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ABSTRACT

Telomerase is a ribonucleoprotein complex responsible for maintaining telomere length of eukaryotic chromosomes. Human
telomerase has two main components, the human telomerase reverse transcriptase and the human telomerase RNA (hTR). Two
domains of hTR essential for telomerase activity are the template domain, comprised of an 11-nt templating and alignment
sequence, and the CR4/CR5 domain. Highly conserved residues in the CR4/CR5 domain form the stem–loop P6.1, which is
important for assembly and activity of mammalian telomerase. Here, we have determined that stem–loop P6.1 can participate
in a long-range RNA–RNA interaction with the template region of hTR. We characterized this interaction through mobility shift
assays, mutation analysis, and UV cross-linking experiments. Mutation analysis revealed that the P6.1 loop nucleotides partici-
pate in the interaction with the template. The site of interaction at the template domain was determined via UV cross-linking
experiments. These data show that an RNA–RNA interaction exists between two highly conserved regions of hTR that are critical
for the higher order folding of telomerase RNA. This interaction argues for the proximity of the template and the CR4/CR5
domain, and provides the basis for a revised model of hTR, partitioning the RNA into a catalytic domain and a localization
domain.
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INTRODUCTION

Telomeres, the protective termini of eukaryotic chromo-

somes, are comprised of G/T-rich sequences (TTAGGG in

vertebrates) and their associated proteins (Blackburn 1991;

reviewed in Blackburn 2000 and Cech 2000). Telomerase is

a reverse transcriptase responsible for the synthesis and ad-

dition of telomeric repeats to chromosomal ends (Greider

and Blackburn 1985). This ribonucleoprotein complex acts

to balance the effects of natural chromosomal shortening

that occurs through incomplete DNA replication. Though

telomerase activity is not detectable in normal human cells,

telomerase is active in roughly 85%–90% of oncogenic cells

(Kim et al. 1994). In 1999, Weinberg and coworkers showed

that the oncogenic transformation of human cells required

human telomerase reverse transcriptase (hTERT; Hahn et

al. 1999). These observations have led researchers to believe

that telomerase is a promising target for the development of

anticancer therapies (Corey 2002; Rezler 2002).

The two main components of telomerase are the protein

(TERT) and the RNA (TR). Telomerase reverse transcrip-

tase (TERT) contains reverse transcriptase motifs essential

for enzymatic activity as well as a telomerase specific T

motif (Lingner et al. 1997; Nakamura et al. 1997). The

stable association of TERT with a telomerase RNA contain-

ing the template for telomeric repeat synthesis is a unique

feature of the telomerase reverse transcriptase (Greider and

Blackburn 1989). Vertebrate telomerase RNA varies signifi-

cantly in sequence and length (Chen et al. 2000). However,

phylogenetic and covariation analysis of 35 vertebrate

telomerase RNAs revealed that vertebrate telomerase RNAs

share a similar secondary structure composed of highly con-

served domains. The four conserved domains found in ver-

tebrate telomerase RNAs, including hTR are: (1) the pseu-

doknot domain, (2) the box H/ACA domain, (3) the CR4/

CR5 domain, and (4) the CR7 domain (Chen et al. 2000;

Fig. 1).

Human telomerase RNA (hTR) is a 451-nt RNA contain-

ing an 11-nt templating region (5�-CUAACCCUAAC-3�)
located near its 5� terminus. The templating region is

comprised of the template sequence for the synthesis of

d(GGTTAG) as well as an alignment domain (italicized;

Feng et al. 1995; Gavory et al. 2002). It has been proposed

that the alignment domain hybridizes to the 3� terminus of
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the DNA substrate, and positions the telomere for proces-

sive synthesis of telomeric repeats (Greider and Blackburn

1989; Shippen-Lentz and Blackburn 1990; Autexier and

Greider 1994).

The structurally conserved domains have specific func-

tions in active telomerase. The box H/ACA and CR7 do-

mains are dispensable for reconstitution of telomerase ac-

tivity in vitro (Bachand and Autexier 2001). However, in

vivo, the box H/ACA motif is required for the 3� terminal

formation of the mature telomerase RNA (Mitchell et al.

