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ABSTRACT

Telomere-specific repeat sequences are essential for
chromosome end stability. Telomerase maintains
telomere length by adding sequences  de novo onto
chromosome ends. The template domain of the
telomerase RNA component dictates synthesis of
species-specific telomeric repeats and other regions

of the RNA have been suggested to be important for
enzyme structure and/or catalysis. Using enzyme
reconstituted in vitro with RNAs containing deletions or
substitutions we identified nucleotides in the RNA
component that are important for telomerase activity.
Although many changes to conserved features in the
RNA secondary structure did not abolish enzyme
activity, levels of act ivity were often greatly reduced,
suggesting that regions other than the template play a
role in telomerase function. The template boundary was
only altered by changes in stem Il that affected the
conserved region upstream of the template, not by
changes in other regions, such as stems I, lll and IV,
consistent with a role of the conserved region in defining
the 5’ boundary of the template. Surprisingly, telomerase
RNAs with substitutions or deletion of residues
potentially  abolishing the conserved pseudoknot
structure had wild-type levels of telomerase activity. This
suggests that this base pairing interaction may not be
required for telomerase activity  per se but may be
conserved as a regulatory site for the enzyme in vivo .

INTRODUCTION

in 5). The telomerase RNAs of different ciliate species range from
148 to 209 nt in length and contain short sequences of 9-15 nt that
are complementary to the species-specific telomeric repeats. Bor
example,Tetrahymendelomeres consist of TTGGGG repeats anc:
the telomerase RNA contains the sequeri@@BCCCCAA-3.
With the exception of the template region and a conserved sequerce
adjacent to the template, the ciliate telomerase RNAs share lifge
primary sequence identity,6,7).

To identify potential functional domains in tAetrahymena
telomerase RNA, a secondary structure model was derived fr&n
phylogenetic sequence comparison of telomerase RNAs frain
different tetrahymenine ciliate8,0). A secondary structure for g
the Tetrahymenaelomerase RNA was proposed that include§
four conserved helices, numberéd 3’ as helices I-IV (Figl). 3
In the proposed structure helix | involves long range base pairirg,
establishing the superstructure of the RNA, and is the mé§t
conserved of the helices. Helices Il, Il and IV are stem—lo
structures. Conservation of stem—loop structures is often
indicative of protein binding domaind11). Helix Il is not &
conserved in all ciliates, however, upstream of the template thgre
is a conserved sequence(GU)GUCA-3, which playsarolein T
defining the 5boundary of the template domaing12). An g
unstructured region is predicted between helices Il and Il and
includes the template sequence. Nucleotides in the loop of heﬁ‘lx
[l can base pair with a single-stranded region just upstream of e
helix 1l stem, to form a pseudokndt3). Pseudoknot structures areg
also often involved in the recognition and binding of protein
(14,15). Helix IV has the highest primary sequence conservation &f
the stem-loops. It was proposed that the conserved nucleotide$™ of
helix IV could be involved in alternative base pairing that might helg
mediate a conformational change during the translocation step™of

pe

uffcny

In Tetrahymenaand yeast altering telomere sequences bielomerase substrate elongatih (

expression of a mutated telomerase RNA template results inChemical modification studies of tfietrahymena thermophila
deregulation of telomere length and eventual cell death. Deleti@md Glaucoma chattonielomerase RNA$n vivo and in vitro

of TLCL the gene encoding th8accharomyces cerevisiae support the phylogenetically derived secondary structure model,
telomerase RNA, results in telomere shortening and cell deatithough some differences are seen between naked RNA and the
Thus telomerase is critical for telomere length maintenand@NP complex 16,17). Structural probing of the naked RNA of
(1-3). The RNA component of telomerase is best characterizdtlix l1l suggests that this region is in an equilibrium favoring one

in ciliates, where it has been cloned from 24 spedéijesyiewed

of two helical structures. Conformational change between

*To whom correspondence should be addressed at: Department of Molecular Biology and Genetics, Hunterian 617, Johns Hopkins University School of
Medicine, 725 North Wolfe Street, Baltimore, MD 21205, USA. Tel: +1 410 614 6506; Fax: +1 410 614 2987; Email: cgreider@bs.jhmi.edu

*Present address: Bloomfield Centre for Research in Aging, Lady Davis Institute for Medical Research, The Sir Mortimer B.Davis—Jewish General Hospita
Montreal, Quebec H3T 1E2, Canada and Department of Anatomy and Cell Biology, McGill University, Montreal, Quebec H3T 1E2, Canada


http://nar.oxfordjournals.org/

788 Nucleic Acids Research, 1998, Vol. 26, No. 3

Preparation of Tetrahymenatelomerase

Tetrahymenaelomerase was purified using a protocol modified
from Collins et al. (2). Tetrahymenastrains CU428 (kindly
provided by Martin Gorovsky) were grown with shaking &G0
110 v to a density of 4.8 1P cells/ml in 2x 36 | medium (2% proteose
e U i peptone, 0.2% yeast extract, [0 FeCk) supplemented with
ARGACAUC CAU GAUACTC - 2501g/l both ampicillin and streptomycin. After harvesting the

