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Telomerase reverse transcribes short guanine (G)-rich DNA repeat
sequences from its internal RNA template to maintain telomere
length. G-rich telomere DNA repeats readily fold into G-quadruplex
(GQ) structures in vitro, and the presence of GQ-prone sequences
throughout the genome introduces challenges to replication in vivo.
Using a combination of ensemble and single-molecule telomerase
assays, we discovered that GQ folding of the nascent DNA product
during processive addition of multiple telomere repeats modulates
the kinetics of telomerase catalysis and dissociation. Telomerase
reactions performedwith telomere DNA primers of varying sequence
or using GQ-stabilizing K+ versus GQ-destabilizing Li+ salts yielded
changes in DNA product profiles consistent with formation of GQ
structures within the telomerase–DNA complex. Addition of the telo-
merase processivity factor POT1–TPP1 altered the DNA product pro-
file, but was not sufficient to recover full activity in the presence of
Li+ cations. This result suggests GQ folding synergizes with POT1–
TPP1 to support telomerase function. Single-molecule Förster reso-
nance energy transfer experiments reveal complex DNA structural
dynamics during real-time catalysis in the presence of K+ but not
Li+, supporting the notion of nascent product folding within the
active telomerase complex. To explain the observed distributions
of telomere products, we globally fit telomerase time-series data
to a kinetic model that converges to a set of rate constants describing
each successive telomere repeat addition cycle. Our results highlight
the potential influence of the intrinsic folding properties of telomere
DNA during telomerase catalysis, and provide a detailed character-
ization of GQ modulation of polymerase function.

telomerase | telomere | G quadruplex | DNA structure | POT1–TPP1

Telomeres safeguard the ends of chromosomes from illicit
DNA processing events that would otherwise threaten ge-

nome stability (1, 2). The foundation of telomere structure
consists of short guanine (G)-rich DNA sequence repeats. The
majority of mammalian telomeric DNA is double-stranded and
can be up to several kilobases in length, whereas telomere ends
are processed to terminate with a 3′ single-stranded G-rich
overhang (∼50 to 500 nt in length) (3, 4). Repetitive G-rich
DNA sequences are not unique to telomeres, and are found
throughout the human genome (5). These G-rich repeats have
the capacity to fold into G-quadruplex (GQ) structures com-
posed of multiple Hoogsteen-bonded G-quartet motifs that stack
together to yield stable DNA folds (6, 7). GQ folding has been
implicated in a variety of biological processes. For example,
replication of GQ-prone sequences is problematic, and requires
contributions from specific DNA helicase enzymes to avoid
replication-coupled DNA damage (8–10). Sequences with GQ-
folding potential are enriched within promoter sequences of
oncogenes, where they are thought to regulate gene expression
(11). Finally, recent evidence suggests GQ folds can form in vivo
in a spatially and temporally regulated manner (12–14). Thus,
small molecules that bind and stabilize GQ folds hold promise as
novel cancer drugs, motivating efforts to better understand how
GQ structure can modulate enzyme function.

Telomerase is an RNA-dependent DNA polymerase that is
uniquely adapted to synthesizing G-rich repetitive DNA se-
quences (15, 16). Telomerase activity combats gradual telomere
shortening that occurs with each round of cellular division (17).
While telomere shortening induces senescence or cell death in
somatic tissues, highly proliferative cells such as stem cells rely
upon telomerase activity to maintain telomeres to support con-
tinued rounds of cell division (15). Genetically inherited hypo-
morphic mutations in telomerase subunits cause human
disorders characterized by deterioration of proliferative tissue
types (18–21). In contrast, telomerase overexpression contributes
to the immortal phenotype of ∼90% of human cancers, and is
therefore an important target for development of novel cancer
therapies (22).
Telomerase is a ribonucleoprotein (RNP) complex that in-

cludes the long noncoding telomerase RNA (TR) and the catalytic
telomerase reverse transcriptase (TERT) protein subunit (23, 24).
To initiate telomerase catalysis, the 3′ ssDNA telomeric tail base
pairs with the TR template, forming a short RNA–DNA hybrid
that is extended in the TERT active site (Fig. 1A). TERT utilizes a
limited region of TR to direct synthesis of a defined telomere
DNA repeat sequence (5′-GGTTAG-3′ in humans) with an as-
sociated rate constant, kpol (Fig. 1A). A unique property of telo-
merase is the ability to translocate on the DNA product (ktrans) to
recycle the integral TR template during processive addition of
multiple telomere repeats before dissociation from the DNA
product (koff) (Fig. 1A) (25). This repeat-addition processivity
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(RAP) implicitly requires multiple points of contact between
telomerase and its DNA substrate, a notion that is consistent with
data from a variety of telomerase systems identifying “anchor-site”
DNA interactions. Anchor-site interactions have been attributed
to the TERT essential N-terminal (TEN) domain (26–31), a
specific DNA-retention site near the TERT active site (32), as
well as elements of the TR subunit itself (26–31, 33). Although the
minimal telomerase RNP exhibits RAP, components of the
telomere-associated shelterin complex can further enhance en-
zyme processivity. Specifically, the protection of telomeres 1
(POT1) protein binds to single-stranded telomeric DNA and to-
gether with its heterodimeric binding partner, telomere protection
protein 1 (TPP1), is sufficient to enhance telomerase processivity
in vitro (34). POT1–TPP1 is further required for telomerase re-
cruitment to telomeres in vivo (35).
Model telomere DNA substrates harboring integer multiples

of four consecutive telomere repeats are inefficient binding
substrates for telomerase in vitro, while DNA primers with five,
six, or seven consecutive repeats are efficiently bound and ex-
tended (36). Thus, while GQ structures can inhibit telomerase
association (36, 37), the presence of a small single-stranded
DNA overhang in the substrate appears sufficient to recover
telomerase loading and function. While these previous findings

illuminate DNA sequence determinants that mediate the initial
binding of telomerase to its substrate, there remained an un-
tested possibility that GQ structure may influence the behavior
of an actively extending human telomerase–DNA complex, as
was suggested by early studies of telomerase (38–40). Notably,
the POT1–TPP1 heterodimer that decorates the G overhang of
human telomeres resolves GQ structures in vitro through
sequence-specific binding of the two POT1 oligonucleotide-
binding (OB) fold domains (41–43). However, it remains un-
clear if POT1–TPP1 rapidly binds to newly synthesized DNA
repeats to efficiently prevent the formation of GQs, or if POT1–
TPP1 resolves GQs that form within the telomerase–telomere
complex.
To study the relationship between DNA structure and human

