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in the Catalytic Subunit 
of Telomerase 

Telolnerase RNP has also been purified 
from Euplotes aediculatus, a hypotrichous cil- 
iate only distantly related to Tetrahymena 
(12). The hypotrichs present a special op- 
portunity for telomere studies because their 
macronuclei contain millions of gene-sized 

Joachim Lingner," Timothy R. Hughes, Andrej Shevchenko, DNA molecules, Each cell has about 
Matthias Mann,? Victoria Lundblad,? Thomas R. Cech? 10' telorneres (1 3 )  and about 3 x 10' mol- 

ecules of telornerase (1 2).  Measurements of 
Telomerase is a ribonucleoprotein enzyme essential for the replication of chromosome the specific activity of telomerase through- 
termini in most eukaryotes. Telomerase RNA components have been identified from out the purification indicated that the ma- 
many organisms, but no protein component has been demonstrated to catalyze telo- jor activity present in macronuclear ex- 
meric DNA extension. Telomerase was purified from Euplotes aediculatus, a ciliated tracts was purified (12). The active telo- 
protozoan, and one of its proteins was partially sequenced by nanoelectrospray tandem merase complex had a molecular mass of 
mass spectrometry. Cloning and sequence analysis of the corresponding gene revealed -230 kD, corresponding to a 66-kD R N A  
that this 123-kilodalton protein (p123) contains reverse transcriptase motifs. A yeast subunit and two proteins of 123 kD and 
(Saccharomyces cerevisiae) homolog was found and subsequently identified as EST2 -43 kD (12). Photocross-linking experi- 
(ever shorter telomeres), deletion of which had independently been shown to produce ments implicated the larger protein in spe- 
telomere defects, Introduction of single amino acid substitutions within the reverse cific binding of the telomeric DNA sub- 
transcriptase motifs of Est2 protein led to telomere shortening and senescence in yeast, strate (14). 
indicating that these motifs are important for catalysis of telomere elongation in vivo. In Here we characterize the p123 compo- 
vitro telomeric DNA extension occurred with extracts from wild-type yeast but not from nent of Euplotes telomerase and show that it 
est2 mutants or mutants deficient in telomerase RNA. Thus, the reverse transcriptase contains sequence hallmarks of reverse tran- 
protein fold, previously known to be involved in retroviral replication and retrotranspo- scriptases. Furthermore, it is the homolog of 
sition, is essential for normal chromosome telomere replication in diverse eukaryotes, a yeast protein, EstZp, shown previously to 

function in telonlere maintenance. Our ge- 
netic and biochemical analyses show that 
the reverse transcriptase motifs of Est2p are 

Replication of chromosome ends, or telo- in telomere replication, their specific func- essential for telomeric DNA synthesis in 
meres, requires specialized factors that are tions remain unclear. Neither protein has vivo and in vitro. We propose that telo- 
not essential for replication of internal been reported to be essential for telomere merase, frequently called "a specialized re- 
chromosome sequences. Conventional synthesis, and neither has significant simi- verse transcriptase," is in fact a reverse tran- 
DNA polymerases cannot fully replicate 
blunt-ended DNA molecules ( 1  ) or eukary- 
otic chromosomes (2) ,  which contain 3'- A 
terminal extensions. The key to end repli- 
cation is telomerase, a ribonucleoprotein 8 (RNP) enzyme that synthesizes the telo- 
meric DNA repeats (3) .  The template for 'g 
telomeric repeat synthesis is provided by $ 
the RNA subunit, which has been identi- 'i 
fied, cloned, and sequenced in ciliated pro- 3 
tozoa (4, 5 ) ,  yeast (6, 7), and mammals (8). d 

