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Article
Real-time detection of human telomerase DNA
synthesis by multiplexed single-molecule FRET
Jendrik Hentschel,1,2 Mareike Badst€ubner,1 Junhong Choi,2 Clive R. Bagshaw,1 Christopher P. Lapointe,2

Jinfan Wang,2 Linnea I. Jansson,1 Joseph D. Puglisi,2 and Michael D. Stone1,*
1Department of Chemistry and Biochemistry, University of California, Santa Cruz, Santa Cruz, California and 2Department of Structural
Biology, Stanford University School of Medicine, Stanford, California
ABSTRACT Genomic stability in proliferating cells critically depends on telomere maintenance by telomerase reverse tran-
scriptase. Here we report the development and proof-of-concept results of a single-molecule approach to monitor the catalytic
activity of human telomerase in real time and with single-nucleotide resolution. Using zero-mode waveguides and multicolor
FRET, we recorded the processive addition of multiple telomeric repeats to individual DNA primers. Unlike existing biophysical
and biochemical tools, the novel approach enables the quantification of nucleotide-binding kinetics before nucleotide incorpo-
ration. Moreover, it provides a means to dissect the unique translocation dynamics that telomerase must undergo after synthesis
of each hexameric DNA repeat. We observed an unexpectedly prolonged binding dwell time of dGTP in the enzyme active site at
the start of each repeat synthesis cycle, suggesting that telomerase translocation is composed of multiple rate-contributing sub-
steps that evade classical biochemical analysis.
SIGNIFICANCE Telomerase dysfunction or reactivation are hallmarks of stem-cell-failure diseases and most cancers.
Structure-function studies have been hampered by the enzyme’s low natural abundance and its inherent conformational
heterogeneity. The single-molecule method presented here benefits from low sample requirements and allows correlation of
nucleotide addition with concurrent structural dynamics. A unique advancement of the method is its ability to detect the
nucleotide-bound states of individual enzymes through real-time FRET, while maintaining near-physiological nucleotide
concentrations. Existing telomerase assays depend on nucleotide incorporation and indirect DNA-product analysis. Paired
with recent cryo-EM reconstructions of human and ciliate telomerases, our method opens avenues to address long-standing
questions about telomerase translocation dynamics, DNA-product handling, and its interaction with telomere-associated
proteins that are critical to human health.
INTRODUCTION

Telomere homeostasis is critical to tissue development and
regeneration. The telomerase enzyme synthesizes the repet-
itive telomere DNA that, together with telomere-binding
proteins, protects linear chromosome ends (1,2). Enzyme
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dysfunction causes premature aging diseases, whereas aber-
rantly upregulated telomerase activity confers replicative
immortality to most cancers (3,4).

Telomerase is a ribonucleoprotein (RNP) reverse transcrip-
tase (RT) that uses an integral RNA template to synthesize
telomeric DNA repeats (Fig. 1 A). In humans, the telomerase
RNA (TR) template sequence rC1-rC2-rA3-rA4-rU5-rC6 spec-
ifies the hexameric DNA-repeat sequence dG1-dG2-dT3-
dT4-dA5-dG6 (1). The telomerase enzyme (E) is moderately
processive and exhibits two modes of processivity (nucleo-
tide-addition processivity (NAP) and repeat-addition proces-
sivity (RAP)). NAP describes the sequential binding and
incorporation of up to six cognate nucleotides (N) into the
DNA substrate (D), releasing pyrophosphate (PPi) upon nucle-
otide hydrolysis (Fig. 1 A; Eq. 1).
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FIGURE 1 The human telomerase catalytic cycle. (A) Schematic of the processive telomerase RNP reverse transcription reaction. Top, nucleotide addition

occurs in six steps for a full telomeric DNA repeat. Binding and incorporation of the first dG1 nucleotide is shown in enhanced detail. RNA template positions

are numbered in red. Below, processive repeat addition is enabled by DNA/RNA translocation steps that reset the telomerase enzyme. Two possible paths of

DNA/RNA repositioning and hybrid formation are shown. (B) Gel-based analysis of the telomerase reaction extending a radiolabeled DNA primer

(TTAGGG)3. Initial steps indicate the completion of the mid-repeat primer. Subsequent full repeats are numbered to the left of the gel. To see this figure

in color, go online.
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EþDn#E$Dn þ N#E$Dn$N/E$Dnþ1 þ PPi (1)

NAP is associated with single-nucleotide translocation
steps of the TR template in the active site. However, for
processive nucleotide addition to continue past the incorpo-
ration of dG6, the short integral RNA template must be re-
positioned to allow for subsequent dG1 binding, a process
underlying RAP. RAP describes the addition of multiple re-
peats to a single DNA substrate and specifically refers to the
successful transition from dG6 to dG1 incorporation, initi-
ating a new round of nucleotide addition (Fig. 1 A, bottom)
(5). RAP requires larger-scale translocation steps that
include melting of the DNA/RNA duplex, resetting of the
RNA template from rC6 to rC1, and formation of a new
DNA/RNA hybrid in the telomerase active site. The struc-
tural rearrangements required to promote RAP may be
described by the dynamic equilibrium (6) depicted in Eq. 2.

ErC6$Dnþ6#Etranslocation$Dtranslocation#ErC1$Dnþ6⇢NAP

(2)

Etranslocation$Dtranslocation represents the totality of transient
intermediate states during RAP translocation (Fig. 1 A, bot-

tom). After melting of the RNA/DNA duplex, RAP relies on
a tether between various telomerase ‘‘anchor sites’’ and the
dynamic DNA product, reducing the probability of DNA
dissociation (7,8). The RAP-translocation mechanism re-
mains largely undetermined, and its analysis is challenged
by the presence of dynamic and transient states sampled
by telomerase and the DNA product.

