
(6) in vivo, but contains a cryptic activa- ATP-De penden t Nucleosome Recon f ig u ra tion tion region that functions in vitro (7-9); 
and Transcri~tional Activation from and (iii) G A L ~ - V P I ~  [a hybrid protein that 

 rea ass em blid Chromatin Templates consists of GAL4(1-147) fused t o  the tran- 
scriptional activation region of the herpes 
virus protein VP161, which is a potent ic- Michael J. Pazin, Rohinton T. Kamakaka, James T. Kadonaga* both in viva and in ( 5 ,  7, 8). 

We initially tested the ability of the 
GAL4-VP16mediated nucleosome reconfiguration and transcriptional activation were GAL4 derivatives to activate transcription 
observed with preassembled chromatin templates that contained regular and physio- from the reconstituted chromatin templates 
logical nucleosome spacing. Both processes were dependent on adenosine triphosphate (Fig. 1A). These experiments revealed that 
(ATP), although binding of GAL4-VP16 to the chromatin was ATP-independent. Factor- the relative magnitude of activation by the 
mediated nucleosome reconfiguration was not, however, sufficient for transcriptional GAL4 derivatives was similar to that ob- 
activation. These experiments recreate in vitro the active participation of nucleosomal served in vivo. With the chromatin tem- 
cores in the regulation of transcription that occurs in vivo, and they suggest a multistep plates, GAL4-VP16 was a strong activator, 
pathway for transcriptional activation in which factor- and ATP-dependent nucleosome GAL4(1-147) was a weak activator (with 
reconfiguration is followed by facilitation by the DNA-bound activator of transcription from typically 3 to 10% of the activity of GAL4- 
the repressed chromatin template. VP16), and GAL4(1-94) was inactive. 

Moreover, the relative ability of the GAL4 
derivatives to activate transcription was not 
altered by the presence or absence of histone 

T h e  proper control of gene transcription is rivatives of the yeast transcriptional activa- HI, which suggests that the differential ef- 
essential for an organism's growth, develop- tor GAL4. The GAL4 derivatives have fects were predominantly the result of nu- 
ment, and response to the environment. been widely used in the study of transcrip cleosome-mediated repression rather than 
Alterations in chromatin structure that cor- tional activation both in vivo and in vitro HI-mediated repression (10). As a control, 
relate with changes in transcriptional activ- and therefore serve as a useful reference in primer extension deoxyribonuclease I 
ity have been observed in budding yeast, these experiments. We used three GAL4 (DNase I) footprinting (1 1) was done with 
fruit flies, and mammalian cells (1 ). Evi- derivatives: (i) GAL4(1-94), the transcrip- portions of the identical samples of chroma- 
dence indicates that regularly spaced nu- tionally inactive DNA-binding segment of tin used in the transcription analysis, and 
cleosomal templates are transcriptionally the GAL4 protein (4); (ii) GAL4(1-147), the results demonstrated that each of the 
repressed relative to histone-free DNA and which is either inactive (5) or weakly active GAL4 derivatives was bound to the chro- 
that promoter- and enhancer-binding fac- (-5% of the activity of full-length GAL4) matin templates (Fig. 1B). Thus, the VP16 
tors function, in part, to counteract the 
chromatin-mediated repression. It is there- 
fore essential to study the mechanisms of A B Chromatin 

C 
transcriptional activation in the context of Reconstituted chromatin 
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HI-DNA 

the native chromatin template. -H 1 +H1 
I 1 Naked DNA complexes - - C1l a q z z 2  ~g A b 
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-- -- - 
embryo extract, termed S-190, that con- 
tains -chromatin assembly factors that effi- 
ciently reconstitute chromatin from exog- 
enously added histones and plasmid DNA 
in an ATP-dependent manner (2, 3). The 
chromatin that is assembled with S-190 
closely resembles native chromatin, as 
judged by several criteria, including nucle- 
ase digestion products, protein composition, 
template topology, sedimentation proper- 
ties, and appearance when examined by 
electron microscopy (2, 3). This reconsti- 
tuted chromatin consists of periodic arrays 
of fully assembled nucleosomes with prop- 
erly incorporated histone H1 and physio- 
logical nucleosome spacing and is therefore 
ideal for the study of chromatin structure 
and transcription. 

