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ABSTRACT

Single-stranded telomeric overhangs are ~200 nu-
cleotides long and can form tandem G-quadruplex
(GQ) structures, which reduce their accessibility to
nucleases and proteins that activate DNA damage re-
sponse. Whether these tandem GQs further stack to
form compact superstructures, which may provide
better protection for longer telomeres, is not known.
We report single-molecule measurements where the
accessibility of 24—144 nucleotide long human telom-
eric DNA molecules is interrogated by a short PNA
molecule that is complementary to a single GGGTTA
repeat, as implemented in the FRET-PAINT method.
Binding of the PNA strand to available GGGTTA se-
quences results in discrete FRET bursts which were
analyzed in terms of their dwell times, binding fre-
quencies, and topographic distributions. The binding
frequencies were greater for binding to intermediate
regions of telomeric DNA compared to 3'- or 5’-ends,
suggesting these regions are more accessible. Sig-
nificantly, the binding frequency per telomeric repeat
monotonically decreased with increasing telomere
length. These results are consistent with telomeres
forming more compact structures at longer lengths,
reducing accessibility of these critical genomic sites.

INTRODUCTION

Human telomeres are composed of long tracts of hexanu-
cleotide d(GGGTTA) repeats that end with a 3’ single-
stranded overhang, which is several hundred nucleotide (nt)
long (1-5). After each round of replication, telomeres are
shortened until senescence or apoptosis is triggered when
the overhang length shortens to ~50 nt (6). Telomerase, a
reverse transcriptase, elongates telomeres by adding repeat
segments of d(GGGTTA) to the 3’-end using the RNA tem-

plate TERRA. Telomerase is highly expressed in most can-
cer cells (7-9), whereas in normal cells its activity is very
low (10). Four repeats of d(GGGTTA) sequence form a G-
quadruplex (GQ) structure in vitro (11,12) and in vivo (13—
17). Stacked co-planar tetrads, stabilized by Hoogsteen-
type base pairing and monovalent cations, are character-
istics of the GQ structure (18-20). GQ structures are very
stable and are presumed to protect the otherwise vulnerable
telomeric overhangs against enzymatic activity by reduc-
ing their accessibility (21). Human telomeric GQs inhibit
telomerase activity by rendering telomeric ends inaccessible
to telomerase-mediated extension (22-24). This potential,
coupled with their distinct planar structure, has made them
an attractive target for anti-cancer drugs that stabilize the
GQ against telomerase activity (25). Therefore, study of ac-
cessibility of human telomeric overhangs and folding char-
acteristics of telomeric GQs have considerable significance.

Numerous studies have reported on the relationship be-
tween solution conditions and the stability, topology, and
folding pathways of single GQ molecules (20,24,26-30) and
their interactions with GQ-stabilizing small molecules (31).
Their stability against ssDNA binding proteins (32,33) and
helicases (34-36) has also been investigated. However, the
telomeric overhangs are long enough to accommodate ~10
tandem GQs, which might form higher order structures that
impact the overall accessibility of telomeres (37-39). Ad-
vances in synthesizing high-purity telomeric repeats, signif-
icantly longer than the commonly used four d(GGGTTA)
repeats, have enabled expanding biophysical studies to se-
quences that better mimic telomeric overhangs. Earlier
works (40-47) have focused on understanding the struc-
tures formed by multiple GQs, the potential interactions be-
tween them, and how such interactions impact the overall
compactness and stability. However, a consensus has not
yet emerged about these questions. Different studies have
found negligible interactions, stabilizing stacking interac-
tions, or frustrated folding and destabilizing interactions
due to neighboring folded GQs, i.e. negative cooperativity.
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A summary of these studies is given below. For brevity, the
d(GGGTTA) sequence will be referred to as a ‘G-Tract’ in
this summary and the rest of the manuscript.

Using biophysical assays, Yu et al. concluded that telom-
eric sequences that contain 8-16 G-Tracts form consecutive
tandem GQs connected with TTA linkers, like beads-on-
a-string, with negligible stacking interactions between the
GQs (40). Using similar methods and molecular dynam-
ics simulations, Petraccone et al. suggested that sequences
containing 8-12 G-Tracts formed higher-order structures
with two or three contiguous GQs, respectively (41). Two
atomic force microscopy studies on a 96 nt long telom-
eric sequence yielded different results where Xu et al. re-
ported formation of a compact structure of four tandem
GQs (42), while Wang et al. reported only two tandem
GQs (43). In an optical tweezers study, Punnoose et al. re-
ported that GQs formed randomly in long telomere over-
hangs within seconds, but these GQs were separated from
each other by unstructured G-Tracts (44). This observa-
tion was justified by the folding process being dominated
by the kinetics rather than thermodynamics. Using elec-
tron microscopy, Kar et al. showed that very long (up to 20
000 nt) human telomeric sequences within single stranded
DNA (ssDNA) can spontaneously condense into chains
of large discrete bead-like particles of two different sizes,
compacting the telomeric DNA nearly 12-fold in length
(45). In an NMR study, Sannohe et al. proposed forma-
tion of rod-like higher-order structures in B'G-substituted
human telomeric oligonucleotides (46). In another biophys-
ical study, Vorlickova et al. reported that the thermal stabil-
ity of GQs decreases with increasing G-Tract number for
1-17 G-Tract long telomeric sequences, suggesting destabi-
lizing interactions between tandem GQs (47). Considering
the sensitivity of the conformation and stability of even a
single telomeric GQ to annealing, storage and ionic condi-
tions (48), we believe some of the discrepancies among these
studies are due to factors associated with sample prepara-
tion and assay conditions.

