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ABSTRACT

Development of probes that can discriminate G-
quadruplex (GQ) structures and indentify efficient
GQ binders on the basis of topology and nucleic acid
type is highly desired to advance GQ-directed thera-
peutic strategies. In this context, we describe the de-
velopment of minimally perturbing and environment-
sensitive pyrimidine nucleoside analogues, based on
a 5-(benzofuran-2-yl)uracil core, as topology-specific
fluorescence turn-on probes for human telomeric
DNA and RNA GQs. The pyrimidine residues of one
of the loop regions (TTA) of telomeric DNA and RNA
GQ oligonucleotide (ON) sequences were replaced
with 5-benzofuran-modified 2′-deoxyuridine and uri-
dine analogues. Depending on the position of mod-
ification the fluorescent nucleoside analogues dis-
tinguish antiparallel, mixed parallel-antiparallel and
parallel stranded DNA and RNA GQ topologies from
corresponding duplexes with significant enhance-
ment in fluorescence intensity and quantum yield.
Further, these GQ sensors enabled the development
of a simple fluorescence binding assay to quantify
topology- and nucleic acid-specific binding of small
molecule ligands to GQ structures. Together, our re-
sults demonstrate that these nucleoside analogues
are useful GQ probes, which are anticipated to pro-
vide new opportunities to study and discover effi-
cient G-quadruplex binders of therapeutic potential.

INTRODUCTION

Guanine-rich sequences with the potential to form non-
canonical four-stranded nucleic acid structures called G-
quadruplexes (GQs) have received particular attention in
recent years due to their interesting structural features
and biological functions (1,2). These sequences are abun-
dantly found in human genome, particularly in telomeric

DNA repeats and certain oncogenic promoter regions, and
in untranslated regions of mRNA and telomeric repeat-
containing RNA (TERRA) (3). Compelling evidence sug-
gests that these structures play important roles in chromo-
some maintenance and transcriptional- and translational-
control of proliferation-associated genes (e.g. c-myc, c-kit,
NRAS, etc.) (4–6). In terms of structure, GQs exhibit a va-
riety of folding topologies in vitro, which depend on the
sequence and monovalent cations (7–9). For example, hu-
man telomeric (h-Telo) DNA repeats (TTAGGG)n typically
form antiparallel and mixed parallel-antiparallel stranded
intramolecular GQ structures in the presence of Na+ and
K+ ions, respectively (10–13). However, equivalent RNA se-
quences form parallel GQ irrespective of Na+ and K+ ionic
conditions (14,15).

Owing to the structural diversity of GQs and their role in
disease states, G-rich sequences are being rigorously eval-
uated as novel therapeutic targets for cancer chemother-
apy (1–6). This has led to a flurry of efforts in the develop-
ment and therapeutic use of small molecule binders, which
induce or stabilize GQ structures and modulate their bio-
logical function (16–27). Recent visualization of DNA and
RNA GQ structures in cells has further bolstered the in-
terest in this direction (28–34). Although many of these
small molecules bind to GQs strongly, they still lack the
required selectivity to differentiate different GQ topologies
and nucleic acid type to progress to clinical trials. Further-
more, paucity of efficient chemical probes that can detect
different GQ topologies and quantitatively report ligand
binding has been a major impediment in the advancement
of GQ-directed therapeutic strategies (35–37). These short-
comings are also evident as no GQ-binding ligand, except
for quarfloxin, has been tested in clinical trials (38).

Fluorescence resonance energy transfer (FRET) ap-
proach has been widely applied to study the formation, sta-
bility and dynamics of various GQ structures (39–41). In
this approach, an appropriate FRET pair is covalently at-
tached at the 5′ and 3′ ends of GQ forming oligonucleotide
(ON) sequences and change in fluorescence upon folding in
the presence of metal ions, complementary ONs or ligands
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is used as a measure to study various GQ structures (39–43).
Such fluorescently-tagged GQs and aptamers based on GQ
structures (e.g. thrombin binding aptamer) have also been
elegantly utilized in the fluorometric detection of metal ions
(44–46), proteins (47–49) and in screening assays to iden-
tify quadruplex ligands (50,51). In a different approach, the
efficient excimer emission from pyrene-conjugated throm-
bin binding DNA aptamer enabled the sensitive detection of
K+ ions (52). Interestingly, studies using differentially end-
labeled GQ ONs, which exhibit quenching in fluorescence
due to proximal ligand binding, revealed that GQ ligands
bind to a GQ structure at distinct G-tetrads with varied
binding affinities (53). The observed differences in binding
affinities have been ascribed to the differences in physico-
chemical environment of G-tetrads of a GQ structure, and
hence, such labeled GQ ONs have been predicted to serve
as probes to indentify G-tetrad-specific ligands.

