plus selection

drug. By day 6 post-transformation, the cells of AUN and AU4 clonal lines were large

and irregular in shape. Eventually culture growth halted as density never exceeded 4

x10" cells/ml (in days 6 through 12) for any AUN or AU4 clonal line. In parallel, WT

transformed (WT-t) clonal lines reached a density of 1-5 x 10° cells/ml by day 7, retained

wild-type cell morphology, and continued to divide actively beyond day 12.
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At first approximation, low mean telomere length appears to be correlated with low cell

viability. Indeed this has been observed for many telomerase RNA mutants in

Tetrahymena and other organisms (REFS). However, 43A cells whose short telomeres

are shown in Figure 1B (lane 2), are known to be relatively healthy and actively dividing

at 10 days post-electroporation (Gilley and Blackburn, unpublished data). For this

reason, we could not conclude that low mean telomere length alone was responsible for

causing low cell viability in AUN and AU4 mutants. Other contributors to low viability

could include: a small number of telomeres reaching a critically short length (thereby

inducing cell cycle arrest), or the presence of mutant telomeric repeats which could

disrupt telomere length regulation or other essential functions of telomeres in the cell,

such as prevention of end-to-end fusions.

Telomerase is active in vitro with AU-substituted template

Telomere shortening and eventual cessation of cell division is consistent with either the

elimination of telomerase activity in vivo, or the presence of mutant telomeric repeats on

chromosome ends as created by a mutant telomerase. To test whether telomerase was

present and active in AU4, AUN and WT-t cells, we made extracts and purified activity

according to standard protocols (Wang and Blackburn, 1997). Telomerase assays were

performed using one [O-32P) labeled d\TP, an unlabeled oligonucleotide primer and

remaining unlabeled dNTPs. Radiolabeled products were resolved on denaturing gels.

Specific primers and dMTPs used depended on the telomerase activity under study and

are indicated in each figure.
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Telomerase activity was measured first in extracts of WT-t and AU4 mutant cells. Since

it was not known whether cells would contain wild-type telomerase, mutant telomerase

or no telomerase, we performed initial assays with two different primers (Figure 2A).

Wild-type telomerase functions optimally with primers containing G-rich sequence at

both the 5’ end (binding the anchor site) and 3’ end (aligning with the template bases, i.e.

base-pairing). All primers used in these telomerase assays contained the preferred G-rich

sequence at the 5’ end. However, the primer 3’ ends were designed for alignment (base

pairing) with either the wild-type template (primer g3) or AU4 template (primer at3). In

extracts of WT-t cells, our assays revealed abundant wild-type telomerase which

synthesized the typical six-base ladder of products using the g3 primer (Figure 2B,

lane 1), and also synthesized long products that were dependent on the at3 primer (Figure

2B, lanes 2-3). [We have previously demonstrated that this long product formation on

non-telomeric substrates (such as primer at3) is intrinsic to wild-type telomerase and a

likely mechanism by which telomerase performs de novo telomere addition in vivo

(Wang and Blackburn, 1997)]. In extracts of AU4 cells, we were successful in

eliminating detectable wild-type activity, as no polymerization occurred with primer g3

as a substrate (Figure 2B, lane 4), and no long products were synthesized using the at3

primer (Figure 2B, lanes 7-8). Instead, AU4 extracts contained a very strong telomerase

dependent on the at3 primer, complementary to the AU4 template, indicating that the

AU4 template was actively used in the telomerase RNP (Figure 2B, lanes 7-8). The

appearance of labeled products at input primer size revealed that AU4 telomerase was

capable of performing nucleolytic cleavage (an activity known to be intrinsic to

telomerase) (Collins and Greider, 1993). A direct demonstration that the AU4 sequence
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was faithfully copied as a template was obtained by adding ddATP to telomerase

reactions. WT-t telomerase was insensitive to ddATP while AU4 telomerase products

were cleanly terminated by ddATP incorporation. (Figure 2B, compare lanes 3 and 8).

Finding that telomerase could actively use the AU4 template, we examined the enzymatic

properties of AU-substituted telomerase in more detail. For this purpose we studied the

extracts of AUN mutants. Unlike AU4, AUN telomerase has an undisrupted alignment

region (bases 50-51) just outside the template, and is completely free of rC residues in the

entire templating domain. First, we determined how many nucleotides could be added to

a single substrate molecule. As shown in Figure 3A, AUN telomerase primarily adds 1-2

nucleotides to primers az, n2, or aj. However, some fraction of the products had 9-12

nucleotides added to the input primer (lanes 6, 8, 11). Other characteristics of AUN

telomerase include active nucleolytic cleavage, observed particularly in lane 11 (Figure

3A). In lane 13, the AUN extract showed faint signs of dTTP incorporation using the

completely telomeric primer g4 (Figure 3A). These products were RNAse sensitive (data

not shown) and similar to the products of WT-t telomerase seen in lane 18 (the expected

products for a T-only telomerase assay, Lee and Blackburn, 1993). Hence, we attribute

these products to the activity of trace background wild-type telomerase in the AUN

extract. This background level of endogenous telomerase was quantitated and is

discussed further below.

To make a quantitative assessment of AUN telomerase, we compared the levels of

nucleotide incorporation in extracts of both AUN and WT-t cells at saturating primer
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concentrations. Wild-type telomerase is known to have a different Km (Lee and

Blackburn, 1993) for each dMTP (G-T-A). In a standard telomerase assay, the

radiolabeled dMTP is provided in lower concentration than other unlabeled dNTPs

needed for synthesis. Therefore, we made quantitative comparisons of WT-t and AUN

telomerase activity under identical assay conditions, using a radiolabeled dnTP that both

enzymes were predicted to incorporate. We provided AUN and WT-t telomerase with

the best primers tested for incorporating [o-32P] dTTP (as and g4 respectively) and

limited the products to 1-2 quantifiable bands by using ddATP in place of dATP (Figure

3A, lanes 10 and 20). Quantitation was done by counting the total radioactivity in each

lane for product bands which exceeded background by more than 10 fold. Sample

background was subtracted for each band and product totals are shown in Figure 3B, row

V. To correct for differences in product recovery, an equal aliquot of radiolabeled tracer

primer (TR) was added to each reaction before phenol extraction and ethanol

precipitation. TR bands were quantitated and levels are shown relative to lane 10 (Figure

3B, row TR). This number was used to normalize product totals for recovery (Figure 3B,

row X). Separately, we measured total telomerase RNA in the same extracts used for

telomerase assays (Figure 3B, row Y). This was achieved by dot blot hybridization to an

oligonucleotide, specific and complementary to the telomerase RNA (outside the

template region). Finally, telomerase activity was expressed as dTTP incorporation per

RNA level, as shown in Figure 3B, row Z. Comparing the activities of AUN telomerase

(using primer a2) and WT-t telomerase (using primer g4), we observe that AUN

incorporates 6.7 times more [o-32P] dTTP than WT-t (Figure 3B). Part of the high

incorporation level could be increased turnover if product dissociation is faster in AUN
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telomerase with its product (GT2G4T2G4ATATA*T) versus wild-type telomerase and

its product (T2C4T2G4T2G4*T*T). However, we can conclude that telomerase is

highly active using the non-telomeric AU sequence as its template in vitro.

The data presented in Figure 3B allowed us to determine the level of background wild

type telomerase activity present in the extracts of AUN cells (Figure 3A, lane 13; Figure

3B, row Z). Because primer g4 is efficiently extended by wild-type telomerase and

primer az is only detectably utilized by AUN telomerase, comparing dTTP incorporation

using these primers allowed us to assess the relative levels of mutant and wild-type

activity in the AUN extract. We found that dTTP incorporation using primer g4

represented approximately one third of one percent of the dTTP incorporated using

primer a2. Taking into account the higher level of dTTP incorporation seen with AUN

telomerase versus WT (discussed above), we conclude that only two percent of the total

telomerase in AUN cells is wild-type. This conclusion is consistent with the observation

that AUN cells have short telomeres and culture growth stops by day 6 post

transformation. Possible explanations for the inability of AUN and AU4 telomerases to

maintain their telomeres in vivo, despite their strong activity in vitro, are presented in the

discussion section.

