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Telomerase is a specialized reverse transcriptase (RT) that is minimally composed of a protein catalytic
subunit and an RNA component. The RNA subunit contains a short template sequence that directs the
synthesis of DNA repeats at the ends of chromosomes. Human telomerase activity can be reconstituted in vitro
by the expression of the human telomerase protein catalytic subunit (hTERT) in the presence of recombinant
human telomerase RNA (hTR) in a rabbit reticulocyte lysate (RRL) system. We analyzed telomerase activity
and binding of hTR to hTERT in RRL by expressing different hTERT and hTR variants. hTRs containing
nucleotide substitutions that are predicted to disrupt base pairing in the P3 helix of the pseudoknot weakly
reconstituted human telomerase activity yet retained their ability to bind hTERT. Our results also identified
two distinct regions of hTR that can independently bind hTERT in vitro. Furthermore, sequences or structures
between nucleotides 208 and 330 of hTR (which include the conserved CR4-CR5 domain) were found to be
important for hTERT-hTR interactions and for telomerase activity reconstitution. Human TERT carboxy-
terminal amino acid deletions extending to motif E or the deletion of the first 280 amino acids abolished human
telomerase activity without affecting the ability of hTERT to associate with hTR, suggesting that the RT and
RNA binding functions of hTERT are separable. These results indicate that the reconstitution of human
telomerase activity in vitro requires regions of hTERT that (i) are distinct from the conserved RT motifs and
(ii) bind nucleotides distal to the hTR template sequence.

The physical end of each eukaryotic chromosome consists of
a nucleoprotein complex known as the telomere (11). The
termini of telomeric DNA cannot be fully replicated by the
conventional DNA replication machinery, and consequently,
chromosomes shorten at each cell division (33, 34). One solu-
tion to this end replication problem is the ribonucleoprotein
(RNP) complex, telomerase. Telomerase compensates for
telomere erosion by replenishing the sequence repeats
(TTAGGG in humans) at the 39 end of telomeric DNA (16).

Telomerase activity was initially identified in the ciliated
protozoan Tetrahymena thermophila (23). The gene encoding
the telomerase protein catalytic subunit was first identified by
reverse genetics in the protozoan Euplotes aediculatus (36).
Catalytic subunits of telomerase, the telomerase reverse tran-
scriptases (TERTs), contain conserved reverse transcriptase
(RT) motifs and a telomerase-specific (T) motif (36, 44). In
addition to the RT and T motifs, the amino termini of TERTs
from ciliated protozoa share a common motif (CP motif) that
is weakly conserved in the catalytic subunits of other organisms
(14). TERT has now been identified in several organisms,
including budding and fission yeasts, mice, humans, and plants
(17, 19, 22, 27, 31, 36, 38, 40, 44). Telomerase catalytic activity
is dependent on an intrinsic RNA molecule that contains a

short template sequence (24). The gene coding for the RNA
subunit of telomerase has also been cloned from several or-
ganisms (45). In contrast to the strong homology between the
RT-like motifs of the TERTs (46), the telomerase RNA sub-
unit from various organisms differs significantly in terms of size
and nucleotide sequence (45). Recently, a secondary structure
for the human telomerase RNA (hTR) was proposed based on
a phylogenetic comparison of telomerase RNA components
identified from a variety of vertebrate species (15) (illustrated
in Fig. 1). Four conserved structural elements are universally
present in the predicted secondary structure of vertebrate te-
lomerase RNA: these are the pseudoknot domain, the CR4-
CR5 domain, the H/ACA box, and the CR7 domain. Interest-
ingly, the predicted vertebrate telomerase RNA secondary
structure displays a structural topology similar to the ciliate
telomerase RNA (48).

Human telomerase activity was initially reconstituted in vitro
by the addition of recombinant hTR to micrococcal nuclease-
treated, partially purified 293 cell extracts (5). Using this re-
constitution assay, a minimal functional region of hTR be-
tween nucleotides 44 and 205 was identified. Reconstitution of
human telomerase by the addition of recombinant hTR to in
vitro-translated human TERT (hTERT) in a rabbit reticulo-
cyte lysate (RRL) determined that residues 10 to 159 of hTR
are sufficient to generate weak human telomerase activity in
vitro (9). More recently, in vitro assembly reactions using dif-
ferent hTR truncations and hTERT synthesized separately in
RRL or human cells identified nucleotides 33 and 325 as the 59
and 39 functional boundaries of hTR, respectively (52). This
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latter study also demonstrated that two inactive fragments of
hTR (nucleotides 33 to 147 and 164 to 325) can cooperate to
reconstitute a human telomerase RNP that is catalytically ac-
tive in vitro. However, these studies have not investigated the
molecular interactions between hTERT and hTR.

Structure and function studies of telomerase components
from other organisms have also been performed. Evidence that
specific RNA structures and sequences distinct from the tem-
plate region contribute to the enzymatic action of telomerase
has been reported (10, 49). Telomerase RNA mutations pre-
dicted to perturb the pseudoknot structure of the Tetrahymena
telomerase RNA reconstituted a catalytically active enzyme in
vitro (4, 32) but not in vivo (21). RRL reconstitution of the
Tetrahymena telomerase using RNA subunit variants identified
catalytically inactive mutants that can bind to the protein cat-
alytic component p133 (32) and suggest that telomerase RNA
sequences or structures implicated in binding and catalysis are
functionally distinct. Establishment of the template boundary
by yeast telomerase is determined, at least in part, by a phy-
logenetically conserved secondary structure within the yeast
telomerase RNA subunit (53). A similar function for a con-
served sequence upstream of the template region in the telome-
rase RNA from ciliated protozoa was also reported (3, 35).