A telomerase RNP was first purified 
from Tetrahymena (9). Two protein compo- 
nents, p80 and p95, were specifically asso- B 
ciated with the R N A  subunit. Human, 
mouse, and rat homologs of Tetrahymena - 
p80 have since been identified and found to & 

b 
be associated with telomerase (10). Al- .g 
though this evolutionary conservation sug- g 500 
gests that p80 and p95 have important roles '; .- .. - 
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scriptase in terms of its catalytic active site. 
Determination of Euplotes p123 se- 

quence. The genes encoding the telomerase 
 rotei in subunits from E. aediculatus were 
isolated by reverse genetics. Telomerase was 
purified and polypeptides were separated on 
SDS-polyacrylamide gels. Amino acid se- 
quencing of the trypsin-digested p123 band 
was accomplished by nanoelectrospray tan- 
dem mass spectrometry (15-17), a minia- 
turized form of electrospray (1 8) that allows 
mass spectrometric interrogation of minute 
analvte volumes for extended ~eriods of 
time due to its low flow rate. No chroma- 
toera~hv is needed. because the unfraction- 

- . a  

ated peptide mixthe obtained after diges- 
tion of the protein in a gel slice is separated 
and sequenced in the spectrometer. For 
p123, 14 peptides were sequenced de novo 
(Fig. 1) (15). 

Two of the peptide sequences were used 
to design degenerate polymerase chain re- 
action (PCR) primers (arrows in Fig. 2) to 
amplify a portion of the macronuclear 
gene encoding p123. A genomic library 
was ~ r e ~ a r e d  from macronuclear DNA 
and s'crekned with this fragment to isolate 
the full-length gene (19). The p123 gene 
was found to be encoded by a 3279-base 
pair (bp) macronuclear chromosome con- 
taining an uninterrupted 103 l-amino acid 
open reading frame. In a Southern (DNA) 
blot experiment the PCR fragment hybrid- 

ized to a single macronuclear chromosome 
of -3.3 kb (20). The open reading frame 
predicts a protein of 122,562 daltons, cor- 
responding to the size estimated by SDS- 
polyacrylamide gel electrophoresis of puri- 
fied protein [I20 kD (1 2)]. More than 150 
amino acids identified in the purified 
polypeptide by mass spectrometry could be 
assigned in the open reading frame (Fig. 
2). This includes all 14 peptides that were 
completely sequenced. The tandem mass 
spectra of 10 additional peptides also 

matched the gene sequence through par- 
tial sequences or peptide sequence tags 
(21 ). 

Reverse transcriptase motifs in Eu- 
plotes p123 and its yeast homolog Est2p. 
In a BLAST search of protein databases, 
Euplotes p123 was found to be most similar 
to Saccharomyces cerevisiue Est2p (P = 7 x 

and to a group I1 intron-encoded 
reverse transcriptase from the cyanobacte- 
rium Calothrix (P = 2 x (22, 23). 
Yeast Est2p has a predicted molecular 

Fig. 3. Block diagrams of 
0123 and Est2o and corn- - ( N & ) ( C O O H )  P I =  10.1 barison of the reverse tran- 

-200 -500 -87Q 1028 scri~tase (RT) domains with 

Group II introns: 
\ I U I 1  1 1  1 1  

Retroviruses: 
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tho&? of ither reverse tran- 
scriptases. The spacing of 
sequence motifs (red) is di- 
agnostic for each reverse 
transcriptase family (27). In 
the consensus sequence, 
abbreviations are as in Fig. 
2. The isoelectric point (pi) is 
the pH at which the protein 
has no net charge. 

