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Telomerase is a ribonucleoprotein reverse transcriptase specialized for use of a sequence within its integral
RNA component as the template for DNA synthesis. Telomerase adds telomeric simple sequence repeats to
single-stranded primers in vitro or chromosome ends in vivo. We have investigated the sequences and
structures of recombinant Tetrahymena thermophila telomerase RNA necessary for physical association and
activity with the catalytic protein subunit expressed in rabbit reticulocyte lysate. In contrast with previous
results using another reconstitution method, we find that phylogenetically conserved primary sequences and a
phylogenetically nonconserved secondary structure are essential for telomerase RNA function. Telomerase
RNA binding to the catalytic protein subunit requires sequences 5* of the template and is highly sequence
specific. Other telomerase RNA sequences are required for enzyme activity and proper template use but not
for protein interaction affinity. In addition, we demonstrate that the production of active recombinant
telomerase requires a factor in rabbit reticulocyte lysate that promotes ribonucleoprotein assembly. These
studies demonstrate multiple functions for the telomerase RNA and indicate that recombinant telomerase
activity requires more than the catalytic protein and RNA components of the enzyme that have been
identified to date.
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Telomerase extends a substrate’s 38 end by addition of
the T+G strand of telomeric simple-sequence repeat
DNA. The sequence specificity of DNA synthesis is di-
rected by a template sequence within the intrinsic RNA
component of the ribonucleoprotein (RNP) enzyme
(Greider and Blackburn 1989; Yu et al. 1990). This makes
telomerase a reverse transcriptase with an unprec-
edented mode of template recognition. Substrate recog-
nition by telomerase is also atypical of other reverse
transcriptases. Primers lacking any complementarity to
the template can be elongated, albeit less efficiently than
primers with a template-complementary 38 end (for re-
view, see Collins 1999). In vivo, telomeres are the pre-
ferred telomerase substrates although healing of broken
chromosome ends without any telomeric repeat homol-
ogy is also observed (for review, see Melek and Shippen
1996). In some cell types, telomerase activity at telo-
meres regulates cellular proliferative life span. Most cell
cultures lacking telomerase activity experience a prolif-
eration-dependent telomeric repeat attrition and ulti-
mately stop dividing when telomeres become critically
compromised (for review, see Harley and Villeponteau
1995). In fibroblasts, activation of telomerase is suffi-
cient to confer indefinite proliferative capacity (Bodnar

et al 1998). Thus, telomerase activity may function in
vivo to govern a telomere-based mitotic clock.

The RNA subunit of telomerase has been identified in
numerous organisms (for review, see Greider 1996).
Large differences in length are observed among ciliate,
yeast, and mammalian telomerase RNAs. Only a small
percentage of the total telomerase RNA sequence serves
as the template for telomeric repeat DNA synthesis. For
the 148- to 209-nucleotide ciliate telomerase RNAs, con-
served elements of primary sequence and secondary
structure have been discerned by phylogenetic compari-
son (Romero and Blackburn 1991; Lingner et al. 1994;
McCormick-Graham and Romero 1995, 1996). Direct as-
says of RNA accessibility to modification in the RNP
(Zaug and Cech 1995) support the model for Tetrahy-
mena thermophila telomerase RNA secondary structure
shown in Figure 1. The function of the T. thermophila
telomerase RNA has been investigated by RNP reconsti-
tution either in vivo, following introduction of mutant
telomerase RNA genes (Yu et al. 1990), or in vitro, fol-
lowing micrococcal nuclease (MNase) digestion of en-
dogenous RNA and addition of an in vitro transcribed
substitute (Autexier and Greider 1994). Activity assays
with telomerase RNAs differing in their template se-
quences indicate that template-copying efficiency and
fidelity depend on the template sequence in a complex
manner (for review, see Collins 1999). These studies sug-
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gest that template function involves more than just base-
pairing with substrate dNTPs.

Protein components of telomerase RNPs have been
discovered also (for review, see Nugent and Lundblad
1998). The telomerase reverse transcriptase or TERT
subunit has been identified in species ranging from cili-
ates to mammals. The TERT protein is required for en-
zyme activity and contains the sequence motifs of a
polymerase active site (Lingner et al. 1997; Nakamura
and Cech 1998). Human or T. thermophila TERT ex-
pressed in rabbit reticulocyte lysate with the cognate
telomerase RNA produces a telomerase activity that
copies the correct six-nucleotide RNA template (Beattie
et al. 1998; Collins and Gandhi 1998; Weinrich et al.
1997). Although recombinant T. thermophila TERT and
telomerase RNA are sufficent to define the template se-
quence, not all substrates elongated by the endogenous
enzyme are recognized by the recombinant telomerase
RNA–TERT complex. Primer use by the recombinant
enzyme is most consistent with an incomplete reper-
toire of substrate interaction sites (Collins and Gandhi
1998). Additional telomerase proteins have been charac-
terized in T. thermophila and mammalian cells. The T.
thermophila proteins p80 and p95 interact with telom-
erase RNA and TERT, and p95 binds single-stranded sub-
strate DNAs (Collins et al. 1995; Collins and Gandhi
1998; Gandhi and Collins 1998). The mammalian TEP1
protein has sequence homology to p80 and also interacts
with telomerase RNA and TERT (Harrington et al.
1997a,b; Nakayama et al. 1997). Surprisingly, none of the
primary sequences of known telomerase proteins reveals
any recognizable motif for interaction with nucleic acid.
This may reflect novel types of interactions between
telomerase proteins and telomerase RNA or substrate
DNA.

