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We have analyzed the de novo telomere synthesis 
catalyzed by the enzyme telomere terminal transfer- 
ase (telomerase) from Tetrahymena. Oligonucleotides 
representing the G-rich strand of telomeric sequences 
from five different organisms specifically primed the 
addition of TTGGGG repeats in vitro, suggesting that 
primer recognition may involve a DNA structure 
unique to these oligonucleotides. The sequence at 
the 3’ end of the oligonucleotide primer specified 
the first nucleotide added in the reaction. Further- 
more, the telomerase was shown to be a ribonucleo- 
protein complex whose RNA and protein components 
were both essential for activity. After extensive purifi- 
cation of the enzyme by a series of five different chro- 
matographic steps, a few small low abundance RNAs 
copurified with the activity. 

Introduction 

Precise recognition of nucleic acids is often carried out by 
enzymes that contain both RNA and protein components. 
Ribonucleoproteins (RNPs) have been shown to be in- 
volved in protein synthesis, ribosomal RNA processing, 
mRNA splicing, tRNA maturation, initiation of mitochon- 
drial DNA replication, mitochondrial RNA processing, and 
phage DNA packaging (reviewed in Nomura et al., 1974; 
Altman et al., 1982; Padgett et al., 1986; Wong and Clay- 
ton, 1986; Chang and Clayton, 1987; Guo et al., 1987). For 
some of these RNPs, the RNA components provide speci- 
ficity to the reaction by base pairing with the substrate 
(Shine and Dalgarno, 1975; Zhuang and Weiner, 1986; 
Parker et al., 1987). The recognition that RNA can act cata- 
lytically has led to the recent increase in the number of 
known RNP-catalyzed reactions (reviewed in Cech and 
Bass, 1986). We report here that an RNP is involved in 
synthesizing the telomeric sequences found at the ends 
of Tetrahymena macronuclear chromosomes. 

Telomere replication poses special problems for the lin- 
ear chromosomes of eukaryotes. The known biochemical 
properties of DNA polymerases, 5’ to 3’ polymerization 
and the requirement for a primer, predict that a linear DNA 
molecule would lose sequences from the ends with each 
round of replication (Watson, 1972). Thus, telomeres must 
utilize special mechanisms to ensure that all genetic infor- 
mation is transmitted with each cell division. Telomeric se- 
quences necessary for the protection and replication of 
the ends of chromosomes have been defined. Strikingly, 
many features of these telomeric sequences are con- 

served between even distantly related organisms. Most 
notably, the telomeres contain a variable number of tan- 
demly repeated, short G  + C rich sequences, the G-rich 
strand of which is always oriented 5’to 3’toward the chro- 
mosome terminus (reviewed in Blackburn, 1984). 

A number of theoretical models have been proposed to 
account for the complete replication of telomeres (Cav- 
alier-smith, 1974; Holmquist and Dancis, 1979; Bateman, 
1975; reviewed in Blackburn and Szostak, 1984). Various 
mechanisms that would account for complete telomere 
replication have been shown to be utilized by linear eu- 
karyotic viral genomes to overcome the end replication 
problem (Baroudy et al., 1982; DeLange et al., 1986; 
reviewed in Stillman, 1983). However,  recent molecular 
data on telomeric structure have shown that a novel mech- 
anism appears to be used by eukaryotic chromosome 
ends. Several aspects of both the structural and dynamic 
properties of telomeres led to the proposal that telomere 
replication involves nontemplated addition of telomeric 
repeats onto the ends of chromosomes (Shampay et al., 
1984). Such nontemplated addition of sequences would 
allow a dynamic equilibrium to be established, in which 
chromosome shortening due to incomplete replication is 
balanced by de novo sequence addition (Shampay and 
Blackburn, 1987). Some of the properties that led to the 
proposal of this model include the heterogeneous size of 
telomeric restriction fragments, the gradual increase in 
the number of telomeric repeats when trypanosomes and 
Tetrahymena are kept in log phase growth (Bernards et al., 
1983; Larson et al., 1987), and the terminal addition of 
yeast telomeric sequences when Tetrahymena and Oxy-  
tricha telomeres are transformed into yeast (Shampay et 
al., 1984; Pluta et al., 1984). 

We have previously reported the identification of an ac- 
tivity in Tetrahymena cell extracts that adds telomeric 
repeats onto appropriate telomeric sequence primers in a 
nontemplated manner. The only substrates required for 
the reaction are a single-stranded telomeric sequence oli- 
gonucleotide, and dGTP plus dTTP. Repeats of the Tetra- 
hymena telomeric sequence TTGGGG are added, 1 
nucleotide at a time, onto the 3’ end of the input primer 
(Greider and Blackburn, 1985). The properties of this telo- 
mere terminal transferase, which we abbreviate here 
telomerase, suggest that it is the enzyme required for telo- 
mere elongation in vivo. 

As for most reactions involving nucleic acid recognition, 
the nontemplated addition of telomeric sequences must 
be a highly specific reaction. We have begun characteriz- 
ing and purifying the telomerase enzyme in order to inves- 
tigate the mechanisms controlling the specificity of the 
reaction. We report here that the telomerase has two dis- 
tinct specificities: a presumably structural recognition of 
the G-rich oligonucleotides that prime repeat addition and 
sequence recognition of the 3’ end of these oligonucleo- 
tides. Furthermore, the telomerase is an RNP. We pro- 
pose that the RNA component(s) of telomerase may play 
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Table 1. Sequence of Oligonucleotides Tested for the Ability to Prime Elongation 

Prime Repeats? 

Oligomer 5’+3 Abbreviation Yes No Lane 

TTGGGG (TTGGGG), X 1 
TTGGGGTTGGGG (TTGGGG)s X 2 
TTGGGGTTGGGGTTGGGG (TTGGGG)s X 3 
TTGGGGTTGGGGTTGGGGTTGGGG (TTGGGG)a X 4 
TGTGTGGGTGTGTGGGTGTGTGGG Yeast X 5 
TTAGGGTTAGGGTTAGGG (TTAGGG), X 6 
TTTTGGGGTTTTGGGGTTTTGGGGGTTTTGGGG (TTTTGGGG)d X 7 
CCCCAAAACCCCAAAACCCCAAAACCCCAAAA (CCCCAAAA)d X a 
ccccAAccccAAccccAAccccAA (CCCCAA)~ X 9 
AAGCTTGGGGTl l -TGGGGTTTTGGGGTTTTGGGGTTTTGGGG Hind-T4G4 X IO 
GGAGCCACTATCGACTTCGCGATCATGGCGACCA pBR-primer X 11 
CCAACCCCAACCCCAACTCAACGGG Tell-junct. X 12 
- ____ ___--- No oligo X 13 
TAACCCCAACTCAATGGGGAACCCGTTGAG Tell-end X 14 
GGGAGGAGGGGGGAGAGGGGGGAGGGGGGA Dictyo 1 X 15 
AGGGGGGGAGAGGGGGGAGGGGGG Dictyo 2 X 16 

The nucleotide sequence and the abbreviation used for each of the oligonucleotides assayed in Figure 1 are shown. The ability of the oligonucleo- 
tides to prime repeat additions is indicated. 

a role in specifying the sequence of the added telomeric 
TTGGGG repeats, in recognizing the structure of the G-rich 
telomeric sequence primers, or in both. 