telomerase catalysis, we performed direct primer-extension as-
says using dNTP concentrations similar to those found in the
cellular environment (44). Our experiments reveal a complex
pattern of telomerase DNA product accumulation that indicates
the efficiency of template recycling is dependent upon the
number of synthesized repeats. Experiments using telomere
DNA primers of varying sequence and salt conditions support
the notion that a GQ can form within the telomerase–DNA
complex. The addition of the POT1–TPP1 processivity factor
alters the telomerase product profile but does not rescue full
DNA-synthesis rates under GQ-destabilizing conditions. To es-
timate individual rate constants for successive repeat addition
cycles, we performed global kinetic modeling of telomerase time-
series data. Interestingly, our model converges to a unique solution
of rate constants that provides a direct measure of processivity for
each cycle of telomere repeat addition. Single-molecule Förster
resonance energy transfer (smFRET) experiments reveal DNA
structural dynamics during telomerase catalysis, supporting
the notion that telomere DNA GQ folding modulates enzyme
function. We present a working mechanistic model that pro-
vides a framework for understanding the delicate interplay
of telomere DNA product folding and POT1–TPP1 during
telomerase catalysis.

Results
Telomerase Product Distribution Is Sensitive to dNTP Concentrations
and Stoichiometry.When measuring telomerase activity in vitro, it
is common to employ direct primer-extension assays in the
presence of [α32P]dGTP. This approach permits reactions to be
performed with a large excess of unlabeled DNA substrate,
benefits from very high sensitivity of product detection, and
circumvents PCR-induced artifacts inherent to the telomere repeat
amplification protocol assay. However, the use of [α32P]dGTP
incorporation to detect product accumulation limits the amount
of total dGTP that can be used in the assay, leading to the widely
reported practice of using nonphysiological dNTP stoichiometry
that has the potential to substantially alter the telomerase
product distribution (40, 45). To circumvent this problem, we
used 5′ radiolabeled DNA primers and cold dNTPs to monitor
telomerase activity (Fig. 1B). For most experiments conducted in
the present study, telomerase was reconstituted in vitro using a
previously reported two-piece RNA strategy [human (h)TR 32 to
195 and hTR 239 to 328] in commercially available rabbit re-
ticulocyte lysates (RRLs) (46, 47). The primary motivation for
utilizing enzyme prepared in this manner is to facilitate direct
comparison of biochemical data with results from single-
molecule experiments, which require the use of the two-piece
RNA system to permit site-specific modification of hTR (48)
(see Methods below). Importantly, enzymes prepared in RRL
with the two-piece RNA approach exhibit catalytic properties
that are comparable to telomerase enzyme assembled with full-
length hTR in HEK293T cells (SI Appendix, Fig. S1). We com-
pared the results using 5′ end-labeled primers with standard
assays performed with [α32P]dGTP using identical dNTP and
primer concentrations (SI Appendix, Fig. S2). Although the re-
action profiles are qualitatively distinct, we observed quantita-
tively similar product distributions for the two approaches when

Fig. 1. Human telomerase function. (A) Telomerase catalytic cycle. TERT
and TR are shown simplified in gray and red, respectively. The telomere
DNA is shown in blue and the telomerase anchor site is schematically
represented by an anchor symbol. koff and kon represent the rate con-
stants for dissociation from and annealing to the telomere, respectively.
The rate constant for nucleotide addition during repeat synthesis is rep-
resented by kpol, and the translocation rate constant after the completion
of each repeat is represented by ktrans. The rate constants governing
nucleotide addition and translocation together define repeat-addition
processivity. (B) Telomerase primer-extension assay with 50 nM 32P end-
labeled (TTAGGG)3 primer. Nucleotide concentrations are indicated
above the gel, and repeats added to the (TTAGGG)3 primer are indicated
on the left. The R1/2 values are shown at the bottom of the gel. (C )
Normalized gel band intensity (B) plotted as a function of repeat number.
(C, Inset) Fraction left behind was calculated by dividing the sum of each
RAP band and all bands below by the total intensity of a given lane. The
plot of ln(1 − FLB) over repeat number was used to calculate R1/2 proc-
essivity values (B).
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normalized for the amount of [α32P]dGTP incorporation. Im-
portantly, the majority of the input DNA primers are not extended
in our experiments, demonstrating our reaction conditions are
sufficient to limit distributive telomerase activity (i.e., an individual
primer being extended by multiple telomerase enzymes). Such
processive telomerase activity is also evident when analyzing pulse–
chase experiments in which longer DNA products continue to ac-
cumulate after addition of a 400-fold excess of cold DNA primer (SI
Appendix, Fig. S3).
Having established that our end-labeled DNA primer assay is

capable of accurately monitoring processive telomerase action,
we next sought to analyze the influence of varying dNTP con-
centrations on the telomerase product distribution (Fig. 1B).
Previous studies have defined telomerase processivity as the
number of repeats corresponding to the point where the disso-
ciated DNA represents 50% of the total population (i.e., median
product length; R1/2) (34, 49) (SI Appendix). This number can be
determined by fitting a linear regression to a plot of ln(1 − FLB)
versus repeat number, where FLB is the fraction left behind (Fig.
1C, Inset and Methods). Titrating increasing amounts of dGTP in
the presence of a large excess of dATP and dTTP yields a
marked boost in RAP, as has been reported previously for both
human and Tetrahymena telomerase (Fig. 1 B and C) (32, 40, 50–
53). However, the use of a large excess of dATP and dTTP is not a
good approximation for the physiological dNTP pool, which is
generally closer to the ∼10 μM range (44). When assayed in the
presence of equimolar dGTP, dATP, and dTTP, we observe the
highest RAP of all conditions tested (Fig. 1B, lane 4 and Fig. 1C).
Hence, we elected to perform all subsequent telomerase assays in
our study under these optimized conditions of equimolar dNTPs.