Anchor-site primer binding is independent of template base-pairing

The finding of highly active AUN telomerase created a new biochemical opportunity for

us to ask what aspects of telomerase activity are independent of a specific, telomeric

template sequence (AACCCCAAC). As mentioned above, telomerase has a preference
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for G-rich, telomeric sequences at the 5’ end of its primer substrate, even in primers that

are non-telomeric at the 3’ end (Harrington and Greider, 1991; Melek et al., 1996).

Several models have been presented to account for this phenomenon. One model, called

‘bind and slide' suggested that telomerase recognizes the telomeric sequence anywhere in

the primer substrate and slides along the primer until it reaches the 3’ end and begins

polymerization. Another model is the ‘loop-out' model wherein telomerase binds the

telomeric sequence at the primer 5’ end by alignment with the template, loops out the

intervening non-telomeric sequence, and uses 1 nucleotide at the 3’ end for alignment and

extension. Another possibility is that the 5’ end of the substrate (or product) is bound by

telomerase at a site distinct from the base-pairing and catalysis occurring at the template.

This has been called the ‘second-site' or ‘anchor-site’ model (Harrington and Greider,

1991; Lee and Blackburn, 1993; Morin, 1989). Several lines of evidence support the

existence of the anchor site, most notably the photo-cross-linking of Euplotes telomerase

protein and RNA in active telomerase complexes, to a specific region of the substrate

primer 5’ end (Hammond et al., 1997). However, it has not been possible to rule out the

involvement of the template in 5’ end primer recognition because telomeric (TTGGGG)

or even G-rich sequence at either the 5’ or 3’ end of a substrate can theoretically base

pair with the templating region (AACCCCAAC). We used the active AUN telomerase,

containing the non-telomeric and therefore non-base-pairing template (AAUAUAUAU)

to test whether 5’ end, G-rich primer recognition is independent of template base

pairing.
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To test the primer 5’ end sequence specificity of AUN telomerase, a series of primers was

designed (Figure 4A) based on previous studies of wild-type telomerase. The 3’ end of

substrate primers were AT-rich (designed to be complementary to the AUN template)

since this was a requirement for proper alignment and activity of AUN telomerase (see

Figure 3A). In Figure 4A, primers are shown using an alignment and numbering system

beginning at the 3’ end. Two lengths of substrate primers were used (substrate sets of 17

and 23 bases) each with a best case primer containing a completely telomeric (G-rich) 5’

end and the necessary AT-rich 3’ end (Figure 4A, primers c2 and c3). The sequence

CACACA which is neither G-rich nor complementary to the AUN template, was used to

replace telomeric sequence in various positions in the 5’ region of the primers. Each

substrate set (17 and 23 bases) also contained a primer with a 5’ end composed

completely of CACACA repeats (Figure 4A, primers c7 and c10). The results of

telomerase assays using these primers are shown in Figure 4B. Supporting the

independent anchor site model, AUN telomerase was like wild-type in best utilizing a

substrate primer with maximum telomeric sequence at the 5’ end (primers c2 and c3;

Figure 4B lanes 1 and 8). A modest reduction in AUN telomerase activity was caused by

replacement of telomeric sequence with CACACA at positions 6 to 11 from the substrate

3’ end (primers cQ and cy; Figure 4B, lanes 10 and 4). Completely replacing the 5’ end

telomeric sequence with CACACA sequence caused a larger reduction in utilization by

AUN telomerase (primers c7 and c10; Figure 4B, lanes 2 and 11). Interestingly, for both

17 and 23 base primer substrates the most significant reduction in telomerase activity

occurred when the bases in position 6 through 11 were telomeric, and the bases in

position 12 through 17 were replaced with CACACA. This may reflect different modes
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of telomerase substrate binding, telomeric and non-telomeric (Wang et al., 1998).

However, from this set of data we conclude that anchor site binding in telomerase is

independent of substrate base-pairing to the RNA at templating positions 49 through 43.

U9 template replacement causes no telomere shortening or loss of cell viaibility in

vivo

In striking contrast to the telomere shortening and cell death seen in vivo with AU

template mutants, substitution of the template region with an all U sequence (U9

template) caused no detectable changes in telomere length or cell viability. As shown in

Figure 1B, U9 mutant cells appeared to have telomeres of the same average length and

distribution profile as WT-t cells (see gel position and band broadness, lanes 3 and 5).

U9 clonal lines showed no changes in viability, as U9 cells retained WT-t morphology

and reached similar concentrations as WT-t clonal lines in the same period (1-5 x 10°

cells/ml by day 7). Additional experiments have shown that U9 cells can conjugate

effectively with other U9 cells and with WT-t cells, including completion of meiosis.

[Conjugation synchrony was observed for cells within each pair, and most U9 x WT-t,

U9 x U9, and WT-t x WT-t pairings resulted in loss of drug resistance coincident with

formation of exconjugants (Ware, Torres, and Blackburn, unpublished data)].

Telomerase is active in vitro with a completely replaced template (U9)

We first tested one possible explanation for the lack of an observed phenotype in U9

cells. U9 telomerase RNA (encoded by the high copy exogenous gene) might have been

unable to swamp and replace the endogenous, wild-type RNA in the assembled
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telomerase RNP. Such a failure might be caused by low levels of gene expression, RNA

instability, or incorrect RNP assembly of mutant RNA. Under these conditions, abundant

wild-type telomerase activity would be present in U9 cells. To address this possibility,

we studied telomerase activity extracted from U9 and WT-t cells.

Telomerase assays were performed on U9 and WT-transformed extracts as described for

AUN and AU4 extracts, albeit with appropriate radiolabeled dnTP substrates and 3’ end

primer sequence (that base-pairs with the template, see Fig 5A). The levels of wild-type

telomerase in both extracts were assayed using the telomeric primer g4 and [O-32P]

dTTP as substrates. Contrary to the prediction of finding high levels of wild-type

telomerase activity in both U9 and WT-t extracts, only the WT-t cell extract incorporated

[0-32P] dTTP using the g4 primer (Figure 5B, compare lanes 2 and 3). Conversely,

when assay substrates were switched to [o-32P] dATP and primers carrying a 3’ end

complementary to the U9 template (primers u1 and u2), only the U9 extract actively

incorporated [o–32P, dATP (Figure 5B, lanes 10 and 12). No incorporation occurred if

the U9 extract was pre-treated with RNase (Figure 5B, lanes 11 and 13) or provided with

a completely telomeric primer substrate (primer g4; Figure 5B, lane 14). As expected,

extracts made from WT-t controls incorporated little or no ■ o—32P] dATP with any

primer tested (Figure 5B, lanes 5, 7, and 9). We conclude that although the entire U9

templating domain is devoid of wild-type sequence (bases 43-51), U9 RNA assembles

and can template the addition of a-32P dATP in vitro when provided with a primer that at

its 3' end complements the novel templating domain. Thus, the wild-type length

telomeres seen in U9 cells cannot be explained by the failure of U9 RNA to assemble in
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the telomerase RNP or the failure to compete with wild-type RNA for limiting telomerase

proteins. Potential models to explain the differences in telomere length of U9, AU4 and

AUN transformants are discussed below (and in the discussion section).

One model we tested was the possibility that U9 telomerase may have reduced fidelity,

enabling it to synthesize sufficient telomere-like sequence to maintain overall telomere

length in vivo. Although high fidelity is observed in assays of wild-type telomerase,

certain template mutations cause dNTP misincorporation, such as point mutant 48U.