1999). Additionally, the box H/ACA and CR7 domains par-

ticipate in nucleolar localization of telomerase RNA

(Lukowiak et al. 2001). It has been shown that the CR4/CR5

and pseudoknot domains are essential for catalytic activity

(Tesmer et al. 1999; Beattie et al. 2000; Mitchell and Collins

2000; Martín-Rivera and Blasco 2001). In vitro studies in-

dicate that these two domains can reconstitute telomerase

activity in the presence of the protein component (Tesmer

et al. 1999). Further studies have indicated that nt 33–147

and 163–330 contain hTERT-binding sites critical for

telomerase activity (Bachand and Autexier 2001). Based on

this evidence, we reasoned that RNA–RNA interactions,

possibly critical for telomerase function, might be present in

hTR involving these two conserved domains.

The data presented here show that an RNA–RNA inter-

action can exist between two hTR domains distant in pri-

mary sequence. We utilized separate domains of hTR in our

structural characterization of the RNA. Gel mobility shift

assays, mutation analysis, and UV cross-linking identified

the interacting residues as the P6.1 stem–loop in the CR4/

CR5 domain and the template domain. Previous studies

(Mitchell and Collins 2000; Chen et al. 2002) have indicated

that P6.1 is a functionally important stem–loop in the CR4/

CR5 domain in mammalian telomerase RNA. Recent NMR

data from Varani and coworkers indicates that formation of

P6.1 positions the exposed loop bases for possible RNA–

RNA or RNA–protein interactions (Leeper et al. 2003). Our

findings show that P6.1 participates in a long-range RNA–

RNA interaction with residues in the template region of

hTR. Because the regions participating in this interaction

are highly conserved, this interaction may play a critical role

in the catalytic activity of the telomerase complex.

RESULTS

hTR RNA–RNA interaction revealed by mobility
shift assay

Because the pseudoknot and the CR4/CR5 domains have

been implicated in the catalytic activity of telomerase, we

examined the possible existence of a long-range RNA–RNA

interaction between these two highly conserved domains.

RNA constructs containing the two domains were synthe-

sized in vitro for use in RNA–RNA gel mobility shift assays.

CR4/5–60 contains the CR4/CR5 domain (nt 243–326, hTR

numbering) with the L6 loop (nt 266–291) mutated to a

GAAA tetraloop (Fig. 1A). RNA33–147 is comprised of the

template region and two strands of the pseudoknot domain

(Fig. 1B).

In gel mobility shift experiments, we find that RNA33–

147 forms complex with CR4/5–60 (Fig. 2). When RNA33–

147 is end labeled and in the presence of excess CR4/5–60,

a slower migrating band, indicating occurrence of an RNA–

RNA interaction, is observed (Fig. 2A). To confirm that

RNA33–147 and CR4/5–60 interact, we performed the

complementary experiment in which CR4/5–60 is radioac-

tively labeled and in the presence of excess RNA33–147

(Fig. 2B). Our results indicate that these two distal domains

within hTR can form a gel-stable RNA–RNA interaction.

We performed the interaction assays under both low (0.1

mM) and high (5 mM) magnesium ion concentrations to

examine the magnesium dependence of the interaction. We

find that band shifts do not depend significantly on the

magnesium concentration in the binding buffer. However,

the ability to detect interactions does depend on the pres-

ence of 5 mM MgCl2 in the gel and the gel running buffer.

When the preformed complexes are run on a native gel in

1× TBE (90 mM Tris-borate, 2 mM EDTA), a shift is no

longer observed due to the magnesium-ion-dependent na-

ture of the interaction (data not shown). The mobility shift

gels contained in this study show discrete bands, indicating

that the RNA constructs and the complexes formed between

them are well behaved under native conditions.

FIGURE 1. Human telomerase RNA constructs utilized to demon-
strate RNA–RNA interactions via mobility shift assays. The secondary
structure of human telomerase RNA is adapted with permission (from
Elsevier © 2000, Chen et al. 2000) with the following RNA regions
indicated: (A) CR4/5–60, (B) RNA33–147, and (C) deltaP6.1. Bases in
gray are 100% conserved in vertebrate telomerase RNA.
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Identifying the site of interaction in the
CR4/CR5 domain

We were next interested in defining the nucleotides within

the CR4/CR5 domain that participate in the long-range

interaction. Nucleotides 302–314 form

the stem–loop P6.1 within the CR4/CR5

domain (Fig. 1). According to covaria-

tion analysis, these residues are highly

conserved. Additionally, in mouse

telomerase RNA, formation of this

stem–loop was found to be important

for catalytic activity (Chen et al. 2002).

We examined the possibility that this

stem–loop participates in the RNA–

RNA interaction observed between the

larger domain constructs. The P6.1 hair-

pin construct (Fig. 3A) was synthesized

and used in a mobility shift assay with

RNA33–147 (Fig. 4A). The P6.1 band is

shifted in the presence of RNA33–147.

