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ABSTRACT Telomerase reverse transcriptase (TERT)
has been identified as the catalytic subunit of the chromosome
end-replicating enzyme in Euplotes, yeasts, and mammals.
However, it was not reported among the protein components
of purified Tetrahymena telomerase, the first telomerase iden-
tified and the most thoroughly studied. It therefore seemed
possible that Tetrahymena used an alternative telomerase that
lacked a TERT protein. We now report the cloning and
sequencing of a Tetrahymena thermophila gene whose encoded
protein has the properties expected for a TERT, including
large size (133 kDa), basicity (calculated pI = 10.0), and
reverse transcriptase sequence motifs with telomerase-
specific features. The expression of mRNA from the Tetrahy-
mena TERT gene increases dramatically at 2-5 h after con-
jugation, preceding de novo addition of telomeres to macro-
nuclear DNA molecules. We also report the cloning and
sequencing of the ortholog from Oxytricha trifallax. The
Oxytricha macronuclear TERT gene has no introns, whereas
that of Tetrahymena has 18 introns. Sequence comparisons
reveal a new amino acid sequence motif (CP), conserved
among the ciliated protozoan TERTS, and allow refinement of
previously identified motifs. A phylogenetic tree of the known
TERTS follows the phylogeny of the organisms in which they
are found, consistent with an ancient origin rather than recent
transposition. The conservation of TERTs among eukaryotes
supports the model that telomerase has a conserved core
(TERT plus the RNA subunit), with other subunits of the
holoenzyme being more variable among species.

The ends of linear eukaryotic chromosomes are protected by
DNA-protein complexes known as telomeres. In most species,
the DNA portion of telomeres consists of tandem arrays of short
repeats (6—10 nt) that are remarkably conserved throughout
evolution (1). Telomere shortening (=50 bp per cell division) has
been seen in normal vertebrate somatic cells, in which telomeres
are not replicated (2-5). It has been hypothesized that loss of a
critical portion of the telomere leads to the onset of cellular
senescence in these cells (6, 7). In contrast, the telomeres of
unicellular eukaryotes, of germ-line cells of multicellular organ-
isms, and of many human cancer cells do not shorten during cell
division (8-10) because of the actions of the ribonucleoprotein
enzyme telomerase. Telomerase is a reverse transcriptase that
uses an internal RNA moiety as a template for the extension of
DNA ends (ref. 11 and reviewed in ref 12). The RNA component
of telomerase has been cloned from many different organisms
(reviewed in ref. 13).

The protein components of telomerase have proven to be
more difficult to identify. The use of ciliated protozoa has
facilitated this search because of their extremely large numbers
of chromosome ends. Ciliates divide vegetatively in rich me-

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1998 by The National Academy of Sciences 0027-8424/98/958479-6$2.00/0
PNAS is available online at http://www.pnas.org.

8479

dium but will conjugate when starved. During conjugation, the
development of a new macronucleus is accompanied by DNA
amplification and chromosome fragmentation, resulting in
thousands to millions of minichromosomes (reviewed in ref.
14). Telomerase is required for the replication of telomeres
during vegetative growth as well as the de novo addition of
telomeres to nontelomeric ends during macronuclear devel-
opment (reviewed in ref. 15).

The first proteins shown to be associated with telomerase
were two proteins of 80 and 95 kDa from the ciliate Tetrahy-
mena thermophila, which copurified with enzyme activity and
with the telomerase RNA subunit (16). These proteins form a
complex that associates with the telomerase RNA and with
telomeric substrate DNA (17). They show no strong homology
to any previously identified polymerases. A protein (TEP1)
related to 7. thermophila p80 is associated with telomerase
RNA in rat, mouse, and human (18, 19). However, the
expression of the human TEP1 does not correlate with telom-
erase activity in cells and tissues, being ubiquitously expressed
(18, 20). The RNA component of human telomerase also is
expressed even in cells with no detectable telomerase activity,
albeit at lower levels than in immortal telomerase-positive cells
(21-23). Together, these data suggest that, at least in human
cells, the regulation of telomerase activity is provided by
another component.