Current methods to investigate telomerase activity
include primer-extension assays that monitor the growing
DNA chain (9). Using sequencing gels and radiography,
ensemble telomerase reactions can be analyzed at defined
endpoints and with single-nucleotide resolution (Dn vs.
3448 Biophysical Journal 122, 3447–3457, September 5, 2023
Dnþ1) (Fig. 1 B) (10). The moderate degree of telomerase
processivity becomes apparent in a characteristic gel-band
pattern where each band represents extended DNA products.
Notably, repeat synthesis by telomerase is slow, with an
average time span of several minutes per individual repeat
under our assay conditions (9). The RAP transitions
comprise the slowest steps in the telomerase cycle,
providing a proportionally larger time window for DNA
dissociation to occur (11). The respective DNA products ter-
minating in dG6 therefore dominate the telomerase product
distribution (Fig. 1 B). The gel-band intensities enable
global kinetic modeling of telomerase repeat synthesis
(11); however, investigation of mechanistic sub-steps de-
mand biophysical approaches with greater spatiotemporal
resolution.

Recently, extensive cryo electron microscopy (cryo-EM)
efforts have provided insight into the architecture of the ciliate
and human telomeraseRNP, including higher-resolution snap-
shots of theDNA-RNAhybrid in the active site in the presence
of telomerase protein cofactors (12–14). Structural studies of
telomerase are challenged by the conformational heterogene-
ity intrinsic to the enzyme; however, the static structures are
invaluable to the design and interpretation of single-molecule
approaches that aim to correlate structural heterogeneity with
enzyme function. Recent single-molecule assays are able to
probe the growing DNA product in real time (E$Dn vs.
E$Dnþx), but mechanistic and kinetic insights into NAP and
RAP cycles were obstructed by DNA structural dynamics
(10,15,16). Here we present a FRET-based single-molecule
assay thatmonitors telomeraseNAPsteps bymeans offluores-
cence-dye-labeled nucleotide analogs. This approach allowed
us to demarcate the RAP-translocation steps over multiple
consecutive repeat cycles and simultaneously assess DNA
conformational dynamics.



Real-time detection of human telomerase
MATERIALS AND METHODS

RNA preparation

RNA in vitro transcription

In vitro transcription (IVT) DNA templates for hTR CR4/5 (hTR 239–328),

hTR template/pseudoknot (hTR t/PK, 32–195 and 63–195), were generated

by PCR fusing the T7 promotor to the respective DNA sequence of hTR

(Table S1) (10). A total of 400 mL of PCR reactions were added directly

to the IVT mix. IVTs were carried out using homemade T7 RNA polymer-

ase in 5-mL reactions of 40 mM Tris-HCl, pH 8.0, 35 mM MgCl2, 0.01%

(v/v) Triton X-100, 5 mM DTT, 1 mM spermidine, 2.5 mM each NTP, and

40 U RNasin Plus (Promega). The reactions were incubated overnight at

37�C followed by the addition of 10 U TURBO DNase (Thermo Fisher Sci-

entific) and incubation for 15 min at 37�C. The RNAwas enriched by iso-

propanol precipitation and purified by denaturing urea polyacrylamide gel

electrophoresis (PAGE). The IVT mix of hTR t/PK 63–195 destined for

splinted ligation reactions (see below) was modified to contain each NTP

at 1 mM and 5 mM GMP to obtain 50 monophosphate groups.

RNA dye labeling

To generate dye-labeled telomerase, the synthetic hTR template/pseudoknot

(t/PK) fragment 32–62 was purchased from Dharmacon with an internal

5-aminohexylacrylamino-uridine (5-LC-N-U) at position U42 (Table S1)

(17). The RNAwas deprotected using provided deprotection buffer (Dhar-

macon) and following the manufacturer’s instructions. Deprotected RNA

was desalted using G-25 MidiTrap gravity columns (GE Healthcare), fol-

lowed by ethanol precipitation in the presence of 300 mM sodium acetate,

pH 5.2. The pellet was resuspended in 100 mL of 0.1 M sodium bicarbonate

and brought to a concentration of 200 nmol/mL.For dye coupling, 20 nmol of

RNAwere combined with an equal volume of anhydrous DMSO containing

100 nmol of LD555 (LumidyneTechnologies). Themixwas incubated in the

dark for 2 h at 37�C, desalted using gravity columns, and dried using a vacu-

fuge (Eppendorf). RNA pellets were dissolved in 60 mL of 0.1 M triethyl-

amine acetate (TEAA), pH 7.5, and dye-labeled RNA was purified by

high-pressure liquid chromatography (HPLC) in 0.1MTEAA to 60% aceto-

nitrile gradient on a reversed phase C8 column (Agilent Technologies).

RNA ligation

Synthetic and dye-labeled hTR 32–62was ligated to in vitro transcribed hTR

t/PK63–195 by splintedRNA ligation(17). A 200-mL reaction contained 800

pmol of LD555-hTR 32–62, 1600 pmol of hTR 63–195, and 1600 pmol of

DNA splint (Table S1) in 0.5� T4 DNA ligase buffer (NEB). The mix was

incubated for 5 min at 95�C and for a further 10 min at 30�C. Then
200 mL of ligation mix (1.5� T4 DNA ligase buffer, 8000 U T4 DNA ligase

(NEB), 2 mM ATP, and 200 U RNasin Plus) was added to the reaction and

incubated overnight at 30�C. Then 10 U of TURBO DNase were added

and incubated for 15min at 37�C. The RNAwas then phenol-chloroform ex-

tracted, ethanol precipitated, and purified by urea PAGE.
Telomerase reconstitution

