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ABSTRACT Telomerase is a eukaryotic reverse transcrip-
tase that adds simple sequence repeats to chromosome ends by
copying a template sequence within the RNA component of the
enzyme. We describe here the identification of a Tetrahymena
telomerase protein with reverse transcriptase motifs, p133. This
subunit is associated with the previously identified Tetrahymena
telomerase RNA and the telomerase proteins p80 and p95 in
immunoprecipitation assays. Therefore, all four known Tetrahy-
mena telomerase components are present in a single complex.
Expressed in rabbit reticulocyte lysate, recombinant p133 and
telomerase RNA alone catalyze a reverse transcriptase activity
with some similarities to and some differences from native
Tetrahymena telomerase. These experiments suggest a complexity
of telomerase structure and function.

Telomeres in most organisms are comprised of tandem simple
sequence repeats (see ref. 1 for review). The total length of
telomeric repeat sequence at each chromosome end is deter-
mined in a balance of sequence loss and sequence addition.
One major influence on telomere length is the enzyme telom-
erase. The telomerase ribonucleoprotein complex (RNP) can
extend a DNA 39 end by reverse transcribing a template region
within its RNA component (2, 3). Telomerase from at least
some species also can catalyze the template-directed nucleo-
lytic cleavage of primer or product polynucleotides (4–6). In
vitro, telomerase has a general preference for single-stranded,
G-rich oligonucleotide primers (see ref. 7 for review). Al-
though primer elongation is enhanced by hybridization of a
primer 39 end with the template, primer affinity derives in large
part from interaction with protein-based anchor site(s). Prod-
uct interaction with the anchor site is required for the highly
processive elongation catalyzed by Tetrahymena telomerase, in
which repeats from multiple rounds of template copying are
added to an individual substrate before dissociation (8).

The molecular basis for the biochemical properties of te-
lomerase is not fully understood. The RNA component of
telomerase has been identified in numerous species (see ref. 1
for review). Telomerase protein components have been iden-
tified in ciliates (Tetrahymena thermophila p80, p95; Euplotes
aediculatus p123), yeast (S. cerevisiae Est2p), and mammalian
cells [TP1yTLP1, telomerase reverse transcriptase (TERT)]
(see ref. 9 for review). The evolutionary conservation of
telomerase RNA and protein sequences is strikingly low. The
only obvious sequence motif other than the RNA template is
a reverse transcriptase active site in the TERT protein (10).
Also, only limited biochemical characterization of telomerase
proteins has been described. Two ciliate proteins have been
studied in purified, recombinant form: Tetrahymena p80 and
p95 interact with each other and with telomerase RNA, and
the p95 subunit interacts with single-stranded telomeric DNA

in a sequence-specific, length-dependent manner (11). TERT
genes have been studied by expressing mutant forms in vivo:
site-specific substitutions in polymerase motif regions produce
cells or extracts defective in telomerase activity (10). In
addition, constitutive expression of human TERT is sufficient
to activate telomerase in a previously telomerase-negative cell,
and expression of human TERT and telomerase RNA by
coupled in vitro transcriptionytranslation in reticulocyte lysate
is sufficient to produce reverse transcriptase activity (12–15).
Finally, coimmunoprecipitation studies from human cells in-
dicate that TP1 and TERT subunits interact (16).

In this report, we describe the cloning of a Tetrahymena
telomerase protein subunit from the TERT family, which we refer
to as p133. We show that Tetrahymena p133, p95, p80, and
telomerase RNA exist as a stable complex. In addition, we
characterize the activities of recombinant p133 produced in rabbit
reticulocyte lysate. Lysate expressing p133 and telomerase RNA
can catalyze reverse transcription and nucleolytic cleavage, but the
observed activities only partially reconstitute native Tetrahymena
telomerase. Our findings suggest that telomerase functionrequires
a coordination of separable biochemical activities in the RNP.

