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significant structure near 520 km depth®!%*?  although several

older velocity models do contain discontinuities or kinks near
this depth®'*-'". These models were based mainly on analyses
of P and SH wave refraction data and P wave slowness data
recorded at arrays. These types of analyses cannot distinguish
between sharp velocity discontinuities and local regions of steep
velocity gradients. The long-period data shown in this paper
also cannot distinguish between a discontinuity or enhanced
velocity gradient at 520 km. The amplitude of the apparent
Pp520p and Ss520s phases discussed in this paper are consistent
with an impedance contrast at 520 km of ~3%, occurring within
a gradient region less than about 25 km thick. But there is also
some evidence for a 520-km reflector from quarry blast
explosions'! and short-period precursors to the phase P'P’ (ref.
12). If these observations do represent reflections of high-
frequency energy off a 520-km discontinuity, then the discon-

tinuity must be relatively sharp (less than ~4 km thick), just as
other short-period P'P’ precursors imply a locally sharp 670-km
discontinuity****,

It is tempting to explain the possible existence of a 520-km
discontinuity as representing the phase change between -
olivine and spinel, which occurs at about the right depth!-!%.
Recent high-pressure laboratory results, however, suggest
that the change in velocity associated with this phase change
occurs gradually and is quite small®. Other suggestions for
possible phase changes near 520 km have included enstatite >
spinel + stishovite'* and garnet - garnet + perovskite!, with more
recent laboratory results indicating many complicated phase
changes in the pyroxene/garnet system®’. In general, predicted
upper-mantle phase changes are highly dependent on composi-
tion and temperature, so conclusively identifying a specific phase
change may be difficult. d
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In vivo alteration of telomere sequences
and senescence caused by mutated

Tetrahymena telomerase RNAs
Guo-Liang Yu, John D. Bradley, Laura D. Attardi & Elizabeth H. Blackburn’
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Mutating the CAACCCCAA sequence in the RNA
component of telomerase causes the synthesis in
vivo of new telomere sequences corresponding to
the mutated RNA sequence, demonstrating that
the telomerase contains the template for telomere
synthesis. These mutations also lead to nuclear
and cell division defects, and senescence, estab-
lishing an essential role for telomerase in vivo.

TELOMERES, the ends of eukaryotic chromosomes, are essential
for the stabilization of linear chromosomes and the completion
of chromosomal DNA replication'. Telomeres from diverse

* To whom correspondence should be addressed.
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eukaryotes, including protozoans, yeasts, plants and mammals,
consist of simple tandemly repeated G+ C-rich sequences, with
the G-rich sequence at the 3’ end of each DNA strand of a
chromosome®™. For example, the telomeric sequence of the
ciliated protozoan Tetrahymena thermophila consists of
TTGGGG-AACCCC repeats®.

The G-rich strand of telomeric DNA is synthesized in vitro
by telomerase’, a ribonucleoprotein enzyme with an essential
RNA component®®. The Tetrahymena telomerase synthesizes
repeats of the telomeric DNA sequence 5-TTGGGG-3' without
requiring an added exogenous template’”®. Analogous
telomerase activities have been identified in the ciliates Oxytricha
nova'® and Euplotes crassus!, and recently in human (HeLa)
cells'?; each synthesizes its species-specific repeats onto the 3’
end of a telomeric sequence using the G-rich sequence as a
primer.

Telomerase activity, originally proposed on the basis of in
vivo studies of heterologous telomeres in yeast, readily explains
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several aspects of telomere behaviour in vivo'*~'°. Telomeres
with various sequences are recognized as such and function as
telomeres when transformed into yeast'>2°-22; yeast-specific
repeats are invariably added to the distal end of the foreign
telomeric sequence'>*°. This behaviour parallels the recognition
of different telomeric sequences as primers by telomerases in
vitro’"*2. In many species the number of telomeric repeats on
the end of a particular chromosome is variable, resulting in
length heterogeneity of telomeric restriction fragments and their
appearance as diffuse bands on agarose electrophoresis gels.
This length heterogeneity could be caused by a dynamic equili-
brium between incomplete semiconservative chromosome repli-
cation and telomere synthesis by telomerase®'®, but the role of
telomerase in telomere maintenance in vivo has not been tested
directly.