JUCUG UAG  GUAA CUAUy & cells were resuspended in Dryls starvation medium (1.7 mM
v sodium citrate, 2.4 mM sodium phosphate, 2 mM gaéhd

u incubated at 30C for 18 h. Cells were harvested and resuspended
v in 2x the volume of the cell pellet of T2MG (20 mM Tris—HCI,

pH 8.0, 1 mM MgCJ, 10% glycerol) with 5 mMB-mercaptoethanol
(B-me), 0.1 mM PMSF and protease inhibitors (Qug#ml each
leupeptin and pepstatin; Sigma). Lysis was enhanced by stirring
the cells in this buffer at°4 for 20 min in the presence of 0.2%
NP-40 (Sigma). The lysed cells were centrifuged at 40 000 r.p.m.
for 1 h in a Ti45 rotor (Beckman) af@ and the supernatant
Figure 1. Diagram of the secondary structure of Tetrahymenaelomerase  (S130 extract) collected and stored at>Z@fter quick freezing g
RNA, including the pseudoknot structure (brackets) (8,13). The telomerasdn liquid nitrogen. 3
RNA sequence is shown with functional domains, including the template and DEAE-purified telomerase was prepared as follows. 315@

alignment regions'8CAACCCCAA-3' (residues 43-51, white box) and the ;
upstream conserved regioh(BU)GUCA-3 (residues 3540, shaded box), extract (255 ml, 1900 mg protein) was loaded onto a 150 ral

which regulates the’Sboundary of the template (7,12,20). The 159 nt Ceramic hydroxyapatite (AIC) column equilibrated in T2MGg
Tetrahymendelomerase RNA is marked-53 every 10 residues. with B-me and protease inhibitors as described above. Proteis

were eluted with a 380 ml gradient to 0.2 NHPOy in T2MG.
The ceramic hydroxyapatite column was regenerated agd
equilibrated in T2MG and the second S130 fraction (225 g,
o . 2700 mg protein) loaded onto the column. Similarly, proteins
pseudoknot and hairpin states might be relevant to the enzymafjgre eluted with a 380 ml gradient to 0.2 MHPOy in T2MG. S
action of telomerase). A structurally conserved kink at the GA Fractions containing maximal telomerase activity from the first
bulge in helix IV has been proposed to serve as a recognitiq@ramic hydroxyapatite column (580 mg) were loaded, aftér
motif for protein binding 16). Comparison of methylation gjjyting 3-fold with T2MG, onto an 18 ml spermine—agaros&
patterns of protein-free telomerase RNA to that of RNAsjgma) column equilibrated in T2MG with 0.15 M potassiun®
complexed with protein implicated protein binding for the hairpirnyjytamate (Kglu). Proteins were eluted in T2MG with 0.65 M2
loop of stem 1l adjacent to the pseudoknot, the GA bulge in steRgly, Fractions containing maximal telomerase activity from th
IV and three sites around residues 15 and 16, 39 ant’b2 ( second ceramic hydroxyapatite column (95 mg) were loades,
Telomerase RNAs from hypotrichous ciliates &wlamecium  after diluting 3-fold with T2MG, on a 3 ml spermine—agaros&
species can be folded into a conserved secondary structure simiafumn as before. Proteins were eluted in T2MG with 0.65 B
to the derived Tetrahymersructure 4,6,7). Telomerase RNAS  kgly, Fractions with maximal telomerase activity from bottf
from human, mouse and the ye&gcharomyces cerevisiaBd  spermine—agarose columns were pooled (60 ml, 48 mg) agd
Kluyveromyces lactare longer and secondary structure predictiongyaded onto a 6 ml phenyl-Sepharose (Pharmacia) colurgn
await phylogenetic comparisons and structurabipg of the  equilibrated in T2MG with 0.6 M Kglu. Proteins were eluted i
mammalian and yeast telomerase RNAS, (8,19). T2MG without salt and in T2MG with 1% Triton X-100. g
In Tetrahymenand humanin vitro reconstitution of telomer-  Fractions containing maximal telomerase activity in the no sait
ase activity from isolated protein and mutated RNA componenigytion (45 ml, 6 mg) were loaded, after adjusting to no salt, o
has been instrumental in identification of functional domains of 2 m| DEAE-agarose (BioRad) column equilibrated in T2MG
the telomerase RNALE,20,21). To address the function of the protein was eluted in T2MG with 0.4 M Kglu. The peak ofg
conserved secondary structures of the telomerase RNA W&omerase was in fraction 3 (2 ml, 4 mg). For the experiments in this
analyzed the activity ofetrahymenaelomerase reconstituted  sy,qy fraction 4 was used (2 ml, 2.2 mg). DEAE-purified telomerase
vitro with telomerase RNAs containing deletions or substitutiong) 1 'mg protein/ml extract) was diluted 5-fold with T2MG before
in specific secondary structures. use in reconstitution reactions. The extract preparations remained
active in elongation assays and in reconstitution assays for at least
24 months when stored at T Protein concentrations were
MATERIALS AND METHODS determined by a Bradford assay with BioRad dye reagent.

