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SUMMARY

Telomerase maintains genome integrity by adding repetitive DNA sequences to the chromosome
ends in actively dividing cells, including 90% of all cancer cells. Recruitment of human telomerase
to telomeres occurs during S-phase of the cell cycle, but the molecular mechanism of the process
is only partially understood. Here, we use CRISPR genome editing and single-molecule imaging
to track telomerase trafficking in nuclei of living human cells. We demonstrate that telomerase
uses three-dimensional diffusion to search for telomeres, probing each telomere thousands of
times each S-phase but only rarely forming a stable association. Both the transient and stable
association events depend on the direct interaction of the telomerase protein TERT with the
telomeric protein TPP1. Our results reveal that telomerase recruitment to telomeres is driven by
dynamic interactions between the rapidly diffusing telomerase and the chromosome end.

INTRODUCTION

Human chromosomes end in repetitive DNA sequences, which are bound by the six-protein
shelterin complex (de Lange, 2005). Due to the end replication problem, chromosome ends
shrink by ~50 bases every cell division (Harley et al., 1990), eventually leading to cell death
or senescence (Stewart and Weinberg, 2006). To counteract this telomere attrition,
continuously dividing cells such as germ cells, stem cells and most cancer cells express the
ribonucleoprotein (RNP) telomerase (Schmidt and Cech, 2015; Stewart and Weinberg,
2006). The central importance of telomerase for tumor formation and survival is highlighted
by recurring mutations in the promoter of the gene for telomerase reverse transcriptase
(TERT), the catalytic protein component of the telomerase RNP (Horn et al., 2013; Huang et
al., 2013). These mutations are associated with mono-allelic activation of TERT expression
and increased telomerase activity (Bell et al., 2015; Borah et al., 2015; Stern et al., 2015),
contributing to the unlimited proliferative potential of the tumor cells. It is therefore
important to understand the basic biology of telomere maintenance, potentially providing
new approaches for cancer therapy.
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The telomerase holoenzyme is composed of TERT, the telomerase RNA (TR), and the
accessory proteins dyskerin, NHP2, and NOP10, which stabilize TR in the nucleus (Schmidt
and Cech, 2015). In addition, the telomerase RNP associates with TCAB1, which facilitates
telomerase localization to sub-nuclear structures called Cajal bodies (Venteicher et al.,
2009). Human telomerase processively copies telomeric repeats from the template region of
TR, adding ~50-60 nucleotides to the single-stranded overhang of most chromosome ends
each cell cycle (Schmidt and Cech, 2015; Zhao et al., 2011; 2009). Importantly, telomerase
is only present at ~250 copies per cell (Xi and Cech, 2014), an amount comparable to the
number of chromosome ends in a cancer cell after DNA replication has occurred. This raises
two important questions: How does telomerase find the telomeres that it needs to elongate,
and how is it distributed to allow elongation of most telomeres?

The shelterin complex carries out two critical functions: it protects chromosome ends from
being recognized by the DNA damage machinery and it recruits telomerase (Nandakumar
and Cech, 2013; Palm and de Lange, 2008). Telomerase is recruited to the telomere by a
direct interaction between the shelterin component TPP1 and TERT (Nandakumar et al.,
2012; Schmidt et al., 2014; Zhong et al., 2012). If either the TEL-patch of TPP1 or the TEN-
domain of TERT is mutated, telomerase can be detected in Cajal bodies but not at telomeres,
and telomere elongation ceases (Nandakumar et al., 2012; Schmidt et al., 2014; Zhong et al.,
2012).

Telomerase recruitment to telomeres occurs only in S-phase of the cell cycle, while in the
remainder of the cell cycle telomerase appears to be concentrated in Cajal bodies (Jady et
al., 2006; Tomlinson et al., 2006; Xi et al., 2015). Both nucleoli and Cajal bodies have been
suggested to be involved in the biogenesis and trafficking of telomerase in S-phase
(Tomlinson et al., 2006). It has also been proposed that telomeres move into close proximity
to Cajal bodies to facilitate telomerase recruitment to telomeres (Jady et al., 2006).
Interestingly, at any given time point during S-phase only a small subset (~5%) of telomeres
co-localize with telomerase (Jady et al., 2006; Tomlinson et al., 2006; Xi et al., 2015).
Therefore telomerase either elongates only a subset of telomeres in any given cell cycle,
perhaps the shortest telomeres as occurs in yeast (Teixeira et al., 2004), or it consecutively
visits most or all telomeres.

These divergent models for telomerase recruitment could be resolved by live-cell imaging,
but this has been hampered by the low abundance of telomerase. Overexpression does not
provide an adequate solution, because it forces telomerase to localize to all telomeres
(Nandakumar et al., 2012; Zhong et al., 2012). Here we overcome this hurdle using a
combination of CRISPR-Cas9-mediated genome editing and single-molecule live-cell
microscopy. We demonstrate that human telomerase rapidly diffuses through the nucleus,
avoiding nucleoli, in a three-dimensional search for telomeres. Telomerase forms short,
dynamic interactions with telomeres probing each chromosome end thousands of times
during S-phase. Only rarely are these probing interactions converted into static interactions
that are sufficiently long to allow telomere elongation. The previously identified TPP1-TEN
domain interaction is necessary for both “probing” and static interactions. Our observations
provide a new model for telomerase recruitment to telomeres.
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RESULTS

Generating Doubly Genome-edited Cell Lines to Label both Telomerase and Telomeres

