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ABSTRACT repeat units in the RNA template, implying an ability of the
enzyme to undergo a translocation step without dissociating
from the DNA primer (6). The telomerase complex also pos-
sesses an endonuclease activity that can cleave the starting

Telomerase is a ribonucleoprotein reverse trans-
criptase responsible for the maintenance of one

sFrand of telomere terminal repeats. The mecha- primer under certain conditions (7—10).

nisms whereby telomerase recognizes chromosomal Telomerase activity has been detected in a wide range of
ends are not fU”y characterized. Earlier studies Organisms inc|uding protozoa (11)’ yeast (8,12_14)' mouse
showed that the yeast telomerase RNP could bind the (15), Xenopug16) and human (17). Genes encoding the RNA
dG-rich strand of yeast telomeres with high affinity component of the enzyme complex have been cloned for
and sequence specificity. Further analysis of telom- several of the known telomerases, such as those of yeast and
erase-telomere complex formation  in viro as humans (18,19). Recently, some of the polypeptide com-
described in this report led to the following conclu- ponents of telomerase were cloned. In particular, a yeast

protein known as Est2p and homologs of Est2p in some
ciliated protozoa, human (hEST2) asthizosaccharomyces
pombg(Trtl) were shown to be the catalytic components of the
respective telomerases (12,20-24); these polypeptides exhibit
significant homology to other reverse transcriptases and

sions. First, telomerase binding to short DNAs is
magnesium-dependent, while binding to long DNAs
is magnesium-independent, consistent with the
existence of more than one interaction site. Second,

binding is likely to be mediated largely through the mutations that alter residues that are conserved among reverse
RNA subunit of telomerase (TLC1), because de- transcriptases abolish telomerase activityvitro and telo-
proteinated TLC1 RNA also binds telomeres with merase functiom vivo. In addition, two polypeptides, p80 and
high affinity and sequence specificity, and exhibits p95, that copurify withTetrahymenaelomerase have been
the same length and divalent cation dependence as cloned and been shown to interact with telomerase RNA and
telomerase RNP. The crucial role of RNA in binding is the DNA primer, respectively (25,26). Mouse and human
further supported by the ability of TLC1 transcripts homologs of p80 have also been identified, and been shown to

associate with the respective telomerases (27,28). These recent
developments should greatly facilitate structure—function
analysis of telomerase.

The mechanisms whereby telomerase recognizes the ends of
chromosomesn vivo are not clearly understood. Telomerase

synthesized in vitro to form stable complexes with
telomeric DNA. Finally, results from deletion analysis
and RNase H-mediated cleavage suggest that a
specific conformation(s) of the RNA is required for

stable binding, and that non-template. re_gionS of the from Tetrahymenaas been shown to bind with high affinity
TLC1 RNA may contribute directly or indirectly to the not only to its own telomeric repeat, but also to a number of
stability of the RNA-DNA complex. other GT-rich repeats (29). Furthermore, in this and other

ciliated protozoa, even AT-rich non-telomeric sequences can
efficiently support the seeding of telomeiias/ivo and primer
INTRODUCTION extension by isolated telomerage vitro (30). Thus, ciliate
Telomerase is a ribonucleoprotein (RNP) that is responsibltelomerases appear not to recognize telomeres with high
for maintaining the terminal repeats of telomeres in mossequence specificity. Components of ciliate telomerase respon-
organisms (1-3). It acts as an unusual reverse transcriptasgble for primer binding have been investigated by crosslinking
using a small segment of an integral RNA component asind gel mobility shift experiments, and identified as the afore-
template for the synthesis of the dGT-rich strand of telomerementioned p95 in the case dfetrahymena thermophila
(4,5). DNA synthesis by telomerasevitro is primed by oligo-  (25,26), and as p123 and telomerase RNA in the case of
deoxynucleotides with telomere-like sequences. In somE&uplotes aediculatug3l).

