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Telomerase as a DNA-Dependent DNA Polymetase
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ABSTRACT. Telomerase is a specialized reverse transcriptase, which catalyzes the addition of telomeric
repeats to the'3nds of linear chromosomes using its integral RNA subunit as the template. An active
Tetrahymena thermophikelomerase complex can be reconstituteditro from two essential components,
tTERT, the catalytic protein subunit, and tTR, the RNA subunit. While the sequence specificity of
telomerase has been investigated using template sequence mutants, there is no information regarding its
backbone specificity. To address this question, we engineered two mutant forms of the telomerase RNA
subunit that contain DNA only in the templating region and used rabbit reticulocyte lysates to reconstitute
telomerase activity with the chimeric tTRs. The resultant telomerase mutants were able to extend telomeric
DNA primers, albeit with reduced efficiency compared to the wild type. The reduced activity is presumed
to be a function of the nascent DNAemplate duplex structure. Additionally, the DNA-dependent
telomerase mutants were RNase-sensitive, confirming that nontemplate portions of tTR are critical for
maintaining activity of the telomerase ribonucleoprotein complex even after it is assembled. The splint
ligation approach that we outline will allow the generation of tTR mutants containing a variety of nucleotide
analogues, facilitating more elaborate studies of the interactions between the telomerase template and
active site.

Telomerase is a specialized reverse transcriptase that issms @, 4). Comparative sequence analysis has revealed that
responsible for maintaining telomere length in most eukary- TERT is homologous to reverse transcriptases (RTs) and
otic cells. Telomerase catalyzes the addition of deoxynucle- contains several conserved RT motifs that are important for
otide monophosphates to theehds of linear chromosomes  activity (5, 6). This conservation of sequence is not surprising
by using a portion of its integral RNA subunit as the template because the primary catalytic function of telomerase is to
(1, 2). When telomerase extends thee®id of the chromo-  synthesize DNA using its RNA subunit as the template,
some, it provides a template for the normal DNA replication which is by definition a reverse transcription reactia. (
machinery, allowing the complementary strand of the DNA The key difference between telomerase and other RTs is that
to be synthesized. This process, which is repeated after DNAthe telomerase RNA also serves as a critical structural
replication during every cell cycle in telomerase positive component of the enzyme, while only a small portion of the
cells, prevents chromosome shortening that would naturally RNA subunit is used as the specific template for DNA
result from the end replication problem and therefore ensuressynthesis. In contrast, RTs can generally utilize any RNA
genetic stability. as a template, and the RNA does not typically serve as a

Telomerase is a ribonucleoprotein complex containing a structural component of the RT complex.
catalytic protein subunit, telomere reverse transcriptase
(TERT);}! and an integral RNA subunit, telomerase RNA
(TR). Even though many organisms require other protein
components to allow telomere maintenaiteivo (2), the
minimal requirements fdn vitro reconstitution of telomerase
activity are TERT and TR. These essential telomerase
components have been identified in a wide range of organ-

While the protein subunits of telomerase contain substan-
tial amino acid conservation between different organisms,
the RNA subunits vary greatly in size-(60—1400 nucle-
otides) and primary sequenc8).(Recently, it has become
apparent that several secondary structure elements of TRs
may be conserve®{12), including a pseudoknot structure
located 3 of the template (Figure 1A). Other structural
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1 Abbreviations: RRL, rabbit reticulocyte lysate; RT, reverse tran- Of its early discovery 19), the relative abundance of the
scriptase; TERT, telomere reverse transcriptase; TR, telomerase RNA;endogenous enzymel9), and the ability to reconstitute

tTERT, Tetrahymena thermophil&ERT; tTR, Tetrahymena thermo- Nt ; ; ;
phila TR; tTR52-159, the 3fragment of tTR from nucleotides 52 to robust telomerase activitin vitro using the recombinant

159; tTRd43-51, tTR with DNA replacing RNA in positions 4351; genes of thdetrahymend ERT (tTERT) and TR (tTR)ZQ
tTRd43-48, tTR with DNA replacing RNA in positions 4348. 21). TheTetrahymendelomerase holoenzyme can easily be
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Ficure 1: Tetrahymendelomerase RNA and DNA containing mutants. (A) Proposed secondary structure of tTR [adapted from Chen and
Greider B)]. (B) Template regions of tTR and DNA template mutants tTR€48 and tTRd43-51 with dNMPs colored blue. (C) Schematic

of splint ligation reactions used to produce chimeric tTR mutants. (D) Denaturing PAGE analysis of ligation progression. Aliquots of a
small-scale ligation reaction were taken at 30 mid &nh time points and analyzed by denaturing PAGE and stained with SYBR Green

II. Wild-type tTR was included as a reference.

assembledn vitro by expressing tTERT in a rabbit reticu-  scriptase, it is important to examine its template specificity
locyte lysate (RRL) in the presence of or followed by the compared to other RTs. For example, can telomerase utilize
addition ofin uitro transcribed tTR Z0). Detailed studies  a DNA template?

relating the pri'm'ary and secondary structure qf tTR with | this paper, we outline a strategy to engineer tTR with
telomerase activity have been performed usingitheitro 5y nucleotide or nucleotide analogue amenable to synthesis
reconstitutedretrahymendelomerase as well as the native by standard solid-state techniques to be present within the
complex (3, 17, 22, 23). The template region, one of the  telomerase template (Figure 1C). We used this technology
most studied portions of tTR2¢—26), is defined by nine g synthesize two chimeric versions of tTR that contain DNA
nucleotides, 3*AACCCCAAC*5. The first three 3nucle-  ithin the template (Figure 1B). Assembling the resulting
otides within the template function in aligning the telomerase 1 tants with recombinant tTERT allowed us to characterize
primer, while the following six nucleotides function as the - for the first time the ability of telomerase to function as a
coding residues (Figure 1B)27{—29). Previous studies pNA-dependent DNA polymerase.

revealed that telomerase can tolerate many changes within

its template while retaining catalytic ability. Specifically, MATERIALS AND METHODS

Ware et al. 80) showed that telomerase containing a

nontelomeric template composed entirely of AU repeats or  OligonucleotidesDNA oligonucleotides were purchased
only poly-U was capable of extending a primer by adding from Integrated DNA Technologies (Coralville, 1A) and were
the proper complementary sequence, although the procespurified using denaturing PAGE followed by a modified
sivity of these template mutants was dramatically reduced. version of the crush and soak meth&d,(32). Briefly, after
Furthermore, Miller and Collinsl6) demonstrated that the  electrophoresis, oligonucleotides were visualized by UV
template could be added entirgly transto the remainder  shadowing, gel slices were removed and crushed by passing
of the RNA subunit and still yield a functional telomerase, through the tip of a sterile plastic syringe, and the oligo-
although with severely reduced activity. These key studies nucleotides were extracted from the gel into TEN buffer (10
indicate that, while telomerase is functional with a variety mM Tris at pH 7.5, 1 mM EDTA, and 250 mM NacCl).

of RNA templates, it is an obligate ribonucleoprotein Oligonucleotides were then concentrated by ethanol precipi-
complex that requires specific elements both within and away tation and resuspended in TE (10 mM Tris-HCI at pH 8.0
from the template to establish full activity. To further the and 1 mM EDTA). RNA oligonucleotides and the RNA
understanding of telomerase as a specialized reverse tranDNA chimeras tTR(1+51)d43-51 and tTR(+51)d43-48
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were purchased from Dharmacon (Lafayette, CO) in the 2
ACE-protected form. These synthetic RNAs were depro-
tected following the instructions of the manufacturer and
were not further purified before use. All oligonucleotides
were analyzed by denaturing PAGE to confirm their purity.
Typically, individual sequences were95% full-length
oligonucleotides. Oligonucleotide concentrations were de-
termined by UV absorbance at 260 nm using the molar
extinction coefficient provided by the manufacturer.