In this report, we have used reconstitution of T. ther-
mophila telomerase RNA and TERT in rabbit reticulo-
cyte lysate to define residues of the telomerase RNA
required for TERT binding and telomerase enzyme ac-
tivity. Our reconstitution protocol differs from another
in vitro telomerase reconstitution protocol, referred to in
the following text as the MNase protocol, in several re-
spects. In the MNase protocol, removal of telomerase
RNA from partially purified endogenous enzyme by
nuclease treatment leaves residual telomerase RNA frag-
ments that would not be present in lysate reconstitution.
Also, MNase protocol reconstitution could involve ho-
loenzyme proteins in addition to the TERT subunit. In
lysate but not by the MNase protocol, telomerase RNA
reconstitution is highly sequence-specific. Similarly, in
lysate but not by the MNase protocol, phylogenetically
conserved and chemical modification-protected telomer-
ase RNA sequences and structures are critical for telom-
erase activity. Thus, lysate reconstitution appears to pro-
vide a physiologically relevant indication of telomerase
RNA function. We demonstrate that some residues of
telomerase RNA are required for TERT binding, whereas
other residues are not required for TERT binding but are
required for enzyme activity. In addition, we show that a
lysate factor is required to establish the stable associa-
tion of telomerase RNA and TERT. This observation ac-
counts for why MNase protocol reconstitution does not
recreate a physiologically appropriate telomerase RNA–
TERT interaction.

Results

Telomerase RNA reconstitution
in lysate is sequence-specific

T. thermophila TERT can be coexpressed with telomer-
ase RNA or combined with telomerase RNA after pro-
tein expression in lysate to produce an active recombi-
nant enzyme (Collins and Gandhi 1998). Product accu-
mulation is particularly strong using the primer
(TG)8TTG, which aligns at the template 58 end and cop-
ies one complete G3T2G repeat to produce products at
primer +1 to +6. Longer product DNAs with a 6-nu-
cleotide periodicity result from the limited, dGTP con-
centration-dependent repeat addition processivity char-
acteristic of the recombinant enzyme. To address the
specificity of recombinant telomerase RNA–TERT inter-
action, we expressed TERT in lysate and added various
competitor RNAs before addition of the wild-type telom-
erase RNA. A similar study of telomerase RNA interac-
tion specificity in MNase protocol reconstitution re-
vealed previously that random RNAs added in only
slight excess of the telomerase RNA can inhibit recon-
stitution of active telomerase strongly (Gandhi and Col-
lins 1998). In contrast, telomerase activity assays of ly-
sate-reconstituted telomerase reveal that the nonspecific
competitor RNAs do not inhibit telomerase activity
even when present at a 50-fold excess over telomerase
RNA (Fig. 2). This is evident for competitor RNAs that
do not inhibit reconstitution by the MNase protocol

Figure 1. Telomerase RNA in T. thermophila. The sequence
and structure of the T. thermophila telomerase RNA are shown
as described previously (Greider and Blackburn 1989; ten Dam
et al. 1991; Romero and Blackburn 1991; Zaug and Cech 1995).
The representation here emphasizes the secondary structure el-
ements and the primary sequences examined in this study.
Stem I is in light blue, stem–loop II is in purple, the stem of
stem–loop III as initially described is in green (IIIa), with pseu-
doknot formation producing a second stem in brown (IIIb), and
stem-loop IV is in dark blue. The template region is in bold, and
phylogenetically conserved sequences in the single-stranded,
template-adjacent regions are in red. RNA 58 and 38 ends are
indicated.
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(tRNA, 5S RNA; lanes 3–6) and for competitor RNAs
that do inhibit reconstitution by the MNase protocol
(total yeast RNA; lanes 7,8). In fact, addition of most
nonspecific competitor RNAs actually stimulates telom-
erase activity when low telomerase RNA concentrations
are used (10 ng of telomerase RNA in Fig. 2). This derives
most likely from binding of the competitors to lysate
proteins that otherwise would sequester telomerase
RNA from TERT.

We also investigated the competition of telomerase
activity reconstitution by fragments of the telomerase
RNA itself. We assayed two telomerase RNA variants
that on their own have either reduced activity with wild-
type TERT interaction affinity (a stem–loop IV deletion,
see below) or no activity (a 24-nucleotide template-con-
taining region spanning residues 36–59 not predicted to
interact with TERT; Collins and Gandhi 1998 and see
below). Although the stem–loop IV deletion telomerase
RNA inhibits activity by competition with the wild-type
RNA (Fig. 2, lane 2), the 24-nucleotide RNA containing
the template and adjacent sequences does not (lanes
9,10). The shorter telomerase RNA variant, like the non-
specific RNA competitors, actually improves activity in
assays with limiting full-length telomerase RNA. We
conclude that reconstitution in lysate allows a greater
specificity of telomerase RNA–TERT interaction than
does reconstitution by the MNase protocol.

RNA secondary structure elements are differentially
required for telomerase activity

To investigate the telomerase RNA structural require-

ments for lysate reconstitution, we produced telomerase
RNAs lacking individual elements of secondary struc-
ture based on the model shown in Figure 1. We created
constructs expressing telomerase RNAs missing stem–
loop II (purple), either stem–loop pairing of the pseudo-
knot element III (brown stem and intervening sequence
or green stem and intervening sequence), stem–loop IV
(dark blue), or only the distal end of stem–loop IV (Fig. 1;
Table 1). These deletions remove 15 (II), 12 (IIIa), 17 (IIIb),
51 (IV), or 11 nucleotides (IVd) of the 159-nucleotide en-
dogenous telomerase RNA (Table 1). Coexpression of
TERT with telomerase RNA results in comparable ex-
pression levels of both protein and RNA components (∼1
ng/µl or 20 nM telomerase RNA and 2 ng/µl or 15 nM

TERT; Collins and Gandhi 1998). Each telomerase RNA
variant is expressed and accumulated, assayed by North-
ern blot hybridization with an oligonucleotide comple-
mentary to the template region (Fig. 3B). TERT also ac-
cumulates to a similar extent in each coexpression reac-
tion (Fig. 3C).