We used a competition mobility shift

assay between P6.1 and CR4/5–60 to de-

termine if the two RNAs bind the template in the same

manner (Fig. 4B). P6.1 does effectively compete with CR4/

5–60 for the template, indicating that the smaller hairpin

construct and the larger domain construct interact similarly

with the template. A CR4/5–60 variant with P6.1 deleted

(deltaP6.1; Fig. 1C) does not form complex with RNA33–

147 (Fig. 5), indicating that this stem–loop is essential for

the RNA–RNA interaction and confirming that P6.1 is the

site of interaction. In mobility shift assays, we determined

that the Kd of RNA33–147 and P6.1 association is roughly

4 µM (data not shown).

Variants of the P6.1 hairpin were synthesized with mu-

tations at the 7, 8, 9, and 10 positions indicated in Figure

3A. According to covariation analysis (Chen et al. 2000),

residues 8 and 10 are 100% conserved in vertebrate telom-

erase RNAs whereas residues 7 and 9 are variable across the

different species. We therefore constructed the following

FIGURE 4. P6.1, a small hairpin located in the CR4/CR5 domain, participates in an RNA–
RNA interaction with RNA33–147. (A) The P6.1 hairpin is 32P 5�-end labeled and shifted with
excess unlabeled RNA. (B) P6.1 and CR4/5–60 interact similarly with the template. The starting
complex contains 32P 5�-end labeled RNA44–57 in the presence of excess CR4/5–60 (10 µM).
Lanes 1–6 contain the starting complex and decreasing amounts of P6.1 in the following
concentrations: (1) 10 µM, (2) 5 µM, (3) 2 µM, (4) 1 µM, (5) 500 nM, and (6) 100 nM.

FIGURE 2. Native gel mobility shift assays reveal complex formation
between CR4/5–60 and RNA33–147. (A) 32P 5�-end labeled RNA33–
147 in the presence of excess unlabeled RNA. (B) 32P 5�-end labeled
CR4/5–60 in the presence of excess unlabeled RNA. For both A and B,
the indicated MgCl2 concentrations correspond to MgCl2 binding
buffer concentrations (see Materials and Methods). Because minimal
differences are observed between the two binding buffers, all following
gels show samples assayed in 5 mM MgCl2. Bands with reduced mo-
bility in each gel correspond to an RNA–RNA complex whereas the
faster migrating bands correspond to free RNA. Samples in lanes
marked by an asterisk (in this and all following mobility shift gels)
were incubated for 30 min at 37°C prior to loading on 6% native gels.

FIGURE 3. Secondary structure and mutation constructs of the P6.1
hairpin. Numbering corresponds to the nucleotide position in the
hairpin beginning at the 5� end. Bases in bold are 100% conserved in
vertebrate telomerase RNAs (Chen et al. 2000). Hairpin A is wild-type
P6.1 with the indicated mutations U7C, U8C, G9C, G10C, and G10A.
UV cross-linking employed 4-thio-U modified RNA hairpins (desig-
nated as s4U7 and s4U8). Base pairing in the stem of hairpin B is
disrupted whereas the loop bases remained unchanged. Hairpin C
restores base pairing in the stem with an altered stem sequence.

Long-range RNA–RNA interaction in hTR
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individual mutants to determine which bases in the loop are

essential for the RNA–RNA interaction: (1) U8C, (2) G10A,

(3) G10C, (4) U7C, and (5) G9C. U8C, G10A, and G10C do

not produce appreciable shifts (Fig. 6A–C). This result was

expected because the U8 and G10 positions are 100% con-

served and interfering with highly conserved residues is

likely to disrupt the higher order structural interactions.

U7C and G9C are able to interact with RNA33–147, though

the amount of stable complex is reduced in comparison to

that produced with wild-type hairpin. The more conserva-

tive U7C mutation leads to partial interaction whereas the

less conservative mutation G9C results in lower binding

affinity. Although U7 and G9 are not 100% conserved, mu-

tation of U7 likely introduces a structural change in P6.1,

leading to weaker RNA–RNA interaction. Mutation of G9

likely disrupts the interaction because it lies directly in the

center of the loop, occupying an important point of contact.

These mutation results indicate that the loop residues (5�-
UGG-3�) are necessary for the RNA–RNA interaction.

P6.1 stem mutants (Fig. 3B,C) were also utilized in mo-

bility shift assays. Formation of a stem of the correct length

is important for telomerase activity (Chen et al. 2002). The

following stems were assayed: a P6.1 mutant that does not

form a stem (Fig. 3B) and a P6.1 with a mutant stem (Figs.

