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sed tools to probe G-quadruplexes
in cell-free and cellular environments

Sudeshna Manna and Seergazhi G. Srivatsan *

Biophysical and biochemical investigations provide compelling evidence connecting the four-stranded G-

quadruplex (GQ) structure with its role in regulating multiple cellular processes. Hence, modulating the

function of GQs by using small molecule binders is being actively pursued as a strategy to develop new

chemotherapeutic agents. However, sequence diversity and structural polymorphism of GQs have posed

immense challenges in terms of understanding what conformation a G-rich sequence adopts inside the

cell and how to specifically target a GQ motif amidst several other GQ-forming sequences. In this

context, here we review recent developments in the applications of biophysical tools that use

fluorescence readout to probe the GQ structure and recognition in cell-free and cellular environments.

First, we provide a detailed discussion on the utility of covalently labeled environment-sensitive

fluorescent nucleoside analogs in assessing the subtle difference in GQ structures and their ligand

binding abilities. Furthermore, a detailed discussion on structure-specific antibodies and small molecule

probes used to visualize and confirm the existence of DNA and RNA GQs in cells is provided. We also

highlight the open challenges in the study of tetraplexes (GQ and i-motif structures) and how addressing

these challenges by developing new tools and techniques will have a profound impact on tetraplex-

directed therapeutic strategies.
1. Introduction

The ability of nucleic acids to function as a genetic material,
catalyst and regulatory element emanates from their ability to
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adopt complex secondary and tertiary structures. In addition to
the classical double helical structure of nucleic acids, they form
structural motifs like hairpin, pseudoknot, bulge, internal loop,
cruciform, triplex, tetraplex (G-quadruplex and i-motif), Z-DNA,
etc.1–3 Unlike the chemical diversity in proteins, nucleic acids
use only four nucleosides (A, G, C, and T/U) to form these
structures. Formation of such diverse structures is aided by
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canonical and non-canonical base pairing interactions, stack-
ing interaction and interactions of nucleobase, sugar and
phosphate groups with various metal ions.4 The structure thus
formed has intrinsic conformation dynamics, and interconverts
between different states depending on the environment and
cognate protein factors and small molecule metabolites.5–8 This
structural reorganization not only controls the ensuing function
of the nucleic acid sequence but also has therapeutic implica-
tion as aberrations in the structure oen lead to disease
states.9–11

Among the various structural motifs, GQ structure formed by
guanine-rich sequences has received much of the attention
owing to its (i) abundance in the genome,12,13 (ii) structural
polymorphism14 and (iii) important cellular functions.15,16 Bio-
informatics suggest that putative GQ-forming sequences are
abundantly found in the telomeric region of the chromosomes,
and in the promoter DNA regions and untranslated regions of
mRNA of several proto-oncogenes.17,18 Further, the conservation
and location of such sequences among various eukaryotes
suggest that GQ structures could serve as important structural
elements with concrete roles in cellular processes.19,20 With
respect to the structure, GQ exhibits multiple folding topologies
in vitro, which depend on the sequence, ionic conditions and
the surrounding environment like molecular crowding and
connement.21–24 The functions of GQs are associated with their
location in the genome. For example, there is compelling
evidence to connect the GQ structure of the telomeric repeat
with its function namely, protecting the chromosome from
fusion and maintaining the stability of genome.25–27 Mutating
the G-rich sequences in the promoter region of certain onco-
genes and by using GQ-binders, it has been inferred that GQ
could potentially serve as a regulatory element to control the
expression of genes at the transcriptional level.28,29 Similar
biochemical analysis on G-rich motifs present in the UTR of
mRNAs also suggests GQ-specic gene expression control at the
translation level.29,30 Owing to the diversity in structure and
function of GQ and its potential role in diseases, there has been
a urry of interest in developing small molecule ligands that
bind and stabilize GQ structures.31–33 Several such ligands have
been used as biophysical tools to probe the structure and
function of GQmotifs and also have been evaluated as potential
chemotherapeutic agents.34–40 Recent investigations elucidating
the existence of DNA and RNA GQ structures in cells of various
organisms, including mammals, have further bolstered the
interest in the study of GQs.41–44

