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ABSTRACT

Telomeres are highly susceptible to oxidative DNA
damage, which if left unrepaired can lead to dys-
regulation of telomere length homeostasis. Here we
employed single molecule FRET, single molecule
pull-down and biochemical analysis to investigate
how the most common oxidative DNA lesions, 8-
oxoguanine (8oxoG) and thymine glycol (Tg), reg-
ulate the structural properties of telomeric DNA
and telomerase extension activity. In contrast to
8oxoG which disrupts the telomeric DNA structure,
Tg exhibits substantially reduced perturbation of G-
quadruplex folding. As a result, 8oxoG induces high
accessibility, whereas Tg retains limited accessibil-
ity, of telomeric G-quadruplex DNA to complemen-
tary single stranded DNA and to telomere binding
protein POT1. Surprisingly, the Tg lesion stimulates
telomerase loading and activity to a similar degree
as an 8oxoG lesion. We demonstrate that this unex-
pected stimulation arises from Tg-induced conforma-
tional alterations and dynamics in telomeric DNA. De-
spite impacting structure by different mechanisms,
both 8oxoG and Tg enhance telomerase binding and
extension activity to the same degree, potentially
contributing to oncogenesis.

INTRODUCTION

Telomeres are dynamic nucleoprotein complexes that cap
the ends of chromosomes and protect chromosomes from
degradation. In human cells, telomeres are composed of re-
peating 5′-TTAGGG sequences which extend to 4–15 kb of
double stranded DNA (1,2), and ∼100–200 nucleotides of
a single stranded overhang at the 3′ end (3). Specific pro-
teins bind telomeric DNA to form the six-member shelterin
complex, which protects the telomeric overhang from be-
ing inappropriately recognized by the DNA damage signal-

ing and repair mechanisms (4,5) and regulates the length
of the telomere (6,7). In particular, protection of telomeres
1 (POT1) binds the single stranded portion of telomeric
DNA and plays an important role in telomere length reg-
ulation (8). Telomeres shorten with every cell division un-
less they are extended by telomerase, a reverse transcriptase
which adds 5′-TTAGGG tandem repeats to the end of the
telomere overhang (9). Many cancer and aging-related dis-
eases are associated with telomere lengthening or shorten-
ing (10,11), which are also linked to oxidative stress and re-
lated DNA damage (12–15).

Oxidative stress results from an imbalance between the
production of reactive oxygen species (ROS) and cellular
antioxidant defenses, and contributes to the pathogenesis
of numerous human diseases including cancer. Normal oxy-
gen metabolism, inflammation and numerous environmen-
tal exposures including pollution, ionizing radiation, and
ultraviolet light generate excess ROS in the cell (16–18).
ROS damages cellular components including nucleic acid,
thereby inducing DNA base lesions and strand breaks (19).
Oxidative base lesions in chromosomal DNA are normally
recognized and repaired by base excision repair enzymes in-
cluding 8-Oxoguanine glycosylase (OGG1), Endonuclease
III homolog 1 (NTH1) and Nei like DNA Glycosylase 1
(NEIL1) to maintain the integrity of the genome (20–22).
Unrepaired DNA damage can induce mutations or inter-
fere with DNA replication, leading to cancer and neurode-
generative diseases (15). Telomeres have been considered
‘hot zones’ for oxidative damage. The high guanine con-
tent (50%) in the telomere single strand overhang makes
it susceptible to conversion to 8-oxoguanine (8oxoG), one
of the most common oxidative lesions (23). Consecutive
guanine sequences such as GGG found in telomeres are
sites of preferential oxidation (24,25). However, while ox-
idative stress is associated with accelerated telomere short-
ening (26), the failure to remove 8oxoG in OGG1 defi-
cient mice and yeast causes telomere lengthening (14,27).
This raises the possibility that other forms of oxidative base
damage may contribute to ROS-induced telomere short-
ening. While much focus has been on 8oxoG, ROS gener-
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ates a myriad of DNA lesions (19). Thymine glycol (Tg) is
the most common oxidative product of thymine, and con-
tributes to 10–20% of ionizing radiation induced genomic
damage (28). Thymine is also prevalent (33%) in the telom-
eric single strand overhang, and mice lacking NTH1 glyco-
sylase, which removes Tg, show increased telomere fragility
(29). While Tg is known to present a strong block to replica-
tive and repair DNA polymerases (30), how this lesion af-
fects telomere structure, shelterin binding, and telomerase
activity remains largely unknown.