instances, multiple repeats can be added to the input primer inln contrast to ciliated protozoa, yeast telomerase appears to
a single round of extension, despite the minimal number obind yeast telomere repeats with high affinity and sequence
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Table 1. Sequence specificity of the RNP-DNA and RNA-DNA complexes

Oligo* Sequence Molar Ratio Required | Molar Ratio Required
for 1/2 competition | for 1/2 competition
of RNP# of RNA#

TEL15 TGTGTGGTGTGTGGG 1.0 0.7

TEL15(-2)G->C TGTGTGGTGTGTGCG 1.9 4.3

TEL15(-5)G->C TGTGTGGTGTCTGGG 45 100

TEL15(-7)G->C TGTGTGGTCTGTGGG 5.3 1.7

TEL15(-9)G->C TGTGTGCTGTGTGGG 5. 11

TEL15(-12)G->C TGTCTGGTGTGTGGG 72 180

(TG)n TGTGTGTGTGTGTGTG 1.0 0.6

(TGG)n TGGTGGTGGTGGTGGG 350 420

(TGGG)n TGGGTGGGTGGGTGGG 230 28

(TAG,5)n TAGGGTAGTAGTAGGG 1300 2800

TEL19 TGTGTGGGTGTGTGGGTGT 2.3 0.5

TEL24 TGTGTGGGTGTGTGGGTGTGTGGG 1.0 0.4

TEL24(-12)T->A(-13)G->C TGTGTGGGTGTCAGGGTGTGTGGG 3.7 0.4

TEL24(-20)T->A(-21)G->C TGTCAGGGTGTGTGGCTGTGTGGG 3.2 0.6

H4CSPRA TTTTAATGATGGAA N.D.* >3300

PTEL16 GTTACAGGTTACAGGG >2500 >3300

HS1 TTAGGGTTAGGGTTAGGGTTAGGG >1700 >3300

*TEL oligos are named according to their lengths and mutations. For example, TEL15¢3)&a 15-nucleotide
primer carrying a G- C mutation at the —3 position.

#Molar ratio of competitor to probe required for 50% competition of the signal observed for the RNP-TEL15 or
RNA-TEL15 complex.

+ Not determined.

specificity. In one study, yeast telomerase was shown not tGel mobility shift assay

dissociate from yeast telomeric primers following polymer-pna primers used for gel mobility shift experiments were
ization (32). Earlier work from this laboratory has shown thatradiolabeled with T4 polynucleotide kinase and purified over a
such high affinity binding can occur even in the absence ofick Column (Pharmacia). Complex formation between yeast
polymerization (33,34). In addition, yeast telomeric repeatselomerase RNP and DNA primer was monitored using a pre-
bearing point mutations and non-yeast repeats exhibit greathjiously described gel mobility shift protocol (35). For competition
reduced affinity for the telomerase RNP. The structural deterassays, increasing amounts of unlabeled oligodeoxynucleotides
minants for this sequence-specific recognition are furthewere added to the reaction mixture prior to the addition of
analyzed in this report and shown to reside mostly in TLCllabeled probe and telomerase fractions. To analyze complex
RNA, the RNA component ofSaccharomyces cerevisiae formation between TLC1 RNA and DNA primer, (6 of
telomerase. De-proteinated TLC1 RNA exhibits similar tebmere;elognerase fraction was pretreated with (ighof proteinase K
binding properties to the native telomerase RNP. Compariso'r[?hl/0 SDS at 36C for 10 min, prior to binding and electro-
of the binding efficiency of telomerase RNA derived from the P11OresIs:

native RNP and fronin vitro transcription suggests that the RNA analysis in native gels
native conformation of the RNA is important for the RNA— 14 soiiow the migration of TLC1 RNA in native gels, the poly-

DNA interactions. Furthermore, deletion analysis suggests th%tcrylamide gel used in the mobility shift assay was supple-
non-template regions of the RNA contribute either directly ofmented with 0.5% agarose and used for the separation of

indirectly to this stable interaction. complexes. Following electrophoresis, the part of the gel to be
analyzed for the localization of TLC1 RNA was rinsed briefly
in 75 mM Tris-glycine, and soaked in 50% urea, 25 mM Tris-