G-Quadruplex Folding Varies the Pattern of Telomerase Product
Accumulation. Established methods for approximating RAP us-
ing the R1/2 value described above assume an exponential decay
in the distribution of accumulated telomerase product lengths
with each telomere repeat added (34, 37, 49). In other words, the
R1/2 value represents a weighted average processivity which is
convenient for semiquantitative comparisons, but may mask
underlying heterogeneity in the microscopic processivity associ-
ated with individual steps (SI Appendix). Indeed, we noted the
appearance of plateaus in the product distribution when using
equimolar concentrations of dNTPs in the end-labeled DNA
primer-extension assay (Figs. 1C and 2). For example, when
using a standard telomere DNA primer composed of the se-
quence (TTAGGG)3, we observed a sudden drop in product
accumulation between the bands corresponding to the third and
fourth telomere repeats added to the primer (Fig. 2A, lane 1, red
asterisk). Further, the intensities of the subsequent four added
repeats were approximately equal, until a second decrease in
accumulation occurred between added repeats 7 and 8 (Fig. 2A).
This pattern of four equally populated product lengths, followed
by a decrease in accumulation, continued throughout the de-
tectable range of telomere DNA products.
Telomere DNA primers with at least four contiguous G-rich

repeats can fold into a G quadruplex in vitro (54, 55), suggesting
the observed RAP-associated “pattern of four” may be due to
GQ folding of the DNA product within an actively extending
telomerase complex. To test this hypothesis, we altered the 5′
end of the telomere DNA sequence so that it no longer harbored
the requisite run of guanines needed to participate in GQ folding
(Fig. 2A, lanes 2 and 3). Altering the primer in this way should
change the product length where the pattern of four appears
once the newly synthesized DNA folds into a GQ. Indeed, a
modified DNA primer with a 5′ (TG)3 substitution supported
telomerase RAP, but the plateaus in the product profile were
delayed by one additional repeat, corresponding to the sequence
needed to promote GQ formation in the product DNA (Fig. 2A,
compare lanes 1 and 2). Similarly, when the first two repeats in
the telomere DNA primer were substituted with a (TG)6 di-
nucleotide repeat sequence, the plateaus were delayed by two
additional repeats (Fig. 2A, compare lanes 1 and 3). These

results were highly reproducible across three independent ex-
perimental trials (Fig. 2B), and support the hypothesis that GQ
folding within the nascent telomere DNA causes the telomerase
product profile to deviate from a uniformly decreasing decay.

POT1–TPP1 Alters the Telomere DNA Product Distribution. The
POT1–TPP1 heterodimer binds to telomerase via the TEL-patch
interaction between the TERT TEN domain and TPP1 (56). In
addition, the POT1 subunit binds single-stranded telomeric
DNA to provide additional anchor-site contacts that serve to
promote telomerase RAP (34). POT1–TPP1 also binds and re-
solves telomere DNA GQ structures in vitro (42). To further
evaluate GQ folding within the telomerase complex, we per-
formed primer-extension assays in the absence and presence of
POT1–TPP1 (Fig. 3). In addition to the expected enhancement of

Fig. 2. Telomerase product distribution profile varies with the number of
consecutive TTAGGG DNA repeats. (A) Telomerase primer-extension assay
with primers of varying TTAGGG composition. Primer variants are indicated
at the top of the gel. Repeats added to the primer are indicated to the left.
Lane profiles with raw intensity versus added repeat are shown for each
primer variant (Right). Corresponding bands between the gel and lane
profiles are indicated by red asterisks. (B) Gel band intensities were nor-
malized to the total counts in each lane and are plotted as a fraction of the
total counts versus repeat number. Data plotted represent the mean values
from three independent experiments, and error bars are the SD.
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RAP, the presence of POT1–TPP1 abolished the four-repeat
pattern in the distribution of telomerase products, which in-
stead decay in a uniformly decreasing manner (Fig. 3). Notably,
the effects of POT1–TPP1 on the DNA product distribution
were the same for both the two-piece hTR reconstituted system
and for endogenously reconstituted telomerase preparations
from HEK293T cells (SI Appendix, Fig. S1). The effect of POT1–
TPP1 on the telomere DNA product distribution is consistent
with the ability of POT1–TPP1 to bind and remodel the nascent
DNA product during active telomere extension. However, this
result does not strictly differentiate between the possibilities of
POT1–TPP1 preventing versus resolving a telomere GQ fold
within the context of an actively extending telomerase complex.

Destabilization of G Quadruplexes by Li+ Cations Slows Telomere
Repeat Synthesis. To ultimately address the question of whether
GQ folding might impact telomerase function also in the pres-
ence of POT1–TPP1, we next set out to characterize the catalytic
properties of telomerase under varying cation conditions. The H-
bonding configuration of the G-quartet motifs within a GQ fold
are differentially stabilized by coordination of specific mono-
valent cations, with a rank order of K+ > Na+ > Li+ in terms of
degree of stabilization (57). We observed robust telomerase activity
in direct primer-extension assays in all cation conditions tested
(Fig. 4A). Interestingly, we did not observe the pattern-of-four

RAP product distribution in the presence of Li+ (Fig. 4 A and B),
the cation condition expected to least stabilize GQ folding
during telomerase catalysis. This effect is most clearly evident
when comparing the changes in band intensity between repeats
3 to 4 and 7 to 8 (Fig. 4C). Further, there was a clear reduction
in total product accumulation in Li+ compared with Na+ and
K+ (Fig. 4A). The lower total product accumulation in the
presence of Li+ was a consequence of slower overall DNA-
synthesis kinetics, as is evident from primer-extension time-
course experiments (SI Appendix, Fig. S4). This observation is
not completely unexpected, based on reported effects of Li+ on
thermophilic DNA polymerases in the polymerase-chain re-
action that describe slowed nucleotide incorporation (58). In
our telomerase assays, such a general synthesis defect in Li+

should manifest as increased NAP (nucleotide-addition proc-
essivity) band intensities, since each nucleotide incorporation
would make a larger contribution to the overall kinetics of each
RAP cycle. Consistent with this notion, we observe an up to
twofold increase in the ratio of NAP:RAP bands when com-
paring the product distributions in Li+ versus K+. However, in
both cation conditions, the RAP products remain the most
populated species across the gel (Fig. 4A), indicating that the
catalytic substep(s) associated with product translocation and
product repriming remains rate-limiting during RAP. These
results demonstrate that GQ destabilization in the presence of
Li+ negatively impacts the rate, and hence the product yield, of
telomeric repeat synthesis.