MATERIALS AND METHODS
Cloning of the p133 Gene. Mated T. thermophila total RNA

was reverse transcribed with an anchor-T primer (GCTGAAT-
TCGTCGACATCGATTTTTTTTTTTTTTTTT). This
cDNA was used in PCR with TC primer [TCGAATTCTT-
(TC)TT(TC)TA(TC)(GT)(GT)(ATC)AC(ATC)GA] accord-
ing to the following protocol: 4 cycles (94°C, 45 s; 35°C, 45 s;
to 72°C 1°Cys; 72°C 2 min); add anchor-T primer; continue 35
cycles (94°C, 30 s; 50°C, 30 s; 72°C 2 min). Product DNA was
amplified in a second round nested PCR under the same
conditions with TG primer [(TC)A(GA)AAGCTTGG(TA-
C)AT(ATC)CC(ATC)(CT)A(AG)GG] and TB2 primer [GT-
GAATTC(AT)A(AG)(ACGT)A(AG)(AG)(TA)A(AG)T-
C(AG)TC]. One additional degenerate PCR used TC primer
with a nested primer set derived from PCR product sequence.
Additional T. thermophila cDNA sequence was obtained by
RT-PCR and rapid amplification of cDNA ends (RACE). To
isolate T. thermophila genomic sequence, macronuclear DNA
was amplified with gene-specific primers and a genomic DNA
library was amplified by using one gene-specific primer and
one vector primer. Sequence alignments were done with
Genetics Computer Group (GCG) BESTFIT.

Immunoprecipitation. Anti-Ct p133 antibody was raised
against the C-terminal peptide CPKISAKSNQQNTN. Anti-AB
p133 antibody was raised against the peptide CDDQILQKG-
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FKEIQSDDRP between sequence motifs A and B. Polyclonal
rabbit serum was raised against each peptide conjugated to
keyhole limpet hemacyanin and was purified on peptide coupled
to thiol Sepharose. Antibody against p80 used for immunopre-
cipitation was raised and affinity-purified against recombinant
p80 expressed in Escherichia coli and will be described elsewhere.
The control antibody used in Figs. 2 and 3 was an anti-peptide
antibody raised and affinity-purified in the same manner as the
p133 antibodies; other polyclonal antibodies were used with the
same results. Purified antibody was pre-bound to Protein
A–Sepharose at '1 mgyml and was washed in PBS followed by IP
wash buffer (20 mM TriszHCl, pH 8.0y0.1 M NaCly1 mM
MgCl2y10% glyceroly0.1% Nonidet P-40y0.1 mM phenylmeth-
ylsulfonyl fluoridey1 mg/ml leupeptin).

Mated cells were used for whole cell extract immunoprecipi-
tation because they have maximal telomerase activity and less
background radiolabeling activity. Strains CU428 and B2086
were grown to mid-log phase, starved, and then mated for '8 h
before harvesting. Cells were lysed in T2MG buffer (20 mM
TriszHCl, pH 8.0y1 mM MgCl2y10% glycerol) with 0.2% Nonidet
P-40 and centrifuged at 40,000 rpm for 50 min in a Ti45 rotor.
Starved cell extracts were the source for partially purified telom-
erase, using previously described protocols to concentrate and
enrich for the RNP (17). Immunoprecipitation samples were
adjusted to 0.1 M NaCl and 0.1–0.2% Nonidet P-40 in T2MG,
with 25 mgyml peptide if indicated, before addition of antibody-
bound Protein A–Sepharose (1:10–1:60 ratio of bead slurry to
extract, '50-fold molar excess of peptide over antibody). Binding
reactions were mixed end-over-end at 4°C, washed 4 times each
in 50 volumes of IP wash buffer, and then resuspended in IP wash
buffer to 1y10–1y30th the initial volume of sample.

Telomerase Activity, Proteins, and RNA. A recombinant p133
coding region was designed based on optimized codon usage
(sequence available on request). Approximately 90-nt oligonu-
cleotides with approximately 16-bp terminal overlaps were an-
nealed pairwise and extended to create double-stranded DNA.
Pools of extended pairs, corresponding to segments between
unique restriction sites, were subject to PCR with flanking,
shorter, segment-end primers. Product DNA was purified, di-
gested with appropriate restriction enzymes, cloned, and se-
quenced. Individual segments then were combined to create the
full length coding region. The double aspartic acid mutant (in
motif C, DD changed to AA) was made by using site-directed
mutagenesis as described (11). Proteins used for concentration
standards were expressed in E. coli from pRSET (Invitrogen).

