MOLECULAR AND CELLULAR BIOLOGY, June 2005, p. 4442-4454
0270-7306/05/$08.00+0 doi:10.1128/MCB.25.11.4442-4454.2005

Vol. 25, No. 11

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Biological and Biochemical Functions of RNA in the Tetrahymena
Telomerase Holoenzyme

Doreen D. Cunningham and Kathleen Collins*

Department of Molecular and Cell Biology, University of California, Berkeley, California

Received 2 February 2005/Returned for modification 23 February 2005/Accepted 8 March 2005

Telomerase extends chromosome ends by the synthesis of tandem simple-sequence repeats. Studies of min-
imal recombinant telomerase ribonucleoprotein (RNP) reconstituted in vitro have revealed sequences within
the telomerase RNA subunit (TER) that are required to establish its internal template and other unique fea-
tures of enzyme activity. Here we test the significance of these motifs following TER assembly into telomerase
holoenzyme in vivo. We established a method for stable expression of epitope-tagged TER and TER variants
in place of wild-type Tetrahymena TER. We found that sequence substitutions in nontemplate regions of TER
altered telomere length maintenance in vivo, with an increase or decrease in the set point for telomere length
homeostasis. We also characterized the in vitro activity of the telomerase holoenzymes reconstituted with TER
variants, following RNA-based RNP affinity purification from cell extracts. We found that nontemplate se-
quence substitutions imposed specific defects in the fidelity and processivity of template use. These findings
demonstrate nontemplate functions of TER that are critical for the telomerase holoenzyme catalytic cycle and

for proper telomere length maintenance in vivo.

Telomeres protect authentic chromosome termini from ab-
errant resection or rearrangement. In most eukaryotes, a stable
telomere is composed of a tandem array of simple-sequence
repeats assembled into specialized chromatin (37). The overall
length of the telomeric simple-sequence repeat tract is main-
tained in a dynamic balance of sequence loss and addition. To
compensate for the inevitable loss from incomplete replication
by DNA-dependent DNA polymerases, telomeres recruit the
telomerase ribonucleoprotein (RNP) reverse transcriptase in
coordination with other DNA replication factors (18). Telo-
merase copies a defined sequence within its integral RNA
subunit (TER) to extend chromosome 3’ ends. Sequence sub-
stitutions within the TER template can rapidly impose defects
in cell division and viability due to the synthesis of altered
repeats (6).

During a catalytic cycle of repeat synthesis, the telomerase
active site must proceed through a remarkable number of
distinct states of template positioning and pairing (Fig. 1A).
Substrates unable to base-pair with the template are extended
in alignment with the template 3" end at its “default” position,
defined as the position of template in the absence of a tem-
plate-primer hybrid (41). For Tetrahymena thermophila TER,
default template positioning places C49 in the active site
(Fig. 1A, top). As deoxynucleoside triphosphates (ANTPs) are
added, a template-product hybrid forms, and successively more
5’ positions of unpaired template must thread into the active
site (Fig. 1A, middle). Product synthesis halts at the template
5" boundary, corresponding to position C43 of T. thermophila
TER (Fig. 1A, bottom). Upon eventual dissociation of the
template-product hybrid, the liberated template repositions to
recover its default placement. Product either dissociates from
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the enzyme or repositions at the template start for processive
repeat addition.

Two telomerase holoenzyme subunits have direct roles in
catalysis: TER and the telomerase reverse transcriptase pro-
tein (TERT). TER domain structure has diverged between
ciliates, vertebrates, and yeasts, with the possible exception of
a template-adjacent pseudoknot (3, 8). TERT harbors a set of
active site motifs shared by all reverse transcriptases and an
N-terminal extension conserved only among TERTS (21). The
TERT N-terminal extension contains motifs necessary for
high-affinity interaction with TER and for recruitment to telo-
mere substrates. Recent studies have exploited rabbit reticu-
locyte lysate (RRL) for the reconstitution of a minimal Tetra-
hymena or human telomerase RNP from TERT and TER
alone. Using this in vitro system, motifs that influence specific
features of catalytic activity have been defined for Tetrahymena
TER (23-25, 28, 30, 32, 38) and for human TER as well (7, 9).

Telomerase holoenzyme assembly in vivo could influence
TER motif functions previously defined using the minimal
RNP assembled in vitro. The holoenzyme contains many sub-
units in addition to TERT and TER, including an RNA bind-
ing protein(s) that alters TER folding (42, 35). Nontemplate
substitutions within yeast TERs reconstituted in vivo can alter
telomerase catalytic properties, with associated defects in telo-
mere length maintenance (reference 40 and references there-
in). Here, we investigate nontemplate TER motif functions in
the Tetrahymena telomerase holoenzyme reconstituted in vivo.
We examined TER motif functions in the holoenzyme catalytic
cycle using direct primer elongation activity assays, combined
with an RNA-based RNP affinity purification strategy to enrich
telomerase holoenzyme from cell extracts. We also determined
nontemplate TER motif requirements for telomerase function
on its telomere substrates. We find that TER sequence substi-
tutions affect the equilibrium set point for telomere length
maintenance in vivo and induce specific changes in the catalytic
activity of telomerase holoenzyme in vitro. Our findings dem-
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onstrate that nontemplate motifs of Tetrahymena TER have
specific roles in telomerase holoenzyme function.