POT1–TPP1 Does Not Rescue DNA-Synthesis Rates in GQ-Destabilizing
Conditions. We next leveraged the ability to tune the degree of
GQ stabilization in our telomerase assays to dissect the potential
influence of nascent DNA product folding in the presence of
POT1–TPP1. To this end, we performed time-course telomeraseFig. 3. POT1–TPP1 alters the telomerase product distribution profile. (A)

Telomerase primer-extension assay in the absence and presence of POT1–
TPP1. Numbers of added repeats are indicated to the left. The R1/2 values are
shown at the bottom of the gel. Corresponding lane profiles with raw gel
band intensities are plotted over added repeats (Right). (B) Gel band in-
tensities in the absence (blue circles) or presence (purple squares) of POT1–
TPP1 were normalized to the total counts in each lane and plotted as a
fraction of the total counts versus repeat number. Data plotted represent
the mean values from three independent experiments, and error bars are
the SD. (B, Inset) The plot of ln(1 − FLB) over repeat number was used to
calculate R1/2 processivity values shown in A.

Fig. 4. Telomerase product distribution profile depends on monovalent
cation identity. (A) Telomerase primer-extension assays in the presence of
different monovalent cations. Repeats added to the primer are indicated to
the left. The R1/2 values are shown at the bottom of the gel. Lane profiles
with raw intensity versus repeat band for each lane are shown (Right). (B)
Gel band intensities from experiments in KCl (blue triangles), NaCl (green
squares), and LiCl (magenta circles) were normalized to the total counts in
each lane and are plotted as a fraction of the total counts versus repeat
number. Data plotted represent the mean values from three independent
experiments, and error bars are the SD. (B, Inset) The plot of ln(1 − FLB) over
repeat number was used to calculate the R1/2 processivity values shown in A.
(C) Statistical analysis of fractional change in band intensities between re-
peats 3 to 4 (Left) and 7 to 8 (Right). Error bars represent the SD of exper-
iments performed in triplicate (B). P values were calculated using a Welch’s
t test; ***P < 0.001, **P < 0.01.
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primer-extension assays using the established K+ and Li+ con-
ditions in the absence or presence of POT1–TPP1 (Fig. 5). We
reasoned if POT1–TPP1 acts by preventing GQ formation in
nascent telomere DNA, then GQ destabilization in the presence
of Li+ should not impact POT1–TPP1 enhancement of telo-
merase catalysis. Conversely, if GQ folding must occur in the
presence of POT1–TPP1, then reduced DNA-synthesis rates
under GQ-destabilizing conditions should not be rescued by
POT1–TPP1 addition. As expected, primer-extension reactions
in both K+ and Li+ in the presence of POT1–TPP1 exhibited
stimulated processivity and lacked the pattern of four in product
accumulation (Fig. 5). These results indicate that POT1–
TPP1 can productively bind to the nascent product DNA and the
telomerase enzyme in both cation conditions. Interestingly,
POT1–TPP1 selectively failed to stimulate DNA-synthesis rates

in the presence of Li+ (Fig. 5A, lanes 11 and 14 versus lanes
4 and 7). This result lends unanticipated support to the func-
tional contribution of GQ folding for the POT1–TPP1–telo-
merase complex, and suggests that POT1–TPP1 may resolve,
rather than prevent, formation of transient GQ structures
within the actively extending enzyme complex (see Discussion
for details).

Changes in Reaction Rate Constants Govern the Modulation of
Telomerase Microscopic Processivity. To better understand the ef-
fects of GQ folding on the function of telomerase, we developed
a detailed kinetic framework with which to model our experi-
mental data (Fig. 6). We elected to perform our kinetic modeling
on data generated in the absence of POT1–TPP1. This condition
sensitizes our DNA primer-extension experiments to the influ-
ence of GQ folding on the observed product distribution, which
is masked in the presence of POT1–TPP1 (Fig. 3). Telomerase
processivity can be modeled as a series of consecutive reactions
in which nucleotide addition is in competition with DNA disso-
ciation at each step of the reaction (Fig. 6A). To simplify our
telomerase kinetics analysis, we focus on the intense repeat ad-
dition bands, assuming the intervening nucleotide addition steps
are relatively rapid and accompanied by little DNA dissociation
(Fig. 6B) (see SI Appendix for justification). While the macro-
scopic processivity of telomerase can be conveniently described
by the median product length (49), the experiments described in
the present study provide clear evidence that telomerase prod-
ucts do not accumulate uniformly and display patterns de-
pendent upon assay conditions, DNA sequence, and/or product
length. We therefore developed a kinetic model that can be
utilized to globally fit telomerase time-series data to extract in-
dividual rate constants for the forward progression and product
dissociation at each RAP step that underlie the observed dis-
tributions of telomerase products (Fig. 6A). Using this scheme,
we treat this multistep process as a first-order reaction with an
effective forward rate constant (kf) for the transition between
each repeat and a dissociation rate constant (kd) (Fig. 6A) (note
that kf in this model reflects a combination of kpol and ktrans
described in Fig. 1A). Using the kinetic scheme depicted in Fig.
6A, we can then define the microscopic processivity (p) at each
step as p = kf/(kf + kd).
DNA dissociation is an effectively irreversible process when a

large excess of unreacted primer remains, which outcompetes
the rebinding of any product DNA. To ensure our experiments
complied with this assumption, we analyzed telomerase kinetics
following a chase with a 400-fold excess of unlabeled primer
DNA, which serves to block reassociation of the labeled DNA
primer following telomerase dissociation (Fig. 6B). Telomerase
time-course assays were performed in the presence of either K+

or Li+ activity buffer conditions (Fig. 6B). Activity was initiated
at time 0 in the presence of end-labeled telomere DNA primer
and dNTPs, followed by addition of excess chase primer at
20 min. The presence of 400-fold excess cold primer before en-
zyme addition was sufficient to eliminate any observable exten-
sion of the 50 nM end-labeled DNA primer used in our assays
(Fig. 6B, lanes 1 and 9). Time points were collected at regular
intervals out to 90 min and the concentration of each repeat
species (B + B#, C + C#, etc., in Fig. 6A) was determined at each
time point from the band intensity, knowing that the intensity of
the initial primer was 50 nM. Individual rate constants were
estimated by fitting the concentration time courses globally, us-
ing DynaFit (59) (Fig. 6C and SI Appendix, Fig. S5 A and B).
Global fitting converged to a set of rate constants that could be
extracted with reasonable precision (see SI Appendix, Methods
for details of kinetic modeling) (Fig. 6D). Comparison of the
data obtained in the presence of K+ and Li+ revealed that the
rate constants kf and kd decrease with increasing repeat number
and result in slightly lower microscopic processivity values for
short DNA products, as has been noted previously (49). How-
ever, in the presence of K+, the rate constants and microscopic
processivity values show a sawtooth modulation that gives rise to