We analyzed the transcriptional proper- 
ties of these chromatin templates with de- 
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Transcription (relative amounts) 

Fig. 1. Transcriptional activation by GAL4 derivatives with chromatin versus nonchromatin templates. (A) 
Activation of transcription from chromatin templates by the W16 domain in GAL4-W16. Chromatin was 
reconstituted with pGIE-0 plasmid DNA, which contains five GAL4 binding sites immediately upstream of 
the adenovinrs E4 minimal promoter (TATA box and RNA start site), in either the presence or absence of 
exogenously added histone HI (200 nM). The resulting samples (containing 75 ng of DNA) were 
subjected to in vitro transcription analysis with the soluble nuclear fraction as the source of basal 
transcription factors (25). Where indicated, GAL4 derivatives were included during chromatin assembly 
such that the concentrations of the factors in the transcription reactions were as follows: GAL4-W16, 
120 nM; GAL4(1-94), 420 nM; and GAL4(1-147), 140 nM. (8) Binding of the GAL4 derivatives to the 
chromatin templates. Portions (containing 250 ng of DNA) of the identical samples of chromatin used in 
the transcription reactions shown in (A) were also subjected to DNase I digestion and primer extension 
analysis (7 1). (C) Lack of requirement for the W16 domain in activation of transcription from nonchro- 
matin templates. Transcription reactions were done with pGIE-0 as either naked DNA (75 ng) or tran- 
scriptionally repressed HI -DNA complexes [containing template DNA (75 ng) and Drosophila histone HI 
(150 nM)]. Where noted, GAL4-W16 (63 nM), GAL4(1-94) (420 nM), and GAL4(1-147) (140 nM) were 
included in the reactions. The reverse transcription products (A and C) or DNase I footprints (6) are 
indicated by brackets. 
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domain can function to counteract the nu- 
cleosome-mediated repression, whereas the 
cryptic in vitro activation region in 
GAL4(1-147) has little transcriptional ef- 
fect with the nucleosomal templates (1 2). 

With naked DNA templates, the VP16 
domain in GAL4-VP16 did not increase 
the magnitude of transcriptional activation 
beyond that observed with GAL4(1-147) 
(Fig. 1C). In addition, the inclusion of his- 
tone HI ,  which nonspecifically binds to 
DNA, in the transcription reactions (13, 
14) decreased the amount of basal tran- 
scription by a factor of 20 but did not alter 
the magnitude of transcription with GAL4- 
VP16 relative to that with GAL4(1-147) 
(Fig. 1C). These results reveal that the 
mechanism by which transcription factors 
counteract nucleosome-mediated repression 
is distinct from transcrivtion factor-in- 
duced derepression of nonspecific inhibi- 
tion of transcription by histone H1 (15), 
and they suggest that transcription from the 
chromatin templates resembles that which 
occurs in vivo more closely than transcrip- 
tion from the nonchromatin templates. 

One vossible exvlanation for the in- 
creased dependence on the VP16 activation 
domain with the nucleosomal temvlates is 
that there may be a more stringent require- 
ment for high-affinity interactions between 
the activation domain and components of 
the transcriptional machinery with the 
highly repressed chromatin templates than 
with nonchromatin templates. According to 
this model, the potent VP16 domain may be 
more effective at establishing critical pro- 
tein-protein interactions than is the cryptic 
activation domain in GAL4(1-147). Alter- 
natively, the activation domain may medi- 
ate alterations or modifications of chroma- 
tin composition or structure, such as histone 
phosphorylation or acetylation, that subse- 
quently facilitate transcription by the basal 
factors from the chromatin temvlates. 

In the biochemical analysis of transcrip- 
tion with chromatin tem~lates, it has been 
generally observed that the reconstitution 
of chromatin templates in the absence of 
activators results in irreversible inhibition 
of transcription, whereas the binding of fac- 
tors to the DNA temvlates either before or 
during chromatin assembly allows transcrip- 
tion to occur from the subsequently recon- 
stituted chromatin (I) .  Under the latter 
conditions, the transcription factors are pre- 
sumably bound to the DNA templates be- 
fore or during the assembly of chromatin, as 
might occur during DNA replication. How- 
ever, studies of gene activation in vivo also, 
indicate that chromatin reconfiguration 
and transcriptional activation can occur in 
the absence of DNA replication (16). We 
therefore examined replication-indepen- 
dent mechanisms of gene activation by the 
addition of transcription factors to preas- 