MATERIALS AND METHODS glycine, 0.5 mM EDTA with gentle shaking for 30 min. The

Strain and oligodeoxynucleotides nucleic acids within the gel were transferred to Hybond-N

. - . ) ' membrane in 6.0 mM trisodium citrate, 8 mM sodium phos-
The haploidS.cerevisiaestrain DG338 (gift of D. Garfinkel, phate (dibasic) at 250 mA for 16 h at@ (36). The blot was
NCI) was used for the derivation of active telomerase. The oligothen probed with a labeled TLC1 DNA fragment using
deoxynucleotides used are listed in Table 1. standard protocols.

Purification of S.cerevisiagelomerase In vitro transcription of TLC1 RNA

The derivation of whole cell extracts and the active DEAEThe TLC1 gene was cloned by PCR amplification of yeast
fractions were as previously described (8,33). genomic DNA usind?fu polymerase (Stratagene). The forward



2562 Nucleic Acids Research, 1999, Vol. 27, No. 12

A
C TEL1S a
o - —— [
4 = 2
¥ = T T T R S et
AMase T T kg =S358 3
+= Mg ~ . MQ[ -
P Ty S TEY T YT
N 1 2 3 4 5% 6B 7 B 91071112
D TELT9 TELZ4
Nueleotide - © % R E 5 3
B g% ¢ "8 88
Template thase oo S
3 5 B -—
NACACACACCCACACCAC
Fxpected
Mucl eotide
Higo Addition M
=Y _nEmeen . Mg
TELTS (FITETGETGGE TGTGGTG
TEL19  (B)TGTGTGGGTGI GGTG
TEL24 (1B)TGTGTGGG TGTGGTG

 Baaad BAAaA
1 4 3 [ F 8 9 10

2 3

Figure 1. The effect of DNA length on the formation of telomerase—telomere compdxGel mobility shift assays were carried out using labeled TEL19 (lanes 1

and 2) or TEL24 (lanes 3 and 4) and DEAE fractions. In some cases, the fraction was pretreated with RNase A (10 ng) prior to binding and electeop®gesis (1

and 4). Magnesium was included at 5 mM in both the gel and the electrophoresis [RjffEing optimal alignment between the template region of the TLC1 RNA

and oligodeoxynucleotides TEL15, TEL19 and TEL24 is shown. The nucleotides that were expected to be added by telomerase to these oligod@esymucleoti

a single round of extension to the end of the template are also lisE@dG€l mobility shift assays were carried out using labeled TEL15 and DEAE fractions.
Nucleotides were included at %M in some binding reactions as indicated at the top of the panel. Magnesium was omitted from both the gel and the electrophoresis
buffer. (D) Gel mobility shift assays were carried out using labeled TEL19 (lar&§ ar TEL24 (lanes 6—10) and DEAE fractions. Nucleotides were included at

50 uM in some binding reactions as indicated at the top of the panels. To demonstrate the specificity of the complex, the fraction was in some casesifitetreat
RNase A (10 ng) prior to binding and electrophoresis (lanes 5 and 10). Magnesium was omitted from both the gel and the electrophoresis buffer.

and reverse primers used were as follows: d(GTG AGC GC@ h in 0.5« TBE buffer, and visualized by probing witiP-
CGT AAT ACG ACT CAC TAT AGG GAATAA AAC TAG labeled DNA corresponding to the full-length TLC1 gene (37).
AGA GGA AGA TAG G) and d(ACC GCT CGA GTA AAT
ATT AAG AGG CAT ACC TCC G). The PCR products were
cleaved with Bs¢dll and Xhd enzymes, and inserted in RESULTS

between theBglll and Xhd sites of the pET16b plasmid t0 T effects of length and divalent cation on the formation
generate pET—TLCl_. The fidelity of the PCR reaction was Congc telomerase—primer complex