Fig. 5. POT1–TPP1 does not enhance telomerase catalysis rates in GQ-
destabilizing conditions. (A) Telomerase primer-extension time-course as-
say in the absence and presence of POT1–TPP1 and under differential cation
conditions. Time points of the reactions are indicated above the gel. POT1–
TPP1–dependent differences in the maximum product length at 90-min re-
action time (i.e., differences in synthesis rate) are indicated by arrows. R1/2

processivity values are given for reaction end points below the gel. (B) The
plot of ln(1 − FLB) over repeat number was used to calculate R1/2 processivity
values (A).
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the pattern-of-four clustering of products noted earlier (Fig. 6E,
closed symbols). Although the effect is relatively small, it is ro-
bust as determined by Monte Carlo analysis and is reproducible
between experiments and telomerase preparations (SI Appendix,
Figs. S5 and S6). Interestingly, the rate constants for repeat
addition (kf) and dissociation (kd) were greater in the presence of
K+ than in Li+, but the resultant microscopic processivity was
lower (Fig. 6 D and E). Microscopic processivity values were
checked using the method of Peng et al. (60), and showed that
those derived from kinetic analysis were self-consistent (SI Ap-
pendix, Fig. S6C).
Taken together, these results suggest that in the presence of

K+, the ability of the DNA product to form a GQ fold (which
first arises at step 3) promotes translocation (increased kf) but at
the increased risk of DNA product dissociation (increased kd)
(see Discussion for details). By implication, the absence of GQ
folds in Li+ appears to slow product accumulation (decreased kf)
(Figs. 4 and 5 and SI Appendix, Fig. S4) while decreasing disso-
ciation rate constants (kd), the functional equivalent of which can
be considered a more stable binding of the product DNA
through the anchor site(s). The kinetic analysis and corre-
sponding primer-extension assays hence raise questions as to the
relationship between product DNA structure and anchor-
site stability.

GQ Stabilization Alters DNA Product Handling and Structural Dynamics.
The results of our ensemble telomerase assays suggest that folding
of the nascent DNA product can influence telomerase catalysis.
To interrogate DNA conformation within an active RNP complex,
we employed a single-molecule Förster resonance energy transfer

assay that directly monitors DNA structure and dynamics within
individual telomerase enzymes (48, 61). To simplify interpretation
of our single-molecule experiments in the present study, we focus
again on the telomerase catalytic core in the absence of POT1–
TPP1. To ensure our smFRET assay supports telomerase activity
in both K+ and Li+ buffers, we utilized a previously reported
method for in situ detection of extended DNA products at the
single-molecule level (62). Telomerase RNP complexes harbor-
ing a Cy3-modified telomerase RNA subunit were reconstituted
in RRLs, bound to a biotinylated DNA primer, and surface-
immobilized onto a streptavidin-coated quartz slide (Fig. 7A).
Importantly, telomerase modified with Cy3 at hTR-U42 has been
shown previously to retain wild-type catalytic function (48). The
telomerase–DNA complexes were incubated in either K+ or Li+

activity buffer as well as with Cy5-labeled detection oligonucleo-
tides, each with a sequence that is complementary to 2.5 repeats of
the telomere product (SI Appendix, Table S1). In this way, telomere
primers that are being actively extended by telomerase emerge
from the enzyme and are detected as a FRET signal between the
Cy3-labeled enzyme and the Cy5-labeled DNA probe (Fig. 7A).
The appearance of the FRET signal was strictly dependent upon
addition of activity buffer containing dNTPs and was time-
dependent (Fig. 7B). After 20 min of incubation, comparable
fractions of active telomerase molecules that produce a positive
FRET signal were detected in both K+ and Li+ activity buffers (Fig.
7B), demonstrating that telomerase is catalytically active in either
cation condition.
Next, we quantitatively monitored the total amount of product

synthesized for individual telomerase–DNA complexes by incu-
bating surface-immobilized telomerase enzymes in K+ and Li+

Fig. 6. Human telomerase kinetics. (A) Kinetic mechanism for processive telomerase activity used to globally fit the primer-extension assay shown in B. The
letters refer to the repeat band number (B, first added repeat; C, second repeat; etc.), and dissociated products are identified with the # symbol. Band in-
tensities are proportional to the sum of products (e.g., B + B#). (B) Extending primer dissociation rate assay in the presence of 50 mM KCl or LiCl. Primer-
extension assays were performed with 50 nM 32P end-labeled (TTAGGG)3 primer. Unlabeled chase (TTAGGG)3 primer (20 μM) was added to the reaction after
20 min of activity. A control reaction with 20 μM unlabeled chase primer added at the beginning of telomerase activity was included for both buffer con-
ditions (lanes 1 and 9). Repeat number added to the primer is indicated on the left of the gel. Letters indicating band identity for kinetic modeling are
indicated on the right of the gel. Bands E to J are colored according to the plot shown in C. (C) Representative global fits to bands E to J in KCl (Left) and LiCl
(Right). The concentration of the products (see color code in B), based on band intensity relative to the initial 50 nM primer, was plotted against the time after
the unlabeled chase. Note the clustering of bands E to H and I and J 70 min post chase in the presence of KCl, which corresponds to the four repeats of the first
plateau and the first two repeats of the second plateau (cf. Fig. 2). This partitioning is not present in the presence of LiCl. See SI Appendix, Fig. S5 A and B for
corresponding plots for bands B to D that precede the pattern-of-four bands. (D) Consecutive rate constant values for forward repeat addition (green squares; kf)
and dissociation (red circles; kd) returned by DynaFit for data in the presence of KCl (solid symbols) and LiCl (open symbols). The step number refers to the rate
constant subscripts shown in A. Note the overall reaction is slower in the presence of LiCl, and beyond band I (eighth step) the fitted rate constant values had a
large error because the decay phase had barely started by 70 min. Therefore, these values were omitted. (E) Microscopic processivity [kf/(kf + kd)] at each step of
the reaction calculated from the rate constants shown in D. Note the sawtooth structure in the presence of KCl (solid line) compared with the relative lack of
structure in LiCl beyond the second step (dashed line). See also SI Appendix, Fig. S6C.
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activity buffers for 20 min before the addition of Cy5 detection
probe (Fig. 7 A and C). Using direct Cy5 laser excitation per-
mitted a measure of the total fluorescence intensity value, which
correlates with the number of Cy5 probes bound to the DNA
product (Fig. 7C, Left, initial intensity). Moreover, prolonged
exposure to direct laser excitation induced photobleaching of
every DNA-bound Cy5 probe in a time-dependent manner (Fig.
7C, Center). We quantified the number of photobleaching steps
for each single-molecule trace to yield a relative measure of
DNA product length in either K+ or Li+ activity buffer (Fig. 7C,
Right). As expected from our ensemble assays, histogram rep-
resentations of the “initial Cy5 intensity” upon direct excitation,
as well as the distribution of photobleaching steps, reflected a
decreased DNA-synthesis rate in Li+ compared with K+ condi-
tions (Fig. 7C). Interestingly, we occasionally observed upward
steps in Cy5 intensity in either cation condition (K+ > Li+),
consistent with real-time detection of Cy5 DNA probe binding to
newly synthesized DNA repeats (Fig. 7C, Center). An equivalent
but “stalled” (no dNTPs) telomerase complex served as back-

