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Background: Telomerase synthesizes single-stranded telomeric repeats.
Results:The TERTN-terminal domain coordinates telomerase holoenzyme subunit association, DNA synthesis initiation, and
rate of elongation.
Conclusion: TERT N-terminal domain recruitment of holoenzyme proteins increases overall activity and confers repeat addi-
tion processivity.
Significance: New understanding of DNA handling by a telomerase holoenzyme illuminates mechanisms for processive syn-
thesis of single-stranded telomeric repeats.

Telomerase extends chromosome ends by the addition of sin-
gle-stranded telomeric repeats. To support processive repeat
synthesis, it has been proposed that coordination occurs
between DNA interactions with the telomerase RNA template,
the active site in the telomerase reverse transcriptase (TERT)
core, a TERT N-terminal (TEN) domain, and additional sub-
units of the telomerase holoenzyme required for telomere elon-
gation in vivo. The roles of TEN domain surface residues in
primer binding and product elongation have been studied
largely using assays of minimal recombinant telomerase
enzymes, which lack holoenzyme subunits that properly fold
and conformationally stabilize the ribonucleoprotein and/or
control its associationwith telomere substrates in vivo. Here, we
use Tetrahymena telomerase holoenzyme reconstitution in
vitro to assess TEN domain sequence requirements in the phys-
iological enzyme context. We find that TEN domain sequence
substitutions in theTetrahymena telomerase holoenzyme influ-
ence synthesis initiation and elongation rate but not processiv-
ity. Functional and direct physical interaction assays pinpoint a
conserved TEN domain surface required for holoenzyme sub-
unit association and for high repeat addition processivity. Our
results add to the understanding of telomerase holoenzyme
architecture and TERT domain functions with direct implica-
tions for the unique mechanism of single-stranded repeat
synthesis.

The eukaryotic reverse transcriptase (RT) telomerase elon-
gates chromosome 3� ends by the addition of single-stranded
telomeric DNA repeats (1). This de novo DNA synthesis com-
pensates for incomplete genome replication by DNA-tem-
plated DNA polymerases. Single-celled organisms and telo-
merase-positive cultured cells have constitutively active

telomerase that is regulated to maintain telomere length homeo-
stasis (2). In contrast, many cell types in multicellular organisms
lack active telomerase. In telomerase-negative cell lineages,
cumulative cell divisions are counted as a mitotic clock of pro-
gressive telomere shortening (3). Some somatic cell lineages
gain renewal capacity by transiently activating telomerase,
which can result in complete or only partial offset of telomere
shortening (4). Mechanisms that limit the amount of telomere
synthesis are still largely unclear, but recent studies have shown
that the extent of elongation varies in part due to changes in the
number of repeats added to a chromosome end before enzyme
dissociation (5, 6).
The active site of telomerase reverse transcriptase (TERT)2

copies a template within the telomerase RNA component
(TER). The template sequence typically encodes �1.5 units of
the telomeric repeat, such that a product 3� end released from
the template after complete synthesis to the template 5� end can
reanneal at the template 3� end for another round of repeat
synthesis. As a prerequisite for this repeat addition processivity
(RAP), product must be released from the template without
release from enzyme per se. RAP is evident in vitro in the syn-
thesis of a long product ladder even when substrate primer is
present in excess (7). Telomerase capacity for RAP varies dra-
matically across species (8). RAP can also vary for telomerase
complexes within the same cell assembled into different
holoenzymes (9). To date, many molecular requirements for
RAP have been characterized using minimal recombinant
telomerase enzymes assembled from TERT and TER in rabbit
reticulocyte lysate (RRL). However, only a few of these studies
have aimed to resolve direct determinants of single-stranded
DNA interaction from more global requirements for RNP
conformation.
Telomerase from the ciliate Tetrahymena thermophila has

