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ABSTRACT

Telomerase accurately synthesizes telomeric DNA by reverse transcription of a tightly defined template region in the telomerase
RNA (TR). Reverse transcription past the 50 boundary of the template can cause the incorporation of noncognate nucleotides into
telomeric DNA, which can result in disruption of normal telomere function. The products synthesized by human telomerase do
not contain the nucleotide cytosine, which is encoded by an hTR residue 2 nucleotides (nt) 50 of the template boundary. We
examined dCTP incorporation by a series of telomerases reconstituted with N- and C-terminally mutated human telomerase
reverse transcriptases (hTERTs). We found that altering sequences in the N-terminal RNA interaction domain 1 (RID1) and C
terminus caused dCTP-dependent catalytic phenotypes suggestive of reverse transcription of sequences 50 of the template
boundary. A RID1 mutant that exhibited a dCTP-dependent phenotype interacted less efficiently with a human telomerase
RNA (hTR) variant in which the 50 template boundary-defining P1b element was disrupted, whereas C-terminal mutations did
not alter hTR interactions in a P1b-dependent fashion. Disruption of P1b or template linker sequences between P1b and the 50

template boundary also impaired 50 template usage in RID1 and C-terminal hTERT mutants. These observations identify
overlapping roles for hTR sequences and structures 50 of the template in regulating both 50 template boundary definition and
50 template usage, and implicate hTERT N- and C-terminal regions in 50 template usage and suppression of noncognate nu-
cleotide incorporation.
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INTRODUCTION

The telomeres of linear replicons shorten with each round
of DNA replication. In most eukaryotes, the enzyme that
counteracts telomere shortening is telomerase. The minimal
components required for reconstitution of in vitro telome-
rase activity are the template-bearing telomerase RNA
molecule (hTR in humans) and the telomerase reverse
transcriptase (hTERT in humans) (for review, see Harring-
ton 2003).

Telomerase reverse transcribes a tightly defined template
region in the telomerase RNA (TR) to synthesize the short
DNA repeat that constitutes the bulk of telomeric DNA.
The 50 boundary of the TR template is strictly regulated,
since reverse transcription past this boundary would result
in synthesis of telomere repeats containing nontelomeric

sequences. In most telomerases studied to date, 50 template
boundary definition is regulated by template-adjacent TR
stem structures and intervening template linker sequences,
which have been proposed to constrain movement of the
template in the telomerase active site; in hTR this structure
is the P1b helix (Fig. 1A; Autexier and Greider 1995; Pres-
cott and Blackburn 1997; Tzfati et al. 2000; Lai et al. 2002;
Chen and Greider 2003; Seto et al. 2003). In Saccharomyces
cerevisiae and Tetrahymena telomerases, mutation of the 50

template boundary-defining elements (H1 and Helix II,
respectively) or physical disruption or mutation of template
linker sequences also alters template usage, nucleotide addi-
tion processivity, and fidelity (Prescott and Blackburn 1997;
Lai et al. 2002; Miller and Collins 2002; Seto et al. 2003). It
is unknown whether P1b or linker sequences connecting
P1b and the template regulate similar functions in human
telomerase. The 50 template boundary-defining elements of
S. cerevisiae and Tetrahymena TRs interact with TERT, and
TERT sequences that interact with Helix II of the Tetra-
hymena TR are important for 50 template boundary defini-
tion (Miller et al. 2000; Lai et al. 2002; Seto et al. 2003; Lin
et al. 2004). The hTR pseudoknot/template domain, which
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FIGURE 1. Catalytic phenotypes of hTERT mutants in the presence of the noncognate nucleotide dCTP. (A) Schematic of the hTR
template, 50 template boundary, template linker, and P1b helix. The positions of hTR nt 38, 44, 46, and 56 are indicated. Wild-type
(WT) and 38G44U hTRs are illustrated in the upper and lower panels. Alignment of the 30 end of the DNA substrate with the template is
indicated below the schematic for wild-type hTR. The products added to this primer after cleavage (underlined italics) are indicated
below the schematics for wild-type and 38G44U hTRs (Huard and Autexier 2004). The positions of products resulting from addition of
7, 9, or 15 nt to the cleaved DNA substrate are indicated. The hTR positions directing dCTP incorporation and the sites of dCTP
incorporation in products for wild-type and 38G44U hTRs are marked by asterisks. (B) Schematic illustrating hTERT domains and
positions of mutations discussed in this study. (C ) Catalytic phenotypes of selected hTERT mutants reconstituted in RRL with wild-type
or 38G44U hTRs, and assayed in the presence (+) or absence (�) of unlabeled dCTP. The dCTP-dependent catalytic phenotypes of
these and other hTERT mutants not depicted in this figure are summarized in Table 1. The position numbers of each product are
indicated at left. Arrows indicate products at position 15 that exhibit reduced intensity in the presence of dCTP. Opening braces ({)
indicate positions at which product mobility is altered in the presence of dCTP. Asterisks indicate positions at which product intensity
is reduced when telomerase is assembled with 38G44U hTR in both the presence and absence of dCTP. (LC) Loading control. A lower
exposure is shown for the wild-type hTERT samples in lanes 1–4 to facilitate comparison of product pausing patterns. To enhance
detection of telomerase activity, the reaction and sample volumes for all C-terminal hTERT mutants and the D150–159 variant were
scaled up twofold with respect to wild-type hTERT and other mutants in this experiment and all others described in this study. The
same amount of loading control was added to each reaction, irrespective of reaction volume. (D) Catalytic phenotypes of selected
hTERT mutants reconstituted in RRL with wild-type or 38G44U hTRs and assayed in the absence of dCTP (�dCTP) or in the presence
of dCTP (+dCTP) or dideoxy CTP (+ddCTP). Since the overall activity of RID1 and C-terminal mutants was very weak compared to
wild-type telomerase, in some experiments such as the one shown here we could not always detect products longer than one telomere
repeat. The position numbers of products are indicated at left.
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contains the template and P1b helix, interacts indepen-
dently with hTERT, and the results of studies that have
mapped potential hTERT–hTR interaction sites by muta-
genesis, chemical and enzymatic footprinting, and oligonu-
cleotide competition suggest that P1b might be one site of
interaction with hTERT (Beattie et al. 2000; Mitchell and
Collins 2000; Bachand and Autexier 2001; Antal et al. 2002;
Keppler and Jarstfer 2004). However, the potential role of
P1b in hTERT interactions has not yet been examined
specifically, and no hTERT mutations that disrupt the 50

template boundary definition or P1b interactions have been
identified.