The telomerase RNA genes from T. thermophila and E. crassus
have been identified, cloned and sequenced®?. Strikingly, both
of these RNAs include a sequence that could serve as a template
for the synthesis of species-specific telomeric repeats. The
integrity of this sequence—5"-CAACCCCAA-3'—in the Tetrahy-

prTERLy: 5~ CAACCCCAA -3
prTER3,c - CAACCCCCAA-
prTER4c.T - CAACCTCAA -
prTERSpG - CGACCCCAA -
€
a8

FIG. 1 Construction of prTER plasmids. The vector is shown as a circle.
Thick open bar, rDNA sequences; thick solid bar, telomeric sequence; thin
line, pBR322 sequences. The arrows show the transcription units of rRNA
genes carrying the paromomycin resistance marker (Pmr1), ampicillin resist-
ance gene (amp) and the telomerase RNA gene (TER). The TER genes were
inserted in the polylinker (pl). The putative template sequences (+43 to
+51 in the wild-type coding sequence)® are shown, with the mutated
positions underlined. The telomerase RNA gene is transcribed in the same
direction as the ribosomal RNA gene in these plasmids.

METHODS. A 550-bp Hindlil-Ddel fragment containing the telomerase RNA
gene was isolated from clone pCG1 (ref. 9). The fragment was blunt-ended,
and Xhol linkers were ligated on both ends of the fragment. After digestion
with Xhol, the fragment was inserted into the polylinker of prD4-1 to
construct prTER1,,. Site-directed mutagenesis was accomplished by a
variation of the method of Kunke!*®. A 1.6-kilobase (kb) Hindill fragment
containing the TER gene and some of the flanking rDNA sequence from
prTER1,, was inserted into the Hindlli site of pUC119, and the piasmid was
transformed into Escherichia coli strain RZ1032. Co-infection with bac-
teriophage M13KO7 resulted in the production of single-stranded uracii-
containing plasmid. Oligonucleotides containing the desired mutations were
annealed to the plasmid and used as primers for synthesis of the second
strand. The DNA was transformed into £ coli strain DH5, and mutants were
identified by sequencing singie-stranded DNA obtained from individual trans-
formants. In each of the three cases, ~50% of transformants carried the
properly mutated plasmid. The 550-bp Xho! fragments containing the
mutagenized TER genes were subcloned into the polylinker of the vector
prD4-1.

NATURE - VOL 344 - 8 MARCH 1990

mena telomerase RNA is essential for telomerase activity®. Fur-
thermore, the analogous sequence 5-CAAAACCCCAAA-3' in
the Euplotes telomerase RNA has been identified as the template
strand sequence for in vitro synthesis of the repeated Euplotes
telomeric sequence, TITTGGGG (ref. 23). Although these in
vitro experiments implicate the telomere-complementary
sequence in the RNA as the template for telomere synthesis in
vitro, there has been no direct demonstration that they function
as templates in vivo.

We now present direct genetic evidence that the telomerase
RNA contains the template for telomere synthesis in vivo. We
altered the cloned Tetrahymena telomerase RNA gene in its
putative template region by site-directed mutagenesis. Using a
high-copy-number vector, we transformed Tetrahymena cells
with three different mutant telomerase RNA genes. Two of these
resulted in the in vivo synthesis of new telomeric sequences
corresponding to the mutation in the template. In addition,
telomeres in these transformants were longer than control cell
telomeres. The third mutation led to telomere shortening. All
three mutations, however, caused unexpected and striking
phenotypic changes: specifically, nuclear and cell division were
impaired, and viability was greatly decreased or the cells became
senescent. These findings uncover an apparently new role for
telomeres in vivo and indicate that the telomerase RNA gene is
an essential gene.

Telomerase RNA overexpression

We subcloned the wild-type telomerase RNA gene (termed here
the TER gene) from T. thermophila® into a circular ribosomal
DNA plasmid vector, prD4-1. This vector, described in detail
in ref. 24, carries the cis-acting replication control elements of
the amplified rDNA and therefore replicates at high copy num-
ber (> 10? copies per cell) in the macronucleus of 7. thermophila.
The polygenomic macronucleus, derived from the germ-line
micronucleus, is the primary site of gene expression in ciliates.
We inserted a 550-base pair (bp) HindIII-Ddel fragment con-
taining the coding sequence for the 159-nucleotide T. ther-
mophila telomerase RNA and its flanking regions® into the Xhol
site in the polylinker in the plasmid vector to form plasmid
prTERL1,, . This construct contains a ribosomal RNA gene carry-
ing the dominant selectable paromomycin resistance marker
(Pmrl) from the plasmid prD4-1 vector, and the wild-type
telomerase RNA gene. The telomerase RNA transcription unit
is in the same orientation as the ribosomal RNA gene (Fig. 1).

We transformed T. thermophila cells with circular plasmid
prTERT1,,, by microinjection into the macronucleus as previously
described®*®. Because the vector has a replication advantage
over the recipient IDNA?, the injected plasmid was maintained
at high copy number. After growing the cells in nonselective
medium for three days, we identified transformants by their
ability to grow in selective medium containing 100 wg ml™" paro-
momycin.