Another species of ciliate was the source for the biochemical
purification of a second family of telomerase proteins that
share no homology with those discussed above. An active
telomerase RNA-protein complex purified from the ciliate
Euplotes aediculatus contained two proteins of 123 and 43 kDa
(24). The 123-kDa protein contains reverse transcriptase (RT)
motifs (25). Its yeast homolog, Est2p, had been identified
independently in a screen for yeast mutants showing telomere
length reduction and senescence (26). Genes for homologs of
Ea_p123 and Sc_Est2p have been identified in humans, mice,
and fission yeast (20, 27-30). Here, we refer to this family of
proteins as the TElomerase Reverse Transcriptases (TERTS).
Mutation of conserved residues in the RT motifs of TERT
resulted in abrogation of telomerase activity in both yeast and
human cells (25, 29, 31-33). Inducing expression of the human
gene (hTERT) restored telomerase activity to telomerase-
negative human cells (32-34). Additional compelling evidence
that hTERT is the catalytic protein subunit of human telom-
erase comes from experiments in which in vitro-translated
hTERT and the human telomerase RNA were sufficient to
reconstitute telomerase activity (32, 35). It also recently has
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been demonstrated that ectopic expression of hTERT in
normal human diploid fibroblasts is sufficient to extend their
lifespan in culture, consistent with a central role of this protein
in regulation of telomere length and lifespan in human cells
(36). Furthermore, the expression patterns of A”TERT mRNA
correlate with telomerase activity levels in human cells (20, 27,
28, 33).

We now show that Tetrahymena also has a TERT gene and
that its expression is increased greatly during conjugation, a
time of new macronuclear telomere formation. We also iden-
tify the TERT gene in Oxytricha, a hypotrichous ciliate more
closely related to Euplotes and one in which telomeric DNA
end-binding proteins have been well studied. These new find-
ings support the conclusion that the TERT catalytic subunit is
a universally conserved feature of telomerases.

MATERIALS AND METHODS

Growth of Ciliated Protozoa. Tetrahymena thermophila
strain B7 (from the American Type Culture Collection) was
used for cloning of the TERT gene. To study the expression
level of TERT, strains CU428.2 and B2086.1 (gifts from Marty
Gorovsky, University of Rochester) representing two different
mating types were used. Cells were grown vegetatively in 10
mg/ml proteose peptone (Difco) and 0.03 mg/ml sequestrene
(CIBA-Geigy) at 30°C with shaking at 100 rpm to a cell density
of 1 X 103 cells/ml, then collected by centrifugation for 10 min
at 1,000 X g. To initiate starvation, cells grown to a density of
1 X 10° cells/ml were collected by centrifugation and incu-
bated at a density of 3 X 10° cells/ml in 10 mM Tris-Cl (pH 7.5)
at 30°C without shaking for at least 12 h. Starved cells were
induced to conjugate by mixing equal numbers of the two
mating types in starvation medium without shaking. Oxytricha
trifallax, a gift from David Prescott (University of Colorado),
were grown as previously described (37) with Chlorogonium as
a food source.

Isolation of T. thermophila RNA and DNA. RNA was ex-
tracted from 10% vegetatively growing cells by using the
phenol/guanidinium reagent TriReagent (Molecular Re-
search Centre) following the manufacturer’s instructions.
Poly(A)* RNA was isolated from total cellular RNA by
affinity chromatography on oligo(dT) cellulose (New England
Biolabs). Genomic DNA was prepared by using a DNA
extraction kit (Stratagene).