Human telomerase was reconstituted in rabbit reticulocyte lysate (RRL,

Promega TnT Quick Coupled Transcription/Translation kit) following the

manufacturers specifications (18). Specific to telomerase, 200 mL of TnT

mix were supplemented with 5 mg of the plasmid pNFLAG-hTERT (19)

and 1 mM in vitro transcribed (see above) and unlabeled hTR fragments

(hTR template/pseudoknot and CR4/5). In reconstitutions of dye-labeled

telomerase, the LD555 t/PK fragment (see above) was added at 0.1 mMfinal

concentration owing to lower relative yields after RNA ligation and dye la-

beling. The reaction mix was incubated for 3 h at 30�C and quenched with

5 mL of 0.5 M EDTA, pH 8.0, for 30 min at room temperature. For immuno-

purification of telomerase, beads from 50 mL of ANTI-FLAG M2-agarose

bead slurry (Sigma-Aldrich) were washed three times by suspension in
750 mL of wash buffer (50 mM Tris-HCl, pH 8.3, 3 mM MgCl2, 2 mM

DTT, 100 mM NaCl), centrifugation for 30 s at 2350 rcf, and removal of

the supernatant. Beads were subsequently blocked twice for 15 min in

blocking buffer (50 mM Tris-HCl, pH 8.3, 3 mM MgCl2, 2 mM DTT,

500 mg/mL BSA, 50 mg/mL glycogen, 100 mg/mL yeast tRNA) under

end-over-end agitation at 4�C. Blocked beads were collected by centrifuga-
tion, resuspended in 200 mL of blocking buffer, and added to the telomerase

reconstitution reaction in RRL. This binding step was left to proceed for 2 h

at 4�C under end-over-end agitation. The beads were then pelleted and

washed three times in wash buffer containing 300 mM NaCl, followed by

three further wash steps in wash buffer containing 100 mM NaCl. Elution

of telomerase from the beads was performed by adding 60 mL of elution

buffer (50 mM Tris-HCl, pH 8.3, 3 mM MgCl2, 2 mM DTT, 750 mg/mL

3xFLAG peptide, 20% glycerol) to the beads and incubation for 1 h at

4�C under orbital agitation. The mix was then transferred to a Nanosep

MF 0.45 mM centrifugal filter and the eluate was collected by centrifugation

at 10,000 rcf for 1 min. Then 5-mL aliquots (3 mL in the case of dye-labeled

telomerase) were prepared in Lo-bind tubes (Eppendorf), flash frozen in

liquid nitrogen, and stored at �80�C until use.
32P-end labeling of DNA primers

DNA primer (50 pmol) was labeled with gamma-32PATP and T4 polynucleo-

tide kinase (NEB) in a 50-mL reaction in 1� PNK buffer (NEB). Themix was

incubated for 1 h at 37�C followed by heat inactivation of T4 PNK at 65�C for

20 min. The primers were purified on Centrispin columns (Princeton Separa-

tions) and brought to a final concentration of 50 nM in nuclease-free water.
Primer-extension assays

Bulk activity assays were performed using 5 mL of immuno-purified telome-

rase brought to a 15-mL reaction volume of 50 mM Tris-HCl, pH 8.3,

50mMKCl, 3mMMgCl2, and 2mMDTT (6). 32P-end-labeledDNA primers

were used at 50 nM and nucleotide concentrations were as indicated (ranging

from 0.1 to 10 mMeach of dATP, dTTP, and dGTP). Dye-dG6P and dye-dA6P

were used at 3.5 and 8 mM, respectively, to be consistent with real-time

sequencer (RS) assay conditions. dTTP was used at 10 mM when mixed

with dye-dG6P and dye-dA6P. Reactions were incubated for 90 min at 30�C
and quenched with 200 mL of TES (10 mM Tris-HCl, pH 7.5, 1 mM EDTA,

0.1% SDS). For kinetic analysis, reactions were chased after 10-min incuba-

tion with 20 mM unlabeled primer and samples quenched at 10-min intervals.

DNA products were phenol-chloroform extracted and ethanol precipitated.

DNA pellets were resuspended in formamide gel loading buffer (50 mM

Tris base, 50 mM boric acid, 2 mM EDTA, 80% (v/v) formamide, 0.05%

(w/v) each bromophenol blue and xylene cyanol) and resolved on a 12% dena-

turing ureaPAGEgel. Thegelwas then dried and imaged using a storage phos-

phor screen and Typhoon scanner (GE Healthcare).
RS assay

Chip preparation and enzyme immobilization

RS chips (single-molecule real-time (SMRT) cell, PacBio) were washed three

times eachwith 40mL of TP50 buffer (50mMTris-HCl, pH 8.0, 50mMKCl).

Then 20mL ofNeutrAvidinwas supplied to the chip and incubated for 5min at

room temperature. NeutrAvidin was removed, followed by three wash steps

each with 40 mL of telomerase buffer (50 mM Tris-HCl, pH 8.3, 50 mM

KCl, 3 mM MgCl2). Then 5 nM stocks of biotin-(TTAGGG)3-primer in TLi

(50 mM Tris-HCl, pH 8.3, 50 mM LiCl) were heated to 95�C for 3 min to

melt primer aggregates or G-rich structures. Primers were cooled on ice. Three

micro-liters of immuno-purified LD555-telomerase was combined with 1 mL

of 5 nM heat-treated primer and incubated for 20 min at 30�C. Then 16 mL of

telomerase buffer was added to this mix at room temperature. The resulting

20-mL enzyme mix was supplied to an RS chip, sealed with parafilm, and
Biophysical Journal 122, 3447–3457, September 5, 2023 3449
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incubated for 15min at 30�C.The enzymemixwas removed, and the chipwas

washed three times each with telomerase buffer.