Telomerase activity assays of coexpressed telomerase
RNAs and TERT reveal that the wild-type telomerase
RNA is most active (Fig. 3A, lane 1). Deletion of either
alternate stem–loop pairing in the pseudoknot element
III reduces activity (lanes 4,5), although neither stem was
important for activity by MNase protocol reconstitution
(Autexier and Greider 1998). The pattern of product
DNA in lysate assays with these RNAs resembles the
wild-type RNA pattern of product synthesis. In compari-
son, deletion of stem–loop IV both reduces total product
synthesis and alters the pattern of product synthesis
(lane 2). Notably, a smaller deletion of only the distal end
of stem–loop IV results in greater loss of activity than
does deletion of the entire stem–loop IV (lane 6). This
may indicate that the stem IV sequences remaining in
the distal deletion inhibit activity in a dominant fashion.
For both the stem–loop IV deletion and stem–loop IV
distal deletion RNAs, the product intensity correspond-
ing to dissociation or pausing at the template 38 end is
greater than product intensity corresponding to dissocia-
tion or pausing at the template 58 end (primer
+1 > primer +6). In contrast, the wild-type RNA pro-
motes more product accumulation derived from copying
the complete template to its 58 end (primer +6 > primer
+1). By MNase protocol reconstitution, various trunca-
tions of stem–loop IV all reduced activity dramatically
(Autexier and Greider 1998).

Our most unexpected finding was observed with the
telomerase RNA lacking stem–loop II. Even with long
exposures, little or no telomerase activity was detectable
with this RNA (Fig. 2C, lane 3). In contrast, by MNase
protocol reconstitution, a two-nucleotide larger deletion
of residues 20–36 reduced telomerase activity only
slightly (Autexier and Greider 1998). The sequence of
stem–loop II is not conserved in evolution, and some
ciliate species including Tetrahymena paravorax lack a
stem–loop II element completely. Therefore, it was un-
clear why deletion of stem–loop II was more deleterious
for activity than deletion of the other elements of sec-
ondary structure which are conserved evolutionarily. We

Figure 2. RNA sequence specificity of telomerase RNP recon-
stitution in lysate. Five microliters of lysate-expressed TERT
was supplemented with 500 ng of the indicated competitor
RNA and then with 10 ng of telomerase RNA. Samples were
incubated at 30°C for 30 min then assayed for telomerase ac-
tivity with the primer (TG)8TTG. (Lane 1) No competitor; (lane
2) a telomerase RNA variant missing stem–loop IV, which binds
TERT but is less active than the wild-type RNA (see Results);
(lanes 3,4) tRNA; (lanes 5,6) 5S RNA; (lanes 7,8) total yeast
RNA; (lanes 9,10) a 24-nucleotide RNA oligonucleotide repre-
senting telomerase RNA residues 36–59 which have no activity
(Collins and Gandhi 1998). In some experiments, total yeast
RNA stimulated telomerase activity to the same level as tRNA
(not shown). Products corresponding to primer +1 and +6
nucleotides are indicated.
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assayed each of our telomerase RNA variants above by
MNase protocol reconstitution with highly purified en-
dogenous T. thermophila telomerase. Our MNase proto-
col reconstitution results parallel previous findings
closely despite differences in the design of the deletion
constructs (data not shown). We conclude that different
regions of telomerase RNA are required for activity re-
constituted by the two protocols.

To address whether a higher concentration of telom-
erase RNA would rescue the deficiencies imposed by the
losses of individual elements of secondary structure, we
assayed lysate-expressed TERT with a large excess of pu-
rified telomerase RNA added after protein synthesis (Fig.
4). For the telomerase RNAs lacking individual elements
of secondary structure, telomerase assembly by addition
of excess purified RNA to lysate-expressed TERT yields
the same relative activities and the same patterns of
product DNA accumulation as assembly by RNA coex-
pression (cf. Figs. 3 and 4, lanes 1–6). For the wild-type
telomerase RNA, maximal telomerase activity requires
approximately stoichiometric telomerase RNA and
TERT and is not stimulated or inhibited by titration of
telomerase RNA concentration to a 200- to 1000-fold
excess (Collins and Gandhi 1998; data not shown). Ti-
tration of the concentration of the secondary-structure
deletion-variant telomerase RNAs added to lysate-ex-
pressed TERT, above approximately equimolar with
TERT, also did not affect the level or the pattern of prod-
uct DNA synthesis (data not shown).

Phylogenetically conserved telomerase
RNA sequences are important for activity

We next examined the requirement for phylogenetically
conserved sequences of the telomerase RNA (red in Fig.
1; Table 1). T. thermophila telomerase RNA residues

Table 1. Telomerase RNA variants

Telomerase RNA Sequence alteration Label
Activitya

coexpress
Activitya

add-back Bindinga

Wild type none WT +++ +++ +++
Delete stem–loop IV truncate after 108 IV + + +++
Delete stem–loop II delete 21–35 II − +b −
Delete stem–loop IIIa delete 77–98 IIIa ++ ++ +++
Delete stem–loop IIIb delete 70–86 IIIb ++ ++ +++
Delete distal stem–loop IV delete 130–140 IVd + + +++
Alter conserved CA CA15–16GU 15 − +b +
Alter conserved C C62G 62 − − ++
Alter conserved UCU UCU55–57AGA 55 ++ +++ ++
Flip distal stem–loop II reverse 23–33 fIId +++ +++ +++
Flip proximal stem–loop II CAG19–21GUC fIIp + ++b ++

CUG35–37GAC
Unpair in proximal stem–loop II C19A 19 − +b +
Tetraloop for distal stem–loop II replace 22–34 with UUCG IId +++ +++ +++
Insertion 58 of stem–loop II insert UU before C19 sp + ++ +
Alter conserved UCA UCA38–40AGU 38 −/+ + ++

T. thermophila telomerase RNA variants used in this study. The sequence alteration and its abbreviated label are indicated. Telom-
erase activities obtained by coexpression of TERT and telomerase RNA (from Fig. 3) or by addition of excess telomerase RNA after
protein synthesis (from Fig. 4) were quantitated by PhosphorImager analysis. Telomerase RNA binding to TERT was also quantitated
by PhosphorImager analysis (from Fig. 5).
aData are represented as follows: (+++) 30 to >100% of wild type; (++) 10–29% of wild type; (+) <10% of wild type but detectable; (−)
undetectable.
bThese values were reduced in other experiments.