been relatively well characterized due to its pioneering discov-
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ery andmore recently its amenability to reconstitution (10, 11).
Curiously, the physiologically assembled Tetrahymena telo-
merase holoenzyme has much higher RAP than the minimal
recombinant RNP; holoenzyme RAP is also less dependent on
dGTP concentration (12). Studies of holoenzyme architecture
have shown that a multiprotein telomere adaptor subcomplex
(TASC) bridges the physiological catalytic core RNP (p65-TER-
TERT) to a telomeric repeat DNA binding subunit (Teb1),
which is paralogous to the large subunit of replication proteinA
(13–15). Addition of TASC to the recombinant catalytic core
RNP increases activity, and TASC-dependent Teb1 association
converts the catalytic core RNP activity to holoenzyme high
RAP activity (16). Surprisingly, the high affinity DNA binding
domains of Teb1 are not essential for high RAP activity.
Instead, high RAP requires the low affinity Teb1 C-terminal
DNA binding domain (16, 17).
Here, we useTetrahymena telomerase holoenzyme reconsti-

tution in vitro to define TERT and TER requirements for RAP
in the biologically functional enzyme complex. We find that
holoenzyme RAP is not compromised by TERT N-terminal
(TEN) domain sequence substitutions previously reported to
interfere with sequence-specific DNA recognition or RAP.
Instead, in holoenzyme context these substitutions reduce ini-
tiation efficiency or elongation rate. Using multiple reconstitu-
tion methods and direct binding assays, we define a surface of
the TEN domain that is critical for holoenzyme assembly and
high RAP. Findings described here provide new insights about
TEN domain functional requirements and more broadly about
telomerase holoenzyme interaction with single-strandedDNA.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Partial Proteolysis—
Teb1BC and TEN domain polypeptides were expressed with an
N-terminal His6 tag in Escherichia coli from pET28a using
BL21(DE3) cells as described previously (15). Teb1BC was eluted
inT2MG(20mMTris, pH8.0, 1mMMgCl2, 10%glycerol)with300
mM NaCl, 0.1% IGEPAL, 5 mM �-mercaptoethanol, and 300 mM

imidazole. TENdomainswere eluted in T2MGwith 50mMNaCl,
5 mM �-mercaptoethanol, and 300 mM imidazole after washing
with 250mMNaCl. Proteins were supplemented with 5 mMDTT
before freezing in liquid nitrogen and storage at �80 °C. TASC
was purified from Tetrahymena expressing C-terminally tagged
p45 as described previously, using a micrococcal nuclease diges-
tion step to isolateTASC fromthe catalytic coreRNP (16).Typical
purifications gave yields of�0.2–0.5 ng/�l p75 subunit estimated
by silver staining after SDS-PAGE. For limited proteolysis, 1�g of
purified TEN domain was incubated for 90 min at 37 °C in the
absence or presence of 0.2 or 2 ng of trypsin in a total volumeof 10
�l. Protein digestion products were analyzed using 12.5% SDS-
PAGE and Coomassie Blue staining.
Telomerase Reconstitution and Activity Assays—Catalytic

core RNP was assembled using RRL (Promega). Previous stud-
ies suggest that only about one quarter of the full-length Tetra-
hymena TERT expressed in RRL is competent for RNP assem-
bly, corresponding to at most 0.5 ng/�l in the expression
reaction (18). Therefore, TERT and p65 were expressed from a
pCITE4a vector in separate reactions containing [35S]methio-
nine (NEN/PerkinElmer Life Sciences) and subsequently com-

bined at a 3:1 volume excess of TERT. The protein synthesis
reactions were supplemented with 4 ng/�l purified in vitro
transcribed TER and incubated for 10 min at 30 °C to allow
RNP assembly. Radiolabeled methionine incorporation was
monitored by SDS-PAGE and imaging with a Typhoon Trio
(GE Healthcare). TEN domain trans-complementation assays
included 1⁄4 final volume of purified TEN domain in the RNP
assembly reaction, with a variable final TEN domain concen-
tration indicated in each figure.
To reconstitute holoenzyme, the catalytic core RNP assem-

bled in RRL was diluted 5-fold with T2MG containing 5 mM

DTT. A 10-�l volume of diluted catalytic core RNP was incu-
bated for 10 min with 1 �l of TASC, 200 nM Teb1BC, and 200
nM (GT2G3)3 primer (unless indicated otherwise) in a 14-�l
final volume at room temperature. Primer extension was initi-
ated by addition of 6 �l of reaction buffer containing final assay
concentrations of 50 mM Tris acetate, pH 8.0, 10 mM spermi-
dine, 5mM �-mercaptoethanol, 2mMMgCl2, 0.2mM dTTP, 0.3
�M dGTP, and trace [�-32P]dGTP (Easy Tide, 3000 Ci/mmol;
NEN/PerkinElmer Life Sciences). Unless otherwise noted,
reactionswere incubated at room temperature for 10min.After
addition of a 32P-labeled oligonucleotide as a recovery control,
telomerase reaction products were extracted, precipitated, and
resolved on a 9% (19:1), 0.6 � TBE, 7 M urea gel (15). Dried gels
were imaged using the Typhoon Trio. For chase experiments,
reactionswith radiolabeled dGTPand cold dGTPas abovewere
incubated for 4 min before addition of excess unlabeled dGTP
to 30 �M final concentration.
Physical Association Assays—TASC purification was per-

