
Dynamic folding and accessibility of telomeric overhang
Ahmet Yildiza,b,c,1

The evolution of linear chromosomes in eukaryotes poses
several challenges for the natural ends of chromosomes,
such as misrecognition as DNA damage repair (DDR) sites,
DNA degradation, and incomplete DNA replication. A solution
to these challenges has been the formation of a protective
cap structure comprising a tandem array of telomeric repeats
and associated proteins. Human telomeres consist of 2 to 20
kb of double-stranded TTAGGG repeats. Telomeres are not
blunt-ended but instead terminate with a 100- to 150-base-
long 30 single-stranded TTAGGG overhang. These overhangs
serve two key functions: They provide primers for telomere
extension by telomerase and recruit sequence-specific telo-
meric proteins to cap chromosome ends and to ensure
genome stability. Deletion of the overhangs leads to chromo-
some fusions. The mechanism of telomere end protection
has been attributed primarily to the sequestration of the 30

overhang within large duplex loops (t-loops) (1). Another
potentially significant factor that could influence the
protection of the overhang is that these G-rich repeats spon-
taneously fold into G-quadruplex (GQ) structures (2). In vitro
studies have shown that GQ formation of single-stranded
telomeric DNA reduces access of several proteins that target
these sites (3, 4), raising the possibility that GQ formation
suppresses unwanted DDR or degradation of these
overhangs. However, how these long overhangs fold into a
complex array of GQ structures and how GQ formation
affects the accessibility of single-stranded telomeric sites are
not well understood. Most of the previous in vitro work
focused on DNA substrates long enough to form a single GQ.
However, telomeric overhangs can form an array of more
than 10 GQ structures, and these GQs can dynamically fold,
unfold, and alter their conformation. In PNAS, Shiekh et al.
used the single-molecule FRET-PAINT (F€orster resonance
energy transfer-point accumulation for imaging in nanoscale
topography) method to investigate the accessibility of long,
single-stranded telomeric DNA (5).

In GQs, four guanines pair by Hoogsteen hydrogen
bonding to form a planar tetrad. GQ folding requires at
least four tandem GGGXXX (X refers to any base) repeats
and stabilization of the central cavity by monovalent
cations. Although the ability of guanine-rich oligonucleoti-
des to fold into tetrameric structures has been known for
decades, studies in GQ formation had been mostly limited
to in vitro, and their physiological significance remained
elusive. This view started to change when GQ formation
was shown to down-regulate the transcription of several
oncogenes (6). The development of antibodies that target
DNA GQ structures also enabled the visualization of GQ
structures in the genome of mammalian cells (7). We now
know that GQs are enriched at promoters of multiple
genes and play a role in the regulation of gene expression
(8). GQs are also enriched at telomeres, but their precise
role in telomere biology remains to be demonstrated.
The intermolecular GQs that form at the double-stranded

telomeric DNA may serve as a major obstacle to the repli-
cation of telomeric DNA, and resolving these structures
requires helicase activity (9). The intramolecular GQs that
form at the overhang may reduce the accessibility of
single-stranded telomere binding proteins or contribute to
the protection of telomere ends against DDR signals.

Recent in vitro studies started to shed light on how telo-
meric overhangs fold into GQ structures. A long telomeric
overhang can fold into multiple heterogenous GQ confor-
mations flanked with unfolded regions (10). Due to the
scarcity of direct approaches, it remains unclear whether
neighboring GQs interact with each other and whether the
sequences between folded GQs become accessible to
telomere-binding proteins. Shiekh et al. (5) studied the
accessibility of telomeric overhangs by using FRET-PAINT,
which combines single-molecule FRET with DNA-PAINT.
They immobilized a model telomeric DNA that terminates
with 4 to 28 repeats of a TTAGGG overhang (Fig. 1, Left).
The DNA is labeled with a FRET donor at the junction
between single-stranded and double-stranded (ss/ds) telo-
meric DNA. DNA-PAINT uses an acceptor-labeled peptide
nucleic acid (PNA) probe complementary to the G-tracts at
the overhang. These PNA probes are seven nucleotides in

Fig. 1. Single-molecule observation of GQ folding and accessibility of
telomeric overhangs. A model telomeric substrate with a long overhang is
immobilized to a glass surface. (Left) The overhang spontaneously folds into
multiple GQs and the available sites between adjacent GQs are targeted with
short complementary PNA. The FRET signal between PNA probes and the
duplex DNA reveals the spatial distribution of accessible sites. (Middle) The
accessible sites can be targeted with single-stranded telomeric binding pro-
teins, such as POT1 and RPA. (Right) Tethering of POT1 to the duplex DNA via
the rest of the shelterin complex may enable POT1 to antagonize the binding
of PNA probes or proteins that target the overhang.
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length, such that they only transiently hybridize to unfolded
telomeric tracts. PNA binding produces a FRET signal corre-
lated with the distance between the ss/ds junction and the
unfolded overhang site. At sufficiently low PNA concentra-
tions, the frequency, residence time, and FRET signal of indi-
vidual binding and dissociation events can be detected in
real time. The FRET signal does not directly report the spatial
distribution of unfolded G-tracts in tandem telomeric
sequences because GQ folding patterns and potential stack-
ing interactions between the neighboring GQs affect the
FRET signal. Therefore, the method indirectly reports the dis-
tribution of PNA probes that bind near the ss/ds junction or
elsewhere on the overhang.