sembled chromatin templates. 
We had previously shown that the addi- 

tion of GAL4-VP16 to preassembled H1- 
containing chromatin purified by sucrose 
gradient centrifugation results in low levels 
of transcriptional activation (a 10-fold in- 
crease), whereas the inclusion of GAL+ 
VP16 during chromatin assembly with the 
S-190 extract yields high levels of transcrip- 
tional activity (a 50- to 80-fold increase), 
relative to chromatin to which GAL+ 
VP16 had not been added (2). On the basis 
of these observations, we postulated that an 
auxiliary activity may be present in the 
S-190 chromatin assembly extract that is 
required for full activation of transcription 
from preassembled chromatin templates, 
and that this activity is lost on purification 
of the chromatin. To  test this hypothesis, 
we did studies in which newly assembled 
HI-containing chromatin was transcribed 
in the presence of the S-190 extract, instead 
of being subjected to purification by sucrose 
gradient sedimentation before transcrip- 
tion. In these experiments, GAL4-VP16 
was able to activate transcription to the 
same extent whether the factor was added 

GAL4-VP16 was dependent on the pres- 
ence of GAL4 binding sites in the promoter 
(Fig. ZA), and therefore required the spe- 
cific binding of GAL4-VP16 to the tem- 
plate. ~ o r e i v e r ,  the presence of GAL+ 
VP16 did not affect the efficiency of bulk 
chromatin assembly, as determined by mi- 
crococcal nuclease digestion analysis of the 
identical samples of chromatin used in the 
transcription reactions (Fig. 2B). In addi- 
tion, DNase I footprinting experiments 
demonstrated that GAL4-VP16 was bound 
to the chromatin with similar affinity when 
added to the templates either before or after 
chromatin assembly was complete (1 7). 

Thus, by the inclusion of the S-190 ex- 
tract in the reaction medium, we have been 
able to reconstitute DNA replication-inde- 
pendent potentiation of transcription from 
preassembled, HI-containing chromatin 
templates. These results, together with data 
from previous studies with purified chroma- 
tin templates (2), also support the hypoth- 
esis that there is an auxiliary activity in the 
S-190 extract that mediates transcriptional 
activation by GAL4-VP16 from preas- 
sembled chromatin temvlates. 

to the templates before or after chromatin To  investigate further the mechanism of 
assembly was complete (Fig. 2A). transcriptional activation from chromatin 

This effect was further characterized. templates, we examined the effects of factor 
First, the activation of transcription by binding on chromatin structure. To  map 
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Fig. 2. Activation of transcription from HI -containing chromatin templates by GAL4-VP16 when added 
either before or after completion of chromatin assembly in the presence of S-190 extract. (A) In vitro 
transcription analysis. HI -containing chromatin was reconstituted with either pGIE-0 or PIE-0, which 
contain five or zero GAL4 binding sites, respectively, upstream of the minimal adenovirus E4 promoter. 
Where indicated, GAL4-VP16 (674 nM) was added to the reconstitution reactions either before (0 hours) 
or after (4.5 hours) chromatin assembly. The resulting samples (containing 75 ng of DNA) were subjected 
to in vitro transcription analysis on addition of basal factors (5 hours). In addition, in a demonstration that 
pGIE-0 and PIE-0 contained basal promoters of comparable activity, reactions were also done in parallel 
with naked DNA templates (75 ng) in the absence of GAL4-VPl6. The slight difference in start site 
selection with the chromatin versus the naked DNA templates is due to a higher concentration of ATP in 
the reactions with the chromatin templates. The reverse transcription products are indicated by a bracket. 
(8) Micrococcal nuclease digestion analysis. Portions (containing 250 ng of DNA) of the identical samples 
used in the transcription reaction shown in (A) were also subjected to micrococcal nuclease digestion and 
agarose gel electrophoresis. The DNA was visualized by staining with ethidium bromide. Molecular 
markers: 1 -kb DNA ladder (Life Technologies). 
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the positioning of nucleosomes in the pro- 
moter region, we subjected the reconstitut- 
ed chromatin samples to partial digestion 
with micrococcal nuclease and subsequent 
indirect end-labeling analysis (18). These 
experiments were done in the absence of 
basal transcription factors and of detectable 
transcriptional activity. 