formed on M2 FLAG antibody magnetic beads (Sigma-Al-
drich). Binding and washes were performed in buffer A (T2MG
with 50mMNaCl, 0.1% IGEPAL, 1mMDTT, and 1mg/mlBSA).
In parallel, [35S]methionine-labeled telomerase RNP was gen-
erated as described above. Telomerase holoenzyme was then
assembled at room temperature by incubation of resin-bound
TASC with recombinant RNP in the presence of 200 nM
Teb1BC and 2 �M (GT2G3)3 for 30 min in buffer A without
IGEPAL and with 0.1 mg/ml Saccharomyces cerevisiae tRNA
(Sigma-Aldrich). After a wash of 45 min total including six
changes of buffer A supplemented with 0.1 mg/ml tRNA, com-
plexes were eluted at room temperature with 0.2 mg/ml
3�FLAG peptide (Sigma-Aldrich) in buffer A with 0.1 mg/ml
tRNA, resolved by SDS-PAGE, and analyzed for radiolabeled
proteins using the Typhoon Trio.

RESULTS

TERMotif Dependence of Reconstituted Holoenzyme Activity—
To establish that assays of holoenzyme reconstituted in vitro are
appropriately sensitive to subunit sequence changes, we first
tested the impact ofTERmotif disruptions. Previous assays ofTet-
rahymena telomerase holoenzymes reconstituted with TER vari-
ants in vivo (19, 20) offer an opportunity for comparison with
assays of holoenzymes reconstituted in vitro. To reconstitute
holoenzyme in vitro we used a previously established system that
combines the physiological p65-TER-TERT catalytic core RNP
assembled in RRL, TASC isolated from Tetrahymena, and Teb1
purified from E. coli (Fig. 1A). For studies here we used an N-ter-
minally truncated Teb1, termed Teb1BC, which is fully active for
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reconstituting holoenzyme RAP (16). Because Teb1BC lacks the
highest affinity Teb1 DNA binding domain, the potential compli-
cation of primer sequestration from holoenzyme is avoided (16).
To sensitize activity assays for the gain of RAP from holoenzyme
assembly,weused a lower dGTPconcentration than is optimal for
RAP of the minimal recombinant RNP (12).
The substitution U55A/C56G/U57A in the template recog-

nition element (Fig. 1B) reduces the RAP of a Tetrahymena
telomerase catalytic core RNP, but the same substitution has
minimal if any impact on the RAP of holoenzyme purified after
assembly in vivo (18, 19, 21). The shared phenotype of these two
U55A/C56G/U57A TER enzymes is an increase in product
intensity from incomplete repeat synthesis, which at least for in
vivo reconstituted holoenzyme is caused by a slower rate of
synthesis at the template 3� end (19). Compared with U55A/
C56G/U57A, the substitution C62G reduces activity overall in
most assays of recombinant catalytic core RNPs (18, 19, 21, 22).
A severe reduction in recombinant catalytic core RNP activity

is also imposed by deletion or substitution of the evolutionarily
conserved loop IV motif UAUU (Fig. 1B), but purified holoen-
zymes containing individual UAUU motif loop IV nucleotide
substitutions have relatively normal specific activity and RAP
(18–20, 23). One impediment to interpretations from holoen-
zyme reconstitution in vivo is that only a fraction of the variant
holoenzyme was stable to affinity purification. Despite equal
levels of steady-state TER accumulation in vivo, purifications of
holoenzymes with TER variants recovered less RNP from
extract (19, 20). Therefore, the lack of a RAP phenotype for a
holoenzyme reconstituted in vivo could be due to degradation
of the reconstituted holoenzyme population with altered cata-
lytic activity during the interval of RNP purification from
extract.
For each of the TER variants described above, we reconsti-