Similarly, the U9 template contains an ru residue at position 48. To assay for low

fidelity mutant activity in vitro, we used the best primer tested for U9 telomerase (u2) and

determined whether any evidence could be found for incorporation of nucleotides other

than dATP. Specifically, we tested whether addition of 100 uM concentrations of cold

dGTP, dCTP, and dTTP (separately and in combination) could support additional or

altered patterns of elongation. However, as shown in Figure 5C (lanes 1-4), U9

telomerase was not affected by the presence of these non-templated d\TPs.

Furthermore, U9 telomerase did not misincorporate radiolabeled dTTP, dGTP or dCTP

(Figure 5C, lanes 6-8). Similar negative results were obtained as expected with WT-t

telomerase using the u2 primer (Figure 5C, lanes 9-16). (Note that the short radiolabeled

band seen in many lanes is RNase insensitive and hence not attributable to telomerase

(Figure 5C, lane 5). We conclude that the fidelity of U9 telomerase is intact, in that it

adds the correct nucleotides, as specified by the template sequence. Therefore,

misincorporation of non-templated nucleotides at telomeres is not a probable mechanism

to explain the wild-type length telomeres seen in U9 cells.
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To understand the behavior of U9 telomerase in vivo, we cloned and sequenced

chromosome ends from U9 and WT-t transformant genomic DNA. Among the 10 U9

and 8 WT-t clones, only one mutant repeat sequence was found (T2C2T2) and this was in

a WT-t clone. Sequence data allowed us to read 80-360 bases of tandemly repeated

T2G4 sequence in most of the clones (data not shown). Differential hybridization to

Southern blots of genomic DNA was used as an alternate method of detecting tracts of

poly-d/A residues in the telomeres. This method requires the use of relatively small

oligonucleotide probes which hybridize at low temperatures to target sequence, in this

case dA tracts in telomeres. We were unable to obtain an oligonucleotide probe of

sufficient hybridization stability that did not also hybridize to the bulk of Tetrahymena

genomic DNA (70% A/T content). While we did not detect any poly-A sequence in the

cloned telomeres (corresponding to usage of the U9 template), our cloning method

involved pre-treatment of g[NA with T4 polymerase to obtain blunt chromosome ends.

This method eliminates sequence information present in the 3’ single-stranded overhang

of telomeres (12-16 bases in WTTetrahymena). Therefore, we cannot exclude the

possibility that a small number of dA residues were added to telomeres in U9 cells. We

can conclude however, that the vast majority of telomeric repeats in U9 transformants are

T2G4, created most probably by the maternal wild-type telomerase at the time of

chromosome breakage and de novo telomere addition (just after transformation).

Hyper-elongated AUN micronuclei suggests mitotic block

93



To more fully understand the effects of replaced templates on the cell, we examined

nuclear size and morphology in AUN, U9 and WT-t cells. Tetrahymena thermophila

cells contain two distinct nuclei. The macronucleus (mac) is 45N, contains more than

10,000 chromosomes, is transcriptionally active and divides amitotically (described in the

next section). The germline micronucleus (mic) is diploid, transcriptionally silent during

vegetative cell growth, and contains 5 chromosomes which segregate mitotically.

During the sexual cycle, the mic also undergoes meiosis and fertilization. We took

samples from growing cultures of pooled transformed cells on day 4 after electroporation.

DAPI staining (4,6 Diamidino-2-phenylindole) and fluorescence microscopy was used to

visualize and photograph >100 cells from each of the transformant cultures (WT-t, AUN,

and U9). From the photographs, we could easily group most micronuclei into four

categories based on previous studies of Tetrahymena cells: interphase, recently divided,

elongated (anaphase), and hyper-elongated (delayed anaphase, Kirk et al., 1997).

Representative examples of nuclei in each stage are shown in Figure 6. The interphase

(I) Tetrahymena contains a single spherical micronucleus, often nested or near the larger

macronucleus (Figure 6I). A recently divided (D) cell has two micronuclei and two

macronuclei, often seen in the course of cytokinesis (Figure 6D). During mitotic

anaphase, the micronucleus becomes elongated (E), appearing flattened and almost oval

in shape (Figure 6E). Adhering to established nomenclature, we use the term hyper

elongated (HE) to describe micronuclei that are longer and thinner (Figure 6HE) than the

normally elongated micronucleus. Hyper-elongated micronuclei were not observed in

any WT-t cells in this study. While we did not measure distances between centromeric

poles, we used the appearance of chromatid strands (or bundles) being stretched between
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two centromeric poles as the primary characteristic for assignment to the hyper-elongated

category. Three-dimensional, high-resolution fluorescence microscopy performed on a

small number of cells (T. Ware and B. Harmon, unpublished data) allowed us to confirm

the similarity of chromosome bridging in AUN and ter1-43AA cells (Kirk et al., 1997).

A fifth category for classifying micronuclei was added to account for those that could not

be placed into the four previously identified stages (Figure 6CC). This category includes

cells that contain no visible micronucleus (sometimes hidden by the larger macronucleus)

or multiple spheres which appear micronuclei-like. The incidence of cells in this fifth

category was consistent across cell types (14–18%) as shown in Table I.

The results of this micronuclear classification for WT-t and AUN cells are shown in

Table I as relative frequencies. WT-t cells most often contained interphase micronuclei

(I=56%) or recently divided micronuclei (D=24%). Only a small percentage of WT-t

cells had elongated mics (E=6%), reflective of the short period that wild-type cells spend

in anaphase. Hyper-elongated micronuclei were never seen in WT-t cells but in contrast,

appear in more than one quarter of AUN cells (HE=27%). In addition, we observed an

increased frequency of elongated micronuclei in AUN cells (E=25%) compared to WT-t

(E=6%), indicating that AUN mutants spend more time in anaphase. We propose that

hyper-elongated micronuclei appear due to a severe delay or block in anaphase

chromosome separation, as previously observed in ter1-43AA cells. Consistent with that

interpretation, AUN cells show a concomitant decrease in the frequency of interphase and

recently divided micronuclei (I+D, Table I). This decrease in non-mitotic cells is nearly

equivalent to the increased frequency of elongated and hyper-elongated micronuclei
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(E+HE, Table I). We did not observe the alternative outcome of a higher incidence of

AUN cells falling in the cannot classify category (CC).

To test whether the differences in category frequency were statistically significant, we

performed a test of homogeneity of proportions on WT-t vs. U9 and WT-t vs. AUN using

the figures in Table I (This is a chi-squared test for data that falls into multiple mutually

exclusive categories, see Methods) (Heath, 1995b). Differences between WT-t and

AUN micronuclear classification were statistically significant even at high stringency (p<

0.001). Unlike the phenotype seen in AUN cells, substitution of the template with U9

sequence has no dramatic effect on the micronucleus, as differences were insignificant

even at a critical level of p3 0.1.

Macronuclear division is inhibited in AUN cells

The micronucleus of Tetrahymena undergoes mitosis and is assumed to have checkpoints

to stall the cell cycle when aberrant micronuclear chromosomes are present (reviewed in

Adl and Berger, 1996). The macronucleus however, divides amitotically with allelic

assortment between daughter cells. Previous studies have revealed nuclear enlargement

in cells which contain telomerase RNA template mutations (Kirk et al., 1997; Smith and

Blackburn, 1999; Yu et al., 1990). Since we observed the same phenomenon here in

AUN cells, we examined macronuclei by DAPI staining, fluorescent microscopy and

photographic recording. Seven days after transformation, we studied three different

(single transformant) clonal lines each of AUN, U9 and WT-t transformants.