firmed by sequencing of the resulting plasmid. TLC1 RNA - _ )
was synthesized from pET-TLC1 cleaved with various restricsing a gel mobility shift assay, we have previously shown
tion enzymes using a T7 Riboprobe system (Promega). Fdhat the yeast telomerase RNP binds single-stranded telomeres
synthesis of full-length TLC1, the template was cleaved withwith high affinity and sequence specificity (33,34). Interest-
Xhd, which resulted in the addition of five nucleotides ingly, detection of the telomerase—telomere complex in the
(CTCGA) to the natural '3end of the RNA. All other RNAs absence of polymerization was found to require the presence of
synthesizedh vitro contained only TLC1 sequences. magnesium or some other divalent cation in the gel and electro-

. ] ) } phoresis buffer. However, an earlier study by Prescott and
Antisense oligodeoxynucleotide- and RNase H-mediated  Bjackburn (32) indicates that a stable complex can be observed
cleavage of TLC1 RNA between telomerase and primers following polymerization in
Approximately 2 ng of TLC1 RNAs isolated from fractions or the absence of magnesium. This discrepancy can be rationalized
derived fromin vitro transcription were incubated with 4 ng of in one of three ways. First, the interaction between telomerase
an antisense oligodeoxynucleotide d(TGTGTGTGGGTGTand primer may be qualitatively different pre- and post-
GGTG) in RNase H buffer (USB) at 3€ for 5 min, and one- polymerization. Second, the presence of nucleotides may allo-
half of the mixture treated with 2.5 U of RNase H for 10 min. sterically alter the binding of telomerase to telomeres. Finally,
The mixtures were further digested with proteinase Kbecause the oligodeoxynucleotides are lengthened by telo-
extracted with phenol/chloroform/isoamyl alcohol, and subjectednerase following extension, the differential divalent cation
to ethanol precipitation. The cleaved RNAs were then fractionrequirement may simply be due to a difference in the length of
ated in a 6% denaturing polyacrylamide gel, electroblottedhe primer. To distinguish between the possibilities, we tested
onto Nylon membrane (Hybond N, Amersham) at 150 mA forcomplex formation between telomerase and primers of varying
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length in the presence of various nucleotides, using either a B
magnesium-plus or magnesium-minus buffer systems.

Three dG-rich telomere-like primers were utilized for these
assays: TEL15, TEL19 and TEL24. (The numbers in the
names designate the lengths of the oligodeoxynucleotides; see
Materials and Methods and Table 1 for explanation.) The
optimal alignment between the TLC1 RNA template region
and the three oligodeoxynucleotides that allows primer extension
is shown in Figure 1B, along with the sequences that are
expected to be added to the three primers. In the presence of — by ﬂ
magnesium, telomerase could form stable complexes with all *I
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three primers (34; Fig. 1A). In the absence of magnesium, as
shown earlier (34) and in Figure 1C (lane 1), TEL15 was unable H 12 34 5 6 7
to interact stably with telomerase. However, the addition of Gel Shift Nerthern
both dGTP and dTTP to the binding mixture, allowing in principle
the addition of seven deoxyribonucleotides, enabled one to
detect the complex (lane 6). Either nucleotide alone was insu=gure 2. De-proteinated TLC1 RNA can form a stable complex with single-
stranded yeast telomeric DNAA) Gel mobility shift assays were carried out

fficient (Ianes 2and 3)' The addition of other deoxynbonUCIeo_using labeled TEL24 and DEAE fractions. The fraction was either pretreated

tides or ribonucleotides also failed to stimulate compleXyith sps (19%) and proteinase K (Ouf) or pretreated with RNase A (10 ng)
formation (lanes 4, 5, 7-12). TEL19 was also unable to bingbrior to binding and electrophoresis as indicated at the top of the figure.
telomerase stably in the absence of magnesium (Fig. 1Djagnesium was included at 5 mM in both the gel and the electrophoresis
lane 1) However. in the case of TEL19. the inclusion of dGTHUffer. B) In the left panel, gel mobility shift assays were carried out using