hTERT, like other TERTs, contains reverse transcriptase
(RT) motifs that are relatively well conserved with other
RTs, and are flanked by telomerase-specific N- and C-
terminal sequences (Fig. 1B; for review, see Harrington
2003). The C terminus may constitute the polymerase
thumb of TERT and is important for nucleotide addition
processivity (Peng et al. 2001; Huard et al. 2003). The
hTERT C and N termini interact physically and function-
ally, may associate with DNA substrates, and also regulate
the telomerase-specific property of repeat addition proces-
sivity (Beattie et al. 2001; Arai et al. 2002; Huard et al. 2003;
Lee et al. 2003; Moriarty et al. 2004, 2005). The hTERT N
terminus, but not the C terminus, is required for hTR
interactions (Beattie et al. 2000; Bachand and Autexier
2001; Lai et al. 2001). Two regions of the N terminus are
involved in hTR interactions, RNA interaction domains 1
and 2 (RID1 and RID2), which are separated by a noncon-
served catalytically inessential linker (Xia et al. 2000;
Armbruster et al. 2001; Moriarty et al. 2002). RID2 likely
regulates telomerase assembly, via interactions with the
P6.1 helix of the hTR CR4/CR5 domain (Lai et al. 2001;
Moriarty et al. 2004). RID1 interacts with the hTR pseudo-
knot/template domain, possibly transiently or with low
affinity, is essential for repeat addition processivity, and
contributes to anchor site-type catalytic functions (Mori-
arty et al. 2004, 2005). Similarly, yeast TERT sequences
corresponding to RID1 are important for anchor site func-
tion and repeat addition processivity, and also physically
contact the 50 end of DNA substrates (Lue 2005). A sub-
region of RID1, referred to as N-DAT (for dissociates activi-
ties of telomerase), is not required for wild-type levels of
telomerase activity in the PCR-based TRAP (telomeric
repeat amplification protocol) assay, but is important for
the specificity and affinity of telomerase-DNA interactions,
and is essential for telomere length maintenance in vivo
(Armbruster et al. 2001; Lee et al. 2003; Moriarty et al.
2005). A short C-DAT region has also been identified at
the extreme C terminus of hTERT, though C-DAT sequences
contribute to human telomerase catalytic function (Banik
et al. 2002; Huard et al. 2003; Moriarty et al. 2005).

In an effort to identify hTERT sequences that might
mediate 50 template boundary definition, we examined the
incorporation of the noncognate nucleotide dCTP by a

series of hTERT mutant telomerases. We analyzed the inter-
action of these mutants with the hTR P1b helix and inves-
tigated the potential roles of hTERT and the hTR P1b helix
and template linker sequences in template usage. Our
results implicate the hTR P1b helix and template linker
sequences, and hTERT RID1 and C-terminal sequences in
50 template usage and incorporation of noncognate nucleo-
tides specified by hTR nucleotides 50 of the template
boundary.

RESULTS

Investigation of hTERT mutants’ catalytic
phenotypes in the presence of the unlabeled
noncognate nucleotide dCTP

To determine whether hTERT was implicated in 50 template
boundary regulation, we investigated the effect of the unla-
beled noncognate nucleotide dCTP on the patterns of prod-
ucts generated by a series of rabbit reticulocyte lysate (RRL)-
reconstituted N- and C-terminal hTERT mutant telomerases
(Fig. 1). Human telomere repeats do not contain cytosine, and
the only guanosine residue near the hTR template (nt 46–56)
is located at hTR nucleotide (nt) 44 (Fig. 1A). The hTR P1b
helix was previously identified as a 50 template boundary-
regulating element in human telomerase by examining prod-
uct patterns generated by telomerase in the presence of
unlabeled dCTP (Chen and Greider 2003). We investigated
dCTP-dependent product patterns of mutant telomerases
reconstituted with either wild-type hTR or an hTR substitu-
tion variant in which the guanosine residue at position 44 is
moved to position 38, immediately adjacent to the P1b helix
(Fig. 1A: 38G44U). This substitution is catalytically silent in
the context of wild-type telomerase and has been useful in the
characterization of the P1b helix as a regulator of the 50

template boundary, as it permits unambiguous identification
of dCTP-dependent products generated by read-through past
the 50 template boundary (Chen and Greider 2003). Our study
focused on mutations in the hTERT N-terminal linker, RNA
interaction domain 1 (RID1), and C terminus, as N-terminal
hTERT RNA interaction domain 2 (RID2) variants are not
catalytically active (Fig. 1B; Moriarty et al. 2004).

Mutations in the N-terminal DAT subdomain and linker
region did not affect the pattern of products generated by
hTERTs assembled with either wild-type hTR or the
38G44U hTR variant when these telomerases were assayed
in the presence of unlabeled dCTP (Table 1, Group I
mutants; for example, see Fig. 1C: WT and D70–79 samples,
cf. lanes 1 and 2, 3 and 4, 17 and 18, and 19 and 20). In
contrast, products at positions 9 and 10 generated by the
D150–159 RID1 mutant telomerase migrated slightly faster
when assays were performed in the presence of dCTP; this
altered migration was observed when the D150–159 variant
was assembled with wild-type but not 38G44U hTR (Table
1, Group II mutant; Fig. 1C: cf. products in lanes 5 and 6
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marked by opening braces; note that the slightly decreased
mobility of comparable products in lane 8 is due to a
curve in the gel, which also affects the mobility of the
loading control and other products in this lane). Different
product mobilities at position 9 could be due to the incor-
poration of different nucleotides, as would occur if reverse
transcription continued 50 of the template (nt 44 in wild-
type and 38G44U hTRs dictates incorporation of cytosine
and adenosine residues, respectively). In the presence of
dCTP, the intensities of products at position 15 were
reduced when the activity of D150–159 hTERT and numer-
ous C-terminal mutants were reconstituted with either
wild-type or 38G44U hTR; products at this position were
visible as distinct bands in the absence of dCTP, but not in
the presence of dCTP (Table 1, Group II, III and IV
mutants; for examples, see products marked by arrows in
Fig. 1C: lanes 5–16). Altered product intensity at position
15 might be expected for hTERT variants assembled with
38G44U hTR, if these mutants reverse transcribed past the
50 template boundary and incorporated a cytosine opposite
position 38 in the telomerase RNA (Fig. 1A). A changed
product pattern at position 15 in telomerases reconstituted