Cloning of the Tetrahymena TERT Gene and cDNA. Degen-
erate oligonucleotides were designed based on the sequences
of the E. aediculatus, S. cerevisiae, and S. pombe telomerase RT
genes (GenBank accession nos. U95964, U20618, and
AF015783, respectively) as follows: primer K231, based on the
motif T sequence FFYXTE (forward direction), is 5’-biotin-
GCCTATTTYTTYTAYNNNACNGA-3'; K220, based on
the motif C sequence DDFL(F/I/L)I (reverse direction), is
5'-CCAGATATNADNARRAARTCRTC-3"; K228, based on
the motif 1 sequence R(L/I)(L/I)PKK (forward direction), is
5'-ACAATG(C/A)GNHTNHTNCCNAARAA-3'; K224,
based on the motif A sequence CYDSIPR (reverse direction),
is 5'-~ACGAATC(G/T)NGGDATN(G/C)(T/A)RTCRTAR-
CA-3’; and K227, based on the motif A sequence DIKSCYD
(reverse direction), is 5'-CAATTCTCRTARCAN(C/G)(T/
A)YTTDATRTC-3"; where D = A,G,or T; H=A,C,or T;
N=A,G,C,orT; R =Aor G; Y = Cor T; and parentheses
indicate an equal mixture of the indicated bases. Tetrahymena
DNA was amplified by PCR by using primers K231 and K220.
To enrich for PCR products that were amplified by both
primers (one of which was biotinylated), eight cycles of am-
plification were carried out, and the product was purified over
streptavidin beads. The beads were washed with 0.5X SSC (1X
SSC is 0.15 M NaCl/0.015 M Na citrate, pH 7.0). Then the
beads were boiled in water to release the product, which was
reamplified with K231 and K220. Products in the 800- to
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1,100-nt range were gel-purified. A second amplification re-
action of Tetrahymena DNA was carried out by using primers
K228-K224, and amplification products in the 250- to 350-nt
range were gel-purified. To enrich for sequences shared be-
tween the two sets of PCR products, K231-K220 products were
reamplified, bound to streptavidin beads, and denatured by
boiling in water, and the eluate was discarded. Reamplified
K228-K224 products were added to the same beads in 0.5X
SSC, heated to 94°C, and slowly cooled to 50°C to allow
hybridization of common sequences. The beads were then
separated from the eluate and washed in 0.5X SSC at 55°C, and
the products of hybrid selection were released by boiling in
water. The eluted DNA was subjected to semi-nested PCR
with K228 and K227. Electrophoresis on a 5% denaturing
polyacrylamide gel revealed a prominent 290-nt band that was
purified, reamplified, cloned, and sequenced.

DNA surrounding the initial PCR fragments was identified
by rapid amplification of cDNA ends [RACE (38)] by using the
Marathon ¢cDNA amplification kit (CLONTECH) following
the manufacturer’s protocols, using 10 mg of total cellular
RNA or 1 mg poly(A)* RNA for reverse transcription. Be-
cause a 5’ Met codon was not identified in the resulting 5' PCR
product, reverse transcription and PCR were repeated by using
the SMART kit (CLONTECH), which enriches for full length
cDNAs. PCR products were sequenced by using the Thermo
Sequenase radiolabeled terminator cycle sequencing kit (Am-
ersham). Both strands of each template were sequenced, and
the sequence was confirmed by using at least two independent
PCR products. Genomic DNA also was amplified by using
gene-specific primers, and the PCR products were sequenced.

Cloning of the Oxytricha TERT Gene. O. trifallax genomic
DNA was prepared as described (39). A genomic library was
generated by digesting the DNA with Mung Bean Nuclease
and ligating the resulting blunt-ended fragments into the Smal
restriction enzyme site of the plasmid vector pCRscript SK+
(Stratagene) in the presence of restriction enzyme SrfI (25). A
probe for colony hybridization of this library was generated by
initially carrying out PCR amplification by using degenerate
primers based on motifs B’ and C of the Ea_pl23 gene
(5'-DGTDATNARRTARTCRTC and 5'-YARACHAARG-
GHATYCCHYARGG). The 3’ terminus of the Ot TERT
gene then was amplified by using nested PCR with two primers
derived from this PCR product and another based on the O.
trifallax telomere sequence (T4Gu)s Part of this sequence
(nucleotides 2703-3007 of the Ot_.TERT gene) was used as a
probe for library screening. The clone identified was se-
quenced on both strands by using an ABI 377 automated
sequencer (Perkin-Elmer).

Sequence Analysis. Multiple sequence alignments were car-
ried out by using the program CLUSTAL W (1.60), with gap
penalties of 10 (for pairwise alignment) or 50 (for multiple
sequence alignment). All other parameters were default. The
amino acid similarities shown in Fig. 1B and Table 1 are those
assigned by CLUSTAL, using the Dayhoff PAM 250 matrix. The
phylogenetic tree was constructed by first aligning the motif
sequences T, 1, 2 and A-E in CLUSTAL. The tree was con-
structed by using the Neighbor Joining method (40) and was
drawn by the program NJPLOT.