/- dnERLU

Purification of oligonucleotides Telomerase elongation activity assay

Oligonucleotides were synthesized by Operon Technologieelomerase assays were done as previously descibed(iefly,
(Alameda, CA) or by the oligonuclectide facility at Cold Spring20 pl extract were added to 2@ 2x reaction mix. The final
Harbor Laboratory. Oligonucleotides were purified as previouslgoncentrations of the components in the assay weteldinerase
described Z0) and concentrations were determined spectrobuffer (50 mM Tris—HCI, pH 8.5, 1 mM spermidine, 5 mMrfg
photometrically assuming 1 Qg unit equals 2@ug/ml. and 50 mM KOAc), 800 nM primer oligonucleotide (ug),
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100pM dTTP and 0.312fM [a-32P]dGTP (1 1800 Ci/mmol; TAATACGACTCACTATAGGGGTAATAGAACTGTCATTC-
NEN). In assays with telomerase reconstituted with certaidA-3' (d525), 5>GGGGTCTAGATAATACGACTCACTATA-
mutated RNAS, reaction mixes contained i®0both dTTP and GGGGTCATTCAACCCCAAAAATC-3 (d536), 5GGGGTC-
dATP. In reactions with dideoxynucleotides ddTTP (L00) TAGATAATACGACTCACTATAGGGATAAAACATTAATTCA-
replaced dTTP. Reaction times were 1 h &3WReactions were TTCAGATCTGT-3, (S1AAACA), 3-GGGTCTAGATAATACG-
stopped by adding 1Qd 21 mM EDTA, 10 mM Tris—HCI, pH ACTCACTATAGGGATACCCGCTTAATTGTTTCAGA-3
7.5, and 1.5 g/ml DNase-free RNase (Boehringer Mannheim)(1516GT) and include ¥bd restriction site.
After phenol extraction 60 [p2.5 M NH;OAc, 100 pg/mli For mutations at theé-g8nd of the RNA, including t146, t138, t111
Escherichia colitRNA (Sigma) and ethanol were added to theand t75, the Joligonucleotide used wasTw and the template used
reactions and precipitated overnight at @0 Products were was either pT7159 (t146) or pCG1 (t138, t111 and t75). The
centrifuged, pellets dried and resuspended in formamide containisgquence of 57 was 5GGGGTCTAGATAATACGACTCAC-
xylene cyanol. Samples were boiled, cooled on ice and loaded oMATAGGGATACCCGCTTAATTCATTCA-3 and includes Xba
8% polyacrylamide—7 M urea gels and electrophoresed at 1500r¥triction site. The sequences of the mutation-specific oligonucleo-
for 2 h using 0.6 BE buffer. Gels were dried, exposed to Fujitides were 5CCCCGAATTCCATTGATAAATAGTGTA-3
Phosphorimager screens for 16-24 h and then exposed to fi{t813), 5CCCCGGATCCAATAGTGTATCAAATGTCGA-3
(XARS) for 10 days, unless otherwise indicated in the figuregd321), 3CCCCGGATCCTTGTCCCGCATTACCACTTA"3
Products were quantified by comparing the signal intensity for thgl348) and 5SCCCCGGATCCGAAGGTTATATCAGCAC-
first repeat in each lane using a BAS2000 Phosphorlmager. TRG-3' (d384) and include aBccRI restriction site (d313) or a o
signal intensity in the no RNA lane was subtracted as backgrourBhrHI restriction site (d321, d348 and d384). PCR amplificatio
was performed in a 1Qd volume in the presence ofp M each >
primer and 1 ng template DNA. Five units of Taq polymera
(Perkin-Elmer Cetus) were used iR PCR buffer (50 mM KClI,
10 mM Tris—HClI, pH 8.3, 1.5 mM Mgg)l and 250uM dNTPs.
DEAE-purified Tetrahymendelomerase extract was incubated withReactions were cycled 30 times for 1 min &t®41 min at 46C
0.1 Upl extract micrococcal nuclease (MNase; Pharmacia) anahd 1 min at 72C.
1 mM CaGC} for 10 min at 30C. The MNase was inactivated by The PCR-amplified DNAs were cleaved with eitérd and
adding 25 mM EGTA. MNase was prepared as previouslizcoRI and cloned into pT7159 cleaved with the same enzymessor
described Z0). Under standard reconstitution conditions MNaseXbd and Bariil and cloned into pUC119 cleaved with the sameg.
treated telomerase extradiD(2 mg/ml protein) containing no enzymes, using conventional cloning techniques).(The
detectable telomerase activity was incubated with 5 mM EDTA an@sulting clones (listed below) contained the mutated versmnsgaf
200 ngin vitro transcribed telomerase RNA per @Dextract. the telomerase RNA gene downstream of the T7 promoter, s
Incubation was for 5 min at 3€. One microliter of 200 MM Mggl  confirmed by sequencing both strands of the inserted DNA by t
was added prior to assaying for elongation activity. dideoxy-mediated chain termination method as per tige:
manufacturer’s instructions (US Biochemical).

For the mutated genes constructed by overlap extension tﬁ}o
fragments per mutated gene were initially generated using simi&&ar

Using a methodology similar to that previously descriBéiigr ~ PCR conditions as described above. For all PCR reactions, exc@pt
using site-directed mutagenesis by overlap extensiof) ( those noted below, the template used was pCG1 digested vgth
plasmids containing mutated versions of thetrahymena Hindlll. The equivalent of 0.l (1.0 ng PCR product) of the two &
telomerase RNA gene were constructed. Oligonucleotides wiff00 ul PCR reactions were then combined, in a second PC%
sequences corresponding to mutations at the desired positionsiing the outermost &nd 3oligonucleotides used in the first two §
the RNA gene were synthesized and used in PCR, with pT716ER reactions (generallyTy¥ and CGBamHI, except where S
digested withEcoRI andHindlll as template 0) or pCG1 noted below) to construct the desired mutated gene. TBe
digested wittHindlll as template45). PCR-amplified DNAs were cleaved wikba andBanHl and &
For mutations at the-&nd of the RNAAS'S, the oligonucleotide cloned into pUC119 cleaved with the same enzymes. Tﬁ,é
at the 3end was I7PCR and the template used was pT7159. Theesulting clones were sequenced as described above.
sequence of the "B7PCR oligonucleotide was'-BEAGT- For the mutatio’d20—36, primers'37 and d2036b were used
GAATTCGAGCTCGGTACCCGGGG-3 which includes an with pT7159 digested witkba andBanHI as template. Primers
EcoRl restriction site. For mutations at tHeeBd of the RNA, d2036¢c and CHanHI were used to generate the second
including A5'11, A5'15, A5'19, A5'2525, A5'36, sub4-8 and fragment. For sub26-29 the template used was pT7159 digested
sub15-16, the oligonucleotide at theeBd was CGRamHI and  with Hindlll and EcaRI. The primers used in the first step were
the template used was pCG1. The sequence oBa@@tl was 5T715Xbd and 26CATTb and 26CATTc and CBanHl. In
5'-CCCCGGATCCAAAAAAAATAAGACATCCATTG-3', the second step primerd315%bd and CGBanHI| were used.
which includes @amHlI restriction site. The sequences of the~orA37-40 in the first step PCR primer3band d3740b were
mutation-specific oligonucleotides were AGGGGTCTAGA- used to generate one fragment and primers d3740c and
TAATACGACTCACTATAGGGTTAATTCATTC-3 (d58), CGi1BanHI were used to generate the second fragment. For sub
5'-GGGGTCTAGATAATACGACTCACTATAGGGATTCATT- 69-72 the oligonucleotides used wefE/and 69TTGGb and
CAGATCTGTAATAG-3' (d511), 5GGGGTCTAGATAATAC- 69TTGGc and C@anHIl. For A76-99 primers 7 and
GACTCACTATAGGGATTCAGATCTGTAATAGAACT-3 d7699b were used to generate one fragment and d7699c and
(d515), 5GGGGTCTAGATAATACGACTCACTATAGGGA- CGi1BanHI were used to generate the second fragment. For
GATCTGTAATAGAACTGTC-3 (d519), 5GGGGTCTAGA-  sub84—87 primersb7 and S38487b were used for one fragment