We obtained two prTERI1,, transformants from 12 viable
microinjected cells in one experiment, and three more indepen-
dent transformants from pools of microinjected cells from
another experiment. Southern-blot analysis showed that the
telomerase RNA gene in these transformants, which is normally
present as a single copy per haploid genome in the polygenomic
macronucleus’, was maintained on the amplified rDNA vector
for more than 50 generations after microinjection (ref. 24, and
data not shown).

To investigate the transcription of the introduced telomerase
RNA gene, we isolated macronuclei from equal numbers of
cells from a prTERI1,, transformant line and from a control line
transformed with the prD4-1 vector alone, and assayed them in
nuclear run-off experiments. In prTERI1,, transformants the
telomerase RNA gene was transcribed at significantly higher
levels than it was in the control prD4-1 transformant (Fig. 2a).
To confirm that the increased rate of transcription refiected
expression of the introduced telomerase RNA gene, we analysed
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RNA from cells transformed with a vector carrying a mutant
telomerase RNA gene, prTER3,  (described below). Because
this mutant TER gene contains an additional C residue in the
putative template region (see below, and Fig. 1), we expected
its correct transcript to be one nucleotide longer than the wild-
type transcript. Indeed, in primer extension experiments using
total cellular RNA isolated from a prTER3,  transformant line,
the main primer extension product was one nucleotide longer
than that for the control RNA from the untransformed recipient
cell strain (Fig. 2b). We confirmed this with an additional
transformant line (data not shown). Therefore, the telomerase
RNA in prTER3, . transformants contained the correct 5" end,
and most of the telomerase RNA in these cells was of the mutant

a nrD4-1 prTERI
b1 2 3 Nt
37— —142
22—
1.5=
EtBr 05 2min . RS _ 75
¢ 12 12 12 12 12

15:-:. h - ee -

RNA & = & = g

@-aman o 10 100 200 1000kg Ml

FIG. 2 Overexpression of the telomerase RNA gene. a Nuclear run-off
experiments. An equal number of nuclei isolated from prTER1,,; and control
prD4-1 transformant cells in late log phase (~2X10°cells mi™%) were
incubated with [a-*2P] fUTP and cold rATP, rCTP and rGTP in a buffer
containing 0.1 M KCI, 20 mM HEPES-KOH buffer (pH 7.9), 5 mM dithiothreitol,
5% glycerol, 0.1 mM EDTA, 6 mM MgCl, (ref. 47} for 0.5 or 2 min at 30 °C.
After treatment with protease K and phenol extraction, the radiolabelled
RNA was used to probe Nytran filters carrying the immobilized cloned
telomerase RNA gene. As shown in the ethidium bromide (EtBr)-stained
photograph, each lane contains a mixture of a 3.7-kb uncut plasmid carrying
the telomerase RNA gene and two restriction fragments (2.2 and 1.5 kb)
resulting from digestion with Bg/ll and Xmnl. Bglll cuts at the beginning of
the telomerase RNA coding region to generate the 2.2-kb fragment containing
almost all the coding region, and the 1.5-kb fragment containing the upstream
sequences. Lanes 1 and 2 contained 1 ug and 0.3 ng DNA, respectively. b,
Primer extension of RNA from a prTER3,. transformant. Total RNA was
isolated using guanidinium isothiocyanate*®. To map the 5' end of the
telomerase RNA in prTER3 . transformants, a 28-nucleotide oligonucleotide
complementary to the coding sequence { +47 to +64), downstream from
the additional C, was labelled by polynucleotide kinase and extended using
reverse transcriptase. Lane 1, recipient; lane 2, prTER3 ¢ transformant from
which the telomerase RNA gene had been lost (data not shown); lane 3,
prTER3,. transformant containing the mutant telomerase RNA gene. Nt,
nucleotides. ¢, Nuclear run-off assays in the presence of a-amanitin (a-
aman). Assays were performed as described in a. Top panel, prTERL,,, (lane
1) and Tetrahymena 5S DNA (lane 2); bottom panel, prD4-1 (rDNA probe).
Concentrations of a-amanitin are shown at the bottom of the panel. ¢
Northern-blot analysis of TER RNA. Lane 1, recipient; lane 2, prTER1,,
transformant. RNA was fractionated by agarose gel electrophoresis and the
blot probed with nick-translated TER gene.
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type. Furthermore, the sensitivity of telomerase RNA gene tran-
scription to a-amanitin in nuclear run-off experiments was
similar to that of 58 RNA, rather than to that of TRNA (Fig.
2¢), indicating that most of the labelled telomerase RNA in
prTER1,, transformants was not a read-through product of
RNA polymerase I transcription, but was expressed from its
own promoter. Despite the increased rate of transcription result-
ing from its high gene dosage, northern-blot analysis showed
that the accumulated level of telomerase RNA was the same in
prTERI1,, transformants as in control cells (Fig. 2d). Because
telomerase is a complex of protein as well as RNA com-
ponents®®, it is likely that the excess telomerase RNA in the
transformants is degraded if it is unable to assemble into the
telomerase ribonucleoprotein.