In this study, we investigated how accessibility of telom-
eres varies as a function of sequence length and position of
target sites within the telomere. Telomeric DNA sequences
containing 4-24 G-Tracts (24-144 nt), which can form
1-6 tandem GQs, were examined at the single molecule
level using the FRET-PAINT technique (49,50) that com-
bines DNA-PAINT (51) (Point Accumulation for Imag-
ing in Nanoscale Topography) with single molecule Forster
resonance energy transfer (smFRET) spectroscopy. DNA-
PAINT has been used as a super-resolution technique as it
allows fluorescently labeled DNA probes to transiently bind
to different regions of a system and allow localization of
the binding sites with high accuracy. By accumulating large
sets of such binding and localization events, distributed over
time, it has been possible to construct structures beyond
the diffraction limit. The telomeric sequences that were in-
vestigated in this study also have multiple binding sites (G-
Tracts) that are distributed over the telomeric overhang and
are not necessarily static. Therefore, interrogating such sites
with probes that transiently bind has the potential to re-
veal details of the underlying structures. However, telom-
eric sequences form compact structures that have charac-

teristic lengths in 1-10 nm range, which is challenging to
resolve even for super-resolution microscopy. On the other
hand, this is the ideal range for smFRET, which motivated
us to synthesize elements of DNA-PAINT, such as transient
binding of fluorescently labeled nucleic acids, with smFRET
spectroscopy, which enables resolving sub-nanometer dis-
tances in the length scale of interest.

In our approach, a short Peptide Nucleic Acid (PNA)
strand, which is complementary to a single G-Tract and flu-
orescently labeled with an acceptor fluorophore (Cy5), is
introduced to a microfluidic channel that contains surface-
immobilized partial duplex DNA (pdDNA) constructs. The
pdDNA constructs are labeled with a donor fluorophore
(Cy3) and contain telomeric sequences at their overhangs
(Figure 1A and B). The surface-immobilized Cy3-pdDNA
serves as the docking construct and Cy5-PNA as the im-
ager strand. The Cy5-PNA molecule transiently binds to G-
Tracts that are not part of a GQ, resulting in a FRET sig-
nal that varies depending on how far the Cy5-PNA binds
from the Cy3. By using low-enough Cy5-PNA concentra-
tion, each binding and dissociation event can be detected
in isolation from other events. We determined how the
frequency, dwell-time and topography of binding events
vary for six different DNA constructs that can form 1-
6 GQs. For ecach of these constructs, we also character-
ized how dwell-time and binding frequency vary for differ-
ent segments of the sequence, e.g. 3’ end, middle section,
or 5'-end.

MATERIALS AND METHODS
DNA constructs

DNA and PNA sequences are given in Supplementary Ta-
ble S1. The pdDNA constructs were made by annealing a
short (18 nt) stem strand, with biotin at 3’-end and Cy3 at
S’-end, and a long strand that contains a complementary
sequence to the stem and 4-24 G-Tracts. The two strands
were heated to 95°C for 3 min, followed by cooling to 30°C
with a temperature decrease step of 5°C, and waiting for 3
min in each step in a thermal cycler (Hybaid Omn-E Ther-
mal Cycler). The annealing reaction was performed at 150
mM KCI and 2 mM MgCl, (except for certain data sets in
Supplementary Figures S2 and S3 where 150 mM LiCl and
2 mM MgCl, were used).

The long strands with 8-24 G-Tracts were purchased
from Eurofins Genomics (Louisville, KY, USA) without
additional purification, while the unpurified 4G-Tract and
the HPLC purified stem strand were purchased from Inte-
grated DNA Technologies (Coralville, IA, USA). All the
unpurified strands were purified in-house using denatur-
ing polyacrylamide gel electrophoresis (PAGE). Supple-
mentary Figure S1 shows the radiographs of denaturing
PAGE for purified DNA oligonucleotides radiolabeled with
Phosphorus-32 isotope. The HPLC purified short Cy5-
PNA docking strand was purchased from PNA Bio (Thou-
sand Oaks, CA, USA). The schematics of pd-4G-Tract, pd-
16G-Tract, and pd-24G-Tract constructs are shown in Fig-
ure 1A, where anti-parallel GQ conformation and maxi-
mum number of GQ folding were assumed.
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Figure 1. Schematic of DNA constructs and an example smFRET trace. (A) Partial duplex DNA constructs were formed by a biotinylated short strand
(labeled with donor fluorophore Cy3) and a longer strand that contains a telomeric overhang with 4-24 repeats of GGGTTA sequence. For brevity, only
three of the six studied constructs are shown. The 4G-Tract, 16G-Tract and 24G-Tract constructs can fold into a maximum of one, four and six tandem GQs,
respectively. (B) Schematics of smFRET channel surface where the pd DNA constructs are immobilized on the PEGylated surface via biotin-neutravidin
attachment. The donor fluorophore is excited in TIR mode with a 532-nm laser beam. The PNA strand, which is labeled with the acceptor fluorophore
(Cy9), is complementary to a G-Tract and binds to available (unfolded) G-Tracts for a short period of time before dissociating. These binding events result
in bursts in acceptor intensity and FRET efficiency. (C) Example smFRET time trace that shows five binding events to a single telomeric overhang. The
dwell time for one of these binding events is indicated by orange arrows. Binding to different segments of the overhang results in different FRET levels.

Sample preparation and smFRET assay

Laser-drilled quartz slides and glass coverslips were exten-
sively cleaned with potassium hydroxide (KOH) and ace-
tone, followed by piranha etching, aminosilane coating and
NHS-ester polyethylene glycol (PEG) passivation. A PEG
mixture with 100:2 ratio of m-PEG-5000: biotin-PEG-5000
(Laysan Bio Inc.) was used for surface passivation. PEG
prohibits non-specific binding of DNA and PNA molecules
to the surface, whereas biotin-PEG-5000 offers an attach-
ment point for molecules of biotinylated DNA that con-
nect to the biotin-PEG through neutravidin. An additional
round of PEGylation was done using a small (333 Da)
MS(PEG), (purchased from Thermofisher Scientific) to
densify the PEG layer. The sample chambers were prepared
by sandwiching double-sided tape between a slide and cov-
erslip, both of which were PEGylated. The chamber was
treated with 1% (v/v) Tween-20 (15 min incubation) fol-
lowed by extensive washing and introduction of 0.01 mg/ml
neutravidin.