Evidence indicates that the single strand overhang of
telomeres forms G-quadruplex (G4) both in vitro and in
vivo (31–33). Formation of telomeric G4 in cells has been
demonstrated by G4 antibodies and other G4 binding lig-
ands (34–37). In G4 structure, four guanine bases are joined
by Hoogsteen hydrogen bonding to form a planar guanine
tetrad (or G-quartet) that can stack on each other. Earlier
bulk phase biochemical studies showed that replacing gua-
nine with 8oxoG in human telomere DNA disrupted the
highly stable G4 conformation to different extents depend-
ing on the replacement positions (38). Recently, our study
revealed that 8oxoG plays dual roles in telomere elonga-
tion. Incorporation of 8oxodGTP by telomerase terminates
telomere elongation, but a pre-existing 8oxoG in telomeric
DNA enhances telomere extension through disrupting G4
folding (39). The latter result may partly explain why telom-
ere lengthening occurs in OGG1 deficient mice that fail to
remove 8oxoG in telomeres (40). Bulk phase biochemical
studies showed telomeric DNA containing a Tg can fold in
G4 in Na+ buffer (22), but how Tg impacts telomeric struc-
tural conformations and dynamics was unknown.

In this study, we demonstrate that although a Tg lesion
in the telomeric overhang causes significantly less structural
G4 disruption compared to an 8oxoG, it enhanced telom-
erase loading and activity to a similar extent as 8oxoG.
We show that Tg promotes telomerase activity by altering
the G4 conformational structure and dynamics in telomeric
DNA, rather than by disrupting G4 folding. Therefore, we
propose that while both of the common oxidative lesions,
Tg and 8oxoG, can cause abnormal lengthening of telom-
eres, they achieve this outcome by different molecular mech-
anisms.

MATERIALS AND METHODS

DNA oligonucleotides and labeling

DNA oligonucleotides used in this study are listed in Sup-
plementary Table S1. The single strand (ss) DNA con-
taining 8oxoG (8oxoG4-ss) and Tg (Tg-ss) were purchased
from the Midland Certified Reagent Company Inc. (Mid-
land, TX). All other DNA oligonucleotides were purchased
from IDT (Coralville, IA). All the DNA oligonucleotides
were HPLC purified. 8oxoG4-ss, Tg-ss and the comple-
mentary ssDNA 18mer (Top18) had primary amine mod-
ification and were labeled with NHS-ester conjugated flu-
orescent dyes by following a previously established proto-
col (39). Briefly, DNA (40 �M) was mixed and incubated
with Cy3- or Cy5-NHS ester (3mM, GE Healthcare) in 100
mM sodium bicarbonate buffer at room temperature for
three hours. The excess dye was removed by performing
ethanol precipitation. All the other oligonucleotides were

pre-labeled or biotin conjugated by IDT. The partial duplex
DNA constructs were prepared by mixing a 42-mer oligonu-
cleotide with the 18-mer complementary oligonucleotide at
a molar ratio of 1:1.2 in a buffer containing 20 mM Tris–
HCl pH 7.5 and 100 mM KCl. The mixtures were incubated
at 95◦C for 2 min then slowly cooled to 37◦C at a rate of 2◦C
per minute, and then cooled to room temperature at a rate
of 5◦C/min.