Plasmids A construct that contains the tTERT gene with
an N-terminal T7 tag inserted into the vector pET-28a
(Novagen), pET-28a-tTERT, was a gift from the laboratory
of Dr. Thomas R. Cec3@). pTET-telo, a plasmid containing
the tTR gene, a promoter for T7 RNA polymerase, and a
self-cleaving hammerhead ribozyme that processes b
of the RNA to generate wild-type tTR was a gift from Dr.
Art Zaug 34).

PCR Amplification of the tTR52159 Template.The
template for tTR52-159, the 108-nucleotide’ dortion of
tTR used for splint ligations, was generated by PCR. Briefly,
two DNA oligonucleotides, antisense stratdZ5GGGAT-
CCTCTTCAAAAATAAGACATCCATTGATAAATAG-
TGTATCAAATGTCGATAGTCTTTTGTCCCGCATTAC-
CACTTATTTGAACCTAATTGGTGAAGGTTAATCAGC
and sense strand’-EGCGGAATTCTAATACGACTCA-
CTATAGGGAGGAGATTTCTGATGAGGCCGAAAGGCC-
GAAACTCCACGAAAGTGGAGTAARBTAGTGCTGA-
TATAACCTTCACCAATTAGG, which are complementary
along the underlined portions, were subjected to five cycles
of PCR, 95°C for 30 s, 55°C for 30 s, and 72C for 30 s,
to yield the full-length, double-stranded product. This product
was further amplified by the addition of sense primér 5
GCGCGGAATTCTAATACGACTCACTATAGG and an-
tisense primer 5BCGGGGATCCTCTTCAAAAATAAGA
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Synthesis of tTRd43®%1 and tTRd4348. Full-length
chimeric tTR mutants were synthesized by ligation reactions
mediated by DNA splints35). Prior to splint ligation, 750
pmol of tTR52-159 RNA were 5phosphorylated with ATP
(25uM) using 150 units of T4 polynucleotide kinase (PNK,
New England Biolabs) and PNK buffer at 3 for 35 min.
The reaction was stopped by heating at°@for 5 min.
Excess nucleotides were removed from the reaction using a
MicroSpin G-25 column (Amersham Biosciences) per the
instructions of the manufacturer. The RNA was deproteinized
by phenol/chloroform/isoamyl alcohol extraction, concen-
trated by ethanol precipitation, and resuspended in a suitable
volume of TE. Ligation of 5phosphorylated tTR52159
to tTR(1—-51)d43-51 or tTR(:51)d43-48 was performed
by combining 500 pmol of each of the two partnering RNAs
along with 600 pmol of a 31-nucleotide DNA splint,
5-TCAGCACTAGATTTTTGGGGTTGAATGACAG, which
is complementary to nucleotides-351 of tTR(1—-51)d43—

48 or tTR(1-51)d43-51 and nucleotides 5265 of tTR52-

159 (see Figure 1C). Thé &nd 3tTR components and DNA
splint were heated to 98C and cooled slowly to OC over

1 h followed by the addition of 0.1 vol of 20 T4 ligase
buffer (Promega) and 250 units of T4 DNA ligase (Promega)
in a final volume of 500uL. Ligation reactions were
incubated at 37C for 3 h after which they were extracted
with phenol/chloroform/isoamyl alcohol, concentrated by
ethanol precipitation, and resuspended in denaturing loading
buffer. The chimeric tTR products were purified by denatur-
ing PAGE as described abovel( 32). Small-scale ligation
reactions (10 pmol of total RNA) were performed prior to
large-scale reactions to optimize the reaction conditions.
Reaction progress was monitored by SYBR Green Il stained
denaturing polyacrylamide gels of different reaction time
points.

using 30 additional PCR cycles. The 204-base-pair PCR 5-32P-Labeling of tTRsTelomerase RNAs were'&nd

product was purified using Wizard PCR Preps DNA Puri-
fication System (Promega) following the instructions of the

labeled by incubating 2.75 pmol of tTR, tTRd431, or
tTRd43-48 with 10 units of PNK, 20 pmol ofy[-3?P]ATP

manufacturer. The italic portion of the sense strand codes (6000 Ci/mmol; PerkirElmer), and Xk PNK buffer at 37
for a self-cleaving hammerhead ribozyme that generates the°C for 35 min. The radiolabeled RNAs were purified using

appropriate 5end required for efficient ligation of the
product RNA, tTR52-159.

Transcription of RNAsFull-length tTR and tTR52159
were prepared byn vitro transcription using the T7 RNA
polymerase AmpliScribe kit (Epicentre) and the correspond-
ing linear, double-stranded DNA templates. For full-length
tTR, 20ug of pTET-telo was digested with the restriction
enzymeEarl (New England Biolabs), which cuts 8f the
tTR gene. Digested DNA was deproteinized by phenol/
chloroform/isoamyl alcohol extraction, concentrated by etha-
nol precipitation, and resuspended in TE. The template for

the tTR52-159 was prepared by PCR as described above.

Both transcription reactions followed the protocol of the
manufacturer (Epicentre). After transcription, the reactions
were diluted 4-fold into 20 mM MgGlto activate ham-

a MicroSpin G-25 column to remove unincorporated nucle-
otides, extracted with phenol/chloroform/isoamyl alcohol,
concentrated by ethanol precipitation, and resuspended in
TE. The specific activity of the RNAs was determined by
liquid scintillation counting on a Packard 1900 TR liquid
scintillation analyzer.

Translation of tTERT and Telomerase AssemtiiERT

was translated and assembled with tTR using a TNT Coupled

Reticulocyte Lysate Systems kit (Promega) based on a
previously described procedu@3j. A typical 50uL reaction
contained lug of pET-28a-tTERT, 75 ng of tTR, tTRd43

51, or tTRd43-48, 34 pmol of $S]methionine (1175 Ci/
mmol; Perkin-Elmer), and additional reaction kit compo-
nents provided by the manufacturer. Reactions were incubated
at 30°C for 90 min and were flash-frozen in an ethanol/dry

merhead ribozyme cleavage. After ribozyme cleavage, theice bath and stored at80 °C. A total of 5uL of each lysate

RNAs were concentrated by ethanol precipitation and

reaction was analyzed by SB®AGE as follows. Samples

reconstituted in denaturing loading buffer (89 mM Tris, 89 were denatured by the addition of an equal volume »f 2

mM boric acid at pH 8.3, 2 mM EDTA7 M urea, 10%
glycerol, 0.02% bromophenol blue, and 0.02% xylene cyanol
FF). RNAs were purified by denaturing PAGE on 1.5-mm

SDS gel-loading buffer (100 mM Tris-HCI at pH 6.8, 200
mM DTT, 20% glycerol, 4% SDS, and 0.05% bromophenol
blue) and were heated at 9& for 5 min. The denatured

thick, denaturing 10% polyacrylamide gels as described samples were electrophoresed on 6% acrylamide/SDS gels

above.