Single amino acid substitutions of conserved telomerase mo-
tifs identified an RT-like catalytic mechanism for telomerase
(9, 12, 17, 25, 27, 36, 56). However, the functional role of
TERT domains beyond the RT motifs has not been extensively
studied. Recent reports identified functionally important re-

gions within the amino-terminal domain of the protein cata-
lytic subunit of the Tetrahymena and Saccharomyces cerevisiae
telomerases (13, 20, 57). The data from these studies suggest a
role for the amino terminus of TERT in telomerase RNA
binding. An extensive mutational analysis of the Tetrahymena
TERT has also demonstrated a specific role for certain resi-
dues outside the RT motifs in template definition by Tetrahy-
mena telomerase (41).

Human telomerase activity is detected in more than 85% of
transformed and tumor cell lines, yet it is not observed in most
normal human diploid cells (1, 47, 50). The inhibition of hu-
man telomerase in immortal and cancer cell lines leads to
progressive telomere shortening and, in some cell types, cell
death (26, 29, 59). A better understanding of the role of te-
lomerase in cancer should validate the use of this enzyme as a
target for anticancer therapy (2). Consequently, it is important
to clearly understand how telomerase is regulated and to dis-
sect its mechanism of action. One step essential to the mech-
anism of action of telomerase is the interaction of the telo-
merase RNA with TERT.

We investigated the functional regions of both hTERT and
hTR required for telomerase activity and RNA-protein inter-
actions using human telomerase reconstituted in RRL. Our
results suggest the presence in hTR of at least two independent
hTERT binding sites, located between nucleotides 33 and 147
and nucleotides 164 and 330. We also identified sequences and
possible structures distant from the template region of hTR
that are essential for the reconstitution of human telomerase
activity in vitro. Expression of amino- and carboxy-terminal
hTERT deletions in RRL identified catalytically inactive mu-
tants that retained their ability to associate with hTR, suggest-
ing that the polymerase and RNA binding functions of hTERT
are distinct.

MATERIALS AND METHODS

hTERT and hTR plasmid constructs. Cloning of nucleotides 1 to 451 of hTR
into the pUC119 plasmid (phTR 1 1) has been described previously (5). Simi-
larly, the construction of the hTR substitution mutants hTR170, hTR180, and
hTR190 has also been described (5). Plasmids expressing hTRs, hTR33-147,
hTR164-330, hTR164-208, and hTRACA-TGT were generated by PCR from the
template vector pGRN33 (18) using Pfu polymerase (Stratagene). To generate
phTR33-147, nucleotides 33 to 147 of hTR were amplified by PCR using the 59
primer 59-GGGGAAGCTTTAATACGACTCACTATAGGGCCATTTTTTGT
CTAACCCTAACTG-39 and the 39 primer 59-CGCGGATCCTCCGGAAGGC
GGCAGGCCGAGGC-39, containing HindIII and BspEI sites, respectively.
phTR164-208 and phTR164-330 were constructed using the same 59 primer. The
39 primer was 59-CGCGGATCCCGGGAGGCGAACGGGCCAG-39 for
phTR164-208 and 59-CGCGGATCCCTCGAGACCCGCGGCTGACAGAGC
C-39 for phTR164-330, both containing an XhoI site. The substitution of the
ACA trinucleotide (nucleotide 446 to 448) for TGT in the ACA box of the hTR
was introduced by PCR using the 59 primer hTR 1 1 (59-GGGGAAGCTTTA
ATACGACTCACTATAGGGTTGCGGAGGGTGGGCCTG-39) (5) and the
39 primer 59-CGCGGATCCTGCGCAACAGTGAGCCGAGTCCTGGGTG-
39, containing HindIII and BamHI sites, respectively. The 59 primers used for
these constructs all contain the phage T7 promoter immediately upstream of
hTR sequences. The digested PCR products were cloned into the pUC119
plasmid previously digested with the appropriate restriction enzymes. The se-
quences of the different hTR plasmid constructs were confirmed by dideoxy
sequencing following the manufacturer’s instructions (T7 DNA polymerase se-
quencing kit; Amersham Pharmacia Biotech).

The construction of the pET28b-hTERT expression plasmid has been de-
scribed previously (7). The DCT135 hTERT C-terminal truncation was expressed
using pET28b-hTERT digested with ApaLI (cleaves at position 2992 within
hTERT cDNA), generating a protein product lacking the last 135 amino acids.
The other N- and C-terminal derivatives were generated by PCR amplification

FIG. 1. Secondary structure of hTR with its telomeric template
sequence (nucleotides 46 to 53) and its 59 and 39 ends (adapted from
the work of Chen et al. [15]). Four universally conserved structural
elements among vertebrate telomerase RNAs, including the pseudo-
knot, the CR4-CR5 region, the H/ACA box, and the CR7 region, are
boxed in gray. The P1, P2a.1, P2a, P2b, and P3 helices are indicated.
Arrows indicate the nucleotide positions of the 59 and 39 ends of the
different hTR truncations used in this study.
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using pET28b-hTERT as a template and the appropriate pairs of primers. After
digestion of the different PCR products with the appropriate restriction enzymes,
the hTERT cDNA derivatives were cloned into the pET28 vectors (Novagen).