with wild-type hTR (in this case dictated by hTR nt 44C)
might also reflect 50 template boundary bypass after a sec-
ond round of DNA synthesis, resulting in dCTP-dependent
products 15 nt in length, though this seemed less likely
given the extremely weak repeat addition processivity of
most of the affected hTERT mutants (Huard et al. 2003;
Moriarty et al. 2004). The impaired processivity of these
mutants might also contribute to the reduced intensity of
products at position 15, though processivity defects cannot
account for the dCTP dependence of the product pattern at
this position. dCTP-dependent changes in product patterns
could also be the result of dCTP misincorporation during
reverse transcription of the template itself. The intensities of
products shorter than 7 nt were generally reduced when
wild-type, D150–159, D936–945, or D1047–1056 telomerase
activities were assayed in the presence of dideoxy CTP
(ddCTP), perhaps as a result of competition for nucleotide
binding in the active site (Fig. 1D). However, inclusion of
ddCTP did not result in strong pauses indicative of chain
termination in the first repeat of products for either wild-
type or mutant enzymes (Fig. 1D); quantification of the
nucleotide addition processivities of wild-type and variant

TABLE 1. Summary of dCTP-dependent phenotypes of hTERT N-terminal and C-terminal mutants

Class of catalytic
phenotypea hTERT variant

Region of
mutation

Unlabeled
dCTP-dependent
changes in pattern
of products > +7b

Enhanced incorporation
of radiolabeled dCTP
at product position 9

(WT hTR)c

Enhanced overall
incorporation
of dCTPd

I WT � � �
D70–79 N-DAT � � �
D110–119 N-DAT � � �
D230–239 linker � � �
D270–279 linker � � �
D310–319 linker � � �

II D150–159 RID1 + � �
III D936–945 C terminus + + �

D963–972 C terminus + + �
D993–1002 C terminus + + �
D1020–1029 C terminus + + �
D1108–1117 C terminus + + �

IV D1047–1056 C terminus + + +
D1077–1086 C terminus + + +
D1123–1132 C terminus + + +

aGroup I: No dCTP-dependent phenotype in the presence of unlabeled or radiolabeled dCTP; Group II: dCTP-dependent phenotype in the
presence of unlabeled dCTP; phenotype in presence of radiolabeled dCTP unclear due to very weak overall incorporation; Group III: dCTP-
dependent phenotype in the presence of unlabeled or radiolabeled dCTP; radiolabeled dCTP incorporation at positions unrelated to 5’ template
boundary read-through similar to wild-type enzyme; Group IV: dCTP-dependent phenotype in the presence of unlabeled or radiolabeled dCTP;
enhanced dCTP incorporation at positions unrelated to 5’ template boundary read-through compared to wild-type enzyme.
bdCTP-dependent changes in pattern of products longer than 7 nt when assembled with wild-type or 38G44U hTR (comparison of 6dCTP
samples); (�) No dCTP-dependent change; (+) dCTP-dependent change. The dCTP-dependent phenotypes of each hTERT variant were
examined in at least two independent experiments, with similar results.
cMutants that incorporate more radiolabeled dCTP at position 9 when assembled with wild-type versus 38G44U hTR; (�) Wild-type levels of
radiolabeled dCTP incorporation; (+) enhanced radiolabeled dCTP incorporation. The dCTP-dependent phenotypes of hTERT variants were
examined in two independent experiments, with similar results.
dMutants in which incorporation of radiolabeled dCTP is enhanced compared to wild-type telomerase at product positions other than position
9. (�) Wild-type levels of radiolabeled dCTP incorporation at positions other than +9; (+) Enhanced incorporation of radiolabeled dCTP at
positions other than +9. The dCTP-dependent phenotypes of hTERT variants were examined in two independent experiments, with similar
results.
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telomerases in the presence and absence of ddCTP indi-
cated that wild-type and mutant enzyme processivities were
similarly affected by inclusion of ddCTP (data not shown).
These observations suggested that RID1 and C-terminal
variants did not incorporate significantly more ddCTP
than wild-type enzyme during reverse transcription of the
template itself. We concluded that, although numerous C-
terminal mutants exhibited altered patterns of product
intensity in the presence of the noncognate nucleotide
dCTP, this altered product pattern did not correlate well
with the predicted positions of dCTP incorporation result-
ing from 50 template boundary read-through in wild-type
and 38G44U hTRs. In contrast, the altered mobilities of
products at positions 9 and 10 generated by the D150–159
RID1 mutant reconstituted with wild-type hTR suggested
that this mutation might disrupt 50 template boundary
definition.

Characterization of radiolabeled dCTP
incorporation by hTR P1b mutants

To further characterize the potential role of hTERT in 50

template boundary definition, we directly examined the ability
of hTERT mutants to incorporate radiolabeled dCTP at posi-
tions dictated by the appropriate nucleotides in wild-type and
38G44U hTRs (Fig. 2). As positive controls for 50 template
boundary phenotypes, we generated several hTR constructs
with mutations that are known to alter 50 template boundary
definition (P1bDown, P1bUp, P1bUp/38G44U; these muta-
tions were previously described as 32–195-m1, 32–195m2,
and 32–195-m5b, respectively) (Chen and Greider 2003),
and one additional mutant whose 50 template boundary phe-
notype is predicted to resemble that of P1bUp/38G44U
(P1bDown/38G44U) (see Fig. 2A for a schematic). As pre-
viously reported, wild-type hTERT reconstituted with the
P1bUp or P1bDown mutants displayed reduced pausing at
the +8 product position when assayed in the presence of
unlabeled dCTP, dATP, dTTP, and radiolabeled dGTP (Fig.
2B, lanes 3–6; Chen and Greider 2003). Unexpectedly, neither
the P1bUp/38G44U nor the P1bDown/38G44U variant dis-
played the profoundly aberrant product pattern reported for a
similar mutation in the upper strand of the P1b helix, and
telomerase assembled with P1bUp/38G44U hTR was as active
as wild-type enzyme (Fig. 2B, lanes 7–12) (mutant 32–195-
m5b; Chen and Greider 2003). It is unclear why our data for
the P1b variants differed from the results of Chen and Greider.
One possible explanation is that the in vitro reconstitution
experiments described by Chen and Greider (2003) employed
hTRs in which all nucleotides forming the portions of the P1
helix beyond P1b were removed. In addition, these experi-
ments were performed with mixtures of hTR fragments con-
taining isolated pseudoknot/template and CR4/CR5 domains
(Chen and Greider 2003). In contrast, all of the mutations we
generated were introduced into full-length, intact hTRs, sug-
gesting that physical separation of catalytically important hTR

domains or removal of portions of the P1 helix outside P1b
might affect 50 template boundary definition or other aspects
of telomerase function.