RS setup and chip imaging

The RSII (PacBio) was initialized from the user interface (20). The green

laser (532 nm) was set to a laser power of 0.24 mW/mm2. A calibration mea-

surement was previously conducted at the same laser power as a reference

according to the manufacturer’s instructions. The video length was 30 min

at a frame rate of 10 Hz. The chip clamp temperature (�zero-mode wave-

guide (ZMW) temperature) was 30�C. A dispense protocol was selected for

fluidic delivery of 20 mL of delivery solution (see below) to the chip at 140 s

into the video. After initialization, enzyme-treated chips were supplied with

telomerase imaging buffer (50 mM Tris-HCl, pH 8.3, 50 mM KCl, 3 mM

MgCl2, 2.5% (v/v) N-formylmorpholine, 3.5 mM dye-dG6P, 8 mM dye-

dATP, oxygen-scavenging system (2.5 mM protocatechuic acid (PCA),

2.5 mM TSY, and 2� protocatechuate-3,4-dioxygenase (PCD), purchased

from Pacific Bioscience)) and the silica surface of the chip was cleaned

with methanol. Chips were then mounted in the SMRT cell chamber of

the RS. Telomerase imaging delivery solution (imaging buffer including

20 mM dTTP, and 40 nM DNA probe where indicated) was provided in a

96-well sample plate in the sample chamber of the RS and kept at 4�C until

delivery. Data acquisition was started from the RS user interface (20).

Data analysis

Fluorescence trace extraction and data analysis were performed with a set

of custom-written Matlab scripts (available upon request). Procedures

adhered to the principal workflow described below. The RS generates

approximately 150,000 four-color traces per ZMW experiment. To down-

select data for ZMWs that, in principle, possessed active telomerase com-

plexes, the raw data traces were computationally screened for fluorescence

intensity anti-correlation between detection channels 1 (green) and 3 (red),

indicating energy transfer between the respective fluorophores. The down-

selected trace subset was then manually screened for photophysical artifacts

or noise. The manually curated trace subset was used for two different anal-

ysis workflows as described below.

Semi-automated processing and idealized trace generation

Individual data traceswere pre-processed for FRET state assignment using the

previously published vbFRET software suite (21). Trace pre-processing was

performed according to the after workflow: 1) crop the region of interest to re-

move photobleaching events or initial noise in the trace due tobuffer exchange,

2) donor channel (Ch1) drift correction, 3) channel crosstalk correction, 4)

baseline correctionof acceptor channels (Ch2,Ch3, and/orCh4), 5) calculation

of effective FRET values for each channel and fine adjust of channel crosstalk

correction due to optical variation between ZMWs, 6) visual removal of any

artifactual (non-anticorrelated) signals from traces, 7) dynamic calculation

of FRET threshold values to set unbound state to zero before automated state

assignment, and 8) file export for each trace in vbFRET compatible format.

Idealized traces were subsequently generated using the HMM module of

vbFRET to fit a simple two-state model to each FRET trace. The output of

vbFRETwas then used to automatically extract on-time and off-time distribu-

tions for dG (Ch2) and dA (Ch3) binding events, which were fitted using the

MEMLET analysis software (22). Detailed fit parameters are listed in

Table S3. Figures were subsequently prepared using GraphPad Prism.

Manual assignment and kinetic analysis of telomerase
phases in individual traces

Individual traces were viewed using a custom and interactive Matlab script

(Fig. S11; all scripts are available upon request). The assignment script al-

lows the user to highlight any suspected telomerase sub-step in a point-and-

click approach: basically, the start (e.g., G6 intensity upward transition) and

end (e.g., G6 intensity downward transition) of signal clusters were selected

by mouse click, generating an idealized (noise-free) trace that displays all

state transitions that were selected manually in the raw data window
3450 Biophysical Journal 122, 3447–3457, September 5, 2023
(Fig. S11, raw data window vs. idealized trace window). The script

permitted state assignment in different colors and with different amplitudes

to aid visual distinction of the states (Fig. S11, red states are A5, yellow

states are G6, gray states are RAP and G1/G2 phases). The purpose of

the idealized state trace was to demarcate the time points of state transitions

for kinetic analysis. The time points of state transitions were extracted in

Matlab and allowed calculation of both wait times in between signal clus-

ters as well as lifetimes of signal clusters. Time distributions were fitted

with exponential functions in Matlab MEMLET (22) and plotted in

GraphPad Prism. Rate constants for single irreversible kinetic steps were

calculated as the inverse of the mean of the lifetime population. Reported

estimates of the SEM for each measured wait time were determined using

the bootstrapping function within Matlab MEMLET (22–24). Although

manual state assignment for kinetic analysis was performed using raw

data traces (Fig. S11), we corrected traces for bleed-through and back-

ground for clarity in the figures (Fig. S8 A).
RESULTS AND DISCUSSION

Concept

We developed a SMRT assay that directly visualizes telome-
rase-nucleotide complexes (E$Dn$N) and permits simulta-
neous detection of functional structural dynamics during the
telomere synthesis reaction. The method overcomes several
technical challenges in single-molecule studies, facilitating
experiments that 1) increase the concentration of dye-coupled
nucleotides to physiologically relevant concentrations, 2)
differentiate enzyme-bound nucleotides from unspecific fluo-
rescence signals, and 3) enable real-time identification of
conformational dynamics that govern enzyme function
(Fig. S1). The technique builds on the Pacific Biosciences
SMRT-sequencing approach (Figs. 2 A and S1) (25). Howev-
er, a key differentiating principle of our approach is the use of
Förster resonance energy transfer (FRET) to measure the
transfer of energy between dye-conjugated nucleotide ana-
logs and an enzyme-linked fluorescent dye (Fig. 2 B).