Ligands and metal complexes that show changes in their
fluorescence upon binding to GQs have also been utilized
as tools to detect and study the recognition properties of
GQs (35–37,54–57). Alternatively, fluorescent purine sur-
rogates (e.g. 6-methylisoxanthopterin and 2-aminopurine)
and base-modified 2′-deoxyguanosine analogues contain-
ing vinyl, styryl, aryl or heteroaryl group have been incorpo-
rated into ONs and utilized in the study of DNA GQs (58–
67). However, many of the fluorescent non-covalent binders
and nucleoside analogues are structurally perturbing or
poorly discriminate different GQ topologies or exhibit un-
favourable photophysical properties (e.g. very low fluores-
cence due quenching by guanosine and emission in the UV
region), which depend on the sequence and hence, hamper
their implementation in discovery assays to indentify GQ
binders (35,68). For example, 2-aminopurine (2AP), a fluo-
rescent adenine analogue, has been incorporated into the
loop region (TTA) of h-Telo DNA repeat and used as a
structure-selective probe for DNA GQs and ligand bind-
ing (60,61). In an analogous study, 2AP and 6MI were in-
corporated into the loop positions of thrombin binding ap-
tamer. Though these fluorescent analogues exhibited sub-
stantial enhancement in fluorescence intensity, which de-
pended on the location of the analogues, they significantly
destabilized the quadruplexes (66). Moreover, their ability
to discriminate between DNA and RNA GQs and quanti-
tatively report topology-specific binding of ligands to DNA
and RNA GQs has not been explored. Therefore, it is envi-
sioned that the therapeutic evaluation of GQs will greatly
benefit from the development of fluorescence-based bio-
physical tools that (i) can specifically sense the formation
of GQs with enhancement in fluorescence intensity, (ii) can
distinguish different GQs based on topology and nucleic
acid type, and (iii) are compatible to screening formats for
the identification of small molecules that selectively bind to
DNA and RNA GQs.

Here, we describe examples of minimally perturbing
environment-sensitive fluorescent pyrimidine nucleoside
analogues, based on a 5-(benzofuran-2-yl)uracil core, which
when incorporated into one of the loop regions of hu-
man telomeric DNA and RNA ON sequences, clearly sig-
nal the formation of different DNA and RNA GQ struc-
tures with significant enhancement in fluorescence intensity.
These emissive nucleosides selectively detect GQ structures

from corresponding duplexes, and distinguish GQ topolo-
gies based on (i) ionic conditions (Na+ versus K+) and (ii)
nucleic acid type (DNA vs. RNA). Furthermore, we uti-
lized the conformation-sensitivity of the probes in develop-
ing a fluorescence binding assay to quantitatively determine
topology-specific binding of ligands to DNA and RNA
GQs. Our results demonstrate that these simple GQ sensors
could provide an alternative platform for the development
of screening assays to identify topology- and nucleic acid-
specific GQ binders of therapeutic potential.

MATERIALS AND METHODS

Photophysical analysis of fluorescently modified DNA and
RNA GQs and corresponding duplexes

Steady-state fluorescence. GQ forming ONs 5/6/9/11
(0.25 �M) were heated at 90◦C for 3 min in 10 mM Tris–
HCl buffer (pH 7.5) containing either 100 mM KCl or 100
mM NaCl. Samples were then cooled slowly to RT and were
kept at 4◦C for 1 h. Duplexes (0.25 �M) of ONs 5/6/9 were
assembled by heating a 1:1 mixture of the ON with comple-
mentary DNA ON 8 in 10 mM Tris–HCl buffer (pH 7.5)
containing either 100 mM KCl or 100 mM NaCl at 90◦C
for 3 min. Duplexes (5•8, 6•8 and 9•8) were then cooled
slowly to RT and stored at 4◦C for 1 h. Fluorescently mod-
ified GQs and duplexes were excited at 330 nm with excita-
tion and emission slit widths of 8 and 10 nm, respectively.
All fluorescence experiments were performed in triplicate in
a micro fluorescence cuvette (Hellma, path length 1.0 cm)
on a Horiba Jobin Yvon, Fluorolog-3 at 20◦C.