Macronuclei were often oblong and irregular in shape, making it difficult to assess their
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overall size by simple diameter. Instead, we recorded the longest dimension in each

macronucleus and applied this rule consistently between cell types. We refer to this

measurement hereafter as ‘macronuclear dimension'. A summary of these measurements

is shown in Table II. The ‘mean’ in this case represents the mean of the recorded

macronuclear dimensions in 40+ cells within each clonal line. Two-tailed confidence

intervals (99%) are calculated as t x S.E. (see Methods and Heath, 1995a). In WT-t

clonal lines, the mean macronuclear dimensions was 13.4, 13.9, and 13.9um (Table II, a

c). The same measurements on U9 cells revealed similar dimensions (Table II, x-z). In

contrast, mean macronuclear size was nearly doubled in AUN clonal lines. (Although

AU4 cells were not subjected to the same quantitative analysis, we did observe consistent

macronuclear enlargement in cultures of AU4 cells.) Representative photographs of

WT-t, U9 and AUN means and maxima are shown in Figure 7. To determine whether the

observed differences in mean macronuclear dimension were significant, a t-test was

applied to pairs of clonal lines (i.e. WT-t (a) vs. U9 (z)). Differences between AUN and

WT-t clonal lines were statistically significant in all pairings (p<0.001). Differences

between U9 and WT-t clonal lines were small but statistically significant in a few

pairings when the critical value was set to p30.05 but insignificant when the critical value

was raised to p30.001. These results show that AU substitution of the template leads to a

significant increase in macronuclear size while U9 substitution causes no significant

change. The increased macronuclear size in AUN cells suggests that AUN template

substitution disrupts amitotic segregation of macronuclear chromosomes.

Discussion
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Here we have examined the biochemical and cellular consequences of complete and

near-complete replacement of the T.thermophila telomerase RNA template in vivo with

three different non-telomeric sequences. Template replacements produced active

telomerase in vitro in all three cases but caused two different phenotypes in vivo,

depending on the sequence used for substitution. First, we discuss the activity of

template-substituted telomerase in vivo. Second, we discuss why macronuclear

enlargement should occur in cells that are arrested in anaphase. Third, we note examples

of anaphase bridges found in other organisms, associated with changes in telomere

function. In the final section, we review the in vitro analyses of template-substituted

telomerase and suggest a biochemical role for the telomerase template that is similar to

that seen for other DNA polymerases.

Template-substituted telomerase in vivo

Mutation of the telomerase RNA template can cause two main outcomes for telomerase

in vivo: creation of active, mutant telomerase, or simply a loss of effective telomerase

activity in the cell. The presence of mutant telomeric repeats at chromosome ends

(detected using Southern hybridization or cloning and sequencing of telomeres) provides

good evidence for the action of a mutant telomerase in the cell. Indeed many template

mutations result in telomeres of mutant sequence (Bhattacharyya and Blackburn, 1997;

Kirk et al., 1997; Marusaic et al., 1997; Prescott and Blackburn, 1997; Yu and

Blackburn, 1991). The lack of detectable mutant repeats in the cell is less definitive.

However, cellular phenotypes and in vitro analyses can provide some information about

whether telomerase is active on chromosome ends in vivo.
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In the case of AUN, we know the enzyme is catalytically active in vitro. We also know

that telomeres shorten quickly to a consistent length at several time points examined.

(Genomic DNA and telomerase extracts were prepared on the same day for AUN, WT-t

and U9 cells throughout this study.) If telomere shortening in AUN cells was just due to

the inactivity of AUN telomerase on chromosome ends, one might predict the residual

background wild-type telomerase (see Results) found in AUN extracts would have

maintained telomeres nearer to wild-type length. By contrast, U9 extracts show no

detectable background wild-type telomerase and yet the telomeres in U9 cells are wild

type length (see below). In attempts to clone and sequence telomeres from AUN

transformant gDNA, only circular episomes of rDNA were obtained in the same screen

used successfully for WT-t and U9 telomere clones. Difficulty obtaining telomere clones

from cells of monster phenotype has been seen previously (K. Kirk, personal

communication). It is not known whether this is due to a difference in rDNA states in the

cell, however selective pressure to maintain circular versus linear rDNA has been seen in

a previous mutant with enlarged macronuclei (prTER5, Romero and Blackburn, 1995).

Without telomere sequence data for AUN cells, the cellular phenotype in fact, provides

the most compelling reason to assume that the telomeres of AUN cells contain mutant

repeats on their ends. We found no published cases of nuclear enlargement in telomerase

mutants where the sequenced telomeres were completely wild-type. Furthermore, a

recent study has highlighted the effect of the most distal telomeric repeats on phenotype.

In the budding yeast K. lactis, certain template mutations cause runaway telomere

elongation and the appearance of monster nuclei with DNA content greater than 2.5N.
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Smith and Blackburn (1999) were able to demonstrate that capping mutant telomeres

with a small number of wild-type-like telomeric repeats was sufficient to stabilize

telomere length around a new, longer mean. Most importantly, the capping of telomeres

at this longer mean length was sufficient to reverse the monster nuclear phenotype in

most cells, bringing DNA content back down to diploid level. Taken together, we

suggest that the rapid telomere shortening, low cell viability, and nuclear aberrations in

AUN mutants are most reasonably caused by the addition of small numbers of dAT

residues to one or more chromosome ends through the action of AUN telomerase in the

cell. These phenotypic effects are most certainly mediated at least in part by the

disruption of telomere-binding proteins such as TEP (Sheng et al., 1995). (For reviews

on telomere-binding proteins in other organisms, see Greider, 1999.; Price, 1999)

U9 cells on the other hand, do not show any telomere shortening, loss of cell viability, or

statistically significant nuclear aberrations. The sequences of cloned telomeres were also

found to be completely wild-type. Although our cloning method eliminated sequence

information present in the 3’ overhang, we concluded that the majority of telomeric

repeats in U9 clones were wild-type. One reasonable interpretation of this data is that U9

telomerase is not active in the cell. In vitro assays reveal the catalytic competence of U9

telomerase to incorporate dATP, but not as robustly as AUN telomerase and only when

provided with a primer containing an A-rich 3’ end to complement the new template.

Perhaps the wild-type telomere ends (created during chromosome fragmentation by the

maternal endogenous telomerase during de novo telomere formation) are not good

Substrates for the maintenance action of U9 telomerase in the cell. Indeed U9 telomerase
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has a disrupted alignment region (bases 50 and 51) while AUN telomerase has a wild

type sequence at these positions. This may be the key difference in the ability of

template-substituted telomerase to act or not on telomere ends in the cell. An additional

in vivo challenge for U9 telomerase is its restriction to incorporating dATP. Wild-type

telomerase is not expected to utilize dATP because the template lacks ru residues.

However, assays of AUN telomerase have revealed that even when the template sequence

does specify the addition of dATP (and dTTP), dTTP is incorporated much more

efficiently than dATP (Figure 3A, compare lanes 3 and 11). Our fidelity assays show

that U9 telomerase has little choice but to incorporate dATP (Figure 5C) and thus U9

telomerase may be less active due to an inherently low afffinity of telomerase for dATP,

Yet another possibility is that U9 telomerase is nominally active on chromosome ends

and these sequences are subsequently trimmed by cellular nucleases.

If U9 telomerase is not active on chromosome ends, then how are telomeres being

maintained at roughly wild-type length? The U9 telomerase extracts prepared do not

reveal any detectable wild-type activity in vitro (Figure 5B, lane 14). However, the bulk

of telomeric repeats in the cell are added de novo by maternal telomerase and a small

amount of wild-type telomerase, undetectable by in vitro assays, may be present and

sufficient to maintain telomere length in U9 cells. Alternatively, Tetrahymena may be

capable of maintaining telomeres for some period of time in a telomerase-independent

manner, such as recombinational repair off a longer telomere as occurs in yeast (Le et al.,

1999).
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Macronuclear enlargement in AUN cells

It is not immediately obvious why macronuclei should continue to expand their DNA

content and size within a cell where the micronucleus is delayed or arrested in mitotic

anaphase. Previous studies of the DNA replication and cell division cycle in

Tetrahymena reveal how this can occur. The two nuclei of Tetrahymena do not replicate

and divide at the same time in the same cell. DNA replication in the mic occurs just after

micronuclear division, coincident with cytokinesis, while DNA synthesis in the mac

occurs from the middle of the cell cyle through to the end (Nanney, 1980). Mitotic

division in the micronucleus is completed before amitotic division in the macronucleus

begins. Commitment to cytokinesis occurs during micronuclear anaphase (reviewed in

Adl and Berger, 1996). Thus, if mitosis is not completed in the micronucleus, the cell

(and perhaps the macronucleus) would not be signalled to divide. However, predicting a

block in division does not explain why the mac continues to expand its DNA content.