We found no significant difference in growth rates or mor-
phology between cells of prTERI1,,, transformant lines and cells
transformed with prD4-1 vector alone. In addition, telomere
lengths in these prTER1,, transformants (examined in five
independent prTER1,, transformant lines and in 14 single cell
subclones from one of these lines) were the same as in untrans-
formed controls (see below). Southern blotting showed that all
these prTER],, transformants had retained the introduced
telomerase RNA gene at high copy numbers (data not shown).
The absence of phenotypic changes in these wild-type gene
transformants was consistent with the observed normal levels
of accumulated telomerase RNA.

Altered telomere lengths

Using oligonucleotide-directed mutagenesis, we made three sep-
arate single nucleotide mutations in the telomere-complemen-
tary sequence of the telomerase RNA gene. These mutant plas-
mids were termed prTER3, ., prTER4_r and prTERS ., the
nucleotide alteration being indicated as a subscript (Fig. 1). We
microinjected each mutant telomerase RNA gene in the IDNA
vector into Tetrahymena macronuclei.

We analysed telomere length by Southern-blot analysis of
BamH]I-digested DNA; as a probe we used [*’P] 5’ end-labelled
telomeric (T,G,), (top panel in Fig. 3), because we reasoned
that the original telomeric sequence was likely to be still present
in all telomeres, even if additional new telomeric sequences
were synthesized. After BamHI digestion, the high copy number
rDNA telomeric fragment (shown in Fig. 3) was well separated
from other macronuclear telomeric fragments, most of which
migrated near limit mobility in agarose gel electrophoresis. The
telomeric rDNA fragments in prTER3..c and prTERS 5,  trans-
formants (lanes 3 and 5) had longer mean lengths and broader
size distributions than did the telomeric fragments in control
recipient cells and prTER1,, transformants (lanes 1 and 2). The
telomeric fragments of other macronuclear chromosomes also
appeared to be correspondingly longer and broader (data not
shown). By contrast, in the prTER4_ 1 transformant (lane 4)
the rDNA telomeric fragment was significantly shorter than it
was in the recipient strain and prTER1,, transformants.

The long telomere phenotype depended on the presence of
the mutant telomerase RNA gene. We analysed telomere lengths
in single cell subclones of a prTER3.,  transformant by Southern
blotting and probing with an rDNA fragment that hybridized to
the telomeric fragment (Fig. 4). All of these subclones were
derived from a single transformant clone that initially contained
the mutant telomerase RNA gene at high copy number (data
not shown) and long telomeres (Fig. 44, lane 3). Of the 15
subclones that grew sufficiently for DNA analysis, seven still
contained high, although variable, copy numbers of the mutant
telomerase RNA gene on rDNA replicons; all of these seven
contained long telomeres (Fig. 4b, lanes 1-3, 5, 11, 13 and 15).
The remaining eight subclones had lost the mutant telomerase
RNA gene through recombination of the TDNA vector with
endogenous rDNA (refs 26, 27), and contained telomeres of
normal length (Fig. 4b, lanes 4, 6-10, 12 and 14). That telomere
length reverted to normal within 30 cell generations after the
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3'AACCCCAAC 5'
N oligo probe
rec wt+C T 6

12 3 45

d‘“

(T264)2

(65T2)2

(64TC)2

(6AG2T2)2

FIG. 3 Cells transformed by mutant telomerase RNA genes contain altered
telomeric sequences. Genomic DNA from recipient (rec, lane 1), and cells
transformed by prTERL,, (lane 2), prTER3, . (iane 3), prTER4 ¢ (lane 4)
and prTERS, ¢ (lane 5), were digested with BamH) and four identical sets
of samples fractionated by agarose electrophoresis; blots were probed with
oligonucleotides (oligo) shown on the right. wt, Wild type.

telomerase RNA gene was lost indicates that the presence of
the mutant telomerase RNA is necessary for maintenance of
long telomeres.