(36). Gels were dried before exposing overnight to phos-
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phorimager plates, which were imaged on a Molecular
Dynamics Storm 860 phosphorimager.
Immunoprecipitation of the Telomerase Compl&o

Legassie and Jarstfer

nealed at a total strand concentration of/l8 in 50 mM
Tris-HCI at pH 8.3 and 1.25 mM Mgglin a final volume
of 500uL. UV absorbance at 260 nmi\{sq) was monitored

purify the telomerase complex for enzyme assays and toon a Perkir-Elmer UV/vis spectrophotometér20 with the

measure the relative amounts of RNA bound to tTERT, we
used an immunprecipitation procedud8); Anti-T7 antibody
agarose beads (Novagen; b0) were washed 4 times in
750 uL of wash buffer 1 (20 mM Tris-acetate at pH 7.5,
100 mM potassium glutamate, 5 mM Mgl mM EDTA,

1 mM DTT, 10% glycerol, and 0.1% IGEPAL). Between

temperature controlled by a PTP-6 Peltier System and Fisher
Scientific Isotemp 1016S. Temperature was changed at a rate
of 2 °C/min from 10 to 75°C and from 75 to 1C0°C in
duplicate. Melting temperatures were determined from the
first derivative of theAxs versus temperature curve.

each step, beads were recovered by centrifugation atgl500 RESULTS

for 2 min at 4°C. The beads were then blocked twice using
500uL of blocking buffer (wash buffer containing 0.5 mg/
mL lysozyme, 0.5 mg/mL BSA, 0.05 mg/mL glycogen, and
0.1 mg/mL yeast RNA) for 15 min at4C with gentle mixing
on an orbital shaker. A total of 76L of RRL translation

Synthesis and Characterization of DNA-Containing Mu-
tants of tTR.The sequence specificity ofetrahymena
telomerase has been extensively investigagatl Z5, 28—

30). However, the ability of telomerase to utilize a DNA
template has been more difficult to probe because the role

reaction containing assembled telomerase was added to 7of the RNA subunit in establishing an active telomerase is
uL of blocking buffer and centrifuged at 1709@r 10 min more complex than merely supplying the template for reverse
at 4°C to remove any precipitates. The supernatant was thentranscription. To examine the backbone specificity of te-
added to 50uL of blocked T7-agarose beads, and the lomerase, we therefore synthesized two mutants of the

resultant slurry was mixed on an orbital shakar3c at 4
°C. The beads were washed 4 times with Z&0of wash
buffer 3 (20 mM Tris-acetate at pH 7.5, 300 mM potassium
glutamate, 5 mM MgGl 1 mM EDTA, 1 mM DTT, 10%
glycerol, and 0.1% IGEPAL), 2 times with 75Q. of TMG
(10 mM Tris-acetate at pH 7.5, 1 mM MgCIlL mM DTT,
and 10% glycerol), and resuspended in/0of TMG to
afford a 1:1 slurry. Samples were either flash-frozen in an
ethanol/dry-ice bath and stored-a80 °C or were prepared
for SDS-PAGE analysis as described above.
Telomerase Actity Assay.Telomerase assays contained
telomerase from crude RRL reactions (D), telomerase
reaction buffer (50 mM Tris-HCl at pH 8.3, 1.25 mM Mgg|
and 5 mM DTT), 2uM telomeric primer, 10&M dTTP, 10
uM dGTP, and 0.33M [a-3?P]dGTP (3000 Ci/mmol) in a
final reaction volume of 2QiL. In some experiments, 0.5

Tetrahymendelomerase RNA that contain deoxyribonucle-
otides only within the templating portion. These telomerase
RNA template mutants were constructed by splint ligation
(Figure 1C) 85). In one mutant, tTRd4348, DNA was
substituted into only the coding residues of the template,
positions 43-48, while in the other, tTRd4351, DNA was
substituted into the entire template domain, positions 43
51, which includes the alignment region (Figure 1B). To
ensure that the ligation proceeded efficiently, samples from
a small-scale ligation were removed at varying time points
and analyzed by denaturing PAGE. The amount of full-length
ligation product increased over 3 h, with further incubation
time not affecting the overall yield (Figure 1D). Optimized
large-scale ligations typically yielded 580% full-length
product RNA. Ligation products (tTRd4318 and tTRd43

51) andin vitro transcribed wild-type tTR were sequenced

ug of DNase-free RNase A was added to the telomeraseafter RT PCR amplification to ensure they were correct, and

buffer before the addition of telomerase as a control for
RNA-dependent primer extensior24). Variations from

they were treated with RQ1 DNase to confirm the presence
of DNA in the template (see the Supporting Information).

standard conditions, including primer sequences and variationWe also found that M-MLV RT was able to reverse
in nucleotide substrates are described in the appropriatetranscribe across the chimeric tTRs and wild-type tTR with
figures and figure captions. Reactions were incubated at 30minimal pausing (see the Supporting Information).

°C for 1 h followed by the addition of an 86L aliquot of
TES stop buffer (50 mM Tris-HCl at pH 8.0, 20 mM EDTA,
and 0.2% SDS) containing d-%P-labeled 114-nucleotide
oligonucleotide for extraction and loading control. Extension
products were purified by phenol/chloroform/isoamyl alcohol

Tetrahymena Telomerase Can Assemble with Chimeric
tTR. We used a RRL expression system to transcribe and
translate tTERT with an N-terminal T7 epitope tag. Telom-
erase was then conveniently assembled by the addition of
tTR or one of the chimeric tTRs to the RRL reactidi

extraction and concentrated by ethanol precipitation using 2 To assess the binding of tTERT to the chimeric tTR mutants,

M ammonium acetate and 100g/mL glycogen as a

we co-immunoprecipitated '8%P-labeled wild-type and

counterion and carrier, respectively. The resulting pellets chimeric tTRs with®*S-labeled tTERT. We found that both
were resuspended in denaturing loading buffer and heatedtTRd43-48 and tTRd43-51 associated with tTERT (Figure

to 95°C for 5 min prior to their separation using denaturing 2). However, the amount of the chimeric tTRs that co-
PAGE. Products were resolved on 0.4-mm thick, denaturing immunoprecipitated with tTERT was consistently lower than
8% polyacrylamide sequencing gels, which were run at 70 that of wild-type tTR (48+ 20% for tTRd43-48; 49+ 23%

W for 1.25 h. Dried gels were exposed overnight to for tTRd43-51; data from three independent trials). The
phosphorimager plates. Plates were imaged using a Moleculareduced binding of tTERT to the tTR mutants was unex-
Dynamics Storm 860 phosphorimager and were analyzedpected because the presence of a template does not appear
using ImageQuant 5.1. to be an important contributor to the stability of the

Thermal Stability of Model Primeéfemplate Duplex. telomerase complexlp, 18). However, we did observe a

Duplexes d(CAACCCCAA)/r(UUGGGGUUG), d(CAAC- decreased stability of the chimeric tTRs in the RRL, when
CCCAA)/A(TTGGGGTTG), r(CAACCCCAA)I(UUGGGG-  compared to tTR (data not shown), suggesting that decreased
UUG), and r(CAACCCCAA)/J(TTGGGGTTG) were an-  stability of the mutants could explain the diminished co-
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FiIGURE 2: Association of chimeric tTR mutants with tTER¥S-
Labeled tTERT was synthesized in RRL in the presence-&%
labeled tTR, tTRd4351, or tTRd43-48. Complexes were immu-
noprecipitated with anti-T7 agarose beads and resolved on 6%
SDS-PAGE gels.