3C, 6D). The P6.1 mutant that does not form a stem is

unable to produce a shift in the presence of the template.

The P6.1 with a mutant stem is able to interact with the

template, indicating that although the formation of the

stem is required, the sequence of the stem can be variable.

These data show that the P6.1 loop sequence as well as the

formation of the stem are essential for the long-range in-

teraction.

Defining the site of interaction in RNA33–147

We next investigated what positions within RNA33–147 are

participating in the RNA–RNA interaction. To do this, we

employed 4-thiouracil (4-thio-U) cross-linking, which

would elucidate which bases within RNA33–147 are in close

enough proximity to the loop region of the P6.1 hairpin to

form cross-links. Two modified RNAs were synthesized;

one contained a 4-thio-U modification at the U7 position

(s4U7) and the other contained a 4-thio-U modification at

the U8 position (s4U8; Fig. 3A). Gel shift analysis shows

that the 4-thio-U-modified P6.1 gives a comparable band

shift with RNA33–147 (data not shown). Sequencing of the

cross-linked products showed that the site of interaction

within RNA33–147 occurs near the template sequence of

hTR (Fig. 7). In the s4U7 experiments, the cross-linking

occurs at positions G44, U45, and C46. In the s4U8 cross-

linking experiment, the cross-linking occurs at A54. The

locations of the cross-links are summarized in Figure 10,

below.

To further verify the site of interaction, mobility shift

experiments were employed with small RNA fragments

from the RNA33–67 region (Fig. 8). Initially, RNA33–147

was reduced to RNA33–67 to determine if the RNA–RNA

interaction could be detected in the absence of any part of

the pseudoknot. RNA33–67, encompassing only bases 5� of
the pseudoknot region, shifts the P6.1 hairpin (Fig. 8). To

further isolate the site of interaction, three short RNA frag-

ments were synthesized: (1) RNA33–51, (2) RNA44–57, and

(3) RNA52–67 (Fig. 8A). Two of the RNAs, RNA33–51 and

RNA52–67, contain only a portion of the template region,

whereas the third, RNA44–57, contains the entire template

region. Only RNA44–57 shifts P6.1, indicating that the en-

tire template is necessary for interaction with the hairpin

(Fig. 8B). A further truncation of RNA44–57, involving

only the 11-nt templating domain, 5�-CUAACCCUAAC-3�,
shifts the P6.1 hairpin (Fig. 9). In a competition assay, we

show that tRNA (at concentrations of either 50 µg/mL or

250 µg/mL) cannot compete with P6.1 for binding of the

template (Fig. 9). This result argues for the specificity of the

interaction revealed in this study.

DISCUSSION

The studies presented here argue for a new model of telom-

erase RNA architecture that involves higher order folding of

hTR (Fig. 10). We propose that the CR4/CR5 and pseudo-

knot domains are close in space, though distal in primary

sequence. Our data argue for the presence of long-range

RNA–RNA interactions possibly essential for overall archi-

tecture and function.

Studies by Mitchell and Collins (2000) show that deletion

of residues 303–315 (P6.1) interferes with proper hTR and

hTERT interaction and abrogates telomerase activity. Each

of the 35 vertebrate RNAs has the capability of forming this

short stem, indicating its importance in telomerase struc-

ture and function. Because deletion of this stem–loop in-

terferes with the RNA–RNA interaction observed in our

study, this higher order RNA–RNA interaction may have

functional significance. Enzymatic mapping analysis shows

that the loop bases of P6.1 (U307, G308, and G309) are

FIGURE 5. Deletion of the P6.1 stem–loop abrogates association of
CR4/5–60 with RNA33–147. (A) 32P 5�-end labeled deltaP6.1 in the
presence of excess unlabeled RNA. (B) 32P 5�-end labeled RNA33–147
in the presence of excess unlabeled RNA. The data show that no band
shift is observed when the P6.1 hairpin is deleted from the CR4/CR5
domain.
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accessible in vitro but inaccessible in vivo (Antal et al.

2002). Because these bases become protected in the pres-

ence of hTERT, it has been suggested that they associate

with the protein. The recent NMR structure of P6.1 from

Varani and coworkers shows that these bases are part of a

well-defined structure that allows the exposed loop to par-

ticipate in tertiary interactions with other portions of hTR

or RNA–protein interactions with hTERT (Leeper et al.

2003). Here, we show that P6.1 can participate in RNA–

RNA interactions with the template of hTR. Based on our

mutation analysis, the residues involved in the long-range

RNA–RNA interactions are in the loop of P6.1.