To study the dynamics of telomerase localization in living human cells, we used CRISPR-
Cas9 genome editing to introduce sequences encoding a FLAG-HaloTag at the endogenous
TERT locus (Fig. 1A, S1A). Proper targeting of the 7ERT locus was confirmed using PCR
and Sanger sequencing (Fig. S1B). FLAG-HaloTag-TERT was expressed at a level similar to
that of endogenous TERT in the parental HeLa cells and was readily fluorescently labeled
with a HaloTag-ligand (Fig. 1B). In contrast, TERT fused to a different protein tag (SNAP)
was somewhat overexpressed, as described previously (Xi et al., 2015). FLAG-HaloTag-
TERT had similar catalytic activity as endogenous TERT (Fig. 1C-D; independent specific
activity measurements ranged from 50 to 100% of that of the parental HeLa cells). The
processivity of FLAG-HaloTag-TERT, which is a measure of how telomerase interacts with
its DNA substrate over many telomeric repeat additions, was comparable to endogenous
TERT (Fig. 1C; 85% = 8% relative to endogenous TERT, mean + SD, N = 4). In addition,
FLAG-HaloTag-TERT processivity was stimulated by the telomeric POT1/TPP1 complex to
the same degree as endogenous TERT (Fig. S1C-D), indicating that its interaction with
TPP1 is not affected by the presence of the N-terminal tag. Importantly, anti-FLAG
immuno-precipitation enriched telomerase activity from edited but not the parental cells,
confirming that the observed enzymatic activity is derived from telomerase (Fig. S1E).
FLAG-HaloTag-TERT displayed the expected localization to telomeres and Cajal bodies in
fixed cells (Fig. 1E). It total, these results demonstrate FLAG-HaloTag-TERT behaves like
endogenous TERT and is therefore well suited to study telomerase trafficking.

To label telomerase for live-cell imaging, we treated cells expressing FLAG-HaloTag-TERT
with a cell-permeable, fluorescent HaloTag-substrate (JF646) (Grimm et al., 2015). To
visualize telomeres, the N-terminus of the shelterin component TRF2 was fused to HA-
mEQOS3.2, a photo-switchable fluorescent protein (Fig. S2A-B) (Zhang et al., 2012), again
using genome editing of the endogenous locus. Previous studies have demonstrated that N-
terminal fusion of TRF2 to a fluorescent protein does not alter TRF2 activity (Mattern et al.,
2004; Wang et al., 2008). We confirmed that HA-mEOS3.2-TRF2 localized to telomeres and
did not trigger the formation of telomere dysfunction-induced foci, demonstrating that the
TRF2 fusion protein is functional (Fig. S2C-D). Finally, cells were transiently transfected
with BFP-coilin to mark Cajal bodies (Fig. 1A).

Telomerase Rapidly Diffuses through the Nucleus

To analyze telomerase trafficking to telomeres we first imaged coilin, immediately followed
by simultaneous tracking of TRF2 and TERT (Fig. 2A). Cells were synchronized at the G1/S
border and released into S-phase for 3—4 hours, the time point when telomerase localization
to telomeres is maximal (Xi et al., 2015). High incline laminated optical sheet (HILO)
illumination (Tokunaga et al., 2008) allowed detection of individual TERT complexes (Fig.
2B, Movie S1). Telomerase rapidly diffused through the nucleus, frequently co-localizing
with telomeres and Cajal bodies (Fig. 2C-D, Movie S1-S3). Remarkably, single-particle
tracking revealed that telomerase frequently traversed distances of 4-5 um on the second
time-scale (Sergé et al., 2008), a distance that corresponds to ~30% of the diameter of the
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nucleus (Fig. 2C). In addition, telomerase explored much but not all of the nuclear space,
completely avoiding large areas of the nucleus (Fig. 2D). Co-transfection with GFP-
nucleolin demonstrated that the unexplored circular areas were nucleoli (Movie S4),
consistent with previous results (Wong et al., 2002).

Analysis of the diffusion coefficients of TERT tracks revealed three separate populations of
telomerase particles (Fig. 2E). There were two rapidly diffusing populations (D ~ 0.3 um?/s,
~53%; D ~ 1.3 um?/s, ~ 33%), and a less mobile population (D ~ 0.01 pm?2/s, ~ 14%) that
(see below) represented telomerase RNPs bound to Cajal bodies or telomeres (Fig. 2E).
These results demonstrate that the majority (> 85%) of telomerase RNPs are rapidly
diffusing through the nucleus, searching for telomeres. This contrasts with fixed cell
immunofluorescence, which gives the appearance of telomerase being mainly associated
with Cajal bodies and telomeres (Fig. 1D).

Telomerase has Distinct Diffusion Properties at Cajal Bodies and Telomeres

To characterize the biophysical properties of telomerase RNPs interacting with distinct
nuclear structures, we separated telomerase tracks into three groups: trajectories in close
proximity to telomeres (marked by TRF2), or Cajal bodies (marked by coilin), and “nuclear”
tracks that were close to neither of these (Fig. 3A). The diffusion coefficient profile of the
nuclear tracks was indistinguishable from the profile of all trajectories (Fig. 2E, 3B).
Strikingly, the diffusion coefficient distribution of TERT tracks in close proximity to Cajal
bodies was enriched for the less mobile population (D ~ 0.01 um?/s), consistent with
telomerase binding, and only contained one rapidly diffusing population (D ~ 1.3 um?/s, Fig.
3B), consistent with unbound telomerase. In contrast to the less mobile TERT in Cajal
bodies, telomere-associated TERT trajectories instead contained a small highly static
population (D ~ 0.001 um?/s, ~ 4%, Fig. 3B). Importantly, the diffusion coefficient of TRF2
foci, measured by ourselves and others (Wang et al., 2008), matched that of the highly static
TERT particles (D ~ 0.001 um?/s, Fig. 3C, Movie S2), suggesting that this population
represents telomerase RNPs stably associated with telomeres. Overall, the distinct diffusion
coefficient profiles of TERT particles in close proximity with telomeres and Cajal bodies,
compared to other nuclear sites, are consistent with telomerase forming molecular
interactions with these structures.