Studies of the cell cycle in the 1950's revealed that synchrony of cell division could be

induced in Tetrahymena by multiple heat-shock treatments (reviewed in Mitchison,

1971). Later it was discovered that macronuclear DNA synthesis and cell growth was not

inhibited by this treatment. Thymine starvation was added to heat-shock treatments to

achieve synchrony in both DNA synthesis and cell division (Zeuthen, 1970). Therefore,

it appears that Tetrahymena macronuclei have the ability to replicate DNA without the

need for strict temporal alternation with a cell division cycle.

Telomeres and mitotic anaphase bridges

102



While recent studies have elucidated a role for telomeres in the meioses of several

organisms (see Chapter One), much less is known about the roles that telomeres may play

during mitosis or the special problems they may present in the segregation process.

However, several observations of telomere behavior in mitotic anaphase have been made

in organisms other than Tetrahymena. In the budding yeast K. lactis, telomere-induced

nuclear enlargement is logically mediated by a defect in mitotic division, although a

specific study of chromosome separation has not linked these mutant telomeres to

problems in anaphase (Smith and Blackburn, 1999). In fission yeast, a temperature

sensitive mutation in cut 1 allows the centromeres and nucleolar rDNA repeats to be

segregated while the telomeres remain unseparated (as revealed through fluorescence in

situ hybridization to these specific regions, Funabiki et al., 1993). Cut 1 has been

implicated more generally in the process of sister-chromatid separation (reviewed in

Murray, 1999), although why some portions of the chromosome are separated while other

parts remain associated in the cut 1-ts mutant is unclear. A mutation in the Drosophila

ubiquitin-conjugating enzyme UbcD1, induces telomere-telomere associations, both in

mitosis and meiosis. The authors propose that UbcD1 is necessary to degrade a telomere

associated protein. Most recently, anaphase bridges have been observed in human cells

in response to disrupting the function of the telomere-binding protein, TRF2. This

bridging is caused by end-to-end covalent fusions of telomeric DNA. Separately, TRF2

protein has been shown to promote the looping of telomeric DNA in vitro. Inhibition of

TRF2 in primary human T cells causes apoptosis before cells enter S-phase and mitosis,

indicating that these cells have an apoptotic signal that is independent of a signal arising

from the DNA damage of broken dicentric chromosomes. Future studies should reveal
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whether the anaphase bridges we observe in Tetrahymena are caused by covalent fusion

of DNA or the disruption of telomere-binding proteins that function in the segregation

process.

Core functions of nucleotidyl transfer and dMTP selectivity are preserved in

telomerase containing non-telomeric template replacements

Previous studies of telomerase have demonstrated that mutations in the template RNA

region change specific aspects of telomerase activity in vitro. As a consequence, the

templating domain has been viewed as highly specialized, functioning not just as a

blueprint for dMTP addition, but also providing base-specific interactions involved in

catalytic activity. We therefore anticipated that we could ablate telomerase activity in

Tetrahymena thermophila by completely replacing the telomerase RNA template region

with non-telomeric sequence. Contrary to this expectation, telomerase was able to

catalyze correct nucleotide addition using the three different template replacements we

provided (AU4, AUN, and U9). The utilization of these templates by telomerase was

confirmed in several ways. First, template-substituted enzymes each developed a

biochemical dependence on a primer substrate containing the complement of its new

template (Figures 2B, 3A, 4B). Second, telomerase altered its nucleotide incorporation to

reflect the new templates: AUN, U9, and AU4 telomerase each gained an ability to

efficiently incorporate dATP (Figures 3A, 4B, and data not shown, respectively).

Finally, while wild-type telomerase was insensitive to the presence of ddATP during

polymerization, AU4 and AUN telomerase abruptly terminated synthesis in the presence

of daATP (Figures 2B, 3A).
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The core function of any template-dependent polymerase is to select and insert the

correct base, that is nucleotide addition without misincorporation. To do this, a

polymerase must follow the direction of the template sequence and discriminate between

available dNTP substrates. We found that AU4, AUN and U9 telomerase were proficient

in the function of templated nucleotide addition. Quantitative comparison of short

products revealed that AUN telomerase actually incorporated more [o-32P] dTTP into

product than wild-type telomerase, when normalized according to enzyme TeRNA levels

(Figure 3B). While the experiments using AU4, AUN, and U9 telomerase are entirely

consistent with the enzymes inserting nucleotides with fidelity, we assessed the limits of

such fidelity by challenging the U9 telomerase to misincorporate nucleotides. We chose

U9 telomerase for these tests because the wild-type sequence is replaced at every

template position (51 to 43, see Figure 1A for positional assignments), including the C to

U mutation at position 48 (Gilley et al., 1995). We were unable to detect

misincorporation by U9 telomerase of radiolabeled dOTP, dGTP or dTTP. Furthermore,

U9 telomerase was able to correctly incorporate [o-32P] dATP (provided at 1.9 um),

discriminating effectively in the presence of 100 uM cold dcTP, dGTP and dTTP. Based

on the proficiency of these template-substituted enzymes, we conclude that base-specific

interactions between the telomerase template and protein (or distant parts of the RNA)

are not a likely requirement for the core polymerase functions of nucleotide addition and

correct base insertion.
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Beyond base selection and insertion, template-substituted telomerase differs from wild

type in several properties. With respect to processivity, neither U9 nor AUN telomerase

is like wild-type in synthesizing dozens of repeats on a single primer in vitro. However,

AUN telomerase did add up to 12 detectable nucleotides on a single primer (Figure 3A,

lane 8). The creation of products longer than template length would indicate that AUN

telomerase retains some ability to re-position products along the template. This re

positioning does not appear to occur through a traditional translocation to the beginning

of the template, since a characteristic strong band is not seen at a position corresponding

to the end of the template. Products of 12 nt could be synthesized by switching to a

reiterative mode of dTTP incorporation (at a single template position), as observed for

repetitive dC addition during de novo telomere addition (Wang and Blackburn, 1997).

However the sensitivity of AUN telomerase to ddATP is not consistent with this

interpretation. Yet another property of wild-type telomerase is the ability to cleave

substrate primers, usually to make them more suitable for extension. Replacement of the

template did not abolish this nucleolytic cleavage activity in AU4, AUN, or U9

telomerase (Figures 2B, 3A, 4B).

While DNA polymerases are highly divergent in primary amino acid sequence, two

motifs are invariably present (motif A/region II and motif C/region I) in DNA

polymerases from four different families: Pol I, Pola, RT, and terminal transferase.

Within motifs A and C, polymerases share strictly conserved carboxylates believed to

participate directly in catalysis (i.e. Asp 1.10, 185, 186 in HIV-RT). In common with

other polymerases, all TERT proteins cloned to date contain motifs A and C (Bryan et al.,
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1998) as well as the conserved carboxylates (i.e. Asp 530, 670, 671 in EST2p).

Abundant biochemical data (reviewed in Joyce, 1994 #53 and Echols, 1991) and recent

crystal structures of polymerase ternary complexes (reviewed in Brautigam and Steitz,

1998) provide firm evidence for a conserved two-metal ion mechanism of nucleotidyl

transfer wherein conserved carboxylates participate in the chemical step.

All DNA polymerases must be highly selective in choosing the correct nucleotide

substrate from a pool of similar substrates. This is achieved in many enzymes by

extensive interactions between the enzyme and unique features of the correct substrate.