Quantum yield determination. Quantum yield of fluores-
cently modified DNA and RNA ONs were determined rel-
ative to the quantum yield of nucleosides 1 and 2, respec-
tively, by using the following equation (69).

�F(x) = (As/Ax) (Fx/Fs) (nx/ns)2 �F(s)

where s is respective fluorescent nucleoside, x is fluores-
cently modified DNA and RNA ON constructs, A is the
absorbance at excitation wavelength, F is the area under the
emission curve, n is the refractive index of the buffer, and
�F is the quantum yield. Quantum yield of nucleosides 1
and 2 is 0.19 and 0.21, respectively.

Time-resolved fluorescence

Excited-state lifetime of GQs and duplexes (1 �M), assem-
bled as mentioned above, were determined using TCSPC
instrument (Horiba Jobin Yvon, Fluorolog-3). ONs were
excited using 339 nm LED source (IBH, UK, NanoLED-
339L) and fluorescence signal at respective emission max-
imum was collected (Table 1). All experiments were per-
formed in duplicate and decay profiles were analyzed using
IBH DAS6 analysis software. Fluorescence intensity decay
kinetics of all ON constructs were found to be biexponential
with χ2 (goodness of fit) values very close to unity.

Circular dichroism analysis

h-Telo DNA ONs 5, 6, 7 and 11 and TERRA ONs 9 and
10 (4 �M) were assembled into GQs by heating the ONs
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Table 1. Quantum yield and excited-state lifetime of modified h-Telo DNA 5 and TERRA 9 GQs and corresponding duplexes in different ionic conditions

Sample λem (nm) �a τ 1
b (ns) τ 2

b (ns) τ ave
a (ns)

1 in water (72) 446 0.19 2.38 – 2.38
2 in water (71) 447 0.21 2.55 – 2.55
5 in KCl 435 0.11 0.74 (0.81) 4.03 (0.19) 1.40
5•8 in KCl 430 0.03 0.56 (0.98) 5.10 (0.02) 0.64
5 in NaCl 430 0.25 1.89 (0.58) 4.50 (0.42) 3.00
5•8 in NaCl 430 0.03 0.57 (0.98) 5.27 (0.02) 0.66
9 in KCl 440 0.19 1.53 (0.66) 5.37 (0.34) 2.80
9•8 in KCl 440 0.04 0.56 (0.98) 5.42 (0.02) 0.65
9 in NaCl 440 0.18 1.67 (0.67) 5.67 (0.33) 2.90
9•8 in NaCl 440 0.04 0.58 (0.98) 5.30 (0.02) 0.67

aStandard deviations for quantum yield (�) and average lifetime (τ av) are ≤0.001 and ≤0.05 ns, respectively.
bRelative amplitude is given in parenthesis.

Figure 1. Crystal structure of h-Telo DNA repeat d[AG3(T2AG3)3] in the
presence of K+ ions. The conformation of loop residues dT11, dT12 and
dA13 in the absence (A) and presence (B) of a ligand (tetrasubstituted
naphthalene diimide derivative) is shown (11,23). The PDB accession num-
bers are 1KF1 and 4DA3, respectively. We envisaged that pyrimidine loop
residues would be potential sites for introducing conformation-sensitive
probes.

at 90◦C for 3 min in 10 mM Tris–HCl buffer (pH 7.5) con-
taining either 100 mM KCl or 100 mM NaCl. Samples were
then cooled slowly to RT and kept at 4◦C for 1 h prior to
CD analysis. CD spectra were collected from 350 to 220 nm
on a Jasco J-815 CD spectrometer using 1 nm bandwidth
at 20◦C. Experiments were performed in duplicate wherein
each spectrum was an average of five scans. The spectrum
of buffer was subtracted from all sample spectra.