Interaction between P6.1 and the

template is mediated by the loop se-

quence and the formation of a stem. No

complex forms when the stem is unable

to base pair. However, RNA–RNA inter-

actions are maintained as long as the

P6.1 stem forms, regardless of the stem

sequence. Our P6.1 stem mutant analy-

sis is consistent with studies on mouse

telomerase RNA that showed that dis-

ruption of the P6.1 base pairing in the

stem abolishes telomerase activity (Chen

et al. 2002).

Phylogenetic studies performed by

Chen et al. (2000) show that positions 8

and 10 are 100% conserved. Therefore,

these mutant hairpins are not expected

to shift RNA33–147. Positions 7 and 9

are not 100% conserved; however, the

shifts produced in the presence of the

single-base mutated hairpins are mini-

mal compared to the shifts observed in

the presence of the wild-type hairpin.

Because the structure of the hairpin is

critical for the RNA–RNA interaction,

as evidenced by the stem mutant data,

altering the P6.1 structure can lead to

instability or abolishment of the inter-

action. The U7C mutation would alter

the structure by replacing a U-G wobble

pair with a G-C pair. U7 may be essen-

tial for the proper formation of the hair-

pin. G9 is positioned directly in the

middle of the loop, suggesting that this

exposed base would be a key participant

in the interaction, and disruption of this

critical base would lead to reduced bind-

ing affinity. Our results indicate that

conservation of the loop residues (5�-
UGG-3�) is critical for the formation of

the RNA–RNA interaction. This data is

consistent with work accomplished by

Greider and coworkers (Chen et al. 2002).

Mutation of the loop sequence in the P6.1 stem–loop in mam-

malian telomerase RNA reduces telomerase activity, suggest-

ing that mutation of this loop could disturb important RNA–

RNA or RNA–protein interactions that contribute to the func-

tional conformation at or near the catalytic center of

telomerase.

Telomerase RNA structure has been characterized in cili-

ates (Romero and Blackburn 1991; Bhattacharyya and

Blackburn 1994) as well as in humans (Chen et al. 2000;

Antal et al. 2002). Studies on the Tetrahymena thermophila

telomerase RNA suggest that the template region of telom-

erase RNA is mostly single stranded but possibly con-

FIGURE 6. Mutation of the P6.1 hairpin loop sequence interferes with RNA complex forma-
tion between P6.1 and RNA33–147. (A) U7C and G9C introduce mutations at bases that are
variable across vertebrate telomerase RNAs (Chen et al. 2000). RNA complex formation is
observed, but at levels much lower than with wild-type P6.1 (wt), indicating that the RNA–
RNA interaction is much weaker in the presence of the mutated hairpin. (B) G10C and U8C
introduce mutations at 100% conserved bases and also show greatly reduced complex forma-
tion. The hairpin with mutation U8C dimerizes under nondenaturing conditions, indicated by
bands with mobility between the free RNA and the complexed RNAs. (C) Mutation at P6.1
position G10 disrupts formation of the RNA–RNA complex. (D) A base-paired stem is required
for interaction. RNA44–57 is 5�-end labeled. Mutant hairpin B does not form complex whereas
hairpin C, with a restored stem, is able to interact with the template.

Long-range RNA–RNA interaction in hTR
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strained to some conformation by folding of the rest of the

RNA (Bhattacharyya and Blackburn 1994). Enzymatic map-

ping studies from the Kiss group (Antal et al. 2002) show

that U47 and C50–C52 are not modified, whereas C46 and

U53 are weakly modified. These results indicate that these

bases participate in base-pairing interactions, protein–RNA

interactions, or tertiary RNA structure. Additionally, bases

adjacent to the template region are necessary for catalytic

activity (Gavory et al. 2002; Miller and Collins 2002). When

bases 54 and 56 are mutated, enzyme processivity is greatly

reduced, indicating the importance of the conservation of

these nucleotides (Chen and Greider 2003). We propose

that these bases participate in critical long-range RNA–RNA

interactions with residues in the CR4/CR5 domain.

Because both the P6.1 hairpin and the template region

contain highly conserved bases, we believe that the interac-

tion determined in our study has biological significance. In

the current model of telomerase activity, telomeric repeats

are added via a primer recognition step at the template,

elongation, and translocation in preparation for the addi-

tion of the following repeat (Shippen-Lentz and Blackburn

1990). A regulatory mechanism involving the pseudoknot

domain has recently been proposed (Comolli et al. 2002;

Theimer et al. 2003). Both groups propose a molecular

switch mechanism involving an equilibrium between the

pseudoknotted and hairpin forms of the pseudoknot do-

main. For telomerase to be active, the pseudoknot domain

must form.