Shiekh et al. (5) found that the distributions of FRET
values varied considerably depending on the number of
telomeric repeats present in the overhang. Broader FRET
distribution was observed when the overhang length is a
multitude of four repeats (4n, n = 1, 2, 3… ), suggesting
that the PNA probes anneal to unfolded telomeric
repeats throughout the sequence. In comparison, uni-
formly high FRET values were observed for 4n+1, 4n+2,
and 4n+3 long overhangs, which have at least one to
three unfolded repeats at a time. In these substrates,
PNA prefers to bind to the first couple of G-tracts near
the ss/ds junction, indicating that single-stranded
TTAGGG repeats next to the ss/ds junction are the most
accessible sites for telomere-targeting proteins.

The FRET-PAINT approach developed in this study can
be used to investigate how diverse and dynamic folding
of telomeric GQs is modulated by proteins that target
the overhang. In cells, telomeres are safeguarded by a
six-protein complex, named shelterin. Shelterin contains
both single-stranded (POT1) and double-stranded (TRF1
and TRF2) telomeric DNA-binding proteins that are con-
nected by TPP1 and TIN2 (11). Previous single-molecule
FRET studies showed that POT1 binds and unfolds
completely folded telomeric GQs (4). The POT1–TPP1
complex was also shown to slide along the telomeric
DNA and induce dynamic folding and unfolding of GQ
structures (12). However, these studies were performed
using short DNA substrates to keep the end-to-end dis-
tance of DNA within the sensitivity range (2 to 8 nm) of
the FRET signal. FRET-PAINT would extend these studies
to physiologically relevant overhang lengths.

One potential future direction is to investigate whether
POT1 increases the overall accessibility of single-stranded
telomere binding proteins by unfolding the GQ folds or
POT1 binding to these sites protects them against ssDNA
binding proteins, as shown for Replication Protein A (RPA)

(4). RPA is 1,000 times more abundant in cells than POT1
and has a similar affinity for the telomeric overhang
(13–15). This leads to the question of how cells efficiently
protect the overhang against RPA binding (Fig. 1, Middle).
Previous in vitro studies showed that POT1/TPP1 alone is
not sufficient to protect telomeres against excess RPA in
solution (4). Protection of the telomeric overhang may
require tethering of POT1/TPP1 to the rest of shelterin via
TIN2 (Fig. 1, Right). Consistent with this view, TIN2 knock-
down leads to the accumulation of RPA at telomeres in
cells (13). Alternatively, TIN2 and TPP1 may increase the
telomere binding affinity of POT1 (14), effectively reducing
RPA’s ability to displace it from telomeric DNA. In addition,
TRF2 prefers to bind to the ss/ds junction of telomeric sub-
strates (16), which can alter the folding kinetics of G-tracts
adjacent to the junction. The FRET-PAINT approach can be
used to monitor the competition between shelterin and
RPA to bind telomeric overhangsand determine how this
competition is affected by the dynamics nd heterogeneity
of GQ folding landscapes.

The 30-end of the telomeric overhang is the primary site
for telomere elongation by both telomerase and alterna-
tive lengthening of telomere (ALT) mechanisms. In vitro
studies have shown that GQ formation reduces the de
novo synthesis of new telomeric tracts by telomerase (17).
POT1/TPP1 has been proposed to act as both positive
(14, 17) and negative (18) regulators of telomerase, and
their role in telomere length regulation appears to be com-
plex. The TPP1 OB-fold was shown to be the telomerase-
binding component of shelterin (19), highlighting this
domain as a key component that facilitates telomerase
recruitment to telomere ends, which are otherwise
tightly protected by the shelterin complex (20). A physical
TPP1–telomerase interaction on the primer that is being
extended has been proposed to statically tether telome-
rase and prevent its premature release from its substrate
(20). Alternatively, POT1–TPP1 may stimulate telomerase
recruitment to the 30-end by sliding along the overhang
(12). These models are not mutually exclusive but are both
based on indirect evidence. New experimental approaches,
such as the one developed by Shiekh et al. (5), would
be required to directly visualize how GQ folding/unfolding
of the overhang together with binding and assembly of
shelterin components regulate the accessibility and enzy-
matic activity of telomerase and other proteins that target
the 30-end of telomeres.
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