Thermal melting analysis

h-Telo DNA ONs 5 and 7 and TERRA ONs 9 and 10 (1
�M) were annealed by heating the ONs at 90◦C for 3 min in
10 mM Tris–HCl buffer (pH 7.5) containing either 100 mM
KCl or 100 mM NaCl. Samples were then cooled slowly to
RT and kept at 4◦C for 1 h prior to thermal melting analysis.
UV-thermal melting analysis was performed in triplicate at

Figure 2. Chemical structure of 5-benzofuran-modified 2′-deoxyuridine
(1) and uridine (2) analogues, and corresponding phosphoramidite sub-
strates 3 and 4 used in the synthesis of GQ-forming DNA and RNA ONs
(5, 6, 9 and 11). 5 and 6 are fluorescent h-Telo DNA ONs containing the
modification at position 11 and 12, respectively. ON 7 is a control unmod-
ified h-Telo DNA and 8 is complementary to h-Telo DNA 5−7. 9 and 10
are modified and control unmodified TERRA ONs, respectively. Sequence
of doubly modified longer h-Telo DNA repeat 11 used in this study (Sup-
plementary Data).

260 and 295 nm by using Cary 300Bio UV-Vis spectropho-
tometer.

Fluorescence binding assay: binding of PDS and BRACO19
to h-Telo DNA ONs 5, 11 and TERRA 9

A series of solution of DNA and RNA GQs (0.25 �M) of
5/11 and 9, respectively, containing increasing concentra-
tions of PDS/BRACO19 was prepared in Tris–HCl buffer
(10 mM, pH 7.5) containing either 100 mM KCl or 100 mM
NaCl. The concentration of ligand was increased from 13
nM to 2.5 �M. The samples were excited at 330 nm with
excitation and emission slit widths of 8 and 10 nm, respec-
tively. A spectral blank of the buffer in the absence of ON
and ligand was subtracted from all measurements. All flu-
orescence experiments were performed in triplicate in a mi-
cro fluorescence cuvette (Hellma, path length 1.0 cm) on a
Horiba Jobin Yvon, Fluorolog-3 at 20◦C. Control binding
experiments with duplexes 5•8 and 9•8 were also performed
under similar conditions. Normalized fluorescence intensity
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(FN) versus log of ligand concentration plots were fitted us-
ing Hill equation (OriginPro 8.5.1) to determine the appar-
ent binding constant Kd for the binding of ligands to GQs
(70).

FN = Fi − Fs

F0 − Fs

Fi is the fluorescence intensity at each titration point. F0 and
Fs are the fluorescence intensity in the absence of ligand (L)
and at saturation, respectively. n is the Hill coefficient or de-
gree of cooperativity associated with the binding.

FN = F0 + (Fs − F0)
(

[L]n

[Kd]n + [L]n

)

RESULTS AND DISCUSSION

Fluorescence detection of DNA GQs

Recently, we have introduced base-modified fluorescent
pyrimidine analogues derived by attaching benzofuran moi-
ety at the 5-position of uracil (71–73). 5-Benzofuran-
modified 2′-deoxyuridine (1) and uridine (2) analogues are
reasonably emissive and their fluorescence properties are
highly sensitive to changes in their microenvironment (Sup-
plementary Table S1) (71,72). Unlike the majority of flu-
orophores, these nucleosides, when incorporated into ONs
and hybridized to complementary ONs, retain apprecia-
ble fluorescence efficiency and report changes in flanking
bases and base pair mismatches via changes in their fluo-
rescence properties. These key observations and 3D struc-
ture of h-Telo DNA repeats in which the loop region (TTA)
undergoes substantial conformational change upon bind-
ing to a small molecule ligand inspired us to develop the
benzofuran-modified nucleoside analogue as a probe to de-
tect GQ structures and GQ binders (Figure 1).