In contrast to the direct excitation of fluorescent compo-
nents across the visible light spectrum employed in SMRT
sequencing, the use of FRET permits experiments to be con-
ducted at higher, near-physiological, concentrations of
acceptor-dye-conjugated nucleotide analogs (Figs. 3 and
S1) (26). Of the three telomeric nucleotides (dTTP, dATP,
dGTP), we employed dye-coupled dATP and dGTP analogs
to serve as FRET acceptor molecules (Fig. S2).

We reasoned that the combination of unmodified dTTPwith
color-coded dATP/dGTP analogs will produce unambiguous
FRET patterns during extension of a telomeric DNA primer
by reporting on rU and rC template positions (Fig. 3 A and
B). Also, the FRET patterns could be expected to delineate
the start and endpoint of RAP-translocation steps in real time
by reporting on the rC6 and rC1 template positions (G1G2

TTA5G6—translocation—G1G2TTA5G6) (Fig. 3 B). As in
SMRT sequencing, the phosphate-linked dye moieties are
released upon nucleotide incorporation, removing the FRET
signal, and yielding a natural DNA product that does not inter-
ferewith downstreamprocesses, such asDNAstructure forma-
tion or anchor-site interactions (25). In a multiplexed FRET



FIGURE 2 Principal components of the human telomerase ZMW-FRET

approach. (A) Zero-mode waveguide array chips used for telomerase multi-

color ZMW-FRET. (B) Schematic of human telomerase RT (TERT) and the

telomerase RNA (TR, solid and dashed lines). LD555 at the U42 dye-label-

ing site is highlighted. The catalytic core is formed by TERT and essential

domains of TR (solid lines). At right, the FRET acceptor components used

in this study. To see this figure in color, go online.

Real-time detection of human telomerase
approach, concurrent DNA structural dynamics could then be
visualized in parallel using a spectrally distinct dye-labeled
DNA probe bound to the nascent telomere DNA (Fig. 3 A).
The rA3/4 template positions (dTTP) and RAP-translocation
steps were expected to present as ‘‘dark’’ states in the absence
of a FRET acceptor.
Approach and results

We employed this FRET-based approach to visualize
E$Dn$N complexes directly (i.e., states just before nucleo-
tide incorporation) and in real time. A ‘‘self-healing’’
FRET-donor fluorescence dye (LD555) was coupled to the
telomerase RNA (TR) subunit at residue U42 (Fig. 2 B)
(6,27). Structural models suggest that this labeling site
was within FRET range of the nucleotide-binding pocket
as well as the DNA-product exit path, enabling the multi-
plexed FRET approach (Figs. 3 A and S3 A) (13,28). To
facilitate site-specific dye labeling, the catalytic TERT pro-
tein (telomerase RT) was reconstituted with essential do-
mains of telomerase RNA in vitro (Fig. 2 B). This core
complex of the telomerase RNP showed comparable activity
to the telomerase holoenzyme isolated from human cells,
and a U42-coupled dye label did not interfere with DNA-
repeat synthesis kinetics or processivity (Figs. S3 and S4)
(10,13,28). Hexaphosphate-aminohexyl dATP and dGTP
nucleotide analogs (dye-dN6P) were synthesized at
PacBio and coupled to fluorescence dyes following estab-
lished protocols (Fig. S2 B) (29). Importantly, telomerase
incorporated both types of analogs in ensemble primer-
extension assays with comparable activity to unmodified
dNTP (Fig. 3 C).

To detect real-time telomerase activity using FRET,
LD555-telomerase was incubated with a biotinylated
(TTAGGG)3 DNA primer, which terminates mid-repeat after
the dG2 position and forms stalled enzyme-DNA complexes
in the absence of the subsequent nucleotide dTTP (30). Com-
plexes were immobilized on a NeutrAvidin-coated surface
inside individual ZMW wells using PacBio array chips
(Figs. 2 and 3 A and B). The chips were then incubated
with imaging mix containing dye-d(A/G)6P but deficient in
dTTP to prevent initiation of telomerase catalysis.

For imaging, chips were mounted on a ZMW-compatible
PacBio RSII. Previous work has demonstrated the utility and
customization of the RS instrument for single-molecule fluo-
rescence spectroscopy (Fig. S2 A) (20). Three- or four-color
emission traces from each ZMW were recorded at 10-Hz de-
tector frame rate (Figs. S5 and S6). To initiate telomerase
primer extension, dTTP was added to the chip by automated
pipetting after 2 min of data acquisition. The low background
signal afforded by a combination of ZMW confinement with
single green laser-line excitation at 532 nm allowed for dye-
dN6P concentrations that support robust telomerase activity
(3.5 mM dG6P, 8 mM dA6P, 10 mM dTTP; Fig. 3 C).

We also performed separate experiments in the presence
of Cy5.5-labeled DNA oligonucleotides that are comple-
mentary to 2.5 telomeric repeats, serving to probe DNA syn-
thesis and conformational changes during real-time
telomerase activity (Figs. 2 B and 3 A) (10,12). We have pre-
viously shown that individual DNA probes anneal to the
nascent telomeric DNA product within FRET range of a
U42-coupled donor dye (10). Importantly, the binding of
DNA probe to the DNA product depended on telomerase ac-
tivity and extrusion of nascent DNA from telomerase (10).

We obtained two datasets of 876 and 2009 ZMW traces
(plus and minus DNA probe, respectively) that contained
discernible FRET events between LD555-telomerase and
dye-dG6P (E$Dn$dG, yellow) or dye-dA6P (E$Dn$dA,
red) (Figs. 4 and S5–S7). In this way, bona fide binding
events between telomerase and the dye-conjugated dNTPs
can be distinguished from occasional ‘‘sticking’’ events,
wherein, e.g., a dye-conjugated dG6P transiently interacts
with the ZMW surface, accessible to direct and unintended
green laser excitation.