We propose that other intramolecular RNA–RNA inter-

actions, highlighted in Figure 10, are involved in the higher

order folding and consequently proper function of human

telomerase RNA. Our results argue for

the close proximity of the CR4/CR5 do-

main and the template. Because both are

important for catalytic activity, the 5�
portion of the RNA is likely closer to the

CR4/CR5 domain than to the portions

of the RNA important for nuclear local-

ization of the RNA (Lukowiak et al.

2001). As shown in Figure 10B, the CR4/

CR5, pseudoknot domain, and template

form the catalytic domain whereas the

localization domain is composed of the

box H/ACA and CR7 domains.

To investigate the link between the

interaction observed in our study and its

functional significance, we utilized

mouse telomerase RNA constructs in gel

FIGURE 7. UV cross-linking reveals that the site of interaction within
RNA33–147 is at the template domain. In the sequencing gel of the
cross-linking reaction between 4-thio-U hairpins and RNA33–147,
each lane contains a reverse transcriptase reaction as described in
Materials and Methods. Lanes 1 and 2 are the s4U7 cross-linked prod-
ucts run in duplicate. Lane 3 is RNA33–147 reverse transcribed with
only dNTPs. Lanes U, A, G, and C correspond to the sequencing
ladder produced by dideoxy sequencing methods. Lane 4 is the reverse
transcriptase reaction (only dNTPs) of UV-irradiated RNA33–147.
Lanes 5 and 6 are the s4U8 cross-linked products run in duplicate.
Arrows indicate stops due to cross-linking. The hTR sequence of the
template region is indicated alongside the gel.

FIGURE 8. RNA–RNA interaction requires the entire hTR template domain. (A) Human
telomerase RNA truncations analyzed for long-range RNA–RNA interaction with the P6.1
hairpin. Numbering corresponds to the hTR nucleotide sequence. The truncated RNA regions
are: (a) RNA33–67, (b) RNA33–51, (c) RNA52–67, and (d) RNA44–57. Bases in bold are 100%
conserved nucleotides (Chen et al. 2000). (B) Gel shift assay with 32P 5�-end labeled P6.1
hairpin and truncated RNA pieces from the 5� region of hTR. RNA33–51 and RNA52–67
contain sections of the template and show no complex formation. Only RNA33–67 and
RNA44–57, which contain the entire template, produce complexes with the hairpin.

FIGURE 9. The 11-nt templating and alignment domain (5�-CU
AACCCUAAC-3�) is minimally required for long-range interaction
with the P6.1 hairpin. The 11-nt templating region is 32P 5�-end la-
beled. Competition with tRNA at concentrations of 50 µg/mL and 250
µg/mL did not alter the mobility shift, indicating that the interaction
is specific. The numbers 50 and 250 indicate tRNA concentrations.
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mobility shift assays. Based on functional data from Chen

and Greider (2003), we expected mouse P6.1 to shift the

human template because mouse CR4/CR5 and human

pseudoknot, in the presence of hTERT or mTERT, can re-

constitute activity. However, an interaction is not observed

by gel mobility shift assay (data not shown). Mouse P6.1 is

also unable to shift the mouse template. Functionally,

mouse and human telomerase differ in that human telom-

erase is processive, whereas mouse telomerase exhibits only

a low level of processivity (Morin 1989; Prowse et al. 1993).

If the P6.1/template interaction is involved in processivity,

then mouse P6.1 would not be expected to interact similarly

with the template. The telomerase protein may be able to

compensate for the reduced binding affinity caused by the

differences in sequence and structure between human P6.1

and mouse P6.1.

The entire template and alignment domain are necessary

for the observed interaction. No shift is observed in the

interaction assay between the P6.1 hairpin and RNAs con-

taining only 5� or 3� portions of the template domain. This

result, along with our cross-linking data, suggests that the

hairpin may be interacting at multiple sites in the template

domain. If the interaction is dynamic, the hairpin may be

involved in the mechanism for translocation of the template

during reverse transcription. In Tetrahymena telomerase, it

has recently been shown that RNA sequences distant from

the template are involved in mediating nucleotide and re-

peat addition processivity (Lai et al. 2003). The conserved

hairpin in the CR4/CR5 domain may play a similar role in

human telomerase enzyme processivity. P6.1 may ready the

template domain by either stabilizing the template or po-

sitioning it for proper reverse transcription by the protein.