Preparation of gel-purified hTRs. The different RNAs used in the coupled in
vitro transcription-translation reactions in RRLs were transcribed in vitro using
T7 RNA polymerase (New England Biolabs). Full-length hTR (nucleotides 1 to
451) and hTRs containing nucleotides 1 to 424 (hTR1-424), 1 to 276, 1 to 205, 1
to 182, 1 to 168, and 1 to 159 were in vitro transcribed from the phTR 1 1
construct (5) previously digested with FspI, ApaLI, BspEI, SmaI, PvuII, BbvI, and
XbaI, respectively. The plasmids phTR170, phTR180, phTR190, and phT-
R(ACA-TGT) were digested with FspI, whereas phTR33-147, phTR164-208, and
phTR164-330 were digested with BspEI, BamHI, and XhoI, respectively. Fol-
lowing in vitro transcription, the reaction products were DNase treated and
purified on denaturing acrylamide gels as described previously (6). The concen-
trations of the gel-purified RNAs were determined by spectrophotometry, and
their integrity and size were confirmed by either ethidium bromide staining of
denaturing acrylamide gels or Northern blotting.

In vitro transcription and translation. Wild-type and hTERT derivatives
engineered to have a T7 epitope tag at the amino terminus were synthesized in
RRLs by incubating pET28b-hTERT or the different pET28-hTERT derivatives
in coupled transcription-translation (Promega) reaction mixtures (20 to 25 ml) at
a final concentration of 25 ng/ml, in the presence or absence of 2.5 to 5.0 ng of
full-length or mutant gel-purified hTR derivatives/ml. Expression in RRL fol-
lowed the instructions of the manufacturer (Promega) using [35S]methionine
(NEN) to radiolabel hTERT during protein synthesis.

Immunoprecipitations. Immunoprecipitations were performed by incubating
10 to 13.5 ml of reticulocyte lysate with protein A-Sepharose beads that had
previously been coated with T7 monoclonal antibody (Novagen) in lysis buffer
(10 mM Tris-HCl [pH 7.5], 2.0 mM MgCl2, 1.0 mM EGTA, 5.0 mM b-mercap-
toethanol, 20% glycerol, 150 mM NaCl, 1% NP-40, 0.25 mM sodium deoxy-
cholate, 0.2 mM 4-(2-aminoacyl) benzene sulfonyl fluoride hydrochloride
(AEBSF), 0.5 mg of leupeptin/ml, 1 g of pepstatin/ml, 38 U of RNAguard
[Amersham Pharmacia Biotech]/ml). After a 2- to 3-h incubation at 4°C, protein
A-Sepharose-coated beads were washed four times using 1 ml of lysis buffer and
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), telomeric repeat amplification protocol (TRAP) assay, or Northern
analysis.

Northern analysis. Total RNA was extracted from RRLs by diluting 5 ml of
RRL reaction mixtures with 45 ml of H2O and by the addition of 450 ml of Trizol
reagent (GIBCO BRL). To prepare RNA from antibody-coated beads, 75 to
90% of the immunoprecipitates were treated once with phenol and once with

chloroform-isoamyl alcohol (24:1) and precipitated with 0.1 volume of 3 M
sodium acetate and 2.5 volumes of ethanol in the presence of 10 mg of Esche-
richia coli tRNA (Sigma). RNAs were separated by electrophoresis on either 4 or
6% acrylamide–7 M urea–0.63 Tris-borate-EDTA gels and then electrophoreti-
cally transferred to nylon membranes (Hybond1; Amersham Pharmacia Bio-
tech) in 6 mM trisodium citrate–8 mM dibasic sodium phosphate for 2 h at 350
mA. Blots were probed with random-primed hTR cDNA (8), and hybridizations
were performed at 55°C.

Telomerase activity assays. Telomerase activity was assayed by a two-tube
modified TRAP as described previously (7). The positive control used in TRAP
assays consisted of partially purified 293 cell extracts prepared as previously
described (5).

RESULTS

Nucleotides 1 to 159 of hTR are sufficient for a stable inter-
action with hTERT in vitro. Reconstitution of human telo-
merase activity with recombinant hTR has been accomplished
in systems such as RRL (9, 56) and the yeast Saccharomyces
cerevisiae (7) and by using purified recombinant hTERT ex-
pressed from baculovirus-infected cells (39). These results sug-
gest that the minimal components required to reconstitute
human telomerase in vitro are hTERT and hTR. The ability to
reconstitute human telomerase with only these two compo-
nents in vitro and the mechanistic similarity of hTERT to RTs
(12, 36, 41, 56) suggest a stable interaction between the protein
catalytic subunit and the RNA component of telomerase.

Modified hTRs that had different 39 truncations or the
hTR(ACA-TGT) substitution were added to RRL reaction
mixtures during hTERT synthesis to identify hTR sequences or
structures that bind the protein catalytic subunit in vitro (Fig.
2). The predicted secondary structures altered in the different
hTR variants are described in Table 1 and shown in Fig. 1.
Northern blot analysis using an hTR-specific probe was per-
formed on the total RNA extracted from these RRL reactions
to demonstrate that the levels and stabilities of the various