When either H1-containing or Hl-defi- 
cient chromatin was reconstituted in the 
presence of GAL4-VP16, positioned nu- 
cleosomes were observed flanking the 
GAL4 binding sites, as deduced from the 
regions of the promoter that were protected 
from nuclease digestion (Fig. 3A) (19). The 
TATA box and transcri~tion start site were 
in a nuclease-sensitive region, and protec- 
tion of the GAL4 binding sites was appar- 
ent. The factor-induced nucleosome posi- 
tioning was dependent on the presence of 
GAL4 binding sites, which indicates that 
the effects were not the result of nonspecific 
interactions of the activator with tem~late 
or proteins (1 7). Moreover, the factor-me- 
diated positioning of nucleosomes was iden- 
tical whether GAL4-VP16 was added to the 
templates before or after chromatin assem- 
bly, or in the presence or absence of H1 
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Fig. 3. Reconfiguration of chromatin structure by 
GAL4 derivatives. (A) GAL4-VP16-induced nu- 
cleosome positioning in vitro. Chromatin was re- 
constituted with pGIE-0 plasmid DNA, and, where 
indicated, GAL4-VPl6 (100 nM) or histone HI 
(200 nM) or both were included in the assembly 
reactions. Reconstituted chromatin preparations, 
together with naked pGIE-0 DNA as a control, 
were subjected to partial digestion with micrococ- 
cal nuclease and subsequent indirect end-label- 
ing analysis. (B) Lack of requirement for the tran- 
scriptional activation domain in reconfiguration of 
nucleosomes by GAL4 derivatives. HI -containing 
chromatin was reconstituted with pGIE-0 DNA in 
the presence of the indicated GAL4 derivatives at 
the following concentrations: GAL4-VPl6, 400 
nM; GAL4(1-94), 1.4 pM; and GAL4(1-147), 450 
nM. The resulting chromatin was subjected to in- 
direct end-labeling analysis. (C) Schematic inter- 
pretation of nucleosome reconfiguration that is 
induced by binding of GAL4 derivatives. 

(1 7). Thus, GAL4-VP16 is able to recon- 
figure the chromatin structure in the pro- 
moter region, because it appears to induce 
the positioning of nucleosomes to locations 
that flank its binding sites (20). These ef- 
fects were observed before the addition of 
exogenous basal transcription factors and in 
the absence of detectable transcription, and 
therefore demonstrate that the GAL+ 
VP16-mediated chromatin reconfiguration 
was not the consequence of transcription. 

To  examine whether an activation do- 
main is required for factor-mediated chro- 
matin reconfiguration, we tested the abil- 
ity of truncated GAL4 derivatives to alter 
the chromatin structure. Both the weakly 
active GAL4(1-147) and the inactive 
GAL4( 1-94) induced reconfiguration of 
chromatin similar to that observed with 

I- 
+Apyrase - Apyrase 

GAL4-VP16 (Fig. 3B). Furthermore, 
GAL4(1-94) was able to reconfigure 
chromatin structure when it was added 
either before or after assembly, and in the 
presence or absence of H1 (17). Thus, the 
transcriptional activation domain is not 
required for the factor-induced positioning 
of nucleosomes in vitro, and this factor- 
mediated reconfiguration of chromatin 
structure is therefore not sufficient for 
transcriptional activation. 

The reconfiguration of chromatin struc- 
ture by GAL4-VP16 was further studied by 
analysis of the nucleosomal arrays in the 
promoter region. Southern (DNA) blot 
analyses were done with DNA ladders that 
were obtained by partial digestion of chro- 
matin with micrococcal nuclease, such as 
those shown in Fig. 2B. With a labeled 
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Fig. 4. ATP dependence of GAL4-VPl G-med~ated nucleosome 
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GAL4-VP16-med~ated dtsrupt~on of the nucleosomal array at 
the promoter by apyrase treatment of chromat~n Newly recon- 
st~tuted HI -containing chromatln was Incubated In the presence 
or absence of apyrase (2 un~ts per rnlll~llter, 15 mln at 27°C) 
(S~gma) GAL4-VP16 (300 nM) was added, where noted, to the 
samples, wh~ch were then Incubated for an addltlonal30 mln at 
27°C Southern (DNA) blot analys~s of the nucleosomal arrays C GAL4-VP16GAL4-VPl6 
was then done as follows The chromatin preparatlons were added added 

after before 
dtgested wlth mlcrococcal nuclease, and the resulting DNAfrag- None assembly assembly 

1-m ments were subjected to agarose gel electrophores~s, trans- ,ooIr-l 
ferred to n~trocelluiose, and sequentially hybnd~zed to olrgonu- 
cleot~de probes that correspond to sequences ether between 
the GAL4 sltes and the RNA start stte (Promoter) or -900 bp .z f 75 
upstream of the RNA start s~te (D~stal) (B) Effect of apyrase .gz 
treatment of chromattn on GAL4-VP16 b~nd~ng to GAL4 s~tes In $ 50 
preassembled chromat~n Newly reconstituted chromat~n was '" 
Incubated In the presence or absence of apyrase. GAL4-VP16 zg 25 