Recombinant protein for activity assays was expressed from
pCITE-4a (Invitrogen) by using a T7 coupled transcriptiony
translation system (Promega) with [35S]methionine. Telomerase
RNA was transcribed from Fok I-digested template DNA (18).
Where indicated, product RNA was purified from T7 RNA
polymerase transcription reactions (Ambion) after DNase treat-
ment by organic extraction and precipitation. Template RNAs
T1, T2, and T3 were made by chemical synthesis according to
standard methods (Applied Biosystems International). For ac-
tivity assays, samples were diluted into 10 ml of T2MG and
combined with 10 ml of reaction mix. Unless indicated otherwise,
all reactions contained 0.5 mM primer, 500 mM dTTP, and 0.3
mM 32P-dGTP, were performed at 30°C for approximately 1 h;
and were analyzed on 9–10% (19:1) acrylamide, 7 M urea, 0.6X
TBE gels. Immunoprecipitation reactions were assayed with
primer d(T2G4)3. Activity assays comparing recombinant and
purified enzymes were supplemented with an additional 2.5 mM
MgCl2 and 500 mM of any other nucleotides as indicated.

For immunoblots, proteins were resolved by SDSyPAGE
and then transferred to nitrocellulose in 10 mM 3-[cyclohexyl-
amino]-1-propanesulfonic acid (CAPS) (pH 11.0)y10% meth-
anol at 0.5 A for 1.1 h. Affinity-purified rabbit polyclonal
primary antibodies were used. The p133 was detected by
anti-Ct or anti-AB, p95 was detected by 988 (raised against
denatured recombinant N-terminal domain of p95), and p80

was detected by 1589 (raised against denatured recombinant
C-terminal domain of p80). Secondary antibody was a horse-
radish peroxidase-conjugated anti-rabbit (Bio-Rad) detected
by enhanced chemiluminescence (Amersham). For Northern
analysis, RNA was purified by organic extraction and precip-
itation. RNAs were resolved on 6% (19:1) acrylamide, 7 M
urea, 0.6X TBE gels, transferred to Hybond-N1 (Amersham),
and hybridized in 4X Denhardt’s solution, 6X SSC, and 0.1%
SDS. Telomerase RNA was detected with a 32P-end-labeled
oligonucleotide complementary to the template region or
template-adjacent sequence.

RESULTS
Identification of Tetrahymena thermophila TERT, p133. To

identify Tetrahymena thermophila cDNAs that contain se-
quence motifs common to the TERT family (19), a degenerate
PCR strategy was adopted. After numerous protocols, a
product DNA was obtained with more than a minimal se-
quence homology to E. aediculatus p123 (10). Using RT-PCR,
59 and 39 RACE, and PCR from genomic libraries and genomic
DNA, the cDNA coding region and corresponding genomic
region were identified and sequenced (Fig. 1). The 3,351-bp
ORF is predicted to encode a protein product of 133 kDa. It
contains 68 TAA and TAG codons that specify glutamine in
Tetrahymena. This ORF is likely to be complete. The indicated
start codon ATG follows an in-frame stop codon in the 59 UTR
(a second ATG codon closely follows the first); expression of
recombinant p133 results in protein with the same electro-
phoretic mobility as a crossreactive Tetrahymena polypeptide
(see below); and 59 and 39 UTRs typical in length and sequence
were identified (data not shown). The coding region is inter-
rupted by 18 introns (Fig. 1 A), a large number for a Tetrahy-
mena macronuclear gene. The introns are of typical size for
Tetrahymena (47–296 bp), are AyT rich, and contain consensus
splice site sequences (20). The overall level of homology
between ciliate TERT proteins is not high (29% identity, 53%
similarity). However, relative to nonciliate TERT family mem-
bers, T. thermophila and E. aediculatus proteins demonstrate a
much greater sequence homology in the reverse transcriptase
motif region (Fig. 1B; 38% identity, 61% similarity). Most or
all of these previously identified sequence motifs (10, 19) are
likely to form the polymerase active site. In particular, the
aspartic acids of motifs A and C are expected to play a major
role by binding the metal ions that participate in catalysis.