immunoprecipitation efficiency. Controls using expression

of an empty vector revealed that co-immunoprecipitation of +5-
tTR, and the chimeric tTR mutants required the presence of

tTERT (data not shown). Importantly, once assembled into 0-
the holoenzyme, the mutant tTRs were stable, because long-

tTR| L

term storage (at least 9 months) of assembled mutant r7 2%7 2 @
telomerase did not result in a noticeable decrease of the 29 29 3 © 2
enzymatic activity. Z E 22 & 2

DNA-Dependent Telomerase Reactidrelomerase has - E E’ NﬁT
two types of catalytic activity, deoxynucleotide additid) & =

and exo- or endonuclease cleavag®)( Telomerase also SRNA

demonstrates two types of processivity. Type-I processivity, ggugre3: In sitro reconstitution of telomerase activity with DNA
common to all nucleic acid polymerases, is the processive template tTRs. Telomerase was reconstittitedtro in RRL with
addition of single deoxynucleotides to a primer until the tTERT andtTR (lanes 1 and 2), tTRd438 (lane 3), or tTRd43
template boundary is reached. Type-Il processivity, which 51 (lane 4). As a negative control for tTR fragment activity, tTERT

. " - . was reconstituted in RRL with the &agment tTR52-159 (lane
is also called repeat addition processivity, describes the5) and the 5chimeric fragments tTR(%51)d43-48 (lane 6) and

synthesis of multiple telomeric repeats, requires primer {TR(1-51)d43-51 (lane 7). As a control for tTERT activity, RRL
realignment after extension to the template boundary, andexpressing an empty vector was incubated with {TRe48 (lane
is unique to telomerase3, 39). We characterized the 8) or tTRd43-51 (lane 9). Crude telomerase complexes in RRL

i i it utili were incubated with primer p5 (G{B4),TTGG), dTTP, andd-3%P]-
fatal)(“tc [E)rope!’tles (t)fltelomerasde Whedn Itt utl_llzes atDNA dGTP. The red “5” indicates the 5th nucleotide added to the end
empiate Dy using a telomerase-aependent primer extensiOryt the primer (addition of dGMP across template position 43) as

assay 21). Telomerase reconstituted with either tTRe43  well as the end of the template. The black “0” indicates the length
48 or tTRd43-51 (lanes 3 or 4 of Figure 3, respectively) of unextended primer p5. Note that the shift in lanesi2s a gel

demonstrated reduced overall activitg10% of the wild- artifact also reflected in the loading control (LC). %P-labeled
type activity), as measured by total lane density, when i14-nucleotlde oligonucleotide was used as a recovery and LC.
. . . anes labeled with RN are assays of samples pretreated with RNase.
compared to telomerase reconstituted with wild-type tTR
(lane 1). Furthermore, telomerase reconstituted with either chimeric tTR telomerases (05 0.06 uM for tTR; 0.9 +
of the chimeric tTR mutants demonstrated no observable 0.3 uM for tTRd43-48; 0.3+ 0.1uM for tTRd43-51; see
type-Il processivity. tTRd4348 telomerase efficiently added the Supporting Information). The increase in type-Il pro-
only two dGMP residues to the primer, whereas tTRe43  cessivity that was observed in this experiment for tTRd43
51 telomerase added only one. Neither mutant complex was48 telomerase at primer concentrations gf\ and above
efficient at the addition of dTMP. Negative controls included was probably related to the overall increase in activity. The
RNase treatment (lane 2), in which RNase A was added to concentration dependence of nucleotide substrates dTTP and
the reaction prior to primer additior24), reactions using dGTP was also tested, and we observed a sinkijarfor
tTERT assembled with the RNA fragments used to synthe- each dNTP with mutant and wild-type telomerase complexes
size the chimeric tTRs, tTR52159 (lane 5), tTR(%51)- (data not shown). Furthermore, we observed no increase in
d43-48 (lane 6), or tTR(+51)d43-51 (lane 7), and  type-ll processivity with increased dGTP concentrations with
reactions containing no tTERT, where an empty plasmid was the mutant telomerase complexes, probably as a result of
added to the RRL for assembly with tTRd488 (lane 8) or the low overall activity. In contrast, the wild-type enzyme
tTRd43-51 (lane 9). These controls demonstrated that the displayed an expected dGTP-dependent increase in type-Ii
observed activity required full-length tTR or chimeric tTR, processivity 20, 21, 40) (data not shown). In each case
as well as the catalytic protein subunit (lanes9. tested, the overall activity of the mutant telomerase com-
Substrate I Is Not Affected by DNA Templat@ne plexes was below that of the wild type.
explanation for the decreased ability of telomerase to utilize  Activity of Chimeric Telomerase Mutants Varies with the
a DNA template could be reduced affinity for its DNA primer  Primer 3 End. Tetrahymentelomerase can initiate extension
(13). We therefore examined the effect of the primer of a primer that is aligned, on the basis of sequence
concentration on wild-type and chimeric tTR telomerases complementarity, at any position from C49 to C£3,(28).
(Figure 4). Notably, th&y for the primer was not altered We examined if the primer alignment affects the efficiency
significantly between the wild-type telomerase and the of extension by the DNA-dependent telomerase mutants
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Ficure 4: Primer concentration dependence of DNA-dependent
and wild-type telomerase activity. Wild-type telomerase (lanes
1-6), telomerase reconstituted with tTRd4483 (lanes #12), and
telomerase reconstituted with tTRd481 (lanes 13-18) were
assayed under standard assay conditions with increasing concentra-
tions of primer p5 [G(FG,).TTGG]: 0.1uM (lanes 1, 7, and 13);
0.5uM (lanes 2, 8, and 14); 2M (lanes 3, 6, 9, 12, 15, and 18);
10 uM (lanes 4, 10, and 16); and 2M (lanes 5, 11, and 17). A
32P-labeled LC is indicated. Lanes labeled with RN are assays of
samples pretreated with RNase. 123 45 6 78 910 11 1213 14 15

. . . . . . FiIGURE5: Affect of primer alignment on DNA-dependent and wild-
using a series of primers that align at five positions along type telomerase activity. (A) Schematic of the primer and template
the template (Figure 5A). We found, as expected, that wild- alignment of the five primers utilized in the primer extension assays.
type telomerase is efficient at extending a DNA primer (lanes (B) Denaturing polyacrylamide gels of telomerase-catalyzed primer
15 of Figue 5), with some specifc primer alignments. 7501 PIOCUes g nders o se ey coions and
demonstrating increa;ed acti\{ity (lanes3. The activity 6-10). and tTRA4351 (lanes 1%§5)_ Ar?)'orange aster(isk e
of telomerase reconstituted with tTRd448 (lanes 6-10) denotes the length of the unextended primer for each primer used.
was dramatically dependent upon primer alignment. Telom- The asterisk is placed at the left of side of the denoted band to
erase tTRd4348 was most active extending primers p4 and avoid obstructing the band from view. The primer extended in each
p5 (lanes 8 and 9, respectively) for which the first and second lane is indicated near the top of the gel. The red arrow indicates