Human telomeric DNA repeats, which endcap eukary-
otic chromosomes play an important role in chromosome
maintenance (74,75). While aberrant shortening of telom-
eric repeats during cell division can result in genomic in-
stability, the preservation of telomere length by telomerase
activity in tumor cells has been implicated in carcinogen-
esis (76,77). Therefore, we selected h-Telo DNA repeat
d[AG3(T2AG3)3], which has received much of the attention,
as the first test system. Phosphoramidite 3 was used in the
synthesis of fluorescent h-Telo DNA ONs 5 and 6 in which
the loop residues dT11 and dT12, respectively, were replaced
with 5-benzofuran-modified 2′-deoxyuridine 1 (Figure 2,
Supplementary Data). We purposely chose to modify the
loop dT residues as modifications on guanosine could af-
fect the efficiency of formation of GQ (67,78). The integrity
of full-length modified h-Telo DNA ONs 5 and 6 was con-
firmed by mass and HPLC analyses (Supplementary Fig-
ure S1 and Supplementary Table S2). Steady-state fluores-
cence analysis of ONs 5 and 6 in a buffer solution contain-
ing KCl or NaCl (100 mM) was performed by exciting the
samples at 330 nm. Telomeric DNA 5, which could form
hybrid-type of mixed parallel-antiparallel stranded GQ in
K+, displayed a significantly higher fluorescence intensity
(∼4 fold at λem = 435 nm) as compared to corresponding
perfect duplex 5•8 (Figure 3A). Remarkably, 5 in the pres-

Figure 3. (A) Steady-state and (B) time-resolved fluorescence spectra of h-
Telo DNA 5 and corresponding duplex 5•8 in the presence of K+ or Na+

ions. Laser profile is shown in gray (prompt). Fluorescence spectrum of
ON 5 (magenta) in buffer without added Na+ and K+ ions is also shown.
ONs (0.25 �M) were excited at 330 nm with excitation and emission slit
widths of 8 and 10 nm, respectively.

ence of Na+ ions, which is known to induce antiparallel GQ
structure exhibited a nearly 9-fold enhancement in fluores-
cence intensity as compared to duplex 5•8 with no apparent
change in emission maximum. Further, time-resolved fluo-
rescence measurements revealed distinct decay kinetics for
different GQ topologies. The antiparallel GQ structure of 5
exhibited the highest lifetime of 3.00 ns followed by mixed-
type GQ (1.40 ns) and duplex 5•8 (0.64 ns and 0.66 ns) in
the presence of K+ and Na+ ions (Figure 3B, Table 1). This
trend in lifetime was found to be consistent with the trend
in emission intensity observed in steady-state experiments.
The difference in emission intensity and lifetime exhibited
by h-Telo DNA ON 5 in K+ and Na+ is likely due to dis-
tinctly different conformation of the fluorescent nucleoside
in these two different topologies.

Interestingly, the efficiency of sensing of different GQ
topologies by emissive nucleoside was found to depend on
the position of modification. ON 6, containing the emissive
nucleoside 1 at position 12, in the presence of Na+ or K+

ions displayed reasonable quenching in fluorescence inten-
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Figure 4. Fluorescence spectra of h-Telo DNA 6 and corresponding du-
plex 6•8 in the presence of K+ or Na+ ions. Fluorescence spectrum of ON
6 (magenta) in buffer without added Na+ and K+ ions is also shown. ONs
(0.25 �M) were excited at 330 nm with excitation and emission slit widths
of 8 and 10 nm, respectively. See Supplementary Figure S2 for comparison
of fluorescence intensity of GQs of ONs 5 and 6.

sity as compared to duplex 6•8 (Figure 4). Albeit small dif-
ference in emission maximum, ON 6 failed to distinguish
between different GQ structures in Na+ and K+ ionic con-
ditions. Based on emission maximum, the fluorescent nucle-
oside 1 in h-Telo DNA ON 5 in the presence of K+ and Na+

ions (∼435 nm) is slightly less solvent exposed than the free
nucleoside (447 nm, Table 1). While the emissive nucleoside
in ON 6 in the presence of Na+ ions (435 nm) is solvated
similar to ON 5 in the presence of K+ and Na+ ions, it is
even more less exposed to solvent in ON 6 in the presence
of K+ ions (420 nm).