MATERIALS AND METHODS

Cell growth and transformation. 7. thermophila was grown in 2% Proteose
Peptone, 0.2% yeast extract, and 10 uM FeCl; with 250 wg/ml ampicillin and
streptomycin and 1.25 pg/ml Fungizone (amphotericin B). All transformations
were performed on starved cells by particle bombardment. Transgene integration
was selected by disruption of the BTUI locus. In strain CU522, the B-tubulin
encoded at BTUI confers growth sensitivity to taxol. Because B-tubulin is also
encoded by a second gene, disruption of BTUI is not lethal and can be used as
a positive selection for transgene integration (14). Cells were transformed, al-
lowed to recover for 2 to 5 h at 30°C, and then selected in 20 to 30 uM paclitaxel
(Sigma). Cells were passaged to progressively higher paclitaxel concentrations
for 2 to 3 days until they were growing in 50 uM paclitaxel, after which they were
passaged daily in 50 M paclitaxel for 5 days. Following complete replacement
of wild-type chromosomes with the transgene chromosome, transgene expression
strains were maintained without selection (42). For disruption of TER, cells were
transformed with the same gene disruption vector conferring resistance to paro-
momycin used in a previous study (33). Cells were brought to maximal selective
pressure by culturing in increasing concentrations of paromomycin, maintained
at maximal selective pressure for 16 days (~100 doublings), and then cultured for
8 days (~50 doublings) in the absence of selection. Growth in the absence of
selection provides a test for whether all of the wild-type chromosomes are lost
from the macronucleus.

Transformation constructs. We tagged TER by introduction of a binding site
for bacteriophage MS2 coat protein. An optimized version (13) of the hairpin tag
(CGUACACCAUCAGGGUACG) was inserted using PCR. The stem II tag
location replaced position 28; the 3’ tag location was after position 155. Recom-
binant hairpin-tagged TER (hpTER) was expressed from a transgene containing
TER sequence and 150 bp upstream, including the TER promoter (17). Tran-
scription termination was enforced with a T, tract in the transcript strand.
Transgene expression cassettes were subcloned between the Ncol and BamHI
sites of pBICH3 (a gift from Jacek Gaertig, University of Georgia, Athens) to
place them between BTUI 5’ and 3’ flanking genomic sequences. TER variants
were produced by site-specific mutagenesis. The TER disruption construct has
been described elsewhere (33).

Recombinant coat protein. For affinity purification of telomerase RNPs with
tagged TER, we supplemented Tetrahymena extracts with purified, bacterially
expressed MS2 coat protein. We used the variant V75E/A81G to reduce the
aggregation of coat protein dimers into capsids (27). A construct encoding the
MS?2 coat protein with V75E and A81G substitutions (a gift from Jamie Wil-
liamson, The Scripps Research Institute) was amplified by PCR to append an
Ndel site at the 5" end and a BamHI site at the 3’ end. The resulting fragment
was subcloned into pET28 (Novagen) digested with Ndel and BamHI to yield
p28MS2. The N-terminal tandem affinity purification (TAP) tag was amplified by
PCR to append an Ndel site at the 5" and 3’ ends. The restriction-digested PCR
fragment was cloned into p28MS2 digested with Ndel to yield pET28TAP-MS2.
TAP-MS2 coat protein was expressed in BL21(DE3) cells and purified by chro-
matography on SP-Sepharose (Amersham Pharmacia). Cells were sonicated in
buffer containing 20 mM Tris-HCI (pH 8.0), 1 mM MgCl,, and 10% glycerol.
Before centrifugation to clear the extract, buffer was adjusted to 60 mM Tris-HCl
(pH 7.0), 50 mM NaCl, 1 mM MgCl,, 10% glycerol, and 0.1% NP-40. Chroma-
tography was performed in the same buffer with elution using 0.5 M NaCl.

RNA-based RNP affinity purification. Extracts were prepared from cells grown
at 30°C to mid-log phase (2 X 10° to 4 X 10° cells/ml), harvested, and then
resuspended shaking at 30°C in 10 mM Tris-HCI (pH 7.5) for 12 to 17 h. Cells
were lysed in T2MG pH 8.5 (20 mM Tris-HCI [pH 8.5], 1 mM MgCl,, 10%
glycerol) with protease inhibitors and 15 mM B-mercaptoethanol by addition of
0.2% NP-40. Extract was cleared by centrifugation at 130,000 X g for 1 h. For
affinity purification, extracts were adjusted to 50 mM NaCl and incubated with
TAP-MS2 coat protein for 1 h at 4°C. Immunoglobulin G (IgG)-agarose (Sigma)
was added followed by another 1-h incubation at 4°C. Beads were washed three
times in WB (20 mM Tris-HCI [pH 8.0], 2 mM MgCl,, 0.1 M NaCl, 0.1% NP-40,
10% glycerol, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride) and
twice in TEV protease elution buffer (10 mM Tris-HCI [pH 8.0], 0.1 M NaCl,
0.1% NP-40, 1 mM dithiothreitol). Elution was accomplished by addition of
recombinant TEV protease at room temperature.