ground control. Note that nonzero amounts of initial intensity
and Cy5 photobleaching steps were measured in this condition
(Fig. 7C, orange); however, this was not due to Cy5 probe
binding to the DNA primer, as confirmed earlier by the lack of a
respective FRET signal (Fig. 7 A and B).
To directly monitor DNA structural dynamics, we next per-

formed a variation of our smFRET assay in the absence of de-
tection probe, that instead pairs Cy3-labeled telomerase together
with site-specifically Cy5-labeled telomere primer. This assay
further interrogates anchor-site stability that may underlie the
altered microprocessivity values extracted from our kinetic
modeling (Fig. 7D). Data collected on surface-immobilized
stalled telomerase–DNA complexes in the absence of dNTPs
yielded a predominant FRET distribution centered at ∼0.75,
together with a minor zero-FRET population that represents
telomerase–DNA complexes lacking a functional acceptor dye
(Fig. 7E, Top). Next, the telomerase complexes were activated
for DNA synthesis by introducing dNTPs in telomerase activity
buffer, resulting in an increase in populations of lower FRET

Fig. 7. Single-molecule studies of telomerase in the presence of KCl and LiCl. (A) Schematic of the human telomerase smFRET activity assay. Purified telo-
merase is immobilized to a pegylated and biotinylated quartz slide through binding to a biotinylated telomere primer (blue). TERT is depicted as a gray oval,
and hTR is shown in red. A Cy3 dye (green star) is conjugated to hTR. The binding of Cy5-labeled detection oligonucleotide probes (in black with red star) to
newly synthesized telomere DNA is illustrated (Right). (B) Analysis of smFRET activity assays in KCl (blue) and LiCl (magenta) cation conditions. Negative
controls were performed in the presence of Cy5 detection probes but in the absence of dNTPs (stalled). Time points and number of FRET-positive molecules
per field of view imaged are indicated. Error bars are the SD across all fields imaged (n > 10). (C, Left) Histogram analysis of the initial Cy5 intensity distribution
under direct laser excitation of active telomerase–DNA complexes (A, Right) in KCl (blue) and LiCl (magenta) cation conditions. Background signal was
assessed in the absence of dNTPs (stalled; orange). (C, Center) Real-time traces showing time-dependent photobleaching of Cy5 dyes under direct laser
excitation. Twenty representative traces are shown for simplification. Color coding is as indicated. (C, Right) Histogram analysis of the distribution of
Cy5 photobleaching steps counted from each individual real-time trace. Conditions and number of traces are as indicated. (D) Schematic of human telomerase
smFRET experiment designed to probe DNA structural dynamics. The telomere primer (blue) is conjugated to a Cy5 dye (red star). Telomere repeat synthesis
impacts the FRET behavior depending upon anchor-site stability and identity of monovalent cations as illustrated. (E) Histogram analysis of smFRET assays (D)
in KCl (blue) and LiCl (magenta). FRET distributions are shown for stalled telomerase complexes (Top) as well as at 5- and 60-min time points after addition of
dNTPs (Middle and Bottom, respectively). (F and G) Representative real-time smFRET traces of individual telomerase complexes (D) in either KCl (F) or LiCl (G).
Cy3 donor intensities are shown in green, and Cy5 acceptor intensities are in red. The corresponding FRET value (blue or magenta) was fit with steps (black)
using an automated stepfinding algorithm in MATLAB (74). Direct laser excitation of the Cy5 dye in each trace is shown separately at a 900-s time point.
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values over time (Fig. 7E, Middle and Bottom). These FRET
changes upon activation of DNA synthesis are consistent with
the Cy5 label on the telomere DNA moving farther away from
telomerase (Fig. 7E). On the timescale of minutes to hours,
both K+ and Li+ buffers support multiple rounds of DNA re-
peat synthesis sufficient to accumulate a FRET∼0 state, in
which the dyes are separated beyond their FRET range (Fig.
7F, Bottom). We note that every data point in the accumulating
FRET∼0 state is derived from primer-bound telomerase (i.e.,
requires the presence of a Cy3 dye) and is not due to telo-
merase dissociation. Interestingly, despite robust telomerase
activity in Li+ buffer (Fig. 7 B and C), we observed an unan-
ticipated stable high-FRET population over the course of a 1-h
experiment in this cation condition (Fig. 7E). Furthermore,
in contrast to K+ cation conditions, the accumulation of the
FRET∼0 population occurred in apparent absence of any de-
tectable intermediate-FRET states at the time resolution of our
measurements (Fig. 7E).
Consistent with these findings, analysis of real-time single-

molecule FRET trajectories collected on actively extending
telomerase complexes revealed substantially different FRET
behaviors in each cation condition. In K+ buffer, dynamic tran-
sitions between discrete FRET states were observed (Fig. 7F and
SI Appendix, Fig. S7). The FRET dynamics generally progressed
to lower values but included transient excursions to higher-
FRET states, indicative of complex DNA conformational
dynamics. In contrast, in Li+ buffer, we did not observe a sub-
stantial drop in FRET in the majority of traces before photo-
bleaching of the Cy5 dye occurred, which can be unambiguously
confirmed using direct Cy5 laser excitation at the end of data
acquisition (Fig. 7G, Top and SI Appendix, Fig. S7). According to
the FRET population analysis in a 1-h time window (Fig. 7E),
the bona fide FRET transition to an ∼0 value in Li+ buffer (i.e.,
not due to Cy5 photobleaching) should be a rare event on the
timescale of the experiment. Nevertheless, we did observe oc-
casional FRET traces that captured abrupt transitions from the
high- to low-FRET states, despite the presence of an active
Cy5 dye (Fig. 7G, Bottom). The prolonged high-FRET state
observed in Li+ buffer conditions suggests the presence of a
stable anchor-site contact during DNA synthesis that, once dis-
rupted, results in a rapid and large displacement of product
DNA away from the telomerase enzyme (Fig. 7D, Bottom
pathway). In contrast, GQ-stabilizing conditions give rise to
complex FRET dynamics, implying that nascent DNA folding
may facilitate efficient extrusion of the telomere DNA away from
the telomerase enzyme.