Rawdatawere corrected for drift and channel crosstalk, and
acceptor channel dark periods were set to zero to calculate an
approximate FRET value for each donor-acceptor pair. We
note the FRET values in our experiments are estimates since
the true baseline of the donor channel could not accurately
be determined for all traces analyzed. Nevertheless, the esti-
mated FRET trajectories for each channel provide a useful
signal for generating idealized state assignments using the pre-
viously published vbFRET software (21) (Fig. 4). Recent sys-
tematic evaluations of several state transition detection
Biophysical Journal 122, 3447–3457, September 5, 2023 3451



FIGURE 3 Concept of the telomerase ZMW-FRETapproach. (A) Principal signals expected frommultiplexed ZMW-FRETapplied to real-time analysis of

telomerase. Dye-coupled hexaphosphate nucleotide analogs dA6P (red) and dG6P (yellow) interact reversibly with telomerase (E). Eventual irreversible

nucleotide incorporation into the DNA (D) releases the dye moiety and removes FRET. At right, a Cy5.5-labeled DNA probe (magenta) can bind to nascent

telomere DNA and reports on DNA structural dynamics. Telomerase is immobilized via a telomeric DNA primer (B) that is extended repetitively guiding

expectations and interpretation of telomerase ZMW-FRET measurements. (C) Telomerase primer-extension assays resolved on sequencing gels after 90-min

reaction time (see section ‘‘materials and methods’’). At left, telomerase requires micro-molar nucleotide concentrations. An approximated range of dye-

coupled nucleotide analog concentrations accessible by different single-molecule methods is given above the gel. TIRF, total internal reflection fluorescence.

At right, telomerase utilizes dye-dN6P at micro-molar concentrations as used in ZMW-FRET (3.5 mM dye-dG6P, 8 mM dye-dA6P, and 10 mM dTTP). To see

this figure in color, go online.
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algorithms show that each has benefits and pitfalls, with the
vbFRET algorithm performing well under standard camera-
based smFRETexperimental conditions (31,32).When appro-
priate, automated single-molecule FRET analysis programs
were employed to extract unbiased values for the lifetime dis-
tributions of high (bound) and low (unbound) FRET states.
However, in certain contexts (see below), we elected to use
an analysis approach that employs manual state assignment
to reveal the full information content of the data. For example,
currently available procedures (31) cannot take advantage of
the information specific to telomerase that enables distinction
between dG incorporation pre- and post-translocation events.
Furthermore, each repeat cycle has the potential for localmod-
ulation (10), so averaging across multiple repeats would lose
this important detail.

Estimated FRET trajectories derived from 219 analyzed
molecules were fitted to a two-state hidden Markov model
in vbFRET, and the output was used to extract lifetime distri-
butions of the telomerase bound ðE$Dn$dNÞ and unbound
ðE$DnÞ states for dG6P or dA6P (Figs. 4 and 5). Interestingly,
although the distribution of bound lifetimes for the E$Dn$dA
complex was well fitted to a single-exponential function, the
distribution of bound lifetimes for the E$Dn$dG complex dis-
played kinetic heterogeneity that was better fitted by a double-
exponential function (compare Figs. 5 A and B). This unex-
pected result suggested the presence of at least two resolvable
kinetically distinct E$Dn$dG complexes observed in our ex-
periments. Similarly, the telomerase unbound lifetime distri-
butions for both the dG6P (Fig. 5 C) and dA6P (Fig. 5 D)
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showed substantial kinetic heterogeneity andwere better fitted
by a double-exponential model when compared to a single-
exponential fit. Interestingly, this result is consistent with a
recent report of kinetic heterogeneity in RNA-DNA and
RNA-RNAhybrid duplex formation asmeasured by smFRET
(33). In the context of the telomerase system studied here, our
results suggest the nucleotide-unbound states measured in our
experiments encompass multiple distinct kinetic steps during
telomerase catalysis, including the translocation steps neces-
sary for RAP (Fig. 1).

Having used semi-automated analysis to establish the
presence of kinetic heterogeneity in our data, we next em-
ployed a manual analysis workflow to correlate the specific
sequence of FRET signals with specific stages of telomerase
catalysis, an approach that leverages a priori knowledge of
the telomeric sequence. Non-cognate sampling events with
lifetimes on the micro-second timescale are too short to be
resolved in the RS measurement (100 ms per frame) and
will contribute to the average background fluorescence
(Fig. S8 A). However, a feature of our method is the sensi-
tivity to the reversible nature of cognate nucleotide associa-
tion and dissociation that may occur before nucleotide
incorporation (E$Dnþ N#E$Dn$N) (Figs. 3 A and S8
B). A given template position thereby often manifested as
a cluster of FRET signals, rather than a single FRET peak,
similar to what was previously described in ZMW analysis
of HIV RT using a SMRT-sequencing-related approach (34).