RNA, DNA, and activity assays. RNA was prepared by guanidine thiocyanate—
phenol-chloroform extraction. Northern blots were probed with 5" end-labeled
DNA oligonucleotides complementary to the intended RNA target. Genomic
DNA isolation was performed as previously described (1). Southern blot assays
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FIG. 1. Structure and expression of TER. (A) Selected stages of
the telomerase catalytic cycle. Internal template boundaries are influ-
enced by TERT-TER interactions that restrict template motion, illus-
trated here as small ovals. The default positioning of template may
favor placement of TER position C49 in the active site (top). With
hybrid formation (middle), the template can be pulled through the
active site and used to direct dNTP addition until the 5’ boundary
is reached at position C43 (bottom). (B) Schematic of eTER and
hpTERs. Predicted eTER secondary structure elements are indicated
by roman numerals. (C) Total cellular RNA was analyzed by Northern
blot hybridization using oligonucleotides complementary to TER and
SRP RNA.
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to assess integration events were performed with random hexamer-primed
probes from the genomic region immediately 5’ of the integrated transgene.
Southern blots for telomere length analysis were probed with 5’-end-labeled
DNA oligonucleotide as previously described (33), using genomic DNA pre-
pared from strains maintained at room temperature and then grown for the same
number of doublings at 30°C. Telomerase activity assays were performed in
reaction buffer with 50 mM Tris-acetate (pH 8.0), 10 mM spermidine, 5 mM
B-mercaptoethanol, 2 mM MgCl,, a 400 uM concentration of each unlabeled
nucleotide (dTTP, dATP, and/or ddTTP), 0.3 pM [**P]dGTP (800 Ci/mmol),
and 50 nM of primer unless indicated otherwise. Radiolabeled dATP was used at
the same specific activity as radiolabeled dGTP (800 Ci/mmol). Purified RNPs
that were not eluted from IgG-agarose were assayed after resuspension in T2MG
pH 8.5 to make up half of the reaction volume. Reactions were incubated for
approximately 45 min at 30°C unless indicated otherwise. Radiolabeled product
DNA was analyzed by denaturing gel electrophoresis.

RESULTS

Construction of strains expressing hairpin-tagged TER. We
first developed a method to reconstitute sequence variants of
Tetrahymena TER into endogenously assembled telomerase
holoenzyme. To facilitate detection and purification of recom-
binant telomerase RNPs, we tagged TER by introduction of a
19-nucleotide hairpin that serves as a binding site for bacte-
riophage MS2 coat protein. Affinity chromatography with re-
combinant coat protein has been used to recover similarly
tagged RNAs assembled into RNP in cell extract (13, 20) or
Escherichia coli cells (43). The hairpin was inserted in TER at
the distal end of stem II or near the 3’ end (Fig. 1B). Stem II
was chosen as the internal tag placement site because deletion
or interruption of the distal end of the stem has no impact on
activity in vitro (28, 32). The 3’ tag was placed immediately
preceding the poly-uridine tract added in transcription termi-
nation by RNA polymerase III. Transgenes encoding a hpTER
were stably integrated into the macronuclear genome by dis-
ruption of the nonessential BTUI locus. In Tetrahymena sp.
strain CU522, BTUI encodes a B-tubulin that slows cell growth
in medium supplemented with taxol, and so disruption of
BTUI can be used as a positive selection for transgene inte-
gration (14). After complete replacement of BTUI chromo-
somes with transgene chromosomes, strains were subsequently
grown in medium lacking taxol. Southern blotting confirmed
the stable maintenance of the transgene chromosome (data
not shown). No difference in growth rate comparing parental
and transgene strains was observed.

The hpTER transgene strains should transcribe TER from
the transgene and from the endogenous gene locus. Previous
studies using plasmid vectors to overexpress template variants
of Tetrahymena TER demonstrated that recombinant TER
must compete with endogenous TER (eTER) for accumula-
tion (44). This competition is likely to arise from the limiting
expression of Tetrahymena p65S, a telomerase holoenzyme
protein required for TER stability (42). To investigate the
relative accumulation of hpTER and eTER in the coexpression
strains, we performed Northern blot hybridization. Probing
with an oligonucleotide fully complementary to ¢TER and
both hpTERs revealed that either hpTER could accumulate
(Fig. 1C, top). The stem II-tagged hpTER was more abun-
dant than eTER in total RNA samples, potentially due to a
slightly elevated level of TER transcription from the trans-
gene context. The 3'-tagged hpTER was less abundant than
eTER, revealing a disadvantage in RNP assembly or stability.
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As expected, total TER accumulation remained constant rel-
ative to the signal recognition particle (SRP) RNA loading
control (Fig. 1C, bottom). Based on these results, subsequent
studies utilized the stem II hpTER backbone.

Functional complementation of eTER by the hpTER trans-
gene. The TER locus is essential in Tetrahymena (33). We
performed TER gene disruption in the hpTER transgene strain
to determine whether hpTER could fulfill the essential TER
function(s). An expression cassette conferring paromomycin
resistance was integrated into the TER locus to perform gene
disruption, as described previously (33). Cells were grown in
medium supplemented with paromomycin to maximize the
replacement of TER chromosomes by gene disruption chro-
mosomes bearing the selectable marker. In cells expressing the
hpTER transgene, the TER gene disruption cassette could
substitute the macronuclear copies of the wild-type TER locus
to completion (Fig. 2A and additional data not shown). This
outcome demonstrates that hpTER fulfills the essential func-
tions of eTER.