Results 

A Variety of G-Rich Telomeric Oligonucleotides 
Prime the Addition of TTGGGG Repeats 
We reported previously that single-stranded oligonucleo- 
tides corresponding to the telomeric sequences of both 
Tetrahymena and the yeast Saccharomyces cerevisiae 
primed the addition of TTGGGG repeats by the telomer- 
ase activity of Tetrahymena in vitro (Greider and Black- 
burn, 1985). To define further the primer requirements for 
the telomeric elongation reaction, we tested oligonucleo- 
tides corresponding to the sequences of the G-rich telo- 
merit strand from five different organisms. Table 1 lists the 
sequences of the oligonucleotides tested. Figure 1 shows 
that G  strand oligonucleotides from Tetrahymena (lanes 
2-4) Saccharomyces (lane 5) Trypanosoma (lane 6) and 
Oxytr icha (lanes 7 and 10) all primed the addition of tan- 
dem repeats of the 6 base Tetrahymena telomeric se- 
quence TTGGGG.  In the separate experiment shown in 
Figure 1, lanes 15 and 16, two oligonucleotides with Dic- 
tyostelium telomeric sequences also primed addition of 
TTGGGG repeats in vitro. In Figure 1, lane 15, although 
the periodicity of the extension products was less marked, 
large amounts of long products were synthesized. In con- 
trast, several nontelomeric oligonucleotides were inactive 
as primers (Figure 1, lanes 11, 12, and 14). While the 
C-rich strand telomeric sequence oligonucleotides did not 
prime the addition of long tracts of TTGGGG repeats, 
some [32P]dGTP was incorporated into short products 
(Figure 1, lanes 8 and 9). At present we do not know the 
origin of these small products. Finally, no repeats were 
synthesized in the absence of added oligonucleotide 
primer (Figure 1, lane 13). 

We also tested the ability of the telomerase to recognize 

Tetrahymena telomeric sequence oligonucleotides of vari- 
ous lengths. Figure 1, lanes 1-4, show that the hexamer 
d (TTGGGG) was not sufficient to prime the TTGGGG re- 
peat addition, while d(TTGGGG)B and d(TTGGGG)3 
primed repeat synthesis, although with reduced efficiency 
compared with d(TTGGGG)4.  Table 1 summarizes the 
ability of various oligonucleotides to prime repeat addition 
in these experiments. 

TTGGGG Sequence Addition Is Correctly Initiated 
at Different 3’ Ends 
We showed previously that the distinct 6 base banding 
pattern seen in our assays is due to preferential pausing 
or chain termination before T residues. This pattern 
makes it possible to visualize the TTGGGG sequence 
added onto the 3’end of the primer. When the 24 base oli- 
gonucleotide with the yeast telomeric sequence shown in 
Table 1 was used as a primer, an apparent 1 base upward 
shift in the repeat pattern was seen compared with the re- 
peat pattern primed by the 24 base Tetrahymena oligonu- 
cleotide (Figure 1, lanes 4 and 5; Figure 2, lanes 1 and 2; 
see also Greider and Blackburn, 1985). The 3’ end of the 
yeast oligonucleotide has a T followed by 3 Gs  (. TGGG-  
OH),  while all of the 3’ ends of the Tetrahymena telomeric 
oligonucleotides shown in Figure 1 have a T followed by 
4 Gs  (. TGGGG-OH) .  We predicted that the shift in the 
banding pattern was due to the addition of an extra G  onto 
the 3’ end of the primer to complete the first T G G G G  se- 
quence before additional TTGGGG repeats were added 
(Greider and Blackburn, 1985). To test whether it is the 3 
end sequence of the yeast primer and not some other fea- 
ture of this oligonucleotide that causes the observed shift 
in banding pattern, Tetrahymena sequence oligonucleo- 
tides having either 3 or 4 Gs  at the 3’ end were used to 
prime elongation in vitro. Figure 2, lanes 3 and 4, show 
that the banding pattern of the repeats added to the 18 
base Tetrahymena telomeric sequence oligonucleotide 
dG(TTGGGG)PTTGGG was shifted upward by 1 base rel- 
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Figure 1. G-Rich Telomeric Sequence Ohgonucleotides with Different 
Primary Sequences Prime Elongation by Telomerase 

Each of the indicated oligonucleotides was assayed rn the standard as- 
say using telomerase that had been purified over a gel filtration column 
(see Experimental Procedures). The reactions contained 0.1 ng of oli- 
gonucleotide primer. Each of the primers was also 5’end-labeled with 
32P and run tn the lane to the left of each reaction to serve as a marker 
for the size of the input primer. The short products in lane 14 probably 
result from DNA polymerase activity on the oligonucleotide that has in- 
ternal secondary structure. The Dictyostelium oligonucleottdes shown 
in lanes 15 and 16 were assayed under the same conditions except that 
the telomerase used was purified over both gel filtration and heparin 
agarose columns (see Experimental Procedures). The autoradiograph 
of the repeat pattern synthesized using the Dictyostelium oligonucleo- 
tides was exposed more than 10 times longer than those shown in 
lanes l-14. 

ative to the pattern synthesized using the 18 base oligonu- 
cleotide d(TTGGGG)a.  In addition, the telomerase was 
able to correctly recognize the primer d (GGGGTT)a so 

that the banding pattern was shifted 4 bases relative to 
that primed by d(TTGGGG)a (Figure 2, lanes 3 and 5). 

Finally, when the trypanosome sequence d(TTAGGG)a 
was used as a primer (Figure 1, lane 6; Figure 2, lane 6) 
a 1 base shift was again seen relative to d(TTGGGG)s.  
This shift is most apparent by comparison of Figure 2, 
lanes 4 and 6, in which the banding patterns line up. How- 
ever, in the lower part of the gel it is apparent that the prod- 
ucts primed by d(TTAGGG)s are offset relative to those 
primed by the other oligonucleotides containing only G  
and T residues. This slight offset in the banding pattern 
is due to the fact that the 18 base trypanosome sequence 
oligonucleotide migrates slightly faster than the corre- 
sponding 18 base Tetrahymena sequence oligonucleotide 
under the conditions used in this experiment (E. Hender- 
son, personal communication). Taking this migration 
difference into account, the similarity of the patterns in 
Figure 2, lanes 4 and 6, indicates that the A in the 
TTAGGG sequence is not recognized as equivalent to the 
G  residue in the sequence TTGGGG.  Thus, TTAGGG is 
equated with TTGGG rather than TTGGGG at the 3’ end 
of a primer. Taken together, the experiments in Figures 1 
and 2 suggest that although a unique primary sequence 
does not appear to be required for primer recognition, the 
sequence at the 3’ end of the primer determines the next 
nucleotides to be added (see Discussion). 