tuted holoenzyme in vitro and assayed for a change in catalytic
activity compared with holoenzyme reconstituted with wild-
type TER (Fig. 1C). TER sequence substitutions reduced the
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FIGURE 1. TER sequence dependence of reconstituted holoenzyme activity. A, schematic of the holoenzyme reconstitution strategy. B, schematic of T.
thermophila TER modeled after Ref. 34 with paired stems indicated by Roman numerals. The template region, template recognition element (TRE), and loop IV
are labeled. Substituted nucleotides are indicated in boldface. C, activity assays of telomerase holoenzyme reconstituted with wild-type (WT) or sequence-
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overall level of holoenzyme catalytic activity roughly in parallel
with their impact on recombinant catalytic core RNP activity.
In addition, TER sequence substitutions imposed changes in
the product profile that paralleled their effect on the activity of
holoenzyme reconstituted in vivo. At a 10-min reaction time
point, the product ladder of the U55A/C56G/U57A TER
holoenzymewas shorter than that of thewild-typeTERholoen-
zyme, with an increase in product intensity from incomplete
repeat synthesis (Fig. 1C, compare lanes 1 and 4). The shorter
ladder does not result from premature product dissociation
because products of both the wild-type andU55A/C56G/U57A
TERholoenzymes continued to elongate through first 20min of
reaction time (Fig. 1D) and much longer (data not shown).
Holoenzyme reconstitution of C62G TER gave a reduced level
of high RAP activity additive with the phenotype of U55A/
C56G/U57A substitution (Fig. 1C, lanes 1–4). Loop IV nucleo-
tide substitutions also reduced overall activity, with some
decrease in the length of the product ladder at the 10-min reac-
tion time point (Fig. 1C, lanes 5–9). As with the template rec-
ognition element U55A/C56G/U57A substitution, the loop IV
A136U substitution also slowed the rate of elongation but did
not prevent high RAP product synthesis (Fig. 1D).We conclude
that the product profile of holoenzyme reconstitution in vivo is
recapitulated by holoenzyme reconstitution in vitro. Further-
more, holoenzyme reconstitution in vitro is sensitized to detec-
tion of reduced specific activity in the holoenzyme population

overall. This reduction in specific activity was not detected fol-
lowing purification of in vivo reconstituted holoenzyme, pre-
sumably due to the low activity holoenzyme instability in cell
extract.
Holoenzyme Reconstitution of TEN Domain Sequence

Variants—Tetrahymena TEN domain requirements for RAP
have not been studied in holoenzyme context. We began with
an analysis of single amino acid substitutions in the TEN
domain, including several previously characterized in Tetrahy-
mena catalytic core RNP context (24–26). Reconstituted cata-
lytic core RNP and holoenzyme activity were both strongly
decreased by alanine substitution of the evolutionarily con-
served Phe-158 and Gln-168 side chains (Fig. 2A, lanes 5 and 7;
see supplemental Fig. S1A for assays of catalytic core RNPs
alone). Consistent with a major DNA binding contribution of
Tetrahymena telomerase holoenzyme subunits beyond the cat-
alytic core RNP (15), the �10-fold change in primer Km
reported for Q168A TERT in the catalytic core RNP context
(25) was not evident comparing the primer concentration
dependence of wild-type and Q168A TERT holoenzymes (Fig.
2B). Alanine substitution of Phe-178 and Trp-187 had, respec-
tively, minor or no impact on holoenzyme activity (Fig. 2A,
lanes 8 and 9), despite removing side chains from a proposed
sequence-specific single-stranded DNA binding groove
inferred fromDNA cross-linking results (24). Alanine substitu-
tion of other nonconserved amino acids Asp-94, Gln-108, and
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FIGURE 2. Holoenzyme activity dependence on TEN domain single amino acid substitutions. A, activity assays of reconstituted holoenzymes with a single
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exposure of the same gel. An experiment with limiting TASC concentration is shown so that the substitution phenotype for catalytic core RNP activity can be
compared with the substitution phenotype for holoenzyme activity within the same experiment (catalytic core RNP products are labeled). RC, recovery control.
B, comparable reconstituted wild-type or Q168A TERT holoenzyme activity dependence on primer concentration. Reactions were performed and analyzed in
parallel with lanes cropped from the same exposure of the same gel. C, pulse-chase analysis of RAP. After a 4-min pulse of radiolabeling (the 4-min time point
is shown), reactions were supplemented or not with a 100-fold excess of unlabeled dGTP (the chase). Elongation was allowed to continue for a total of 10 or 20
min.