RNA-based telomerase RNP affinity purification. To accu-
rately study the in vitro properties of endogenously assembled
telomerase, partial purification is needed to remove nonspe-
cific inhibitors present in crude cell extract. We supplemented
cell extract with purified, bacterially expressed MS2 coat pro-
tein fused to an N-terminal TAP tag (36). Coat protein was
allowed to bind hpTER in extract followed by recovery on
IgG-agarose using the protein A domains of the TAP tag.
Bound RNP was eluted by protease cleavage at a site posi-
tioned between the coat protein and protein A domains. We
examined the specificity of affinity purification using extracts
from strains expressing eTER, eTER plus hpTER, or hpTER
alone (Fig. 2B). Both forms of TER could be detected in the
input extracts (lanes 1 to 3), but only hpTER was recovered by
affinity purification (lanes 4 to 6). We assayed the purified
samples for direct primer extension activity using radiolabeled
dGTP and dTTP (Fig. 2C). The enrichment of telomerase
catalytic activity paralleled the recovery of hpTER. No back-
ground binding of hpTER or telomerase activity to IgG-aga-
rose was detected in mock purifications from extracts without
added coat protein (data not shown). Notably, even when
eTER and hpTER were coexpressed, only hpTER was recov-
ered in the affinity-purified material (Fig. 2B, compare lanes
2 and 5). Some eTER should have copurified with hpTER
if more than one TER were incorporated per RNP particle.
Instead, the affinity purification results suggest that TER is
monomeric in an endogenously assembled telomerase holoen-
zyme RNP.

Importantly, the purified hpTER-tagged telomerase RNP
possessed catalytic activity features diagnostic of the Tetrahy-
mena telomerase holoenzyme. The minimal Tetrahymena tel-
omerase RNP assembled in vitro from TERT and untagged
TER has a low repeat addition processivity that is also depen-
dent on allosteric activation by dGTP (16). With minimal re-
combinant enzyme, activity assays with <1 pM dGTP support
predominantly single-repeat synthesis. In contrast, telomerase
holoenzyme RNP assembled in vivo with eTER (12) or hpTER
(Fig. 2C) displayed a much higher repeat addition processivity
in reactions with <1 wM dGTP. This high repeat addition
processivity results from protein-DNA “anchor site” interac-
tions that are not reconstituted in the minimal RNP (10).
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FIG. 2. Function of hpTER. (A) Genomic DNA was digested with
HindIII and analyzed by Southern blotting from the parental strain
(lane 1), the hpTER strain coexpressing eTER (lane 2), or the hpTER
strain with TER gene disruption (lane 3). The hybridization probe had
identical homology with endogenous and disrupted TER loci, which
were distinguishable by restriction fragment length as indicated. (B
and C) Cell extracts normalized for total protein concentration (in-
puts) were used to purify hpTER-tagged telomerase RNP (elutions).
For TER analysis by Northern blot hybridization in panel B, inputs
represent ~5% of the total amount of cell extract used for binding.
Aliquots of the elution mixtures were assayed for activity in panel C
with the primer (G,T,); in reaction mixtures with 0.6 wM [**P]dGTP.
The first seven dNTP additions are indicated along with a schematic of
sequential repeat additions.
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Reconstitution of hpTER variants. The hpTER transgene
expression strategy described above was used to reconstitute
TER sequence variants into the endogenous telomerase ho-
loenzyme context in vivo. Seven TER variants (Fig. 3A) were
selected based on the studies described below. We verified that
in vitro reconstitution of hpTER variants recapitulated the
expected catalytic activity defects (described below; see Fig. 4).

The only nontemplate sequence conserved among all ciliate
TERs is the GUCA motif 5’ of the template (29, 31). For
T. thermophila TER, this GUCA sequence (positions 37 to 40)
and a nearby CAUU sequence (positions 15 to 18) comprise
the core of the TERT binding/template 5’ boundary element
(TBE) (Fig. 3A). This motif interacts with TERT with high
affinity in vitro (25) and blocks the active site from copying past
the intended template 5’ end (2, 24). Consistent with a phys-
iological role for the TBE in TERT interaction, CA15-16 and
other local residues become protected from chemical mod-
ification by assembly as RNP in vivo (45). We constructed
hpTER TBE variants testing the substitutions CA15-16GU
and UCA38-40AGU. Both substitutions affect both TBE func-
tions in vitro, but CA15-16GU more severely reduces TERT
binding while UCA38-40AGU more strongly compromises fi-
delity at the template 5’ boundary (24).

TER sequence immediately 3’ of the template is conserved
among Tetrahymena species RNAs (31). Results from recon-
stitution assays in vitro suggest that this region, termed the
template recognition element (TRE) (Fig. 3A), functions to
position adjacent 5" sequence in the active site (32). The con-
served, template-adjacent residues UCUS5-57 can be cross-
linked directly at short range to TERT translated in RRL (23),
and nearby C62 becomes protected from modification when
assembled into RNP in vivo (45). We constructed both TRE
substitutions UCUS55-57AGA and C62G as hpTER variants.
The substitution UCUS55-57AGA reduces the repeat addition
processivity of minimal recombinant Tetrahymena telomerase
RNP, while the substitution C62G strongly inhibits its activity
overall (25, 28) (Fig. 4A), both consistent with defects in po-
sitioning the template.

Pseudoknot folding has been proposed in all TERs (8).
Tetrahymena TER variants with an unpaired pseudoknot stem
IIIb did not efficiently reconstitute telomerase holoenzyme
when assembled in vivo in competition with eTER (15). In
assays of the minimal recombinant RNP, unpairing or removal
of either pseudoknot stem reduced repeat addition processivity
and activity overall (23, 28, 38). We constructed two hpTER
variants in the pseudoknot region (Fig. 3A): a duplication of
positions 78 to 81 (78-81dup) and a deletion of nucleotides 86
to 89 (A86-89). The 78-81dup variant mimics a TER allele that
arose spontaneously in continuous log-phase growth, coex-
pressed with wild-type TER (1). Continuous growth at 30°C
promotes progressive telomere lengthening, which in turn ap-
pears to select for cells that acquire stable, short telomeres (26,
1). The 4-nucleotide, position 78 to 81 duplication was pre-
dicted to destabilize the pseudoknot structure. The A86-89
variant removes residues in the stem IIla loop that accomplish
stem IIIb pairing, which should prevent formation of the pre-
dicted pseudoknot entirely. Both pseudoknot sequence sub-
stitutions reconstituted as hpTER variants in vitro reduced
recombinant Tetrahymena telomerase RNP repeat addition
processivity and activity overall (Fig. 4A).
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FIG. 3. Expression of hpTER variants. (A) Sequence substitutions are depicted within boxes expanded from the schematic. Nucleotide
positions are numbered in the eTER context. (B and C) RNA was prepared from equal numbers of cells (B) or from cell extracts (C) and analyzed
by Northern blot hybridization. In panel C, levels of hpTER relative to eTER are indicated after normalization to SRP RNA as a loading control.