Discussion
The foundation of telomere structure consists of short G-rich
repeat sequences, GGTTAG in humans, that have the pro-
pensity to fold into G-quadruplex structures in vitro and in vivo
(6, 7). Previous studies have suggested that multiple copies of the
telomerase processivity factor and shelterin component POT1–
TPP1 decorate single-stranded telomeric DNA and thereby
hinder the formation of GQ structures (41). POT1–TPP1 further
facilitates the recruitment of telomerase to the telomere through
interactions between the TPP1 TEL patch and the TERT TEN
domain (56, 63). However, the interplay between newly synthe-
sized G-rich repeats and the telomerase–POT1–TPP1 complex
remains poorly understood.
Here, we present evidence that GQ formation can occur

within an actively extending telomerase complex in vitro and that
formation of such GQs affects the kinetic properties of telo-
merase. Interestingly, the addition of POT1–TPP1 stimulates
telomerase processivity, but does not rescue decreased telomere
synthesis rates caused by GQ-destabilizing conditions. This
finding suggests that GQ folding may also occur in the context of
the POT1–TPP1–telomerase complex and modulates telomerase
activity. We describe a detailed kinetic framework for telomerase
catalysis and use this model to globally fit telomerase time-series
data. Our kinetic modeling reveals small but significant GQ-

dependent changes in the rate constants describing the telo-
mere synthesis reaction and permits us to calculate microscopic
processivity values for each cycle of telomere DNA repeat syn-
thesis (see SI Appendix, Methods for details). Moreover, single-
molecule FRET experiments reveal that GQ folding impacts the
dynamic handling of newly synthesized DNA by the telomerase
complex. We note that DNA structures other than GQs, such as
two strictly consecutive G hairpins, could also in principle give
rise to the pattern-of-four DNA product distributions and kinetic
effects described in this study. However, to our knowledge, such
structures would not be expected to display the observed cation-
dependent effects, which are pronounced in the coordination of
G-quartet planes. In the presence of physiologically high K+

concentrations, two closely spaced G hairpins can, moreover, be
expected to adopt a GQ structure when confined in the telo-
merase complex. Nevertheless, while we favor a GQ-dependent
model to explain our data, future experiments are warranted to
directly test for the presence of GQ structures within the telo-
merase complex. Collectively, our study reveals the delicate in-
terplay between telomere DNA structure and the actively
extending human telomerase complex.
We present a working model for the mechanism of GQ-

dependent effects on telomerase repeat-addition processivity, as
well as the interplay between GQ structures and the POT1–
TPP1 processivity factor (Fig. 8). The complex rearrangements
necessary for template recycling during multiple rounds of
telomere repeat synthesis require multiple anchor sites between
telomerase and its DNA substrate to prevent product dissocia-
tion (Fig. 1A). In the schematic model depicted in Fig. 8A, two
principal pathways are shown that depend on the register of the
3′ end of the telomere as well as on the state of anchor-site in-
teractions during the formation of a GQ. GQ folding may bias
the positioning of the 3′ end of the primer to favor realignment
for a subsequent round of repeat synthesis, provided anchor-site
contacts remain intact (Fig. 8A, Top pathway). This outcome is
mechanistically similar to DNA hairpin-induced translocation
models proposed for diverse telomerase systems (64, 65). Al-
ternately, GQ folding within the DNA product may compete
with anchor-site contacts to promote dissociation (Fig. 8A, Bot-
tom pathway), as was suggested in previous telomerase studies
that investigated the effect of putative GQ folding during active
telomere elongation (38–40).
Any contact with the growing product DNA must be dynamic

in the course of activity, and might involve further elements of
telomerase or associated factors, such as POT1–TPP1 that binds
to telomeric DNA and enhances RAP (34, 41). Indeed, recent
studies using reconstituted human shelterin complexes showed
that a TRF2–TIN2–TPP1 protein bridge stimulates processivity
through anchoring of telomerase to DNA substrates that pos-
sessed both duplex and ssDNA telomere DNA sequence (66).
However, the presence of the POT1 protein within this shelterin
core complex was necessary to achieve maximal stimulation of
telomerase processivity. Our data indicate that GQ formation
within actively extending telomerase might be required for cor-
rect POT1–TPP1 function, in particular the stimulation of telo-
meric DNA-synthesis rates during processive enzyme action. We
propose a speculative model, wherein GQ formation within the
telomerase complex, followed by POT1–TPP1 binding and GQ
unfolding, serves as a mechanism to ensure the concerted dec-
oration and protection of nascent single-stranded telomeric
DNA (Fig. 8B). This model is consistent with previous studies
reporting a preference of POT1–TPP1 binding to telomeric
DNA in a 3′-to-5′ direction (34, 67). This directionality was
reported also for the unfolding of GQs by POT1, whereby its
individual OB-fold domains engage the GQ in a stepwise manner
(Fig. 8B, OB2 before OB1) (42, 43). Interestingly, the binding of
multiple POT1–TPP1 units to telomeric DNA might occur in a
pairwise and cooperative fashion, whereby each pair of POT1–
TPP1 dimers spans four consecutive G-rich repeats of the un-
folded telomeric DNA (34, 67) (Fig. 8B). These lines of evidence
are inconsistent with the binding of POT1–TPP1 to each telomeric
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repeat as it emerges from the telomerase enzyme (i.e., 5′-to-3′
directionality), but rather describe a “lagging” type of protein
decoration, in which multiple telomeric repeats are produced
before POT1–TPP1 binding in a reverse direction (Fig. 8B).
The recently reported cryo-EM structures of the human and