The pdDNA samples were diluted to ~40 pM in mul-
tiple steps and incubated in the sample chamber for 2-5
min at 150 mM KCI (except for certain datasets in Supple-
mentary Figures S2 and S3 where 150 mM LiCl was used)
and 2 mM MgCl,, which is also maintained during all mea-
surements. The chambers were then washed with imaging
buffer to remove excess DNA. This protocol yielded 300—
330 molecules to be immobilized per imaging area of ~50 x
100 wm?. The imaging buffer contained Tris base (50 mM,

pH 7.5), 2 mM Trolox, 0.8 mg/ml glucose, 0.1 mg/ml glu-
cose oxidase, 0.1 mg/ml bovine serum albumin (BSA), 2
mM MgCl, and 150 mM KCI (except for certain datasets
in Supplementary Figures S2 and S3 where 150 mM LiCl
was used instead of 150 mM KCI) and 40 nM Cy5-PNA.
Cy5-PNA strand stock solution was heated for 10 min at
85°C to increase solubility. After removing it from the heat
bath, the tube that contained PNA was left at room temper-
ature for 15 min before it was diluted 100-fold in imaging so-
lution. The imaging solution that contained Cy5-PNA was
incubated with the DNA molecules in the channel for 15
min prior to video recording. Movies of 2000 frames were
recorded at a frame integration time of 100 ms/frame.

FRET-PAINT

A schematics of FRET-PAINT assay is presented in Fig-
ure 1B. Under 532-nm laser beam excitation, Cy3-labeled,
surface-immobilized pdDNA samples yield almost zero
FRET unless a Cy5-PNA strand binds to a G-Tract at the
overhang. Bursts in acceptor intensity and FRET efficiency
occur when the Cy5-PNA binds to a G-Tract.

Imaging setup

The measurements were carried out using a prism-type to-
tal internal reflection (TIR) fluorescence setup equipped
with an Olympus IX-71 microscope and an Andor IXON
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EMCCD camera (IXON DV-887 EMCCD, Andor Tech-
nology, CT, USA-now part of Oxford Instruments). The
IXON camera has 512 x 512 pixels and a pixel size of 16
pm. The donor fluorophore was excited with 532-nm laser
beam (Spectra Physics Excelsior). An Olympus water ob-
jective (60x, 1.20 NA) was used to collect the fluorescence
signal. The total magnification in our setup is 90x which re-
sults in an effective pixel size of 178 nm. The laser beam
intensity was approximately 1 kW /cm?.

Data analysis

The recorded movies were analyzed using custom software
written in C++ to generate time traces of donor intensity
(Ip) and acceptor intensity (/4) for each molecule. Using
a custom MATLAB code, the time traces were screened
to ensure they represent single molecules. The background
was subtracted from each of these selected molecules, which
were then used to determine dwell time, binding frequency,
and FRET distributions presented in this manuscript. The
FRET efficiency (Eprgr) Was calculated using Epgrpr =
Ipn/(In + Ip). Eprpr population histograms (Figure 2A)
were constructed from screened single molecule traces that
showed at least one Cy5-PNA strand binding event. The
contribution of molecules was normalized such that each
molecule contributed equally to the histogram, and the to-
tal population of the histogram was normalized to 100%.
The screened single molecules that did not show any bind-
ing event contributed to a donor-only (DO) peak, which
is due to leakage of donor emission into acceptor channel.
The DO peak was used as reference to shift the DO Eprgr
to zero and rescale the FRET range.

The Ergrgt levels and dwell times (1) of the binding events
in smFRET time traces were characterized by an auto-
mated and bias-free step-detection method, Stepfinder (52),
that can determine steps in large datasets without requir-
ing prior knowledge of their distribution. It starts by fit-
ting a single step to the data with a location and size which
gives the lowest residual chi-square (53). Figure 3A shows
a smFRET time trace and the corresponding Stepfinder fit
(red line). The binding frequencies (total number of bind-
ing events/total observation time) were calculated based
on Stepfinder fits. The total observation time is the sum
of individual observation times for each molecule obtained
from smFRET time traces. The individual observation time
for each molecule is the period from the start of record-
ing to donor photobleaching or to the end of the record-
ing, whichever comes first. Molecules which did not show
any binding events were also included in the statistics and
contributed to total observation time. To illustrate, seven
binding events are observed in the top FRET time trace in
Figure 3A within 160 s of observation time. The binding
frequency for this moleculeis 7/ (160 s) = 4.38 x 1072571,
Bootstrapping analysis (54) was used to determine the error
bars associated with binding frequencies for each G-Tract
construct. In Bootstrapping analysis, a MATLAB script
generated 20 000 bootstrapping sets with a 95% confidence
level from a set of data that lists the number of binding
events in each time trace (including traces that did not show
any binding). The total number of binding events in each
bootstrapping set was then divided by the total observation

time for each set. This results in a distribution of frequen-
cies as shown in Figure 5A, which can be fit to a Gaussian
function to determine the peak frequency and standard de-
viation. The peak positions of these distributions are in ex-
cellent agreement with the mean frequencies determined by
dividing the total number of binding events with total ob-
servation time of the actual dataset (not the generated boot-
strapping datasets). The standard deviation of these distri-
butions was used to estimate the uncertainty in the bind-
ing frequencies plotted in Figure 5B-C. Table 1 presents the
total number of time traces, the total number of binding
events, the total observation time, and the resulting bind-
ing frequency for each DNA construct.

Origin software was used for data analysis in Fig-
ures 2B, 4B, C and 5D, and for fitting single (y =
Y + Ale—[(x—m)/ts]) and double (y = yy + Aje~l—x)/n]
Aye~[x=%)/b]) exponential decay functions to the his-
tograms in Figure 3B. Origin was also used for statistical
hypothesis testing in Figures 3B, 4B, C and 5D. The num-
ber of molecules or number of binding events included in
each data set is given in the respective figure caption.