: . extension to the end of the template for all primers®?R-labeled
nucleotides added are dGMP, respectively (note that the s indicated.
orange asterisks mark the length of unextended primers on
the gel). With these primers, the addition of dTMP was reconstituted with tTRd4351 was unable to extend primer
generally inefficient. Notably, telomerase tTRa483 was p2 (lane 12). Primers p4, p5, and p6 generated products that
incapable of extension to the end of the template with some were shorter than the original primers, indicating that they
primers (lanes 7, 9, and 10), while primers pl and p4 were were processed by nuclease activity to position C48 prior to
extended weakly to the template boundary (note the red extension (note bands equal to or shorter than the orange
arrow in lanes 6 and 8, respectively). tTRa48 telomerase  asterisk in lanes 1315, respectively). For primer p5, the
exhibited a reduced overall activity with primers p1 (lane darkest band represents the addition of dGMP across template
6), p2 (lane 7), and p6 (lane 10) when compared to primers position C47 (lane 14, dark band above the orange asterisk),
p4 and p5. This can be explained in part for p2 because thesimilar to the banding pattern seen for tTRe4B telom-
majority of the products from this primer result from cleavage erase. Most important is the ability of tTRd431 telomerase
of two nucleotides from the primer to template position C46 to extend primer p4 to the end of the template (lane 13, red
before addition of?P-dGMP, which is the most extensive arrow) followed by primer realignment and a second round
product (lane 7, band below orange asterisk). Primer p1 wasof extension, demonstrating the ability of telomerase to
also at least partially excised by nuclease activity to template perform type-Il processivity and therefore product translo-
position C46 before extension (lane 6, band below orange cation with a DNA template. Translocation efficiency was
asterisk). Primer p6 (lane 10), the poorest substrate of thecalculated as previously describe8B(40) for primer p4,
six primers, can align with the template in two orientations: and we found that wild-type telomerase (translocation
either fully extended to the template boundary or annealed efficiency= 12%) was more efficient at primer translocation
to only the alignment domain. The inability to extend primer than tTRd43-48 telomerase (translocation efficiency5%).
p6 suggests either that tTRd488 telomerase is incapable Chain Terminators Real Decreased Nucleotide Addition
of adding a nucleotide across from the first template Activity. To examine the effect of a DNA template on primer
nucleotide, C48 (lane 10, light band above orange asterisk),alignment, single nucleotide addition and nucleotide addition
following translocation, or that the fully extended DNA processivity (type-l processivity) in the absence of repeat
DNA duplex is not translocated efficiently. Telomerase addition processivity (type-ll processivity), we utilized a
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A . primers were also processed by nuclease activity before
v extension. Primer p5 did not have products shorter than or
3-AACCCCAAC-5 equal in length to the primer when extended by tTR&48

telomerase (lane 11). Primer p6 was not extended by
tTRd43-48 telomerase (lane 15). We did observe extension
products past the A45 stop point with wild-type telomerase

G(T,G,),TTGGGGT p2
G(T,G,),TTGGG  p4

G(T,G),TTGG ps (lanes 1, 5, 9, and 13), which presumably resulted from
G(T,G),TTG po contaminating dTTP present in the RRL.
Chimeric tTR Telomerases Efficiently Utilize an RNA
B p2 p4 p5 po Primer. In the previous experiments, we tested the ability
e il of telomerase assembled with chimeric telomerase mutants
LC - swwma—— to extend DNA primers. The next logical question to ask is

whether the DNA-dependent telomerase mutants can extend
an RNA primer, in effect reversing the polarity of the
template-nascent product duplex from the native RNA
DNA to DNA—RNA. In this assay, dNTPs were used
: because telomerase is selective for ANTP substrates; thus,
4 +3 +4 the product is a chimera. We tested two primers, a DNA
- b ] primer, p5, and a chimeric primer containing ribonucleotides
as the final four 3bases, p5rd (Figure 7A). This chimeric
primer was used because an entirely RNA primer, p5r, was
not extended by telomerase (data not shown), consistent with
previous studiesAR). Wild-type telomerase could efficiently
extend p5 and p5rd (lanes 1 and 6 of Figure 7B, respectively)
and exhibit type-1l processivity (see green asterisks in lanes

Ficure 6: Dideoxythymidine primer extension stop assay confirms 1and 6), butothe overall_aptlylty was significantly decre_ased
correct template primer alignment and reduced nucleotide addition for pSrd (6.1% of p5 activity; lane 1 versus lane 6 of Figure
activity. (A) Template and primer sequences of the tested primers. 7B; Figure 7C). The tTRd4348 telomerase was able to
The stop sign and arrow indicate the location of the first ddTMP extend both primers (lanes 3 and 8), yielding an identical
(at A45), which terminates oligonucleotide primer extension. (B) banding pattern (see blue and orange asterisks) but without

tTERT assembled with tTR (lanes 1, 2, 5, 6, 9, 10, 13, and 14) or o . .
{TRd43-48 (3, 4, 7, 8, 11, 12, 15, and 16) was assayed under type-Il processivity. The activity with pSrd was decreased

standard conditions, except that 108 ddTTP was substituted 0 35% of the activity with p5 (lane 3 versus lane 8 of Figure
for dTTP. A black “0” indicates the original primer length, and 7B; Figure 7C). Similarly, tTRd4351 telomerase extended

red numbers indicate the position of ddTMP addition for each p5rd with the same banding pattern as p5 (see blue asterisks
prrer tested. A32fP-Iabe|Ied LC is md(;cat_ern]j.RINemes labeled with iy |anes 5 and 10) and with decreased activity, 27% of the
are assays of samples pretreated wit ase. activity with p5 (lane 5 versus lane 10 of Figure 7B; Figure
dideoxythymidine triphosphate (ddTTP) stop assay modified 7C), and displayed no repeat addition processivity. To
from a previously described protocatl). In the presence  completely reverse the strand orientation of the template
of ddTTP, Tetrahymendelomerase extends a primer to the nascent product duplex, telomerase would be required to
position across from template residue A45 then adds aaccept NTPs as substrates. We attempted to use a tTERT
ddTMP residue, resulting in extension termination (Figure mutant, Y623A, that displays decreased dNTP/NTP dis-
6A, stop sign). With tTRd4348 telomerase, primer exten-  crimination, to accomplish this resu, 33). However, the
sion did not proceed far enough to allow addition of ddTMP, activity of the Y623A mutant was too low to recover activity
suggesting that ddTMP addition is inefficient for this mutant with the chimeric templates (see the Supporting Information).
(Figure 6B, lanes 3, 7, and 11). Because the banding pattern Template-Primer Thermal StabilityThe reduced activity
is not affected by ddTTP, we infer that primer alignment is of telomerase when utilizing a DNA template could be a
the same in the DNA-dependent telomerase as in the wild result of decreased stability of the templatescent product
type, although this is a tenuous assignment given the lackduplex. In general, duplex thermal stability for identical
of robust activity. Of interest, primer p2, which should sequences decreases in the order RIRAIA > RNA—DNA
preclude the addition oPP-dGMP because ddTMP would > DNA—DNA. We used UV melting curves to determine
be the first added nucleotide, did allow dGMP incorporation the melting temperature for the four possible 9-base-pair
for both the wild-type and chimeric tTRs (lanes 1 and 3), duplexes formed by the template and primer (Table 1). Not
suggesting that the primer is processed by a nuclease activitysurprisingly, the native duplex melting temperature of 41.0
prior to extension. This previously observed nuclease activity °C is higher than the DNADNA melting temperature of
(37) cleaved the primer at least back to position C46 before 39.0 °C. This difference may contribute to the reduced
extension for both wild-type tTR and chimeric telomerase activity level of the mutants. On the basis of this possibility,
mutants (lanes 1 and 3 of Figure 6B, respectively; lane 7 of we examined the temperature dependence of telomerase-
Figure 5B). The wild-type tTR telomerase had product bands catalyzed primer extension. We found that a reduction in
shorter than or of equal length to the unextended primer for the assay temperature to 2C resulted in an equivalent
primers p4, p5, and p6 (lanes 5, 9, and 13, respectively), decrease in the overall activity for both mutant and wild-
while the tTRd43-48 telomerase had a band equal in length type enzymes and an increase in the type-Il processivity of
to the primer for primer p4 (lane 7), suggesting that these the wild-type enzyme (see the Supporting Information). A
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* *
A 3-AACCCCAAC-5
G(T,G,),TTGG ps
G(T,G),UUGG  psrd