Micrococcal nuclease treatment and reconstitution assay
conditions

0" feu//:dny wouy

uino

Site-directed mutagenesis

14%0!
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and S38487c and CBanHiI for the other. For sub89—-90, primers Table 1.
5'T7 and 89TTh and 89TTc and C&dnHI were used. For the

mutation A103-107, in the first step PCR, primergBand Mo RN L oy mutation  |nictectide | ocavus - ot
d103107b were used for one fragment and primers d103107¢ aagk= changes s "
CGIBanH! were used for the other fragment. For sub121—12w+s semT TS R
primers 5T7 and 121CTb were used as well as 121CTc ang®@sEmnDn stem ] one <107 ) ¥
CGi1BanHI. For sub133-136 the template used was pT715%+s e Tone LLEELIC N, EN
digested wittHindIll andEcadRI. The primers were 57159Xba SUbT5-T6 mucleotides 15-16 CAWGU R ELEION P
and 133TGATb and 133TGATc antT3PCR. In the second step |xmsmerm— e more CICNMS—— T
5T7159Xbd and 3T7PCR were used. The sequences of thgs?s stem [l J©) na.
primers were 5GTTGAATGACGAATGAATTAAGCGGGT- b e LTI L AN E
AT-3' (d2036b), 5TAATTCATTCGTCATTCAACCCCAAA- 3740 conserved region (stem ) | none EXERIEION P
AATC-3' (d2036c), 5GACAGTTCTAAATGAGATCTGA- |7y lpeiino —— L It
AT-3' (26CATTb), -ATTCAGATCTCATTTAGAACTGTC-3 AT699 (Astem I [ stem Il none EAETFIONN P
(26CATTC), 5-TGGGGTTGAAAGTTCTATTACAGATCTG-  [s#85iini lpmoaty LT VG L
AA-3' (d3740b), 5TAATAGAACTTTCAACCCCAAAAAT- AT03-107 (Astem D~ [sem T Tone %3E830 |+
CTAGT-3 (d3740c), SAATTGGTGAACCAAATATCAGC- ?:rl;lli_l(-Als;mW) i::zi:’/(GAbulge) ?}(TmCU ;21.06(?35.6 @ :
AC-3' (69TTGGb), 5GTGCTGATATTTGGTTCACCAATT-3 SbT33-136 Stem IV Toop ACUAGUCAU [43Z10900) |=
(69TTGGC), ~ 5GTCCCGCATTGAAGGTTATATCAGCAC- [ eV e 00 +

TAG-3' (d7699b), 5TATAACCTTCAATGCGGGACAAAAG-
ACTA,‘T'?" (d7699c¢), SCCACTTATTTGTTGGTAATTGGT' @Nomenclature of the mutafetrahymenaelomerase RNAs: for example
GA-3 (838487b), STCACCAATTACCAACAAATAAGTGG-3 A5'8 is a deletion of residues 1-8 from thesd of the RNA,; sub, substitution
(S38487c), 5STTACCACTTATAAGAACCTAATT-3' (89TTh), t, truncation.

5'-AATTAGGTTCTTATAAGTGGTAA-3' (89TTc), 3-AGTCT- bTelomerase activity ofetrahymenaelomerase reconstituted with the mutant
TTTGTATTACCACTTATTTGAACCT-3 (d103107b), 5AAGT- RNAs relative to reconsitution with wild-type RNA indicated as a percetitage
GGTAATACAAAAGACTATCGACATTT-3' (d103107c), 5TG- SD, with the number of times assayed and quantitated in parentheses.
TATCAAATGAGGATAGTCTTT-3' (121CTb), 5AAAGAC- CTelomerase activity ofetrahymendelomerase reconstituted with the mutant

[pJoJx0reu//:dny woJy pepeojumod

TATCCTCATTTGATACA-3 (121CTc), 5CCATTGATAAAAT- RNAs or wild-type assayed using the oligonucleotides@{G)s.
CAGTATCAAATG-3' (133TGATD), 5CATTTGATACTGATTT- *For some mutants with weak activity signal intensities were between 1 and 10%5
TATC-AATGG-3' (133TGATC) 5—G’G GGTCTAGATAATACG- after substraction background values were often zero. However, these mutant§

clearly generated telomerase repeats, so activity was scored as <10%.
n.a., no telomerase activity.
n.d., not determinable because activity was too weak.