Radiolabeled dCTP incorporation assays were performed
using P1bDown hTRs as controls (Fig. 2C). Prominent
dCTP-labeled products were observed at positions 7 and 8
for wild-type hTERT telomerases reconstituted with wild-
type, P1bDown, or P1bDown/38G44U hTRs (Fig. 2C, lanes
9–11), suggesting that some misincorporation of dCTP
occurred during reverse transcription of hTR nucleotides
45U and/or 46C or at the first position of dGTP incorpora-
tion following enzyme translocation on the template (see
Fig. 2A for a schematic of nucleotides in the template
region). However, the intensities of dCTP-labeled products
at position 9 were very weak relative to the product inten-
sities at positions 7 and 8 (Fig. 2C, see asterisks in lanes
9,10). This result was unexpected, since wild-type hTERT
reconstituted with P1bDown was predicted to specifically
incorporate dCTP at this position (encoded by hTR nt 44C
in wild-type and P1bDown hTRs), whereas wild-type
hTERT assembled with P1bDown/38G44U should exhibit
longer dCTP-labeled products (dCTP incorporation direct-
ed by hTR nt 38G). dCTP-labeled products were not
observed at the predicted position of dCTP incorporation
for P1bDown/38G44U telomerase or for any hTERT
mutants reconstituted with 38G44U hTR (Fig. 2C, position
15). The earlier report of aberrant 50 template boundary
definition in P1b mutants did not analyze dCTP incorpora-
tion using the radiolabeled dCTP method described here
(Chen and Greider 2003). We do not know if our failure to
detect significant dCTP incorporation at the appropriate
position in P1b mutant telomerase was a result of a reduced
sensitivity of our assay to 50 template boundary read-
through, to reduced affinity of telomerase for radiolabeled
dCTP at the concentration used in this assay, or to differ-
ences in the 50 template boundary definition properties of
the P1b mutant analyzed here and in the previous study.

Characterization of radiolabeled dCTP
incorporation by hTERT mutants

In contrast to our observations for the hTR P1b variant, we
found that numerous hTERT C-terminal mutants reconsti-
tuted with wild-type hTR generated a dCTP-labeled prod-
uct at position 9 that was more intense than the product at
the same position in the wild-type and P1bDown controls
assembled with wild-type hTERT (Table 1, Group III and
IV mutants; for examples, compare position 9 products in
lanes 9 and 10, indicated by asterisks, to those in lanes
16,18,20,22 in Fig. 2C). Certain hTERT variants with muta-
tions in the C-terminal half of the C terminus also incor-
porated more radiolabeled dCTP at positions above and
below position 9, suggesting that enzyme fidelity or tem-
plate usage was also affected in these variants (Table 1,
Group IV mutants; for example, in Fig. 2C cf. products
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above and below positions 7–9 in D1047–1056 and D1077–
1086 samples to the same products in D936–945, D150–159,
D110–119, and wild-type hTERT samples). Since all of the
mutants that generated a more intense product at position

9 exhibited greatly reduced activity in radiolabeled dGTP
assays compared to wild-type and P1bDown telomerases
(Fig. 1C; data not shown; Huard et al. 2003), it is unlikely
that the increased intensity of the position 9 product was

FIGURE 2. Incorporation of radiolabeled dCTP by hTR P1b and hTERT mutants. (A) Schematic of the positions in wild-type (WT), 38G44U,
P1bUp, P1bUp/38G4U, P1bDown, and P1bDown/38G44U hTRs directing incorporation of dCTP (indicated by asterisks). (B) Catalytic phenotypes
of hTR P1b mutants reconstituted in RRL with wild-type hTERT. Telomerase assays were performed with radiolabeled dGTP and unlabeled dATP
and dTTP in either the presence (+) or absence (�) of unlabeled dCTP. The position numbers of each product are indicated at left. (LC) Loading
control. (C) Upper panel: Incorporation of radiolabeled dCTP by hTR mutants assembled with wild-type hTERT and selected hTERT mutants
reconstituted with wild-type or 38G44U hTRs. The radiolabeled dCTP incorporation profiles of these and other hTERT mutants not depicted in this
figure are summarized in Table 1. The position numbers of each product are indicated at left. Positions at which dCTP should be incorporated
following 50 template boundary read-through in hTERTs assembled with wild-type hTR (position 9) are marked by asterisks. Products whose
mobilities were altered when hTERT mutants were reconstituted with wild-type or 38G44U hTRs are indicated by arrows. Telomerase assays
performed with a catalytically inactive hTERT RT mutant (D868N) and radiolabeled dCTP indicated that some nonspecific dCTP incorporation
occurred at product position 4 (lanes 7,8); nonspecific product patterns generated by D868N telomerase were similar to those observed for hTERT
alone (data not shown). This might have been the result of a nonspecific terminal transferase-type activity in RRL, since a product of this size would
result if a single labeled nucleotide were added to uncleaved input primer (position indicated by the label ‘‘input primer +1’’). Control reactions
performed with radiolabeled dGTP in the presence (+) or absence (�) of unlabeled dCTP are shown in the first six lanes. A lower exposure of wild-
type hTERT samples from lanes 1 and 2 is shown at left to facilitate comparison of product pausing patterns. All reactions were performed in the same
experiment and products were electrophoretically separated on the same gel. Lower panel: (LC) loading control. A longer exposure is shown because
of weak LC signal in this experiment.
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attributable to enhanced telomerase activity. All of the C-
terminal mutants that displayed a more prominent dCTP-
labeled product at position 9 also generated a dCTP-depen-
dent product pattern when telomerase activity was tested in
the presence of unlabeled dCTP and radiolabeled dGTP
(Table 1, Group III and IV mutants; Fig. 1C), supporting
the possibility that radiolabeled dCTP incorporation at this
position reflected read-through past the 50 template bound-
ary. The intensities of products at position 9 generated by
wild-type hTERT reconstituted with wild-type or P1bDown
hTR and N-DAT hTERT mutant telomerases assembled
with wild-type hTR (D70–79 and D110–119) were similar
(Fig. 2C, see products marked by asterisks in lanes 9,10,12;
Table 1, Group I mutants). Since these N-DAT variants did
not exhibit an altered pausing pattern in the presence of
unlabeled dCTP (Fig. 1C; Table 1, Group I mutants), we
concluded that N-DAT hTERT mutations likely did not
impair 50 template boundary definition and did not other-
wise enhance the incorporation of dCTP in products. The
overall levels of radiolabeled dCTP incorporated at all posi-
tions by a RID1 mutant (D150–159) reconstituted with
wild-type hTR were very weak compared to wild-type
enzyme and other variants (Fig. 2C, lane 14). It is possible
that reduced dCTP incorporation was due to the generally
weak activity of this enzyme, since, like the C-terminal
mutants, this RID1 variant exhibited a dCTP-dependent
altered pausing pattern when its activity was assayed in
the presence of unlabeled dCTP (Fig. 1C). However, many
C-terminal mutants were as weakly active as the D150–159
variant (Fig. 1C, cf. D150–159 and D936–945), suggesting
that reduced activity might not be responsible for its low
levels of dCTP incorporation. dCTP-labeled products were
also visible at position 9 for RID1 and C-terminal mutants
reconstituted with 38G44U hTR (Fig. 2C, see products
marked by upper arrows). The mobilities of these products
were altered compared to the corresponding products in
wild-type hTR samples, implying that the nucleotides
incorporated at this position were different for telomerases
reconstituted with wild-type and 38G44U hTRs (wild-type
and 38G44U hTRs, respectively, encode C and A at this
position) (Fig. 2C, cf. products marked by upper arrows in
lanes 14–15, 18–19, 20–21, and 22–23). Collectively, these
observations suggested that the D150–159 and C-terminal
hTERT mutations might result in enhanced incorporation
of dCTP at positions specified by hTR sequences 50 of the
template.