Fig. 2. Sequence alignment of Euplotes (Ea) pl23 and yeast [S. cerevisiae (Sc)] acid. The underlined sequences in p123 are the 14 peptides completely se- 
Est2p (50). Identical amino acids are noted in boldface. The PCR primers used quenced by nanoelectrospray tandem mass spectrometry. The dashed lines 
to amplify a portion of the gene are indicated by the arrows. Assigned reverse below the p123 sequence indicate another 10 peptides whose tandem mass 
transcriptase motifs [designated by letters (269 or alternatively by numbers in spectra matched the sequence. One of the peptides contained an acetylated 
parentheses (2711 are shown in orange, with the most highly conserved amino methionine (solid triangle) at its NH,-terminus, indicating that it was the NH,- 
acids in red. In the consensus sequences of the motifs, h designates a hydro- terminal peptide of the protein. The nucleotide sequence of the Euplotes pl23 
phobic amino acid, p a polar amino acid, and + a positively charged amino gene has been deposited in GenBank (accession number U95964). 
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mass of 103 kD and, like p123, is very of the two proteins. the same pathway as TLCI, the gene en- 
basic (Fig. 3). Although the overall se- The EST2 (ever shor te~ telomeres) gene coding the telomerase RNA subunit ( 6 ) ,  
quence identity of Euplotes p123 and yeast was one of four complementation groups suggesting that the EST genes encode ei- 
Est2p is only 20% (Fig. 2), sequence sim- identified by screening yeast mutants for ther components of the telomerase or pos- 
ilarity (correspondence of acidic, basic, reduction in telomere length and senes- itive regulators of its activity. The homol- 
hydrophobic, and hydrophilic amino ac- cence (24, 25). Epistasis analysis had indi- ogy of yeast Est2p with Euplotes p123, the 
ids) can be detected over the entire length cated that the four EST genes function in latter isolated because of its physical asso- 
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Fig. 4. In vivo functional analysis of the reverse transcriptase B 
motifs in Est2p. 0 A) 12 amino acids changed to alanines A ESMC 
within the reverse transcriptase domain of Est2p are i n d i e d  by 
downward arrow8 (red, tdomerase-conserved residues; W, 
wonsenred residues). The phenotypic effects of ths muta- 
tions are indiited by d i d  triangles (strong mutant phenotype) 
and open triangles (weak mutant phenotype). The sequence 
alignment includes members of three other reversetranscriptase 
families (27). Botdface residues indicate identity of at leest two 

r i n n n r  
sequences in the alignment. See (50) for amino acid abbrevia- 
tions. (B) Senescence phenotype of est2 mutants shown by 
spreading single colonies on plates (51). Photographs were tak- 
en after -75 generations of growth. (C) Telwnere length of est2 I 
mutants. Southern blot of genomic yeast DNA, hybridized C D 
with a telomere-specific probe (24). Singlecopy plasmids .- (Y m w ,,, co ,. w a Z 7 2 I f S 
canying the wild-type ESTZ gene (lanes 2 and 15), the indi- - 
cated est2 mutant genes (lanes 3 to 141, or empty vector 
Oane 1) were transform4 into an est2-A strain. Genomic 
DNA was prepared after -75 generations of growth, at a 
time of maximal senescence for an est2 null strain. The 4 
bracket and four small arrows indicate telomeric bands, and 4 + 
the two larger arrows indicate the subtelomeric repeat frag- 
ments that are amplified late in the growth of est2 mutant + + 
streins (24,28). Fve independent transformants of each mis- 
sense mutant were assayed, one of which is shown. (D) + + 
Dominant-negative effect, resulting from overexpression of + 
certain Est2p mutants. A Southern blot of genomic yeast 
DNA, prepared from a wild-type EST2+ strain transformed 4- 

4- 
with a high-copy pbsmid expressing wild-type or the indicat- 
ed mutant est2 genes, was developed as in (C). In each case, 
the ES72 promoter was replaced with the constitutive pro- 
moter of the alcohol dehydrogenase IADH) gene. Lanes 1 
and 16, empty vector. Two transformants are shown for 
each mutation after -50 generations of growth. Additional 
growth resulted in further telomere shortenng, although this 

I 
a d d i i  length reducticn is not Mcient to confer a senes- 
cence phenotype (52). 

Lowm-ibn in EEXP mk--l 
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ciation with telomerase RNA and its co- 
purification with telomerase activity, sup- 
ported the proposal that both proteins 
are intrinsic subunits of their respective 
telomerases. 

Euplotes p123 contains reverse transcrip- 
tase motifs, and the alignment reveals the 
presence of these motifs in a similar region 
of Est2p (Fig. 3). The primary sequences of 
reverse transcriptases are highly divergent: 
Only a few amino acids are absolutely con- 
served within separate short motifs (26, 
27), but these motifs are believed to form a 
common tertiary fold. Both p123 and Est2p 
contain these kev conserved amino acids. 
most notably the three invariant aspartates 
in motifs A and C, which are thought to be 
directly involved in catalysis (Fig. 2). Con- 
served motifs are spaced differently in the 
two major branches of reverse transcrip- 
tases, those encoded by retroviruses and 
long terminal repeat (LTR) retroposons 
and those encoded by non-LTR retro- 
posons and group I1 introns (27). The 
spacing of sequence motifs in p123 and 
Est2p resembles that in the latter branch. 
However, the interval between motifs A 
and B' in p123 and Est2p is unusually 
large (Fig. 3), suggesting that these two 
polypeptides may be members of a previ- 
ously unknown subcategory. 