TEN Domain Requirements in Telomerase Holoenzyme

12808 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 16 • APRIL 13, 2012

http://www.jbc.org/cgi/content/full/M112.339853/DC1


Lys-160 affected the overall level of high RAP activity but not
high RAP per se (Fig. 2A, lanes 3, 4, and 6).
The Tetrahymena TEN domain substitution L14A was

reported to eliminate RAP selectively without compromising
primer binding, nucleotide addition processivity, or specific
activity, leading to Leu-14-dependent models for RAP (26).
Holoenzyme reconstituted with L14A TERT generated a prod-
uct ladder shorter than that of the wild-type holoenzyme, with
a notable increase in product intensity from incomplete repeat
synthesis (Fig. 2A, lane 2). Product lengths increased with reac-
tion time for the wild-type and L14A holoenzymes over a time
course of 20 min (Fig. 2C, lanes 1–3 and 7-9) and much longer
(data not shown). Although L14A holoenzyme products were
shorter than wild-type holoenzyme products at any given time
point, pulse radiolabeling of products for the initial 4 min of
reaction time followed by a chase with excess unlabeled dGTP
demonstrated conclusively that both holoenzymes retained
high RAP: radiolabeled products increased in length during the
chase interval for both thewild-type holoenzyme (Fig. 2C, lanes
5 and 6) and the L14A holoenzyme (lanes 10 and 12). The ele-
vated dGTP concentration of the chase phase increased the rate
of repeat synthesis for the wild-type holoenzyme (Fig. 2C, com-
pare the longest products in lanes 3 and 6) and the L14A
holoenzyme as well (compare lanes 9 and 12). Moreover, at
least some of the incomplete repeat synthesis products of the
L14A holoenzyme were chased to longer products (Fig. 2C,
compare lanes 10 and 11), suggesting that synthesis by the
L14A TERT holoenzyme is slowed rather than terminated at
the template 3� end in each cycle of template copying. Thus,
similar to the other TEN domain single amino acid substitu-
tions examined here, the L14A substitution does not eliminate
any protein-protein, protein-DNA, or protein-RNA interaction
critical for high RAP.
Block Substitutions of TEN Domain Sequence—To broaden

the search for phenotypes from TEN domain sequence disrup-
tion, we assayed the impact of several block substitutions of
consecutive six amino acid segments with the peptide sequence
NAAIRS. This approach was successful in defining a central
region of the TEN domain of human TERT that could be
altered in sequence without precluding catalytic activity but
abrogating telomere elongation in vivo (27, 28). We analyzed
NAAIRS substitutions at six positions throughout the Tetrahy-
mena TEN domain. TERT with the 184NAAIRS189 substitution
reconstituted catalytic core RNP activity and holoenzyme
activity comparable with wild-type when normalized to the
product recovery control (Fig. 3A, lanes 6 and 7; see supple-
mental Fig. S1B for assays of catalytic core RNPs alone). As
expected, some of the other NAAIRS substitutions eliminated
enzyme activity (Fig. 3A, lanes 4 and 5) or reduced activitywith-
out changing the holoenzyme product profile (lane 1). Interest-
ingly, two substitutions in the central region of theTENdomain
(amino acids 102–107 or 108–113) in a �-hairpin surface
region (see supplemental Fig. 1C) preserved catalytic core RNP
activity but reduced or eliminated its conversion to holoen-
zyme high-RAP activity (Fig. 3A, lanes 2 and 3).
To investigate the dramatic inhibition of highRAP activity by

the 108NAAIRS113 substitution, we compared enzyme activity
across the individual steps of holoenzyme reconstitution in

vitro. In assays with a catalytic core RNP containing wild-type
TERT, TASC increased activity level, and the combination of
TASC and Teb1BC converted the product synthesis profile to
high RAP (Fig. 3B, lanes 1–3). In contrast, in assays with a cat-
alytic core RNP containing 108NAAIRS113 TERT, activity was
unchanged in amount by the addition of TASC and was also
unchanged in product profile by the combined addition of
TASC and Teb1BC (Fig. 3B, lanes 4–6). These observations
suggest that disruption of TENdomain amino acids 108–113 in
a protein region well separated from the proposed DNA inter-
action groove (24) interferes with communication between the
catalytic core RNP and TASC.
Autonomous Folding and Function of TEN Domain—For