B

pS p5rd
LC
HD 5 + +
+11% . :
+5 -

- -
+1% *' * -

Legassie and Jarstfer

Table 1: Duplex Melting Temperatures of TemplaRrimer Paird

templaté primee Tnd (°C)
RNA DNA 41.0+ 0.5
DNA DNA 39.0+ 0.5
DNA RNA 4454+ 0.5
RNA RNA 60.0+ 0.5

aMelting temperatures were determined from temperature-dependent
UV absorbance measurements usingM of each strand® Template
sequence: (BECAACCCCAA). ¢ Primer sequence: @ TGGGGTTG).
4Ty was calculated from the first derivative of the melting curve at
260 nm.® Standard deviation from two separate determinations.

temperature did not rescue the activity of the mutant
telomerase, it appears that decreased duplex stability does
not explain the reduced ability of telomerase to function as
a DNA-dependent polymerase.

DISCUSSION

Telomerase is a unique RT, which uses a portion of its
integral RNA subunit as a template for the extension of
telomeric 3 overhangs. In this paper, we described the
synthesis and characterization of two mutant§etfahymena
telomerase RNA that contain a deoxyribose backbone
replacing the natural ribose backbone in the templating
region. These chimeric tTR mutants allowed ribonucleopro-

tein (RNP) assemblage, enabling us to investigate the
important features of the templatprimer interactions,

123456 78 910 . . I

—_—— —— including template specificity and contributions of the

% & ¢ % & @ structure of the templatenascent product duplex to activity.
3 E 3 g We showed, for the first time, that telomerase can utilize a
g = ﬁ = DNA template. However, the activity of the DNA-dependent

telomerase mutants was greatly reduced when compared to
C natural telomerase RT activity.

Telomerase exhibits three specific enzymatic activities:
single nucleotide additiorl@), telomere repeat additiod§),
and nuclease activity3{). When telomerase functioned as
a DNA-dependent DNA polymerase, we found that, while
the activity levels were reduced (lane 1 versus lanes 3 and
4 of Figure 3), the hallmarks of wild-type telomerase
activities were conserved. Telomerase is a RNP complex that
requires its RNA subunit for both the template of DNA
synthesis as well as enzymatic activity separate from its
templating role. We found that telomerase assembled with
either of the chimeric RNA subunits was sensitive to RNase
(lanes 12 and 18 of Figure 4). Because the template in these
chimeric molecules is DNA, the RNA sensitivity must come

,

Relative Activity

tTR (TR (TR from the degradation of nontemplating portions of tTR.
d43-48  d43-51 Because this occurred after telomerase was assembled, it
FiGUrRe 7. Extension of a chimeric RNADNA primer with offers further evidence that telomerase is a specialized and

telomerase assembled with chimeric tTR. (A) Alignment of template pjigate RNP {5) and provides the first direct evidence that

and primers tested in the assay. p5rd has NMPs (underlined) o : Sl .
substituted for ANMPs at the last fourf@sitions. (B) Telomerase the RNA subunit is required for maintaining a functional

activity was assayed using standard conditions wiiv2p5 primer active. site even after the holoenzyme structure has been
(lanes 15) or 2uM p5rd primer (lanes 610). Blue, orange, red,  established.

and green numbers and asterisks to the left of select lanes indicate During DNA synthesis, telomerase catalyzes two types of
the extension of the indicated primer by 1, 3, 5, and 11 nucleotides, processivity. Type | is an extension of a primer to the

respectively. Heat-denatured (HD) samples;y@5or 3 min prior : .
to assay, served as a control for background activity instead of l€MPlate boundary, and type Il is a repeat addition proces-

RNase, which would degrade the p5rd primef2R-labeled LC is  Sivity, which requires translocation of the nascent DNA
indicated. (C) Quantification of reactions in B. Product intensities product to allow realigning after the template terminus has

were normalized to the LC and to 100% activity, which was defined peen reached3g, 39). When telomerase utilized a DNA
as the activity of wild-type telomerase with primer ps. template, it was capable of limited primer extension (lanes
similar effect of temperature on processivity was recently 3 and 4 of Figure 3). Furthermore, dependent upon the primer
reported by Aigner and Cecld3). Because decreasing the used to initiate DNA synthesis, the DNA-dependent telom-
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erase demonstrated both type-I (lanes 6, 8, 11, and 13 ofduplex formed more closely resembles the duplex structure
Figure 5B) and type-Il (lanes 10 and 11 of Figure 4; lane 13 preferred by wild-type telomerase.
of Figure 5B) processivity. These results demonstrate that We conclude thaletrahymendelomerase prefers an H-
the chimeric tTR-containing enzyme assembled correctly, or A-form-like template-nascent product duplex. This
properly aligned its template and primer in the active site, assertion is consistent with published structural studies of
and could utilize a DNA template to extend a DNA primer. RTs, RNA and DNA polymerases, and chimeric duplexes.
Thus, telomerase, similar to retroviral RTs, can utilize both The crystal structure of a covalently trapped catalytic
DNA and RNA as a template. Telomerase is uniqgue among complex of HIV RT 6£5) shows that approximately 5 base
RTs, however, in that its DNA-dependent activity is dramati- pairs of the DNA-DNA duplex in the active site are forced
cally reduced compared to its RNA-dependent activity. into an A-form helix, while the rest of the duplex is the
The low activity of the DNA-dependent telomerase B-form. This posits that HIV RT and possibly other RTs
mutants could be a result of several factors. The presenceforce the duplexes that reside in their active site into an
of a DNA template could alter the templateascent primer ~ A-form conformation regardless of the sugar backbone
helix geometry or reduce the thermal stability of the identity (44). This is not unique to RTs, because T7 RNA
template-nascent primer duplex. We found that the thermal polymerase also shows evidence of forcing the A-form
stability of the four possible templatgrimer duplexes does  structure on its templatenascent product helix, and RNA
differ (see Table 1), but conducting assays at lower temper-polymerase can be converted to a DNA polymerase by the
atures did not affect the activity of the DNA template- addition of a dehydrating reagent such as methagd). (
containing mutants (see the Supporting Information). How- Also, crystal structures dacillus stearothermophiluSNA
ever, the structure of the templatprimer helix in the active ~ polymerase show an A-form DNA duplex in the active site,
site is likely to be affected by the presence of a DNA while the rest of the DNA is the B-form5¢). Studies of
template. Two experimental observations support the hy- poly(dG):poly(dC) duplexes have shown that these duplexes
pothesis that telomerase is sensitive to the structure of thenaturally form A-form structures in both crystal structures
template-nascent product duplex. First, tTRd488 telom- (51) and solution NMR structures(). This may explain
erase exhibits more robust type-l processivity than the why telomerase demonstrates greater ability to utilize dGTP
tTRd43-51 telomerase (Figures 3, 4, and 5B), and second, as a substrate when compared to dTTP when it functions
both template mutants demonstrated a reduced ability towith a DNA template.
incorporate dTTP (Figures 3, 4, 5B, and 6B). The difference  The preference of telomerase for an H- or A-form helix
in activity of tTRd43-48 telomerase is likely due to the in its active site may be a determinate of its fidelity and
presence of RNA in the alignment region of this template give rise to the apparent increase in the observed nuclease
mutant. These three additional RNADNA base pairs (A5 activity, which appears to precede nucleotide addition in
C49) could confer H- or A-form duplex character onto the many experiments (lanes-80 and 13-15 of Figure 5B;
primer annealed to the coding region of the template (€48 lanes 3 and 7 of Figure 6B). When an incorrect dNMP is
C43) @7). The less active mutant, tTRd4531, contains added by the native enzyme, it likely causes a change in the
DNA in the alignment region, which increases the possibility local duplex helix geometry resulting in a nonoptimally
that the all DNA templatenascent primer duplex in the positioned 3-hydroxyl group, hindering nucleophilic attack
active site will tend toward a B-form structurd®). The on the incoming dNTP. In response, the enzyme could
decreased ability of the DNA-containing telomerase mutants remove the added nucleotide as part of its proofreading
to effectively add dTMP is consistent with the hypothesis mechanism. In our experimental system, the altered nucle-
that telomerase is sensitive to the helical structure containedotide is in the template and not in the primer; therefore, even