; Lo L S . labeled TEL15 and pretreated fractions. Magnesium was included at 5 mM in
alone, al_lowmg In pI’II’IC_Ip_le the addmp_n OfJUSt two nl“'Cleo'“des‘both the gel and the electrophoresis buffer. The treatment for each fraction was
to the primer, was sufficient to stabilize the complex (lane 2)ingicated at the top of the figure. In the right panel, the treated fractions were
The further inclusion of ddTTP or dTTP had no effect (lanes Jirectly electrophoresed into the same gel without the addition of labeled
and 4). When the TEL24 primer was tested in the magnesiunyEL15. Following electrophoresis, the RNA was denatunesitu, transferred
minus buffer system, no requirement for any nucleotide tri{° "ylon membrane, and probed with labeled TLC1 DNA.
phosphate was evident (lanes 6-9). These results taken together

indicate that the formation of a magnesium-independent complex . . .
may simply be a function of the length of the oligodeoxynucleo aP€led yeast telomere oligodeoxynucleotide and de-proteinated
?Iomerase was measured in the presence of increasing concen-

tide, rather than a consequence of the act of polymerization c% . ; . :
the direct effects of specific nucleotides. The minimal length rations Of_ various l_mlabeled ohgo_deoxynucleondes such that
eir relative affinities can be estimated from the degree of

requirement for the formation of the magnesium-independe X ompetition (Fig. 3). Similar to the telomerase RNP, protein
complex is estimated to be 21 nucleotides. |V ) : ' )
P free TLC1 RNA bound preferentially to single-stranded dG-
Deproteinated yeast telomerase can form a stable complex rich oligodeoxynucleotide: two canonical yeast telomeric repeat
with the dG-rich strand of yeast telomeres (TEL15 and TEL24) competed well for complex formation,
hereas three unrelated oligodeoxynucleotides (H4CSPRA,

To gain insight into the subunits of telomerase responsible fo ; ” )
sequence-specific recognition, we subjected the telomeradel EL16 and HS1) failed to compete. Additional oligodeoxy-

fractions to either proteinase K or RNase A pre-treatmenﬂ?m'eo“des that carried point mutations or alternative repeats
Consistent with earlier studies, the addition of RNase A priofVere tested and the amount of each oligodeoxynucleotide
to binding and electrophoresis was found to abolish complefeduired for 1/2 competition of the RNA-DNA complex deter-
formation (Fig. 2A, lane 3). On the other hand, the addition 01m_|ned and tabulat(_ed in Table 1. The relative affinities of th(_ase
proteinase K (0.51g) and SDS (1%) resulted in the disappear_pllgodgoxynu<_:|e0t|des for the telomgrase RNP as d_etermlned
ance of the original complex, but the appearance of a new compld earlier studies (33,34) were also listed for comparison. The
of slightly greater mobility (Fig. 2A, lane 2). Two lines of evidence '€Sults indicate that protein-free TLC1 RNA has a sequence
suggest that the new complex is protein-free and represents tRBecificity that is very close to that of the telomerase RNP. For
binding of naked TLC1 RNA to telomere oligodeoxynucleo-€xample, among the 15-nucleotide series of primers, point
tide. First, no further changes in mobility were visualized usinghutations at the —5 and —12 positions had the greatest effects
telomerase fractions that had been subjected to extraction wifif! the binding of both the RNA and the RNP. Those point
phenol and precipitation with ethanol (Fig. 2B, comparemutations that had a lesser effect on RNP binding also had a
lanes 3 and 4 with lane 2). Second, judging by northern blottindgsser effect on RNA binding (mutations at the —2, —7 and -9
experiments (Fig. 2B, lanes 5 and 6), the complex co-migrateBositions). In addition, for both the RNA and the RNP, the

with de-proteinated TLC1 RNA in the same native gel. (TG)n and the (TGGG)n oligodeoxynucleotides exhibited
greater affinity than the (TGG)n and (TA@n oligodeoxynu-
Similar sequence specificity for the formation of the RNA—  ¢leotides.