FIG. 2. Sequences or structures located between nucleotides 276 and 424 of hTR are necessary for telomerase activity reconstitution in vitro.
(A) Northern blot of total RNA harvested from RRLs in which hTERT was synthesized in the absence of hTR (lane 1) or the presence of wild-type
hTR (lane 2), hTR(ACA-TGT) (lane 3), or 39-truncated hTRs (lanes 4 to 9). The Northern blot was probed for hTR-specific sequences. M, DNA
markers (sizes, in base pairs, are on the left). RNAs were separated by electrophoresis on a 4% acrylamide–7 M urea gel. (B and C) Equal volumes
of RRL reaction products generated in the absence (2) or presence of the different hTR variants were subjected to immunoprecipitation (IP) with
an antibody to the T7 tag. The washed beads were analyzed for telomerase activity (B) and hTERT-hTR coimmunoprecipitation (C). For panel
B, telomerase activity was analyzed by the TRAP assay, and 100 ng of partially purified 293 cell extracts was used as a positive control (lane 19).
IC, internal PCR control; WT, wild-type. For panel C, hTERT-hTR coimmunoprecipitation was analyzed by Northern blotting using an
hTR-specific probe. The arrowheads indicate the positions at which hTR1-451 and hTR1-159 migrate.
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hTRs in the lysates were not grossly different (Fig. 2A). These
lysates were subjected to immunoprecipitation using an anti-
body to the T7 tag located at the amino terminus of hTERT.
The abilities of the different RNAs to reconstitute human
telomerase activity (Fig. 2B) and to associate with hTERT (as
determined by their coimmunoprecipitation with hTERT)
(Fig. 2C) were analyzed. Immunoprecipitates prepared from
lysates that expressed hTERT in the presence of wild-type
hTR reconstituted human telomerase activity (Fig. 2B, lane
11) and contained hTR1-451 (Fig. 2C, lane 21). Human telom-
erase activity and hTR were not recovered from protein A-
Sepharose if the T7 tag antibody was omitted (data not shown).
In addition, an immunoprecipitate from a lysate in which
hTERT was synthesized in the absence of hTR (Fig. 2A, lane
1) did not reconstitute human telomerase activity (Fig. 2B,
lane 10) nor contain hTR (Fig. 2C, lane 20). All of the tested
hTR variants were capable of associating with hTERT (Fig.
2C, lanes 22 to 28). However, only hTR1-451, hTR(ACA-
TGT), and hTR1-424 reconstituted a catalytically active hu-
man telomerase RNP in vitro (Fig. 2B). These results suggest
that the first 159 nucleotides of hTR are sufficient for a stable
interaction with hTERT but sequences or structures between
nucleotides 276 and 424 of hTR are necessary for the enzy-
matic function of telomerase in vitro.

Sequences or structures located between nucleotides 170
and 200 of hTR are required for a catalytic function in the

telomerase RNP. Substitution of nucleotides 170 to 179
(hTR170), 180 to 189 (hTR180), and 190 to 199 (hTR190) of
hTR greatly impairs the ability of hTR to reconstitute human
telomerase activity in vitro (5) (Table 1). Nucleotides 174 to
183, which are predicted to be part of the P3 helix in the hTR
pseudoknot (15) (Fig. 1), are replaced in the hTR170 and
hTR180 variants. To investigate whether these mutated hTRs
are defective in binding to hTERT, we used the RRL expres-
sion system to examine the abilities of hTR170, hTR180, and
hTR190 to reconstitute human telomerase activity and to spe-
cifically associate with hTERT in vitro.

hTERT was synthesized in RRL in the absence or presence
of gel-purified wild-type hTR, hTR170, hTR180, and hTR190
(Fig. 3A, lanes 1 to 5). Using the T7 tag antibody, immuno-
precipitates were prepared from these lysates and analyzed for
the ability to reconstitute telomerase activity (Fig. 3B) and for
hTERT-hTR binding by Northern blot analysis of the coim-
munoprecipitated RNAs (Fig. 3C). hTR190 reconstituted low
levels of human telomerase activity (Fig. 3B, lane 15). Immu-
noprecipitates prepared from RRL reactions that expressed
hTERT in the presence of either hTR170 or hTR180 con-
tained low (hTR170) (Fig. 3B, lane 13) and undetectable
(hTR180) (lane 14) levels of telomerase activity. Northern blot
analysis of coimmunoprecipitated RNAs demonstrated that all
three mutated hTRs were capable of associating with hTERT
as efficiently as wild-type hTR (Fig. 3C, compare lanes 24 to 26

TABLE 1. Summary of hTR mutations analyzed in this study and their telomerase activity and extent of binding to hTERT

Telomerase RNA Size
(nucleotides) Sequence and/or structure alterationsa

Telomerase activityb
hTERT

bindingb,d
293c RRLd

hTR1-451 451 None 111 111 111
hTR1-424 424 Delete 39 terminal 27 nt; delete ACA box; partly

disrupt the CR7 domain
111 111 111

hTR1-276 276 Delete 39 terminal 175 nt; delete H/ACA box and
CR7 domains; disrupt CR4-CR5 domain

111 2 11

hTR1-205 205 Delete 39 terminal 246 nt; delete H/ACA box, CR7,
and CR4-CR5 domains

11 2 11

hTR1-182 182 Delete 39 terminal 269 nt; delete H/ACA box, CR7,
and CR4-CR5 domains; partly disrupt pseudoknot

1/2 2 11

hTR1-168 168 Delete 39 terminal 283 nt; delete H/ACA box, CR7,
and CR4-CR5 domains, disrupt pseudoknot domain

1/2 2 11

hTR1-159 159 Delete 39 terminal 292 nt; delete H/ACA box, CR7,
and CR4-CR5 domains, disrupt pseudoknot domain

2 2 11

hTR170 451 Substitute nt 170–179; disrupt part of P3 helix of
pseudoknot

1/2 1/2 111

hTR180 451 Substitute nt 180–189; disrupt part of P3 helix of
pseudoknot

1/2 2 111

hTR190 451 Substitute nt 190–199; disrupt part of P1 helix 1 1 111
hTR(ACA-TGT) 451 Replace ACA with TGT (nt 446–448) ND 111 111
hTR33-147 114 Span nt 33–147; lacks P1 helix, complete pseudoknot,