Novel telomere sequences

To analyse the telomeric sequences in the transformants, we
probed identical blots containing equal aliquots of the set of
transformant and control DNA samples with oligonucleotides
with sequences corresponding to each mutation in the

FIG. 4 Presence of a mutant telomerase RNA gene

is required for long telomeres. a Ribosomal DNA a i %3
telomeres in recipient {lane 1), prTERL,,, transfor- kb

mant (lane 2), and a prTER3 . transformant (lane 1.9=

3). b, Southern blotting analysis of rDNA telomeres [}

in single cell lines. Single cell lines from aprTER3

transformant were isolated into 1 ml nonselective 1.5—

medium in multi-weli tissue culture plates.
Southern blots of DNA samples from 15 single
cell lines were probed with rDNA or TER gene
probes. Top panel, rDNA telomeres; bottom panel,
TER gene. Previous work?*2627 showed that the
rDNA vector recombines with the endogenous
rDNA to form a linear molecule. The 7.2-kb frag-
ment contains the TER gene in the circular form,
whereas the 4.5-kb telomeric fragment contains
the TER gene in the linear recombinant form.
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telomerase RNA gene (see Fig. 1): (GsT,),, (GAG,T;), and
(G4TC),. Oligonucleotide (GsT,), hybridized only to the
telomeric fragments in the prTER3 - transformant (Fig. 3, lane
3). Conversely, the (G,TC), probe hybridized only with the
telomeric fragment in the prTERS,_ s transformant (lane 5).
By contrast, we could not detect any hybridization of the
(GAG,T,), probe that was specific to telomeric fragments in
the prTER4., 1 transformant (lane 4), even though we used
various hybridization and post-hybridization wash conditions
and autoradiographic exposures. We conclude that in the
prTER4, 1 transformant, unlike in the other two mutant
telomerase RNA gene transformants, telomeres do not contain
the altered telomeric sequence predicted from the mutation in
the telomerase RNA.

To confirm that the mutated telomerase RNA gene dictates
the synthesis of the predicted telomeric sequence in vivo, we
cloned a telomeric fragment from a prTERS,_ g transformant.
The insert in one clone that hybridized to (G,TC), was identified
as an rDNA telomere by Southern blotting and DNA sequence
analysis. The telomeric sequence of this clone is shown in Fig.
5. It includes several tandem repeats of the mutant telomeric
sequence G,TC located distally to a run of 30 G, T, repeats. It
is interesting that at two positions, a single wild-type repeat
interrupts the total of 11 mutant repeat units, and an additional
stretch of distal wild-type G,T, repeats is also present.

The telomeric sequence is normally highly invariant in
Tetrahymena; in previous studies, sequencing of > 2,400 nucleo-
tides in 14 different telomere clones from wild-type Tetrahymena
revealed only one different repeat—G;sT, (refs 28, 29). This
contrasts with the variability that is characteristic of telomeric
repeat sequences in some organisms (ref. 4; see ref. 3 for a
review). We conclude that the mutant telomere containing G,TC
repeats was synthesized by copying the altered sequence in the
mutated telomerase RNA.

Mutant phenotypes

Each of the three mutated telomerase RNA genes tested caused
striking morphological changes and senescence when overex-
pressed in Tetrahymena cells. The prTER4.,r transformants
showed the most extreme senescence phenotype. We analysed
three transformant lines, and isolated 48 and 24 single cells from
two of them. None reverted and, after a week in culture, all 72
sublines were dead. Before they died, most prTER4_, 1 transfor-
mant cells had rounded or irregular shapes, and were much
larger than wild-type cells (Fig. 6, compare a and c¢). The
macronuclei were also enlarged. The macronuclei were often
highly irregular in shape and stained variably with (4,6-
diamidino-2-phenylindole (DAPI); Fig. 6¢).

Using plasmid prTER3,., we obtained nine indepen-
dent transformant lines. We also observed striking morpho-
logical and divisional changes in these lines. The prTER3,

b 1 2 34 5 6 789 101112131415
- .-
A rDNA
1.5= . . telomere
2 Telomerase
RNA gene

129

© 1990 Nature Publishing Group



ARTICLES

transformant cells grew extremely large, with very irregular cell
and nuclear shapes. Staining with DAPI (Fig. 6b) indicated that
although macronuclear and cell divisions were greatly impaired,
DNA replication was relatively unaffected. Multiple smali
nuclei, tentatively identified as micronuclei, were frequently
visible (Fig. 6b). It is interesting that these phenotypic features
are similar to those of the ‘monster cells’ generated at nonpermis-
sive temperatures in temperature-sensitive cell division arrest
(cda) mutants, isolated previously in 7. thermophila®®?!. The
molecular basis of the cda mutants is not known.