Telomerase Has an Apparent Molecular 
Weight of 200400 Kd 
The results described above suggest that the telomerase 
shows specificity not only for the sequences added but 
also for at least two aspects of the primer structure. To 
study these specificities further, we began biochemical 
characterization of the enzyme. Crude SlOO extracts were 
first fractionated by gel filtration chromatography. Figure 
3 shows a typical sizing column profile. The activity of the 
SlOO starting material is shown in the lane marked Start. 
Comparing the starting material to the active fractions 
from this column (fractions 10, 12, 14, and 16) it is ap- 
parent that purification leads to an increase in activity, 
suggesting that inhibitors were being removed from the 
enzyme. Enzyme activity reproducibly eluted with an ap- 
parent molecular weight between 200 and 500 Kd. It is 
unlikely that the large size was attributable to nonspecific 
aggregation of proteins, since the same elution profile was 
seen even when up to 500 mM NaCl was added (data not 
shown). In the course of purifying the telomerase from 
crude extracts, we noted a marked sensitivity to salts. Ex- 
posure to NaCI, KCI, NH&I, sodium acetate, or potassium 
phosphate at concentrations above 500 mM inactivated 
the telomeric elongation activity. In addition, all attempts 
to precipitate the enzyme with 25% or more ammonium 
sulfate resulted in the complete loss of activity. Removing 
the salt by dialysis or gel filtration did not restore activity 
(data not shown). 

RNA and Protein Components Are Required 
for Telomerase Activity 
The salt sensitivity and the large size of the enzyme sug- 
gested that the telomerase may be a complex containing 



Cell 
890 

1 2 3 4 56 

4 

Figure 2. The 3’ End Sequence of the Primer Determines the Next 
Nucleotides Added 

The oligonucleotides indicated above each lane were assayed under 
standard conditions using 0.1 frg of primer and telomerase that had 
been purified over both gel filtration and heparin agarose columns. 
The oligonucleotides used were 5’-TTGGGGTTGGGGTTGGGGTTG- 
GGG3’ (lane I), 5’-TGTGTGGGTGTGTGGGTGTGTGGG-3’ (lane 2). 
5’-TTGGGGTTGGGGTTGGGG-3’ (lane 3) Y-GTTGGGGTTGGG- 
GTTGGG-3’ (lane 4). 5’-GGGGTTGGGGTTGGGGTT-3’ (lane 5), and 
5’-TTAGGGTTAGGGTTAGGG-3’ (lane 6). 

a nucleic acid component. To test whether the telomerase 
contained an essential nucleic acid, we pretreated active 
fractions from a gel filtration column with either micrococ- 
cal nuclease (MNase) or RNAase A. The nuclease activity 
of each of these enzymes abolished the telomeric elonga- 
tion activity. Figure 4A, lane 1, shows the activity of an un- 
treated telomerase fraction. When increasing amounts of 
MNase were preincubated with telomerase fraction con- 

taining EGTA, normal elongation activity was seen (Fig- 
ure 4A, lanes 3-6). Since MNase requires Ca2+, the 
nuclease was inactivated under these conditions. In con- 
trast, when active fractions were preincubated in the pres- 
ence of MNase and Ca2+, no TTGGGG repeats were syn- 
thesized (Figure 4A, lanes 7-10). The sensitivity of 
telomerase to MNase could be due to the degradation of 
either DNA or RNA. To determine which of these nucleic 
acids was required, extracts were pretreated with RNAase 
A alone and, in controls, with RNAase A plus the placental 
RNAase inhibitor (RNasin). Pretreatment with RNAase A 
alone destroyed the activity (Figure 4A, lanes 16-18). 
Pretreatment with RNAase A and RNasin simultaneously 
did not affect enzyme activity (Figure 4A, lanes 19-22) ex- 
cept at the highest concentration of added RNAase A 
(lane 22). Presumably, at this RNAase concentration the 
RNasin was not sufficient to inactivate all of the added 
RNAase A. In addition, pretreatment of an active fraction 
with oxidized, inactive RNAase A protein (Sigma) also did 
not affect the elongation activity (Figure 4A, lanes 11-14). 
These results indicate that it is the nuclease activity of 
MNase and RNAase A, and not simply the physical pres- 
ence of these proteins, that inactivates the telomerase. 

The RNAase sensitivity that we observed was not 
limited to these relatively crude fractions from gel filtration 
columns. The results of the treatment of telomerase that 
had been further purified over either two or four different 
columns (see below) with RNAase A are shown in Figure 
48. The profile of inactivation with increasing RNAase 
concentration was very similar for these two enzyme 
preparations (Figure 48, lanes l-4 and 9-12). Again, at 
the highest concentration of RNAase A added, the RNa- 
sin was not sufficient to completely inactivate the ribo- 
nuclease activity (Figure 4B, lanes 5 and 13). Although the 
amount of RNAase required to completely inactivate the 
telomerase activity in the experiments shown in Figures 
4A and 48 was not the same (see Figure 4A, lane 16, and 
Figure 48, lanes 3 and 11) we attribute this difference in 
sensitivity to the differing conditions used in the two 
experiments. 

The experiments described above suggested that the 
telomerase contains an essential RNA component. Alter- 
native interpretations were ruled out by the following con- 
trol experiments. First, the sensitivity of the telomerase to 
nucleases could be due to inhibition of the elongation 
reaction by the products of nuclease digestion. To test this 
possibility, extensively purified telomerase preparations 
(see Experimental Procedures) were treated with RNAase 
A, digestion was stopped with RNasin, and equal 
amounts of this extract were mixed with untreated sam- 
ples of the same enzyme preparation. The mixtures were 
then assayed for telomerase activity. No inhibitory effects 
of the nuclease-treated extracts on the activity of telomer- 
ase were seen (data not shown). 

Second, to test whether the absence of the TTGGGG re- 
peat ladder in RNAase-treated extracts was due to the 
degradation of the telomeric repeats by our RNAase prep- 
aration, we treated samples with RNAase A either before 
or after elongation reactions had been carried out The 
telomeric repeats synthesized in vitro were completely 
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Figure 3. Gel Filtration Chromatography of Telomerase 

One milliliter of active 5100 fraction was run on a 38 ml Biorad A 5.0 m  
gel filtration column. Fractions containing 550 ~1 were collected, and 
every other fraction was assayed in the standard assay. The elution 
volume of the molecular weight standards (Biorad) are shown. The pro- 
teins used as markers were thyroglobulin (870,000 daltons), ovalbumin 
(44,000 daltons), and myoglobin (17,000 daltons). 

stable to treatment with RNAase A at concentrations simi- 
lar to those used in Figure 4 (data not shown). We have 
also confirmed our earlier results (Greider and Blackburn, 
1985), that the pretreatment of telomerase with proteinase 
K inactivates the enzyme (data not shown). We conclude 
that telomerase contains RNA and protein components 
that are both essential for activity. 