Telomerase Forms Two Types of Interactions with Telomeres

To further analyze the interactions of telomerase with telomeres, we generated kymographs
of TERT associating with TRF2 foci (Fig. 4A-B). Telomerase formed two types of
interactions with telomeres: Static long-lasting interactions (Fig. 4A, Movie S5) and short-
lived dynamic interactions (Fig. 4B, Movie S6). To gain additional insight into telomerase-
telomere interactions, we analyzed static TERT trajectories with diffusion coefficients D <
0.05 um?/s for at least two consecutive frames (Fig. 4C), a method previously described for
the analysis of single-molecule binding events (Knight et al., 2015; Normanno et al., 2015).
Telomerase RNPs had an increased residence time at telomeres and Cajal bodies when
compared to other nuclear locations (Fig. 4D), consistent with telomerase binding to these
structures. On average a telomere was visited 3.7 times in 45 s (Fig. 4E). Thus, the average
telomere is calculated to be bound by telomerase ~2400 times over the course of a single S-
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phase (~8 hours). To analyze long-lasting telomerase-telomere interactions, we reduced our
imaging interval to 1 frame per second. Long-lasting, static binding events (Movie S7)
ranged from ~0.5-8 min, with an average of 3.7 min (Fig. 4F). Approximately 15% of the
telomeres showed a long-lasting association with telomerase in an 8 min movie. Importantly,
all of these time and frequency measurements should be considered the lower bound of the
actual number, given that only a subset of TERT molecules are labeled and that imaging was
limited by photobleaching and a single focal plane. These observations demonstrate that
telomerase engages in frequent, short, dynamic “probing” interactions and rare, long-lasting,
static interactions with telomeres.

Dynamic and Static Telomerase-telomere Interactions Require the TPP1-TERT Interaction

To define the molecular mechanism underlying the observed interactions between
telomerase and telomeres, we utilized a point mutation in the TEN-domain of TERT (K78E),
a separation-of-function mutation which does not inhibit enzymatic activity but prevents
telomerase localization to telomeres in fixed cells (Schmidt et al., 2014). We introduced the
K78E mutation at the endogenous 7ERT locus simultaneously with the HaloTag (Fig. S3A).
Proper targeting of the 7ERT locus and the presence of the K78E mutation in all edited
alleles was confirmed using PCR and Sanger sequencing (Fig. S3B-C). K78E FLAG-
HaloTag-TERT was expressed at similar levels and had catalytic activity and processivity
comparable to those of wild-type FLAG-HaloTag-TERT (Fig. S3D-E). As previously
shown, K78E FLAG-HaloTag-TERT was only detected in Cajal bodies and not at telomeres
in fixed cells (Fig. 5A)(Schmidt et al., 2014).

Similar to wild-type telomerase, K78E telomerase rapidly diffused through the nucleus
(Movie S8). Analysis of K78E telomerase trajectories demonstrated that its residence time at
telomeres was indistinguishable from non-telomeric nuclear locations (Fig. 5B), indicating
that it does not interact with telomeres. Wild-type telomerase had an increased lifetime at
telomeres compared to K78E telomerase (Fig. 5C), while the residence times at Cajal bodies
and other nuclear locations were identical between the two TERT proteins (Fig. 5D, S3F-
H). These observations demonstrate that the K78E mutation specifically disrupts the
interaction of telomerase with telomeres, but not with Cajal bodies. In addition, analysis of
the diffusion coefficients of K78E telomerase trajectories close to telomeres showed that it
lacks the static population (D ~ 0.001 pm?/s), characteristic of telomerase stably associated
with telomeres (Fig. 5E), while the freely diffusing K78E TERT populations were similar to
wild-type TERT. These results demonstrate that both the transient “probing” and long-
lasting telomerase-telomere associations depend on the TPP1-TEN-domain interaction, and
confirm that the interactions between wild-type telomerase and telomeres we observed are
authentic binding events.

DISCUSSION

Telomere maintenance is critical for the survival of all continuously dividing cells, including
most cancer cells. How human telomerase finds chromosome ends and how it is distributed
to facilitate elongation of all telomeres have been two key unanswered questions. The live-
cell imaging presented here provides a new model that explains how telomerase can monitor
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all telomeres despite its exceedingly low abundance (~250 RNPs/cell). The new model
consists of three steps: (1) telomerase diffuses throughout the nuclear volume, except for the
nucleolus, in a rapid 3D search for telomeres, (2) telomerase binds TPP1 at telomeres
frequently, with telomeres being bound thousands of times per S phase, but most of these
interactions are transient (< 1 s), and (3) only rarely are these probing interactions converted
into static interactions that are sufficiently long to allow telomere elongation.