AC-3 (5T715Kbd).

Preparation of RNAs

Smﬁs ulsed in rec&zg?titf tion ai,says m_ﬁtizgar;%cqggedtwéth -It-r71 and II, terminal deletions of a specific number of residues we
polymerase (Stratagene) using p al ested wi ' \ ) ) ; \ !

FoK, pt111 and pt138 digested wiBanHI, pt146 digested with constructed 458, AS11, A515, A519, A525, AS'36). Al
ECRI, pA-8AAACA, pA\5'1l, p/5'15, pl5-16GT, p5'19, Tgtrahymenatglomerase RNA mutatlons construct(_ad ané
PA20-36, A5'25, p26—-29CATT, 536, pA36—40, p69-72TTGG dlscussed in this paper are listed in Tdbl@hg numbers in the_ 8
pt75 ;1&76—99’ p84—87Cé AA ’p89—90T,T ABO3-107 ' mutation names refer to the starting position of the alterati
p121-122CT and p133-136TGAT digested witil andBanH|~ Within the 159 nffetrahymenaelomerase RNA. Assays were g
as templates. p38—40AGT was prepared as previously descri%‘%{formed'n vitro using telomerase reconstituted with a fixe
(12. Standard in vitro transcription reaction conditions 210Ut (200 ng) of these mutated RNAs and the products wee
recommended by the T7 RNA polymerase manufacturer were us&gMPared with reconstituted wild-type activity (F2. Products &
The transcription reactions were treated with 3 gURNA were quantified by comparing the signal intensity for the fir

RNasefree DNase (Pharmacia) for 10 min. The RNAEPeat in each lane using a BAS2000 Phosphorimager (Tabl§

. . : ; . nd Fig. §. Comparison of the signal intensity for all repeats ga
concentrations were determined by fluorimetry. The integrity ang ilar results, however, because of the high background m

size of the RNAs were determined by Northern analysis or stainir rtain lanes, quantification of the signal intensity for the first

with ethidium bromide. repeat was more reproducible. The signal intensity in the no RNA
lane was subtracted as background. For some mutated
telomerases with weak activity signal intensities were between 1
and 10% of the signal intensity of the elongation products of
telomerase reconstituted with the wild-type telomerase RNA.
To study the effect of RNA mutations on telomerase activity wéfter subtraction of the background, values were often zero. This
analyzed both the efficiency and the pattern of elongation produdtsdue to the fact that there were differing background signals in
produced by the enzymia vitro. Tetrahymenatelomerase can the different reactions. However, these mutated enzymes clearly
processively elongate telomeric substrates generating a distinct §jeherated telomerase repeats, so activity was scored as <10%.
banding pattern or periodicity28,27). Tetrahymenatelomerase The activity reconstituted by each mutated enzyme was variable.
activity can be reconstituted with wild-type and mutated telomerasd¢owever, within each experiment the mutated telomerases gave
RNA (12,20). To address the function of telomerase RNAthe same relative activity levels compared with each other and
residues at the'end of the telomerase RNA, including stems Iwith wild-type (see Fig2—6 and data not shown).

19| Bugels pioD e /Biose

RESULTS

Deletional analysis of the 5end of telomerase RNA
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Figure 2. Reconstitution of telomerase activity of telomerase RNAs with Figure 3. Reconstitution of telomerase activity of telomerase RNAs with alteredo’
altered 5sequences. Elongation products of telomerase reconstituted with the3' sequences. Elongation products of telomerase reconstituted with no RN
indicated mutated RNAs and assayed in the presenae-3¥P[dGTP and (lane 1), WT (lane 2), t146 (lane 3), t138 (lane 4), t111 (lane 5), 75 (lane 6);
dTTP and the telomeric primer d(GGGGETThe RNAs used were no RNA ~ A103-107 (lane 7)A76-99 (lane 8), sub 133-136 (lane 9), sub121-122 (laneg
(lane 1), WT (lane 2A5'8 (lane 3)A5'11 (lane 4)A5'15 (lane 5)A5'19 (lane 10), sub89-90 (lane 11), sub 84-87 (lane 12) and sub69-72 (lane 13). Elongat
6), A5'25 (lane 7)A5'36 (lane 8)A20-36 (lane 9)A37—40 (lane 10), sub4-8 reactions were carried out in the presencexe??P]dGTP and dTTP and the
(lane 11), sub15-16 (lane 12) and sub26—29 (lane 13). telomeric primer d(GGGGT%)

1dS pI0D g

) ) ) ) decreased telomerase activity to 38% of wild-type, suggesting tl?@t

Terminal deletions of eight and 11 residues at temn8 of the  these residues play a role in telomerase function but that the spedfic
RNA decreased reconstituted activity to <20% of wild-typenucleotides may not be essential for activityitro (Fig. 2). S
reconstituted activity (Tablel). Deletion of eight residues  To test the role of stem Il and the adjacent conserved region the
reproducibly resulted in less activity than deletion of 11 residuegntire stem 420—36) and, independently, residues 37—40 we
Deletion of 15-36 residues abolished telomerase adtimififo,  deleted. Deletions of stem Il and the conserved region decreaged
suggesting that some or all residues between 11 and 15 mayge@vity to 25 and 13% respectively, further supporting the role af
important for activity (Fig2). To specifically address the role of this region in telomerase template function (FRg7,12). To =
the paired bases of stem | residues 4-8 were mutated fref8termine whether the loop of stem Il was involved in sequencg-
CCCGC to AAACA (sub4-8, sub refers to substitution). In mosgpecific interactions, residues 26—29 were mutated from GUAA
of the Tetrahymenaelomerase RNA substitutions made andio CAUU (sub26-29). Substitution of these residues in the lod
discussed in this paper purines were replaced by pyrimidines agdstem |1 did not decrease telomerase activity (Bigin fact,
pyrimidines by purines (see Materials and Methods). Deletion @élomerase activity of this mutated enzyme was increased

stem | (/&5'8) reduced activity to <10% and substitution ofcompared with telomerase activity of telomerase reconstituted
residues 4-8 of stem | (sub4-8) reduced activity to 35% of thgith wild-type telomerase RNA.