Interaction of p133, Telomerase RNA, and p80yp95. To inves-
tigate the association of p133 with telomerase activity, we raised
antibodies against peptides from within the predicted coding
region. Affinity-purified p133 antibody (anti-Ct) bound to Pro-
tein A–Sepharose could deplete telomerase activity from a whole
cell extract with a corresponding recovery of activity in the bound
fraction (Fig. 2A). Immunoprecipitation was efficient in the
presence of a nonspecific competitor peptide (AB peptide; Fig.
2A, lanes 3 and 6) but was reduced by the presence of specific
competitor peptide in the binding reaction (Ct peptide; Fig. 2A,
lanes 2 and 5) and was not observed with random control
antibodies raised and affinity-purified in a similar manner (R
antibody; Fig. 2A, lanes 1 and 3). We next investigated the
association of p133 with p80, p95, and telomerase RNA to
determine whether all four components formed parts of a single
RNP. Telomerase RNA and p80 and p95 were recovered in the
anti-Ct bound fraction, competed by specific peptide (Fig. 2 B and
C, lane 2) but not nonspecific peptide (Fig. 2 B and C, lane 3), and
not observed in a control antibody immunoprecipitation (Fig. 2
B and C, lane 1). Using recombinant standards of known RNA
or protein concentration (Fig. 2 B and C, lanes 4–6) and
correcting for relative sample volumes and sample treatments,
approximately equivalent ratios of RNA, p80, and p95 were
recovered after p133 immunoprecipitation. A second p133 anti-
body (anti-AB) also immunoprecipitated p80, p95, and telomer-
ase RNA; this antibody depleted activity from the extract, but no
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activity was recovered in the immunoprecipitate (data not
shown).

We also examined the interaction of p133, p80, and p95 in
a partially purified telomerase fraction representative of the
preparations used for enzyme activity characterization (17).
We assayed the coimmunoprecipitation of p133 with p80yp95
by using an antibody against p80. Although the interaction of
p80 antibody with telomerase RNP is not as efficient as its

interaction with p80 alone, because of the polyclonal nature of
the antibody, it has the advantage of immunoprecipitating
telomerase in active form. Equal mass amounts of p80 and
p133 anti-Ct peptide antibodies bound to Protein A–Sepha-
rose depleted telomerase activity from a partially purified
fraction whereas a random control antibody did not (Fig. 3A,
lanes 1–3). Activity was recovered in both p80 and p133
immunoprecipitates but not in the control (Fig. 3A, lanes 4–6).
Both p80 and p133 antibodies were capable of quantitatively
depleting telomerase activity if used in sufficient amount,
although the p133 anti-Ct antibody was more efficient (Fig.
3A).

As demonstrated previously (17) with a different p80 antibody
and above in whole cell extract with p133 antibody, telomerase
RNA is immunoprecipitated specifically with p80 or p133 (Fig.
3B). Both antibodies also specifically immunoprecipitate p133
(Fig. 3C), which migrates at an anomalous apparent molecular
mass of '120 kDa. We used several techniques to confirm that
the protein migrating at 120 kDa is endogenous p133. Recom-
binant p133 made in three different expression systems migrated
at 120 kDa, two independent p133 anti-peptide antibodies spe-
cifically recognized a 120-kDa Tetrahymena protein by immuno-
blot and immunoprecipitation, and this protein was present in
telomerase-positive extracts of vegetatively grown and mated cells
(data not shown). Immunoprecipitations with anti-Ct antibody, in
which all activity was recovered in the bound fraction, appeared
to contain roughly similar quantities of all three telomerase
proteins (Fig. 3D, lane 1) when compared against equal mass
amounts of recombinant standards (Fig. 3D, lanes 2–3). However,
some differences in relative recovery were observed with differ-
ent extracts (see Discussion). We conclude that all of the four
known Tetrahymena telomerase components compose parts of
the same RNP.

Nucleotide Addition Activity of Recombinant p133. To char-
acterize the function of p133 alone, we produced recombinant
protein. To overcome the atypical codon usage in Tetrahymena,
we constructed an entirely synthetic ORF encoding the p133
amino acid sequence. Because the human homolog of p133
expressed in rabbit reticulocyte lysate with human telomerase
RNA is sufficient to produce apparently native-like telomerase
activity in the lysate extract (13), we tested the ability of Tetra-
hymena p133 and telomerase RNA to do the same (Fig. 4A).