Figure 3. Reconstitution by coexpression of telomerase RNA
and TERT. Coexpression reactions contained TERT and the in-
dicated telomerase RNA variant. (A) An equal volume of each
reaction was assayed for telomerase activity with the primer
(TG)8TTG. Products corresponding to primer +1 and +6 nucleo-
tides are indicated. (B) An equal volume of each reaction was
analyzed for telomerase RNA by Northern blot hybridization.
The asterisk indicates the ∼160-bp DNA fragment encoding the
stem–loop IV deleted RNA, which does not encode a full-length
telomerase RNA sequence (see Materials and Methods). (C) An
equal volume of each lysate coexpression reaction was analyzed
for TERT by SDS-PAGE and autoradiography.

Telomerase RNA function

GENES & DEVELOPMENT 1119



CA15–16, UCU55–57, and C62 are conserved evolution-
arily among the 12 characterized Tetrahymena species
telomerase RNAs but not among all ciliates (Romero
and Blackburn 1991; Lingner et al. 1994; McCormick-
Graham and Romero 1995, 1996). Also, CA15–16 and
C62 are accessible to chemical modification in the de-
proteinized telomerase RNA but not in the endogenous
RNP(s), suggesting that they are protected by an RNP-
specific RNA folding or RNA–protein interaction (Zaug
and Cech 1995). In addition, T. thermophila telomerase
RNA residues GUCA37–40 are conserved evolutionarily
among all ciliate telomerase RNAs (Romero and Black-
burn 1991; Lingner et al. 1994; McCormick-Graham and
Romero 1995, 1996). These residues are protected par-
tially from chemical modification specifically in the
RNP(s) (Zaug and Cech 1995).

Telomerase RNA with the substitution CA15–16GU
has wild-type RNA levels of activity when reconstituted
by the MNase protocol (Autexier and Greider 1998) as
does a telomerase RNA with substitution C62G (data
not shown). In contrast, both substitutions almost com-
pletely abolish telomerase activity with lysate-expressed
TERT. This result is evident for reconstitution by RNA
coexpression (Fig. 3, lanes 7,8) or by addition of purified
RNA (Fig. 4, lanes 7,8). A slight activity is observed only
with high concentration of CA15–16GU telomerase
RNA (cf. Figs. 3 and 4). Telomerase RNA with the sub-
stitution UCU55–57AGA has moderately reduced activ-
ity and an altered pattern of product DNA synthesis rela-
tive to the wild-type RNA, with more product accumu-
lation from synthesis at the template 38 end (primer +1 or
+2) and less accumulation from the synthesis of multiple
repeats (Figs. 3 and 4, lane 9).

Telomerase RNA with the substitution UCA38–
40AGU is inhibited relative to the wild-type RNA in
lysate reconstitution by RNA coexpression or by addi-
tion of purified RNA (Figs. 3 and 4, lane 15). Activity is
increased at high RNA concentration (cf. Figs. 3 and 4).
Telomerase RNA with the same substitution assayed by
MNase protocol reconstitution resulted in about eight-
fold inhibition and more strikingly an extension of the 58
template boundary (Autexier and Greider 1995). In as-
says of lysate-expressed TERT with UCA38–40AGU
telomerase RNA and all four dNTPs, we find no alter-
ation of the 58 template boundary (M. Miller, J. Liu, K.
Collins, unpubl.). However, this substitution does have
the unique effect of stimulating product accumulation at
primer size (primer +0 > primer +1 or +6). This is likely
because of enhancement of the telomerase nucleolytic

cleavage activity (Collins and Greider 1993). We con-
clude that some phylogenetically conserved residues of
telomerase RNA are important for lysate reconstitution
of telomerase activity, and that telomerase RNA resi-
dues protected from chemical modification in the endog-
enous RNP are most critical.

Specific telomerase RNA residues
are required for TERT binding

Previous work has not investigated which regions of the
telomerase RNA are required directly for protein bind-
ing. To address this, we assayed the ability of the telom-
erase RNA variants to immunopurify with an amino-
terminally hemagglutinin (HA)-tagged TERT. HA anti-
body was prebound to protein G–Sepharose, then the
antibody resin was incubated with lysate-expressed
TERT and purified telomerase RNA. In the assays shown
in Figure 5, lysate-expressed, epitope-tagged TERT was
incubated with an excess of each telomerase RNA vari-
ant then split to analyze telomerase activity and RNA–
TERT interaction. The relative telomerase activities and
product DNA patterns observed with the RNAs and epi-
tope-tagged TERT (Fig. 5A) are indistinguishable from
those observed with untagged protein (Fig. 4; data not
shown). The antibody resin in the other half of each
sample was washed extensively so that only telomerase
RNA bound to the immobilized TERT was analyzed by
Northern blot hybridization (Fig. 5B). Telomerase RNAs
with a wild-type 38 end transcribed from FokI-cut plas-
mid DNAs with purified T7 RNA polymerase appear as
a sharp band and a slightly higher molecular mass RNA
smear, likely derived from slippage of the polymerase on
the homopolymeric sequence tract at the end of the tem-
plate.