Analogous to the GQ structures formed by G-rich DNA
sequences, C-rich sequences form four-stranded structures
called i-motifs under slightly acidic or even at near neutral pH
by intercalation of hemiprotonated C$CH+ base-paired
strands.45–48 While putative GQ- and i-motif-forming
sequences mostly coexist as partners in the genome, the
majority of studies have been focused on GQs. This is because
there is clear evidence for the presence and function of GQs in
vivo, while the existence of i-motif structure in cellular envi-
ronment remains ambiguous. However, protein factors have
been identied, which preferentially bind to C-rich sequences
and transcriptionally activate the expression of certain
25674 | RSC Adv., 2018, 8, 25673–25694
oncogenes.49–52 In one such example, hnRNP LL has been shown
to bind to BCL2 promoter i-motif-forming sequence and acti-
vate BCL2 expression.53 The role of i-motif as a molecular switch
in controlling the expression of an oncogene has been shown
using small molecule binders.53,54 These ndings suggest that i-
motif and GQ structures could be cooperatively targeted by
using structure-specic small molecule binders.55 Hence, i-
motif as a potential therapeutic target is gaining interest in
recent years.56

Although several GQ-binding ligands have been developed,
which are known to inuence the levels of oncogenes in protein
expression assays, discovery of clinically suitable candidates has
remained elusive.57 The reasons are the following. While the
structural diversity of GQ is fairly understood in cell-free
conditions, development of methods and tools to identity the
GQ topology adopted by a given sequence in cellular environ-
ment remains a major challenge. This is because, most of the
currently available chemical probes (i) poorly distinguish
between different GQ, i-motif and duplex structures, and (ii)
cannot be effectively implemented in complementing assays
that will provide a direct correlation between cell-free and in-
cell structural data. For example, NMR technique is
commonly used to study the GQ structures of short oligonu-
cleotides in vitro. However, in-cell NMR analysis oen fails to
provide unambiguous structural information due to severe
signal broadening in the complex environment of the cell.58

Structural polymorphism and abundance of tetraplex-forming
sequences in the genome, and lack of efficient screening plat-
forms to identify topology-specic binders further increases the
complexity of targeting a specic GQ motif using small mole-
cule ligands.

To address these challenges, much of the recent efforts are
aimed towards the development of biophysical tools and tech-
niques that (i) would enable the determination of the topology
adopted by individual tetraplex-forming motifs in conditions
closely resembling the cell and (ii) are compatible with
discovery assays capable of estimating the binding of ligands to
a specic topology. Here, we review recent studies on the design
of chemical probes, which provide new means to study GQ
topologies and their recognition properties in cell-free and
cellular environments. First, we discuss in detail the utility of
responsive uorescence probes in detecting the formation and
ligand binding ability of GQs. Following this, a discussion on
the development of structure-specic antibodies and small
molecule probes to visualize DNA and RNA GQs in cells is
provided.

2. Structural polymorphism of GQ

The four-stranded GQ assembly is composed of stacks of two or
more G-tetrads formed by multiple H-bonds and stabilized by
metal ions (e.g., K+, Na+, etc.).14,21 In general, intramolecular GQ
is formed by sequences having four or more G-tracts, which
involve in tetrad formation. The intervening nucleotides, which
form the loops, connect the tetrads. While tetrad stacks are
almost exclusively formed by guanines, the bases involved in
loop formation are not limited. GQ exhibits wide variety of
This journal is © The Royal Society of Chemistry 2018
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folding topologies, which can be broadly classied as parallel
stranded, antiparallel stranded and hybrid type mixed parallel-
antiparallel stranded conformations (Fig. 1B). These structures
differ in the (i) strand orientation, (ii) loop type (propeller,
diagonal and lateral) and length, (iii) groove width (wide,
medium and narrow), and (iv) guanosine glycosidic conforma-
tion (syn and anti) of the tetrads. The ability of a given G-rich
region to adopt one or more GQ structures primarily depends
on the nucleotide sequence itself.21 Simulation and experi-
mental data suggest that parallel conformation is formed when
the loops are made of one residue.59 Whereas, when the loops
are longer than two residues or made of a combination of one or
more residues, then different GQ structures are formed. In
addition, surrounding environment and assay conditions can
considerably inuence the conformation of the GQs.23 In the
Fig. 1 (A) Schematic representation of a G-tetrad where four coplan
bonding. Metal ions stabilize the tetrad. For representation, guanines ar
guanosine are represented in violet and green colour, respectively. (B) Lo
antiparallel, hybrid 1 and hybrid 2 are shown. (C) Crystal/NMR structure of
2GKU)63 and hybrid 2 (PDB ID: 2JPZ)64 conformations of H-Telo DNA O

This journal is © The Royal Society of Chemistry 2018
following section, an overview of the conformation of different
GQ structures formed under different conditions is provided by
taking examples of some well studied G-rich sequences. The
readers may refer to the following reviews for detailed discus-
sion on the structural features of various DNA and RNA GQs
obtained by using various techniques.3,9,21,60
2.1. DNA GQs

Human telomeric (H-Telo) DNA overhang composed of
a (TTAGGG)n repeat is the most studied GQ-forming sequence.
It forms an antiparallel structure in Na+ solution and multiple
conformations in the presence of K+ ions (Fig. 1).61,62 In a buffer
solution containing K+ ions, telomeric repeat mainly adopts
hybrid 1 and hybrid 2 conformations in which the double chain
reversal loop is located at the 50- and 30-end, respectively.63,64
ar guanines are involved in Hoogsteen and Watson-Crick hydrogen
e shown as rectangular box. syn and anti glycosidic conformations of
op orientation and tetrads of different GQ structures, namely parallel,
parallel (PDB ID: 1KF1),65 antiparallel (PDB ID: 143D),61 hybrid 1 (PDB ID:
N.