Preparation of POT1 protein and lysate from cells overex-
pressing human telomerase

Recombinant human POT1 protein was expressed in a
baculovirus/ insect cell system and was purified as previ-
ously described (41,42). FLAG-tagged human telomerase
was expressed in HEK-293T cells co-transfected with plas-
mids expressing hTR and FLAG-tagged hTERT in 1:3 mo-
lar ratio as previously described (7,39). Briefly, the HEK-
293T cells were grown in DMEM medium with 10% FBS
and 1% penicillin–streptomycin (Gibco) to 90% confluency.
The cells were then transfected using Lipofectamine 2000
Reagent (Invitrogen) and allowed to grow for 48 h. The cells
were harvested by trypsin detachment, washed with phos-
phate buffered saline (PBS) and lysed with CHAPS lysis
buffer (10 mM Tris–HCl, 1 mM MgCl2, 1 mM EDTA, 0.5%
CHAPS, 10% glycerol, 5 mM �-mercaptoethanol, 120 U
RNasin plus (Promega), 1 �g/ml each of pepstatin, apro-
tinin, leupeptin and chymostatin and 1 mM AEBSF) for 30
min at 4◦C. The cell lysate was frozen in liquid nitrogen and
stored at –80◦C.

Single-molecule FRET

All single-molecule FRET (smFRET) experiments were
performed using a home-built prism-type total internal re-
flection fluorescence (TIRF) microscope at room tempera-
ture (23 ± 1◦C). The quartz slides and glass coverslips used
in all the experiments were prepared by following a PEG
mediated surface passivation protocol (39). Briefly, both the
quartz slides and coverslips were washed with methanol and
acetone, etched by sonication in 1 M KOH for 30 min, and
flamed for 30 s to remove all source of fluorescence. Then
the slides were treated with aminosilane for 20 minutes and
coated with a mixture of 97% mPEG (m-PEG-5000, Laysan
Bio, Inc.) and 3% biotin PEG (biotin-PEG-5000, Laysan
Bio, Inc).

Partial duplex DNA was immobilized on the PEG coated
slide via biotin-neutravidin interaction in 10 mM Tris pH7.5
and 100 mM KCl as previously described (39). An oxy-
gen scavenging system (0.5% glucose, 10 mM 6-hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic (Trolox), and 1
mg/ml glucose oxidase and 4 �g/ml catalase) was added
to the imaging buffer to minimize photobleaching of flu-
orophores. A solid-state 532 nm laser was used to gener-
ate an evanescent field of illumination for smFRET de-
tection of DNA samples. Data was recorded with a time
resolution of 100 ms and was analyzed by Matlab. Each
FRET histogram was generated from approximately 20 in-
dependent images containing 250–350 individual molecules
per image, (i.e. 5000–6000 molecules are used in one his-
togram). The donor-leakage was corrected and each nor-
malized histogram was fitted to Gaussian distributions with
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unrestrained peak center position using Origin 2016. The
reported Gaussian fitting results were obtained by averaging
two to three trials, each containing over 6000 molecules. The
uncertainty was expressed in the form of standard deviation
calculated from multiple trials. The molecule counts were
generated by incorporating over 600 individual molecules
taken from two or more independent trials.

C4 probe and POT1 binding assay

Both the C4 and POT1 binding assays were carried out in
the following way. A flow chamber was prepared by attach-
ing a small plastic reservoir at one hole and a thin silicone
tubing to the other hole. After immobilizing the FRET la-
belled DNA, 100 ul of C4 (10 nM) or POT1 (100 nM) was
loaded into the reservoir. A pump equipped with a 1 ml
standard disposable plastic syringe (Pump 11 Elite, Har-
vard Apparatus, MA) was used to draw the C4 or POT1
containing solution through the silicone tubing at a rate
of 20 ul/s. Real-time FRET images were collected during
and after sample injection at a frame rate of 100 or 150 ms.
FRET histograms were processed in the same manner as
described above. The binding kinetics for C4 and POT1 re-
actions were analysed by obtaining the binding time (from
the moment of flow to the moment of FRET decrease). In
the case of multiple steps of FRET decrease correspond-
ing to more than one POT1 binding, only the first binding
event was used to calculate the binding rate because previ-
ous work showed that the binding of the second POT1 to
G4 DNA is insensitive to secondary structure (39).