In the presence of TERT, wild-type telomerase RNA is
recovered with the immunopurified material (Fig. 5, lane
1). In contrast, in the presence of a mock lysate synthesis
reaction not containing TERT, the antibody resin does
not bind significant levels of wild-type or variant telom-
erase RNAs (lanes 2–3; data not shown). Of the telomer-
ase RNA variants lacking individual elements of second-
ary structure, both of the pseudoknot region and both of
the stem–loop IV region deletion RNAs are not signifi-
cantly inhibited in binding to TERT (Fig. 5, lanes 4, 6–8;
additional data not shown). In contrast, no TERT binding
above background is evident for the stem–loop II dele-
tion telomerase RNA (Fig. 5, lane 5). Thus, a dramatic

Figure 4. Reconstitution by addition of purified
RNA to lysate-expressed TERT. All reactions con-
tained the same TERT expression lysate and the in-
dicated telomerase RNA variant. One hundred nano-
grams of purified RNA was added to 3 µl of TERT
expression lysate, incubated for 30 min at 30°C, then
assayed for telomerase activity with the primer
(TG)8TTG. RNAs are in ∼40-fold molar excess of
TERT. Products corresponding to primer +0, +1, and
+6 nucleotides are indicated.

Licht and Collins

1120 GENES & DEVELOPMENT



decrease in TERT binding is likely to be responsible for
the activity deficit of this telomerase RNA variant.

We similarly assayed TERT binding by the other
telomerase RNA variants (Fig. 5). The substitution
CA15–16GU inhibits both activity and TERT binding
dramatically (lane 9). The substitution UCA38–40AGU
inhibits telomerase activity strongly but inhibits TERT
binding only moderately (lane 13). The substitution
C62G inhibits activity completely but inhibits TERT
binding only moderately (lane 14). The substitution
UCU55–57AGA inhibits activity moderately and inhib-
its TERT binding also moderately (lane 15). Thus, telom-
erase RNAs altered in phylogenetically conserved se-
quences demonstrate a range of deficiencies: moderate
activity inhibition with moderately reduced TERT bind-
ing (UCU55–57), strong activity inhibition with moder-
ately reduced TERT binding (C62 and UCA38–40), and
strong activity inhibition with strongly reduced TERT

binding (CA15–16). These results suggest that CA15–16
is critical for TERT binding. Also, although UCA38–
40AGU, UCU55–57AGA, and C62G RNAs demonstrate
roughly comparable TERT binding, their activity deficits
are not comparable even at the same RNA concentration
used to measure binding (activity of UCU55–57AGA
RNA > UCA38–40AGU, C62G RNAs). Therefore, the
major impact of C62G and UCA38–40AGU substitu-
tions on telomerase activity is not attributable to a de-
crease in TERT binding affinity.

Stem–loop II has sequence, structure,
and positioning specificity

From the results described above, telomerase RNA bind-
ing to TERT was inhibited most severely by deletion of
stem–loop II. To determine why this region of telomer-
ase RNA appeared to be the most significant determi-
nant of TERT binding, we assayed additional telomerase
RNA variants with finer alterations of the stem–loop II
sequence and structure. To investigate the relative sig-
nificance of primary sequence and secondary structure,
we flipped the template-proximal 3-bp stem sequences
or the template-distal 3-bp stem and loop sequence (see
Fig. 1; Table 1). The template-distal alteration has no
discernable influence on activity or TERT binding (Figs.
3 and 4, lanes 10; Fig. 5, lane 16). In contrast, the tem-
plate-proximal stem switch decreases activity and TERT
binding (Figs. 3 and 4, lanes 11; Fig. 5, lane 17). Likely
because of the TERT-binding inhibition, as observed for
CA15–16GU and UCA38–40AGU RNAs, activity is in-
creased at high RNA concentration (cf. Figs. 3 and 4). We
also deleted the template-distal region of stem–loop II
entirely, replacing it with a heterologous tetraloop. This
substitution removed the mismatched A residues that
were unchanged from wild-type in both previous flip
RNAs (see Fig. 1; Table 1). The tetraloop substitution,
like the distal stem–loop II flip, has activity and TERT
binding indistinguishable from the wild-type RNA (Figs.
3 and 4, lanes 13; Fig. 5, lane 11). These results indicate
that neither the sequence nor the structure of the tem-
plate-distal stem–loop II region is important, whereas
the sequence of the template-proximal stem is important
for TERT binding and telomerase activity.

The most template-proximal base pair of stem–loop II
includes the phylogenetically conserved residue G37. Al-
though this guanosine is base-paired to close stem II in
11 of the 12 characterized Tetrahymena species telom-
erase RNAs and in all telomerase RNAs characterized
from Glaucoma and Paramecium species, it is conserved
in primary sequence but not base-paired in ciliate telom-
erase RNAs that lack stem–loop II. To determine
whether base-pairing of G37 is required for activity with
the T. thermophila RNA, we assayed the substitution
C19A (see Fig. 1; Table 1). This RNA retains the con-
served G37 but can not engage it in a base-pairing inter-
action. We find that the C19A substitution inhibits
telomerase activity and TERT binding almost com-
pletely (Figs. 3 and 4, lanes 12; Fig. 5, lane 10). Weak