To examine the senescence phenotypes of the prTER3..
transformants, we isolated, 3 days after the addition of
paromomycin, each of 48 drug-resistant single cells from one
transformant line into 1 ml nonselective medium. All subclones
had monster phenotypes and grew very slowly, with 25 dying
and only 23 growing sufficiently for DNA analysis. All 23
subclones had long telomeres (data not shown). From an 11-day-
old stock culture of another transformant, we made 24 single-cell
subclones. Nine subclones failed to divide further, whereas eight
grew to saturation after one week, at which time most of the
cells appeared normal. These eight saturated cultures were over-
grown by cells that had lost the introduced telomerase RNA
gene (see above and Fig. 4). But the remaining seven subclones
grew only very slowly after one week, had monster phenotypes,
and subsequently all single cells isolated from them failed to
divide further—that is, they were senescent. These seven sub-
clones had retained the mutant telomerase RNA gene and had

5 ~CTTTTACTCAATGTCAAAGAAATTATTAAATT(GGGGT T

(GGGGTC,GGGGTT(GGGGTORGGGGTTGGGGTC(GGGGT Ty 3

FIG. 5 Sequence of a novel telomere from transformed Tetrahymena. Total
genomic DNA from a prTERS,., ¢ transformant was treated with T4 DNA
polymerase in the presence of all four deoxynucleoside triphosphates (1 mM)
to blunt the telomeric ends of the chromosomal DNA. The DNA sample was
then digested with Hindill and ligated into the polylinker in plasmid pUC119
that had been linearized by digesting with Hindlll and Smal. The ligated DNA
was transformed into £. coli and plated on LB plates containing 50 pg ml™*
ampicillin. Clones containing telomeric sequences were screened by colony
hybridization, using labelled (G,TC), oligonucleotide as a probe. Southern
analysis identified the cloned sequence as an rDNA telomere. The telomeric
sequence of this clone is shown.

long telomeres (see above and Fig. 4). We observed similar
results to those seen with the prTER3_ . transformant with the
three prTERS 4, g transformant lines that we obtained; the ‘mon-
ster’ phenotype of these lines is shown in Fig. 64d.

In summary, all three alterations of the telomere-complemen-
tary sequence in the telomerase RNA caused impairment and
eventual arrest of cell division in Tetrahymena; reversion of this
phenotype occurred upon loss of the mutant telomerase RNA
gene.

FIG. 6 Tetrahymena cells transformed with mutant
telomerase RNA genes. Cells were fixed in 3.7%
paraformaldehyde and stained with 0.4 pg mi™2.
DAPI to visualize nuclei and show the shape of
the cells, and photographed using a Zeiss Universal
microscope. a, Wild-type cells; b, plasmid prTER3
transformants; ¢, plasmid prTER4.,; transfor-
mants; d plasmid prTERS,_, s transformants. Bar,
50 pm.
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Discussion

Telomerase RNA template. We changed the sequences of
telomeres in vivo by transformation with two different mutated
telomerase RNA genes containing an altered template sequence.
Specifically, overexpression of the mutant telomerase RNA gene
containing the sequence 5-CGACCCCAA-3’ (mutated base
underlined) in transformed cells resulted in incorporation of
5-GGGGTC-3' repeats. The presence of more-distal wild-type
repeats in this mutant telomere suggests that although the mutant
repeats were added onto the wild-type telomeric GGGGTT
repeats, recombination between telomeres or growth after the
mutant gene was lost from this cell had occurred. We similarly
found that the mutated sequence 5'-CAACCCCCAA-3' also
specifies the synthesis of 5-GGGGGTT-3' repeats. These results
establish that telomerase uses the telomeric sequence in the
RNA as a template for telomere synthesis in vivo.

Telomere length regulation. The telomeres from the prTER3,
and prTERS5, s transformants, which had altered telomere
sequences, were longer than those in control cells. This indicates
that the dynamic equilibrium between elongation and shortening
of telomeres in vivo was shifted towards elongation. Although
it is possible that these two changes in the telomerase template
increase its activity in vivo, other data suggest that in vivo, a
negative regulator of telomerase activity competes with
telomerase for binding to the end of telomeres®2. If changing
the terminal sequences of a telomere reduces its binding affinity
for the negative regulator, net telomerase activity could
effectively increase. A candidate for such a negative regulator
is a tightly binding sequence-specific telomere protein of the
class that has been characterized in the ciliate Oxytricha®-%".
The Oxytricha telomere protein has greater affinity for the Oxy-
tricha telomeric sequence than for the Tetrahymena telomeric
sequence®®. When bound by these structural telomere proteins
in vitro, chromosomal DNA ends are protected from exonuclease
and methylation®*-*’. The rDNA telomeres in Tetrahymena are
in a non-nucleosomal complex>®%, which is likely to include
analogous tightly bound proteins (E. H. Henderson, personal
communication).