RT-PCR Analysis of RNA Levels. Tetrahymena RNA was
digested with RQ1 RNase-free DNase (Promega), extracted
twice with phenol-chloroform, and ethanol precipitated. RNA
was quantitated using UV absorbance at 260 nm. RT reactions
were performed with 5 pug of RNA and 0.4 uM random
hexamers (Perkin-Elmer) in a 20-ul reaction volume using
Superscript 11 (GIBCO/BRL) following the manufacturer’s
protocol. Quantitative PCR was performed to measure the
relative abundance of the 7t_TERT mRNA and the telomerase
RNA subunit. Ul snRNA was used to normalize the amount
of RNA per reaction and the efficiency of the RT reactions; in
four experiments, there was no consistent trend of changes in
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Tt_TERT 314 VQNFHNINFNYLLKKFCKLPENYQSLKS 119 FIINKIVIPVLRYNFYITEKHKEGSQIFYYRKPIWKLVSKLTIVKLEE &
Ot _TERT 404 IVNQKKFDFKYYLSKNCPLPENWKNLKK 113 WVFEDLAITLMRCYFYSTEKAKEYQRIFYYREKNIWNMIMRLSIDDLLK 8
Ea_pl23 300 LEKVKDFNFNYYLTKSCPLPENWRERK(] 113 WIFEDLVVSLIRCFFYVTEQQKSYSKTYYYRKNIWDVIMKMSIADLKK 8
Sc_Est2p 244 LKRHKRLNYVSILNSICPPLEGTVLDLS 94 WLFRQLIPKIIQTFFYCTEISSTVT-IVYFRHDTWNKLITPFIVEYFK §&
Sp_Trtlp 288 TVVPKRLLKVYPLIEQTAKRLHRISLSK 113 WLYNSFIIPILQSFFYITESSDLRNRTVYFRKDIWKLLCRPFITSMKM &
hTERT 396 LGNHAQCPYGVLLKTHCPLRAAVTPAAG 122 WLMSVYVVELLRSFFYVTETTFOKNRLFFYRKSVWSKLQSIGIRQHLK 10
mTERT 401 LVNHAECQYVRLLRSHCRFRTANQQVTD 107 WLMDTYVVQLLRSFFYITESTFQKNRLFFYRKSVWSKLQSIGVRQHLE 10
Motif 1 Motif 2 Motif A
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Tt_TERT KLIPE-DSFQKYPOGKLRIIPKKGS-
Ot_TERT KEMRIFCESQNFAPGKLRLIPKGDT-
Ea_pl23 KEVEEWKKSLGFAPGKLRLIPKKTT-

Sp_Trtlp NNVEMDTQKTTLPPAVIRLLPKKNT-
hTERT EVRQHREARPALLTSRLRFIPKPDG-
mTERT EVRHHQDTWLAMPICRLRFIPKPNG-

Motif B’
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Motif C
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0 FRPIMTFLRKDKQKN-IKLNLNQILMDSQL 37 GRPOLYYVTLDIKKCYDSIDOMKLLNFFNQSDLI 121
0 FRPIMTFNRKIPNQVGKFQSRMTTNNKLQT 41 NSPKLYFVAMDIEKCYDNVDCERVVNFLOKSDLM 100
0 FRPIMTFNKKIVNSD-RKTTKLTTNTKLLN 41 GQPKLFFATMDIEKCYDSVNREKLSTFLKTTKLL 100
Sc_Est2p CRMNHNSYTLSNFNHSKMRIIPKKSNN 1 FRIIAIPCRGADEEE-FTIYKENHKNAIQP 42 VLPELYFMKFDVKSCYDSIPRMECMRILKDALEN 68
0 FRLITNLRKRFLIKM-GSNKKMLVSTNQTL 40 FGRKKYFVRIDIKSCYDRIKQDLMFRIVKKKLKD 82
0 LRPIVNMDYVVGART-FRREKRAERLTSRV 45 PPPELYFVKVDVTGAYDTIPQDRLTEVIASIIKP 87
0 LRPIVNMSYSMGTRA-LGRRKQAQHFTQRL 45 QTPRMYFVKADVTGAYDAIPQGKLVEVVANMIRH 90

Motif D

ALNLIVQLONCANNNGFMFNDQKITT 18 QNECQWIGKSI 236
AMLFIEKLYQLSLGNFFKFHMKKLKT 22 DDLFHWIGISI 182

1]