CR4-CR5 domain, H/ACA box, and CR7 domains
ND 2 1

hTR164-208 42 Span nt 164–208; lacks template sequence,
pseudoknot, CR4-CR5, H/ACA, and CR7 domains

ND 2 2

hTR164-330 166 Span nt 164–330; lacks template sequence,
pseudoknot, H/ACA box, and CR7 domains

ND 2 11

hTR33-147 1 hTR164-208 114; 42 See hTR33-147 and hTR164-208 ND 2 1; 2
hTR33-147 1 hTR164-330 114; 166 See hTR33-147 and hTR164-330 ND 111 1; 11

a Structural alterations of hTR variants are based on the predicted secondary structure of hTR described by Chen et al. (15), which is shown in Fig. 1. nt, nucleotides.
b The telomerase activity and hTERT binding ability of the different hTR mutations are scored relative to those of wild-type hTR.
c The ability of various mutated hTRs to reconstitute telomerase activity from micrococcal nuclease-treated, partially purified 293 extracts was previously determined

(5). ND, not determined.
d Telomerase activity and hTERT binding of immunoprecipitates from rabbit reticulocyte lysates (RRL) that expressed hTERT in the presence of the different hTR

derivatives.
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to lane 23). These results indicate that sequences or structures
located between nucleotides 170 and 200 of hTR are required
for the enzymatic action of the telomerase RNP rather than
hTERT binding.

Two independent hTERT binding sites exist within hTR.
Human telomerase can be reconstituted in RRL by expressing
hTERT in the presence of two inactive, nonoverlapping seg-
ments of hTR (nucleotides 33 to 147 and 164 to 325) (52). To
determine whether hTR fragments spanning nucleotides 33 to
147, 164 to 208, and 164 to 330 bind the protein catalytic
subunit, hTERT was expressed in RRL in the presence of
distinct hTR segments (hTR33-147, hTR164-208, hTR164-
330), individually or pairwise (Fig. 3A, lanes 6 to 10; also Table
1 and Fig. 1). Immunoprecipitates were prepared from these
lysates using the T7 tag antibody and analyzed for telomerase
activity (Fig. 3B) and hTERT-hTR coimmunoprecipitation
(Fig. 3C).

Human telomerase activity was detected from the immuno-
precipitate of a lysate that expressed hTERT in the presence of
a mixture of hTR33-147 and hTR164-330 (Fig. 3B, lane 20)
(52). Northern blot analysis of RNAs extracted from the im-
munoprecipitates demonstrated that both hTR fragments (nu-
cleotides 33 to 147 and 164 to 330) associated with hTERT
(Fig. 3C, lane 31). Immunoprecipitates prepared from RRL
extracts in which hTERT was synthesized in the presence of
either hTR33-147 or hTR164-330 did not reconstitute human
telomerase activity (Fig. 3B, lanes 16 and 18, respectively).
This result is consistent with the observation by Tesmer et al.
(52) that these two hTR segments, separately, are unable to
reconstitute a catalytically active telomerase RNP in vitro.
Nonetheless, both hTR33-147 and hTR164-330 were indepen-
dently capable of binding hTERT, albeit with different effi-
ciencies (Fig. 3C, lanes 27 and 29, respectively). An RNA

composed of nucleotides 164 to 330 of hTR was coimmuno-
precipitated with hTERT (compare the amount of input RNA
[Fig. 3A, lane 8] to bound RNA [Fig. 3C, lane 29]), whereas
significantly less hTR33-147 was coimmunoprecipitated (com-
pare Fig. 3A and C for hTR33-147). These results suggest that
two different regions, one located between nucleotides 33 and
147 and the other between nucleotides 164 and 330 of hTR,
independently interact with the protein catalytic subunit with
qualitatively different efficiencies.

Immunopurified hTERT expressed in the presence of
hTR164-208 alone or in combination with hTR33-147 did not
reconstitute human telomerase activity (Fig. 3B, lanes 17 and
19). Northern blot analysis of coimmunoprecipitated RNAs
indicated that the levels of hTR164-208 that associated with
hTERT varied from undetectable (Fig. 3C, lanes 28 and 30) to
extremely low (data not shown). In contrast, hTR164-330
formed a stable complex with hTERT (Fig. 3C, lanes 29 and
31), suggesting that sequences or structures located between
nucleotides 208 and 330 of hTR may be important for hTERT-
hTR interactions as well as for the activation of telomerase in
vitro (lanes 19 and 20 of Fig. 3B).

Regions within the amino and carboxy termini of hTERT
play functionally different roles in telomerase catalysis and
hTR binding in vitro. One of the features that distinguish
telomerase from conventional RTs is that the telomerase RNA
is an intrinsic component of the enzyme (24, 45). Recent evi-
dence suggests a functional role for the amino-terminal do-
main of the yeast and Tetrahymena TERTs in telomerase RNA
binding (13, 20). In order to investigate the function of regions
outside the RT motifs of the human telomerase protein cata-
lytic subunit, we generated amino (N)- and carboxy (C)-termi-
nal deletions of hTERT (Fig. 4) and used the RRL expression
system to assay the ability of each truncation mutant to recon-