What occurs then in a polymerase when the correct base for insertion changes rapidly, as

dictated by the template base currently occupying the active site? All correctly paired

DNA bases share similar overall geometry. On the basis of biochemical data, steric

hindrance of template-dNTP base-pairing was proposed as a mechanism to ensure

polymerase specificity while maintaining suitable efficiency with four different substrates

(reviewed in Echols, 1991). Studies of four different polymerase complexes (crystallized

with nucleotide substrate, template and primer) have now provided a structural basis for

this fidelity mechanism (Doublie et al., 1998; Huang et al., 1998; Kiefer et al., 1998;

Pelletier et al., 1996). In HIV RT, T7 DNAP, and Bacillus DNAP extensive interactions

are made in the DNA minor groove, where the symmetric presentation of hydrogen-bond

acceptors is sequence non-specific. The nascent base-pair does not form base-specific

hydrogen bonds with the polymerase, but instead the incoming nucleotide must form a

correct Watson-Crick pair with the template to fit within the narrow slot provided by the

protein. Biochemical and structural studies suggest a conformational change that occurs
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after DNA and dMTP binding but before the chemical step of nucleotidyl transfer (see

reviews, Brautigam and Steitz, 1998; Jager and Pata, 1999a; Johnson, 1993). As a

mechanism of error-avoidance, it is proposed that only a correct nascent base-pair within

the narrow space provided, can trigger the conformational change preceding the chemical

step. Taken together, biochemical and structural studies provide reasonable models for

how DNA polymerases can be broad in the ability to incorporate four different

nucleotides, yet highly specific in selection for the correct nucleotide during synthesis.

The diversity of polymerases now demonstrated to share a common mechanism of

nucleotidyl transfer and fidelity compels us to consider telomerase in the same light. We

propose that telomerase most likely resembles other DNA polymerases in the active site

mechanism of nucelotidyl transfer with fidelity, but relies on the sequence or structure of

the RNA and additional protein components to confer the specialized properties of

telomerase. These properties would include: stable presentation of template to catalytic

subunit, restriction of templating to a confined region of the RNA, coordination of

product movement such as translocation (to the beginning of the template) and shifting of

product from active site to anchor site. While we know that telomerase cannot template

from a small portion of the whole TeRNA, (Collins and Gandhi, 1998) our results show

that multiple template sequences, within the context of otherwise wild-type RNA, can be

used to support nucleotidyl transfer. Additionally, our results suggest that fidelity of

dNTP incorporation in telomerase polymerization can occur by a mechanism that is non

specific to a particular template sequence. More information is needed to say how
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correct base insertion occurs in telomerase, however the data presented in this paper are

consistent with the steric complementarity model proposed for other DNA polymerases.
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Materials and Methods

Strains, electroporation, telomere blots, telomerase purification, and telomerase

assays were performed as described in the methods section of the previous chapter.

Site-directed mutagenesis

Mutagenesis was performed as described in the previous chapter, with the following

exceptions. The only template DNA used during PCR amplification was pr■ BR1. The

mutagenic primers contained no mutations in helix IV or the GA bulge, but rather the

sequence of the templates shown in Figure 3-1. The sequencing was done using the

Thermosequenase Labeled Terminator kit (Amersham).

RNA Quantitation

An equal volume of each semi-purified telomerase fraction was subjected to acidic

phenol extraction and EtOH/O.3M NaOAc precipitation using glycogen as a carrier. The

pellet was resuspended in denaturation buffer (50% TE, 6XSSC, 20% formaldehyde) and

heated to 55°C for 15 min. Samples were applied by vacuum to Hybond N+ (Amersham)

soaked in 6X SSC (Sambrook et al., 1989) and clamped within a dot blot apparatus.

After 6XSSC washes, the membrane was UV-crosslinked, and hybridization was

performed (Church and Gilbert, 1984) using the [32P]-labeled oligonucleotide TeR57

(see Table of Oligonucleotides). Quantitation was performed for reaction products, tracer

primer, and RNA levels of the extract fractions using a Phosphorimager (Molecular

Dynamics).
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Cloning and Sequencing of Telomeres

pBluescript SK- (Stratagene) was digested with Eco RV (New England Biolabs) and gel

purified. Total genomic DNA was isolated from Tetrahymena. Twelve pug of genomic

DNA was treated with T4 DNA Polymerase (New England Biolabs, NEB) in the

presence of all 4 dMTPs (100 puM) for 15 min at 12°C, followed by 10 min at 70°C.

Direct ligation was performed with all 12 ug of g[NA and 200 ng of vector at RT for 2

hours, followed by treatment at 65°C for 10 min. pBlu SK-/gDNA ligations were

digested with Pst■ to cut away all gDNA except the 1.2 kb gDNA telomere fragment,

extracted twice with phenol/chloroform, and ethanol precipitated. Self-ligation was

performed at 16°C overnight and half the DNA was electroporated into XLI blue E. Coli

cells (Stratagene). Colony lifts were performed according to the manufacturer protocol

(Amersham). Colonies containing telomeric clones were detected using the probe,

(A2C4)3. DNA was extracted from 15 positive clones of each mutant type and screened

for the presence of a correctly sized insert. The gel was Southern blotted and probed with

a prD4-1 specific probe (5' TGAGAGTGCACCA TATGCGG 3') to identify false

positive telomere clones (resulting from cloning a portion of the Tetrahymena

electroporation vector). True positives were sequenced from the M13 forward primer

using the Thermosequenase Labeled Terminator kit (Amersham) or the ABI Dye

Terminator kit (Biomolecular Resource Center, UCSF).

Cell Fixation and Microscopy
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Ten ml of log-phase cells were centrifuged briefly (3,000 rpm, microfuge) and washed in

Buffer A (15 mM Pipes, pH 7.0, 80 mM KCl, 20 mM NaCl, 0.5 mM EDTA, 2 mM

EGTA, 0.15 mM spermine, 0.5 mM spermidine, 1 mM DTT). One-tenth volume

formaldehyde (37%) was added slowly at RT for 10 min. Cells were washed again in

Buffer A, preserved in progressive ethanol steps on ice (50%, 70%) and stored at -20°C.

For analysis, stored cells were washed in Buffer A and DNA was stained with DAPI

(4,6'-diamidino-2-phenylindole), and washed again in Buffer A before mounting samples

on glass slides. Fluorescence microscopy was performed on a Nikon Microphot-FX-A

microscope fitted with filters (Nikon EPI-FL3), and a mercury lamp. Black and white

photographs were produced using a microscope-mounted Nikon DX-DB2 camera and

Kodak TMX100 film. Developing was done commercially and printing was done in the

lab by E. Orr.

Statistical Analysis

For micronuclear phenotypes, the test for homogeneity of proportions was performed for

U9 vs. WT-t and AUN vs. WT-t using the following formula: X*={ [X(a/r)-

(n°/N)]/(n)(n2) }N” All values were expressed in actual frequencies rather than relative

frequencies. ‘n’ represents the total number of cells in each sample type WT-t (98=n2),

AUN (52=n, ), and U9 (51=ns). Using the example of WT-t vs. AUN, ‘a’represents the

total number of WT-t cells in the dividing category, “a” the elongated category, etc. “ri’

represents summed value of of WT-t and AUN cells in the dividing category. N=nl-n3.

For each category, the calculation is performed (a1, a2, a3, a 4....) and the values summed.

The calculated X* is compared to a critical value of X (Heath, 1995b) based on the
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selected probability of the null hypothesis being correct (p), and degrees of freedom

[df=(rows-1)(columns-1)]. If the calculated X* exceeds the critical value of X* then reject

the null hypothesis (no difference between proportions). This is considered statistically

significant evidence for the alternative hypothesis.

For mean macronuclear dimensions, the confidence interval represents the probability

(99%) that the true population mean lies within the confidence interval (+/-) around the

sample mean (error bars). With samples less than 100, confidence interval = (t)(standard

error of the mean). t is used to correct for the broader distribution around the mean that

occurs with samples smaller than 100. Critical values of t are based on the total number

of cells in each sample (value N, see Table II)(Heath, 1995a). Standard error (sample

deviation divided by the square root of the total number of cells in each sample) was

calculated using the SPSS software package.