0
Ea_pl23 KFYKQTKGIPQGLCVSSILSSFYYATLEESSLGFL 14 LMRLTDDYLLITTQENN 0 AVLFIEKLINVSRENGFKFNMKELQT 23 QDYCDWIGISI 179
Sc_Est2p KCYIREDGLFQGSSLSAPIVDLVYDDLLEFYSEFK 8 ILKLADDFLIISTDQQQ 0 VINIKKLAMGGFQKYNAKANRDKILA 20 KELEVWKHSST 146
Sp_Trtlp SQYLOKVGIPQGSILSSFLCHFYMEDLIDEYLSFT 6 LLRVVDDFLFITVNKKD 0 AKKFLNLSLRGFEKHNFSTSLEKTVI 17 KKRMPFFGFSV 181
hTERT KSYVQCQGIPQGSILSTLLCSLCYGDMENKLFAGI 5 LLRLVDDFLLVTPHLTH 0 AKTFLRTLVRGVPEYGCVVNLREKTVV 19 HGLFPWCGLLL 187
mTERT RCYTQCQOGIPQGSSLSTLLCSLCFGDMENKLFAEV 5 LLRFVDDFLLVTPHLDQ 0 AKTFLSTLVHGVPEYGCMINLQKTVV 19 HCLFPWCGLLL 194

F1G. 1. Primary structure of the seven known telomerase RTs. Organisms represented are Tetrahymena thermophila (Tt_TERT; this paper),
Oxytricha trifallax (Ot_TERT; this paper), Euplotes aediculatus [Ea_p123; (25)], Saccharomyces cerevisiae [Sc_Est2p; (26)], Schizosaccharomyces
pombe [Sp-Trtlp; (20)], Homo sapiens [h'TERT; (20)], and Mus musculus [nTERT; (30)]. (4) Colored boxes indicate the locations of RT motifs
1, 2 and A to E (41), telomerase-specific motif T (20), and the new motif found in ciliated protozoa, CP. kDa, molecular mass in kilodaltons; pI,
isoelectric point. (B) Multiple sequence alignment of the motif amino acid sequences. Distances (in amino acids) between motifs and to the ends
of the protein are shown. A consensus derived from all seven sequences is shown above them. Amino acids are included in the consensus if they
appear in at least five sequences and are typed in bold if the remaining amino acids are conservative substitutions. Colored residues are conserved
throughout all seven sequences. *, Amino acid similarity. A consensus derived from just the three ciliated protozoa sequences also is shown for motif
CP. Abbreviations for the amino acids are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; 1, Ile; K, Lys; L, Leu; M, Met; N,
Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. The nucleotide sequences of the 7. thermophila and O. trifallax genes have
been submitted to GenBank (accession nos. AF062652 and AF060230, respectively).

the level of Ul snRNA during starvation or mating. PCR
amplification with TS, 5'-AGAAATCTTTTAAATATCTTC-
GAA-3', and T3, 5'-CTGATTTTCTTACTTTTTCTCATT-
GCT-3', gave a Tt_TERT mRNA-specific PCR product of 246
bp; R5, 5'-ATACCCGCTTAATTCATTCAGATC-3’, and
R3, 5'-TTACCACTTATTTGAACCTAATTG-3', gave a te-
lomerase RNA-specific PCR product of 101 bp; and US,
5'-CTTACCTGGCTGGAGTTTGCTATC-3’, and U3, 5'-
GCGGAGACAGCACTAAGTGCACG-3', gave a Ul

snRNA-specific PCR product of 152 bp. PCR was performed
under the following conditions: 1X PCR buffer with magne-
sium (Boehringer Mannheim); 0.2 uM each dATP, dCTP,
dGTP, and dTTP; 1 uM each of the above primer pairs; 67
wCi/ml [@-3?P]dCTP; and 0.3 units Tag polymerase in a 15-ul
reaction volume. A 5-min denaturation step at 94°C was
followed by repeated cycles of 94°C for 30 s, 55°C for 30 s, and
72°C for 1 min. An appropriate number of cycles was deter-
mined experimentally by quantitating the amount of PCR

Table 1. Amino acid sequence identity between seven known telomerase reverse transcriptases

TLTERT OLTERT Ea_pl23 Sc_Est2p Sp_Trtlp hTERT
mTERT 27 (48) 25 (49) 25 (49) 23 (46) 31 (49) 76 (90)
hTERT 25 (47) 28 (49) 28 (49) 26 (46) 30 (49)

Sp_Trtlp 29 (47) 28 (48) 28 (48) 30 (48)

Sc_Est2p 24 (43) 25 (46) 26 (47)

Ea_p123 45 (66) 63 (79)

Ot_TERT 43 (67)

Each value is % identity (% similarity in brackets) of motifs T, 1, 2, and A to E, aligned as shown in

Fig. 1B.