We also constructed an hpTER variant in the stem IV loop.
The loop nucleotides UU137-138 are absolutely conserved in
TERSs of all Tetrahymena species examined (29, 31). RRL re-
constitution studies revealed that Tetrahymena TER residues
UU137-138 can be cross-linked to TERT directly at short
range (23). Substitutions of these and other stem IV loop
residues reduced catalytic activity and the processivity of nu-
cleotide addition within a single round of repeat synthesis (23,
38). We constructed the hpTER stem IV loop variant UU137-
138AA (Fig. 3A). In the minimal recombinant RNP, this vari-
ant reconstituted a telomerase enzyme with very low overall
activity and a defect in nucleotide addition processivity (Fig.
4B).

Endogenous accumulation and extract stability of the hpTER
variants. Transgenes encoding the hpTER variants were used
to disrupt and completely replace BTU1, followed by disrup-
tion and complete replacement of 7ER using the methods
described above. All strains expressing hpTER variants with or

without coexpression of eTER doubled at the same rate as
the parental strain at 30°C (data not shown). We quantified
hpTER accumulation by Northern blot hybridization using
total RNA isolated from equal numbers of cells expressing
only eTER (Fig. 4B, lane 1), hpTER (lane 2), or an hpTER
variant (lanes 3 to 9). When normalized to SRP RNA as a
loading control, each hpTER variant accumulated to the same
level as eTER accumulation in wild-type cells. Cell lysis and
extract production allowed some differences in the levels of
hpTER variants to develop (Fig. 4C). In particular, hpTER
variants substituted in the TBE (lanes 3 to 4) or the stem IV
loop (lane 9) were lost over time in extract relative to the level
of SRP RNA. These sequence substitutions affect some sites of
TERT contact defined for the minimal RNP reconstituted in
RRL (23, 25).

In vivo function of the hpTER variants. Using the hpTER
strains lacking eTER expression, we could determine the
impact of TER sequence substitutions on telomere length
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the TBE variant enzyme occurs due to synthesis past the normal template 5’ boundary to copy TER position U42 (aberrant template position +7).

maintenance. Genomic DNA prepared from these strains
was digested with HindIII to release an identical ~360-bp
subtelomeric sequence from half of the macronuclear chro-
mosome ends, representing both ends of the amplified, pal-
indromic TRNA chromosome. Digested DNA was resolved
by denaturing gel electrophoresis and probed with an oligo-
nucleotide complementary to the subtelomeric region (Fig.
5A). The length of telomeric repeat tracts can be compared

by subtraction of the ~360 bp between the first telomeric
repeat and the nearest HindIII site.

Macronuclear telomeric repeat tracts in the parental strain
expressing eTER averaged ~325 bp (Fig. 5SA, lane 1). Telo-
meres in the otherwise-unsubstituted hpTER strain averaged
~250 bp (lane 2), which serves as the reference length for
changes imposed by sequence substitutions in the hpTER vari-
ants (lanes 3 to 9). Pseudoknot region substitutions reduced
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FIG. 5. Telomere length maintenance by telomerase holoenzymes reconstituted with hpTER variants. Genomic DNA was digested with
HindlIII, resolved by denaturing polyacrylamide gel electrophoresis, and assayed by Southern blotting for telomeric restriction fragments containing
the rRNA chromosome subtelomeric region. End-labeled DNA marker (M) lengths are indicated at right. (A) Cells were grown for a fixed number
of doublings at 30°C. (B) Cells were grown in continuous log-phase culture at 30°C with aliquots harvested for analysis at days 3, 5, and 7. All strains

doubled at similar rates.

average telomere length to ~160 to 210 bp (lanes 7 and 8). The
TBE and stem IV loop substitutions brought telomere length
to under 150 bp (lanes 3, 4, and 9), representing a loss of half
of the wild-type telomeric repeat tract. Strikingly, TRE substi-
tutions increased telomere length to twofold above that in
wild-type cells (lanes 5 and 6). Hybridization with a probe
complementary to the other strand of subtelomeric sequence
confirmed that the lengths of both strands were affected in
parallel (data not shown). Analysis of bulk telomeres using a
telomeric-repeat probe for hybridization also produced similar
results (data not shown).

The long-term viability of the hpTER variant strains sug-
gested that their macronuclear telomeres must be stably main-
tained. To demonstrate this directly, we passaged the parental
and hpTER strains as continuous log-phase cultures at 30°C.
Under these conditions, macronuclear telomeres in wild-type
cells experience a progressive lengthening (26). Telomere length
was monitored by hybridization to the rRNA chromosome

subtelomeric region as described above, using genomic DNA
harvested after 3, 5, and 7 days of continuous culture (Fig. 5B).
Cells expressing eTER (lane set 1) or either of the hpTER
TRE variants (lane sets 5 and 6) gradually gained telomeric
repeats with time in culture, as expected. Cells with initial
telomere lengths shorter than the parental strain stably main-
tained their telomeres, showing less increase in length over
time (lane sets 2 to 4 and 7 to 9). We conclude that nontem-
plate sequence variants of Tetrahymena TER alter the equilib-
rium set point for telomere length maintenance.