Telomerase Uses Three-dimensional Diffusion to Search for Telomeres

Prior to this work, telomerase localization in human cells was only possible in fixed cells,
using either fluorescence in situ hybridization (FISH) or SNAP-tagged TERT (Xi et al.,
2015). Data from fixed cells led to the conclusion that telomerase associates with telomeres
in S-phase, and with Cajal bodies through most of the cell cycle (Schmidt and Cech, 2015).
To our surprise, we observed that the majority of telomerase RNPs are freely diffusing
throughout the nucleus and only a small subset of the telomerase particles forms interactions
with telomeres and Cajal bodies at any given time. This information is lost by fixing cells,
which integrates sites of telomerase enrichment over the fixation period, while freely
diffusing molecules are either washed out or lost in the background.

We observed two distinct populations of freely diffusing TERT molecules of approximately
equal abundance (D ~ 0.3 and 1.3 um?/s, Fig. 3). These populations may represent fully
assembled telomerase RNPs (D ~ 0.3 um?/s) and TERT molecules that are not associated
with TR (D ~ 1.3 um?/s), consistent with the observation that ~50% of TERT molecules are
not assembled into an RNP (Xi and Cech, 2014). In support of the model that the slowly
diffusing TERT population (D ~ 0.3 um?/s) contains TR, its diffusion coefficient is
dramatically reduced (D ~ 0.01 um?/s) in close proximity to Cajal bodies, indicating that it
binds to Cajal bodies. The interaction between telomerase and Cajal bodies requires the
association of TCAB1 with TR (Venteicher et al., 2009). In contrast, the rapidly diffusing
TERT population (D ~ 1.3 um?/s) does not interact with Cajal bodies (Fig. 3B), consistent
with it lacking TR. Note that the major conclusions of the current work do not depend on
this interpretation.

The observed diffusion coefficients of the TERT-containing particles (D ~ 0.3-1.3 um?/s) are
consistent with a large complex diffusing in the nucleus. Compared to the ~180 kDa dCas9-
sgRNA RNP (D ~ 3-5 um?/s) (Knight et al., 2015), telomerase diffuses slower, consistent
with its expected greater mass (~ 600 kDa) (Egan and Collins, 2010; Sauerwald et al., 2013;
Wau et al., 2015). Due to substoichiometric labeling of HaloTag-TERT, we cannot draw any
conclusions about the oligomeric state of human telomerase. In contrast, human telomerase
RNPs diffuse faster than the yeast telomerase RNP (D ~ 0.06 um?/s) (Gallardo et al., 2011),
which has an exceptionally large RNA subunit.

Telomerase Forms Probing and Stable Interactions with Telomeres

Our experimental system allowed us to interrogate telomerase-telomere interactions in
greater detail than previously possible. We identified two separate modes of TERT
interactions with chromosome ends. Telomerase frequently forms short, dynamic “probing”
interactions with telomeres. We interpret this observation as TERT associating with TPP1,
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but most likely at telomere-internal locations not involving the 3" overhang of the
chromosome end (Fig. 6). Because the “probing” interactions are short lived (< 1),
telomerase is not trapped on a given telomere too long, allowing it to continue searching for
the 3" overhang. Given the low abundance of telomerase, minimizing non-productive
interactions between TERT and the chromosome end is critical to facilitate elongation of
most telomeres. Importantly, “probing” interactions occur thousands of times at each
telomere over the course of S-phase.

In contrast to the frequent short “probing” interactions, long-static associations between
telomerase and the telomere are exceedingly rare. The length of the static interactions (at
least 0.5-8 min) is consistent with telomerase binding the 3" overhang of the chromosome
end, in addition to binding TPP1. These numbers are in remarkable agreement with the
lifetime of enzymatically active telomerase-DNA-TPP1 complexes measured in vitro (ty, =
6.5 min, Dalby et al., 2015).

Importantly, both dynamic “probing” and long, static interactions require the TPP1-TERT
interaction. We believe that the initial interaction between telomerase and the telomere
involves an interaction between TPP1 and TERT and not the single-stranded overhang.
Given the structure of telomerase (Jiang et al., 2015), binding to the 3" overhang can be
likened to threading a needle, most likely requiring a precise collision between the two
binding partners, making it a slow process. Frequent probing of the telomere throughout S-
phase could increase the local concentration of telomerase close to the 3" overhang,
allowing productive interactions to occur. When the TPP1-TERT interaction is disrupted,
probing does not occur and and long-static binding events are not observed.

Comparison to Yeast Telomerase Recruitment

Human telomerase dynamics in live cells show both similarities and differences to the
dynamics in yeast, the latter described by Gallardo et al. (2011). Similar features are the
diffusive behavior of the bulk of the yeast telomerase and the occurrence of S-phase-specific
stable associations with telomeres (5 — 45 s). A major difference is that the yeast telomerase
forms Telomerase Recruitment clusters (T-Recs) at telomeres. The telomeres themselves are
much more dynamic in yeast than in human nuclei. The transient probing interactions seen
with human telomerase were not identified in yeast, but the temporal resolution (2.5-5
frames per second) at which the yeast experiments were carried out cannot rule out that short
probing interactions also occur (Gallardo et al., 2011). There is no evidence for Cajal body
localization of telomerase in yeast.