FIG. 3. Role of the P3 helix of the hTR pseudoknot in telomerase function and two independent hTERT binding sites within hTR. (A)
Northern blot of total RNA harvested from RRLs in which hTERT was synthesized in the absence of hTR (lane 1) or presence of wild-type hTR
(lane 2) and hTR variants. The Northern blot was probed for hTR-specific sequences. M, DNA markers (sizes, in base pairs, are on the left). RNAs
were separated by electrophoresis on a 6% acrylamide–7 M urea gel. (B and C) Equal volumes of RRL reaction products generated in the absence
(lanes 11 and 22) or presence of the different hTR variants were subjected to immunoprecipitation (IP) with an antibody to the T7 tag. The washed
beads were analyzed for telomerase activity (B) and hTERT-hTR coimmunoprecipitation (C). For panel B, telomerase activity was analyzed by
the TRAP assay, and 100 ng of partially purified 293 cell extracts were used as a positive control (lane 21). IC, internal PCR control; WT, wild-type.
For panel C, hTERT-hTR coimmunoprecipitation was analyzed by Northern blotting using an hTR-specific probe. The arrowheads indicate the
positions at which full-length hTR (FLhTR), hTR164-330, and hTR33-147 migrate.
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stitute telomerase activity and bind hTR in vitro. Full-length
hTERT and those with N- and C-terminal deletions were syn-
thesized in RRL in the presence of gel-purified wild-type hTR
and [35S]methionine (Fig. 5A). Immunoprecipitates were pre-
pared from these lysates using the T7 tag antibody (Fig. 5B)
and subjected to telomerase activity assays (Fig. 5C). None of
the N- and C-terminal hTERT deletion mutants reconstituted
human telomerase activity (Fig. 5C, lanes 14 to 22), whereas
full-length hTERT efficiently reconstituted activity (Fig. 5C,
lane 13).

Coimmunoprecipitation of the RNAs was analyzed by
Northern blotting using an hTR-specific probe (Fig. 5D) to
determine if the N- and C-terminal hTERT truncations af-
fected hTR binding. The two catalytically inactive hTERT con-
structs with C-terminal deletions bound hTR (Fig. 5D, lanes 26
to 27). An immunoprecipitate from a lysate that expressed the
DCT186 truncation contained hTR levels similar to those of an
immunoprecipitate from a lysate that expressed full-length
hTERT (Fig. 5D, compare lanes 27 and 25), yet the amount of
hTR coimmunoprecipitated by the DCT135 construct with the
C-terminal deletion was significantly less (lane 26). However,
this result is consistent with the lower levels of the DCT135
protein that were expressed and immunoprecipitated from the
lysate in this particular experiment (Fig. 5A and B, lanes 3).
These results indicate that the defect in the enzymatic activity
of the two C-terminal hTERT deletions is not caused by a
deficiency in hTR binding.

Immunoprecipitates from RRL extracts that expressed the
DNT180 and DNT280 hTERT constructs with N-terminal trun-
cations contained higher levels of hTR than an immunopre-

cipitate from a lysate expressing full-length hTERT (Fig. 5D,
compare lanes 28 and 29 to lane 25). However, higher levels of
these two N-terminally deleted proteins were observed after
immunoprecipitation from RRL extracts (Fig. 5B, compare
lanes 5 and 6 to lane 2). Deletion of the first 350 amino acids
of hTERT significantly compromised its ability to associate
with hTR in vitro (Fig. 5D, lane 30). Two larger N-terminal
truncations of hTERT (DNT542 and DNT595) (Fig. 5D, lanes
31 to 32) and hTERT containing the RT motifs in the presence
or absence of the T motif (Fig. 5D, lanes 33 to 34) weakly
coimmunoprecipitated hTR from RRL extracts. These results
indicate that the loss of enzymatic activity of certain hTERT
truncated proteins (specifically the two with C-terminal dele-
tions and the DNT180 and the DNT280 deletions) is not caused
by an altered ability of the mutant proteins to associate with
hTR in vitro.

DISCUSSION

We demonstrated evidence for the existence of two distinct
hTERT binding regions within hTR, located between nucleo-
tides 33 and 147 and nucleotides 164 and 330. Our data also
suggest a catalytic role for nucleotides 170 to 190 in the for-
mation of the predicted pseudoknot in hTR, rather than a role
in hTERT binding in vitro. The function of regions outside
hTERT RT motifs was also examined by expressing a set of
amino- and carboxy-terminal deletions in RRL. Our data sup-
port a role for N-terminal regions of hTERT in binding hTR.
Furthermore, we defined domains of hTERT essential for te-
lomerase activity that are not involved in binding hTR in vitro.

FIG. 4. Summary of hTERT truncations analyzed and their telomerase activity and extent of binding to hTR. Schematic representation of the
human telomerase RT with the seven conserved RT-like motifs (1, 2, A, B9, C, D, and E) as well as the T motif (44). Amino- and carboxy-terminal
deletions in hTERT (including amino acid positions) are indicated along with the relative telomerase activities and hTR binding abilities these
proteins demonstrated after their immunoprecipitation from RRLs in which they were expressed in the presence of recombinant hTR. All these
proteins were engineered to express an N-terminal epitope tag (T7 tag).
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The telomerase RNA variants described in this study were
assayed for hTERT binding and reconstitution of human telo-
merase activity in RRLs. The effects of the RNA mutations on
telomerase activity and hTERT binding may be indirect if the
mutated RNAs differentially fold and alternatively base pair
during in vitro transcription. Secondary structure analysis of
these mutated RNAs will be required to assess the different
roles of RNA folding, binding, and catalysis. However, all of
the hTR variants analyzed in this study (except hTR164-208)
retained telomerase activity and/or hTERT-binding ability,
suggesting that the mutated RNAs are not grossly misfolded.