Catalytic activity of telomerase holoenzymes with hpTER
variants. We next examined holoenzyme catalytic activity dif-
ferences imposed by the hpTER sequence substitutions (Fig.
6A). We performed telomerase RNP purification from cell
extracts as described above. Affinity purification of telomerase
RNP assembled on each hpTER variant enriched full-length
TER (data not shown) and proportionally recovered TERT
and other telomerase holoenzyme proteins such as p65 (Fig.
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sequence substitutions. (A) Eluted samples were assayed for activity as indicated with the primer (GT,Gs;);, which is elongated by addition of the
sequence GTTG to reach the template 5’ end at position +6. The product ladder is annotated to indicate complete repeat additions. Lane 17 is
another activity assay using RNP with the TBE variant UCA38-40AGU in dTTP; this relatively long exposure revealed repeat addition processivity.
(B) TERT and p65 were detected in purified samples by immunoblotting using rabbit polyclonal antibodies raised and affinity purified against a
TERT peptide or full-length p65 (42). Neither protein was recovered by the control affinity purification from a cell extract lacking hpTER (mock).
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6B). Eluted samples were assayed in a processive repeat syn-
thesis reaction with dGTP and dTTP (Fig. 6A, odd lanes) and
in a nonprocessive repeat synthesis reaction with dGTP and
ddTTP (even lanes). Activity purified from cells expressing the
UU137-138AA variant was difficult to detect, due at least in
part to the instability of this hpTER in cell extract. For the
other hpTER RNPs, we quantified relative specific activity
using the product intensities of the nonprocessive repeat syn-
thesis reaction; these reaction products are concentrated in a
smaller region of the gel and thus more accurately corrected
for background. We normalized activity assay product intensi-
ties by quantifying hpTER recovery using an aliquot of each
purified sample for Northern blot hybridization (data not
shown). After normalization, the variant hpTER RNPs had ac-
tivity levels within ~3-fold of the wild-type hpTER control
in vitro.

We evaluated holoenzyme repeat addition processivity by
quantifying the intensities of successive complete-repeat addi-
tion products within a single reaction mixture and then nor-
malizing for their content of radiolabeled dGTP (4). In the
Tetrahymena minimal telomerase RNP context, substitutions
in the TRE and pseudoknot reduce repeat addition proces-
sivity (23, 25, 28). In the holoenzyme context, substitutions
in the TRE decreased repeat addition processivity by a small
but detectable margin, while substitutions in the pseudoknot
had no detectable impact (Fig. 6C). We could not detect a
defect for the pseudoknot variants, even when we monitored
product synthesis over time using pulse-chase methods (data
not shown). High telomerase holoenzyme repeat addition
processivity independent of an intact TRE or pseudoknot is
consistent with the proposed significance of protein-DNA
“anchor site” interactions in governing enzyme-product in-
teraction.

Template 5’ boundary definition. TBE sequence substitu-
tions that reduce high-affinity TERT-TER interactions in RRL
allow the minimal RNP to copy past the normal 5’ template
boundary (24). We tested the fidelity of the holoenzyme 5’
template boundary using RNPs endogenously assembled on
hpTER variants, including the TBE substitutions CA15-16GU
and UCA38-40AGU. In assays with dGTP and either dTTP or
ddTTP, only the correct template residues could be copied
(Fig. 7A and B, lanes 1 and 2, 4 and 5, and 7 and 8). In assays
with dGTP and dTTP alone, the TBE variant holoenzymes
could generate a product ladder indicative of repeat addition
processivity (Fig. 6A, lanes 3 and 17). If assay mixtures con-
tained dGTP, dTTP, and dATP, however, the TBE variant
holoenzymes generated a product profile distinct from that of
the wild-type enzyme (Fig. 7B, compare lanes 3, 6, and 9). In
the presence of dATP, template use by the TBE variant ho-
loenzymes extended beyond the normal 5’ boundary to include
U42 as an aberrant +7 position of the template. This dATP-
dependent change in product synthesis was observed only for
the TBE variants, whether reconstituted in vitro or in vivo (Fig.
4C and additional data not shown).

To confirm incorporation templated by the aberrant +7
position U42, we performed activity assays using dATP as the
radiolabeled nucleotide. A primer was employed that could
align at either the 3’ or 5" end of the template (Fig. 7A, bot-
tom). In control reactions that contained only radiolabeled
dGTP and dTTP, all enzymes elongated the primer in align-
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ment with the template 3’ end (Fig. 7C, lanes 1, 7, and 13). In
reactions that contained radiolabeled dATP (lanes 3 to 6, 9 to
12, and 15 to 18), primer extension could instead occur in
alignment with the template 5' end to copy position U42.
Strikingly, the TBE variant holoenzymes relatively efficiently
utilized radiolabeled dATP for primer elongation (Fig. 7C,
lanes 6, 12, and 18), even in the presence of unlabeled dGTP
as competitor (lanes 3 to 5, 9 to 11, and 15 to 17). The extent
of difference between wild-type and TBE variant holoenzymes
is most evident in the comparison of product intensities from
reactions with radiolabeled dGTP versus radiolabeled dATP
(Fig. 7C, first and last lanes of each set). We note that the
UCA38-40AGU substitution imposed a more severe template
boundary defect than the CA15-16GU substitution when com-
pared in the context of holoenzyme RNPs reconstituted in vivo
(Fig. 7) or minimal RNPs reconstituted in vitro (24). These
results establish TER TBE function in defining the 5’ tem-
plate boundary in endogenously assembled telomerase holoen-
zyme.