Figure 5. Telomerase RNA binding to TERT. Lysate-ex-
pressed, epitope-tagged TERT [(+) TERT lanes] or an equal vol-
ume of mock lysate synthesis reaction lacking the plasmid en-
coding TERT [(−) TERT lanes] was mixed with 100 ng of the
indicated telomerase RNA variant. Samples were incubated at
30°C for 30 min after which a fraction of the sample was re-
moved for a telomerase activity assay with the primer
(TG)8TTG (A). The remainder of the sample was mixed with
HA antibody–protein G–Sepharose. Bound material was washed
repeatedly and analyzed by Northern blot hybridization for
telomerase RNA (B) and by SDS-PAGE and autoradiography to
verify equivalent protein recovery (not shown). Telomerase
RNAs with a wild-type 38 end transcribed from FokI-cut plas-
mid DNAs with purified T7 RNA polymerase appear as a sharp
band and a slightly higher molecular mass RNA smear, likely
derived from slippage of the polymerase on the homopolymeric
sequence tract at the end of the template. Note that the back-
ground of RNA binding to antibody resin in the absence of
TERT is minimal (lanes 2,3). Parallel recovery of RNAs was
verified by addition of an internal control RNA to samples be-
fore RNA extraction (not shown). Immunopurification superna-
tants were also analyzed by Northern blot hybridization to
verify RNA stability during the antibody incubation (not
shown).
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activity is observed only at high RNA concentration (cf.
Figs. 3 and 4).

The stem–loop II deletion and C19A telomerase RNAs
are both strongly inhibited in TERT binding. Two fea-
tures are shared by these RNAs which otherwise have
nonoverlapping sequence alterations: (1) loss of C19–
G37 base pairing and (2) the potential for altered posi-
tioning of sequences 58 and 38 of stem II. The template-
proximal stem II flip RNA has a G19–C37 base pair in-
stead of a C19–G37 base pair yet retains more ability to
interact with TERT. Thus, it seemed possible that a
stem II-dependent positioning of adjacent regions, main-
tained in the template-proximal stem II flip RNA, was
important independent of the requirement for a C19–
G37 base pair. To test this hypothesis, two uridines
were inserted immediately 58 of C19 to create the poten-
tial for altered positioning without disruption of the
C19–G37 base pair (see Fig. 1; Table 1). This spacing-
altered RNA is inhibited substantially in both telomer-
ase activity and TERT binding (Figs. 3 and 4, lanes 14;
Fig. 5, lane 12). However, activity with this RNA is
greater than with the stem–loop II deletion or C19A
RNAs, supporting the conclusion that the C19–G37 base
pair contributes to telomerase RNA function directly in
addition to maintaining a proper positioning of flanking
sequences.

Lysate stimulates TERT–RNA interaction

Because TERT expressed in lysate demonstrates a more
specific and, based on the requirement for phylogeneti-
cally conserved sequences, an apparently more physi-
ologically relevant association with telomerase RNA
than can be reconstituted from purified endogenous
telomerase proteins by the MNase protocol, we investi-
gated the role of the lysate in our reconstitution assay. If
TERT is incubated with telomerase RNA in lysate then
immunopurified on HA antibody–protein G–Sepharose,
the telomerase activity recovered by purification (Fig.
6A, lane 1) is close to the amount obtained from addition
of telomerase RNA to the same volume of original ex-
pression lysate (lane 2). Immunopurification typically re-
covers 20%–25% of TERT (data not shown). The in-
crease in specific activity with purification likely derives
from a loss of misfolded or aggregated TERT unable to
bind HA antibody. If TERT is immunopurified from its
expression lysate before RNA addition, much less or no
activity is observed, even when purified TERT is normal-
ized to the level present in the original expression lysate
(Fig. 6A, lane 3). However, readdition of fresh lysate to
purified TERT and RNA (Fig. 6A, lane 4) but not addition
of boiled lysate (data not shown) restores telomerase ac-
tivity to near maximal specific activity. We conclude
that although lysate is not required continuously for
telomerase activity, it is required for at least one process
other than protein synthesis.

To additionally investigate the role of lysate, we ad-
dressed whether lysate is required to assemble a telom-
erase RNA–TERT RNP. We immunopurified lysate-ex-

pressed TERT or a mock lysate synthesis reaction lack-
ing TERT using HA antibody–protein G–Sepharose.
Purified samples corresponding to equivalent lysate re-
action volumes were supplemented with excess telom-
erase RNA and either fresh lysate or no lysate, then as-
sayed for telomerase activity and TERT–RNA associa-
tion. As described above, purified TERT and purified
RNA with lysate added back can catalyze strong telom-
erase activity (Fig. 6B, lane 2) whereas purified TERT
and purified RNA without lysate cannot (lane 1). When
TERT–RNA association is assayed with the same
samples, telomerase RNA can stably bind to purified
TERT with lysate added back (Fig. 6C, lane 2). The
amount of telomerase RNA bound to purified TERT in
the absence of lysate (Fig. 6C, lane 1) is similar to the
background level of RNA bound nonspecifically to anti-
body resin in the absence of TERT (lane 3). The presence
of lysate actually reduces background binding of telom-
erase RNA to antibody resin, further demonstrating that
the RNA associated with TERT in the presence of lysate
is specifically bound (data not shown). We conclude that

Figure 6. A role for lysate in recombinant telomerase RNP
assembly. (A) Lysate-expressed, epitope-tagged TERT was left
alone or immunopurified on HA antibody–protein G–Sepharose
either after (lane 1) or before (lanes 3,4) addition of 5 µg total
yeast RNA and 100 ng telomerase RNA and incubation at 30°C
for 30 min. Telomerase RNA was also added to the original
TERT-expression lysate and assembled at the same time as the
purified TERT samples (lane 2). Two microliters of fresh lysate
was added to the sample in lane 4 before incubation. Samples
were assayed for telomerase activity with the primer (TG)8TTG.
(B,C) Lysate-expressed, epitope-tagged TERT (lanes 1,2) and a
mock synthesis reaction lacking the TERT expression plasmid
(lane 3) were immunopurified on HA antibody–protein G–Seph-
arose. Samples were supplemented with 5 µg of total yeast
RNA, 100 ng of telomerase RNA, and where indicated with 2 µl
of fresh lysate before assembly at 30°C for 30 min. Half of each
sample was analyzed for telomerase activity with the primer
(TG)8TTG (B) and half was washed thoroughly and analyzed by
Northern blot hybridization for telomerase RNA that remained
associated with antibody-bound TERT (C).
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lysate is required for the assembly of a stable, recombi-
nant telomerase RNP.