Fluorescence detection of RNA GQs

While most efforts in the study of GQ structures have been
dedicated toward developing probes for DNA GQs, probe
development for RNA GQs has received less attention.
Therefore, we wanted to explore the efficacy of our emissive
nucleoside in detecting the formation of RNA GQ struc-
tures. For this purpose, we chose TERRA composed of ex-
tended tandem repeats of (U2AG3)n, which has been con-
sidered to play important role in telomere structure main-
tenance and replication (79,80). RNA GQs formed in vitro
under near physiological conditions are thermodynamically
more stable than their DNA counterparts, and have been
shown to form parallel-stranded GQ structure in both Na+

and K+ ionic conditions (14,15). The counterpart of h-Telo
DNA 5, TERRA ON 9 (U2AG3)4, containing benzofuran-
modified uridine analogue 2 at loop residue was synthe-
sized by using phosphoramidite 4 (Figure 2, Supplementary
Data, Supplementary Table S2). Upon excitation, RNA 9
in the presence of K+ and Na+ ions displayed a significant
and comparable enhancement in fluorescence intensity (∼5-
fold) as compared to corresponding duplex 9•8 (Figure 5A).
Excited-state decay kinetics analysis of 9 also revealed a
similar lifetime of 2.80 and 2.90 ns in K+ and Na+ ions, re-
spectively, which was nearly four times higher than that of

Figure 5. (A) Steady-state and (B) time-resolved fluorescence spectra of
TERRA 9 and corresponding duplex 9•8 in the presence of K+ or Na+

ions. Laser profile is shown in gray (prompt). Fluorescence spectrum of
ON 9 (magenta) in buffer without added Na+ and K+ ions is also shown.
ONs (0.25 �M) were excited at 330 nm with excitation and emission slit
widths of 8 and 10 nm, respectively.

duplex (Figure 5B, Table 1). These results clearly indicate
that the conformation and microenvironment of the emis-
sive nucleoside incorporated into 9 in K+ and Na+ are sim-
ilar and consistent with the formation of parallel GQ struc-
ture expected for TERRA ON irrespective of ionic condi-
tions (14,15). It is worth mentioning here that a fluorescent
adenine analogue, 2AP, when incorporated into the loop
region of h-Telo DNA repeat exhibits emission maximum
in the UV region (λem = 370 nm) and much lower quan-
tum yield (0.06) as compared to benzofuran-modified h-
Telo DNA and TERRA GQs (Table 1) (81). This is because
guanine is known to effectively quench the fluorescence of
2AP in ONs by electron transfer mechanism (68).

We believe that distinct fluorescence properties such as
emission maximum, quantum yield and lifetime exhibited
by DNA and RNA GQ structures of 5 and 9, and cor-
responding duplexes in different ionic conditions are due
to distinct conformation and microenvironment of emis-
sive nucleosides in these constructs. As a consequence,
the observed enhancement in fluorescence intensity dis-
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Figure 6. Chemical structure of GQ binders, pyridostatin (PDS) and
BRACO19.

played by GQs as compared to duplexes can be possibly
due to a combination of the following reasons: solvation-
desolvation effect, rigidification of the fluorophore, reduced
electron transfer process and stacking interaction between
the emissive nucleobase and neighbouring bases in GQs as
compared to base-paired emissive nucleobase in duplexes
(68,82). Taken together, these results clearly demonstrate
the ability of benzofuran-modified nucleosides to distin-
guish different GQ topologies based on ionic conditions
and nucleic acid type.

Circular dichroism and thermal melting studies

Benzofuran modification in h-Telo DNA 5 and TERRA 9
could potentially affect the formation and stability of GQ
structures. Circular dichroism (CD) analysis of modified
ONs 5 and 9, and corresponding unmodified ONs 7 and
10, respectively, in the presence of Na+ or K+ ions con-
firmed the formation of respective topologies thereby indi-
cating that the modification did not hamper the formation
of GQs (Supplementary Figures S3 and S4). In the presence
of K+ ions h-Telo DNA ONs 5 and 7 exhibit a positive peak
at ∼290 nm, a smaller shoulder at ∼270 nm and a smaller
minimum at ∼ 235 nm, which closely resemble the CD pat-
tern of hybrid-type of mixed parallel-antiparallel stranded
GQ structure. Such a CD profile has been observed for the
same sequence in earlier reports (12,83). In the presence
of Na+ ions h-Telo DNA ONs 5 and 7 exhibit CD pat-
tern (positive peak at ∼290 nm and strong negative peak at
∼265 nm) characteristic of antiparallel stranded GQ struc-
ture (10,84). On the other hand, irrespective of ionic con-
ditions both modified and unmodified TERRA ONs show
similar CD profiles characteristic of parallel stranded GQ
structure (14,84). Furthermore, UV-thermal melting anal-
ysis of modified and unmodified GQ-forming ONs in dif-
ferent ionic conditions gave similar Tm values (�Tm ≤ 2◦C)
suggesting that the benzofuran modification had only a mi-
nor impact on GQ stability (Supplementary Figure S5, Sup-
plementary Table S3) (85).