Implications for Human Telomere Maintenance

The conversion of transient “probing” interactions into stable associations with the 3’
overhang most likely depends on the state of the telomere. The availability of the 3’
overhang is likely regulated by telomeric structure, for instance the formation of T-loops,
whether DNA replication has been completed at the telomere, and the signaling state of the
telomere (Doksani et al., 2013; Lee et al., 2015; Tong et al., 2015). A previous report
suggested that telomere elongation occurs within 30 min after the completion of DNA
replication (Zhao et al., 2009). Given that the replication timing of telomeres is distributed
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all throughout S-phase (Arnoult et al., 2010), telomerase would be expected to localize to a
small subset of telomeres at any given time-point during S-phase. As a direct consequence,
only a small number of telomerase RNPs would be engaged in telomere elongation at a time,
consistent with our observations. We favor a model in which the state of the telomere
controls the accessibility of the 3" overhang. Continuous and frequent probing of all
telomeres by telomerase allows telomerase to take advantage of the small window of time
during which the 3" overhang is available for binding. During cell cycle stages other than S-
phase, the single-stranded overhang is sequestered and stable telomerase-telomere
interactions do not occur. In addition, a recent study showed that the volume of the telomere
increases 2-3 fold during S-phase (Bandaria et al., 2016), providing a bigger target and
potentially increasing the frequency of probing interactions.

Considering physiological nucleotide concentrations during S-phase, we estimate that
telomerase is capable of adding ~15-30 nucleotides/min (Traut, 1994; Xi and Cech, 2014).
Long, static telomerase-telomere associations are therefore sufficiently long for telomerase
to add 50-200 nucleotides in a single processive elongation event, consistent with previous
observations (Zhao et al., 2011). We cannot exclude the possibility of distributive telomere
elongation. Since telomeres shrink at around 50 base pairs per cell division in human cells,
the static interactions are long enough to allow telomere length maintenance.

Finally, our observations provide a model for preferential elongation of short telomeres
(Teixeira et al., 2004). If a “probing” interaction occurred at a short telomere, the spatial
separation between telomerase and the 3 overhang would be smaller than at a long
telomere, potentially increasing the probability of conversion into a stable association.

Some major questions remain. Do the transient probing interactions of telomerase with
telomeres serve simply to increase the local concentration of telomerase, thereby facilitating
its recruitment to the very end of the chromosome? Or once bound to an internal TPP1
molecule, can telomerase hop or slide along the telomere until it either finds the very end or
dissociates? In addition, ATM/ATR signaling is required for human telomerase recruitment
and action (Lee et al., 2015; Tong et al., 2015), and it will be important to investigate which
step or steps in recruitment are dependent on these kinases. Finally, future experiments need
to address whether the long-lasting telomerase-telomere interactions we observe indeed
require base pairing between the TR and the chromosome 3" overhang.

Solving a Difficult Recruitment Problem

Telomerase has exceedingly low abundance (~250 molecules per HeLa cell), and it must
find telomeres which are also rare (~0.01% of human chromatin is telomeric). The three-step
pathway described here represents an elegant solution to this problem. Random diffusion
allows telomerase to rapidly encounter telomeres. However, the initial encounter is likely to
be with an internal TPP1 protein, because these outnumber chromosome ends by about
100:1 (Takai et al., 2010). Thus, if the initial binding event were highly stable, the bulk
telomere could act as a sink for telomerase and actually prevent it from finding the very end
of the chromosome. Instead, these interactions are transient, and they serve to get telomerase
to the vicinity of the chromosome end. Finally, when telomerase engages with both TPP1
and the single-stranded DNA overhang, it binds especially well (Dalby et al., 2015). Such a
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multi-step recruitment process may have more general implications for how rare complexes
find each other within the mammalian cell nucleus.

METHODS AND RESOURCES
CONTACT FOR REAGENT AND RESOURCE SHARING

Plasmids generated in this study are available from AddGene. For other reagents generated
in this study or any other questions about the reagents please contact Thomas Cech
(thomas.cech@colorado.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines and Tissue Culture—All cell lines were derivatives of Hela-EM2-11ht
(Weidenfeld et al., 2009) and were grown in high glucose Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM GlutaMAX™-I
(Life Technologies), 100 units/ml penicillin and 100 ug/ml streptomycin at 37 °C with 5%
CO». Imaging experiments were carried out in CO» independent media supplemented with
10% FBS, 2 mM GlutaMAX™-I (Life Technologies), 100 units/ml penicillin and 100 pg/ml
streptomycin in a humidified imaging chamber heated to 37 °C. For S-phase
synchronization, cells were arrested in growth medium containing 2 mM thymidine for 16 h,
released for 9 h, followed by a second thymidine 16 h arrest prior to release into S-phase.
Puromycin selection was carried out at a concentration of 1 pg/ml (Sigma).