Efficient use of the template 3’ end. The predominant prod-
ucts of Tetrahymena telomerase assayed in vitro end with the
permutation -TTG-3’, reflecting copying of the entire template
(Fig. 1A). We noticed that telomerase holoenzymes with TRE
substitutions reproducibly generated more product represent-
ing only one to two dGTP additions at the template 3’ end
(Fig. 6A, lanes 7 and 9, and 8A). This change in product profile
was observed only for the TRE variants and was evident in
every repeat of the product ladder for every primer tested,
indicative of a position-specific defect in template copying. We
quantified the amount of product accumulated after synthesis
at each position of the template by averaging values from
multiple repeats of a product ladder (Fig. 8B [from reactions in
A, lanes 1, 3, and 5]) from several independent activity assays
(additional data not shown). Each product intensity was nor-
malized for its relative content of radiolabeled dGTP and then
expressed as a percentage of the total product within a repeat.
In the Fig. 8 reactions, template position +2 products of the
wild-type enzyme were 14% of the total, while for RNPs with
UCUS55-57TAGA or C62G substitutions they accumulated to
twice this level, at 28% or 27%, respectively.

A defect in nucleotide addition processivity specific to the
template 3’ end could result from enhanced product dissocia-
tion or reduced efficiency of template use. To distinguish be-
tween these possibilities, we performed pulse-chase activity
assays with wild-type and TRE variant holoenzymes still bound
to IgG-agarose (summarized in Fig. 9A). After an initial 2.5-
min pulse of product synthesis, the immobilized enzyme and
any bound products were recovered from the activity assay and
resuspended in activity assay buffer without substrates. Follow-
ing an additional 15-min incubation to allow product dissoci-
ation, immobilized enzyme and any bound products were again
recovered. To our surprise, even the aberrantly accumulated,
incomplete-repeat products of the TRE variant holoenzyme
remained bound to RNP (Fig. 9B, lanes 1 to 3 and 11 to 13).
As a control, we verified that purified product DNA did not
associate with IgG-agarose under similar incubation conditions
(Fig. 9C). These results argue against premature product dis-
sociation as the basis for the nucleotide addition processivity
defect.

The aberrant products of the TRE variant holoenzyme could
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FIG. 7. Template boundary definition by the TBE. (A) Schematic of products produced in panels B and C by enzymes with TBE substitutions.
TER positions 41 to 51 and primer sequence are shown in uppercase letters; nucleotides added during product synthesis are shown in lowercase
letters. (B) Eluted samples were assayed for activity as indicated with the primer (GT,Gs;);, which was elongated by addition of GTTG to reach
the template 5’ boundary at position +6. The product ladder is annotated to indicate complete repeat additions. Synthesis past the normal template
5" boundary to copy TER position U42, indicated as +7 product, was detected in reactions with dATP. (C) Eluted samples were assayed for activity
as indicated with 1 uM primer (G5T,G)s, which can be elongated by dGTP addition at template position +1 or by dATP addition at aberrant
template position +7. Either dGTP (dG*) or dATP (dA*) was radiolabeled. The dG* reaction mixtures contained 0.3 wM radiolabeled dGTP and
1 uM unlabeled dGTP, with 400 wM dTTP and dATP if indicated. Reactions in lanes 3 to 5, 9 to 11, and 15 to 17 contained, respectively, 0.3, 0.6,
and 1.3 pM radiolabeled dATP mixed with unlabeled dATP to provide a total of 1.3 wM; these reaction mixtures also contained 0.3 uM dGTP
and 400 pM dTTP. Reaction mixtures for lanes 6, 12, and 18 contained 1.3 pM radiolabeled dATP as the only nucleotide substrate.

be enzyme bound as arrested, dead-end complexes or could be
paused in elongation as the consequence of a new rate-limiting
step in the catalytic cycle. To distinguish between these alter-
natives, washed enzyme-product complexes were returned to a
chase reaction with unlabeled dNTPs (summarized in Fig. 9A).
All bound products were elongated by a chase in the absence
or presence of competitor primer (Fig. 9B, lanes 4 to 10 and
14 to 20). In the chase interval, for a given enzyme, elongated
products that remained bound to RNP or that dissociated shared
the same profile of product 3’ permutation (compare lanes 5 to

7 with 8 to 10 or lanes 15 to 17 with 18 to 20). This result
implies that product dissociation is not biased to occur at a
specific step of the catalytic cycle. Taken together, the findings
above reveal that TRE substitution imposes a kinetic defect in
use of the template 3" end. The kinetic nature of this defect
was also evident in the much more pronounced accumulation
of incomplete-repeat products in the resolved region of the gel
at short reaction times (Fig. 9, 2.5 min) versus long reaction
times (Fig. 6, 45 min, and additional time course data not
shown).
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DISCUSSION

Telomerase holoenzyme assembly using tagged TER. We
created Tetrahymena strains expressing individual variants of
epitope-tagged TER. A hairpin tag inserted at the distal end of
stem II allowed the rapid and gentle, RNA-based affinity pu-
rification of active telomerase RNP. Affinity purification from
cell extracts of strains coexpressing eTER and wild-type
hpTER (Fig. 2), or ¢eTER and any hpTER variant (data not
shown), failed to reveal any suggestion of endogenous TER
dimerization. These studies, along with previous studies of
Tetrahymena telomerase RNPs reconstituted in vitro and in
vivo (5, 42), demonstrate that telomerase catalytic activity and
repeat addition processivity do not require the cooperative
effort of TERT or TER multimers.