Single molecule pull-down of telomerase and colocalization
assay

Mouse monoclonal IgM against hTERT (LS-B95) was pur-
chased from LifeSpan Biosciences. The antibody storage
buffer was exchanged with PBS buffer by using a Bio-Gel P6
column (Bio-Rad) to remove sodium azide which could in-
terfere with the subsequent labeling reaction with Alexa-647
dye. For labelling, the antibody was incubated with Alexa-
647 C5 maleimide (Thermo Fisher) at a 1:35 molar ratio in
PBS and 100 mM sodium bicarbonate on ice for 1 h. Excess
dye was removed by Bio-Gel P6 column in Tris buffer. The
labeled hTERT antibody was then stored in 0.02% sodium
azide and 10 mM Tris–HCl, pH 7.5 at -20◦C. The sin-
gle molecule pull-down (SiMPull) surface was prepared by
applying biotinylated mouse anti-FLAG monoclonal anti-
body M2 at 1:100 dilution (F9291, Sigma) and incubating
for 10 min. The cell lysate containing over expressed hu-
man telomerase (1:10 dilution) was added to the antibody
coated surface and incubated for 20 min. Subsequently, Cy3
labelled partial duplex DNA (10 nM, no-biotin) was applied
for testing telomerase binding. The Alexa-647 conjugated
mouse monoclonal antibody against hTERT (1:5000 dilu-
tion) was added to visualize the location of hTERT on the
surface. Therefore, the colocalization of Cy3 and Cy5 sig-
nal indicates the telomeric DNA bound to telomerase on
the surface. All the steps were carried out in telomerase re-
action buffer (TRB) containing 50 mM Tris–HCl, pH 8, 50
mM KCl and 1 mM MgCl2. The imaging buffer was sup-
plemented with the same oxygen scavenging system as de-
scribed above.

The alternative laser experiment was performed by using
an automatic laser shutter controller synchronized with the
camera such that excitation of green (Cy3-labeled DNA)
and red (Alex 647-labeled antibody) can be applied in
an alternating manner. Each recorded movie contains 45
frames captured at 568 nm (red) laser excitation followed
by 10 frames of no excitation and 45 frames of 532 nm
(green) laser excitation. The movies were analyzed by a Mat-
Lab script that averages the red signal (5–35 frames) and
the green signal (60–90 frames). More than 15 000 single
molecule traces obtained from three or more experiments
were used for analysis of each DNA construct.

Single molecule binding and dissociation assay

Following the SiMPull experimental protocol described
above, the appearance of Cy3 signals that occurred after
Cy3-DNA injection was interpreted as DNA binding to the
immobilized telomerase as detailed below. The binding rate
was measured by measuring the time between the moment
of Cy3-DNA flow into the chamber and the moment of Cy3
appearance on the surface. Dissociation experiments were
performed by flowing through 100 ul of imaging buffer and
measuring the time it takes for Cy3 signal to disappear from
surface. For both binding and dissociation experiments, a
series of short (2 s) movies were recorded sequentially from
over 20 areas, rather than continuous imaging of one field
of view to minimize photobleaching-induced disappearance
of Cy3 and to maximize capturing molecules spread out on
the imaging surface. The number of Cy3 molecules were
tabulated over time to calculate the binding and dissocia-
tion rate. All the binding curves were normalized to that ob-
tained for G3. Two or more repeats of each binding and dis-
sociation experiment were combined to generate the bind-
ing and dissociation plot.

Telomerase extension assay

The telomerase extension assay was slightly modified from
the previous protocol (7,43). In vitro reactions (20 �l) with
oligonucleotide primers (1 �M) contained telomerase reac-
tion buffer, 0.3 �M of 3000 Ci/mmol 32P-�-dGTP (Perkin
Elmer), and a cellular dNTP (Invitrogen) concentration mix
of 37 �M dTTP, 24�M dATP, 29 �M dCTP and 5.2 �M
dGTP. Reactions were started by adding 6.0 �l of immuno-
purified telomerase slurry, incubated for 1 hr at 30◦C, and
then terminated by adding 2 �l of 0.5 �M EDTA and heat
inactivation for 20 min 65◦C. A 36-mer radio end-labeled
oligonucleotide was added as a loading control (LC) (8.0
fmol) to the inactivated reactions prior to purification with
an Illustra MicroSpin G-25 column (GE Healthcare). Radi-
olabeling of LC was performed in a 20 �l reaction contain-
ing 10 pmol oligonucleotide, 1× Optikinase reaction buffer
(Affymetrix), 2 �l of 3000 Ci/mmol 32P-� -ATP (Perkin
Elmer) and 10 U Optikinase (Affymetrix), and incubated
for 60 min at 37◦C followed by heat inactivation at 65◦C
for 20 min. An equal volume of loading buffer (94% for-
mamide, 0.1× Tris–borate–EDTA [TBE], 0.1% bromophe-
nol blue, 0.1% xylene cyanol) was added to the reaction
eluent from the G-25 spin column. The samples were heat
denatured for 10 min at 100◦C and loaded onto a 10%
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Figure 1. DNA construct design. (A) Chemical structure of 8-oxo-guanine (8oxoG) and Thymine Glycol (Tg). (B) Positions of 8oxoG and Tg in telomeric
G4. (C, D) Sequence of telomeric G4 with oxidative lesions (C) and base substitutions (D).