FIG. 2. Immunoprecipitation with p133 antibody from whole cell
extract. (A) Telomerase activity was assayed in supernatants (lanes
1–3) or immunoprecipitates resuspended at 30-fold greater relative
concentration (lanes 4–6). Protein A-bound anti-Ct p133 antibody was
incubated with extract in the presence of Ct competitor peptide (lanes
2 and 5) or nonspecific peptide AB (lanes 3 and 6), or Protein A-bound
random control antibody (R) was incubated with extract in the
presence of nonspecific peptide AB (lanes 1 and 4). (B) Telomerase
RNA in immunoprecipitates was analyzed by Northern blot. The same
volume of bound fractions as in (A) was analyzed (lanes 1–3) in
comparison with recombinant telomerase RNA standards (lanes 4–6:
0.1, 0.3, 1.0 ng RNA). (C) Telomerase proteins in immunoprecipitates
were analyzed by immunoblot. Three times the volume of bound
fraction in (A) was probed for p80 and p95 (lanes 1–3) in comparison
with recombinant protein standards (lanes 4–6: 0.25, 1.0, 4.0 ng each
protein). The high background in the bound fractions derives from
recognition of the primary antibody used for immunoprecipitation.

FIG. 1. The cDNA and genomic region encoding p133. (A) The cDNA sequence of p133 is indicated as an open box. Locations of the predicted start
codon (ATG) and stop codon (TGA) are shown by thick lines. Locations of the 18 introns removed from the cDNA are shown by thin lines. Conserved
sequence motifs are lettered and numbered. (B) The motif region sequence of Tetrahymena thermophila p133 (Tt133, Top) and Euplotes aediculatus p123
(Ea123, Bottom; ref. 10) are aligned over the indicated amino acids. Motif designations are given above the alignment, and the previously derived consensus
(19) is given below.
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Telomerase activity assays of p133 and telomerase RNA coex-
pressed in rabbit reticulocyte lysate under typical endogenous
Tetrahymena telomerase assay conditions revealed a limited
addition of dTTP and 32P-dGTP to a single-stranded, telomeric
DNA primer (G4T2)3 (Fig. 4A, lane 1). Expression of p133 alone
(Fig. 4A, lane 2), telomerase RNA alone (Fig. 4A, lane 3), or
coexpression of telomerase RNA with p133 site-specifically sub-
stituted at the aspartic acids of motif C (Fig. 4A, lane 4) all failed
to produce the nucleotide addition activity. RNase treatment of
lysate containing coexpressed p133 and telomerase RNA before
the telomerase assay also eliminated the nucleotide addition
activity (data not shown).

When p133 and telomerase RNA were expressed separately in
lysate and then combined before assaying, a reduced level of
nucleotide addition activity was observed compared with the
activity obtained by coexpression (Fig. 4A, compare lanes 5 and
1). Similarly, when p133 expressed in reticulocyte lysate was
combined with telomerase RNA that had been purified after
transcription, nucleotide addition activity was much less than that
obtained by coexpression (Fig. 4A, lanes 6–8). This was true even
if a vast excess of purified RNA was added to the p133 lysate. As

a control, purified RNA alone had no activity in reticulocyte
lysate (Fig. 4A, lane 9). Also, each lysate reaction produced
comparable levels of [35S]methionine labeled p133 (Fig. 4B)
andyor telomerase RNA (Fig. 4C), whether p133 and RNA were
expressed together or separately. Expression of the p133 gene in
lysate produced several protein species. The largest form at '120
kDa migrates as full length protein and cross-reacts with anti-Ct
antibody, indicating that the C terminus is present. The second
largest form also cross-reacts with anti-Ct antibody and thus likely
contains an intact polymerase domain. Approximately 2 ng of
p133 and 1 ng of telomerase RNA were produced per microliter
of lysate reaction (Fig. 4C and data not shown).

In each of the assays described above, the nucleotide addi-
tion activity catalyzed by recombinant p133 and telomerase
RNA extended the primer (G4T2)3 by one residue. This pattern
of elongation would result from alignment of the primer 39 end
with the extreme 59 end of the RNA template. Endogenous
Tetrahymena telomerase aligns this primer 39 end at both
template 59 and 39 ends, adding either a single nucleotide or six
before reaching the end of the template (4). Also, native
Tetrahymena telomerase processively added multiple repeats
to an individual primer molecule (Fig. 4A, lane 10). Dilution
of native telomerase into reticulocyte lysate did not alter the
processive pattern of elongation products (data not shown).