Topology-specific binding of small-molecules to DNA and
RNA GQ structures

Next, we sought to explore the compatibility of these GQ
sensors in estimating topology-specific binding of small-
molecules to different GQ structures. For this purpose,
we chose two known GQ binders, pyridostatin (PDS) and

Figure 7. Emission spectra (solid lines) of mixed-type (A) and antiparallel
(B) GQs of h-Telo DNA 5 (0.25 �M) in the presence of K+ and Na+ ions,
respectively, with increasing concentrations of PDS. Dashed lines represent
emission profile of GQs in the absence of PDS. ONs were excited at 330 nm
with excitation and emission slit widths of 8 and 10 nm, respectively.

BRACO19, which have been used as tools for biophysi-
cal and therapeutic analysis of GQ structures (Figure 6)
(86,87). Fluorescent h-Telo DNA 5 was assembled into
mixed-type and antiparallel GQs in buffers containing KCl
and NaCl, respectively. GQs of 5 were excited at 330 nm
and changes in fluorescence intensity upon addition of in-
creasing concentrations of a ligand were monitored. Ad-
dition of PDS to mixed-type GQ resulted in a nearly 4-
fold quenching in fluorescence intensity at the saturation
concentration of PDS (2.5 �M, Figure 7A). The satura-
tion binding isotherm yielded an apparent Kd of 919 ± 7
nM, which is comparable to literature report (Supplemen-
tary Figure S6) (88). Interestingly, binding of PDS to an-
tiparallel GQ in Na+ resulted in a concentration-dependent
decrease in fluorescence intensity, which was significantly
pronounced as compared to in the presence of K+ (8-fold at
PDS = 1.5 �M, Figure 7B). The Kd value (440 ± 21 nM) in-
dicated that PDS has higher binding affinity for antiparallel
h-Telo DNA GQ as compared to mixed-type h-Telo DNA
GQ structure (Table 2). The fluorescent nucleoside also re-
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Figure 8. Emission spectra (solid lines) of parallel GQ of TERRA 9 (0.25
�M) in the presence of K+ (A) and Na+ (B) ions, respectively, with in-
creasing concentrations of PDS. Dashed lines represent emission profile of
GQs in the absence of PDS. ONs were excited at 330 nm with excitation
and emission slit widths of 8 and 10 nm, respectively.

ported the binding of BRACO19 to both mixed-type and
antiparallel GQs of 5 with significant quenching in fluores-
cence intensity (Supplementary Figure S7). BRACO19 ex-
hibited opposite binding affinities for GQs as compared to
PDS (Table 2). While BRACO19 binding to mixed-type h-
Telo DNA GQ was found to be stronger than PDS, binding
of BRACO19 to antiparallel DNA GQ was weaker com-
pared to PDS.

High-resolution structures of TERRA have revealed dis-
tinct features of RNA GQs involving 2′-hydroxyl group
and loop residues that are not found in DNA GQs (15).
These studies suggest the possibility of developing small-
molecule ligands that can selectively bind GQs based on
nucleic acid type (89). TERRA ON 9, which forms par-
allel GQ structure in both K+ and Na+ ionic conditions,
was subjected to binding studies. Concentration-dependent
quenching in fluorescence intensity signalled the binding
of PDS and BRACO19 to 9 (Figure 8, and Supplemen-