The prTER4._; transformants did not contain the altered
telomeric sequence predicted from the change in the telomerase
RNA template, and telomere length was decreased from ~300
to <200bp of telomeric repeats compared with controls.
Although other explanations are not ruled out, the resuits with
prTER4..r transformants strongly indicate that the C->U
change in the telomerase in these cells interferes with its activity,
and that impairing the addition of telomeric repeats leads to
telomere shortening and eventual loss, which would explain
why the transformants become senescent. The inactivation could
simply reflect inefficient use of dATP by the enzyme, because
copying of the mutated template sequence would require incor-
poration of dATP by telomerase. Alternatively, the mutated C
nucleotide could have some other function in the activity or
formation of the telomerase complex. By overexpressing other
mutated telomerase RNA genes we hope to test whether func-
tions can be assigned to this nucleotide, as well as other specific
nucleotides or regions in the telomerase RNA.

The telomerase RNA gene is the first non-ribosomal RNA
gene to be used to transform Tetrahymena macronuclei.
Although the endogenous wild-type gene was still present, the
excess product from the introduced mutated gene produced a
‘dominant’ phenotype. The ability to overexpress genes in this
ciliate system should be useful for other studies.

A novel function for telomeres. The telomere shortening and
senescence phenotypes of the prTER4_ 1 transformants strik-
ingly parallel those of yeast cells that lack a functional ESTI
gene'’, and are consistent with the suggestion'”*° that this gene
encodes a component of telomerase. The unexpected observa-
tion that transformants with either lengthened or shortened
telomeres had impaired cell division and senescence phenotypes
now implicates telomeres in a previously unrecognized role. The
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increased length of the telomeres in prTER3.. and prTERS 4.
transformants was unlikely to have been deleterious, because
wild-type telomeres of similar lengths are not associated with
any growth or division abnormalities'”. Likewise, the existence
of certain heterologous telomeric sequences in yeast transfor-
mants is not associated with a discernible phenotype'*?°. But
when these heterologous telomeric sequences are maintained,
the most distal sequences are invariably yeast-specific. By con-
trast, in the study described here, we expect that the novel
telomeric sequence was added and present, at least initially, at
the distal end of the normal repeat sequences. This indicates
that the change in the distal telomeric sequence causes the
observed deleterious effects in Tetrahymena.

That similar morphological and senescence phenotypes were
observed with all three mutated genes suggests that they have
a common basis. This is most likely to be an impaired interaction
with a sequence-specific telomere binding protein analogous to
that characterized in Oxytricha®*". Qur results indicate the
involvement of such a sequence-specific telomeric DNA-protein
interaction in cell or nuclear division. We propose that these
protein-DNA interactions are either weakened in the transfor-
mants with altered telomere sequences, or eventually lost in the
transformants with shortened telomeres, with similar consequen-
ces for both. In prTER4_, transformants, loss of cell viability
from eventual macronuclear chromosome loss could be superim-
posed on this effect. This would explain the greater severity of
the senescence phenotype in these cells.

How could telomeres be involved in nuclear and cell division?
Telomeres are often found in the lamina under the nuclear
envelope®'. The telomeric DNA-protein complex of Oxytricha
self-associates into very large polymeric forms®’, and in vitro,
synthetic telomeric DNA sequences are bound by the intermedi-
ate filament proteins vimentin and nuclear lamins****. These
observations indicate a possible association of telomeres with
nuclear lamins. Second, macronuclear division in Tetrahymena
and other ciliates does not involve nuclear envelope breakdown
or visible centriolar organization of a mitotic spindle, and segre-
gation of the acentric linear chromosomes that comprise the
macronuclear genome depends on mechanisms not involving
cetromeres. We note that in yeast, segregation of 2-micron circles
and HM silencer-containing acentric plasmids requires, respec-
tively, the proteins REP1 and SIR4 (ref. 44), which both share
amino-acid sequence similarities to conserved domains in
nuclear lamins*. Taken together, these observations suggest that
telomeric interaction with nuclear lamin-like proteins could be
involved in the acentric chromosome segregation and nuclear
division of the macronucleus. Further analysis will be necessary
to dissect the mechanism of this functional involvement
of telomeric DNA structure in nuclear division and cell
viability. O
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THE evidence accumulated over the past few years for strong soft
X-ray emission from active galactic nuclei' has been interpreted
as black body emission from the innermost stable region of an
accretion disk feeding the putative black hole at the centre of the
active nucleus, a view given strong support by the rapid variability
of some soft X-ray components®. More recently, new X-ray data
from the Exosat and Ginga satellites have revealed a second
indicator of optically thick matter in the vicinity of the active
nucleus, in the form of an iron K-fluorescence line at ~6.4 keV
(refs 5-8). We report the discovery of two further common features
of continuum absorption and reflection, revealed in a composite
spectrum from twelve Ginga observations of Seyfert-type active
galactic nuclei. Most of these spectral features are shown to be
well modelled by reprocessing of the hard X-ray power-law con-
tinuum in a slab (or perhaps a disk) of cold matter. There is also
evidence for a substantial line-of-sight column of photoionized
material.