Requirement of the reverse transcrip- 
tase motifs for Est2p function in vivo. The 
presence of reverse transcriptase motifs in 
both p123 and Est2p suggests that this region 

may define the catalytic active site of telo- 
merase. To test the im~ortance of these mo- 
tifs for Est2p function, we used site-directed 
mutagenesis to change conserved and non- 
conserved aspartic acid (D) and glutamine 
(Q) residues in and around motifs A, B', and 
C to alanine (A) (Fig. 4A). Each mutant, 
present on a single-copy ARS CEN plasmid, 
was tested for in vivo function in a comple- 
mentation assay. Plasmids were transformed 
into the est2-A strain (A designates dele- 
tion), in parallel with either the empty vec- 
tor or a n  EST2+ ~lasmid. Transformants 
were assessed for the senescence phenotype 
(Fig. 4B) and for chromosome telomere 
length (Fig. 4C). 

Consistent with the prediction that the 
reverse transcriptase motifs are required for 
Est2p function, mutation of any of the three 
conserved aspartates in motifs A and C 
prevented normal telomerase activity. 
Transformants expressing these mutant pro- 
teins became senescent and had shortened 
telomeric tracts, phenotypes indistinguish- 
able from those of the null mutant (Fig. 4, B 
and C). Furthermore, a bypass pathway for 
telomere maintenance (28) was evident in 
these three mutant strains. Activation of 
this alternative pathway occurs as the result 
of a global amplification and rearrangement 
of both telomeric G-rich repeats and subte- 
lomeric regions, and has only been observed 
in est and tlcl mutant strains with a severe 
telomere shortening phenotype (24, 29). A 
feature of this pathway is the amplification 

of two subtelomeric bands (Fig. 4C); these 
diagnostic restriction fragments were sub- 
stantially amplified only in the est2 null 
mutant and the three proposed active site 
mutants. 

Mutations of amino acids other than the 
three most conserved aspartates had less 
severe or no phenotypic effects. The residue 
Asp536 of motif A is conserved between 
Est2p and p123, and the D536A mutation 
(Asp mutated to Ala at position 536) 
caused substantial telomere shortening and 
a modest senescence phenotype. Of the 
conserved residues tested, of motif 
B' was the only one that was functionally 
insensitive to replacement with alanine. 
However, this glutamine is not strictly con- 
served in reverse transcriptases (27), and 
when it is changed to alanine in human 
immunodeficiency virus-1 (HIV-1) reverse 

Fig. 5. Sedimentation of 
telomerase. Yeast ex- 
tract was fractionated on 
a glycerol gradient (32), 
and telomerase RNA was V V V V  
detected by Northem 
blotting (bottom) and its 
concentration quantified 
on a Phospholmager 
(top). Detection of U1 $ 
snRNP sewed as an in- 
ternal control. Fractions 
pooled for activity assays 
are indicated. Telomer- 
ase RNP sedimented as l 

a 19s to 20s particle, 
whereas deproteinized 
telomerase RNA sedi- 1 5 10 15 19 

transcriptase, polymerase activity in vitro is 
reduced but not com~letelv eliminated 
(30). In contrast to the phenotypes seen 
uDon mutation of the semiconserved amino 
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,1353 
+- nci RNA 
'1 078 
-872 

,603 
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mented at -17s. The 
sedimentation value was 
determined relative to 
marker proteins that 
were run in parallel gradi- 
ents and that had sedi- 
mentation coefficients of 
7.6s (alcohol dehydroge- 
nase), 11.3s (catalase), 
17.3s (apoferritin), and 

acids, mutation of six of the seven noncon- 
served amino acids tested showed little or 
no alteration of Est2p function. 