Simple Addition of RNA Does Not 
Restore Enzyme Activity 
The nuclease sensitivity we observed could be due to 
removal of a specific RNA component of the enzyme or 
to a nonspecific requirement for the presence of RNA. To 
distinguish between these two possibilities, extracts were 
treated with MNase, EGTA was added to inhibit further 
nuclease activity, and various RNA preparations were 
added back to the reactions. Figure 5 shows that addition 
of neither RNA from an active extract purified over two 
columns (lane 2), total RNA from an SlOO fraction of the 
Tetrahymena extract (lane 3), nor total E. coli tRNA (lane 
4) restored the elongation activity of a MNase-treated ex- 
tract. Figure 5, lane 5, is a control reaction to which no 
RNA was added. When the same RNA preparations were 

added to untreated, active extracts, no inhibitory effect of 
these RNA preparations was seen on the telomerase ac- 
tivity (Figure 5, lanes 6-9). Additional control experiments 
showed that the RNAs added back to the MNase-treated 
extracts remained intact throughout the reaction period 
(data not shown). Thus, simple addition of RNA back to 
nuclease-treated extracts was not sufficient to restore ac- 
tivity, suggesting that a specific RNA is essential for 
telomerase activity. 

Specific Small RNAs Copurify with the Telomere 
Terminal Transferase Activity 
The large size of the enzyme along with its protease sensi- 
tivity and requirement for a specific RNA all suggest that 
the telomerase is an RNI? To identify the RNA species that 
reproducibly copurified with the activity, the enzyme was 
extensively purified. Active fractions pooled from a gel 
filtration column and stored frozen in liquid nitrogen were 
further purified by a series of four chromatographic steps. 
Because the telomerase was somewhat unstable, after 
thawing the gel filtration column fractions, all columns 
were routinely run and assayed on the same day. At each 
step, the salt cuts containing telomerase activity (deter- 
mined by pilot experiments) were pooled and loaded 
directly onto the next column. Figure 6A shows the activity 
profile for the column series: gel filtration, heparin 
agarose, hydroxylapatite, DEAE agarose, and spermine 
agarose (see Experimental Procedures). Equal volumes 
of the eluates from the first four columns and fractions col- 
lected from the last column were all assayed in the stan- 
dard assay. Protein gels of the most purified active frac- 
tions showed lo-12 bands by silver staining (data not 
shown). To identify the RNA species that copurified with 
the activity, the same column fractions were phenol- 
extracted and the RNA was post-labeled with [32P]pCp 
using T4 RNA ligase. The 3’end-labeled RNAs were then 
run on a 7 M urea, 6% polyacrylamide gel alongside DNA 
molecular weight markers (Figure 6B). 

In the experiment described above it was evident that 
only a few of the small RNAs initially present in the active 
gel filtration fraction (Figure 6B, lane 1) copurified with the 
telomerase over these five columns (Figure 6B, lane 16). 
In similar purification experiments the same profile of 
RNAs was seen to reproducibly copurify with the telomer- 
ase activity. Figure 7 shows an experiment in which a 
different five column series was used (gel filtration, hepa- 
rin agarose, DEAE agarose, Cibacron-Blue agarose, and 
spermine agarose). The activity and RNA profiles from the 
last columns of this series are shown in Figures 7A and 
7B, respectively. The activity eluted off the spermine 
agarose column in fractions 10 and 12 (Figure 7A, lanes 
6 and 7). while most of the RNAs initially loaded onto the 
column eluted in later fractions (Figure 7B, lanes 12, 13, 
and 14). Because the enzyme is inactivated and we be- 
lieve it may dissociate at salt concentrations above 
500 mM, we have focused our attention on only those 
RNAs that show a positive correlation with telomerase ac- 
tivity at the lowest salt concentrations. By comparing the 
two experiments in Figures 6 and 7 and several similar 
column series (data not shown), it is apparent that the 
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Figure 4. Nuclease Sensitivity of Telomerase 
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(A) Lane 1  shows activity of the untreated gel filtration fraction used in this experiment. In lane 2, 5’ end-labeled (TTGGGG)I primer was run as 
a  size marker. Lanes 3-10 show the pretreatment of 20  ul of active telomerase with 0, 0.15, 1.5, or 15  U of MNase in the presence (lanes 3-7) or 
absence (lanes 8-10) of 10  m M  EGTA. Lanes 4-11 show pretreatment with an  oxidized, inactive form of RNAase A (Sigma) at 0, 0.1, 1, or 10  Kg 
per ml of telomerase fraction. Lanes 15-22 show the activity of the telomerase after pretreatment with 0, 0.1, 1, or 10  pg  per ml (final concentration) 
of RNAase A in the presence (lanes 19-22) or absence (lanes 15-18) of 100 U of RNasin (Promega Siotec). 
(8) Telomerase purified over two columns (gel filtration and heparin agarose) or four columns (gel filtration, heparin agarose, hydroxylapatite, and 
DEAE agarose) was pretreated with RNAase A at 0, 0.1, 1, or 10  @g/ml, final concentration (lanes l-4 and 9-12). In lanes 5-8 and 13-16, 100 U 
of RNasin was added before treatment with the RNAase A. The difference in the concentration of RNAase required to inactrvate telomerase activity 
in this experiment and that shown in (A) may be  due to differences in purity of the telomerase and the fact that different RNAase A and RNasin 
stocks were used. 

RNA species running near the DNA markers of 154 and 
75 bases are always found in the active fractions (arrow- 
heads on Figure 6B and 78). While these RNA species 
were also among those that eluted with higher salt (Figure 
7, lanes 12-15), the lack of enzyme activity in these frac- 
tions may  be attributed to the inhibitory effects of the high 
salt concentrations in these fractions. From these experi- 
ments the RNAs of approximately 154 and 80 nucleotides 
appear to be the most likely candidates for the RNA com- 
ponent(s) of the telomerase. Preliminary T4 kinase label- 

ing of heparin agarose fraction RNA did not reveal addi- 
tional RNA species (data not shown). However, additional 
experiments are necessary to rule out the possibility that 
other RNAs may  be undetected by the RNA labeling con- 
ditions 

Discussion 

W e  have investigated the specificities of the telomere ter- 
minal transferase (telomerase) of Tetrahymena. Initially 
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Figure 5. Addition of RNA to MNase-Treated Extracts Does Not Re- 
store Elongation Activity 

Active telomerase purified over both gel filtrahon and heparin agarose 
columns was either treated with 0.15 U of MNase per PI of extract 
(lanes 2-5) or incubated in the absence of MNase (lanes 6-9). After 
inactivation of the MNase with EGTA and addition of 5 mM MgCls, 
three different RNA preparations were added to both nuclease-treated 
and untreated telomerase fractions. The RNAs added were as follows: 
RNA extracted telomerase purified over both gel filtration and heparin 
agarose columns (two column RNA) (lanes 2 and 6) RNA prepared 
from an SlOO telomerase fraction (lanes 3 and 7). and total E. coli tRNA 
(BRL) (lanes 4 and 6). To lanes 5 and 9, DEP-treated Hz0 containing 
no RNA was added. Lane 1 shows molecular weight markers. The 
sizes of the DNA markers (initially double-stranded) loaded onto the 
denaturing gel are shown for clarity. The diffuse labeled bands In all 
the lanes above and below the 75 base marker are contaminants of the 
[3zP]dGTP preparation. They were often seen in the absence of added 
extract (data not shown). 

we defined which sequences would function as oligonu- 
cleotide primers for elongation. The fact that the reaction 
is highly specific for oligonucleotides with G-rich telo- 

merit sequences suggests that some feature, other than 
primary sequence, common to these different oligonucle- 
otides is recognized by the enzyme. All of the oligonucleo- 
tides that were able to prime elongation by the telomerase 
have been found to self-associate into specific intramole- 
cular structures that migrate rapidly and anomalously in 
nondenaturing gels (E. Henderson et al., 1987). The oligo- 
nucleotides that do not prime repeat addition (see Table 1) 
do not assume these unique DNA conformations. The 

physical interactions governing the novel DNA structure 
formed by these telomeric sequences have been ana- 
lyzed in detail for the oligonucleotide (TTGGGG)4 (E. Hen- 
derson et al., 1987). 