Tetrahymena telomerase enzymes provide a platform for in-
vestigating the potential for GQ folding within the actively
extending telomerase complex (33, 68). Interestingly, when an-
alyzing the EM density of the human telomerase complex, we
noticed a structural pocket immediately proximal to the path of
the nascent DNA emerging from the active site (SI Appendix,
Fig. S8A). This pocket is flanked by two evolutionarily conserved
and potentially dynamic elements that are essential for telo-
merase processivity: the TEN domain and the hTR P6.1 stem
loop (45, 69). The volume of this pocket is compatible with the
dimensions of a GQ fold, and raises the possibility that the na-
scent DNA product has ample space to assume a GQ structure
within the confines of the telomerase RNP complex before
POT1–TPP1 binding to the DNA. In the Tetrahymena structure,
the C-terminal domain of the processivity factor, Teb1, is posi-
tioned as a lid to the DNA exit pocket, forming an enclosed
cavity that is also sufficient to accommodate a single GQ fold (SI
Appendix, Fig. S8B). We propose the hypothesis that the Teb1-
related shelterin component POT1 may occupy a similar position
in the human telomerase complex. Thus, the anticipated binding
of POT1 to the DNA as it is threaded out of this DNA exit
channel is not mutually exclusive with the possibility of GQ
folding within this protected cavity (33, 55, 68).
Our proposed model, while speculative, provides a functional

explanation for the evolutionary conservation of G-rich telomere
DNA by providing a possible mechanistic link between GQ
folding in telomere maintenance and telomerase function. Fu-
ture experiments should continue to investigate the influence of

the shelterin proteins POT1–TPP1 on the folding properties of
the nascent telomere DNA product, as well as to evaluate the in
vivo significance of telomerase-confined GQ folding and its
suitability for GQ-targeted anticancer therapies.

Methods
Preparation of RNAs. Telomerase RNA fragments [hTR CR4/5 (hTR 239 to 328)
and hTR template/pseudoknot (hTR t/PK; 32 to 195)] were prepared using
standard in vitro transcription protocols. For smFRET experiments, prepara-
tion of dye-labeled RNA fragments was performed as described previously
(70) (see SI Appendix, Methods for details).

Telomerase Expression and Purification. Human telomerase was reconstituted
with purified RNA fragments in rabbit reticulocyte lysate using the Promega
TnT Quick Coupled Transcription/Translation System (47). FLAG-TERT was
expressed off the pNFLAG-hTERT plasmid (71) (details of RRL reconstitution
are described in SI Appendix, Methods). For telomerase expression in
HEK293T cells, lysate was provided by Samantha Sanford and Patricia
Opresko, University of Pittsburgh, Pittsburgh, PA, prepared as described
previously (72). Telomerase enzyme was purified via the N-terminal FLAG
tag on hTERT using ANTI-FLAG M2 beads (Sigma-Aldrich), and eluted with
3×FLAG peptide (48) (see SI Appendix, Methods for details).

32P End Labeling of DNA Primers. Fifty picomoles of the indicated DNA primer
was labeled with [γ32P]ATP using T4 polynucleotide kinase (NEB). For gen-
erating experimental data for kinetic modeling, end-labeled primers were
PAGE-purified and DNA concentration was precisely determined using a
NanoDrop spectrophotometer (Thermo Fisher Scientific).

Primer-Extension Assays. Telomerase activity assays were performed in 1× TB
[50 mM Tris·HCl, pH 8.3, 50 mM KCl (NaCl or LiCl when indicated), 1 mM
MgCl2, 2 mM DTT] as described previously (48) (see SI Appendix,Methods for
details). Where indicated, POT1–TPP1 was added to the reaction mixture at a
final concentration of 500 nM. The “fraction left behind” for a given lane
was calculated by summing each RAP band and all RAP bands below it di-
vided by the total RAP band intensity counts for that lane. The natural
logarithm of (1 − FLB) was then plotted against repeat number and fitted by
linear regression (see main text and SI Appendix, Methods for details and
caveats). The slope value of the linear fit was used to determine processivity
R1/2 values from −ln(2)/slope (49).

POT1–TPP1 Expression and Purification. Procedures for insect cell expression
were according to the Bac-to-Bac Baculovirus Expression System (Thermo
Fisher Scientific) using the pFEV-POT1 and pFastBac-TPP1N (TPP1 residues
89 to 334) plasmids (see SI Appendix, Methods for details). POT1–TPP1N was
purified via a GST tag on POT1 using Glutathione Sepharose 4B resin (GE
Healthcare) and eluted with glutathione, and the affinity tag was removed
by TEV-protease cleavage.

Kinetic Analysis. For kinetic analysis, the primer-extension assay described
above was modified by chasing with 20 μM cold (TTAGGG)3 DNA primer. The
chase primer was added after 20 min of initiating the reaction, to prevent
radiolabeled DNA primer and radiolabeled DNA product rebinding within
the subsequent 70-min time course. The intensities of the RAP bands on the
gel electrophoretogram were converted to absolute concentrations based
on the intensity of the initial radiolabeled primer band (i.e., 50 nM). Multiple
exposures of the gel to the phosphor screen were analyzed to ensure
intense and weak bands remained within the linear range of the phos-
phorimager. These data were analyzed globally according to the se-
quential model (Fig. 6A) using DynaFit (59, 73). Further details are given
in SI Appendix, Methods.

Single-Molecule Experiments. Unless indicated otherwise, all single-molecule
experiments were performed as previously described (48). Detailed experi-
mental methods describing microscope slide preparation, telomerase en-
zyme immobilization, in situ telomerase activity assays, and data acquisition/
analysis can be found in SI Appendix, Methods.
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Fig. 8. Model of GQ folding within the actively extending telomerase com-
plex. (A) At the completion of a telomere repeat, telomerase (with TERT
depicted in gray and hTR in red) is annealed to the telomere DNA (blue). The
schematically drawn anchor site (anchor symbol) is either engaged with the
telomere DNA (Top pathway) or disengaged (Bottom pathway). Sequential
repeat synthesis and primer realignment extrude telomere DNA from the
active site to eventually allow for GQ formation. In the case where anchor-site
contacts are maintained at this stage (Top, Middle and Right cartoons), the
formation of a GQ may bias the enzyme complex toward another round of
telomere repeat addition. If the anchor-site contacts are instead broken when
GQ formation occurs (Bottom, Left and Middle cartoons), primer realignment
results in product dissociation at this stage (Bottom, Right cartoon). (B) Ex-
tension of the mechanistic GQ model (A) illustrating the possibility and
functional contribution of GQ formation in the presence of the GQ resolvase
POT1–TPP1. A telomere-bound POT1–TPP1 unit engages the hTERT TEN do-
main via TPP1. Upon GQ formation, further POT1–TPP1 units are recruited to
resolve the GQ in a 3′-to-5′ direction, resulting in fully protected telomere
DNA. Concurrent telomere synthesis generates additional G-rich repeats for
the process to continue in a four-repeat periodicity.
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