hTR P1b and template linker sequences
regulate 50 template usage in RID1 and C-terminal
hTERT mutants

We also noticed that the mobilities of the dCTP-labeled
products at position 8 were slightly altered for the D150–
159 mutant and all C-terminal variants, but not for N-DAT
mutants or wild-type hTERT enzymes (for example, see

products marked by lower arrows in Fig. 2C), suggesting
that different nucleotides were also incorporated at this
position by hTERT variants assembled with wild-type or
38G44U hTRs. Furthermore, assembly of D150–159 hTERT
with the 38G44U variant generated an enzyme that exhib-
ited reduced pausing in dGTP labeling assays at the position
corresponding to the last G incorporated before the 50

template boundary (Fig. 1C, cf. position 7 products marked
by asterisks in lanes 7,8 and those in lanes 5,6). The altered
pausing at position 7 in this hTERT mutant’s products was
similar in the presence and absence of unlabeled dCTP,
implying that reconstitution with the 38G44U variant
affected reverse transcription at the 50 end of the template
in a fashion that was not dependent on 50 template bound-
ary read-through.

Since we found that the 38G44U substitution affected
reverse transcription of the 50 end of the template in the
D150–159 variant in a dCTP-independent fashion (Fig.
1C), we decided to investigate the possible role of template
linker sequences and the P1b helix in template usage by
human telomerase. A subset of mutant hTERTs and wild-
type hTERT were expressed in RRL in the presence of hTRs
with mutations that altered the sequences of the upper and
lower strands of the P1b helix (P1bUp and P1bDown,
respectively), and the linker sequences between the P1b
helix and the 50 template boundary (38–45m) (Fig. 3A). A
compensatory mutation that altered the sequences of the
upper and lower P1b strands but restored base-pairing
potential was also constructed (Fig. 3A, P1bComp). hTR
variants were assembled with hTERTs bearing mutations in
RID1 and at two different positions in the C terminus
(D150–159, D936–945, and D1047–1056). These hTERT
mutants were chosen because they displayed different
types of catalytic defects. The D150–159 and D1047–1056
variants exhibited defects in repeat addition processivity
but not nucleotide addition processivity when assembled
with wild-type hTR (Fig. 3B,C; Huard et al. 2003; Moriarty
et al. 2004). In contrast, nucleotide addition processivity
was impaired in the D936–945 mutant reconstituted with
wild-type hTR (Fig. 3B,C; Huard et al. 2003). Like a num-
ber of other C-terminal mutants, but not D936–945, the
D1047–1056 variant also exhibited enhanced overall incor-
poration of radiolabeled dCTP compared to RID1 mutants
and wild-type hTERT (Fig. 2C). The activities of reconstituted
telomerases were examined in the absence of dCTP, to reduce
the potential contributions of 50 template boundary read-
through and dCTP incorporation to catalytic phenotypes.