Two observations indicate that stable 
Est2 protein was produced in the five est 
mutarits with a diminished capacity to com- 
plement the est2-A strain. First, Myc,- 
epitope-tagged versions of each mutant pro- 
tein were visualized immunologically after 
immunoprecipitation (31 ). Second, overex- 
pression of each of the five mutant alleles in 
a wild-type yeast strain with a functional 
chromosomal EST2+ gene resulted in telo- 
mere shortening (Fig. 4D), whereas overex- 
pression of the wild-type EST2 gene had 
little effect. The dominant-negative pheno- 

19.3s (thyroglobulin). I I I I I 
1 5 10 15 19 

TOP Bottom 
Fraction number 

L 

- ,  - * 

type shows that each mutant protein is 
being made and suggests that excess mutant 
Est2p can titrate components away from the 
wild-type telomerase complex. 

Requirement of Est2p for telomerase 
activity in vitro. If Est2p is the catalytic 
protein subunit of telomerase, then telo- 
merase activity should be abolished in est2 
mutant extracts. An in vitro assay was de- 
veloped with extracts fractionated by glyc- 
erol gradient centrifugation (32). Telomer- 
ase-containing fractions were identified by 
detection of the RNA subunit on Northern 
blots (Fig. 5). Yeast telomerase sedimented 
as a 19s to 20s  article. substantiallv faster 
than the sedimentation of the debotein- 
ized telomerase RNA (- 17s). Telomerase- 
containing glycerol gradient fractions were 
pooled, concentrated, and tested for the 
ability to elongate a single-stranded telo- 
meric oligonucleotide (Fig. 6). An activity 
was detected in wild-type extracts that had 
the characteristics of telomerase. It was de- 
pendent on the presence of oligonucleotide 
substrate and fractionated extract (Fig. 6A, 
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lanes 1 to 3). Addition of T and G residues 
occurred in an ordered manner consistent 
with the expected alignment of substrate 
and RNA template (Fig. 6A, lanes 5 and 6). 
The activity was sensitive to low concen- 
trations of ribonuclease (RNase) A and was 
not stimulated by adenosine triphosphate 
(ATP) (Fig. 6B). These characteristics, in 
addition to the observed single round of 
extension of primer (Fig. 6A), are similar to 
those of the telomerase activity described by 
Blackburn and co-workers (33). A different 
activity described as telomerase by Lue and 
Wang (34) gives rise to long products and is 
stimulated by ATP. This latter activity was 
not detectable in our telomerase-containing 
glycerol gradient fractions. 

A telomerase RNA template mutation 
that alters the specificity of nucleotide in- 
corporation to produce a Hae 111 restriction 
site (6) provides an additional test for the 
authenticity of the in vitro telomerase as- 
say. A n  extract of this TLCl-1 (HaeIII) mu- 
tant, fractionated on a glycerol gradient, 
gave the predicted extension of the telo- 
meric oligonucleotide only in the presence 
of deoxycytidine triphosphate (dCTP) (Fig. 
6C, lanes 6 to 8), a nucleotide that has no 
effect on extension by a wild-type extract 
(Fig. 6C, lanes 2 and 3). This nucleotide 
specificity change supports the dependence 
of the assay on the TLCl RNA. Because 
the TLCI-I (HaeIII) strain also undergoes 
senescence (29), this result also provides 
confidence that telomerase activity can still 
be detected in senescing cells, as long as 
they are not subcultured too extensively. 

We then assayed fractionated extracts 
from est2-A and tlcl -A strains for telomerase 
activity (Fig. 6D). As expected, no activity 
was detectable in tlcl-A yeast, which has 
the gene for telomerase RNA deleted. In 
the est2-A strain, telomerase RNA was still 
assembled into an RNP, as assessed by glyc- 
erol gradient centrifugation and Northern 
blotting (32), but telomerase activity was 
completely absent. This indicates that 
EstZp is essential for telomerase activity. As 
described above, the absence of activity is 
not simply a secondary consequence of se- 
nescence. We also measured telomerase ac- 
tivity in extracts from est2-A and strains 
expressing two of the proposed active site 
mutants in the presence of the chain-termi- 
nating analog ddGTP (Fig. 6E). According 
to the proposed primer-template alignment, 
extension should terminate after addition of 
two nucleotides. A practical advantage is 
the higher signal-to-noise ratio obtained 
when all products are concentrated in one 
or two bands. Again, activity was depen- 
dent on functional TLCl and EST2 genes. 