DNA and the RNP-DNA complexes

o ; Y Similar length and divalent cation requirements for the
To determine if protein-free TLC1 RNA exhibits similar telomere .
recognition properties as telomerase RNP, we analyzed tH‘grmatmn of the RNA-DNA and the RNP-DNA complexes
binding specificity of the RNA in a series of competition gel Two other similarities between the RNA-DNA and the RNP-
mobility shift experiments. Complex formation between aDNA complex point to similar mechanisms of recognition:

Gel Shift
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Figure 3. Sequence-specific recognition of telomeric DNA by de-proteinated TLC1 RNA. Gel mobility shift assays were carried out using labeled TEL15ws probe a
telomerase fractions that had been pretreated with SDS and proteinase K. Magnesium was included at 5 mM in both the gel and the electrophiorasiatiaffer.
amounts of various unlabeled oligodeoxynucleotides were included as competitors in some assays as indicated at the top of the panels. Thef oroédrelatia

labeled oligodeoxynucleotides were as follows: for TEL15, TEL15(-7YG TEL24, TEL24¢12)T- A(—13)G- C, TEL24(20)T- A(—21)G- C: 5-, 15-, 45-, 135

fold (left to right); for TEL1512)G- C: 25-, 75-, 225-, 675-fold (left to right); for H4CSPRA, PTEL16 and HS1: 100-, 300-, 900-, 2700-fold (left to riglet). Th

control reactions contained no cold competitor oligodeoxynucleotides and the +RNase reaction used a telomerase fraction that had beenthrBikzestetl w
before the addition of proteinase K and SDS.

both complexes are resistant to high salt (data not shown), ardterestingly, very high concentrations of the vitro trans-

for certain oligodeoxynucleotides, the stability of both requirescribed RNA were needed to observe a specific complex. In the
the presence of divalent metal ions. As shown in Figure 4, irxperiment shown in Figure 5, ~500-fold marevitro trans-

the presence of magnesium, de-proteinated TLC1 RNA caaribed RNA was used than the native telomerase RNA. Yet the
stably interact with TEL15, TEL19 and TEL24. A point mutation signal for the former was only two to three times more than the
at the —12 position of TEL15 abolished binding, consistentatter (compare lanes 1 and 7), indicating that the RNA trans-
with the competition study (Fig. 4 and Table 1). Most remark-cribedin vitro was at least 200-fold less efficient at telomere
ably, in the absence of magnesium only TEL24 was capable dfinding, possibly because of aberrant folding. Various strategies
stable binding to the RNA, as has been found for the RNP. have been used in an attempt to improve the efficiency of binding

. o o by RNA synthesizeéh vitro, thus far without much success.
TLC1 RNA derived from in vitro transcription can form a

stable complex with single-stranded yeast telomeres Evidence for interaction between non-template region of
To begin to dissect the portions of yeast telomerase RNAhe telomerase RNA and DNA primer

required for stable interaction with single-stranded telomeredA preliminary truncation analysis was carried out to de-limit
we cloned the TLC1 RNA gene behind a bacteriophage Tthe region of telomerase RNA required for telomere binding.
promoter, and synthesized full-length RNivitro. The RNA  The T7 promoter-containing template was truncated by restric-
was tested for its ability to bind telomeres in the standard gefion enzymes at various positions, and used for the synthesis of
mobility shift assay using the magnesium-plus buffer systemTLC1 RNA missing increasing amounts df@d sequences.
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Figure 4. The effects of length and magnesium on the formation of the RNA- cE e
DNA complex. Gel mobility shift assays were carried out using labeled oligo- e =
deoxynucleotides as probes (as indicated at the top of the figure) and telome anz— - 5 o= 3 g
ase fractions that had been pretreated with SDS and proteinase K. The fracti
was omitted in the control reactions (-). In the top panel, magnesium wa 1 2 3 4 5 6 7 8 9 10

included at 5 mM in both the gel and the electrophoresis buffer. In the bottom

panel, magnesium was omitted from both the gel and the electrophoresis

buffer.
Figure 5. Formation of complex between RNA transcribiedvitro and telo-
meric DNA. (A) Schematic diagram of TLC1 transcripts synthesizedtro by
bacteriophage T7 RNA polymerase. The location of the template region is indi-
cated by a black box.B) Gel mobility shift assays were carried out using