The evolutionarily conserved CR7 and H/ACA box domains
of hTR are dispensable for the reconstitution of human telo-
merase activity in vitro. In addition to a highly conserved
template region, vertebrate telomerase RNAs contain four
predicted structural elements: a pseudoknot, the CR4-CR5
domain, the H/ACA box, and the CR7 domain (15) (Fig. 1).
The evolutionary conservation of these domains suggests im-
portant roles for these regions in vertebrate telomerase RNA
stability, RNP assembly, or function. The abilities of hTR1-424
and hTR(ACA-TGT) to bind hTERT (Fig. 2C) and to recon-
stitute human telomerase activity (Fig. 2B) suggest that the
H/ACA box and the CR7 domain are dispensable in vitro.
These observations are consistent with previous reports that
examined the functional regions of hTR (5, 9, 43, 52). The CR7
domain is not conserved in small nucleolar RNAs (15), and it
may play a specific role in vertebrate telomerase RNA function

in vivo rather than in vitro, as demonstrated for the H/ACA
box of hTR (42, 43).

Role of the hTR pseudoknot in the enzymatic function of
human telomerase. Ciliate and vertebrate telomerase RNAs
possess pseudoknots that are relatively similar in structural
topology (15, 48, 51). The hTR pseudoknot is established by
helices P2a, P2b, and P3 (Fig. 1). The P3 helix is formed by
base pairing between nucleotides 107 and 115 and nucleotides
174 and 183 of hTR (15). An hTR variant with a 17-nucleotide
insertion at position 176 of hTR is unable to reconstitute hu-
man telomerase activity both in vivo (18) and in vitro (5). This
insertion was suggested to disrupt the pseudoknot of hTR (15).
Similarly, two of the hTR variants with 10-nucleotide substitu-
tions, hTR170 and hTR180, likely perturb the P3 helix within
the hTR pseudoknot (Fig. 1 and Table 1). Our results using the
RRL reconstitution system demonstrated that hTR170 and
hTR180 bound hTERT (Fig. 3C). However, the hTR170 and
hTR180 substitutions significantly altered the ability of hTR to
reconstitute a catalytically active telomerase RNP in vitro, sug-
gesting a role for the P3 helix of the hTR pseudoknot in a
specific enzymatic action of telomerase but not in hTERT
binding. The hTR190 substitution, which is predicted to affect
the P1 rather than the P3 helix (15) (Fig. 1), reconstituted
human telomerase activity more efficiently than hTR170 and
hTR180 (reference 5 and this study) (Table 1). This result
suggests that the P1 helix of hTR is not as critical as the P3
helix and is consistent with the observation that nucleotides 59

FIG. 5. The polymerization and RNA binding functions of hTERT are independent in vitro. (A) Equal volumes of lysate in which the different
hTERT proteins (indicated above each lane) were synthesized in the presence of recombinant hTR and [35S]methionine were analyzed for protein
expression by 7.5% SDS-PAGE. The gel was dried and exposed to a phosphorimager screen. FLhTERT, full-length hTERT; CT, C-terminal; NT,
N-terminal; MOT, motif; M, protein markers (masses, in kilodaltons, are on the right). Equal volumes of the different RRL reaction products were
subjected to immunopurification using the T7 tag antibody. The washed beads were analyzed for protein levels using 7.5% SDS-PAGE (B),
telomerase activity (C), and hTERT-hTR coimmunoprecipitation (D). (C) Telomerase activity was analyzed by the TRAP assay, and 100 ng of
partially purified 293 cell extracts was used as a positive control (lane 23). IC, internal PCR control. (D) hTERT-hTR coimmunoprecipitation was
analyzed by Northern blotting using an hTR-specific probe. FLhTR, full-length hTR.
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of the template that are involved in the formation of the P1
helix are dispensable for telomerase activity in vitro (5, 9, 52).
Furthermore, telomerase RNAs from mice and other rodents
do not contain the P1 helix (15, 30). In Tetrahymena, the
pseudoknot of the telomerase RNA is essential for telomerase
RNP assembly and activity in vivo (21). However, mutations
predicted to destabilize the pseudoknot structure of the Tetra-
hymena telomerase RNA do not significantly perturb telomerase
activity in vitro (4, 32), indicating that the conditions required
for the assembly of a functional telomerase RNP may differ in
vitro and in vivo. A more detailed analysis of the hTR
pseudoknot will be required to establish the specific role of this
structure in the enzymatic function of human telomerase both
in vitro and in vivo.

Two independent hTERT binding sites within hTR. The
hTERT-hTR interaction studies suggest that two segments of
hTR can independently associate with hTERT in vitro. One
hTR fragment, containing the template sequence, spans nucle-
otides 33 to 147, whereas the other, containing the conserved
CR4-CR5 domain, consists of nucleotides 164 to 330 of hTR.
Base-pairing interactions through helix P3 may, however, bring
these two regions together into one structure in vitro. An RNA
composed of nucleotides 33 to 147 of hTR is not predicted to
form a complete pseudoknot (Fig. 1). The single-stranded tem-
plate region of hTR alone is unlikely to provide specific and
high-affinity binding to hTERT, since the template must be
accessible to hybridize to the substrate DNA during telomere
synthesis. In vivo chemical modification of the Tetrahymena
telomerase RNA indicates that nucleotides within the template
region are not constantly associated with proteins (58). In
addition, the template sequences of yeast and Tetrahymena
telomerase RNAs have been completely replaced by heterol-
ogous sequences without affecting RNP assembly or catalytic
activity (28, 55).