The double-stranded oligonucleotide (CCCCAA)4(TT- 
GG)4  was inactive as a primer for elongation, and over a 
range of concentrations of (TTGGGG)4 tested, only a very 
small percentage of the primer present in the reaction was 
elongated (data not shown). These data are consistent 
with the hypothesis that a specific structure formed by 
telomeric G  strand sequences is recognized for elonga- 
tion. There is evidence that on purified native telomeres 
this strand is present as a single strand overhang in sev- 
eral organisms (Klobutcher et al., 1981; E. Henderson, 
personal communication). Therefore this unusual G  strand 
structure may function in vivo as the recognition signal for 
telomeric elongation. Preliminary experiments from our 
laboratory also indicate that purified natural telomeres 
from Tetrahymena can prime elongation by the telomer- 
ase (E. Henderson, personal communication). 

Another striking feature of the telomeric elongation 
reaction is the precision with which the TTGGGG repeats 
are synthesized in vitro. Preliminary experiments indicate 
that the repeat addition has a distributive nature (data not 
shown). We have also shown previously that the enzyme 
can stop at any nucleotide in the TTGGGG repeats to pro- 
duce the 1 base ladder seen in the reaction (Greider and 
Blackburn, 1985). Thus if the enzyme dissociates and 
reassociates on the growing polymer, in order to synthe- 
size repeats of TTGGGG and not irregular permutations 
of that sequence, the telomerase must accurately com- 
plete the most 3’ TTGGGG sequence, given 3’ ends ter- 
minating at any point within the repeat. We have shown 
that this accurate recognition occurs using oligonucleo- 
tide primers that have different 3’ ends within the 
TTGGGG repeat sequence. 

From the observations discussed above, we believe that 
the telomerase has two distinct specificity components. 
First, the enzyme must recognize the structure of the telo- 
merit substrate. Second, the sequence at the 3’end of the 
primer must be recognized to allow the correct next 
nucleotide to be added. Both the structural and the B’end 
recognition are required since a non-G-rich oligonucleo- 
tide with 3 Gs  at its 3’ end is not elongated (Figure 1, lane 
12). 

The two different specificities described here for the 
telomerase reaction are analogous to those of tRNA 
nucleotidyltransferase. This RNA processing enzyme 
recognizes the structure of many different tRNAs and 
adds the 3’CCA sequence to those that do not have it. The 
tRNA binding subsite of tRNA nucleotidyltransferase is 
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Figure 6. Small RNAs Copurify with the Telomerase over Five Columns 

(A) Telomerase was purified over the following column series: gel filtration, heparin agarose. hydroxylapatite, DEAE agarose, and spermine agarose, 
as described in Experimental Procedures. The standard activity assay was carried out on the following fractions: pooled active gel filtration fraction 
(lane 1. Size), flowthrough and 100 mM NaCl cut from heparin agarose (lanes 2 and 3, respectively), flowthrough and 100 mM potassium phosphate 
salt cut from hydroxylapatite (lanes 4 and 5, respectively), flowthrough from DEAE agarose (lane 6) TMG and TMG plus 100 mM NaCl washes of 
the DEAE column (lanes 7 and 8, respectively), and TMG plus 350 mM NaCl eluate from DEAE agarose (lane 9). In lanes 10-23, 1 ml fractions 
from the spermine agarose were collected and every second fraction was assayed for activity. The fractions were eluted from the column by the 
addition of TMG buffer containing the NaCl concentrations listed below. Fractions l-6 represent the flowthrough as the column was loaded. At fraction 
7 the 350 mM NaCl wash was applied to the column, at fraction 13 500 mM NaCl was applied to the column, and at fraction 20 700 mM NaCl was 
applied. 
(B) RNA was extracted from 300 ul of each of the fractions shown in (A) and 3’ end-labeled with [ssP]pCp (see Experimental Procedures). The ra- 
diolabeled RNA was separated by electrophoresis on a 40 cm, 6% polyacrylamide, 7 M  urea gel. The RNA samples run in lanes 5, 6, and 7 were 
dialyzed to remove the phosphate before the labeling reaction was carried out. The arrowheads mark the RNA species that eluted in the active 
fractions. 

distinct from the nucleotide binding subsite. The addition In Tetrahymena all cloned examples of telomeres con- 
of CCA occurs onto the 3’ end of the tRNA held in the ac- tain perfect T2G4 repeats, with the exception of only 1 
ceptor binding site when CTP or ATP is correctly bound T2G5 in 300 T2G4 repeats from 11 telomeres sequenced 
at the appropriate nucleotide binding site. tRNAs having in our laboratory (Budarf and Blackburn, 1987). However, 
the structure tRNA, tRNA-C, or tRNA-C-C are correctly the telomeric sequences of Saccharomyces and Dic- 
completed to tRNA-C-C-A, indicating that the terminal res- tyostelium are irregular, containing either 1,2, or 3 Gs  fol- 
idue plays an important role in enzyme recognition lowed by a T in Saccharomyces or 1 to 8 G ’s followed by 
(reviewed in Deutscher, 1983). Steps analogous to those an A in Dictyostelium (Shampay et al., 1984; Emery and 
of the tRNA nucleotidyltransferase can be envisioned to Weiner, 1981). This irregularity suggests there may be less 
occur in the telomerase reaction, except that the addition stringent controls of the translocation step or the 3’ end 
of multiple repeats must be accounted for. After primer recognition step by the telomeric elongation machinery 
recognition, the 3’ end is positioned in an addition site of these organisms. In Paramecium the telomeric se- 
such that the frame of the last repeat is established; dGTP quences contain a mixture of T2G4 and TsGs repeats 
and dTTP residues are then added until a complete where the 6 base periodicity is maintained, yet the se- 
TTGGGG repeat is synthesized, then the growing poly- quence varies slightly (Forney and Blackburn, 1987; 
mer is translocated to allow the synthesis of additional Baroin et al., 1987). Similarly, in Plasmodium the telomeric 
repeats. The translocation step could also occur after the heptamer repeats are mixtures of T3AG3 and T&AGs 
addition of each individual nucleotide. (Ponzi et al., 1985). The maintenance of the telomeric re- 
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peat length, with some variation in the sequence, sug- 
gests that these organisms may provide insights as to how 
the telomerase specifies these parameters. 