Telomerase structure. The presence of a 
reverse transcriptase domain in the catalytic 
subunit of telomerase provides a framework 

for exploring the structure and mechanism of 
this enzyme. Reverse transcriptases have 
been studied in great detail, and the three- 
dimensional structure of HIV-1 reverse tran- 
scriptase has been solved (35). The structure 
can be compared with a right hand with 
fingers, palm, and thumb, with the active 
site residing in the palm (36). A model for 
telomerase structure based on that of HIV-1 
reverse transcriptase (HIV-1 RT) is shown 
in Fig. 7 with the telomerase RNA and a 
telomeric DNA substrate superimposed. 

The catalytic subunit of telomerase has 
several features that distinguish it from oth- 
er reverse transcriptases. Telomerase uses 
only a small portion of its RNA subunit as 
a template. The borders of this template 

A 
TLCl RNA 

AAACACACACCCACACCAC 

5.1G TGGTGTGTGTG7\ 

must somehow be recognized. Furthermore, 
during processive synthesis of telomeric re- 
peats the substrate translocates from one 
end of the template to the other by an as yet 
unknown mechanism. The large gap be- 
tween motifs A and B' of telomerase p123 
and Est2p indicates an unusual finger do- 
main structure. In HIV-1 RT this domain 
may be involved in template strand binding 
(35,36); whether and how it contributes to 
the unusual reaction mechanism of the te- 
lomerase RNP remain to be investigated. 
Finally, the telomerase protein is stably as- 
sociated with its RNA subunit, as shown by 
our isolation of the Eupbtes p123-RNA 
complex and by coimmunoprecipitation of 
the yeast RNA subunit with Est2p (31). 

1 2 3  4 5 6 

1 

B ATP RNase A - + -  

Fig. 6. In vitro functional analysis of 
reverse transcriptase motifs in 
Est2p. Telomerase was partially pu- 
rified by glycerol gradient centrifu- 
gation and assayed for the ability to 
extend a telomeric DNA substrate 
(32). In the assay [ c ~ ~ ~ P I ~ T T P  was 
included to visualize products elon- 
gated by 1,2,3, or 4 nucleotides (+1 , 
+2, +3, or +4). (A) The telornerase 
RNA template region maximally 
base-paired to the DNA substrate is 
indicated schematically. Product 
lengths were determined relative to 
the same DNA substrateextended by 
one nucleotide at its 3' end by reac- 
tion with [a33P]ddTTP and terminal 
deoxynucleotidyl transferase (lane 4). 

b 
-+z 
-+I Up to seven nucleotides were added 

in the presence of dGTP and dlTP 
2 3 4 5 6 7 8 9 (lane 3), one nucleotide in the pres- 

ence of only dTTP (lane 5), and two 
nucleotides in the presence of dTTP 
and the chain-terminating analog 
ddGTP (lane 6). Oligo, oligonucleo- 