Fidelity of the template 5’ boundary. TBE substitutions re-
duce the fidelity of template 5" boundary definition in Tetra-
hymena telomerase RNPs reconstituted in vitro (2, 24) and in
vivo (above). The synthesis of mutant telomeric repeats in vivo
can impact Tetrahymena telomere length maintenance, chro-
mosome segregation, and cell growth (22, 34, 44). Tetrahymena
strains expressing the TBE variant hpTERs grew normally,
however, suggesting that altered telomeric repeats were not
abundant or were tolerated. We could not detect mutant tel-
omeric repeat synthesis in vivo using Southern blot hybridiza-
tion with oligonucleotides complementary to putative altered-
repeat sequences (data not shown). Strains expressing an
hpTER with TBE substitution did harbor significantly shorter

telomeres than strains expressing eTER or wild-type hpTER.
These atypically short telomeres could arise from the removal
of aberrant repeats by the nucleolytic cleavage activity of tel-
omerase or another enzyme (11, 19). Atypically short telo-
meres could also arise from a reduction in telomerase repeat
addition processivity: relaxed template 5’ boundary fidelity
may indicate relaxed strain on the template-product hybrid at
the template 5’ end, which would be accompanied by reduced
product dissociation.

Pseudoknot function. TERs from all species have been pre-
dicted to form a pseudoknot pairing (8). Pseudoknot region
mutations of yeast TERs expressed in vivo or mammalian
TERs expressed in vivo or in vitro can reduce telomerase
catalytic activity and telomere length maintenance (reference
39 and references therein). Findings here indicate that Tetra-
hymena TER sequence substitutions in the pseudoknot region
do not necessarily affect telomerase holoenzyme catalytic ac-
tivity assayed in vitro. The Tetrahymena telomerase holoen-
zyme has a mechanism of repeat addition processivity different
from that of the minimal RNP, dependent on holoenzyme
protein-DNA interactions (10). This difference can account for
the reduced impact of pseudoknot region substitutions on the
repeat addition processivity of the holoenzyme versus the min-
imal RNP. Curiously, Tetrahymena TER pseudoknot forma-
tion is also not required for stable telomere length mainte-
nance in vivo, albeit at a homeostasis slightly different from
wild type. Future studies could test whether impaired pseudo-
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FIG. 9. A kinetic defect imposed by substitution of the TRE. (A and B) RNPs were immobilized on IgG-agarose using TAP-tagged coat
protein. Bead-bound enzymes were assayed with the primer (GT,Gj)5, 400 uM dTTP, and 0.6 pM radiolabeled and 1 pM unlabeled dGTP for
2.5 min at 30°C. Reactions were stopped (lanes 1 and 11), and bound products were retained after washes to remove unbound primer and product
(lanes 2 and 12). After an additional 15-min incubation at 30°C, beads were again washed to detect stably bound products (lanes 3 and 13).
Extension of bound products was then assayed by addition of unlabeled 1 wM dGTP and 400 uM dTTP (lanes 4 and 14, time zero) in the absence
or presence of 1 WM or 5 pM of the primer (G5T,G); as depicted by the black triangle. Chase reactions were halted after 15 min at 30°C followed
by separation of bead-associated (lanes 5 to 7 and 15 to 17) or released (lanes 8 to 10 and 18 to 20) products. (C) IgG-agarose was preincubated
without (-) or with (+) cell extract and washed, followed by addition of telomerase products purified after a 2.5-min activity assay. Samples were
incubated for 20 min at 30°C followed by separation of products that became bead associated (B, odd lanes) or remained in solution (S, even lanes).

knot formation imposes phenotypes that would not be evident Use of the template 3’ end. TRE substitutions in TER re-
during vegetative growth, for example in the process of telo- constituted with TERT in vitro impose defects in activity and
merase-mediated chromosome healing during new macronu- repeat addition processivity (25, 28). A subset of the same

clear development. TRE variants reconstituted in vivo yielded enzymes with re-
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duced repeat addition processivity and a kinetic defect in nu-
cleotide addition specific to the template 3’ end. Disruption of
the TRE, particularly with the template-adjacent substitution
UCUS55-57AGA, seems likely to affect the positioning of the 3’
end of the template and/or the hybrid of the template 3’ end
with product. The same molecular defect could impact the
product profile of the minimal and holoenzyme RNPs differ-
ently, because only the holoenzyme can maintain strong, an-
chor site interactions with product released from the template.
Reduced formation or stability of DNA hybrid at the template
3’ end could inhibit the activity and repeat addition processiv-
ity of the minimal RNP by enhancing product dissociation; this
same defect could inhibit the nucleotide addition processivity
of the holoenzyme by delaying elongation of a stably bound
product. Regardless of the exact mechanism, it is fascinating to
consider why substitution of the TRE leads to telomere elon-
gation rather than telomere shortening. If telomerase dissoci-
ation from the telomere is not dependent on synthesis to the
template 5’ end, in keeping with our observations for dissoci-
ation from product in vitro (Fig. 9), holoenzymes with TRE
substitutions would leave an altered permutation of the 3’
overhang. This in turn could influence the balance of telomere
length homeostasis.
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