RESULTS AND DISCUSSION

FRET-PAINT assay to probe accessibility of long telomeric
overhangs

A FRET-PAINT assay was developed to study the acces-
sibility of tandem GQs formed in long telomeric sequences
(Figure 1A and B). Binding of an imager strand, Cy5-PNA,
to available (unfolded) G-Tracts for a short period of time
results in bursts in acceptor intensity and FRET efficiency
(Errer). Binding to different G-Tracts results in burst with
different Errgt levels. Figure 1C shows a sample smFRET
time trace demonstrating such bursts.

The choice of PNA as the imager strand was crucial for
this assay. The dissociation of imager strand should be fast
enough to ensure individual binding events to a docking
construct do not overlap, which sets an upper limit on im-
ager strand concentration. On the other hand, the concen-
tration should be high enough to observe a large number
of binding events and achieve reliable statistics (50). The
Cy5-PNA strand concentration was kept at 40 nM, which
was high enough to yield reliable binding statistics but low
enough to maintain low fluorescence background and neg-
ligible false-positive FRET spikes due to non-specific bind-
ing of Cy5-PNA to the surface in vicinity of docking con-
structs. The imager strand should also remain bound to the
docking construct for a long-enough time to allow reliable
detection of binding events, i.e. at least a few times longer
than frame integration time (100 ms for our measurements).
This can normally be achieved by using imager strands that
are longer and have more complementary bases to the dock-
ing construct. However, using longer imager strands will
require them to bind to more than one G-Tract, resulting
in crosstalk between neighboring G-Tracts. Ideally, the im-
ager strand should have complementarity to only a single
G-Tract, e.g. 6 nt or less. Even though different sequences
than ours were used, the disassociation times for 6 nt, 7 nt,
8 nt and 9 nt long DNA imager strands were reported as 3.7
ms, 4.8 ms, 63 ms and 670 ms, respectively (50). Given these



| 8G-Tract '

042G -Tract

N

L 16G-Tract

Population (%)

1 20G-Tract

N O N O

o

| 24G-Tract

N

FRET

4 8 12 16 20 24
Number of G-Tracts

Figure 2. Normalized FRET histograms based on FRET-PAINT. (A)
Each normalized FRET efficiency histogram is constructed from hundreds
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the total population of [EprgT < 0.50] to [EFreT > 0.50] states is plotted.
As expected, this ratio increases as the number of G-Tracts increases.
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dissociation times and limitations in time resolution of sm-
FRET assays (10-100 ms), the minimum feasible length of
a DNA imager strand would be 8-9 nt. However, our stud-
ies demonstrate that dissociation times greater than 1 s are
possible with a PNA imager strand that is complementary
to a single G-Tract.

Supplementary Figures S2 and S3 demonstrate proof-
of-principle measurements that support the use of FRET-
PAINT assay to study accessibility of long telomeric over-
hangs. The presence of GQs and their stability is expected to
influence both the binding frequency and dwell time of PNA
strands to telomeric overhangs. Higher stability GQs are ex-
pected to unfold less frequently, resulting in less frequent
PNA binding events. Upon their folding, higher stability
GQs are also expected to expel any bound PNA strands
more effectively from telomeric overhangs. To test whether
these are observed in the FRET-PAINT data, we compared
the dwell times and binding frequencies for 12G-Tract and
16G-Tract constructs in 150 mM KCl and 150 mM LiCl. As
K™ is significantly more effective in stabilizing GQs com-
pared to Li*, we expect longer dwell times and higher bind-
ing frequencies in LiCl compared to KCI, which were con-
firmed in the data presented in Supplementary Figures S2B-
C and S3. The average binding frequencies for the 12G-
Tract and 16G-Tract constructs were 8.4-fold and 6.8-fold,
respectively, greater in LiCl compared to KCI (Supplemen-
tary Figure S2B-C). The characteristic dwell times (#,) were
2.1-fold and 2.5-fold longer in LiCl compared to KCI for
12G-Tract and 16G-Tract constructs, respectively (Supple-
mentary Figure S3). In addition, we compared the effect of
a GQ stabilizing small molecule (36) on binding frequen-
cies for 12G-Tract and 16G-Tract constructs in KCI (Sup-
plementary Figure S2B, C). For both 12G-Tract and 16G-
Tract constructs, the binding frequencies were 2.9 fold lower
with the small molecule compared to its absence. Finally,
we compared the binding frequencies in KCl and LiCl for
a construct that cannot form GQ (1G-Tract construct) and
has a single binding site. We observed essentially the same
binding frequencies for the 1G-Tract construct in KCI and
LiCl (Supplementary Figure S2A), suggesting the differ-
ences we observed for GQ forming constructs are due to
variations in GQ stability.

Histograms of FRET bursts for 4G-Tract, 8G-Tract,
12G-Tract, 16G-Tract, 20G-Tract and 24G-Tract con-
structs are shown in Figure 2A. As the number of G-
Tracts increases, lower FRET states become more popu-
lated, since binding sites further from the donor become
available for Cy5-PNA. The increase in population of lower
FRET states is quantified by the ratio of the total popula-
tion of [Eprer<0.50] to [Eprer>0.50] states, as shown in
Figure 2B. With the increase in the number of G-Tracts in
the overhang, this ratio increases from 0.13 for 4G-Tract to
0.72 for 24G-Tract. The compaction of the overhang by for-
mation of GQs has made it possible to study such long se-
quences with FRET.

Dwell time analysis

The Stepfinder program was used to characterize the Eprgr
levels and dwell times (1) of the binding events in smFRET
time traces. Figure 3A shows an smFRET time trace with
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Figure 3. Determining the characteristic dwell times. (A) An example smFRET time trace that shows seven PNA binding events to a single telomeric
overhang. A Stepfinder fit (red line) is used to characterize the FRET levels and dwell times (7) of the binding events. The dashed line at Errgr = 0.13
represents the threshold level used for considering a FRET burst a PNA binding event, rather than noise. The signal bursts should also satisfy 7>300 ms
to be considered a binding event. (B) Distribution of dwell times determined from Stepfinder fit for each construct. The distributions were better described
with a double exponential (red line) fit compared to a single exponential (dashed cyan line) fit, which consistently underestimated the counts of events with
longer dwell times. In the double exponential, #; (faster decay) is the characteristic time for short dwells and #, (slower decay) is the characteristic time for
long dwells. The number of binding events in the histograms for 4G-, 8G-, 12G-, 16G-, 20G- and 24G-Tract constructs is N = 331, 394, 561, 556, 563 and

604, respectively.