To examine the significance of differences in macronuclear size, clonal lines were paired

[i.e. WT-t (a) vs. U9 (x)] and a t-test was applied. An F-test was first applied to

determine differences in variability. Although some pairs of AUN vs. WT-t failed the F

test, the t-test was still applied on the basis that differences between sample means of

AUN and WT-t clonal lines were large. Two-tailed t-tests were used in pairing WT-t and

U9 clonal lines, while a one-tailed t-test was used for WT-t vs. AUN clonal lines because

values were consistently higher in AUN cells. The F-test and t-test were calculated and

results compared to published critical values as previously described (Heath, 1995b).
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Fig. 1. (A) Template sequences of wild-type and non-telomeric template substitutions, all
within an otherwise wild-type telomerase RNA. (B) Template substitutions AUN and
AU4 cause telomere shortening. Genomic DNAs from indicated cell types were
restricted with PstL, separated on 1.0% agarose and subjected to Southern blot analysis
using the indicated telomeric probe. Control samples are shown for length comparison:
untransformed parental strain CU428 (lane 1), previously characterized template mutant
43A (lane 2), and wild-type transformed (lane 5). Non-telomeric template substitutions
are U9 (lane 3), AUN (lane 4), and AU4 (lane 6).
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Fig. 2. AU4-substituted telomerase is active in vitro and dependent on a primer
complementary to its new template. (A) Template sequences of wild-type and AU4
telomerase RNAs. Primer g3 is the complement of wild-type telomerase (used to detect
wild-type activity in each extract). Primer at3 is designed to be complementary to the
AU4 template. (B) Telomerase assays of wild-type transformed partially purified
telomerase (see Methods) (lanes 1-3) and AU4 mutant telomerase (lanes 4-8). Cold
dNTPs are provided at 100 puM as indicated above each lane; radiolabeled dTTPs are
provided at 1.9 puM and indicated by the symbol (*). Primers are gel purified and present
at 1 H.M. Markers indicate the migration of input primer+1 for at3 (-) and g3 (~) primers.
Telomerase reaction products which migrate at the input primer position result from the
inherent ability of telomerase to perform both endonucleolytic cleavage and
polymerization on a single substrate.
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Fig 3. AUN-substituted telomerase is active and incorporates more *dTTP per RNA than
wild-type telomerase. (A) Templates, primer sequences, and telomerase assays of WT-t
and AUN telomerase RNAs. Identity of substrate primers and dNTPs are indicated in the
grid and concentrations are as described in Fig. 2. To measure product recovery, an equal
aliquot of 5’ radiolabeled tracer primer (37-mer) was added after each reaction and before
precipitation. The position of tracer primer (TR) is shown. Assays of wild-type
transformed telomerase (WT-t) are shown in lanes 1 and 14–20, while AUN telomerase is
shown in lanes 2-13. Pre-incubation with RNase or substitution of dATP for ddATP are

indicated with (+) signs. Position of input primer+1 for n2, a2, and as are indicated by
the symbol (-). Position of input primer+1 for g4 is indicated by the symbol (~). (B)
Quantitative comparison of WT-t and AUN telomerase assay products. See text for a
description of quantitation and calculations performed.
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Figure 4
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Fig 4. Inhibitory effect on AUN telomerase of a non-telomeric sequence in the 5’ end of
primer substrates: template base-pairing does not contribute to anchor site binding. (A)
AUN template RNA and primers used to test anchor-site binding specificity. The 3’ end
of primers contain an AT-rich region that complements the AUN template. The 5’ end of
primers (indicated by negative numbers from the 3’ end) is either telomeric (TTGGGG)
or disrupted (CACACA). 4- and - signs indicate relative telomerase activity as shown in
panel B. (B) Telomerase assays using AUN telomerase, indicated primers and 1.9 puM
radiolabeled dTTP. The uniform band appearing at the top of the gel is tracer primer,
used to normalize for recovery as indicated in Fig 3. Labels indicate input primer+1 for
c2 (~), c3 (*), and c10 (-). Primers c3 and c10 run at different positions due to large
differences in sequence composition.
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Fig. 5. Complete template-replacement (U9) of telomerase does not abolish basic
polymerization or fidelity in vitro. (A) Template sequences of U9 and WT-t telomerase
RNAs with assay primers. (B) Assays of U9 telomerase (lane 2 and lanes 10-14) and
WT-t telomerase (lane 1 and lanes 3-9). Identity of substrate primers and dYTPs are
indicated by the grid and concentrations are as described in Fig. 2. Position and recovery
of tracer primer is shown. Position of input primer+1 for ul (arrow) and g4 (~) are
shown. (C) Fidelity tests of U9 and WT-t telomerase. All reactions contain primer u2 at
1 HM. In lanes 2-5 and lanes 10-13, telomerase was provided with radiolabeled 1.9
puMdATP (*A) and challenged with additions of 100 puM cold dMTPs as indicated. In
lanes 6-8 and lanes 14-16, telomerase was tested for its ability to incorporate the
indicated radiolabeled dMTP (*) in the presence of the 3 remaining cold dMTPs (+3).
The band position indicated by (G) is RNase insensitive and therefore not attributable to
telomerase.
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Fig. 6. AUN template substitution results in the appearance of hyper-elongated
micronuclei. Shown are representative photographs of micronuclei in each of five
categories. The frequency of cells in each category are shown in Table I. Photographs
were taken four days after parallel transformations with AUN, AU4, WT-t, and U9
telomerase RNA genes. Cells were fixed and nuclei stained with DAPI (see Methods).
Distinctive features of micronuclei in each category are described in the text.
Panels are as follows: (I) Interphase, (D) Dividing, (HE) Hyper-elongated, (E)
Elongated, (CC) Cannot classify. All nuclei are shown at the same magnification; 10
micron bar is shown.
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Table I. Micronuclear Phenotypes
Relative Frequencies (%)

Phenotype Class WT-t| U9 |AUN
Interphase (I) 56 63 31
Dividing (D) 24 12 2
Elongated (E) 6 8 25
Hyper-elongated (HE) 0 O 27
Cannot Classify (CC) 14 18 15
Total 100 || 101 || 100

I+D 80 75 33
E+ HE 6 8 52
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Figure 7
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Fig. 7. AUN template substitution causes macronuclear enlargement. Representative
photographs of mean and maximum values for macronuclear dimension are shown,
correlating to the means and maxima in Table II. Means and maxima were obtained by
photographing 48-90 cells of three clonal lines each of AUN, U9 and WT-t cells, four
days after parallel transformation. All nuclei are shown at the same magnification; 10
micron bar is shown.
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Mean +/-(CI)*
13.4 +/- 0.74
13.9 +/- 0.99
13.9 +/- 0.88
13.9 +/- 0.81
12.8 +/- 1.0
14.4 +/- 1.1
28.5 +/- 3.33
21. 1 +/- 2.73
30.9 +/- 4.63

Table II.

Macronuclear Dimension (HM)

Clonal Ln

WT-t (a)
WT-t (b)
WT-t (c)
U9 (x)
U9 (y)
U9 (z)
AUN (1)
AUN (2)
AUN (3)

S.E.
0.21
0.28
0.25
0.23
0.29
0.32
0.95
().77
1.3

Min
10.9
10.9
10.9
10.9
9. 1
10.9
14.5
| 1.8
13.6

Max
16.4
18.2
18.2
18.2
16.4
18.2
43.6
32.7
50.9

48
41

48
44
40
46
47
47
40
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CHAPTER FOUR

CONCLUSIONS AND FUTURE DIRECTIONS
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The relevance of telomerase RNA structure and particular regions of sequence was

readily apparent from phylogenetic data when I began this thesis project in 1993. We

knew that mutations in the template caused cellular phenotypes and telomere length

changes. However, telomerase proteins had not yet been discovered and it was still an

open question whether this small, highly structured telomerase RNA had any catalytic

properties. Biochemical analyses of telomerase RNAs carrying template mutations had

just been initiated by a colleague when I joined the laboratory. The large changes in

vitro in telomerase activity profiles, caused by point mutations in the template led us to

think of the telomerase RNA as being very active in the polymerization process. It was

from this point that I began testing the function of a secondary structure, helix IV in the

telomerase RNA.