In addressing the question of the specificity of the 
telomerase, we discovered that this enzyme contained an 
essential RNA component. The RNAs copurifying with the 
telomerase are very minor species of the small RNAs 
found in Tetrahymena. From preliminary estimates, com- 
paring known amounts of pCp-labeled 5s RNA with the 
telomerase fraction RNAs, there may be as few as 1000 
molecules per cell. Even given the inaccuracy inherent in 
this kind of quantification, the finding is somewhat surpris- 
ing since a single Tetrahymena macronucleus contains 
104-lo5 telomeres. During vegetative growth of Tetra- 
hymena, on average 1 TTGGGG repeat is added per telo- 
mere per generation (Larson et al., 1987). Thus it is possi- 
ble that only a small number of telomerase molecules may 
be required in Tetrahymena in vivo. 

The RNA of telomerase may simply provide a scaffold 
for the assembly of proteins in the active enzyme com- 
plex; however, the RNA may play many possible roles in 
the telomeric elongation reaction. RNA functions in ribo- 
Somes to provide both structure and specificity (reviewed 
in Nomura et al., 1974; Shine and Dalgarno, 1975). The 
RNA components of the signal recognition particle and 
RNAase P play structural and catalytic roles, respectively, 
in the reactions of these RNPs (Walter and Blobel, 1982; 
GuerrierTakadaet al., 1983). Of the snRNAs involved with 
pre-mRNA splicing (reviewed in Sharp, 1987; Maniatis and 
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Figure 7. Small RNAs Copurify with Telomer- 
ase over a Different Five Column Series 
(A) Telomerase was purified over the following 
column series: gel filtration, heparin agarose, 
DEAE agarose, Cibacron-Blue agarose, and 
spermine agarose. The activity profile from the 
last two columns is shown. In lane 1 pooled ac- 
tivity eluted with 400 mM NaCl plus 1% Triton 
X-100 eluate from Cibacron-Blue agarose (lane 
labeled Blue) was assayed. The salt concentra- 
tion of this fraction was slightly less than 
400 mM since the end of the previous 100 mM 
wash was included in the pooled material. In 
lanes 2-15, 900 ul fractions from the spermine 
agarose column were collected and every 
other fraction was assayed in the standard as- 
say. The column was eluted with TMG buffer 
plus 1% Triton X-100 containing the NaCl con- 
centrations indicated below. Fractions l-7 rep- 
resent the flowthrough from the loading of the 
column. At fraction 8 a 400 mM NaCl wash was 
applied to the column, at fraction 13 500 mM 
NaCl was applied, and at fraction 20 700 mM 
NaCl was applied. 
(B) RNA was prepared from 300 ul of each frac- 
tion described above, labeled with ]3*P]pCp, 
and run on a 40 cm, 6% polyacrylamide, 7 M  
urea sequencing gel. The molecular weight 
markers (not shown) are indicated to the right 
of the figure. 

Reed, 1987; Padgett et al., 1986) Ul and U2 RNAs pro- 
vide specificity to the splicing reaction by base pairing 
with the pre-mRNA substrate (Zhuang and Weiner, 1986; 
Parker et al., 1987). In addition, the RNA component of the 
mitochondrial endoribonuclease involved in primer forma- 
tion for mitochondrial DNA replication (Chang and Clay- 
ton, 1987) may provide specificity to the cleavage reaction 
since it has the potential to base pair with the RNA that 
is cleaved (D. Chang and D. Clayton, personal communi- 
cation). 

It is tempting to speculate that the RNA component of 
the telomerase might be involved in determining the se- 
quence of the telomeric repeats that are synthesized 
and/or the specific primer recognition. If the RNA of 
telomerase contains the sequence CCCCAA, this se- 
quence could act as an internal guide sequence like that 
used to position the growing polymer in the polymeriza- 
tion reaction catalyzed by the self-splicing Tetrahymena 
rDNA intron (Zaug and Cech, 1986). If the RNA of telomer- 
ase provides an internal template, the mechanism of re- 
peat synthesis must involve either a translocation step or 
the dissociation and reassociation of the enzyme to pro- 
duce the polymers that are typically longer than 400 
nucleotides under the in vitro assay conditions. As noted 
above, the irregular repeats of Saccharomyces, Dic- 
tyostelium, Plasmodium, and Paramecium may be the re- 
sult of relaxed requirements for the translocation step or 
the dissociation and reassociation of the enzyme with the 
growing polymer. The irregular repeats could also result 
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from a mixed population of enzymes with internal template 
RNAs of slightly different sequences. 

Alternatively, the RNA may be directly involved in the 
primer recognition reaction. RNAase P cleaves many pre- 
tRNA substrates with different primary sequences, relying 
on the tertiary structure unique to tRNAs for recognition 
(reviewed in Altman et al., 1982). Since the RNA compo- 
nent of RNAase P can carry out this cleavage reaction 
alone in vitro (Guerr ier-Takada et al., 1983) the essential 
aspects of substrate recognition must lie within the RNA 
itself. Similarly, the RNA component of telomerase may be 
directly involved in recognizing the unique three-dimen- 
sional structure of the G-rich telomeric oligonucleotide 
primers. Finally, by analogy with the self-splicing intron 
enzyme (Zaug and Cech, 1986) the RNA component 
of telomerase could have a direct role in catalyzing the 
TTGGGG repeat polymerization. 

Experimental Procedures 

Extract Preparation 
Tetrahymena strains SE210 and SE1969 (kindly provided by Ed Orias) 
were grown and mated as previously described (Greider and Black- 
burn, 1985). All extracts were made from mated cells 9 hr after mixing 
cells to initiate mating. Buffers were made with diethyl pyrocarbonate 
(DEP)-treated Hz0 and then autoclaved; P-mercaptoethanol was 
added after autoclaving, and PMSF was added to 100 pM immediately 
before use from a 100 mM stock in 100% ethanol. Cells were spun 
down, washed once with Dryls solution, (1.7 mM sodium citrate, 1.2 
mM NaHaP04, 1 mM NazHPO.,, and 2 pM CaClz), resuspended in 3 
volumes of TMG (10 mM Tris [pH 8.01, 1 mM MgClz, 10% glycerol, 5 
mM 2-mercaptoethanol, and 0.1 mM PMSF) per volume of packed 
cells, RNasin (Promega Biotec) was added to a concentration of 10 
U/ml, and the cells were lysed with continuous stirring at 4OC for 20 
min by the addition of 0.1 volume of 2% NP40 in TMG. The cell lysate 
was then centrifuged in an SW41 rotor at 35,000 rpm for 60 min at 4% 
The supernatant of this spin was designated SlOO and was used in 
subsequent purification steps. The pellet fractions were found to con- 
tain no telomerase activity and were discarded. 