(200 nM) was added to the samples, where noted, wh~ch were - 
then cncubated for an addlt1onal30 mln at 27°C The chromat~n 0 (1) 1 8 78 35 71 
preparat~ons were then subjected to DNase I d~gestlon and 
prlmer extens~on analysls ( 7  7 )  (C) ATP dependence of GAL4-VPI 6-medtated actlvatlon of HI-conta~n- 
Ing chromat~n HI-contalnlng chromat~n was assembled w~th pGIE-0 DNA, and the crude preparation 
was part~ally pur~fied by chromatography w~th Sephadex G-25 (26) Where noted, GAL4-VP16 (240 nM 
In the transcnpt~on react~on) was added to the chromat~n ether before or after assembly and gel filtrat~on 
Subsequent to the addtt~on of GAL4-VP16 after gel hltrat~on, each of the samples was ~ncubated for 30 
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transcr~pt~on factors 
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probe (Distal) that corresponds to sequences 
~900 base pairs (bp) upstream of the tran­
scription start site, periodic nucleosomal ar­
rays were observed in either the presence or 
the absence of GAL4-VP16. In contrast, 
when the same blot was rehybridized with a 
probe (Promoter) that corresponds to se­
quences between the GAL4 binding sites 
and the RNA start site, disrupted nucleoso­
mal arrays were observed with chromatin 
samples to which GAL4-VP16 was added 
(Fig. 4A). This effect was observed when 
GAL4-VP16 was added to the templates 
either before or after chromatin assembly; 
was dependent on the presence of GAL4 
binding sites in the template; and was also 
observed with GAL4(l-94), which lacks 
the transcriptional activation domain (17). 
Thus, in the absence of basal transcription 
factors and detectable levels of transcrip­
tion, the binding of GAL4 derivatives to 
preassembled HI-containing chromatin dis­
rupts the regularity of the nucleosomal array 
in the immediate vicinity of the promoter 
region. 

We also examined whether the GAL4-
VP16-mediated chromatin reconfiguration 
required ATP. Nucleosome disruption by 
the GAGA factor is ATP dependent in the 
presence of a Drosophila embryo extract 
(21). In addition, the binding of GAL4 
derivatives and TATA box binding protein 
to mononucleosomes is facilitated by a yeast 
SNF2/SWI2 protein-containing complex 
and ATP (22). Moreover, the periodic 
spacing of nucleosomes during chromatin 
assembly in vitro requires ATP (2, 23), and 
it is possible that some of the factors impor­
tant in nucleosomal spacing during chroma­
tin assembly also participate in factor-me­
diated nucleosome reconfiguration. 

Therefore, to investigate the ATP de­
pendence of chromatin reconfiguration by 
GAL4-VP16 in the presence of the S-190 
extract, we treated samples of fully recon­
stituted chromatin with apyrase, which cat­
alyzes the hydrolysis of the pyrophosphate 
bonds in ATP, before the addition of 
GAL4-VP16. Analysis of the chromatin 
structure revealed that depletion of ATP 
with apyrase inhibited the disruption by 
GAL4-VP16 of the periodic nucleosomal 
arrays at the promoter (Fig. 4A), but did 
not affect the binding of GAL4-VP16 to 
the template (Fig. 4B). These results indi­
cate that the binding of GAL4-VP16 is 
ATP independent and is not sufficient for 
the ATP-dependent reconfiguration of nu­
cleosome structure. Together with previous 
observations of ATP-dependent chromatin 
reconfiguration (2i, 22), our data also sug­
gest that factor-mediated alteration of chro­
matin structure requires ATP for energy, 
such as for the movement or reconfigura­
tion of nucleosomes, or for the action of a 
kinase. 

To provide a functional link between 
ATP-dependent chromatin reconfiguration 
and transcriptional activation, we investi­
gated whether GAL4-VP16 -mediated acti­
vation with preassembled, HI-containing 
chromatin was stimulated by ATP. HI-con­
taining chromatin was assembled, subjected 
to gel filtration with Sephadex G-25 (under 
conditions that should remove free ATP), 
incubated in the presence or absence of 
ATP or GAL4-VP16, and then transcribed 
(Fig. 4C). Full activation of the preas­
sembled, partially purified chromatin was 
dependent on ATP (Fig. 4C). When 
GAL4-VP16 was added before chromatin 
assembly (which was then done in the pres­
ence of ATP), the resulting template 
showed greater transcriptional activity than 
preassembled ATP-depleted chromatin to 
which GAL4-VP16 was added (activation 
by a factor of 35 versus a factor of 8) (Fig. 
4C). Furthermore, in the presence of ATP, 
the amount of transcription from chromatin 
assembled with GAL4-VP16 was similar to 
that from preassembled and partially puri­
fied chromatin to which GAL4-VP16 had 
been subsequently added. Thus, these re­
sults demonstrate ATP-dependent tran­
scriptional activation from preassembled 
chromatin templates. 