denaturing acrylamide gel (7 M urea, 1× TBE) and elec-
trophoresed for 70 min at constant 38 W. Samples were im-
aged using a Typhoon phosphorimager (GE Healthcare).
Relative telomerase activity was quantitated using Image-
Quant and normalized to the loading control as described
previously (43,44).

RESULTS

8oxoG and Tg in telomeric DNA disrupt G-quadruplex for-
mation to a different extent

To investigate whether a Tg lesion in telomeric DNA has a
similar G4 destabilizing effect as 8oxoG, we designed a se-
ries of human telomeric sequences containing site-specific
DNA lesions or base substitution mutations as controls.
All DNA constructs share the same 18 base pair (bp) du-
plex stem and a 24 nucleotide (nt) 3′ single stranded over-
hang (TTAGGG)4. A single 8oxoG or Tg was inserted at
the fourth TTAGGG repeat (i.e. positions 20 and 17), re-
spectively (Figure 1A–C and Supplementary Table S1). The
8oxoG at the center of the three guanines disrupts the cen-
tral G-tetrad and severely reduces the thermal stability of
G4 formed by (TTAGGG)4 sequence (38,39). The Tg lesion
is located at the 3′ thymine in the last TTAGGG repeat. As
a control, we prepared G to C and T to C mutations at the
same positions as the 8oxoG and Tg, respectively (Figure
1D). We carried out experiments simultaneously with each
substrate for side-by-side comparisons.

The formation of G4 was monitored by fluorescence res-
onance energy transfer (FRET) as before (45–50). Each
DNA sample has two fluorescent dyes, Cy3 at the 3′ end of

the single stranded DNA and Cy5 at the 5′ end of the com-
plementary strand of the duplex stem, such that G4 folding
yields high FRET (Figure 2A–C). The FRET signal is ex-
pected to decrease with structural disruption or unfolding
of the compact structure. The FRET histogram of unmodi-
fied (TTAGGG)4 DNA (4R) in 100 mM KCl showed a high
FRET peak centered at 0.85 (Figure 2D, top) which is con-
sistent with the well-studied stable G4 structure (48). The
histogram of the 8oxoG construct showed a dominant (83
± 7% of the area under the Gaussian fit) mid-FRET peak
at 0.53 with a smaller peak (21 ± 7%) at ∼0.8 FRET as re-
ported earlier (39). Strikingly, the mid FRET peak of the
8oxoG construct is comparable to that of a poly-thymine
overhang with a similar length of 25 nucleotides (Supple-
mentary Figure S1), which indicates that a single 8oxoG le-
sion disrupts G4 formation to an unfolded structure resem-
bling a random coil. Replacing the G with a C (G/C mu-
tant) at the same position as 8oxoG, induced a less dramatic
FRET shift to 0.65 (Figure 2D, third panel), suggesting the
G to C mutation causes less G4 disruption than the 8oxoG.
On the other hand, a Tg lesion in the G4 construct yields a
major FRET peak (53 ± 3%) at 0.8 that extends to a shoul-
der at 0.73 (22 ± 9%), and a smaller broad peak at ∼0.5
FRET (30 ± 5%). This moderate shift of FRET peak in-
dicates that only a small fraction of molecules are unfolded
and that the majority of molecules have a folded but slightly
less compact conformation than the 4R construct lacking
lesions (0.73 and 0.8 FRET for Tg versus 0.85 for 4R). Re-
placing T with C (T/C mutant) at the same position as Tg
does not change the value of the high FRET peak at ∼0.85
(54 ± 2% of the area), reflecting a negligible change in G4
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Figure 2. 8oxoG, but not Tg, disrupts telomeric G4 structure. (A–C) DNA constructs for telomeric G4 (A), G4 with 8oxoG or G/C mutation (B) and G4
with Tg or T/C mutation (C). (D) FRET histogram of each DNA construct. (E) Single molecule FRET traces for each DNA construct. (F) Plot of the
percent of single molecule traces displaying dynamic FRET versus the center peak value from the FRET histograms. Error bars represent the standard
deviation between trials.