Table 1. Statistics used for binding frequency calculations in Figure 5.
Npna refers to number of DNA molecules (time traces) analyzed, N to
number of PNA binding events, Tio to total observation time, f;e to aver-
age frequency (Ng/T o) and fpeak to the peak frequency of the bootstrap-
ping distribution in Figure SA

j‘;ive fioeak
Construct Npna N Tt (5)  (x1073s71) (x1073 571
4G-Tract 2017 331 104353 3.17 3.15
8G-Tract 1632 395 110326 3.58 3.57
12G-Tract 1651 476 92123 5.17 5.16
16G-Tract 2252 557 110646 5.03 5.20
20G-Tract 1748 449 92700 4.84 4.48
24G-Tract 1794 567 89421 6.34 6.33

the Stepfinder fit (red line). The dashed line at Epggr =
0.13 (Eprer = 0.25 before DO correction) indicates the
threshold FRET level for considering a FRET burst a Cy5-
PNA binding event. This threshold FRET level was deter-

mined based on the FRET distributions presented in Fig-
ure 2A. As indicated by the red arrow in the 24G-Tract his-
togram, the longest construct we studied, there is negligible
FRET population due to binding events at Epgrgr <0.13.
The events were also required to stay above this threshold
FRET level for 4 consecutive points, i.e. T >300 ms, to dis-
tinguish them from random signal fluctuations. The distri-
butions of dwell times for all constructs are shown in Figure
3B. The dwell time distributions are fitted using single and
double exponential decay functions, which are shown as a
dashed cyan lines and solid red lines in Figure 3B. The re-
sulting fit parameters of double exponential decay are given
in Supplementary Table S2. The double exponential fit was
significantly better than the single exponential fit for all con-
structs (P < 0.001 for all constructs). The F-statistics for
this comparison are given in Supplementary Table S3. The
double exponential fits yielded a fast decay time constant
t; and a slower decay constant #,, which are listed on the
respective histograms in Figure 3B. While the fast decay
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Figure 4. Dwell Time distribution. (A) Contour plots of dwell times vs. FRET levels. The dwell time range of 1-7 s is shown here while contour plots for
shorter dwells are given in Supplementary Figure S4. The number of binding events for 4G-, 8G-, 12G-, 16G-, 20G- and 24G-Tract constructs are N = 195,
209, 293, 313, 285 and 323, respectively. As expected, the population of lower FRET states gradually increases with increasing number of G-Tracts. The
dashed white lines indicate the five FRET segments, each spanning a FRET range of 0.2, we considered for the analysis in (B) and (C). (B) Average dwell
times at different FRET segments for each construct. Lower FRET levels are closer to the 3’-end of the DNA construct. (C) The dwell times for each FRET
range in (B) are averaged over all constructs. The error bars in (B) and (C) are the standard error of the mean for each FRET segment. Statistical analysis
did not show significant difference between the dwell times for different FRET segments within each construct in (B) or between the FRET segments of

the averaged histogram in (C).

times are consistent among all constructs (0.7 4+ 0.1 s),
slower decay constants are in the 4.0-8.6 s range, without
an obvious dependence on length. The consistency of the
short dwell times for different constructs implies they re-
sult from the same mechanism, such as partial hybridiza-
tion of the PNA to the G-Tracts or to the TTA loops in
the GQ.

The dwell time data can be further dissected to investi-
gate whether binding of PNA to different segments of a con-
struct, which should yield different FRET levels, results in
different dwell times. Contour plots of dwell time vs. Eprgr
were constructed to answer this question (Figure 4A). In
order to eliminate short binding events, which may be due
to partial hybridization of the PNA probe to the telomeric
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Figure 5. PNA binding frequencies. (A) Binding frequency histograms from bootstrapping analysis. The peak value of this distribution represents the
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sets. The statistics associated with these data are given in Table 1. (B) Scatter plot of average binding frequency (green) and average binding frequency per
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binding sites) increases, while the binding frequency per G-Tract consistently decreases. (C) Scatter plot of average binding frequency (black) and average
binding frequency per G-Tract (blue) for events with longer dwell times (only events with 7>2t; are included). The trends are similar to the case when
all binding events were included. The error bars for the frequencies in (B) and (C) are calculated from the standard deviations of the Gaussian fits to the
distributions in (A). (D) The distribution of average binding frequencies for five FRET segments, each spanning a FRET range of 0.2. Higher FRET states
are closer to the 5'-end. Since 4G-Tract and 8G-Tract constructs are relatively short, the binding frequencies are restricted to high FRET levels. The error

bars are based on bootstrapping analysis.

sequences, we included the dwell times greater than 1.0 s
in these contour plots. For clarity of the figures, the up-
per limit in these plots is set at 7.0 s, even though sparsely
populated pockets exist at longer dwell times. The contour
plots that include shorter dwell times (<1.0 s) are given in
Supplementary Figure S4. Cy5-PNA binding to the 3’-end
and 5-end of the DNA construct yields lower and higher
FRET levels, respectively. As in Figure 2A, the population
of lower FRET states gradually increases with increasing
overhang length. To estimate the average dwell times for dif-
ferent positions of the overhang, the Egrgr scale (0.0-1.0)
was divided into five FRET segments of equal 0.2 width,
as shown with white dashed lines in Figure 4A. For each
construct, average dwell times at each of these segments
were calculated as shown in Figure 4B. Except for the 20G-
Tract construct, a one-way ANOVA analysis did not show
a significance difference between the average dwell times
for different FRET segments for any of the constructs. To
obtain a global average, the dwell times for each FRET
range were averaged over all the constructs (Figure 4C).
One way ANOVA analysis did not show significant differ-
ence in dwell times for different FRET segments in this case
either. The one way ANOVA test statistics are given in Sup-
plementary Table S4. Based on these, we conclude that the
dwell times for binding to different segments of the telom-

eric overhang are not distinguishable within the resolution
of our measurements.