Our results demonstrate the active par­
ticipation of nucleosomal cores in the reg­
ulation of transcription in vitro, as is known 
to occur in vivo. Moreover, with the GAL4 
derivatives, the DNA binding and nucleo­
some reconfiguration that we have observed 
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Fig. 5. Model for the steps leading to the activa­
tion of transcription. A description of this working 
model for transcriptional activation in the context 
of the native chromatin template is given in the 
text. In the first step (binding of factors prior to 
nucleosome reconfiguration), a precise location of 
the GAL4 factors relative to the nucleosome cores 
is not intended to be implied. 

in vitro are consistent with the properties of 
the factors that have been detected in vivo 
(24). On the basis of these results, we sug­
gest the following pathway for transcrip­
tional activation (Fig. 5). First, binding of 
factors to the chromatin template occurs, 
which requires neither ATP nor a transcrip­
tional activation domain. The template-
bound factors then mediate an ATP-depen­
dent reconfiguration of nucleosome struc­
ture. This nucleosome reconfiguration re­
quires only the DNA-binding domain and 
is not sufficient for transcriptional activa­
tion. For instance, with GAL4(l-94), nu­
cleosome reconfiguration occurs but the 
template is transcriptionally repressed. 
Hence, there is at least one subsequent step, 
which requires a transcriptional activation 
domain and at which the template-bound 
activator facilitates the transcription pro­
cess, perhaps during initiation or elonga­
tion. The basal transcription machinery, by 
itself, is incapable of productive transcrip­
tion with the repressed chromatin template 
in the absence of the activator. Thus, some 
transcriptional activators possess the ability 
to bind to chromatin and then to mediate 
transcription together with the basal fac­
tors. In this manner, an activator may func­
tion both to counteract the chromatin-me-
diated repression as well as to facilitate the 
intrinsic transcription reaction. 
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Specific Association of Human Telomerase 
Activity with Immortal Cells and Cancer 
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Synthesis of DNA at chromosome ends by telomerase may be necessary for indefinite 
proliferation of human cells. A highly sensitive assay for measuring telomerase activity was 
developed. In cultured cells representing 18 different human tissues, 98 of 100 immortal and 
none of 22 mortal populations were positive for telomerase. Similarly, 90 of 101 biopsies 
representing 12 human tumor types and none of 50 normal somatic tissues were positive. 
Normal ovaries and testes were positive, but benign tumors such as fibroids were negative. 
Thus, telomerase appears to be stringently repressed in normal human somatic tissues but 
reactivated in cancer, where immortal cells are likely required to maintain tumor growth. 

Telolneres are specialized structures at the 
ends of eukaryotic chromoso~nes that ap- 
pear to function in chro~noso~ne protection, 
positioning, and replication ( 1 ,  2). In ver- 
tebrates, telo~neres consist of hundreds to 
thousands of tandem repeats of the se- 
quence TTAGGG and associated proteins 
(2, 3). Analysis of chromosome terminal 
restriction fragments (TRFs) provides the 
composite lengths of all telomeres in a cell 
population (4-6). In all normal somatic 
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cells examined to date. TRF analvsis has 
shown that the chroniosolnes lose about 50 
to 200 nucleotides of telomeric sequence 
per cell division (4-6), consistent with the 
inability of DNA poly~nerase to replicate 
the ends of linear DNA (7). This shorten- 
ing of telomeres has been proposed to be 
the mitotic clock by which cells count their 
divisions (8), and a sufficiently short telo- 
mere may be the signal for replicative se- 
nescence in nor~nal cells (5, 6,  9). In cond 
trast, all immortal cells examined to date 
show no net loss of telo~nere length or 
sequence with cell division, suggesting that 
maintenance of telo~neres is required for 
cells to escape from replicative senescence 
and proliferate indefi~itely '( 10-1 2). 

Telo~nerase is a ribonu~leo~rotein that 
synthesizes telomeric DNA onto chromo- 
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