folded state, compared to the wild type telomeric construct
(4R). The FRET histogram of the T/C mutant construct
also has a 0.75 shoulder (46 ± 2%).

Real-time single molecule FRET (smFRET) traces of
constructs containing each lesion and the corresponding
mutant controls were examined to gain insight into the con-
formational dynamics. The 4R DNA displays a steady high
FRET value (Figure 2E, top), consistent with the sharp
high FRET peak (Figure 2D, top). In contrast, and consis-
tent with previous reports (39), 60 ± 5% of the 8oxoG con-
struct traces exhibit FRET fluctuations oscillating between
0.5 and 0.8 whereas 26 ± 7% and 14 ± 11% of the traces
show static 0.5 and 0.8 FRET values, respectively (Figure
2E, second row). This diverse behavior indicates that 8oxoG
DNA fails to form a stable G4 but undergoes structural dy-
namics including occasional folding into the compact G4-
like conformation indicated by the small population of high
FRET molecules. The unstable nature of 8oxoG contain-
ing G4 likely arises from loss of a critical hydrogen bond
in Hoogsteen base pairing and steric hindrance caused by
the additional oxygen at the C8 position of guanine (51).
Replacing the same guanine with cytosine (G/C) created
a moderate destabilization effect with 65 ± 7% at steady
high FRET and 40±8% fluctuating, which suggests that the
steric hindrance, rather than loss of hydrogen bonding may
be a more dominant source of disruption in the 8oxoG con-
structs. The disruptive effect of 8oxoG is not strictly posi-
tion dependent as moving the 8oxoG and G to C mutation
to the same position in the second TTAGGG repeat resulted
in comparable destabilization of G4 (Supplementary Figure
S2).

The smFRET traces of the Tg construct differed in
composition from those obtained for constructs harboring
the guanine lesion or mutation (Figure 2E, fourth row).
While 64% of the Tg construct traces showed steady high
FRET (0.8–0.75), 12% showed steady 0.68–0.74 FRET,
13% yielded mid-FRET at 0.5, and only 12% fluctuated be-
tween 0.8 and 0.5 FRET. The difference between the sm-
FRET trace count and FRET histogram fitting is due to the
continuous distribution of molecules having FRET values
between 0.7 and 0.8. The variation of FRET above 0.65 is
difficult to analyze for this construct. These traces might re-
flect differently folded G4 conformations (52), which will be
discussed in a later section. We consider all these molecules
as folded G4. Overall, 75 ± 7% of the molecules show steady
FRET above 0.6, which is consistent with summing the ar-
eas under the 0.8 FRET peak and 0.73 FRET shoulder in
the histogram (75 ± 9%). Similarly, summing molecules that
show steady 0.5 FRET and fluctuating FRET traces (25 ±
7%) is consistent with the ∼0.5 FRET broad peak that rep-
resents 30 ± 5% of the histogram. Tg can still disrupt the G4
structure to a small degree, despite its localization within
the G4 loop sequence outside of the G-tetrad. In contrast,
the T to C mutant (T/C) control shows no G4 disruption.
The traces obtained for the T/C mutant construct display
substantially reduced dynamics and a dominant pattern (57
± 3%) of steady high FRET (0.85–0.9), similar to the wild
type construct (4R). The histogram also reveals a popu-
lation (35 ± 4%) of 0.68–0.79 FRET corresponding to a
‘shoulder’, which we classify as differently folded G4 con-
formations (Figure 2). Although studies have shown that a
loop sequence can influence the conformation and dynam-
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