level from enzyme reconstituted with wild-type RNA (FR).
Also, to address the role of the paired bases of stem | resid
103-107 were deletech103—-107). Consistent with substitution of
residues 4-8 in stem I, deletion of residues 103-107 decreaseladdress the function of telomerase RNA residues at-t#rel3
activity to 34% of reconstituted wild-type activity (FB). These of the RNA, including stems Ill and IV, terminal deletions of a
changes did not abolish activity, suggesting that the long range bagecific number of residues at tHesBd were constructed (1146,
paring may be important but not essential for telomerase functiori38, t111 and t75, t refers to truncation). To address the role of
Methylation analysis implicated residues 15 and 16 in proteithe residues in the loop of stem IV residues 133-136 were
binding or protein-induced RNA structure formatioh7){ To changed from ACUA to UGAU (sub133-136). Telomerase
determine whether such interactions might be sequence specifissays were performed with these mutated RNAs and the level of
C15-A16 were changed to G15-U16 (sub15-16). This substitutigmoducts were compared with reconstituted wild-type telomerase

Y§8letional analysis of the 3end of telomerase RNA
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Figure 4. Reconstitution of telomerase cleavage activity of mutated telomerase RNAs. Telomerase was reconstituted with no RN jangs(lgnes 2—4, =)
15-17), 146 (lanes 5-7), t138 (lanes 8-10) or t111 (lanes 11-13) telomerase RNA. Telomerase was recongiitO@eh@ifl{lanes 18—2@20-36 (lanes 21-23), %
A37-40 (lanes 24-26), sub84-87 (lanes 27-2%76r99 (lanes 30-32). Elongation reactions were performed using primer d(GGEBTBEGGTTG) as =
indicated in the presence of-f2P]JdGTP and dTTP oof32P]dGTP and ddTTP. Labeled input primer indicative of cleavage activity is indicated by P. The gels w%e

exposed to film for 11 (lanes 1-13) or 4 days (lanes 14-32).

feuinol]

w
activity levels (Fig.3). Deletions of as few as 13 residues at thehese changes are consistent with 63% activity levels on complgte
3-end (t146), as large as the entire stem IV (t111) and substitutideletion of stem 11l £76-99) (Tablel) and indicate that the o
of residues in the loop region of stem IV (sub133-136) decreaspdeudoknot may not be essential for processive elongation y
activity to <15% of wild-type, indicating that stem IV is a telomerasén vitro. o
functionally important structure (Tableand Fig.3). It has been
proposed that the structurally conserved kink introduced by thg,e of specific secondary structures in telomerase-mediated
GA bulge in helix IV (residues 121 and 122) may serve as @eavage activity
recognition motif for protein bindindlLE). To test whether such
an interaction might be sequence specific the GA residues weTetrahymendaelomerase possesses a specific nucleolytic activi
changed to CU (sub121-122). This substitution of the GA bulgéat can remove the terminal dG from primers containing the
did not decrease telomerase activity (Big. telomeric repeat d(GGGTTat the 3-end ¢8). The G residue g

To examine the role of stem Il the entire stem, includingt the 3-end of these primers can align with the C residue at tige
residues 84-87, proposed to form a pseudoknot structure, wadreme 5end of the RNA template, where cleavage is though#
deleted £76-99). Surprisingly, this deletion retained 63% of theo occur. During cleavage thétgrminal G residue is removed €
activity of wild-type reconstituted enzyme, while deletion ofand p-32P]dGTP is added, generating a labeled primer-sizeg
stems I, lll and IV (t75) almost completely abolished activityproduct. The primer specificity of the telomerase cleava
(Fig. 3). Methylation protection analysis implicated residues 8%eaction is reconstituted with synthetic telomerase RNA and
and 90 in protein binding or protein-induced RNA structurecleavage activity can be abolished by specific mutations in the
formation (L7). When these two positions were changed frontemplate and the upstream conserved region of the telomerase
adenine to uracil residues (sub89-90) there was no decrease, RN (12,20).

a slight increase, in the level of enzyme activity compared with To determine whether regions outside the template and the
wild-type. In addition, two changes were made in stem Il thatipstream conserved regions play a role in cleavage, cleavage activity
were predicted to disrupt pseudoknot formation (69—72 andas tested using telomerase reconstituted with RNAs mutated in all
84-87) and/or protein interaction (69-72)) The substitution of the stem-oop structures (Fig.and Table L All mutated

of GGUU for CCAA (sub84—-87) should abolish base pairingelomerases tested which had high enough levels of telomerase to
interaction of the pseudoknot, yet did not decrease activity frotest for cleavage had cleavage activity. The primer-sized product that
wild-type levels. In fact, activity was increased. The otheresults from cleavage is indicated with a P in Figurihe intensity
sequences involved in pseudoknot formation have also beefthe cleavage product varied widely between mutated telomerases
proposed to interact with a protein component based cmnd appeared to parallel the levels of telomerase activity. The level
methylation protection 1(7/). Substitution of residues 69-72 of reconstituted activity was similar using two different telomeric
(sub69-72) decreased activity to 53% (Fp. The effects of primers, d(GGGTTGand d(GGGGTTR (Fig. 4).
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Figure 5. Sequences in stem Il and the upstream conserved region, not stems |, lll or 1V, defiteripkate boundary. Telomerase was reconstituted with no RNA (Ian@
1), WT (lanes 2 and 3)5'8 (lanes 4 and 52036 (lanes 6 and 7), sub26-29 (lanes 8 afkB%)40 (lanes 10 and 11), 38—40AGU (lanes 12 and 13), sub69-72 (lan&s