To investigate the differences between recombinant and
native enzymes in primer alignment and repeat addition
processivity, we assayed nucleotide addition with a variety of

FIG. 3. Immunoprecipitation of p133 from partially purified te-
lomerase fractions. (A–C) Equal relative volumes of supernatants
(lanes 1–3) or immunoprecipitates (lanes 4–6) were assayed for
telomerase activity (A) or for telomerase RNA by Northern blot (B).
Supernatants and an '5-fold greater relative amount of immunopre-
cipitates were analyzed for p133 by immunoblot (C). Protein A-bound
polyclonal anti-p80 antibody (lanes 1 and 4), random control antibody
(R; lanes 2 and 5), or anti-Ct p133 antibody (lanes 3 and 6) was
incubated with extract. The supernatants and immunoprecipitates
shown in B were run on separate gels. (D) The immunoprecipitate
from a complete activity depletion with anti-Ct p133 antibody was
examined by immunoblot for p133, p95, and p80 (lane 1) in comparison
with recombinant protein standards (lanes 2–3: 0.25, 1.0 ng each
protein, not normalized for relative mass).

FIG. 4. Reticulocyte lysate expression of p133 and telomerase
RNA. (A) Telomerase activity was assayed for p133 coexpressed with
RNA [p1331RNA] (lane 1); individual components expressed alone
[p133], [RNA] (lanes 2 and 3); or p133 with motif C substitution of
both aspartic acids for alanines coexpressed with RNA
[DDp1331RNA] (lane 4). Assays also were performed for lysate-
expressed p133 and RNA mixed after synthesis (lane 5); lysate-
expressed p133 mixed with purified telomerase RNA (lanes 6–8: 20 ng,
200 ng, 2 mg of RNA); purified RNA alone (lane 9: 2 mg RNA); or
partially purified endogenous telomerase (NT, lane 10). The radiolabel
in recombinant enzyme lanes in the top half of the gel is from lysate
labeling of plasmid DNA. (B) SDSyPAGE followed by autoradiogra-
phy was used to detect recombinant protein synthesized in the lysates
indicated. The migration of molecular mass markers is indicated at
right. (C) Northern analysis of telomerase RNA was used to detect
recombinant RNA synthesized in 2.5 ml of the lysates indicated.
Telomerase RNA standards were loaded at left (1.1, 0.6, 0.3 ng RNA).
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primers and elongation conditions. Recombinant p1331RNA
extended the 18-nt primer (G4T2)3 by 1 radiolabeled dGTP
(Fig. 5A, lane 1), the 18-nt primer (T2G4)3 by 3 nucleotides
(lane 2), and the 19-nt G-rich but nontelomeric primer
(TG)8T2G by up to 6 nucleotides (Fig. 5A, lane 3). These
patterns correspond to elongation from each primer 39 end to
the end of the template, if each primer 39 end aligned to the
template with maximal perfect match. To confirm that only
correctly templated sequence was added, we performed an
elongation of (TG)8T2G in the presence of either 32P-dGTP,
dTTP, dCTP, and dATP (Fig. 5A, lane 4) or 32P-dGTP and
ddTTP (Fig. 5A, lane 5). No additional nucleotide addition was
observed in the presence of all 4 dNTPs, and ddTTP prema-
turely terminated extension after addition of the anticipated 3
dGTP and 1 ddTTP to a primer 39 end. Native telomerase
produced similar products in the initial repeat added, extend-
ing (G4T2)3 (Fig. 5A, lane 6), (T2G4)3 (Fig. 5A, lane 7), and
(TG)8T2G (Fig. 5A, lane 8) by 1, 3, and 6 nucleotides,
respectively, to give the first intense DNA product. Elongation
of (TG)8T2G was halted after addition of 4 nucleotides in the
presence of dGTP and ddTTP (Fig. 5A, lane 9) and was not
affected by the presence of all 4 dNTPs (data not shown).
However, unlike recombinant p1331RNA, native telomerase
added additional telomeric repeats to each substrate in a
processive manner (Fig. 5A, lanes 6–8).