Discussion

Telomerase RNA structure and function

Telomerase is unique as a reverse transcriptase in its use
of a region of the enzyme RNA component as the source
of template information. Because of this specialization,
the telomerase RNA must contain at least two function-
ally important motifs: a binding site or sites for telom-
erase proteins and a template sequence to direct dNTP
polymerization. The template itself is an unlikely can-
didate for a high-affinity protein binding site because it is
accessible to chemical modification in the RNP (Zaug
and Cech 1995) and can be altered without preventing
RNP assembly in vitro or in vivo (for review, see Collins
1999). Here, we have shown that telomerase RNA bind-
ing to TERT requires a region of the RNA 58 of the tem-
plate, spanning from CA15–16 to the C19–G37 base pair.
Within this small region, both RNA sequence and se-
quence positioning are important. Although some se-
quence alterations outside this region compromise
telomerase RNA–TERT interaction, none inhibit inter-
action to the same extent as the alterations 58 of the
template (summarized in Table 1). Large regions of
telomerase RNA including stem–loop IV, either stem–
loop pairing of the pseudoknot element III, and the distal
end of stem–loop II can be deleted without significant
reduction in RNA–protein interaction.

Several variant telomerase RNAs demonstrate a re-
duced or altered telomerase activity without correspond-
ing inhibition of TERT binding affinity. The RNA se-
quence alterations most deleterious for activity indepen-
dent of an effect on TERT binding are C62G, deletion
of stem–loop IV, and UCA38–40AGU (summarized in
Table 1). The UCA38–40AGU telomerase RNA has
somewhat reduced TERT binding ability but a much
greater deficit in telomerase activity. Previous work ex-
pressing mutant telomerase RNA genes in vivo has also
suggested that nontemplate regions of telomerase RNA
are important for activity. The Glaucoma chattoni
telomerase RNA expressed in T. thermophila assembles
into a telomerase RNP with apparently low and aberrant
activity despite an identical template region (Bhat-
tacharyya and Blackburn 1997). Also, a stem–loop region
of the Kluyveromyces lactis telomerase RNA distant
from the template is required for catalytic activity but
not normal RNP mobility on a nondenaturing gel (Roy et
al. 1998) and the template-distal 38 end of the human
telomerase RNA includes sequences important for activ-
ity but not RNP stability (Mitchell et al. 1999). We con-
clude that the telomerase RNA must have a minimum of
three functional motifs: the template, the TERT binding
site, and additional sequences required to form a cata-
lytically competent polymerase active site. The RNA se-
quences required for activity independent of templating
and TERT binding could serve a variety of roles, includ-
ing involvement in substrate binding, active site confor-

mation, or catalysis. It will be interesting to distinguish
between these possibilities in future studies.

The requirement for lysate

The reconstitution of telomerase RNA and TERT in ly-
sate has a high RNA sequence specificity not observed
for telomerase RNA reconstitution with endogenous
telomerase proteins by the MNase protocol. This speci-
ficity difference and the lysate reconstitution require-
ment for phylogenetically conserved and chemical modi-
fication-protected residues of the telomerase RNA sug-
gest that the interaction of telomerase RNA and TERT
occurs in vivo as in lysate. The fact that a lysate com-
ponent is required to establish the stable interaction of
telomerase RNA and TERT may explain why our results
were not discovered in earlier studies. In the MNase pro-
tocol, telomerase RNA is added back to partially puri-
fied, nuclease-treated, endogenous telomerase proteins.
If a physiologically appropriate interaction of telomerase
RNA and TERT does not occur spontaneously under
standard in vitro conditions, MNase protocol reconsti-
tution would not create a physiologically appropriate
telomerase RNP. In lysate reconstitution, the lysate fa-
cilitates a physiological telomerase RNA–TERT interac-
tion.

In our studies, we found that purified TERT combined
with purified telomerase RNA does not form a stable
telomerase RNP unless lysate is added back. This differs
from MNase protocol reconstitution, in which telomer-
ase RNA added back to partially purified endogenous
telomerase proteins does form an RNP that is functional
in vitro. It may be that telomerase RNA is recruited to an
MNased p80/p95/TERT complex by interaction with
p80/p95, which are absent in the lysate system. Indeed,
the RNA sequence specificity of telomerase activity re-
constitution by the MNase protocol resembles the RNA-
binding specificity of the T. thermophila p80/p95 com-
plex (Gandhi and Collins 1998). Thus, these proteins
rather than TERT may be responsible for the RNA se-
quence specificity of MNase protocol reconstitution.
This hypothesis would explain why telomerase RNA se-
quence substitutions that inhibit TERT binding and
telomerase activity dramatically by lysate reconstitution
have little or no effect on telomerase activity by MNase
protocol reconstitution (for example, the CA15–16GU
substitution). It would also explain how the UCA38–
40AGU telomerase RNA could alter template bound-
aries differently in telomerase RNPs created by the two
reconstitution protocols, because the reconstituted tem-
plate would have different interactions with TERT. Be-
cause neither p80 nor p95 is required for telomerase RNP
assembly or telomerase activity in vivo (M. Miller and K.
Collins, unpubl.), a p80/p95-directed telomerase RNP
assembly by MNase protocol reconstitution in vitro is
unlikely to reflect the endogenous requirements for
telomerase RNA function. Also, because p80 and p95 do
not interact directly with TERT in lysate (data not
shown), we are unable to test the influence of these pro-
teins on telomerase RNA–TERT interaction.
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In yeast and mammals, the biogenesis of telomerase
RNPs occurs as a multistep assembly process with con-
certed RNA processing (Chapon et al. 1997; Mitchell et
al. 1999). In contrast, there is no evidence suggesting the
presence of a specific telomerase RNP assembly pathway
in ciliates, which can have telomerase RNPs of relatively
smaller size (Collins et al. 1995; Greene and Shippen
1998; Lingner and Cech 1996). It will be interesting to
investigate whether the lysate component that is re-
quired for telomerase RNA–TERT assembly in vitro, or
other factors performing similar biochemical roles, are
required for ciliate telomerase RNP assembly in vivo.
The lysate can be fractionated to substantially enrich for
a catalytic telomerase RNP assembly activity (C. Lai and
K. Collins, unpubl.), suggesting that direct identification
of the lysate component will be possible.