in its active site, because—TA-rich DNA—DNA duplexes
fail to form H- or A-form helices under normal conditions
(48, 49), whereas DNA-DNA duplexes high in GC base
pairs can easily be induced to form H- or A-form helices
(50-52).

We made several efforts to force the temptat@scent
primer DNA—DNA duplex to assume a more A-form-like

correctly coded extension may be recognized as misincor-
poration and be removed, resulting in a futile cycle of
addition—excision. DNA and RNA polymerases have proof-
reading domains that are separate from their active sites,
whereas reverse transcriptases do not and are quite error
prone with misincorporation rates of 18-10"% compared

to 106—10° for typical DNA polymerases4d, 45). One

helix to recapitulate the natural helix shape and rescue primerstudy of human telomerase fidelity found error rates off10

extension activity §3). The addition of a dehydrating agent

(46), which is similar to other RTs. Thus, one interpretation

such as methanol, which has been used successfully to rescuef our data is that the templat@ascent DNA product duplex

activity in other polymerases by forcing the temptaggimer
duplex to adopt an A-form helixsd), inhibited telomerase

geometry within the telomerase active site plays a role in
the fidelity of Tetrahymendelomerase, and this hypothesis

activity in general (data not shown). However, the telomerase is currently being investigated further.

containing a DNA template could utilize an RNA-containing
primer with less reduction in activity than the wild-type

Telomerase is a unique DNA polymerase because it
utilizes its RNA subunit for both structural and enzymatic

enzyme when activity was compared to the extension of functions. The experiments described above demonstrate that

DNA primers (Figure 7B). There was a 16-fold decrease in
the total activity of the wild-type telomerase when extending
p5rd compared to a 2.8- and 3.7-fold decrease for tTRd43
48 and tTRd43-51 telomerase, respectively (Figure 7C).

telomerase can utilize a DNA template, although with
decreased efficiency, to recapitulate the standard enzymatic
functions of the wild-type enzyme including processive
primer elongation and nuclease proofreading activity under

Perhaps the mutants are less affected by the use of an RNAstandard conditions. Our results suggest that telomerase is

primer than wild-type telomerase because the DNRNA

sensitive to the structure of the nascent prodtemplate
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duplex. Importantly, the technology that we have described 15
will allow further studies to more intimately probe the
interactions between the telomerase template and the telom-
erase active site by placing any nucleotide analogue that can
be incorporated by typical phosphoramidite chemistry into
the telomerase active site.

16
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Five figures illustrating the digestion of DNA template
tTR with RQ1 DNase, a M-MLV RT assay with DNA
template tTR used as a template for reverse transcription, a
telomerase assay at reduced temperature, enzpnraer
Km plots, and rNTP specificity of a previously described
tTERT protein mutant (tTER"F234) with chimeric tTRs. This
material is available free of charge via the Internet at http://
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REFERENCES
1

25.

.Cech, T. R. (2004) Beginning to understand the end of the

chromosomeCell 116 273—-279.

Blackburn, E. H. (2001) Switching and signaling at the telomere,

Cell 106 661-673.

. Nugent, C. I., and Lundblad, V. (1998) The telomerase reverse
transcriptase: Components and regulat®enes De. 12, 1073~
1085.

. Harrington, L. (2003) Biochemical aspects of telomerase function,
Cancer Lett. 194139-154.

. Lingner, J., Hughes, T. R., Shevchenko, A., Mann, M., Lundblad,
V., and Cech, T. R. (1997) Reverse transcriptase motifs in the
catalytic subunit of telomeras&cience 276561-567.

. Nakamura, T. M., Morin, G. B., Chapman, K. B., Weinrich, S.
L., Andrews, W. H., Lingner, J., Harley, C. B., and Cech, T. R.
(1997) Telomerase catalytic subunit homologs from fission yeast
and humanScience 27,7955-959.

. Cech, T. R., Nakamura, T. M., and Lingner, J. (1997) Telomerase
is a true reverse transcriptase. A reviigchemistry (Moscow)

62, 1202-1205.

.Chen, J. L., and Greider, C. W. (2004) An emerging consensus
for telomerase RNA structur@roc. Natl. Acad. Sci. U.S.A. 101
14683-14684.

. Zappulla, D. C., and Cech, T. R. (2004) Yeast telomerase RNA:

A flexible scaffold for protein subunitsProc. Natl. Acad. Sci.

U.S.A. 10110024-10029.

Lin, J., Ly, H., Hussain, A., Abraham, M., Pearl, S., Tzfati, Y.,

Parslow, T. G., and Blackburn, E. H. (2004) A universal

telomerase RNA core structure includes structured motifs required

for binding the telomerase reverse transcriptase prateat,. Natl.

Acad. Sci. U.S.A. 10114713-14718.

Chappell, A. S., and Lundblad, V. (2004) Structural elements

required for association of th8accharomyces cersiae telom-

erase RNA with the Est2 reverse transcriptdde]. Cell. Biol.

24, 7720-7736.

Dandjinou, A. T., Levesque, N., Larose, S., Lucier, J. F., Abou

Elela, S., and Wellinger, R. J. (2004) A phylogenetically based

secondary structure for the yeast telomerase RNAr. Biol.

14, 1148-1158.

Sperger, J. M., and Cech, T. R. (2001) A stem-loopetfahymena

telomerase RNA distant from the template potentiates RNA

folding and telomerase activitygiochemistry 407005-7016.

Licht, J. D., and Collins, K. (1999) Telomerase RNA function in

recombinantTetrahymenatelomeraseGenes De. 13 1116—

1125.

2.

10.

11.

12.

13.

14.

17.

24.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Legassie and Jarstfer

. Miller, M. C., and Collins, K. (2002) Telomerase recognizes its
template by using an adjacent RNA mo#foc. Natl. Acad. Sci.
U.S.A. 99 6585-6590.

.Lai, C. K., Miller, M. C., and Collins, K. (2002) Template

boundary definition inTetrahymendelomeraseGenes De. 16,

415-420.

Autexier, C., and Greider, C. W. (1998) Mutational analysis of

the Tetrahymenatelomerase RNA: Identification of residues

affecting telomerase activiin vitro, Nucleic Acids Res. 2687—

795.