The fact that active galaxies radiate at least 10% of their
bolometric luminosity in the hard X-ray band (~2-20 keV) was
established over 10 years ago®'!, and early spectral data showed
this X-ray emission to be well described by a single power law,
of energy index a=0.7 (refs 12, 13). Later measurements
modified this view, with the discovery by Exosat that many
Seyfert-type, emission-line active galactic nuclei (AGNs) had
excess soft X-rays below ~1keV (refs 1, 3) and with Einstein
Observatory data showing similar results for the higher-lumi-
nosity quasi-stellar objects®. The detection of rapid (of the order
of hours) variability in the soft X-ray component, in several
cases, supports its interpretation as thermal emission (~10° K)
from optically thick matter close to the central power source®.
It is then natural to associate this matter with the primary
accretion process feeding the active nucleus; it could exist in
an accretion disk or in clouds, sheets of filaments, the chief
requirement being for the material to be sufficiently dense to
survive the strong heating close to the central nucleus'.

Further evidence for neutral matter in AGNs has recently
been provided by the detection of an iron K-fluorescence line
near 6.4keV superimposed on the power-law continuum of
several Seyfert-type AGNs . A second, more controversial,
finding in Ginga and also in some Exosat data, is an apparent
steepening of the power-law slope with increasing X-ray flux®'*,
Again, this is of particular interest in relation to theoretical
predictions of slope changes arising from electron scattering
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effects in a highly compact source’®. An alternative explanation
of the same data has been proposed, however, in the form of a
partially ionized, or ‘warm’, absorber along the line of sight to
the X-ray nucleus™"”. Clarification of these more recent results
has been hampered by the limited statistics of the available
X-ray spectra, particularly above ~10keV.

To attempt to redress this limitation, data from twelve Ginga
observations of eight Seyfert-type AGNs have been superim-
posed, to produce a composite X-ray spectrum, Ginga-12. The
objects chosen (Akn120, Mkn335, MCG-6-30-15, NGC3227,
NGC4051, NGC5506, NGC5548 and NGC7314) are all bright
in hard X-rays, individually having ‘canonical’ power-law slopes
(from the same Ginga data) with an energy index ranging from
a=0.63 to a =0.85 (with the exception of Mkn335 which had
a=1.1). A simple power-law fit to the Ginga-12 data yielded a
best-fitting energy index, a =0.70, in close agreement with the
weighted mean slopes of the individual spectra, supporting the
validity of the summing procedure. Of most interest are the
data-minus-model residuals from this fit, shown in Fig. 1. In
addition to the strong positive feature near 6 keV, there is a dip
between ~8 and 12 keV and an excess above ~12 keV. Given
that an iron K-fluorescence line is seen in each individual
spectrum, together with some indications of K-edge absorption,
it is natural to try a second spectral model, of a power law plus
K-line and K-edge. The resultant fit has a =0.64 (with 90%
confidence limits of 0.62-0.68), a small equivalent hydrogen
absorbing column, Ny =4.1 (3.0-5.3) x 10** cm ™2, plus a K-line
and edge as detailed below. The fit is remarkably good for such
a composite spectrum, with a reduced chi-squared (x2) of 1.5
(for 38 degrees of freedom), compared with 9.0 (for 41 degrees
of freedom) for the single power-law fit. The residuals of the
best-fitting power law (Fig. 1) may now be quantified.

The Fe K-line has a mean (rest-frame) energy of 6.28 (6.07-
6.49) keV. Although not well constrained, the suggestion of a
mean energy less than that of neutral iron (6.4 keV) is interesting,
given the expectation of a significant gravitational redshift in
the fluorescence from matter close to the central hole'®. The
mean equivalent width of the line, of ~110 (75-150) eV, is also
consistent with that expected from fluorescence from optically
thick matter subtending a large solid angle (for example, an
accretion disk) to the hard X-ray source®.

A large dip appears between ~8 and 12 keV. If this is due to
Fe K-shell absorption, it corresponds to a large column density,
of ~1.2 (0.7-1.9) x 10*® H atoms cm™~? (assuming a solar abund-
ance of iron), much greater than that implied by the small value
of the Ginga-12 low-energy cutoff. One obvious explanation is
that the line-of-sight material is strongly ionized, thereby having
a reduced low-energy opacity. The best-fit edge energy, of ~7.9
(7.5-8.7) keV, supports this interpretation.

The third obvious feature in the residuals shown in Fig. 1 is
an excess flux above ~12keV, which can be modelled well
between 10 and 35 keV by a flat power law, of energy index
a =0.45. This is also seen in several of our individual spectra
and provides the first clear evidence for a ‘high-energy tail’ in
the continuum spectra of low-luminosity AGNs, consistent with
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