In addition to primer elongation, telomerase preparations
from Tetrahymena and several other species catalyze the
nucleolytic cleavage of primer or product DNA (4–6). To test
for the nucleolytic cleavage activity characteristic of Tetrahy-

mena telomerase, we assayed the products formed under
standard elongation conditions with the primer substrate
(G3T2G)3 (Fig. 5B). Radiolabeled products from reaction of
(G3T2G)3 included primer-sized and smaller DNAs for both
recombinant (Fig. 5B, lane 1) and native (Fig. 5B, lane 3)
enzymes. This pattern of product DNA results from removal
of one or several terminal primer nucleotides followed by
replacement with new, radiolabeled synthesis. At the primer
concentration used, native telomerase can align the (G3T2G)3
primer 39 end at both ends of the template, either aligning at
the template 59 end and removing primer residues before
adding radiolabeled nucleotides or aligning at the template 39
end and adding six nucleotides before reaching the end of the
template (4). Recombinant p1331RNA appears to favor
alignment of (G3T2G)3 across more of the template, similar to
its bias in the positioning of primer (G4T2)3. We also observed
primer-sized product DNA in recombinant enzyme reactions
of primer (G3T2G)3G3T2A, another native telomerase cleav-
age reaction substrate (ref. 4 and data not shown).

Primer elongation by native Tetrahymena telomerase is highly
processive at the sub-micromolar dGTP concentration of stan-
dard assay conditions (8, 21). In contrast, for some telomerase
enzymes, processive elongation within the first repeat occurs at
low dGTP concentration, but processive addition of entire re-
peats requires much higher dGTP concentration (7, 21). Surpris-
ingly, a titration of dGTP in assays of recombinant p1331RNA
revealed that, although elevated dGTP concentration was not
sufficient to restore the highly processive elongation characteristic
of native Tetrahymena telomerase, it did foster a low level of

FIG. 5. Activity of recombinant p133. For each panel, numbers to the left andyor right indicate product sizes in nucleotides. (A and B) The
single-stranded DNA primers indicated at top were assayed with coexpressed p1331RNA or partially purified endogenous enzyme (NT). In A,
the reaction in lane 4 contained added dATP and dCTP; the reactions in lanes 5 and 9 contained ddTTP instead of dTTP. The exposures of lanes
1–5 and 6–9 were adjusted separately although all lanes were part of the same gel. In B, lane 2 is a marker (M) indicating the migration of an 18-
nt telomeric primer extended by addition of one 32P-dGTP. (C) Primer (G4T2)3 was assayed with coexpressed p1331RNA and increasing
concentrations of dGTP (0.6, 2, 6, 20, 60 mM) diluted 6-fold in specific activity from other reactions shown but kept at the same specific activity
in the titration. The radiolabel in the top half of the gel is from lysate labeling of plasmid DNA. Note that longer product DNAs are actually less
abundant than they appear because they have a higher specific activity. Below each lane, processivity at different dGTP concentrations is compared
as the % of 19-nt product (11) that translocates and is elongated to become 25-nt product (17), normalized for the 53 greater specific activity
of the longer product (i.e., the numbers are a molar percentage of 17 product relative to 11 and 17 products combined). Similar numbers were
obtained by maintaining 32P-dGTP concentration and titrating unlabeled dGTP (data not shown). The stimulatory effect of dGTP appears to
saturate between 10 and 100 mM. (D) The full length telomerase RNA (WT) or shorter RNAs (T1–T3) containing the template and different
template-adjacent regions as shown were assayed in elongation reactions of the primer (G4T2)3. Purified RNAs (20 pmol) were either added to
lysate before synthesis of p133 (lanes 1–4) or added after p133 synthesis (lanes 5–8) subsequent to addition of primer (10 pmol).
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processivity (Fig. 5C). This extent of dGTP-stimulated proces-
sivity in the native enzyme would be undetectable because of the
much greater processivity obtained by a dGTP concentration-
independent mechanism (22).

In all of the assays described above, the full length 159-nt
Tetrahymena telomerase RNA was used to provide the template.
For other reverse transcriptases, recognition of nucleic acid
substrates involves binding and extension of a template-primer
duplex. In initial assays, we tested the ability of recombinant
p1331RNA to extend oligo (dG) hybridized to poly (rC) by
addition of 32P-dGTP. No elongation was observed (data not
shown). We next used shorter versions of the telomerase RNA
itself. Three telomerase RNA templates including different
lengths of template-flanking sequence were designed to form
equivalent interactions with the primer (G4T2)3 (Fig. 5D, Top). In
each case, addition of a single 32P-dGTP would result in elonga-
tion to the end of the template. Full length telomerase RNA and
the three telomerase RNA derivatives were added to in vitro
transcriptionytranslation reactions either before synthesis of p133
(Fig. 5D, lanes 1–4) or after p133 synthesis (Fig. 5D, lanes 5–8).
In either case, although the full length RNA served as template
for primer elongation (Fig. 5D, lanes 1, 5), none of the smaller
RNAs did (Fig. 5D, lanes 2–4, 6–8). All four templates served as
substrates for the Superscript II derivative of Moloney murine
leukemia virus, which actually demonstrated some preference for
the shorter templates (data not shown). These results, combined
with telomerase RNA mutational studies in vitro and in vivo (see
ref. 9 for a recent review), suggest that the p133 active site cleft
does not efficiently recognize a template-primer duplex alone.