Based upon the known sequence of the TR template, a
successful telomerase single-molecule assay was expected



FIGURE 4 Representative ZMW-FRET traces showing dye-labeled dNTP analog-binding events to telomerase. (A) A representative donor (LD555, Ch1)

dye intensity trace (top, green), acceptor-dye-labeled dG analog (middle, Ch2 yellow), and estimated Ch1-Ch2 FRET trajectory (bottom, blue) with idealized

smFRET trace fit in vbFRET shown in red (see section ‘‘materials and methods’’ for details). Times spent in the dG-bound state (tbound) and times spent in the

nucleotide-unbound state (tunbound) are indicated on the top of the plot. (B) For the same trajectory shown in (A), the same donor (LD555, Ch1) dye intensity

trace (top, green) is shown, along with an acceptor-dye-labeled dA analog (middle, Ch3 red) and estimated Ch1-Ch3 FRET trajectory (bottom, blue) with

idealized smFRET trace fit in vbFRET shown in red. Times spent in the dA-bound state (tbound) and times spent in the nucleotide-unbound state (tunbound) are

indicated on the top of the plot. To see this figure in color, go online.
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to yield an initial ‘‘dark’’ period before dTTP delivery and
during extension of the (TTAGGG)3 primer by dT3 and
dT4 (Figs. 3 B and 6 A and B). Completion of the initial
repeat by dA5 and dG6 was expected to present as onset
of FRET in the red and yellow channels, respectively
(Figs. 3 B and 6 A and B). These initial patterns were
observed in �90% of all traces. Subsequent FRET signals
were expected to adhere to full telomeric repeat cycles,
separated by a dark phase that accounted for the telomerase
translocation dynamics independent of the presence of nu-
cleotides. In a total of 817 representative traces across
both datasets, we identified 1134 repeat patterns that
extended beyond the initial dA5/dG6 signals and indicated
processive telomerase repeat addition (i.e., RAP). Analysis
of each repeated pattern confirmed the presence of distinct
phases that we assigned to known sub-steps in the telome-
rase reaction cycle: 1) a dark RAP-translocation phase, 2)
G1/G2-FRET clusters, 3) a dark T3/T4-phase, and 4) an
A5/G6-FRET cluster concluding the repeat (Figs. 6 B and
S9 A). FRET signals for the G1/G2 pair are treated as a com-
bined cluster in absence of differentiating information.

To validate the real-time measurement of processive telo-
mere repeat synthesis, we extracted repeat wait times be-
tween individual G6 incorporation (Figs. 6 C and S9 B).
The obtained values from both independent datasets were
consistent with previously reported corresponding rate con-
stants derived from kinetic modeling of telomerase
ensemble assays (10). Thus, ensemble biochemical and
ZMW-based single-molecule telomerase assays yield
similar kinetic parameters, further supporting the validity
of the ZMW-FRET assay (Fig. 6 D) (10). Consistent with
prior biochemical analysis of ensemble telomerase activity,
the dark RAP-translocation phase was the slowest sub-step
within an individual repeat cycle with a mean duration of
165 5 8 s (Fig. 6 B). An unexpected feature of our data
was that dG6 incorporation occurred relatively soon after
dG6 binding (55 0.2 s), whereas the G1/G2-FRET clusters
exhibited a substantially increased mean duration (765 5 s;
Figs. 4 B, S7, and S9 A). The prolonged G1/G2 clusters are
unlikely to be explained by the simple combination of two
successive dG-incorporation events and may suggest the ex-
istence of a long-lived state of the enzyme that results in
slow dG-incorporation kinetics at the beginning of each te-
lomeric DNA repeat (Fig. S10). This result is consistent
with the global analysis of dG binding kinetics that sug-
gested the existence of multiple, kinetically distinct,
E$Dn$dG complexes (Fig. 5 A). Although the precise struc-
tural basis of this observation remains to be elucidated, it is
plausible that additional translocation-related events occur
after template repositioning and dG1 binding. These may
include re-formation of the RNA/DNA hybrid, re-priming
of the DNA 30 end, and active-site closure (Figs. 1 A and
S10) (8).

In the presence of Cy5.5-DNA probe, 605 of 2009 traces
displayed FRET between LD555-telomerase and the Cy5.5-
labeled probe (magenta) bound to the nascent telomere
DNA product (Figs. 6 A, 7, and S6). This observation repre-
sented a direct measurement of product DNA dynamics
resolved concurrently with nucleotide-addition cycles. Inter-
estingly, we identified repeated instances of a Cy5.5-FRET in-
crease during the RAP-translocation phase and preceding the
onset ofG1/G2 clusters.We hypothesize theDNAproduct un-
dergoes positional rearrangements during RAP translocation
and thereby becomes accessible for the Cy5.5-DNA probe to
Biophysical Journal 122, 3447–3457, September 5, 2023 3453



FIGURE 5 Lifetime histograms for nucleotide

analog bound and unbound states. Cumulative life-

time histograms for telomerase in the indicated

nucleotide analog bound or unbound states as de-

picted in Fig. 4 A and B. (A) Cumulative lifetime his-

togram of telomerase-dG-bound complexes fit with

a single (red) or double (green) exponential function

(n ¼ 2198). (B) Cumulative lifetime histogram of

telomerase-dA-bound complexes fit with a single

(red) exponential function (n ¼ 1958). (C) Cumula-

tive lifetime histogram of telomerase-dG-unbound

states (time between binding events) fit with a single

(red) or double (green) exponential function (n ¼
1999). (D) Cumulative lifetime histogram of telome-

rase-dA-unbound states (time between binding

events) fit with a single (red) or double (green) expo-

nential function (n ¼ 1958). All fits were performed

in MEMLET (22) and dashed lines in all plots repre-

sent the 95% confidence interval for the fit deter-

mined by MEMLET’s bootstrapping function.