8482 Biochemistry: Bryan et al.

product as a function of cycle number at the highest RNA
concentration used and choosing a point within the log-linear
range. The Ul and telomerase RNA reactions were done for
13 cycles and the TERT reactions were done for 20 and 25
cycles. The entire reaction mixture then was subjected to
electrophoresis in a 5% polyacrylamide gel in Tris borate/
EDTA buffer. The gel was dried, and the bands were quan-
titated by using a phosphorimager (Molecular Dynamics).

RESULTS AND DISCUSSION

Cloning of the TERT Genes. To determine whether the
TERT gene is conserved among the ciliated protozoa, we
searched for homologs in 7. thermophila and O. trifallax. The
cloning method for both genes was based on PCR amplifica-
tion of genomic DNA by using degenerate primers designed
from conserved regions of the RT motifs of the TERT genes
known at that time.

In the case of T. thermophila, an initial PCR product of 290
bp was found to encode a peptide sequence with homology to
the other known TERTS. Using this sequence, the rest of the
gene was obtained by rapid amplification of cDNA ends
(RACE), in which short DNA “adaptors” are ligated onto the
ends of a library of cDNA molecules and the 5’ and 3’ regions
of the gene are amplified with primers based on the sequences
of these adaptors and the known portions of the gene. The
codon for the N-terminal Met was taken to be an ATG
preceded by a TGA “stop” codon 12 bp upstream. The
resulting ORF would produce a protein of 1117 amino acids
with a calculated molecular mass of 133 kDa.

Amplification of O. trifallax genomic DNA with degenerate
primers derived from motifs B’ and C of Ea_p123 gave a PCR
product of 174 bp. A longer PCR product was obtained by
nested PCR from this sequence to the telomeric sequence
present at the ends of all Oxytricha macronuclear genes. A
portion of this fragment then was used as a probe in colony
hybridization of an O. trifallax genomic library. A full length
clone (3642 bp) with telomeric sequences at both ends was
identified. Its ORF encoded a predicted protein of 1,132 amino
acids (calculated molecular mass = 134 kDa), which shared
63% identity to Ea_p123 across the entire sequence. The two
new TERTS are very basic proteins, with calculated pI = 10 like
the previously identified TERTS.

Features of the Inferred TERT Proteins. The primary
structures of the predicted proteins encoded by these two
genes (named 7T¢t_TERT and Ot_-TERT) are shown in Fig. 14,
along with the other members of the TERT family identified
to date. T_TERT and Ot_TERT proteins contain all seven RT
sequence motifs (41) and the telomerase-specific T motif
previously identified (20), with motif spacing very similar to
that of the E. aediculatus protein. Fig. 1B shows the amino acid
sequence alignment and a consensus sequence for all motifs.
This consensus refines that previously described (20) with
information from three additional TERT proteins, including
the recently identified mouse protein (30). Telomerase-
specific features of the RT motifs that distinguish them from

150 bp
—
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the retroviral and retrotransposon consensus are now con-
firmed (20). They include a conserved Arg in motif 1 and an
aromatic residue (Tyr or Phe) following the two critical Asp
residues in motif C (see Fig. 1B).

We were surprised to discover that the first Phe in the
sequence “FFY” of motif T is not conserved in the sequences
from T. thermophila and O. trifallax. We subsequently learned,
however, that mutation of this Phe to an Ala in hTERT had a
minimal effect on telomerase activity, whereas mutations of
other conserved residues in this motif greatly reduced activity
(32). The two new ciliate sequences thus confirm the boundary
of the essential region of the T motif. The function of this motif
is as yet unknown.

In addition, we identified a motif (motif CP) specific to the
ciliated protozoan proteins, located 113-119 aa upstream of
the T motif. This motif shows striking identity among the three
ciliate proteins but shows little conservation among the other
TERTSs. The function of this motif also awaits mutational
analysis with recombinant proteins, but it is tempting to
speculate that it may be involved in the enormous increase in
telomere numbers that is characteristic of the ciliate life cycle.