METHOD DETAILS

Plasmid Construction and Genome Editing—The FLAG-HaloTag donor plasmid
was generated by replacing the SNAP-tag in the previously described FLAG-SNAP donor
plasmid (Xi et al., 2015). The HaloTag and TERT sequences were separated by a linker
sequence including a TEV protease cleavage site (EPTTEDLYFQSDNAIAS), derived from
pHTN HaloTag® CMV-neo vector (Promega). The HA-mEQS3.2 donor plasmid was
generated by amplifying the TRF2 homology arms of HeLa genomic DNA, and mEOS3.2
was amplified from a plasmid (mEos3.2-N1 was a gift from Michael Davidson, Addgene
plasmid #54525). The fragments were ligated into pFASTBac linearized with Hpal using
Gibson Assembly (NEB). All sgRNAs were cloned into pX330 as previously described
(Cong et al., 2013). The BFP-coilin vector was generated by cloning the coilin ORF (MGC
cDNA, ClonelD:4275993, GE Dharmacon) into a BFP-LAP vector (a kind gift from lain
Cheeseman, M.1.T., Cambridge, MA) (Cheeseman and Desai, 2005). The GFP-Nucleolin
plasmid was a gift from Michael Kastan (Addgene plasmid # 28176) (Takagi et al., 2005).
The SNAP-tag was replaced with the HaloTag by transfection Cas9, two sgRNA plasmids
targeting the SNAP-sequence and the HaloTag donor plasmid. All transfections were carried
out using the Nucleofector™ 2b device, using Kit R and the high efficiency protocol for
HeL a cells (Lonza). Following selection with puromycin, cells were transfected with an
eGFP-CRE recombinase and single cells were sorted using the eGFP signal, as previously
described (Fig. S1) (Le et al., 1999; Xi et al., 2015). Elimination of the SNAP-tag and
presence of the HaloTag were confirmed by PCR and Sanger sequencing. For K78E TERT,
the donor construct included the point mutation leading to the amino acid change. Presence
of the mutation in single-cell clones was confirmed by Sanger sequencing (Fig. S2B-C).
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HA-mEQOS3.2 was introduced at the endogenous TRF2 locus by co-transfection of a plasmid
encoding Cas9 and a single sgRNA targeting the 5° end of the TRF2 coding sequence and
the HA-mEQS3.2 donor plasmid. Single clones were generated by cell sorting, and
homologous recombination was confirmed by PCR and Sanger sequencing. All PCR
oligonucleotides and sgRNA sequences are listed in the Key Resource Table.

Single Molecule Live Cell Imaging—All single molecule live cell imaging was carried
out on a Nikon N-STORM microscope, equipped with a TIRF illuminator, 405 nm (20 mW),
488 nm (50 mW), 561 nm (50 mW), and 647 nm (125 mW) laser lines, an environmental
chamber to control humidity and temperature, two iXon Ultra 897 EMCCD cameras
(Andor), a 100x oil-immersion objective (Nikon, NA = 1.49), two filter wheels, and the
appropriate filter sets. Cells were cultured on Nexterion coverslips (170 +/- 5 pm, Schott).
Coverslips were cleaned twice with 1 M KOH (sonicated for 30 min) and 100% ethanol
(sonicated for 1 h) to reduce fluorescence background (a kind suggestion by Zhe Liu), prior
to assembly of a 35 mm diameter imaging dish. BFP-coilin was transfected into cells 48 h
prior to imaging, followed by a double thymidine block. 3—4 h after release into S-phase,
FLAG-HaloTag-TERT was labeled by subjecting cells to a 1 min pulse of 50 nM JF646-
Halo ligand (a kind gift from Luke Lavis) in tissue culture medium (Grimm et al., 2015).
After the pulse, cells were washed three times in media and placed back in the incubator for
15 min. Immediately before imaging, the medium was replaced by washing the cells twice
with CO5 independent media. First, BFP-coilin was imaged using the 405 nm laser line
(~25% laser power) for ~10 s under continuous illumination, to visualize Cajal bodies and
convert mMEOS3.2 into its red state (Fig. 2A). To image TRF2 and TERT, cells were then
imaged by illuminating continuously with the 561 nm (~6% laser power) and 647 nm (~25%
laser power) lasers for 45 s with 20 ms exposure times for an effective frame rate of 45
frames per s using a 256x256 pixel region of interest. Emission light for the mEOS3.2 and
JF646 channels was projected on two separate EMCCD cameras, which were aligned using
TetraSpeck ™ microspheres (ThermoFisher). All imaging was carried out under HILO
conditions (Tokunaga et al., 2008). For imaging of the long-lasting static binding events,
cells were imaged in 1 s intervals with 20 ms exposure times.

Immunofluorescence Imaging—The HaloTag was labelled using 500 nM JF646
HaloTag ligand for 30 min in tissue culture medium. Following HaloTag labelling, cells
were washed with PBS and pre-extracted with Triton X Buffer (20 mM HEPES pH 7.9, 50
mM NaCl, 3 mM MgCl,, 300 mM sucrose, 0.5% Triton X-100) for 1 min on ice, rinsed with
PBS and fixed with formaldehyde (4% formaldehyde, 2% sucrose in PBS) for 10 min at
room temperature. Cells were then re-permeabilized using Triton X Buffer for 10 min at
room temperature and incubated in blocking buffer (3% BSA in PBS) for 30 min. After
blocking, cells were incubated with primary antibodies for TRF2 (Imgenex, IMG-124A,
1:500) or the HA epitope (Abcam, ab18181, 1:1000) and coilin (Santa Cruz, sc-32860,
1:100) or 53BP1 (Novus Biologicals, NB100-304, 1:1000) in blocking buffer for 1 h. Next,
cells were washed with PBS and incubated with secondary antibodies (Life Technologies
and Abcam, 1:500) in blocking buffer for 1 h. After a final wash, cells were mounted using
ProLong® Diamond Antifade Mountant (Life Technologies, P36970). All images were
acquired on a Deltavision Core microscope (Applied Precision) using a 60x 1.42NA
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PlanApo N objective (Olympus) and a SCMOS camera. Twenty Z-sections with 0.2 um
spacing were acquired for each image with identical exposure conditions within each
experiment. For presentation in figures, representative images were generated by maximum
intensity projections of 5 Z-sections, which were scaled identically for all experimental
conditions.