human telomerase, the TERT core lacking the TEN domain
supports single-repeat synthesis but not RAP (29). Comple-
mentation of the TEN domain and TERT core co-expressed as
separate polypeptides demonstrated that the human TEN
domain can fold and function autonomously (29), particularly
when extended at its C terminus by the vertebrate-specific long
linker between the TEN domain and the adjacent high affinity
telomerase RNA binding domain (TRBD). TEN domain trans-
complementation sensitized the detection of RAP for changes
in TEN domain docking to the TERT core RNP (29).We there-
fore investigated whether TEN domain trans-complementa-
tion could be detected for Tetrahymena TERT, both to investi-
gate the conservation of telomerase RNP architecture and as an
approach to define further the role of the TEN domain in
telomerase holoenzyme reconstitution.
A Tetrahymena TEN domain polypeptide including amino

acids 1–195 was previously expressed in E. coli as a soluble pro-
tein and demonstrated to bind Tetrahymena TER (21). A
slightly smaller region of the Tetrahymena TEN domain was
crystallized and mostly solved in structure at high resolution
(24). To investigate TEN domain trans-complementation,
based on the previous results for humanTERT,we assayed both
our original TEN domain (amino acids 1–195) and a C-termi-
nally extended TEN domain (amino acids 1–215), including a
region that can be trimmed from theTRBDwithout any change
in p65-stimulated binding of the TRBD to TER.3We combined
one of two versions of the bacterially expressed TEN domain
and one of two matching versions of the RRL-expressed TERT
core with the remaining holoenzyme subunits (Fig. 4,A and B).
The Tetrahymena TERT core RNP without any added TEN

domain showed extremely weak single-repeat synthesis even in
the presence of other holoenzyme components (data not
shown). Addition of either version of the purified TEN domain
to either version of the TERT core RNP resulted in a dramatic
gain of overall activity and RAP (Fig. 4C). Activity was margin-
ally higher in reconstitutions using the TERT core starting at
amino acid 216, so subsequent complementation assays used
the bacterially expressed TEN domain and the TERT core with
matching 215/216 breakpoints. Because the region spanning
from amino acid 196 to amino acid 215 was not required on
either the TEN domain or the TERT core for successful com-
plementation of high RAP activity (Fig. 4C, lanes 1–3), this

3 C. M. O’Connor and K. Collins, unpublished data.
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region is likely to be part of a linker between the TEN domain
and TRBD (27). In assays of human TERT TEN domain trans-
complementation, the atypically long vertebrate TERT linker
was stimulatory but not required for activity reconstitution by
holoenzyme assembly in vivo (29). Notably, a substantial region
previously considered as part of the Tetrahymena TERT TEN
domain could be deletedwithout precluding holoenzyme activ-
ity reconstitution by trans-complementation in vitro (supple-
mental Fig. S2). Our results suggest that the linker region can be
entirely dispensable for catalytic activity reconstitution in non-
vertebrate organisms.
TERT Core Complementation by Sequence-variant TEN

Domains—We next expressed and purified isolated TEN
domains with substitutions that imposed distinct activity phe-
notypes in full-length TERT holoenzyme context: the L14A
substitution that reduced the rate of elongation, the Q168A
substitution that reduced activity overall without altering the
product profile, and the 108NAAIRS113 substitution that
blocked conversion of catalytic core RNP activity to holoen-
zyme high RAP activity. To verify stable folding of the isolated
TENdomains with these sequence substitutions, we performed
limited proteolysis with trypsin. Trypsin cleavage produces a
slightly smaller TEN domain (Fig. 5A), as observed in other

partial proteolysis assays (24). Importantly, all of the sequence
variant TEN domains showed a similar extent and specificity of
proteolysis (Fig. 5A).
Variant TENdomainswere then used for holoenzyme recon-