tary Figures S8 and S9). The ligands exhibited significantly
higher but similar binding affinities for TERRA as com-
pared to h-Telo DNA in the presence of K+ and Na+ ions
(Table 2). These results are consistent with the ability of
TERRA ON 9 to form one type of stable GQ structure (i.e.,
parallel) as compared to corresponding DNA sequence, ir-
respective of ionic conditions. Importantly, control binding
experiments with nucleoside 1 and duplexes of h-Telo DNA
(5•8) and TERRA (9•8) resulted only in minor changes in
fluorescence intensity indicating that the nucleoside incor-
porated into ONs 5 and 9 signalled only the specific binding
of ligands to GQ structures (Supplementary Figure S10).
In the absence of structural analysis, fluorescence quench-
ing displayed by GQs of 5 and 9 is possibly due to the
conformation attained by emissive nucleosides upon ligand
binding, which is less rigid and appropriately positioned
for nonradiative interactions with neighbouring bases and
or ligands (68,90,91). Further, differential binding affini-
ties exhibited by PDS and BRACO19 for DNA and RNA
GQs could be ascribed to the differences in chemical envi-
ronment and conformation of G-tetrads of GQ assemblies
(53). Collectively, these observations highlight the potential
of benzofuran-modified nucleoside analogues as probes for
quantitative estimation of structure-specific binding of lig-
ands to GQ structures.

Binding of ligands to higher-order h-Telo DNA GQ structures

The telomeric DNA, which terminates in a 100−200 bases
3′ single stranded overhang of G-rich hexameric repeats,
can form higher-order GQ structures (e.g. dimer or mul-
timer) (92,93). Such consecutive GQ units have been also
considered as a potential target as they play an impor-
tant role in recognition and function of telomeric DNA.
We synthesized longer h-Telo DNA repeat 11 containing
two modifications, which could form two consecutive GQ
units (94). The CD and fluorescence profiles of ON 11
in the presence of KCl and NaCl revealed the formation
of mixed-type and antiparallel GQ structures, respectively
(Supplementary Figure S11). Akin to ON 5, addition of in-
creasing concentrations of PDS and BRACO19 resulted in
concentration-dependent decrease in fluorescence intensity,
which however, yielded similar binding constants in both
Na+ and K+ ionic conditions (Table 2). These results un-
derscore the potential utility of emissive nucleoside in study-
ing the structure as well as in identifying higher-order GQ
binders.

SUMMARY AND CONCLUSIONS

Environment-sensitive and minimally perturbing 5-
benzofuran-modified 2′-deoxyuridine (1) and uridine (2)
analogues, when incorporated into one of the loop residues
of human telomeric DNA and RNA ONs, reported the
formation of different DNA and RNA GQ structures with
significant enhancement in fluorescence intensity. These
GQ sensors also enabled the development of a simple
fluorescence method to detect and quantify topology- and
nucleic acid-specific binding of ligands to GQ structures.
Although many fluorescent purine nucleosides analogues
have been used in the study of DNA GQs, their use in the
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Table 2. Binding constant (Kd) for PDS and BRACO19 binding to h-Telo DNA 5 and TERRA 9a

ON PDS (nM) BRACO19 (nM)

in KCl in NaCl in KCl in NaCl

5 919 ± 07 440 ± 21 476 ± 25 938 ± 29
9 260 ± 10 268 ± 12 294 ± 04 244 ± 11
11 n.d. 539 ± 19 483 ± 23 462 ± 17

aFor curve fits see Supplementary Figures S6–S9. n.d. = not determined (Although addition of PDS to 11 in the presence of KCl resulted in fluorescence
quenching, reliable binding constant could not be determined).

discrimination of different GQ topologies based on nucleic
acid type and in the quantitative estimation of ligands
binding to DNA and RNA GQs has not been well explored
(35). Moreover, some of the easily accessible analogues
(e.g. 2-AP, 6-MI, furyl-dG), though exhibit enhancement
in fluorescence depending on the position of incorporation,
significantly destabilize the GQ structures (66,67,78).
Hence, implementation of such probes in screening formats
to identify efficient GQ binders may not be feasible. In
this context, our experiments indicate that benzofuran-
modified nucleoside analogues can serve as useful probes
for DNA and RNA GQs and provide an efficient platform
to identify topology- and nucleic acid-specific GQ binders
of therapeutic potential.
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