Telomerase Purification and Activity Assay—FLAG IP was performed with Anti-
FLAG® M2 Affinity Gel (Sigma-Aldrich, A2220) using HeLa cell lysates prepared with
CHAPS lysis buffer (10 mM Tris-HCI pH 7.5, 1 mM MgCl,, 1 mM EGTA, 0.5% CHAPS,
10% glycerol, 1 mM PMSF, 1 mM DTT). Telomerase IP was carried out with a sheep
polyclonal anti-TERT antibody, which was a gift from Scott Cohen (Children’s Medical
Research Institute and University of Sydney, Sydney, Australia). The HaloTag and SNAP-
tag were labeled during the incubation with the resin using a concentration 0.5 pM of the
respective JF646 ligand. The telomerase purifications and activity assays were carried out as
previously described using primer substrate concentration of 100 nM (Cohen and Reddel,
2008; Cohen et al., 2007; Xi and Cech, 2014). Purification of POT1/TPP1 and telomerase
assays in the presence of POT1/TPP1 were as described (Schmidt et al., 2014), with POT1/
TPP1 used at a concentration of 300 nM. Loading controls were phosphorylated telomeric
DNA 18- and 21-mers.

Western Blotting—The protein samples were separated on 4-12% Bis-Tris gels (Life
Technologies), followed by standard western blotting procedures. A primary antibody anti-
TERT (Abcam, ab32020, 1:1000) and a secondary antibody peroxidase-AffiniPure donkey
anti-rabbit 1gG (H+L) (Jackson, 711-035-152, 1:5000) were used to detect TERT. The
specificity of the ab32020 antibody is described by Xi and Cech (2014). SuperSignal® West
Femto Chemiluminescent Substrate (Thermo Scientific) was used to generate enhanced
chemiluminescence signal, which was detected with a FluorChem HD2 imaging system
(Alpha Innotech). JF646 fluorescence was detected using a Typhoon Trio Phosphorimager
(GE Healthcare).

QUANTIFICATION AND STATISTICAL ANALYSIS

Single Particle Tracking—Single particle trajectories were generated with MatLab
2011b (Mathworks Inc., USA) using SLIMfast, which implements the Multiple-Target-
Tracing algorithm (Liu et al., 2014; Sergé et al., 2008), and evaluated using the script
evalSPT (Normanno et al., 2015). Tracking parameters are listed in Table S1. For the
analysis of telomerase diffusion, the maximal expected diffusion coefficient was setto D =5
um?/s. Diffusion coefficients were calculated for tracks present for at least 5 consecutive
frames using the DiffusionSingle MatLab script (kindly provided by Zhe Liu), which
implements the MSDanalyzer script using a minimal fitting R? of 0.8 (Tarantino et al.,
2014). Diffusion coefficient histograms were fit using MatLab with the minimal number of
Gaussian terms that yielding a fit with a R2 > 0.95. For analysis of the survival probability of
TERT associations with Cajal bodies, telomeres, and non-specific nuclear loci the maximal
expected diffusion coefficient was set to D = 0.05 pm?/s, as previously described (Knight et
al., 2015; Normanno et al., 2015). Briefly, constraining the diffusion coefficient to D = 0.05
um2/s allowed us to identify stationary particles, with the underlying assumption that
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stationary TERT particles represent telomerase RNPs that are forming an interaction with an
immobile nuclear structure, such as telomeres or Cajal bodies. Survival probabilities were
plotted for stationary TERT particles present for at least 2 consecutive frames. To separate
tracks into telomere, Cajal body, or nuclear tracks, the distance between TERT coordinates
and the mean position of all telomeres and Cajal bodies was calculated. If any localization
was within 3 pixels of a TRF2 centroid (480 nm) or 5 pixels of coilin centroid (800 nm), the
corresponding track was assigned to the telomere or Cajal body group, respectively (Fig. 2C,
S5A-B). To calculate the telomere binding frequency, each track in the telomere group was
assigned to the telomere with which it came into proximity. To analyze long static binding
events, TERT and TRF2 movies were superimposed, movies were inspected manually, and
binding events were defined as TERT-TRF2 co-localization that co-diffused for extended
periods of time (Movie S7).

Telomerase Activity and Processivity—Telomerase activity was calculated as the total
radioactive signal of all repeats for each direct telomerase extension reaction and was
normalized to the loading control and the TERT western blot signal. Quantification of
radioactive and western blot signals was carried out with ImageQuant TL. Processivity was
calculated as the ratio of signal in product repeats > 6 to the total product signal.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation and Characterization of Cell Lines Expressing FLAG-HaloTag-TERT from
its Endogenous Locus
(A) Summary of the doubly genome-edited cell line generated to track telomeres and single

telomerase RNPs and to visualize Cajal bodies. TRF2 and TERT were fused N-terminally
with HA-mEos3.2 tag and FLAG-HaloTag, respectively. BFP-coilin was transiently
expressed. (B) Western blot and fluorescence imaging of TERT immuno-purified from
parental HeLa and three genome-edited cells lines, using FLAG and TERT antibodies (*
tagged TERT, # endogenous TERT). The HaloTag and SNAP-tag were labeled with JF646.
(C) Direct telomerase extension assay after immuno-purification of TERT. LC1 and LC2,
labeled DNA loading controls. (D) Western blot of TERT purifications used for the
telomerase assay shown in panel C (* tagged TERT, # endogenous TERT). (E) Cyto-
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localization of FLAG-HaloTag-TERT in fixed cells synchronized in S-phase. TERT was
labeled with JF646; Cajal bodies and telomeres were stained with antibodies against coilin
and TRF2, respectively (white arrows indicate co-localizations). See also Figures S1 and S2.
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Figure 2. Three-dimensional Diffusion of Telomerase Governs its Search for Telomeres
(A) Diagram illustrating our approach for visualizing Cajal bodies, telomerase, and