Detailed fit parameters are listed in Table S3. To

see this figure in color, go online.
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bind (Figs. 1 A and 7). Once bound to the DNA product, the
DNA probes could be expected to report on DNA-product
movements during subsequent repeat-addition cycles and
their RAP-translocation steps (Fig. 7). For example, although
the onset ofG1/G2 clusters suggested successful translocation
of the RNA template in the active site, future experiments are
needed to assign translocation-related Cy5.5-FRET events to
DNA-product dynamics before, during, or after formation of
the new DNA/RNA duplex (Figs. 1 A and 7). However, the
ability to resolve individual nucleotide-bound enzymes and
product DNAdynamics at specific stages of telomerase repeat
synthesis provides a powerful illustration of the information-
richdata that canbeobtainedbycombiningSMRTsequencing
with single-molecule FRET in the study of telomerase.
DISCUSSION

The ZMW-FRET approach presented here tracks individual
telomerase enzymes in real time throughmultiplexedandquan-
titative single-molecule analysis.Wewere thus able to monitor
the cyclic nature of telomere repeat synthesis, differentiating
the association, incorporation, and dynamics of nucleotides
and the DNA substrate. Themethod enabled the determination
of wait-time distributions for the synthesis of individual telo-
meric repeats as well as for kinetic sub-steps, such as the
DNA/RNA translocation pause. Notably, the average repeat
synthesis wait times were consistent with gel-based kinetic
analysis of telomerase repeat synthesis, supporting the validity
of ZMW-FRET in studying the mechanism of telomerase.

Telomerase is a slow enzyme and, within the 30-min mea-
surement window on the PacBio RSII, we rarely observed
more than five consecutive repeats, as can be expected for sto-
3454 Biophysical Journal 122, 3447–3457, September 5, 2023
chastic events with a time constant of around 5min.While gel-
based assays allow for the study of longer DNA products (11),
the finite measurement time in ZMW-FRETwill bias the dis-
tributions of later repeats toward shorter wait times. Previous
studies demonstrated that the length of the nascent DNA prod-
uct influences telomerase activity (10); longer DNA products
can fold into DNA structures that modulate telomerase ki-
netics, and telomerase processivity after the first repeat addi-
tion was lower than subsequent repeats (35), possibly
because the short DNA primers form weaker interactions
with the anchor sites of telomerase. Future ZMW-FRETexper-
iments can employ varying lengths of the starting primer to
investigate the influence of short and long DNA products on
telomerase function in real time, thereby avoiding a wait-
time bias that arises after five or more repeats.

In addition to the observation of multiple consecutive re-
peats, our proof-of-concept data also revealed differential
binding and incorporation kinetics of dGTP at the end and
beginning of individual telomeric repeats (dG6 versus dG1,
respectively). This finding is a specific feature of the ZMW-
FRET approach in that it can detect nucleotide-bound states
of the enzyme in real time. Due to cognate (and non-cognate)
nucleotide sampling of the enzyme active site, the identity of
template positions might be encoded in signal clusters rather
than single pulses (34). ZMWmeasurements of fast polymer-
ase systems, which require higher frame rates, may visualize a
larger contribution of non-cognate nucleotide sampling. The
slow reaction speed of telomerase enables lower frame rates,
which reduce the impact of this limitation. Adding to existing
models for telomerase translocation mechanisms, we hypoth-
esize that the prolonged G1/G2 clusters present a cognate
dGTP-bound state after successful relocation of the TR



FIGURE 6 Real-time ZMWanalysis of human telomerase. (A) Four-color trace from a single telomerasemolecule. Detection channels are shown separately

for clarity. Dashed lines separate discernible repeat patterns. (B) At left, cropped gel lane visualizes early primer extension and informs expectations for ZMW

sequencing. Sequence and numbers indicate telomeric DNA repeats and the respective template position for each nucleotide. The RAP-translocation steps

occur after completion of each respective repeat. At right, example of a repetitive FRET pattern consistent with a telomeric DNA repeat. Repeat sub-steps cor-

responding to nucleotide positions or the RAP-translocation steps are indicated. The mean duration of each sub-step is given below; nRAP-translocation ¼ 219,

nG1G2 ¼ 373, nT3T4 ¼ 153, nA5 ¼ 577, nG6 ¼ 576. Errors are SE of the mean. (C) A5/G6 motifs enlarged from trace in (A). dG6 incorporations as repeat-

end signatures are indicated (dashed lines) and yield repeatwait times for kinetic analysis (Dt), cf. Fig.S9. Below,meanwait times for individual repeats derived

from twoRS datasets. Errors are SE of themean. (D)Meanwait times for individual repeats derived fromZMWand telomerase gel assay. Error bars indicate the

standard deviation across duplicate ZMWexperiments. The rate constants are consistent with values derived from gel-based telomerase ensemble assays (blue

data points) (10). To see this figure in color, go online.
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template. The unique telomerase RAP translocation may
therefore include rate-contributing rearrangements of the
TERT-proteinorDNA30 end that are uncoupled fromTR-tem-
plate positioning but are required to complete dG1 incorpora-
tion. The processivity-stimulating cofactors protection of
telomeres 1 (POT1) and telomere protection protein 1
(TPP1) are known to engage the TERT protein as well as the
telomerase DNA product to speed up the telomerase reaction
(35,36). The ZMW-FRET approach is uniquely suited to test
the hypothesis that POT1-TPP1 will enhance DNA-transloca-
tion efficiency, thereby reducing the duration of the G1/G2
clusters and increasing telomeraseRAP.Our proof-of-concept
experiments include a dye-labeledDNAprobe that can bind to
the nascentDNAproduct of actively extending telomerase in a
manner analogous to POT1-TPP1. More generally, we expect
the method described herein will find future application in
telomere and telomerase research, enabling direct correlation
of structural states observed in static cryo-EM structures with
dynamic sub-steps required for telomere length maintenance.
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FIGURE 7 Multiplexed ZMW telomerase assay. At left, schematic of the experimental setup inside individual ZMWs. At right, telomerase DNA-product

dynamics are visualized in real time through binding of an acceptor-labeled DNA probe (top, detection channels 1þ 4, arrows highlight selected events). The

time axis is broken to enlarge regions of interest; cf. Fig. S5. Concurrent nucleotide addition by the same telomerase enzyme (detection channels 2 þ 3) is

shown below. To see this figure in color, go online.
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