tide. (6) Effect of RNase A and ATP on telomerase activity. Standard 
reaction (lane I ) ,  standard reaction plus 1 mM ATP and 1 mM 
additional MgCI, (lane 2), and standard reaction plus RNase A at 0.1 
ng/pI (lane 3), 1 ng/pI (lane 4), and 10 ng/l~I Oane 5). (C) Specificity of 
nucleotide incorporation dictated by the RNA template sequence. 
Product lengths were determined relative to DNA markers that had 
been extended by [ ~ ~ ~ P l d d T T p  (lane 1) or [~ t~~P]ddcTP (lanes 5 
and 9) as in (A). Note that these two markers had slightly different 
mobilities on the polyacylamide gel. The mutant TLCI-l(Haell1) 
telornerase RNA template is indicated with the substrate bound in 
the most stable register. Consistent with this alignment and the 
mutated template sequence, efficient extension required the pres- 
ence of dCTP (lanes 6 and 7). Telomerase in extract from TLCI-wt 
cells ( W) [see (A) for template sequence] was not influenced by the 
presence of dCTP (lanes 2 and 3). (D) Requirement of functional 
EST2 and TLCl products for telomerase activity. Fractionated ex- 
tracts from wild-type (lanes 1 and 2) and the indicated mutant strains 
(lanes 3 to 6) (32) were tested at two extract concentrations. Reac- 
tions 1, 3, and 5 contained 10% (v/v) of telomerase fraction, and 
reactions 2. 4. and 6 contained 20%. (E) Alleviation of telomerase 
activity by active site mutations in Est2p. All assays included the 
chain terminator ddGTP (100 kM). The reactions contained 10% 
(v/v) of telomerase fraction (lanes 1 to 6) or 5% of each of the 
indicated fractions (lanes 7 to 9). The results of the mixing experi- 
ment (lanes 7 to 9) indicate that the absence of activty is not due to 
an inhibitor in the mutant extracts. 
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This last feature distinguishes telomerase 
from the retroviral and LTR retroposon re- 
verse transcriptases, but is similar to some 
mitochondria1 and group I1 intron-encoded 
reverse transcriptases that also form com- 
plexes with their RNA templates (37). 

Reverse transcri~tase essential for 

exogenous rather than an intrinsic RNA 
template? Alternatively, telomerase and the 
reverse transcriptases encoded by retro- 
transposons and retroviruses may all be de- 
scendants of an ancestral protein that 
emerged from an "RNA world" (43). 

Telomere re~lication in the fruit flv Dro- 

Mass spectrometric methods have re- 
cently become very successful for the iden- 
tification of proteins whose genes are al- 
ready partially or completely contained in 
sequence databases (47). The sequencing of 
more than 150 amino acids of the p123 
telomerase subunit at vrotein amounts too 

chromosome replication in diverse eu- 
karvotes. Reverse transcrivtases have not 

sophila has been mysterious because this or- 
ganism does not have short repeated telo- 

low for chemical methods shows that mass 
svectrometrv is now also valuable for se- 

previously been considered essential for 
normal cell physiology. Initially discovered 
as retroviral enzymes that catalyze the de- 
fining RNA-to-DNA step of retroviral rep- 
lication (38), they were later found to me- 
diate the transposition of DNA elements 
within eukaryotic genomes through an 
RNA intermediate (39). Reverse transcrip- 
tases are also present in some prokaryotes 
(40) and in Neurospora mitochondria (41), 
where they replicate genetic elements that 
are nonessential to their "host." Our discov- 
erv that a structurallv related enzvme is 

quencing previously unidentified proteins. 
Telomerase activation accomvanies the 

meric sequences and presumably no telom- 
erase. Rather, the non-LTR retroposons 
HeT-A and TART cap the chromosome 
ends (44). The TART reverse transcriptase 
is closely related to p123 and EstZp, which 
suggests that the Drosophila telomere repli- 
cation machinery may in fact not be so 
different from that of other eukaryotes (45). 

We have no satisfactorv ex~lanation for 

immortalization of cultured mammalian 
cells and is also a common property of 
human tumor cells (48). Thus, telomerase is 
considered to be a potential target for the 
development of tumor-specific drugs. Cer- 
tain reverse transcriptase inhibitors devel- 
oped as anti-HIV drugs have already been , L 

the lack of correspondence between the 
Euplotes and yeast p123/Est2p proteins and 
the Terrahymena p80 or p95 protein (9). 
The small vrotein subunit of Eublotes te- 

tested against telomerase with some success 
(49). The finding that the telomerase ac- 
tive site is related to that of known reverse 
transcriptases is expected to stimulate such 

essential for chromosome replication and 
cell division provides another example of 
the opportunism of nature: once a useful 
protein motif is stumbled upon, natural se- 
lection promotes its exploitation in diverse 

lomerase (p43) also shows no similarity to 
the Terrahymena proteins (46), and the 
complete yeast genome sequence does not 
reveal obvious p80 and p95 homologs. 
There are three possible explanations: (i) 
Terrahymena may have a different telomer- 
ase in which p80 and p95 provide the active 

efforts. 
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