The GA Bulge and Helix IV Are Essential

In this thesis project, I have shown that helix IV is essential for telomerase RNA stability

in vivo. I made a deletion of residues 107-153, leaving 5 ru resides at the 3’ end of the

RNA, hoping not to affect expression or stability. Instead AhelixIV TeRNA was unstable

in vivo. This instability could be related to an inability of truncated TeRNA to assemble

into a functional RNP in the cell. Results of in vitro mutational methods (from other

labs) provided additional information on helix IV . The in vivo and in vitro mutational

analyses are consistent both with each another and with the general conclusion that helix

IV is essential. However, in vitro mutational studies have differed, preventing an

unambiguous assignment of a role for helix IV. Enzymatic activity assays of in vitro

reconstituted telomerase show that deletion of helix IV substantially reduces telomerase

activity in both the recombinant and functional reconstitution systems (Autexier and
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Greider, 1998; Licht and Collins, 1999). However, in vitro experiments disagree on

whether helix IV truncations cause reductions in TeRNA binding to telomerase proteins.

RNP gel shift data suggests that 3’ terminal truncations of helix IV cause a protein

binding disruption which the authors cite as the cause for reduced activity in functional

reconstitution assays (Autexier and Triki, 1999). In contrast, co-expression of

recombinant telomerase components suggests that 3’ terminally truncated TeRNAs are

unimpaired in binding to the protein p133, and can compete with wild-type RNA during

activity assays (Licht and Collins, 1999). These authors do not believe that helix IV

contributes to pl33 binding. A previous study by the same group also found that helix IV

was also not specifically essential for p80 or p95 binding in vitro (Gandhi and Collins,

1998). While the recombinant system is clearly more defined than the functional

reconstitution system, the latter has the benefit of possessing all likely RNP components

in the extract. Both systems are disadvantaged compared to the in vivo mutational system

by the non-physiological conditions under which assembly occurs.

Separately, I have shown that deletion of the GA bulge in vivo does not ablate TeRNA

expression, but does eliminate telomerase activity in vivo (from telomere sequence

composition analysis) and in vitro (from activity assays), and also causes a significant

growth defect. In contrast, I have demonstrated that expansion of the GA bulge to GAA

(GAA/43A) is well tolerated, leading to assembled telomerase RNP that is catalytically

active in vitro. Comparing these results to an in vitro functional reconstitution study, in

vitro substitution of the GA bulge with CU suprisingly resulted in only an 8% loss of

activity (Autexier and Greider, 1998). This result is surprising in light of the primary
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sequence conservation of the GA bulge in helix IV, observed among many ciliate

telomerase RNAs. Although a CU bulge may cause a helix IV distortion similar to the

GA bulge, without structural studies it is difficult to know whether essential determinants

of structure were intact. The tolerance of telomerase RNA to expansion of the GA bulge

to GAA suggests that structural determinants are either less important than the presence

of the GA sequence, or flexibly defined. Whether deletion of the GA bulge disrupts

RNA folding, RNP assembly or some other aspect of polymerization is a subject for

future study. How the AGA TeRNA causes a growth defect is also an open question.

The many challenges inherent in three different in vitro approaches has in hindsight

created an appreciation of using the cell to transcribe and assemble mutant telomerase

RNAs. In this field, we might have predicted that recombinant co-expression would be

the easiest and most well-defined method for studying structure-function relationships in

telomerase. After overcoming in vitro expression difficulties, Tetrahymena telomerase

was placed as the ideal enzyme to do structure-function studies and the challenges of

working in Tetrahymena cells might have become a footnote. However, we now know

that recombinant expression results may not be as easy to interpret as previously hoped.

The existence of an undefined reticulocyte lysate factor essential for assembly of TERT

and TeRNA has reminded us that telomerase is a multi-subunit polymerase that may be

assembled in a particular pathway in the cell. Although activity can be reconstituted with

p133 (TERT) and TeRNA in vitro, this activity is different in processivity and pattern of

products formed than the telomerase purified from S100 cellular extracts. The

reconstitutued activity is different yet again from the distributive telomerase activity in
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vivo that we deduce from telomere sequencing data. These differences could be due to

assembly conditions or available regulatory subunits. The cellular telomerase RNP may

have stably bound regulatory factors such as p80, p85, or others that will be critical for

our understanding of telomerase structure and function. Another difference between

recombinant co-expression and in vivo results has recently been observed concerning the

function of the pseudoknot. The recombinant expression system suggests that the

pseudoknot is not needed for p133 binding (Licht and Collins, 1999). In contrast, the

pseudoknot was essential for activity of in vivo assembled telomerase and necessary for

stable pl33 binding (Gilley and Blackburn, 1999). In summary, conclusions from in

vitro structure-function studies cannot yet be made without the information provided by

the cell.

The time to examine the role of individual helix IV residues in vivo is now. In vitro

structure-function findings need validation in vivo. We now have accurate information

about the telomerase reverse transcriptase subunit that was not available during the time I

studied helix IV in this thesis work. Furthermore, new genetic tools have recently have

become reliable in Tetrahymena for homologous germline replacement of endogenous

genes (Cassidy-Hanley et al., 1997). Exciting structure-function studies of the

telomerase RNA are being conducted using the genetics and biochemistry of the

Kluyveromyces lactis (Tzfati, Fulton and Blackburn, in preparation) and mouse systems,

however these TeRNAs are approximately 1200 and 400 bases in size, respectively.

Tetrahymena still has the most compact TeRNA in a genetically tractable organism and

its telomerase activity is highly robust and well-characterized. The information obtained
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from all of these biochemical and cellular systems will be necessary to create a complete

understanding of telomerase enzymology.

The Telomerase Template Is Replaceable

Several years into my graduate work, I initiated a side project to create a “null-like'

telomerase by substituting the template region with a non-telomeric sequence. We

predicted that this substituted telomerase RNA would bind to necessary factors but be

catalytically inactive. Like all good projects, our predictions were wrong. The most

significant discovery of this dissertation project is that the template of telomerase is

replaceable for the basic function of correct base insertion.

Another interesting result of this work is the finding that one template substitution, AUN

causes cells to delay in anaphase chromosome separation while another template

substitution, U9 is phenotypically benign. Both template substituted telomerases are

active in vitro but clearly have different consequences for the cell. This underscores the

link between telomerase and chromosome segregation activities. However, it also leaves

an open question about the contribution of telomerase to phenotype. Tetrahymena has

long been an excellent system for studying nuclear function, as the cells are large with

well-staged and synchronized meiotic events. The new genetic tools now support a

thorough investigation of mitotic and meitotic events easily observed in the

micronucleus. How telomerase interacts in these processes may eventually be

understood.
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Shortly after I found that subtitutued telomerase was active, another lab reported the

discovery of the catalytic subunit of telomerase, containing the reverse transcriptase

variation of hallmark polymerase motifs A and C. From my perspective, telomerase is

still somewhere between the “RNA world” and a protein-based reverse transcriptase

world. The template may be replaceable for basic function in Tetrahymena, but results

from the K. lactis system have shown us that a distant portion of this telomerase RNA

interacts with bases next to the template to specify the template boundary (Tzfati, Fulton,

Blackburn, in preparation). Narrowly defined template boundaries and repetitive re

positioning of products on the template are features of telomerase that distinguish it from

many other reverse transcriptases. The small Tetrahymena telomerase RNA will likely

be the subject of structural studies that will serve to clarify the position and role of the

template in the active site. Ideally these will lead to predictions that will be checked

against mutational and biochemical analyses done in the Tetrahymena cell.
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