As shown in Figure 5A and B, deletion of 384 residues resultedhbeled TEL15 and RNA transcribédl vitro (lanes 1-6) or derived from frac-

in a 3-fold increase in binding (1-917, lane 2), whereas deletion gfon (lane 7) as indicated at the top of the figure. Magnesium was included at 5

. in both the gel and the electrophoresis buffer. The residues of TLC1 RNA
639 or 671 residues (1_662 and 1-630, lanes 3 and 4) greal{&\gined in then vitro transcripts were explicated at the top of the figure. The

reduced specific complex formation. quever, a Signiﬁcfim'ftemplates for these transcripts were prepared by cleaving PET-TLC1 with the
level of background smear was observed with all of these deletionjlowing enzymes: 1-1301hd; 1-917, Aflll; 1—662, Hpal; 1-630, Blpl;
consistent with unstable binding and dissociation during electrol—‘]}5|(|)’NCdil_ll—S%figgofgf:- Tfl‘elagf?”;so gffTL?lleé Uzgg §0f bl'nld'fé%‘é‘";f e
; : - ollows: , mol; 1-917, mol; 1-662, mol; 1-630,
phoresis. When the d(_eletlon removed the template portion ﬁok 1-430, 550 fmol: 1-389, 550 fmol: fraction, 0.6 fmAC)TLC1 RNAS
telomerase RNA (residues 468-484), even the backgroungkre treated with antisense oligodeoxynucleotides, further incubated in the
smear was abolished (1-450 and 1-389, lanes 5 and 6). Vd@sence) or presence (+) of RNase H, and the resulting products analyzed by
surmise that perhaps the template portion of TLC1 is indispennorthern hybridization. The identity of the RNA used was indicated at the top of
sable for stable binding, while sequences between residues 662 4igiPane!s: Full-ength RNA or transcripts are indicated by filled triangles, and
- . ? e - € specific cleavage products by filled diamonds. The positions of labeled
917 Conm.bUte either directly or 'nd"eCﬂY to complex stability. _ DNA molecular weight standards are indicated to the left of the panel.
To begin to analyze the conformation of the RNAs used in
binding studies, | determined the accessibility of the template

region to cleavage by RNase H in the presence of a comple-

mentary oligodeoxynucleotide. TLC1 RNAs derived from derived from telomerase fraction cannot therefore be explained
telomerase fractions or generatedibyitro transcription were py the inability of the 1-1301 transcript to base-pair with
incubated with an antisense DNA complementary to the entirgimer DNA. Some other aspect of the RNA conformation in

17—nuc|eot?de template regio_n, subjected to (_:Ieavage by RNazgyjition to an exposed template region must also be important
H and fractionated by denaturing polyacrylamide gels. Followmq

transfer to nylon membranes, the TLC1 RNAs were detected! | stable binding. . .