stitution with the TERT core, comparing activity across a titra-
tion of TEN domain concentration. The relative activity levels
and product profiles obtained by TEN domain trans-comple-
mentation (Fig. 5B) closely matched the results for the full-
length TERT proteins (Figs. 2A and 3A). For the wild-type TEN
domain and the L14A and Q168A variants, activity increased
with a similar dependence on TEN domain concentration (Fig.
5B, lanes 1–9). In contrast, the 108NAAIRS113 TEN domain
failed to stimulate high RAP activity at any concentration (Fig.
5B, lanes 10–12; additional data not shown).We conclude that
TEN domain sequence substitutions affect TEN domain func-
tion in an autonomous manner.
Curiously, although the TEN domain concentrations used in

these assays represent a substantial molar excess over both the
TERT core RNP and TASC (see “Experimental Procedures”),
this excess stimulates rather than inhibits holoenzyme activity
reconstitution. Given the role of the TEN domain in physically
bridging the TERT core RNP and TASC (see below), it is pos-
sible that only some of the purified recombinant TEN domain

A B

TERT

10
8-

11
3

10
2-

10
7

26
-3

1

14
7-

15
2

16
6-

17
1

18
4-

18
9

NAAIRS substitution

W
T

RC RC

-- - -+ +
-- + ++ +

Teb1BC
TASC

WT
108-113
NAAIRS

21 3 4 5 6 7 21 3 4 5 6

+10

+4

+10

+4

TERT

catalytic
core RNP

activity

FIGURE 3. Holoenzyme activity dependence on TEN domain block substitutions. A, activity assays of reconstituted holoenzymes with a six-amino acid
block substitution of TERT, performed using 500 nM (GT2G3)3 primer. RC, recovery control. B, assays of catalytic core RNP activity stimulation by TASC or TASC
and Teb1BC using RNPs with wild-type or 108NAAIRS113 TERT.

TEN Domain Requirements in Telomerase Holoenzyme

12810 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 16 • APRIL 13, 2012

http://www.jbc.org/cgi/content/full/M112.339853/DC1
http://www.jbc.org/cgi/content/full/M112.339853/DC1


adopts a conformation permissive for binding to these com-
plexes. It is also possible that the isolated TEN domain binds to
the TERT core RNP andTASCwith low affinity, but after bind-
ing to one complex the TEN domain gains higher affinity for
other complex thereby reducing free TEN domain competition
for complete holoenzyme assembly. Mixing the wild-type and
L14A TEN domains before holoenzyme assembly, with the
excess of TEN domain still present in the activity assay, pro-
duced amixed rather than hybrid product profile (Fig. 5C). This
result suggests that there is no exchange of a holoenzyme-as-
sembled TEN domain during high RAP elongation.
TENDomain Requirements for Physical Association of TASC

with TERT Core RNP—The activity assays above do not distin-
guish whether the 108NAAIRS113 substitution disrupts holoen-
zyme assembly or assembled holoenzyme activity. Therefore,
we investigated the TEN domain sequence dependence of
TASC physical interaction with the full-length TERT RNP or
the trans-complemented TERT core RNP.

By omitting the final TASC purification step of elution from
FLAG antibody resin, we immobilized TASC as the platform
for holoenzyme assembly (see “Experimental Procedures”).
RRL-assembled catalytic coreRNPwith radiolabeledTERTand
p65 was added to immobilized TASC under conditions that
parallel holoenzyme activity assays (Fig. 6A). As a negative con-
trol, binding reactions were done with FLAG antibody resin

from a mock TASC preparation using cell extract lacking a
FLAG-tagged protein. Some background binding of TERT was
often detected (Fig. 6B, lanes 10–13). In comparison, TASC
resin specifically co-purified full-length wild-type TERT and
p65 (Fig. 6B, lane 6). Physical association of TASC with the
catalytic core RNP was observed with or without Teb1BC and
DNA (data not shown), consistent with previous findings (15).
Physical association also did not require the TEN domain L14
side chain, but the 108NAAIRS113 substitution or deletion of the
TEN domain reduced RNP association with TASC to a back-
ground level (Fig. 6B, lanes 7–9).
We extended these results using TENdomain trans-comple-