In Vitro Reaction Conditions 
The in vitro reactions were modified from Greider and Blackburn 
(1985). A standard assay contained 20 pl of a 2x reaction mix and 20 
1.11 of an enzyme fraction. The 2x reaction mix consisted of 4 pl of 10x 
reaction buffer, 20 mM dTTP, 2 uM dGTP, 0.8 pg (TTGGGGk oligonu- 
cleotide (unless some other oligonucleotide was specified), 0.5 U of 
RNasin, and 1 frl (10 pCi) of [@P]dGTP (specific activity, 3000 
Cilmmol). The 10x reaction buffer contained 500 mM Tris (pH 8.5) 1 
M  sodium acetate, 20 mM MgClz, 1 mM spermine, IO mM spermidine, 
and 50 mM 2-mercaptoethanol. After mixing the enzyme preparation 
to be assayed with the reaction mix, samples were incubated at 30% 
for 60 min. The reaction was then stopped by the addition of 100 pl of 
stop mix (20 mM EDTA and IO mM Tris-HCI [pH 7.51) then extracted 
once with 100 pl of 5050 phenol, chloroform. The supernatant was re- 
moved to a new tube, 140 ul of 5 M  ammonium acetate and 2 pg of 
carrier tRNA were added, and the nucleic acid was precipitated by the 
addition of 900 pl of 95% ethanol. The precipitation was carried out 
at room temperature for IO min, and the samples were spun for 15 min 
in an Eppendorf microcentrifuge. The supernatant was removed with 
a drawn out Pasteur pipette, and the pellets were dried in a vacuum 
desiccator for 20 min. The pellets were then resuspended in 2.5 pl of 
sequencing loading mix (90% deionized formamide, lx TBE, 0.2% xy- 
lene cyanol, and 0.20% bromphenol blue) and loaded onto a 60/o poly- 
acrylamide, 7 M  urea sequencing gel. The 0.3 mm thick, 40 cm long 
gel was then run at 1500 V for 2 hr, until the bromphenol blue dye was 
at the bottom. 

Nuclease Digestions 
MNase digestions were carried out as follows: CaCls was added to 
160 pl of active fraction to a final concentration of 1 mM. The fraction 

was then split into eight 20 pl aliquots, and 1 pl of 100 mM EGTA was 
added to four of the aliquots. Next, either 0, 0.15, 1.5, or 15 U of MNase 
(Worthington) in TMG was added to all eight test fractions, and the 
samples were incubated at 37% for 15 min. The samples were then 
placed on ice, and 1 pl of 200 mM EGTA was added to those samples 
not already containing EGTA. Two microliters of 100 mM MgCIz was 
added to all samples, and 20 pl of each sample was assayed under 
the standard assay conditions, 

RNAase treatments were carried out in a manner similar to that de- 
scribed for MNase digestions. Active gel filtration fraction (160 pl) was 
aliquoted into eight 20 pl samples. To four samples, 3 pl of RNasin 
(Promega Biotec or Boehringer Mannheim) at 40 U/t11 was added. To 
all samples, 2 PI of TMG containing either 0, 1, 10, or 100 pglml 
RNAase A (Worthington) was added. The reactions were incubated at 
room temperature for 15 min, and 20 ul of each sample was assayed 
for activity using the standard conditions. 

Mixing of RNAase A-Treated Fractions with Active Fractions 
Telomerase (300 kl) that had been purified over either sizing column 
and heparin agarose or sizing column, heparin agarose, and spermine 
agarose was treated with 3 nl of 100 Kg/ml RNAase A for 15 min at 
room temperature. Sixty micoliters was then removed, and 360 U of 
RNasin was added. Twenty microliters was then assayed directly, and 
10 PI was mixed with 10 id of active fraction. This mixture was assayed 
under the standard assay conditions. Untreated telomerase (20 pl) was 
also assayed as a control. The RNA from the remaining 240 fd of 
RNAase-treated telomerase and from 240 pl of untreated fraction was 
prepared, 3’ end-labeled, and run on a sequencing gel. 

Addition of RNA to MNase-Treated Extracts 
For the experiment shown in Figure 5, RNAs were prepared as de- 
scribed below. RNA from either 400 nl of SlOO extract or telomerase 
purified over both gel filtration and heparin agarose columns was ex- 
tracted (see below) and precipitated. The pellets were resuspended in 
20 pl of DEP-treated HzO. Telomerase extract (500 ~1) purified over gel 
filtration and heparin agarose was thawed, and 5 PI of 100 mM CaCla 
was added. One hundred microliters was removed, 60 U of MNase was 
added to the remaining 400 pl, and both samples were incubated at 
J7”C for 10 min. The samples were then set on ice, EGTA was added 
to 2.5 mM, and MgCls was added to 5 mM. The MNase-treated extract 
was split into four 100 pl samples, and the untreated extract was split 
into four 20 PI samples. Four microliters of each telomerase RNA prep 
aration (see below) was added to an aliquot of the MNase-treated en- 
zyme, and 1 pl of each was added to aliquots of the untreated controls. 
One microliter of tRNA at 8 mglml was also added to a MNase-treated 
sample, and 0.4 pl of tRNA was added to the untreated sample. As a 
control, 4 pl or 1 PI of DEP-treated Hz0 was added instead of RNA to 
aliquots of MNase-treated and untreated enzyme, respectively. Twenty 
microliters of each of the eight samples was assayed in the standard 
assay. The remaining 80 pl of MNase-treated fractions plus RNA was 
incubated with reaction buffer in the absence of [32P]dGTF? After 60 
min at 30% the RNAs were extracted from the mock-reacted samples, 
labeled, and run on a sequencing gel. All the RNAs added back to the 
nuclease-treated extract remained intact throughout the reaction 
period. 

Column Chromatography 
All columns were run at 4°C using cold, sterile buffers to which 2-mer- 
captoethanol and fresh PMSF had been added. The purification pro- 
tocol described here involves chromatography over a preparative gel 
filtration column and freezing of the fractions after assaying to deter- 
mine which contain activity. In pilot purification procedures we found 
that freezing and thawing telomerase preparations in subsequent 
stages in the preparation lead to large losses in activity. Therefore all 
columns, after the gel filtration step, started with freshly thawed gel 
filtration fractions and were run consecutively without assaying for ac- 
tivity until the last column was fractionated. Each of the columns run 
in the purification schemes shown in Figures 3,6, and 7 are described 
below. 

Gel Filtration 
Analytical gel filtration columns were run using Biorad A 5.0 m  agarose 
beads according to the manufacturers specifications. The beads were 
equilibrated with TMG, degassed, and poured into a 48 cm x 0.78 
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cm2 column. The columns were calibrated and checked for even 
packing by prerunning known molecular weight standards and follow- 
ing the ODasa eluted from the column. The molecular weight of the 
standards eluted from the column was confirmed by running protein 
gels on the peak fractions. The Biqrad sizing column calibration kit 
used for the calibration contained y-globulin as one of the size markers. 
As the y-globulin did not run with its predicted molecular weight of 
68,000 dalton, this protein was not used to calibrate the molecular 
weight of the telomerase. For the molecular weight determination, 1 ml 
of SlOO Tetrahymena extract was loaded onto the column and eluted 
with a flow rate of 100 ullmin. Fractions (500 ul) were collected, and 
every other fraction was assayed for telomerase activity. Attempts to 
determine the molecular weight of enzyme that had previously been 
purified over several columns were all unsuccessful. When purified 
telomerase was run over a gel filtration column no activity was ever re- 
covered. We are currently trying to stabilize the purified enzyme before 
gel filtration. 