14 and 15)A76-99 (lanes 16 and 17) or t146 (lanes 18 and 19). Elongation reactions were performed using primer d¢@FG&EIPIdGTP and dTTP or with &
[a-32P]dGTP, dTTP and dATP as indicated in the figure. Q
S
o
200 - and incorporate ddTTP at the same position from'teadof the &
< 10 — primers used suggests that none of the mutations affect alignmes@ of
; 160 the cleavage substrate with the template. z
'S 140 cgr
E 120 Stem Il and the conserved region, not stems |, lll or 1V, g
100 - Q
o regulate the 3 template boundary 3
2 80 8
G o0 In wild-type Tetrahymenaelomerase RNA there are two U re3|due$;
§ 40 that separate the template domain from the upstream conserzed
E 20 region (Fig. 1). Unlike wild-type telomerase, telomerase%
01 reconstituted with a mutated RNA in the upstream conservgpl

90
07 E
11

R 58883 region (38—40AGU) will copy past the template domain an§
incorporate dATP into elongation products. This results in a
change in the pattern of the elongation products, compared with
Figure 6. Bar graph representation of the telomerase activity reconstituted by thdhe pattern of elongation products generated in the absence of
different mutated RNAs compared with the telomerase activity reconstituted byd ATP (12). The incorporation of dATP into elongation products
wild-type telomerase RNA. The error bars represent the standard deviations. gccurs due to utilization of the U residuesob the template
domain as template residues. To determine whether sequences ot
structures other than the conserved region play a role in regulation
DideoxyTTP was used to determine how many residues weoé the 5 template boundary, telomerase enzymes reconstituted
added onto the primer substrates. Because the sequencéanthe 3with RNAs mutated in stems |I-IV were assayed in the presence
of telomeric substrates specifies the first nucleotide added arabsence of dATP. The elongation products were compared with
elongation reactions with telomerag6,23) the site of termination the elongation products generated by telomerase reconstituted
can be predicted. For all mutated RNAs tested, as for wild-typeith wild-type telomerase RNA and 38—40AGU (F&y. Only
RNA, ddTTP incorporation occurred four residues from tven@ telomerase reconstituted with 38—40AGU and mutated RNAs
of the primer d(GGGTTG)(Fig. 4). The ability of all the mutated affecting the conserved domal®0-36 and\37—-40, had altered
telomerase RNAs tested to reconstitute telomerase cleavage actipiyterns of elongation products in the presence of dATPRFig.
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Thus only stem Il and, more specifically, the conserved sequentatomerase may bind the ends of the RNA and bridge this long range
associated with this stem appear to regulate theuldary of the  interaction, so that it forms even in the absence of base pairing.
template. These results clearly demonstrate the role of thesélthough the conserved sequence upstream of the template
residues in template function. plays an essential role in telomerase function, stem Il appears not
to be required. Deletion of residues in stemAR{—36) reduces
activity to 25% of wild-type. It is possible that this mutated RNA
forms alternative structures that compensate for deletion of stem