Our data and recent work by others (43, 52) suggest that
hTERT binding to the evolutionarily conserved CR4-CR5 do-
main of hTR is necessary for the formation of a fully active
human telomerase RNP. First, the hTR coimmunoprecipita-
tion experiments suggest that sequences or structures located
between nucleotides 208 and 330 of hTR (which contain the
CR4-CR5 domain [Fig. 1]) are critical for the efficient binding
of hTR to hTERT (Fig. 3C). Second, hTR1-276 is unable to
reconstitute human telomerase activity (Fig. 2), whereas the
combination of hTR33-147 and hTR164-330 reconstitutes a
catalytically active telomerase (Fig. 3). Therefore, nucleotides
276 to 330 of hTR are required for the reconstitution of a fully
active telomerase RNP in vitro. hTR164-330 forms the CR4-
CR5 domain in hTR, whereas nucleotides 1 to 276 are not
sufficient for the formation of the CR4-CR5 stem-loop struc-
ture (Fig. 1). Similarly, a 151-nucleotide deletion at the 39 end
of hTR (1 to 300), which deletes part of the CR4-CR5 domain,
drastically alters the ability of hTR to reconstitute human
telomerase activity in vitro using hTERT previously synthe-
sized in RRL (52). However, nucleotides 1 to 325 of hTR,
which include the conserved CR5 sequences necessary for the
formation of the CR4-CR5 stem-loop structure, are sufficient
to produce levels of telomerase activity similar to those of
wild-type hTR (52).

Our data suggesting that the CR4-CR5 domain of hTR is
required for the formation of a fully active human telomerase

RNP in vitro is, however, not entirely supported by previous
studies. hTR truncations as short as 1 to 205 nucleotides (5)
and 10 to 159 nucleotides (9) are sufficient to reconstitute low
levels of human telomerase activity in vitro. In this regard, we
occasionally detected human telomerase activity from crude
RRL extracts that expressed hTERT in the presence of hTR1-
276 (data not shown) but not from the immunoprecipitates
(Fig. 2). The immunopurification procedure may select telo-
merase RNPs that can maintain a stable catalytically active
conformation in vitro.

Mitchell and Collins (43) recently reported that hTR har-
bors two independent hTERT binding sites, one located within
nucleotides 1 to 209 and the other between nucleotides 241
and 330 of hTR. Nucleotides 241 to 330 of hTR contain the
conserved CR4-CR5 domain and are necessary for the recon-
stitution of telomerase activity in vivo. Furthermore, this latter
region is necessary and sufficient for the reconstitution of hu-
man telomerase activity in vitro when added in trans with
hTR1-209 to hTERT previously synthesized in RRL (43).
However, this study and the one by Mitchell and Collins (43)
have not distinguished between a binding and a catalytic func-
tion for the CR4-CR5 domain. The requirement for the CR4-
CR5 domain of hTR to reconstitute a fully active human telo-
merase RNP may reflect essential physical contacts between
this domain and hTERT and/or a direct role in catalytic func-
tions, as was recently demonstrated for a specific structure
within the yeast telomerase RNA (53). Similarly, binding to a
specific stem-loop structure within the pregenomic RNA of the
hepatitis B virus is also critical for the catalytic activation of
this viral RT (54).

Domains outside hTERT RT motifs are important for human
telomerase activity in vitro. We investigated the functional role of
regions outside the hTERT RT motifs by analyzing the catalytic
activity of different amino- and carboxy-terminal hTERT dele-
tions in vitro. Human telomerase activity was completely abol-
ished by deleting 180 and 135 amino acids at the N and C termini,
respectively (Fig. 5). The two constructs with C-terminal hTERT
deletions, as well as the DNT180 and DNT280 truncated proteins,
bound hTR, though they did not reconstitute a catalytically active
enzyme, suggesting that these proteins are not grossly misfolded.
hTERT lacking the first 350 amino acids did not associate effi-
ciently with hTR in vitro, whereas hTERT lacking C-terminal
amino acids up to motif E bound hTR. These results suggest that
a binding domain for hTR may be located within the amino
terminus of hTERT. Recent evidence for an RNA binding func-
tion in the amino terminus of TERT from S. cerevisiae (20) and
Tetrahymena (13) support this proposal. Site-directed mutagene-
sis of Tetrahymena TERT (tTERT) established a critical role for
both the ciliate-specific (CP) and the T motifs in RNA binding,
whereas mutations in tTERT RT motifs had little effect on te-
lomerase RNA binding (13). However, the CP motif is not highly
conserved in TERTs of nonciliates, and it is likely that the RNA
binding domains of TERTs from different organisms vary.

Sequence alignments between TERTs have identified new
blocks of conservation in their amino termini in addition to the
previously described RT and T motifs (36, 37, 41, 44, 57). One
of these regions was independently found by three groups (37,
41, 57) and spans amino acids 134 to 175 of hTERT. This
region is absent in the DNT180 N-terminal-deletion construct,
which was catalytically inactive in vitro (Fig. 4). This result,
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together with data from the mutational analysis of conserved
residues within this new motif (41, 57), suggests an important
role for this region in telomerase function.

We have identified functional regions within hTR and the
human protein catalytic subunit that are essential for the re-
constitution of telomerase activity in vitro. We demonstrated
that two nonoverlapping regions of hTR can independently
associate with hTERT in vitro and suggest a role for the hTR
pseudoknot in the enzymatic action of telomerase. Our data
also establish a role for the amino-terminal region of hTERT
in binding hTR in vitro and demonstrate that domains outside
the conserved RT motifs of hTERT are essential for telome-
rase reconstitution. A better knowledge of the interactions
between the RNA and protein subunits of telomerase, as well
as with telomerase-associated proteins, will help to elucidate
the molecular mechanisms involved in the assembly, regula-
tion, and mechanism of action of the telomerase RNP.
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ADDENDUM IN PROOF

Since the submission of this paper, an analysis of hTERT-
hTR interactions was also reported by T. L. Beattie et al. (Mol.
Biol. Cell 11:3329–3340, 2000).
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