Coexpression of wild-type hTERT with the 38–45m,
P1bDown, P1bUp, or P1bComp hTR mutants generated
telomerases with a reduced overall activity compared to
wild-type hTR (Fig. 3B, lanes 2–6). We quantified the
nucleotide addition processivities at each position of the
template to permit comparison of the pausing patterns
within the first repeat generated by wild-type hTR and
variants that generated different levels of overall activity
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FIGURE 3. hTR P1b and template linker sequences regulate 50 template usage in RID1 and C-terminal hTERT mutants. (A) Schematic
illustrating substitutions (underlined italicized text) introduced into the indicated hTR mutants. (B) Catalytic phenotypes of hTERT
mutants reconstituted with wild-type (WT) hTR and variants and assayed in the absence of dCTP. Asterisks indicate template positions
that are reverse transcribed less efficiently when D150–159 hTERT is assembled with hTR variants (see C ). The position numbers of each
product are indicated at right of the panel. (LC) Loading control. (C ) Nucleotide addition processivities of wild-type hTERT and mutants
(as indicated by graph titles) assembled with wild-type hTR and variants (identified in keys), as calculated at each product position. No
processivity values are provided for position 7, because position 6 values reflect the processivity between the sixth and seventh product
positions (that is, between the last 2 nt reverse transcribed before the 50 template boundary). The processivity values of each hTERT
mutant assembled with wild-type hTR and variants were expressed as a percentage of the processivity values of wild-type hTERT
reconstituted with the same hTR (for example, the processivity of D150–159 hTERT assembled with 38–45m hTR was expressed relative
to the processivity of wild-type hTERT reconstituted with 38–45m hTR). The average of these relative values from two independent
experiments is graphically depicted. Asterisks indicate positions at which the mean processivity values for hTERT reconstituted with an
hTR variant differed significantly (r < 0.05) from the mean processivity value at the same position for the same hTERT assembled with
wild-type hTR.
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(Fig. 3C; Peng et al. 2001). None of the hTR mutations
examined reduced the processivity of wild-type hTERT
within the first repeat, though the P1bDown, P1bUp, and
P1bComp mutations caused a small but significant increase
in nucleotide addition processivity at the 50 end of the
template compared to wild-type hTR (r < 0.05) (Fig. 3C).
In contrast, D150–159 hTERT reverse transcribed the last
few nucleotides of the template very inefficiently when
reconstituted with hTRs 38–45m, P1bDown, and P1bUp
(Fig. 3B, lanes 7–10, see products at positions marked by
asterisks; Fig. 3C). These observations implied that both the
P1b helix and template linker sequences influenced 50 tem-
plate usage in this mutant. Reconstitution of D150–159
telomerase with the P1bComp variant only slightly en-
hanced reverse transcription of the last few nucleotides
(Fig. 3B, lane 11; Fig. 3C), indicating that both the sequence
and structure of the P1b helix affected 50 template usage. All
D936–945 telomerases, including those assembled with
wild-type hTR, displayed impaired nucleotide addition pro-
cessivity at 50 positions in the template compared to wild-
type hTERT; however, statistically significant differences
between wild-type hTR and variants were observed only
for the P1bDown mutant (Fig. 3C). The D1047–1056 telo-
merases reconstituted with hTR variants also reverse tran-
scribed the last few nucleotides of the template less effi-
ciently than the same hTERT variant reconstituted with
wild-type hTR, but this defect was less pronounced than
the 50 template usage impairment of D150–159 telomerases
(Fig. 3B,C). Together these observations indicated that
sequences in the P1b helix and sequences linking the 50

template boundary and P1b helix could influence 50 tem-
plate usage.

Examination of hTERT–hTR interactions in
mutant telomerases with altered 50 template usage
phenotypes

To determine whether altered 50 template usage and incor-
poration of the noncognate nucleotide dCTP were attrib-
utable to altered hTERT–hTR interactions, we investigated
the in vitro interactions of a subset of hTR variants with
wild-type hTERT and hTERT mutants that exhibited these
catalytic phenotypes (Fig. 4). Using a competitive, quanti-
tative RNA-binding method, we found that wild-type
hTERT associated equally well with wild-type hTR and the
P1bDown and 38–45m variants, implying that these hTR
regions are not involved in hTERT interactions or that such
interactions could not be detected by this RNA-binding
technique (Fig. 4B). However, all hTERT mutants exhibited
altered hTR interactions compared to wild-type hTERT
(Fig. 4B). The C-terminal D936–945 mutant that displayed
reduced nucleotide addition processivity when reconsti-
tuted with either wild-type hTR or variants (Fig. 3) consis-
tently associated more efficiently with all hTRs than wild-
type hTERT (Fig. 4B, 25% greater competition efficiency at

lowest concentration of competitors). As for wild-type
hTERT, hTR interactions with this C-terminal hTERT var-
iant were identical in the presence of all competitors (Fig.
4B), suggesting that hTERT residues 936–945 did not affect
hTR association in a P1b-dependent fashion. hTERT
mutants D150–159 and D1047–1056 exhibited a more vari-
able association with the P1bDown and 38–45m hTRs than
wild-type hTERT, especially at lower concentrations of
competitor (Fig. 4B, compare WT, D150–159, and D1047–
1056 error bars and distances between data points for WT,
P1bDown, and 38–45m hTRs). This suggested that their

FIGURE 4. (Legend on next page)
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interactions with hTR variants might be less stable. How-
ever, in most cases differences in hTERT-hTR association
values were not statistically significant. The only exception
was the D150–159 mutant, which displayed significantly
reduced interactions with the P1bDown hTR compared to
wild-type hTR (Fig. 4B). The D150–159 hTERT variant
exhibited more pronounced impairment of 50 template
usage and processivity when reconstituted with the P1b
and 38–45m mutants compared to D1047–1056 (Fig. 3).
This observation suggested the possibility that smaller P1b
association defects that were not detectable in these assays
might also be present in the less-affected D1047–1056
mutant. However, the D150–159 mutant did not display
significant defects in association with hTR 38–45m (Fig.
4B). Thus, these data did not support a general correlation
between hTERT–hTR interactions and 50 template usage
and processivity phenotypes in the D150–159 and D1047–
1056 mutants reconstituted with P1bDown and 38–45m
variants.

DISCUSSION

Our initial aim was to investigate hTERT sequences that
might be involved in 50 template boundary regulation in
human telomerase. We identified mutations in the hTERT
RID1 domain and C terminus that resulted in dCTP-
dependent catalytic phenotypes (Table 1; Figs. 1, 2). A
number of RID1 and C-terminal mutations also affected
efficient reverse transcription of the 50 end of the template
when hTERT variants were reconstituted with hTRs con-
taining substitutions in the P1b helix and template-linking
sequences (Fig. 3). These observations are consistent with
previous studies of S. cerevisiae and Tetrahymena TRs,
which found that 50 template boundary-defining elements
and template-linking sequences also regulate template usage

and processivity (Prescott and Blackburn 1997; Lai et al.
2002; Miller and Collins 2002; Seto et al. 2003). The Tetra-
hymena-specific TERT CP2 motif that regulates 50 tem-
plate-boundary definition through interactions with the 50

template boundary-regulating element of the TR is also
important for template usage, though CP2 regulates reverse
transcription of the 30 end of the template (Miller et al.
2000). Interestingly, the CP2 motif is located close to the
Tetrahymena TERT sequences that correspond to hTERT
RID1 (Miller et al. 2000; Xia et al. 2000; Moriarty et al.
2002). Our observation that the hTERT C terminus is
important for 50 template usage is similar to the results of
previous studies indicating that the C terminus of Tetra-
hymena and S. cerevisiae TERTs regulates 50 template usage
and nucleotide addition processivity, respectively, though it
is unknown whether the C terminus is important for sup-
pressing incorporation of noncognate nucleotides in these
enzymes (Miller et al. 2000; Peng et al. 2001; Hossain et al.
2002). Similarly, it is not known whether yeast and ciliate
TERT sequences that correspond to hTERT RID1 function
in template usage or 50 template boundary definition.