Materials and methods

Telomerase RNAs and proteins

Constructs for expression of telomerase RNA derivatives were
created from pT7159, in which the wild-type RNA is fused to a
58 leader of three extra guanosines to enhance transcription ef-
ficiency (Autexier and Greider 1994). Mutagenesis for all con-
structs except the stem–loop IV deletion was done by standard
oligonucleotide-directed protocols, using single-stranded or
double-stranded DNA templates (Ausubel et al. 1996; Gandhi
and Collins 1998). The construct encoding the stem–loop IV
deletion RNA is a cloned PCR product in which the reverse
primer included an EcoRI site overlapping endogenous RNA
positions 107–108. No telomerase RNA sequence 38 of position
108 is present in the plasmid. All plasmids were sequenced after
mutagenesis. The sequence changes for all constructs are listed
in Table 1.

For RNA expression, plasmids for all constructs except the
stem–loop IV deletion were digested with the multicutter FokI
to generate a run-off transcript with an RNA 38 end identical to
the endogenous T. thermophila telomerase RNA. The stem–
loop IV deletion construct plasmid was digested with two
single-cutters EcoRI and PstI, and the ∼160-bp fragment con-
taining the coding information was gel-purified prior to tran-
scription. T7 transcription of this plasmid produces a telomer-
ase RNA truncated after position 108 with an additional 38

AUU. Restriction enzyme-digested telomerase RNA plasmids
were purified by extraction and precipitation. For production of
purified telomerase RNA added back to lysate, RNAs were tran-
scribed with T7 RNA polymerase and purified by DNase diges-
tion, extraction, and precipitation as described previously (Au-
texier and Greider 1994). RNAs were examined by gel electro-
phoresis to verify their length and purity. Competitor RNAs
were purchased and prepared, or in the case of the 24-nucleotide
telomerase RNA chemically synthesized, as described previ-
ously (Collins and Gandhi 1998).

An epitope-tagged TERT expression construct was created
from the TERT-coding region reconstructed as a synthetic gene
and expressed in pCITE4a (Collins and Gandhi 1998). Linkers
encoding HA and 6-histidine (HIS) tags were inserted at the start
codon of p133CITE to create pHH133CITE, in which the HA tag
follows the HIS tag. CITE plasmids were included in coupled
transcription/translation reactions at a final concentration of
∼20 ng/µl, with or without ∼15 ng/µl telomerase RNA plasmid.
Expression in lysate followed the manufacturer’s protocol (Pro-
mega TNT) with [35S]methionine used to radiolabel the synthe-
sized proteins.

Proteins were analyzed by SDS–PAGE after addition of
sample buffer and heat denaturation. RNAs were analyzed after
extraction and precipitation, using Northern blot hybridization
with a 58 end-labeled oligonucleotide complementary to the
telomerase RNA template (oligo 3; Greider and Blackburn
1989). Any blot including UCU55–57AGA RNA was hybridized
at relaxed stringency.

Recombinant telomerase activity

Activity assays for recombinant TERT were modified from con-
ditions used for the endogenous enzyme because of different
primer and nucleotide requirements (Collins and Gandhi 1998).
In the assays here, all samples were brought to 20 µl final assay
volume with a maximum of 5 µl of the coupled transcription/
translation reaction or fresh lysate. In assays with competitor
RNAs, competitors were added prior to addition of telomerase
RNA. Assay samples were adjusted with 10× assay buffer to
final concentrations of 50 mM Tris acetate, 10 mM spermidine,
5 mM b-mercaptoethanol, and 2 mM MgCl2 (pH 8.0). Radiola-
beled [a-32P]dGTP was supplemented with unlabeled dGTP to a
final concentration of 3 µM to promote repeat addition proces-
sivity. Unlabeled TTP was present at 500 µM and primer
(TG)8TTG was present at 1.0 µM. Reactions were allowed to
proceed at 30°C for 1 hr, at which time product DNA was ex-
tracted, precipitated, and analyzed by denaturing acrylamide gel
electrophoresis in 0.6× TBE.

Immunopurification

Protein G–Sepharose (Pharmacia) was preblocked and prebound
to HA antibody in binding buffer (20 mM Tris HCl at pH 8.0, 1
mM MgCl2, 10% glycerol, 0.1 M NaCl) with 10 µg/ml BSA, 20
µg/ml tRNA, and 160 ng antibody per microliter of packed
resin. For experiments in Figure 6, total yeast RNA was also
included in the blocking solution. Antibody-bound protein
G–Sepharose was washed with binding buffer after blocking.
RNA-containing samples for immunopurification were diluted
to 100 µl with binding buffer made to 10 µg/ml BSA and 20
µg/ml tRNA then mixed at 4°C overnight. Bound material was
washed thoroughly in binding buffer and resuspended to a 50%
slurry. For immunopurification of TERT alone, expression ly-
sate was diluted to 500 µl in binding buffer with blocking
agents, bound overnight to antibody resin, washed, and resus-
pended to the volume of slurry equal to the initial volume of
lysate before purification.
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