Further studies involving the protein

will aid in the characterization of the

functional significance of the RNA–

RNA interaction revealed in our study.

MATERIALS AND METHODS

Synthesis of RNA

RNA was transcribed in vitro in transcrip-

tion buffer (80 mM HEPES-KOH at pH 7.5,

2 mM spermidine, 40 mM DTT, 25 mM

MgCl2), 4 mM of each nucleotide triphos-

phate (CTP, ATP, UTP, GTP), RNAsecure

(to prevent RNA degradation), 500 nM bot-

tom strand (DNA template), 600 nM top

strand (T7 primer), and T7 RNA polymerase

for 4–6 h at 37°C. The following are the tem-

plate sequences used for transcription of the

indicated RNAs (in bold):

CR4/5–60 (5�-GGGCGGCTGACAGAGCCA
ACTTTGGTGGCTTTCGCCGACCGCG

GCCTCCAGGCCCTATAGTGAGTCGT

ATTACGAATT-3�);
deltaP6.1 (5�-GGGCGGCTGACATTCGCGGTGGCTTTCGCCG

ACCGCGGCCTCCAGGCCCTATAGTGAGTCGTATTACGAA

TT-3�);
RNA33–67 (5�-CGCCCTTCTCAGTTAGGGTTAGACAAAAAAT

GGCCTATAGTGAGTCGTATACGAATT-3�);
RNA33–51 (5�-GGTTAGACAAAAAATGGCCTATAGTGAGTCG

TATTACGAATT-3�);
RNA44–57 (5�-AGTTAGGGTTAGACTATAGTGAGTCGTATTA

CGAATT-3�);
RNA52–67 (5�-CGCCCTTCTCAGTTAGTATAGTGAGTCGTAT

TACGAATT-3�);
RNAP6.1 (5�-GGAGAGCCCAACTCTCCTATAGTGAGTCGTAT

TACGAATT-3�).

The P6.1 hairpin mutants were transcribed like the wild-type hair-

pin with the single base or stem mutations as indicated in the

Results section.

RNA33–147 was synthesized by transcription off a template that

was PCR generated from a pUC19 plasmid containing the se-

quence encoding for RNA33–147. The PCR template (100 nM)

was used for in vitro transcription with T7 RNA polymerase.

The following RNA oligonucleotides were ordered from the

Caltech Oligonucleotide Synthesis Facility:

4-thio-U7 (5�-GGAGAG(s4U)UGGGCUCUCC-3�);
4-thio-U8 (5�-GGAGAGU(s4U)GGGCUCUCC-3�);
hTRtemplate (11-nt) (5�-CUAACCCUAAC-3�).

All RNA synthesized by the synthesis facility required 2�-OTBDMS

deprotection by use of triethylamine-3HF (Aldrich). After over-

night deprotection in HF, the RNA samples were ethanol precipi-

tated, dried, and resuspended in double-distilled water.

All RNA products were gel purified by denaturing polyacryl-

amide gel electrophoresis (PAGE) in 1× TBE (90 mM Tris-borate,

FIGURE 10. Models of human telomerase RNA. (A) Secondary structure of human telom-
erase RNA (adapted with permission from Elsevier © 2000, Chen et al. 2000) with the proposed
long-range interactions revealed in this study indicated by the connecting lines. (B) A new
model for the secondary structure of hTR with interacting residues shown by gray connecting
lines. The catalytic domains (pseudoknot, CR4/CR5, and template) and localization domains
(box H/ACA and CR7) are indicated.
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2 mM EDTA). An electroelution apparatus was used to elute the

RNA into 0.5× TBE. The RNA products were ethanol precipitated,

dried to pellets, and resuspended in double-distilled water. The

concentrations were determined by UV spectroscopy and the bio-

polymer calculator developed by the Schepartz lab (Palmer 1998).

Purity was assayed by analytical PAGE, mass spectrometry, or

both.

32P 5�-end labeling

The terminal triphosphates of the transcribed RNA products were

removed using calf intestinal phosphatase (Roche Diagnostics).

The RNAs and DNA sequencing primers [33–147seq (5�-AAGG
CGGCAGGCCGAGGC-3�) and tempseq (5�-AGTCAGCGAGAA
AAACAGCG-3�)] were kinased with T4 polynucleotide kinase

(New England Biolabs) and [�-32P]ATP (NEN Life Science). The

5�-end labeled products were purified by NAP-25 columns (Am-

ersham Pharmacia Biotech). Concentrations were assayed by scin-

tillation counts based on an ATP standard, and adjusted to 20 nM.