P1b, hTERT RID1, and hTERT C-terminal functions
in the context of the wild-type enzyme

dCTP-dependent catalytic phenotypes suggestive of 50 tem-
plate boundary bypass were observed for a P1b mutant
assembled with wild-type hTERT (using unlabeled dCTP)
and for RID1 and C-terminal variants reconstituted with
wild-type hTR (Figs. 1, 2). However, the impaired 50 tem-
plate usage and processivity defects of certain RID1 and C-
terminal mutants reconstituted with different P1b and tem-
plate linker variants were not observed when wild-type
hTERT was assembled with P1b and template linker
mutants, nor when certain hTERT variants were reconsti-
tuted with wild-type hTR (Fig. 3). In contrast, wild-type
hTERT assembled with P1b variants demonstrated in-
creased nucleotide addition processivity at the 50 end of
the template (Fig. 3). The latter observation is consistent
with the hypothesis that 50 template boundary-regulating
elements such as P1b constrain the movement of the tem-
plate in the active site and with the results of a previous
report indicating that disruption of the 50 boundary-defin-
ing helix in the S. cerevisiae TR enhances processivity (Chen
and Greider 2003; Seto et al. 2003). Thus, our finding that
some RID1 and C-terminal hTERT mutations impair
reverse transcription of the 50 end of the template when
P1b is disrupted suggests that RID1 and the C terminus
may contribute to the enhanced 50 template processivity of
wild-type hTERT assembled with P1b mutants. RID1 and
C-terminal sequences might promote processivity by
unwinding the RNA/DNA duplex formed during reverse
transcription, by regulating the movement of the P1b helix,
template, or DNA substrate with respect to one another, by
modulating the conformation or function of other parts of

FIGURE 4. hTERT-hTR interactions in mutant telomerases with
altered 50 template usage phenotypes. (A) Representative immuno-
precipitation-based competitive hTR–hTERT interaction assays per-
formed with wild-type (WT) hTERT and the D150–159 hTERT
mutant. The positions of hTR and hTERT are indicated at the right
of each panel. Increasing concentrations of the indicated unlabeled
hTRs (lanes 3–11) were added to RRL reconstitution mixtures con-
taining identical amounts of 32P-labeled wild-type hTR. This approach
ensured that each sample contained exactly the same amount of
labeled input hTR and eliminated the large experimental variation
that we frequently observed when different hTR variants were individ-
ually labeled and immunoprecipitated in the absence of competitors
(data not shown). Immunoprecipitations were performed with an
antibody against hTERT. Control reactions performed in the absence
of competitor (N.C.) and hTERT are shown in lanes 1 and 2. (B)
Quantification of the percent labeled wild-type hTR bound after
reconstitution and immunoprecipitation in the presence of increasing
concentrations of unlabeled competitors (identified in keys). The
wild-type hTR signal intensities for competition samples were
expressed as a percentage of the wild-type hTR signal in control
reactions performed in the absence of competitor (100%).
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hTR, or by promoting the affinity of telomerase for DNA
primer and oligonucleotide substrates.

Role of hTERT–hTR interactions in 50 template
boundary definition and 50 template usage

We showed previously that RID1 interacts with the hTR
pseudoknot/template domain (Moriarty et al. 2004), and
the results presented here imply that one of the sites of
RID1-pseudoknot/template domain interactions may be
the P1b helix (Fig. 4). This suggests that the dCTP-depen-
dent catalytic phenotype and pronounced 50 template usage
defect of the RID1 mutant might partly be due to altered
interactions with the 50 template boundary-regulating P1b
helix. In Tetrahymena telomerase, the 50 template bound-
ary-regulating TR element interacts with a TERT RNA-
binding domain that contains sequences corresponding to
the hTERT RID2 and linker, as well as a Tetrahymena-
specific motif adjacent to sequences that correspond to
hTERT RID1 (Lai et al. 2001; O’Connor et al. 2005).
These data suggest that TERT interactions with 50 template
boundary-defining elements in Tetrahymena and human
telomerases may be quite different. The catalytic functions
of the RID1 region in Tetrahymena and human telomerases
may also be distinct, as deletion of hTERT RID1 eliminates
repeat addition processivity, but not basic catalytic func-
tion, whereas deletion of tTERT sequences corresponding
to hTERT RID1 entirely abolishes catalytic activity (Lai et
al. 2001; Moriarty et al. 2004).

In contrast, our data implied that the hTERT C terminus
regulates 50 template usage and reverse transcription of hTR
sequences 50 of the template by mechanisms other than
direct interaction with P1b (Fig. 4). Interestingly, the C-
terminal mutant (D936–945) that exhibited reduced
nucleotide addition processivity when assembled with
either wild-type hTR or variants also associated more effi-
ciently with all hTRs examined, suggesting the possibility
that the generalized processivity defect of this mutant might
be the result of enhanced affinity for hTR (Figs. 3, 4). This
observation is consistent with the results of an earlier study
in which hTERT C-terminal truncation mutants were
found to associate more efficiently with hTR than full-
length hTERT (Beattie et al. 2000). The S. cerevisiae TERT
C terminus has also been implicated in interactions with the
TR and RNA/DNA hybrids (Hossain et al. 2002). Since the
hTERT C terminus interacts with RID1 in vitro and influ-
ences many of the same catalytic properties as RID1 (for
example, repeat addition processivity, affinity for DNA
substrates, and 50 template usage) (Huard et al. 2003; Lee
et al. 2003; Moriarty et al. 2004, 2005; this study), one
possibility is that it indirectly influences P1b function by
modulating the activity or conformation of RID1; this
hypothesis is supported by previous observations that the
hTERT C terminus can function in trans with respect to
RID1 in complementation assays (Beattie et al. 2001;

Moriarty et al. 2004). As the hTR interaction and catalytic
phenotypes of the D936–945 and D1047–1056 C-terminal
mutants were distinct from each other, not all regions of the
C terminus might be involved in such allosteric regulation.
The C terminus could also directly or indirectly alter the
mobile association of hTERT with hTR by influencing the
conformation or dimerization state of the hTR pseudoknot,
which has been proposed as the site of a molecular switch
that regulates some of the unique aspects of telomerase
catalytic function (Comolli et al. 2002; Ly et al. 2003;
Theimer et al. 2003, 2005; Moriarty et al. 2004).