For preparative gel filtration, Pharmacia Sephacryl S-500 polyacryl- 
amide beads were preequilibrated according to the manufacturers 
specifications. After equilibration and degassing, a 1 m  x 19.6 cm2 
column was poured. The column was calibrated with the same mark- 
ers described above to identify the region where the telomerase was 
expected to elute. Tetrahymena SlOO fraction (60-100 ml) was loaded 
onto the column and eluted at a flow rate of 2 mllmin. One liter of flow- 
through was collected, and then 300 2 ml fractions were collected. Ev- 
ery tenth fraction was assayed for telomerase activity, and all 300 frac- 
tions were frozen in liquid nitrogen as soon as all fractions had been 
collected. 

Heparin Agarose 
For an analytical heparin agarose column preparation, such as those 
shown in Figures 6 and 7, 6 ml of active gel filtration fractions was 
loaded onto a 3 ml heparin agarose (Biorad) column, preequilibrated 
in TMG. Neighboring active gel filtration fractions were thawed and 
pooled, PMSF was added to 0.1 mM, and RNasin was added to 400 
U per ml of extract. The pooled fractions were then loaded onto the 
heparin agarose column at a flow rate of about 0.1 mllmin. The flow- 
through was collected, and the column was washed with 6 ml of TMG. 
The telomerase was eluted with 6 ml of TMG plus 100 mM NaCI, again 
at a flow rate of about 0.1 mllmin. This heparin agarose fraction was 
stored frozen in liquid nitrogen, or an aliquot was removed and the re- 
mainder was loaded onto either a DEAE agarose or a hydroxylapatite 
column. Preparative heparin agarose columns were scaled up directly 
from this procedure. 

Hydroxylapatite 
The 100 mM NaCl in TMG eluate from heparin agarose was loaded 
onto a 1.5 ml hydroxylapatite (Calbiochem Fast Flow) column 
equilibrated with TMG plus 100 mM NaCI. The flowthrough was col- 
lected, the column was washed with 6 ml of TMG plus 100 mM NaCI, 
and the telomerase was eluted with 4 ml of 100 mM potassium phos- 
phate buffer (pH 8.0). A sample of this eluate was removed for later as- 
say, and the remainder was loaded onto a DEAE agarose column. 

DEAE Agarose 
The eluted fractions from either a heparin agarose column or a hydrox- 
ylapatite column were loaded onto a 2 ml DEAE agarose (Biorad) 
column. If the fraction from heparin agarose was to be loaded, the 
column was equilibrated with TMG plus 100 mM NaCI, the flowthrough 
was collected, the column was washed with 6 ml of TMG plus 100 mM 
NaCI, and the activity was eluted with 4 ml of TMG plus 350 mM NaCI. 
If the fraction from a hydroxylapatite column was to be loaded, the 
column was equilibrated with 100 mM potassium phosphate buffer (pH 
6.0). After the hydroxylapatite fraction was loaded onto the column and 
the flowthrough collected, the column was washed extensively to re- 
move the phosphate buffer (this buffer interfered with the subsequent 
RNA analysis). The first wash was with 6 ml of TMG, and the second 
wash was with 6 ml of TMG plus 100 mM NaCI. The telomerase was 
then eluted with 4 ml of TMG plus 350 mM NaCI. 

Cibacron-Blue Agarose 
A 2 ml Affigel Blue (Biorad) column was equilibrated with TMG plus 
350 mM NaCI. The pooled 350 mM NaCl eluate from DEAE agarose 
was loaded, the flowthrough was collected, and the column was 

washed with 6 ml of TMG plus 350 mM NaCI. The telomerase activity 
was then eluted with 4 ml of a buffer containing TMG, 400 mM NaCI, 
and 1% Triton X-100 (Sigma). The salt concentration at which the 
telomerase eluted from the Affigel Blue column varied slightly in five 
different experiments, depending on the purity of the loaded material. 

Spermine Agarose 
For loading the 350 mM NaCl eluate from DEAE, a 2 ml spermine 
agarose (Sigma) column was equilibrated with TMG plus 350 mM 
NaCI. Fractions (1 ml) were collected representing the flowthrough, 7 
ml of TMG plus 350 mM NaCl wash, 7 ml of TMG plus 500 mM NaCl 
elution, and 7 ml of TMG plus 700 mM NaCl elution. If the telomerase 
fraction from an Affigel Blue column was to be loaded, the spermine 
agarose column was equilibrated with TMG, 400 mM NaCI, and 1% 
Triton X-100. Fractions (900 ul) were then collected representing the 
flowthrough, 5 ml of TMG, 400 mM NaCI. and 1% Triton X-100 wash, 
8 ml of TMG, 500 mM NaCI, and 1% Triton X-100 elution, and 8 ml of 
TMG, 700 mM NaCI, and 1% Triton X-100 elution. The fractions were 
assayed along with samples from all of the previous columns. All of the 
fractions were then stored frozen in liquid nitrogen 

RNA Preparation and [32P]pCp End Labeling 
To analyze the RNA composition of column fractions, RNA was usually 
extracted from 300 ul of each fraction. The fractions, stored frozen in 
liquid nitrogen, were thawed, and to 300 ul, 30 ul of a 10% SDS, 100 
mM EDTA solution and 50 ug of proteinase K were added. The samples 
were incubated at 37% for 10 min, then extracted twice with phenol, 
chloroform. To the final supernatanf 30 ul of 3 M  sodium acetate and 
0.5 pg of carrier h DNA (BRL) were added, and the nucleic acids were 
precipitated by addition of 900 ul of absolute ethanol and incubation 
at -70% for 30 min. After spinning down the precipitate, the pellets 
were dried and resuspended directly in the RNA labeling mix. In the 
case of fractions containing potassium phosphate from the hydrox- 
ylapatite column, the phosphate pellet was resuspended in TE and dia- 
lyzed against TE for several hours. The RNA was then ethanol- 
precipitated and dried down for labeling (this dialysis procedure often 
led to loss of some RNA). Each RNA labeling reaction contained 50 
mM HEPES (pf-l 8.3) 10 mM MgCIP, 3 mM DTT, 10% glycerol, 15% 
DMSO, 6 pM ATR 1 U of RNasin, 1 U of T4 RNA ligase (Pharmacia 
or New England Biolabs), and 10 PCi of [saP]pCP (Amersham) at 3000 
Cilmmol. The RNA pellets were resuspended in this mix, and the reac- 
tions were incubated for lo-14 hrat 4%. After incubation, the reactions 
were ethanol-precipitated by the addition of 200 ul of 250 mM ammo- 
nium acetate and 600 ul of absolute ethanol at room temperature. The 
labeled RNA was spun down in a microcentrifuge for 15 min and dried 
m  a vacuum desiccator. The pellets were resuspended in 2.5 ul of se- 
quencing gel loading dye (90% formamide. 1 x TBE, 0.2% xylene 
cyanol, and 0.2% bromphenol blue) and loaded onto a 6% polyacryl- 
amide, 7 M  urea sequencing gel. The gels (0.3 mm thick, 40 cm long) 
were run at 1500 V for 2 hr until the bromphenol blue dye ran off the 
bottom. 
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