mentation. RRL-assembled TERT core RNP was added to
immobilized TASC in the presence or absence of a purified,
bacterially expressed TEN domain (Fig. 6C). Like full-length
TERT, the TERT core protein showed substantial background
binding to resin without TASC (Fig. 6D, lanes 9–16). TASC
resin specifically enriched the TERT core and p65 when bacte-
rially expressed wild-type or L14A TEN domain was also pres-
ent, but not in the presence of the 108NAAIRS113 TEN domain
or with the TERT core RNP alone (Fig. 6D, lanes 1–6 and 8).
Altogether, we conclude that physical association between the
catalytic core RNP and TASC directly or indirectly requires the
TEN domain surface disrupted by the 108NAAIRS113 substitu-
tion (see supplemental Fig. 1C). We note that the amount of
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TERT core RNP bound to TASC was always slightly lower in
assays with L14A compared with wild-type TEN domain (Fig.
6D; quantification below the lane numbers has background
binding normalized to 1). This could reflect a difference in
L14A TEN domain conformation that is linked to slowed elon-
gation or an unrelated property of the L14A TEN domain such
as increased aggregation.

DISCUSSION

In this study we investigated howTENdomain sequence dis-
ruptions affect telomeric primer elongation by a telomerase
holoenzyme. We found that the Tetrahymena telomerase
holoenzyme retains high RAP evenwith sequence substitutions
that were previously inferred to directly affect a TERT DNA
binding site. TERT defects in DNA interaction might be com-
pensated by other holoenzyme subunits, but previous disrup-
tions of individual TEN domain surface residues could also
have indirectly reduced catalytic core RNP activity and RAP by
destabilizing productive enzyme conformation(s). In the cata-
lytic core RNP alone even wild-type TERT does not adopt the
active conformation in a stable or homogeneous manner, as

shown by single-molecule FRET demonstrations of population
heterogeneity (30).
Although the TEN domain sequence substitutions investi-

gated here did not preclude high RAP, they did affect holoen-
zyme synthesis initiation and rate of elongation. The same
changes in activity were observed whether the TEN domain
functioned within full-length TERT or as a physically separate,
autonomously folded domain. To explain these phenotypes, we
propose that the primary function of the TEN domain is to
favor placement or stabilization of a short primer-template
hybrid in the active site of the TERT core RNP, which could
occur with or without direct physical contact between the TEN
domain and template hybrid. Also, anchored through a net-
work of domain interactions (29), the TEN domain could
reduce the release of single-stranded DNA product from the
elongating enzyme. The topology of product DNA contact by
the TEN domain merits some reconsideration because previ-
ous cross-linking approachesmay have preferentially identified
conformationally dynamic side chains of the linker between the
TEN domain and TRBD instead of a potentially less reactive
DNA contact surface within the stably folded TEN domain
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itself. Indeed, many amino acids previously considered to be
part of the TEN domain can be truncated without loss of TEN
domain function in trans-complementation of high RAP (sup-
plemental Fig. S2). We also note that the most severe two of
three substitutions (W187A and F178A) originally used to
define a DNA binding groove (24) in our hands do not affect
catalytic core RNP or holoenzyme activity in a manner that is
more severe than other TEN domain single amino acid substi-
tutions, and none of the three defining substitutions (including
Q168A) affects holoenzyme RAP (Fig. 2A and supplemental
Fig. 1A).
Of particular interest fromour studies is the phenotype of the

TERT 108NAAIRS113 substitution, which preserved the activity
of the catalytic core RNP but precluded its conversion to high
RAP holoenzyme activity. No holoenzyme activity reconstitu-
tion was observed when the 108NAAIRS113 substitution was
assayed in full-length TERT or in an autonomously folded TEN
domain used for trans-complementation of the TERT core. In
human TERT this same surface could be disrupted by the
G100V substitution that prevents stimulation of the RAP of the
minimal recombinant enzyme by TPP1 and POT1 (31).
We suggest as a working model that one or more subunits of

Tetrahymena TASC, the human protein TPP1, and the yeast
protein Est3 are architecturally and functionally analogous in

their respective telomerase holoenzymes: holoenzyme protein
interaction(s) with the TEN domain contribute allosteric stabi-
lization of the elongation-competent architecture of the cata-
lytic core RNP and could also extend the direct surface of DNA
contact (32, 33). Better understanding of the elongating telo-
merase holoenzyme architecture remains a critical goal for
future studies. Our findings establish Tetrahymena telomerase
holoenzyme reconstitution as an approach that should be
broadly informative for this goal.
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