We also found that an hTR template linker substitution
that altered 50 template usage and processivity when
assembled with hTERT RID1 and C-terminal mutants did
not affect interactions with wild-type or mutant hTERTs
(Fig. 4). This observation implied that factors other than
direct hTERT interactions with linker sequences may affect
their ability to regulate these catalytic functions. Since the
length of the template linker was not altered in either the
38G44U or 38–45m linker variants examined in this study,
we concluded that the function of this region is likely both
sequence and length dependent (Chen and Greider 2003;
this study). This conclusion suggested that sequence-spe-
cific association of linker sequences with other hTR regions
such as the P6.1 helix (Ueda and Roberts 2004) or other
hTR molecules might affect the catalytic role of template
linker sequences when the functions of the hTERT C ter-
minus and RID1 are impaired.

Do RID1 and the C terminus regulate 50

template boundary definition?

We found that the hTR P1bDown mutant and a RID1
hTERT variant exhibited altered product patterns at posi-
tions dictated by 50 template boundary read-through when
telomerase activity was examined in the presence of unla-
beled dCTP, whereas the dCTP-dependent product patterns
generated by C-terminal mutants under the same condi-
tions were more difficult to interpret (Figs. 1, 2); it is
possible that the complexity of these product patterns
might have been the result of altered template usage. In
contrast, incorporation of radiolabeled dCTP at positions
corresponding to 50 template boundary read-through was
more readily detected for C-terminal variants than for the
RID1 mutant or wild-type hTERT reconstituted with
P1bDown hTR (Fig. 2; Table 1). Our observations suggest
that interaction of RID1 with P1b might contribute to 50

template boundary definition, perhaps by sterically hinder-
ing read-through past the 50 template boundary. However,
this model may not be true for the C terminus, which did
not influence hTR interactions in a P1b-dependent fashion.
One interesting alternative hypothesis is that the C termi-
nus does not regulate 50 template boundary definition per
se, but could instead regulate the removal of noncognate
nucleotides incorporated as a result of 50 template bound-
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ary bypass. A template-dependent nuclease activity that
removes nucleotides from DNA substrates is tightly asso-
ciated with human and other telomerases, though the cat-
alytic site of nuclease function has not yet been identified in
any telomerase component (Huard and Autexier 2004;
Oulton and Harrington 2004). Impairment of a potential
hTERT-dependent proofreading activity might explain why
the weakly active C-terminal mutants incorporated signifi-
cantly more radiolabeled dCTP at positions directed by
hTR sequences 50 of the template compared to wild-type,
P1bDown, and RID1 mutant telomerases. If wild-type
hTERT efficiently removes noncognate nucleotides from
products, then the apparent failure of P1b mutants to
incorporate significant amount of radiolabeled dCTP
might have resulted from removal of this nucleotide by an
hTERT-dependent proofreading function. In contrast, in
assays performed with radiolabeled dGTP and high con-
centrations of unlabeled dCTP, removal of incorporated
dCTP residues may have been less efficient, resulting in the
dCTP-dependent pausing phenotype observed here and pre-
viously for the P1b mutant (Chen and Greider 2003).

Conclusions

Our results implicate the hTR P1b helix and template linker
sequences, and hTERT RID1 and C-terminal sequences in 50

template usage and incorporation of noncognate nucleotides
specified by hTR nucleotides 50 of the template boundary.
Although RID1may contribute to 50 template boundary defi-
nition and 50 template usage through interactionswith the P1b
helix, the roles of the hTERT C terminus and template linker
sequences in these catalytic functions remain unclear.

MATERIALS AND METHODS

Plasmid construction

All pet-hTERT constructs used in this study for in vitro reconsti-
tution of human telomerase were described previously (Bachand
and Autexier 1999; Moriarty et al. 2002; Huard et al. 2003). The
construction of the phTR + 1 plasmid used to generate in vitro
transcribed hTR has been described (Autexier et al. 1996). Plas-
mids for expression of hTR substitution mutants described in this
study (38G44U, 38–45m, P1bDown, P1bUp, P1bComp, P1bDown/
38G44U, P1bUp/38G44U) were generated by site-directed mutagen-
esis of phTR + 1. All hTR constructs were confirmed by sequencing.

Telomerase reconstitution by in vitro
transcription/translation

Reconstitution in rabbit reticulocyte lysates (RRL) (Promega) was
performed as described (Moriarty et al. 2002).

Direct primer extension telomerase assays

Direct primer extension assays were performed as described, using
2.5 mM biotinylated (TTAGGG)3 DNA primer (Huard et al. 2003).

Radiolabeled dGTP assays were performed using 1 mM unlabeled
dATP, dTTP, and dCTP or ddCTP (where applicable), 2.5 mM
unlabeled dGTP, and 1.25 mM 800 Ci/mmol a32P dGTP (ICN/MP
Biomedical). Radiolabeled dCTP assays were performed using 1 mM
unlabeled dATP, dGTP, and dTTP and 0.33 mM 3000 Ci/mmol
a32P dCTP (ICN/MP Biomedical). All direct primer extension
assays performed with D150–159 and C-terminal hTERT mutants
were scaled up twofold with respect to wild-type hTERT, DAT
mutant, and linker mutant samples to facilitate detection of signal.

Quantification of nucleotide addition processivity

Nucleotide addition processivity was quantified as described (Peng et
al. 2001) and was calculated only for the first repeat of telomerase
products. Statistical significance calculations were performed using a
two-tailed paired Student’s t-test to detect differences between the
means of wild-type and mutant samples (Excel). Standard error
values and graphical plotting of values were performed using Graph-
Pad Prism. Experiments in which nucleotide addition processivity
values were calculated were performed independently at least twice.

In vitro RNA binding competition assays

RNA binding assays were performed as described (Moriarty et al.
2004), except that 5.4 mg/mL ahTERT antibody (Moriarty et al.
2002) were used. Unlabeled hTR competitors (3 ng, 30 ng, or 300
ng) were added to reconstitution mixtures simultaneously with
32P-labeled wild-type hTR. hTR binding efficiency was quantified
as previously described (Moriarty et al. 2002), calculations of
statistical significance in a two-tailed paired Student’s t-test and
standard error values were performed using Excel and GraphPad
Prism, respectively, and graphical plotting of values was per-
formed using GraphPad Prism. Experiments in which hTR bind-
ing was quantified were repeated at least three times.
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