There is evidence that the amino acid located five residues
C-terminal to the first conserved Asp in motif A of DNA
polymerases is involved in the discrimination between dNTPs
and rNTPs as substrates (reviewed in ref. 42). Reverse tran-
scriptases, which show a strong preference for dNTPs, have
only Tyr or Phe at this location (43). The bulky aromatic
sidechains of these amino acids are predicted to form a “steric
gate” and interfere with the 2’OH of an incoming rNTP.
Indeed, replacement of this Phe with a smaller side chain (Val)
in the RT of Moloney murine leukemia virus resulted in an
almost equal preference for ANTPs and rNTPs in the mutant
enzyme (44). All of the TERTS, including that of Tetrahymena,
also have a Tyr at this location (see Fig. 1B). Thus, they would
be expected to show a strong preference for dNTPs over
rNTPs, although Tetrahymena telomerase is able to incorpo-
rate rNTPs at low levels (45).

Introns. Amplification of the Ot_TERT gene in segments of
<500 bp from cDNA and genomic DNA resulted in products
with no discernible differences in size. Furthermore, the entire
gene was sequenced from genomic DNA, and no convincing
intronic consensus sequences were found. Thus, we conclude
that the Oxytricha gene contains no introns.

When the Tt_TERT gene was amplified and sequenced from
both cDNA and genomic DNA, 18 introns were identified.
Each intron had consensus 5’ and 3’ splice site sequences
(5'/GTAa. ... tAG/3’, where capital and lower case letters
indicate bases conserved in 100% and >70% of the 18 introns,
respectively). These splice site sequences conform to those
previously identified for 7. thermophila (46) and resemble
those of other organisms. All introns were extremely AT-rich
(a mean of 86% with a range of 79 to 92%), as is typical for
T. thermophila noncoding regions (46). Their locations are
shown in Fig. 2, along with those of the 15 introns identified
in the S. pombe gene Trtl, the only other TERT gene for which
the intron locations are known. Of interest, two introns show

Tt_TERT

Sp_Tri1

F1G. 2. Location of introns in the TERT genes from S. pombe and T. thermophila. Bars represent ORFs with sequence motifs shown as stippled
boxes. The two circled pairs of introns show conserved locations in both genes.
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exact matches in location when the proteins are optimally
aligned (introns 8 and 12 in Tt_TERT vs. introns 5 and 11 in
Sp_Trtl). Other introns also may have concordant locations,
although uncertainties in alignment of other regions of the
proteins makes this difficult to determine [e.g., introns 11 (7%)
and 10 (Sp)].

The implication is either that the two concordant introns are
of relatively early origin, dating at least as far back as the
common ancestor of ciliated protozoa and yeast, or that intron
insertion is a nonrandom event. If the former is true, then these
introns must have been lost in the other organisms for which
it is known that there are no TERT introns (O. trifallax, E.
aediculatus, and S. cerevisiae). The remaining introns that show
no conservation in location must either have moved by “intron
sliding”” during the evolution of these two lineages or have been
inserted more recently. Such intron sliding could occur when
a mutation creates a new splice site that preserves an ORF in
the adjacent exons.

Phylogenetic Relationships. The extent of homology be-
tween the motifs of all known TERT proteins and a possible
phylogenetic tree based on these relationships are shown in
Table 1 and Fig. 3. This tree is consistent with the known
evolutionary relationships of these organisms. It is clear that
the mouse and human proteins show by far the most homology,
as is expected from their relatively recent divergence within
mammalian lineages. The ciliate proteins are also more similar
to each other than to the other members of the TERT family.
Furthermore, the proteins of the two hypotrichous ciliates
(Euplotes and Oxytricha) show much greater homology to each
other than to the protein of the holotrich Tetrahymena, as
expected from their evolutionary relationships. A previously
published phylogenetic tree using four of these sequences and
only the RT motifs (20) did not recapitulate the known
relationships between organisms. Inclusion of additional mem-
bers of the protein family and an additional motif (motif T) in
the analysis thus clarifies the relationship among these pro-
teins.

Expression Levels of the 7t_TERT Gene. Telomerase activity
in T. thermophila is greater during macronuclear development
than during vegetative growth (47), as would be expected from
the massive telomere addition occurring at this time. Activity
levels increase ~1.5-fold upon starvation of the cells and at the
peak of macronuclear development (8-10 h after mixing
mating types) reach ~3-fold higher levels than vegetative cells
(48). We therefore determined the mRNA expression profile
of the Tt_-TERT gene.