PNA binding frequency

The accessibility of telomeres can be quantified by calcu-
lating the binding frequency of Cy5-PNA strands to the G-
Tracts. The binding frequency is calculated by dividing the
total number of binding events by the total observation time
for each construct. The number of binding events was de-
termined using a custom MATLAB code that processed the
fits generated by Stepfinder and counted binding events that
have a dwell time >300 ms and Errgr >0.13, as described
earlier.

Figure 5A shows the distribution of average frequen-
cies obtained by bootstrapping analysis. The peak values of
these distributions are in excellent agreement with the calcu-
lated average binding frequencies obtained by dividing total
number of binding events with the total observation time.
The spread in the distributions describes the uncertainty in
the average binding frequencies. The error bars in Figure
5B and C are the standard deviation of Gaussian fits to the
bootstrapping distributions shown in Figure SA.

Figure 5B shows that the binding frequency generally in-
creases with increasing telomere length, which is consistent



with increasing number of potential binding sites. On the
other hand, the binding frequency per G-Tract consistently
decreases with telomere length (Figure 5B, where both short
and long dwell times are included). Similar trends are also
observed when only binding events with T > 2¢; are consid-
ered, to eliminate events that potentially represent partial
hybridization of PNA (Figure 5C). The decrease in the bind-
ing frequency per G-Tract with increasing telomere length
suggests a compaction in the structure which becomes more
prominent as telomere length increases. This might be due
to formation of higher order structures, possibly mediated
by stacking GQs.

Figure 5D shows the binding frequencies classified based
on their FRET levels, where the FRET scale is divided
into five segments as in Figure 4B. As expected, due to
proximity of the donor fluorophore to the available bind-
ing sites in the shorter constructs (such as 4G-Tract or 8G-
Tract), higher binding frequencies are observed for higher
FRET segments. The binding frequencies are more evenly
distributed for longer constructs (such as 20G-Tract or
24G-Tract), since binding sites further from the donor fluo-
rophore become available for PNA binding. To test whether
the observed binding frequencies demonstrate significant
variations for different FRET segments, a one-way repeated
measures ANOVA analysis was performed, which showed
significant differences within each construct. The results of
this test are given in Supplementary Table S5. This is sig-
nificant particularly for the longer constructs which show
higher binding frequencies at the intermediate segments
compared to the 3’ or 5 ends. We also performed a pair-
wise comparison test for the FRET segments of 20G-Tract
and 24G-Tract construct where the binding frequencies for
different segments are compared to each of the other seg-
ments. The results of this analysis is presented in the form
of contour plot of 7-values in Supplementary Figure S5 and
in tabular form in Supplementary Table S6. These analyses
suggest that the GQs at the 3’ and 5’ ends of the overhangs
are on average less accessible compared to intermediate re-
gions, which is consistent with GQs inhibiting exonuclease
activity at telomeric ends (55).

Our studies demonstrate that even though binding events
become more frequent as the length of telomeric DNA
is increased, binding frequency per G-Tract consistently
decreases with increasing telomere length, suggesting an
overall compaction of the structure at longer lengths. This
provides a potential framework to understand how longer
telomeric overhangs reduce their accessibility by forming
more compact structures. This compaction would facili-
tate protection of telomeric ends against nuclease activity
or agents that would otherwise induce DNA damage. It
would also make telomeric overhangs less accessible for ss-
DNA binding proteins, such as RPA, whose accumulation
at telomeres would trigger DNA damage checkpoint. On
the other hand, a more compact structure might also make
telomeric GQs less accessible for small molecules and im-
pose more stringent requirements on potential anti-cancer
drugs designed to inhibit telomerase activity.

On technical grounds, we demonstrate the feasibility of
using FRET-PAINT as a tool to study accessibility of
telomeric sequences similar in length to those encountered
in physiological setting. By using PNA as the probe, which
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forms a more stable hetero-duplex with DNA compared to
DNA-DNA homo-duplex or DNA-RNA hetero-duplex, it
was possible to reduce the size of the probe such that a sin-
gle G-Tract is interrogated at a time, while maintaining mea-
surable dwell times (~1 s). Our studies also demonstrate the
feasibility of expanding this approach to more complex set-
tings where the accessibility of telomeres is studied in the
presence of Shelterin proteins, DNA binding proteins, heli-
cases, or crowding agents.

DATA AVAILABILITY

All single molecule FRET data presented in this manuscript
can be made available upon request from the corresponding
author.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Dr Luuk Loeff (Technical University of Delft,
Netherlands) for sharing the Stepfinder program with us
and for his help with its implementation. We would like
to thank Kristin Yeager and Victoria Reynolds (Statistical
Consulting, Kent State University Libraries) for their help
with statistical analyses. We thank Eric Yokie for his help
with proof-reading and editing the manuscript.

FUNDING

National Institutes of Health, USA [IR15GM 109386 and
IR15GM123443 to H.B]. Funding for open access charge:
NIH [IR15GM123443].

Conflict of interest statement. None declared.

REFERENCES

1. Blackburn,E.H. (1991) Structure and function of telomeres. Nature,
350, 569-573.

2. Makarov,V.L., Hirose,Y. and Langmore,J.P. (1997) Long G tails at
both ends of human chromosomes suggest a C strand degradation
mechanism for telomere shortening. Cell, 88, 657-666.

3. Wright, W.E., Tesmer, V.M., Huffman,K.E., Levene,S.D. and
Shay,J.W. (1997) Normal human chromosomes have long G-rich
telomeric overhangs at one end. Genes Dev., 11, 2801-2809.

4. Stewart,S.A., Ben-Porath,I., Carey,V.J., O’Connor,B.F., Hahn,W.C.
and Weinberg,R.A. (2003) Erosion of the telomeric single-strand
overhang at replicative senescence. Nat. Genet., 33, 492-496.