telomeres. First, BFP-coilin was imaged, also converting mEOS-3.2 from the green to the
red state. Immediately afterwards, we simultaneously imaged red mEOS3.2-TRF2 and
HaloTag(JF646)-TERT at 45 frames per second. (B) Still images from movies
simultaneously visualizing telomeres (MEOS3.2) and telomerase (HaloTag-JF646), after
imaging Cajal bodies marked by BFP-coilin (white arrows indicate co-localizations). (C) A
subset of trajectories of telomerase particles, present for at least 10 frames (~220 ms),
generated by single-particle tracking of telomerase signals at 45 fps (20 ms exposure),
demonstrating rapid three-dimensional diffusion. (D) All TERT trajectories detected in a 45
s movie. Unexplored region marked by asterisk. (E) Diffusion coefficient histogram of
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telomerase tracks present for at least 5 consecutive frames (N = 18 cells, n = 5035 tracks).
Two freely diffusing populations (D ~ 0.3 pm2/s, magenta; D ~ 1.3 um?/s, blue) and a
smaller less mobile population (D ~ 0.01 pm?/s, green) are present. Fractions of the total
number of particles in each population are indicated. Also see Movies S1-S4.
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Figure 3. Telomerase Has Distinct Diffusion Properties at Cajal Bodies and Telomeres
(A) Approach to spatially segregate telomerase tracks. Tracks were assigned to telomeres or

Cajal bodies if they came within 3 pixels (0.48 um) of the centroid of a TRF2 signal or 5
pixels (0.8 um) of the centroid of a coilin signal, respectively. (B) Diffusion coefficient
histograms of telomerase trajectories close to telomeres, Cajal bodies, or neither, present for
at least 5 consecutive frames (N = 18 cells). Cajal body associated tracks are enriched for a
less mobile population (D ~ 0.01 pm?2/s), while telomere associated tracks instead display a
highly static population (D ~ 0.001 pm?2/s). Fractions of the total number of particles in each
population are indicated. (C) Diffusion coefficient histogram of TRF2 tracks. Telomeres
move with the same diffusion coefficient as the highly static telomere-associated TERT
population (D ~ 0.001 pm?/s).
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Figure 4. Telomerase Forms Transient/dynamic and Long/static Interactions with Telomeres
Kymographs of telomerase tracks overlapping with TRF2 signals, showing (A) static long-

lasting and (B) dynamic “probing” interactions. (C) Approach to analyze static TERT
particles. Each TERT track segment represents the distance traveled in a single time interval
(~22 ms). Large distances correspond to higher diffusion coefficients. When a binding event
occurs, TERT signals remain largely static for several consecutive frames (arrows). By
constraining the diffusion coefficient of the tracking algorithm to D < 0.05 um#/s, only
stationary TERT trajectories are analyzed. The length of these tracks corresponds to the time
the particle is bound to a particular nuclear locus. (D) Quantification of the survival
probability of stationary telomerase particles associated with telomeres, Cajal bodies and
nuclear sites (N = 18 cells). TERT particles associate with Cajal bodies and telomeres for
longer times than with other nuclear loci. (E) Frequency distribution of the occurrence of
stationary particles per telomere in a 45 s timespan (N = 18 cells). (F) Distribution of the
duration of long, static interactions between telomerase and telomeres (N = 13 cells, n = 29
interactions, horizontal bar = median, box = 25-75% percentile, whiskers = min-max). Also
see Movies S5-S7.
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Figure 5. The TEN Domain-TPP1 Interaction Mediates the Association of Telomerase with
Telomeres
(A) Cyto-localization of K78E FLAG-HaloTag-TERT in fixed cells synchronized in S-

phase. TERT was labeled with JF646; Cajal bodies and telomeres were stained with
antibodies against coilin and TRF2, respectively. K78E TERT associates with Cajal bodies
but not telomeres. (B—D) Comparison of the survival probabilities of stationary wild-type
and K78E telomerase particles at different nuclear locations: (B) K78E telomerase particles
at telomeres, Cajal bodies, and other nuclear sites, (C) Wild-type and K78E TERT at
telomeres, (D) Wild-type and K78E TERT at Cajal bodies and other nuclear sites (N = 18
cells for wild-type, N = 14 cells for K78E TERT). K78E TERT particles at telomeres have
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dynamics indistinguishable from those at other nuclear locations, and they have a reduced
survival probability compared to wild-type TERT. In contrast, survival probabilities at Cajal
bodies and other nuclear locations are identical for both TERT proteins (also see Fig. S3F-
H). (E) Diffusion coefficient histogram of telomeric K78E telomerase tracks present for at
least 5 consecutive frames (N=14 cells). K78E telomerase lacks the highly static population
(D ~ 0.001 pm?/s). See also Figure S3 and Movie S8.
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Telomerase (O

Stable Association with
""""" 3’ Overhang

Many times
during S-phase

Telomere
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Figure 6. Model for Telomerase Recruitment to Telomeres
Telomerase forms frequent, short “probing” interactions with telomeres, mediated by the

TPP1-TERT interaction, sampling each telomere thousands of times during S-phase.
Conversion of a “probing” interaction into a long-lasting, static interaction, which involves
engagement of the 3" overhang of the chromosome, is slow and infrequent. This telomere-
monitoring mechanism allows telomerase to take advantage of small windows of time during
which the telomeric single-stranded overhang is available for binding.
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