Tt_.TERT mRNA was present at very low levels in both
vegetative and starved Tetrahymena (Fig. 44; data not shown).

Tt_TERT
100
Ea_p123
100

Ot_TERT

64
Sp_Trtip
Sc_EST2p

mTERT

100
hTERT

Fi1G. 3. A possible phylogenetic tree of all telomerase reverse
transcriptases identified to date. The neighbor-joining distance tree
was constructed by alignment of motifs T, 1, 2 and A to E as in Fig.
1 and rooted with the ciliated protozoan branch. The statistical support
for each node is indicated as the percentage of 1,000 bootstrap
replicates that showed that node.
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FiG. 4. Expression at the RNA level of T. thermophila telomerase
components during vegetative growth, starvation for 14 h, and con-
jugation for 2-24 h as determined by RT-PCR or Northern hybrid-
ization. (4) Tt-TERT mRNA, 20 PCR cycles. (B) Telomerase RNA
subunit (TER), 13 PCR cycles. (C) Ul snRNA (49), a control for RNA
level and RT-PCR efficiency in the different samples, 13 PCR cycles.
(D) Northern hybridization analysis of telomerase RNA, probing for
U2 snRNA as an internal standard. () Quantitation of TERT mRNA
levels (dark columns), divided by the signal obtained for the Ul
snRNA and then normalized so that the level in vegetative cells equals
1.0. Each column represents the mean of two separate PCRs, with
error bars representing the range of values. Quantitation of telomerase
RNA levels as determined by Northern hybridization (striped col-
umns), normalized to U2 snRNA so that the value for vegetative cells
equals 1.0. Each column represents the mean of four separate samples,
with error bars representing the SEM. (Quantitation of the RT-PCR
reaction shown in B gives a similar result, with only the vegetative
sample showing a slight difference).

At the first time point (2 h) after mixing different mating types,
a significant increase in mRNA was observed, which then
peaked 5-8 h after mating was initiated. At that time, 90% of
the cells was paired. No increase in mRNA was seen upon
continued starvation of a single mating type over this same
time period (data not shown). The 45-fold increase in 7t_ TERT
mRNA level over that in vegetative cells shown in Fig. 4F is
most likely an underestimate due to the difficulty in quanti-
tating the low signal in vegetative cells. When the PCR was
increased from 20 to 25 cycles, both vegetative and starved
cells gave a measurable signal, but the mated samples were
reaching the limits of the exponential range for the PCR
reaction. Under these conditions, the increase in expression
was >100-fold (data not shown). In contrast to the TERT
mRNA, the telomerase RNA increased only ~3-fold during
mating (Fig. 4 B, D, and E).

At least superficially, the changes in RNA expression upon
induction of telomerase in Tetrahymena resemble those ob-
served in mammalian cells. The human telomerase RNA
subunit is present in many telomerase-negative cells but ac-
cumulates to higher levels in telomerase-positive cells, whereas
the h”TERT mRNA levels are much more tightly regulated with
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respect to telomerase activity (20-23, 27, 28, 33). Thus, it may
be that, in Tetrahymena, as in human cells (32-34), the catalytic
TERT subunit is a limiting component that can switch telom-
erase activity on and off.

Conclusions. Based on in vifro reconstitution experiments,
the core catalytic domain of telomerase is hypothesized to
consist of the TERT protein in combination with the telom-
erase RNA (32). The identification of TERT in two more
ciliate species supports this concept because it is now clear that
TERT is highly phylogenetically conserved. We know that the
T. thermophila TERT is expressed coordinately with telomer-
ase activity, and reconstitution experiments confirm that it too
is part of the core catalytic domain of telomerase (50). These
results support the conclusion that Tetrahymena telomerase,
the first such enzyme discovered and the one most extensively
studied, has a catalytic subunit related both structurally and
evolutionarily to those of other telomerases. The p80 and p95
proteins associated with T. thermophila telomerase RNA (16,
17) now seem more likely to be additional components of a
holoenzyme. This conclusion is supported by the lack of p80
and p95 homologs in purified Euplotes telomerase (24) and in
the S. cerevisiae genome, although it remains possible that
there exist functionally equivalent proteins that differ greatly
in sequence. Thus, our results support the concept of a
phylogenetically conserved telomerase core, with species vari-
ability in the other components of the holoenzyme.
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