5. Verdun,R.E. and Karlseder,J. (2007) Replication and protection of
telomeres. Nature, 447, 924-931.

6. Rhodes,D. and Lipps,H.J. (2015) Survey and summary
G-quadruplexes and their regulatory roles in biology. Nucleic Acids
Res., 43, 8627-8637.

7. Testorelli,C. (2003) Telomerase and cancer. J. Exp. Clin. Cancer Res.,
22, 165-169.

8. Hanahan,D. and Weinberg,R.A. (2011) Hallmarks of cancer: The
next generation. Cell, 144, 646-674.

9. Jafri,M.A., Ansari,S.A., Algahtani,M.H. and Shay,J.W. (2016) Roles
of telomeres and telomerase in cancer, and advances in
telomerase-targeted therapies. Genome Med., 8, 69.

10. Shay,J.W. and Wright,W.E. (2010) Telomeres and telomerase in
normal and cancer stem cells. FEBS Lett., 584, 3819-3825.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkab067#supplementary-data

3380 Nucleic Acids Research, 2021, Vol. 49, No. 6

11.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Henderson,E., Hardin,C.C., Walk,S.K., Tinoco,I. and
Blackburn,E.H. (1987) Telomeric DNA oligonucleotides form novel
intramolecular structures containing guanine-guanine base pairs.
Cell, 51, 899-908.

. Sen,D. and Gilbert,W. (1988) Formation of parallel four-stranded

complexes by guanine-rich motifs in DNA and its implications for
meiosis. Nature, 334, 364-366.

. Biffi,G., Tannahill,D., McCafterty,J. and Balasubramanian,S. (2013)

Quantitative visualization of DNA G-quadruplex structures in
human cells. Nat. Chem., 5, 182-186.

. Oganesian,L. and Karlseder,J. (2009) Telomeric armor: The layers of

end protection. J. Cell Sci., 122, 4013-4025.

. Henderson,A., Wu,Y., Huang,Y.C., Chavez,E.A., Platt,J.,

Johnson,F.B., Brosh,R.M., Sen,D. and Lansdorp,P.M. (2014)
Detection of G-quadruplex DNA in mammalian cells. Nucleic Acids
Res., 42, 860-869.

. Zhang.S., Sun,H., Wang,L., Liw,Y., Chen,H., Li,Q., Guan,A., Liu,M.

and Tang,Y. (2018) Real-time monitoring of DNA G-quadruplexes in
living cells with a small-molecule fluorescent probe. Nucleic Acids
Res., 46, 7522-7532.

. Di Antonio,M., Ponjavic,A., RadzeviCius,A., Ranasinghe,R.T.,

Catalano,M., Zhang,X., Shen,J., Needham,L.-M., Lee,S.F.,
Klenerman,D. et al. (2020) Single-molecule visualisation of DNA
G-quadruplex formation in live cells. Nat. Chem., 12, 832-837.

. Gellert,M., Lipsett,M.N. and Davies,D.R. (1962) Helix formation by

guanylic acid. Proc. Natl. Acad. Sci. U.S. A., 48, 2013-2018.

. Neidle,S. and Parkinson,G.N. (2003) The structure of telomeric

DNA. Curr. Opin. Struct. Biol., 13, 275-283.

Burge,S., Parkinson,G.N., Hazel,P., Todd,A.K. and Neidle,S. (2006)
Quadruplex DNA: sequence, topology and structure. Nucleic Acids
Res., 34, 5402-5415.

Hwang,H., Kreig,A., Calvert,J., Lormand,J., Kwon,Y., Daley,J. M.,
Sung,P., Opresko,P.L. and Myong,S. (2014) Telomeric overhang
length determines structural dynamics and accessibility to telomerase
and ALT-associated proteins. Structure, 22, 842-853.

Wang,Q., Liu,J.Q., Chen,Z., Zheng,K.W., Chen,C.Y., Hao,Y.H. and
Tan,Z. (2011) G-quadruplex formation at the 3’ end of telomere
DNA inhibits its extension by telomerase, polymerase and unwinding
by helicase. Nucleic Acids Res., 39, 6229-6237.

Cheong,V.V., Heddi,B., Lech,C.J. and Phan,A.T. (2015) Xanthine and
8-oxoguanine in G-quadruplexes: Formation of a G-G-X-O tetrad.
Nucleic Acids Res., 43, 10506-10514.

Spiegel,J., Adhikari,S. and Balasubramanian,S. (2020) The Structure
and Function of DNA G-Quadruplexes. Trends Chem., 2, 123-136.
Neidle,S. (2010) Human telomeric G-quadruplex: The current status
of telomeric G-quadruplexes as therapeutic targets in human cancer.
FEBS J, 277, 1118-1125.

Gray,R.D., Trent,J.O. and Chaires,J.B. (2014) Folding and unfolding
pathways of the human telomeric G-quadruplex. J. Mol. Biol., 426,
1629-1650.

Bessi,I., Jonker,H.R.A., Richter,C. and Schwalbe,H. (2015)
Involvement of long-lived intermediate states in the complex folding
pathway of the human telomeric G-Quadruplex. Angew. Chem. - Int.
Ed., 54, 8444-8448.

Marchand,A. and Gabelica,V. (2016) Folding and misfolding
pathways of G-quadruplex DNA. Nucleic Acids Res., 44,
10999-11012.

Bhattacharyya,D., Arachchilage,G.M. and Basu,S. (2016) Metal
cations in G-quadruplex folding and stability. Front. Chem., 4, 38.
Fujii, T., Podbevsek,P.,, Plavec,J. and Sugimoto,N. (2017) Effects of
metal ions and cosolutes on G-quadruplex topology. J. Inorg.
Biochem., 166, 190-198.

Maleki,P.,, Ma,Y., lida,K., Nagasawa,K. and Balci,H. (2017) A single
molecule study of a fluorescently labeled telomestatin derivative and
G-quadruplex interactions. Nucleic Acids Res., 45, 288-295.