We identified residues in tfietrahymendelomerase RNA that are - Although activity decreases only slightly more when four
important for enzyme activity, either directly in catalysis or residues adjacent to stem Il are delefs@lr¢-40), this mutated
indirectly by mediating proper RNA structure and binding to proteifR VA &S0 affects template boundary determinatich. (nitially
components. When residues at thesfminus and in stems |, lland © Nt (residues 35-40) were identified that were conserved
IV were deleted or changed, activity decreaed5-35% of upstream of the template._ The later identification of e_tddltlonal
wild-type levels. These data support the importance of the&diate telomerase RNAs indicated that only four residues are
structures in protein binding and/or RNA interactions for telomeras@PSolutely conserved,f). The placement of the template and the
activity. Interestingly, mutations affecting the potential pseudokndtPStream conserved sequence is conserved among all ciliate
structure of the telomerase RNA, deletions of the entire stem 111 afglomerase RNAs identified to date, includiarameciunt(4).
a substitution of the GA bulge in stem IV did not significantly affectfowever, stem Il is not conserved in all ciliates, suggesting that
activity. itmay not play an e_ssentlal r(_)le in tglomerase funct_lon. Consistent
Many of the mutated RNAs descibed in this paper were iWith this, subs_tltutlon of residues in the loop region of stem &
structures predicted to have critical roles in telomerase function. Y&ub26-29) did not decrease telomerase activity. Thus
many were able to reconstitute telomerase activity to wild-typgignificant interactions in loop Il appear to be required fo
levels. Although it is possible that pieces of endogenou&lomerase activitn vitro. _
Tetrahymenatelomerase RNA remain following micrococcal All deletions and substitutions affecting stem IV, except for &
nuclease digestion and that these could complement the mutafépstitution of the GA bulge at positions 121 and 122, decreasgd
telomerase RNAs in an intermolecular manner, we think this kglomerase activity to <10-15% of wild-type. This is consisters
unlikely. No undigested RNA was detectable after Northern analysith the high sequence conservation of stem IV. This stem hds
of micrococcal nuclease-treated extract. In addition, no activity wadso been suggested to mediate a conformational charge
detected in the control reaction without added telomerase RNA&Volving alternative base paring with stem Il during enzyme.
Thus the reconstituted activity is likely to be due to addition ofranslocation). However, stem Il does not appear to be essential
synthetic RNA and not to complementation of synthetic RNA byor telomerase activitin vitro, suggesting that any alternative base-
undegraded portions of the RNA (data not shown). pairing with this region may not be required for translocation. ~ g
All of the mutated RNAs described in this paper were tested for Mutations in the conserved GA bulge bases in helix IV did ngt
reconstitution of telomerase activity. It is likely that some of th@ffect telomerase activity, indicating that sequence-specifg
effects of the RNA mutations on telomerase activity are indirecgontacts to this region are not essentigRdrameciunspecies and =
via defects in binding, and it will be important to determine théhe hypotrichs helix IV is more extended than in tetrahymenir
binding affinities of these RNAs to recombinant telomeraséiliates and the conserved GA bulge that is a distinct feature &f
protein components. Moreover, during transcription, the mutatetetrahymenatelomerase RNAs is not appared{7}. Structural g
RNAs may undergo differential RNA folding and alternative bas@robing experiments ifetrahymenasuggested that protein §
pairing, which may affect the positioning or spacing betweeifiteractions are likely occurring at the GA buldé,(7). Our 5
critical regions of the RNA. Secondary structure analysis of theg@ding that substitution of the GA bulge (sub121-122) does n%t
mutated RNAs will be required to assess the different roles éffect telomerase activity suggests that if interactions age
RNA folding, binding and catalysis. occurring at these residues, they may not be sequence depen&em
Deletion of >11 residues at theehd of the telomerase RNA These results also indicate that any interactions which occur hgre
completely abolished activity, suggesting that important sequencerday not be required for catalysis, cleavage or translocatié.
structure interactions occur in this region. Substitution of residues B&rhaps this region interacts with regulatory proteins that are bt
and 16, however, only reduced levels of reconstituted activity fourified as a part of the telomerase core enzyme. Hovievarp 2
38% of wild-type, suggesting that protein contacts at these residubsth a deletion of the GA bulgdGA) and a double mutated
predicted by structural probingj?), are not sequence dependent andelomerase RNA deleted for the GA residues and with a
are not the only important residues in theegion. substitution at position 44 in the template (44G) result in an
The long range base paring interactions in stem | do not appéagreased rate of cell death and shortened telomeres, indicating an
to be essential for telomerase function. Of the three mutatémiportant role for these residuesvivo (29).
RNAs that affect the stem | base pairing, t403-107 and The pseudoknot formed by stem 11l is conserved in all ciliate
sub4-8, decreased activity[@5% of wild-type levels. The fact telomerase RNAs. Surprisingly, mutations predicted to abolish
that theA5'8 mutated RNA had very low levels of activity might base pairing in this region did not abolish telomerase activity. It
be due to additional residues that are deleted in this mutated Ri$Apossible that these mutated RNAs form alternative structures
besides stem | residues. However, %11 mutated RNA has that perform functions similar to the pseudoknot. Of all the
more activity tham\5'8, suggesting a negative role for residuegdeletions and substitutions affecting stem Ill and the pseudoknot
9-11. Conservation of the long range base pairing of stem | in aliructure only two mutations decreased activity. These were a
of the ciliate telomerase RNAs strongly supports the role of thisomplete deletion of stem Ill, which reduced activity to 63%, and
structure in telomerase function. Perhaps this region is involved insubstitution of residues 6972, predicted to be involved in both
RNA folding or RNA assembly. The protein components opseudoknot structure and protein interactions, which reduced

DISCUSSION
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activity to 53%. Pseudoknot structures are often involved iexcellent technical assistance in constructiod\af®and pt146,
recognition and binding of proteing4,15). The existence of the Jill Hemish for excellent technical assistance in construction of
pseudoknot has been verified experimentally by structural probimgl—8AAACA, pl121-122CT, p69-72TTGG, pl33—136TGAT,
and it has been suggested to serve as a conformational switch dup@§—29CATT, p15-16GT and p89—90TT. We also thank Lee Zou
synthesis of telomeric DNA7(16,17). Conservation of the for construction of A5'19, pA5'25, pA5'36, ptlll, ptl38,
pseudoknot structure in all of the ciliate telomerase RNAs indicatga37—40, z\103-107, p20-36, ;\76-99 and p84—-87CCAA
that it plays a role in telomerase functiei). (Again, like the GA  and initial characterization of the RNAs transcribed from these
bulge region in helix IV, this conserved function might not be partonstructs. We thank Alyson Kass-Eisler for critical review of the
of the telomerase enzyme as defined byrtliéro telomerase assay. manuscipt. This work was done when C.A. was a Special Fellow
There may bén vivo regulators of telomerase that interact with aof the Leukemia Society of America. Part of this work was done
conserved structure on the enzyme. Interestingly, one mutatisthen C.A. was a fellow of Le Fonds en Recherche et Santé du
(sub84-87) predicted to affect pseudoknot structure formation heiébec (Canada). This work was supported by National Insti-
increased telomerase activity. Residues 84-87 may normally fages of Health grant GM43080 to C.W.G.
involved in interactions which negatively regulate telomerase
activity. Similarly, one mutation in stem Il (sub89-90) previously
predicted to be involved in protein binding or protein-induced RNA
structure formation had increased telomerase activity,
suggesting a possib?((pinhibitory function of these residuestycﬁﬁEFERENCES
telomerase activity.
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