by hybridization with a specific probe. As expected, the templat In gontrast to the 1-1301 and 1-917 transcripts, a s_lgmﬂcant
region of the TLC1 RNA derived from telomerase fractions!Taction (~30-45%) of the 1-662 and 1-630 transcripts were
was fully accessible (Fig. 5C, lanes 1 and 2). Both the 1-130fot cleaved, consistent with the §X|stence of conformer§ whose
and the 1-917 transcripts were also completely processed B§mplates were not exposed (Fig. 5C, lanes 7-10). This result
RNase H, indicating that their template regions were exposestggests that sequences between residue 662 and 917 of TLC1
(Fig. 5C, lanes 3-6). The greatly reduced binding efficiency ofontribute to the exposure of the TLC1 template, probably by
the 1-1301 and 1-917 transcripts relative to TLC1 RNAaffecting the overall folding of the RNA.
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The size and the amount of the cleavage products appear $econd interaction mediated in part by magnesium is required for
accurately reflect the exposure of the template region. Thetable binding. Consistent with this conjecture, crosslinking
fragments derived from all of the RNAs were consistent withstudies usindcuploteselomerase have revealed close proxim-
cleavage at the template region (residues 468—-484). For exampity, between non-template telomerase RNA residues and primer
cleavage of transcript 1-917 resulted in fragments of ~480 anesidues (31). Similar studies on the yeast telomerase RNA—
430 nucleotides, precisely as expected (lanes 5 and 6). In add@NA complex may begin to shed light on the molecular basis
tion, the amount of RNase H used was not limiting; the addiof interactions away from the template region.
tion of more RNase H had no effect on the experimental results At least two aspects of the RNA conformation appear necessary
(data not shown). We also note that the 1-1301 transcript (g6r stable complex formation. First, the template region must
well as its cleavage products) was significantly longer tharbe exposed. Transcripts missing residues from 663 to 917
TLC1 RNA derived from telomerase fraction (compare lanes Jexhibited simultaneously reduced accessibility of their template
and 3, and lanes 2 and 4). This is consistent with an earligegion and reduced ability to form stable RNA-DNA complexes.
report showing that the polyadenylation sites of the TLCI1Thus, this ~250-nucleotide region may play an important role
RNA are clustered around nucleotide residue 1255 (37)in the function of TLC1 RNA indirectly by maintaining the
Whether the 3end of the RNA in telomerase RNP correspondsexposure of the template region. In addition, some other as yet
to one or more of the polyadenylation sites remains to be deteundefined aspect of the conformation must also be important;
mined. full-length TLC1 RNA synthesizeth vitro, despite the expo-
sure of its template region as determined by RNase H cleavage,
DISCUSSION is much less efficient at corr_1p|ex formation_ tha}n native TLC1.

Further structural and functional characterization of the TLC1
Perhaps the most significant observation made in this report RNA will be necessary to define this other feature(s).
that the RNA component of yeast telomerase is largely respon- Our observation that the RNA component of telomerase is
sible for high affinity and sequence-specific recognition of tel{argely responsible for mediating stable interaction of the RNP
omeres by the RNP. This result is consistent with earliewith single-stranded telomeric DNA provides an experimental
reports of protein-independent binding of telomerase RNA t@pproach for addressing the physiological function of this stable
telomeric DNA, which came from studies of the enzyme frominteraction, which is currently unknown. It has been suggested
Euploteq31,38). Other studies from ciliates implicate both thethat by stably interacting with telomer@svivo, telomerase can
RNA and protein components of telomerase in telomere recogerve a protective ‘capping’ function (32,39). Alternatively, if
nition (23,25,29,31). In particular, the p95 subunifi@trahy- telomerase is indeed a structural component of telomeres, it
menatelomerase was shown to mediate RNA-independenthay play a role in telomere position effect or telomere length
recognition of single-stranded telomeres with high affinity,regulation (18,33). By further defining the structural and
and treatment offetrahymenaelomerase with proteinase K mechanistic basis for the stable interaction between telomerase
was reported to abolish complex formation entirely. In additionRNA and telomeric DNA, one may be able to identify mutations
the p123 subunit oEuplotestelomerase can be specifically within the RNA that will selectively disrupt stable interaction.
crosslinked to telomeric primers, consistent with a role in teloBy incorporating such mutations into the TLC1 generivo,
mere binding. Clearly, our results do not rule out the participaone will then be able to determine the physiological functions,
tion of yeast telomerase proteins in stable telomere bindingf any, of the stable interaction between telomerase and telomeres.
However, there is no obvious appearance of a faster moving
complex in the gel mobility shift assay when yeast telomeras
fraction was pretreated with RNase A, suggesting that the prote%CKNOWLEDGEMENTS
subunits are unable to bind telomeric DNA stably on their own| thank Erik Falck-Pedersen for helpful comments on an earlier
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