Ray,S., Bandaria,J.N., Qureshi,M.H., Yildiz,A. and Balci,H. (2014)
G-quadruplex formation in telomeres enhances POT1/TPP1
protection against RPA binding. Proc. Natl. Acad. Sci. U.S.A., 111,
2990-2995.

Ray,S., Qureshi,M.H., Malcolm,D.W., Budhathoki,J.B., Celik,U. and
Balci,H. (2013) RPA-mediated unfolding of systematically varying
G-quadruplex structures. Biophys. J., 104, 2235-2245.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Budhathoki,J.B., Ray,S., Urban,V., Janscak,P., Yodh,J.G. and
Balci,H. (2015) RecQ-core of BLM unfolds telomeric G-quadruplex
in the absence of ATP. Nucleic Acids Res., 42, 11528-11545.
Budhathoki,J.B., Stafford,E.J., Yodh,J.G. and Balci,H. (2015)
ATP-dependent G-quadruplex unfolding by Bloom helicase exhibits
low processivity. Nucleic Acids Res., 43, 5961-5970.

Maleki,P., Mustafa,G., Gyawali,P., Budhathoki,J.B., Ma,Y.,
Nagasawa,K. and Balci,H. (2019) Quantifying the impact of small
molecule ligands on G-quadruplex stability against Bloom helicase.
Nucleic Acids Res., 47, 10744-10753.

Chandradoss,S.D., Haagsma,A.C., Lee,Y.K., Hwang,J. H., Nam,J.M.
and Joo,C. (2014) Surface passivation for single-molecule protein
studies. J Vis. Exp., 86, €50549.

Neidle,S. (2016) Quadruplex nucleic acids as novel therapeutic
targets. J. Med. Chem., 59, 5987-6011.

Abraham Punnoose.J., Cui,Y., Koirala,D., Yangyuoru,P.M.,
Ghimire,C., Shrestha,P. and Mao,H. (2014) Interaction of
G-quadruplexes in the full-length 3 human telomeric overhang. J.
Am. Chem. Soc., 136, 18062-18069.

Yu,H.Q., Miyoshi,D. and Sugimoto,N. (2006) Characterization of
structure and stability of long telomeric DNA G-quadruplexes. J.
Am. Chem. Soc., 128, 15461-15468.

Petraccone,L., Spink,C., Trent,J.O., Garbett,N.C., Mekmaysy,C.S.,
Giancola,C. and Chaires,J.B. (2011) Structure and stability of
higher-order human telomeric quadruplexes. J. Am. Chem. Soc., 133,
20951-20961.

Xu,Y., Ishizuka,T., Kurabayashi,K. and Komiyama,M. (2009)
Consecutive formation of G-quadruplexes in human
telomerieoverhang DNA: a protective capping structure for telomere
ends. Angew. Chemie - Int. Ed., 48, 7833-7836.

Wang,H., Nora,G.J., Ghodke,H. and Opresko,P.L. (2011) Single
molecule studies of physiologically relevant telomeric tails reveal
POT1 mechanism for promoting G-quadruplex unfolding. J. Biol.
Chem., 286, 7479-7489.

Abraham Punnoose,J., Ma,Y., Hoque,M.E., Cui,Y., Sasaki,S.,
Guo,A.H., Nagasawa,K. and Mao,H. (2018) Random formation of
G-quadruplexes in the Full-Length human telomere overhangs leads
to a kinetic folding pattern with targetable vacant G-Tracts.
Biochemistry, 57, 6946-6955.

Kar,A., Jones,N., Ozlem Arat,N., Fishel,R. and Griffith,J.D. (2018)
Long repeating (TTAGGG)n single-stranded DNA self-condenses
into compact beaded filaments stabilized by G-quadruplex
formation. J. Biol. Chem., 293, 9473-9485.

Sannohe,Y., Sato,K., Matsugami,A., Shinohara,K. ichi, Mashimo,T.,
Katahira,M. and Sugiyama,H. (2009) The orientation of the ends of
G-quadruplex structures investigated using end-extended
oligonucleotides. Bioorganic Med. Chem., 17, 1870-1875.
Vorlickova,M., Chladkova,J., Kejnovska,I., Fialova,M. and Kypr.J.
(2005) Guanine tetraplex topology of human telomere DNA is
governed by the number of (TTAGGG) repeats. Nucleic Acids Res.,
33, 5851-5860.

Maleki,P., Budhathoki,J.B., Roy,W.A. and Balci,H. (2017) A practical
guide to studying G-quadruplex structures using single-molecule
FRET. Mol. Genet. Genomics, 292, 483-498.

Auer,A., Strauss,M.T., Schlichthaerle,T. and Jungmann,R. (2017)
Fast, background-free DNA-PAINT imaging using FRET-based
probes. Nano Lett., 17, 6428-6434.

Lee,J., Park,S. and Hohng,S. (2018) Accelerated FRET-PAINT
microscopy. Mol. Brain, 11, 70.

Jungmann,R., Steinhauer,C., Scheible,M., Kuzyk,A., Tinnefeld,P.
and Simmel,F.C. (2010) Single-molecule kinetics and super-resolution
microscopy by fluorescence imaging of transient binding on DNA
origami. Nano Lett., 10, 4756-4761.

Loeft,L. (2017) Microbial warfare: illuminating CRISPR adaptive
immunity using single-molecule fluorescence. Doctoral dissertation,
Delft University of Technology.

Kerssemakers,JW.J., Laura Munteanu,E., Laan,L., Noetzel, T.L.,
Janson,M.E. and Dogterom,M. (2006) Assembly dynamics of
microtubules at molecular resolution. Nature, 442, 709-712.
Efron,B. and Tibshirani,R.J. (1993) In: An Introduction to the
Bootstrap. Chapman & Hall, NY.

Tang,J., Kan,Z.Y., Yao,Y., Wang,Q., Hao,Y.H. and Tan,Z. (2008)
G-quadruplex preferentially forms at the very 3’ end of vertebrate
telomeric DNA. Nucleic Acids Res., 36, 1200—-1208.