DISCUSSION
Proteins associated with andyor required for telomerase activity
have been identified by biochemical, molecular, and genetic
techniques. In Tetrahymena, we show that three telomerase
proteins p80, p95, and p133 and the telomerase RNA form parts
of a common active RNP complex. Similarly, the human ho-
mologs of p80 and p133 have been shown to reciprocally coim-
munoprecipitate (16), presumably with other as yet unidentified
human telomerase proteins. Given that Tetrahymena p133 inter-
acts with p80 and p95, why was it not obvious in the previously
described chromatographic preparations of Tetrahymena telom-
erase (17)? Immunoblots of conventionally purified telomerase
fractionated by glycerol gradient reveal that p133 is present in
fractions containing the peak of telomerase activity, p80, p95, and
telomerase RNA (data not shown). However, in various Tetra-
hymena telomerase purifications, quantitative immunoblots indi-
cated that the amount of p133 was roughly equal to or less than
telomerase RNA, whereas p80 and p95 were roughly equal to or
greater than RNA (data not shown). The apparent underrepre-
sentation of p133 in some preparations is puzzling. It may be that
p133 is indeed substoichiometric. The absence of this subunit in
yeast and human cells does not appear to reduce the stability of
the remaining form(s) of telomerase RNP, and the sedimentation
properties of the yeast RNP are not altered by the presence or
absence of the TERT component in the cell (19, 23). However,
estimation of p133 and RNA copy number is imprecise and could
differ between endogenous and recombinant forms. Also, mod-
ification or proteolysis could diminish the amount of p133
migrating as a polypeptide of 120 kDa. In any case, there may be
a previously unanticipated complexity of telomerase RNP forms,
including additional subunits that remain to be identified.

When expressed in reticulocyte lysate with telomerase RNA,
recombinant p133 catalyzes a reverse transcriptase activity with
some similarities to and some differences from the activity of
endogenous Tetrahymena telomerase. Like the native enzyme,
p1331RNA can use the correct template sequence within the
telomerase RNA to direct nucleotide addition and cleavage. A
bias toward alignment of primers across the maximal comple-
mentary template region was observed for recombinant
p1331RNA. More surprising was the limited and dGTP con-

centration-dependent processivity of the recombinant enzyme
because no differences were reported between the activities of
native human telomerase and lysate-expressed human TERT 1
telomerase RNA (13). It is possible that the TERT subunit and
RNA from different species have dramatic differences in activity.
Alternately, rabbit reticulocyte lysate components may fold,
modify, or complement the two recombinant complexes differ-
ently, with the human TERT1RNA adopting a more native-like
structure than the Tetrahymena TERT1RNA. Whatever the
molecular explanation for the difference between recombinant
and native activities described here, our results indicate that
properties of telomerase mechanism such as processivity are
separable from telomerase active site function.

In addition, our results indicate that features of the polymerase
domain itself may be novel. The apparent inability of recombi-
nant p133 to template DNA synthesis using typical reverse
transcriptase template-primer duplexes, or even a telomeric
primer annealed to shorter versions of the telomerase RNA,
suggests that the telomerase active site cleft interacts with nucleic
acid in a manner different from other reverse transcriptases. This
idea is consistent with both in vitro and in vivo RNA mutational
studies that reveal requirements for nontemplate regions of the
telomerase RNA and suggest nontemplating roles for the tem-
plate residues themselves (see ref. 9 for review). If nontemplate
regions of the RNA interact with protein sites to appropriately
position the template, the active site cleft itself need not have
substantial affinity for nucleic acid. Alternately, the requirement
for nontemplate regions of the telomerase RNA in the nucleotide
addition reaction could be a direct consequence of their require-
ment for active site structure and function. Clearly, many addi-
tional models are possible and remain to be investigated bio-
chemically.
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