Gel shift assay

The final concentrations of unlabeled RNA used in the gel shift

assays were all 10 µM except in competition assays (concentrations

indicated in the figure legends). The final concentration of the

5�-end labeled RNA was 5 nM. RNA binding buffers were adapted

from Ferrandon et al. (1997). Each RNA was annealed by incu-

bation in 1× binding buffer (high salt: 300 mM KCl, 5 mMMgCl2,

50 mM sodium cacodylate at pH 7.5; or low salt: 40 mM KCl,

0.1 mM MgCl2, 50 mM sodium cacodylate at pH 7.5) at 90°C for

∼ 1–2 min and then placed on ice for 5 min. The RNAs were then

mixed and either placed on ice for 30 min or incubated at 37°C

for 30 min. Five microliters of gel loading buffer (5× binding

buffer, 50% glycerol) were added to each mixture before running

on a 6% native polyacrylamide gel in 1× TBM (90 mM Tris-

borate, 5 mM MgCl2) maintained at 3–5°C. The gels were run

between 2 and 3 h at 2–3 W, dried, and exposed to a Phosphor-

Imager screen overnight. The gels were analyzed on a STORM860

and by ImageQuant.

4-thio-U cross-linking

The following 4-thiouridine cross-linking protocol was adapted

from established protocols (Dubreuil et al. 1991). The 4-thio-U-

modified RNAs were 5�-end labeled with [�-32P]ATP. The modi-

fied hairpin (10 µM) and RNA33–147 (10 µM) were separately

incubated in 1× high salt binding buffer for 2 min at 90°C and set

on ice for 5 min. The RNAs were mixed together, set on ice, and

irradiated with a handheld 365-nm UV light for 30 min. The RNAs

were then ethanol precipitated, dried, and resuspended in double-

distilled water. The cross-linked sample was separated from un-

cross-linked material by running the reaction on a 12% denaturing

PAGE in 1× TBE. The cross-linked product was excised from the

gel, eluted into 0.5× TBE, ethanol precipitated, dried, and resus-

pended in double-distilled water. Concentrations were determined

by means of UV spectrometry (Palmer 1998).

Sequencing reactions

The cross-linked products and RNA33–147 were sequenced by

Moloney Murine Leukemia Virus (MMLV) reverse transcription

(Invitrogen) and the 5�-end labeled primers 33–147seq and

tempseq. The sequencing reaction and UV cross-linking mapping

protocols were adapted from established procedures (Lowe and

Eddy 1999). For the RNA33–147 sequencing reaction, 2 µg RNA

and 1.5 pmoles labeled sequencing primer were incubated for 2

min at 90°C in 1× annealing buffer (250 mM Tris-HCl at pH 8.0,

375 mM KCl, 50 mM dithiothreitol) in a 10-µL annealing reaction.

The annealed product was set on ice for 2 min.

For the primer extension reaction, four tubes (A, T, C, and G)

were prepared. In each of the four tubes (A, T, C, or G) was placed:

2 µL of the annealed product (from above), 330 µM of each dNTP

(A, T, C, and G), 1 mM of the appropriate ddNTP (A, T, C, or G),

and MMLV RT buffer [250 mM Tris-HCl at pH 8.0, 375 mM KCl,

15 mM MgCl2, 50 mM dithiothreitol, 1× Superase-In (Ambion,

proprietary); 100 UMMLV reverse transcriptase] to a total volume

of 5 µL. The extension reactions were incubated for 1 h at 42°C,

and then placed at 65°C to heat inactivate the reverse transcriptase.

Ten microliters of sequencing dye (1× TBE, 80% formamide, bro-

mophenol blue, xylene cyanol) were added to each tube and 5 µL

of each reaction was loaded onto a 10% denaturing PAGE. The gel

was run at 50 W for 2–2.5 h in 1× TBE. The sequencing gel was

fixed with destain solution (40% methanol, 10% acetic acid, 50%

water) for 30 min prior to drying. The dried gels were exposed to

screens overnight and imaged by the PhosphorImager.

The cross-linked products were sequenced as above with the

following changes. Only one tube was necessary for the primer

extension reaction. This tube contained no ddNTPs. The stops

occurred as a result of the cross-links. The sequencing reaction and

the mapping reaction of the cross-linked products were run adja-

cently on a sequencing gel as described above. The cross-links were

identified by stops in the mapping reaction ladder and the base of

interaction read from the sequencing ladder.
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