Mason, D. X., Goneska, E., and Greider, C. W. (2003) Stem-loop

IV of Tetrahymenaelomerase RNA stimulates processivity in

trans,Mol. Cell. Biol. 23 5606-5613.

. Greider, C. W., and Blackburn, E. H. (1985) Identification of a
specific telomere terminal transferase activity Tetrahymena
extracts,Cell 43 405-413.

20. Collins, K., and Gandhi, L. (1998) The reverse transcriptase

component of theTetrahymenatelomerase ribonucleoprotein
complex,Proc. Natl. Acad. Sci. U.S.A. 98485-8490.

Bryan, T. M., Goodrich, K. J., and Cech, T. R. (2000) A mutant
of Tetrahymenaelomerase reverse transcriptase with increased
processivity,J. Biol. Chem. 27524199-24207.

22. Gilley, D., and Blackburn, E. H. (1999) The telomerase RNA

pseudoknot is critical for the stable assembly of a catalytically
active ribonucleoproteirProc. Natl. Acad. Sci. U.S.A. 96621~
6625.

23. Lai, C. K., Miller, M. C., and Collins, K. (2003) Roles for RNA

in telomerase nucleotide and repeat addition processiMbyl,

Cell 11, 1673-1683.

Greider, C. W., and Blackburn, E. H. (1989) A telomeric sequence
in the RNA of Tetrahymenaelomerase required for telomere
repeat synthesidyature 337 331—337.

Wang, H., Gilley, D., and Blackburn, E. H. (1998) A novel
specificity for the primertemplate pairing requirement ifiet-
rahymenatelomeraseEMBO J. 17 1152-1160.

Miller, M. C., Liu, J. K., and Collins, K. (2000) Template definition
by Tetrahymendelomerase reverse transcriptag®/BO J. 19
44124422,

Autexier, C., and Greider, C. W. (1995) Boundary elements of
the Tetrahymenaelomerase RNA template and alignment do-
mains,Genes De. 9, 2227-2239.

Autexier, C., and Greider, C. W. (1994) Functional reconstitution
of wild-type and mutanTetrahymenaelomeraseGenes De. 8,
563-575.

Gilley, D., Lee, M. S., and Blackburn, E. H. (1995) Altering
specific telomerase RNA template residues affects active site
function, Genes De. 9, 2214-2226.

Ware, T. L., Wang, H., and Blackburn, E. H. (2000) Three
telomerases with completely non-telomeric template replacements
are catalytically activeEMBO J. 19 3119-3131.

Keppler, B. R., and Jarstfer, M. B. (2004) Inhibition of telomerase
activity by preventing proper assemblagéchemistry 43334—

343.

Maxam, A. M., and Gilbert, W. (1977) A new method for
sequencing DNAProc. Natl. Acad. Sci. U.S.A. 7860-564.
Bryan, T. M., Goodrich, K. J., and Cech, T. R. (2000) Telomerase
RNA bound by protein motifs specific to telomerase reverse
transcriptaseMol. Cell 6, 493-499.

Zaug, A. J., and Cech, T. R. (1995) Analysis of the structure of
Tetrahymenaiuclear RNASN vivo: Telomerase RNA, the self-
splicing rRNA intron, and U2 snRNARNA 1, 363-374.

Moore, M. J., and Sharp, P. A. (1992) Site-specific modification
of pre-mRNA: The 2hydroxyl groups at the splice siteS¢ience
256, 992-997.

Laemmli, U. K. (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage Néture 227 680—

685.

Collins, K., and Greider, C. W. (1993etrahymendelomerase
catalyzes nucleolytic cleavage and nonprocessive elongation,
Genes De. 7, 1364-1376.

Lue, N. F. (2004) Adding to the ends: What makes telomerase
processive and how important is iBloessays 26955-962.

Huard, S., Moriarty, T. J., and Autexier, C. (2003) The C terminus
of the human telomerase reverse transcriptase is a determinant of
enzyme processivityNucleic Acids Res. 34059-4070.



DNA-Dependent Telomerase

40.

41.

42.

43.

44,
45.
46.
47.

48.

49.

Hardy, C. D., Schultz, C. S., and Collins, K. (2001) Requirements
for the dGTP-dependent repeat addition processivity of recom-
binantTetrahymenaelomerase). Biol. Chem. 2764863-4871.
Strahl, C., and Blackburn, E. H. (1994) The effects of nucleoside
analogs on telomerase and telomeresT@rahymenaNucleic
Acids Res. 22893-900.

Collins, K., and Greider, C. W. (1995) Utilization of ribonucle-
otides and RNA primers byetrahymenaelomeraseEMBO J.

14, 5422-5432.

Aigner, S., and Cech, T. R. (2004) The Euplotes telomerase subunit
p43 stimulates enzymatic activity and processivityitro, RNA

10, 1108-1118.

Kunkel, T. A., and Bebenek, K. (2000) DNA replication fidelity,
Annu. Re. Biochem. 69497—529.

Kunkel, T. A. (2004) DNA replication fidelity]. Biol. Chem. 279
16895-16898.

Kreiter, M., Irion, V., Ward, J., and Morin, G. (1995) The fidelity
of human telomeraséjucleic Acids Symp. Set37—-139.

Nakano, S., Kanzaki, T., and Sugimoto, N. (2004) Influences of
ribonucleotide on a duplex conformation and its thermal stabil-
ity: Study with the chimeric RNADNA strands,J. Am. Chem.
Soc. 1261088-1095.

Pilet, J., Blicharski, J., and Brahms, J. (1975) Conformations and 56.

structural transitions in polydeoxynucleotid&pchemistry 14
1869-1876.

Stefl, R., Trantirek, L., Vorlickova, M., Koca, J., Sklenar, V., and
Kypr, J. (2001) A-like guanineguanine stacking in the aqueous
DNA duplex of d(GGGGCCCC)J. Mol. Biol. 307 513-524.

50.

51.

52.

Biochemistry, Vol. 44, No. 43, 20094201

Sarma, M. H., Gupta, G., and Sarma, R. H. (1986) 500-NHz
NMR study of poly(dGjpoly(dC) in solution using one-
dimensional nuclear Overhauser effd8tpchemistry 253659
3665.

McCall, M., Brown, T., and Kennard, O. (1985) The crystal
structure of d(G-G-G-G-C-C-C-C). A model for poly(d@dly-
(dC), J. Mol. Biol. 183 385-396.

Minchenkova, L. E., Schyolkina, A. K., Chernov, B. K., and

Ivanov, V. I. (1986) CC/GG contacts facilitate the B to A transition
of DNA in solution, J. Biomol. Struct. Dyn. 4463—-476.

53. Saenger, W. (198#rinciples of Nucleic Acid Structur&pringer-

54

55.

Verlag, New York.

. Huang, Y., Beaudry, A., McSwiggen, J., and Sousa, R. (1997)

Determinants of ribose specificity in RNA polymerization: Effects
of Mn?* and deoxynucleoside monophosphate incorporation into
transcripts Biochemistry 3613718-13728.

Huang, H., Chopra, R., Verdine, G. L., and Harrison, S. C. (1998)
Structure of a covalently trapped catalytic complex of HIV-1
reverse transcriptase: Implications for drug resistasmence
282 1669-1675.

Kiefer, J. R., Mao, C., Braman, J. C., and Beese, L. S. (1998)
Visualizing DNA replication in a catalytically activdacillusDNA
polymerase crystaNature 391 304-307.

BI050628S