RSC Adv., 2018, 8, 25673–25694 | 25675
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However, under crystallization conditions in the presence of K+

ions and polyethylene glycol (PEG), the same sequence adopts
a parallel GQ conformation.24,65 Structural analysis performed
in the presence of crowding agents (PEG), highly viscous coso-
lutes (deep eutectic solvents) and polysaccharides, which are
commonly used synthetic models mimicking the connement
and molecular crowding of cells, show that parallel GQ struc-
ture is the preferred structure of the telomeric repeat.23,66–68

Further, studies in these systems reveal a slower folding kinetics
with reduced stability and ligand binding ability of GQ as
compared to in dilute aqueous buffers. On the contrary, a recent
study using optical tweezers indicate that telomeric DNA repeat
in the conned space of DNA nanocages forms hybrid type or
anti-parallel structure, depending on the size of the conne-
ment.69 Further, these studies indicated that the GQs fold faster
and have higher stability in the conned environment. Though
these studies provide information on the folding behaviour and
recognition properties of GQs in different environments, the
results obtained under these conditions have to be taken with
a word of caution. For example, PEG used as a synthetic
crowding agent in buffers and in crystallization experiments,
due to dehydrating effect, bias telomeric repeat to adopt the
parallel GQ structure.70

Unlike telomeric DNA repeat, the GQ-forming sequences
present in the promoter region of oncogenes have varying
numbers of G-tracts with unequal number of guanines and
intervening loop residues.21 Hence, these motifs can potentially
form multiple GQ structures by using different combinations of
the G-tracts and loop residues. G-rich motif (NHE III1) present
in the promoter region of the c-MYC gene is one of the well
studied promoter GQ-forming motifs. It has ve tracts of
guanine residues each separated by a nucleotide residue. The I–
IV tracts and II–V tracts both form parallel GQ structure with
1 : 2 : 1 loop-size arrangement (Fig. 2A).71,72 Other promoter
sequences, which form parallel GQ structure are VEGF, HIF-1a,
c-Kit, RET and PDGF-A.73–77 A common feature of these
promoter GQs is the presence of G3NG3 arrangement in the rst
and third loops and variable residues in the middle loop.
Notably, parallel GQ of PDGF-A is made of four G-tetrads.77

Variants of GQ like parallel-stranded topology with a broken
strand and a heptad plane is adopted by human PDGFR-b and c-
MYB promoters, respectively.78,79

Upstream of P1 promoter region of the human BCL-2 gene is
a 39-bp GC rich sequence containing six G-tracts.80 Inhibiting
the expression of this gene reduces cell proliferation, thereby
improving chemotherapy efficacy.81 Notably, the P1 promoter
region, including the GC rich segment, has been shown to play
a signicant role in regulating the transcription of BCL-2 gene.82

This G-rich sequence can form three GQs involving different G-
tracts (Fig. 2B). The middle segment (four consecutive G-tracts)
forms a stable mixed parallel–antiparallel-stranded hybrid type
GQ structure with two lateral loops (3 nucleotides and 7
nucleotides, respectively) and one single nucleotide double
chain reversal loop.80 However, recent studies indicate that four
nonsuccessive G-tracts (I, II, IV and V) fold into a parallel GQ
structure containing three loops, which is unexpectedly more
stable than the GQ of middle segment.83
25676 | RSC Adv., 2018, 8, 25673–25694
Recently, a dynamic GQ forming segment has been identi-
ed in the U3 domain of the 50 long terminal repeat (LTR) of
proviral HIV-1 genome (Fig. 2C).84 The U3 region contains
a stretch of eight G-tracts upstream of the transcription start
site and overlaps with the binding site of important transcrip-
tion activators, Sp1 and NF-kB. This G-rich sequence (�105 to
�47) is sub-divided into four overlapping G-tract segments (LTR
I–IV), each containing four G-tracts. When individually studied,
LTR-II and LTR-III produced circular dichroism (CD) signatures
resembling a parallel-type GQ structure, whereas, CD prole of
LTR-I did not match with any of the GQ forms. Similarly, LTR-IV
formed a parallel-stranded GQ structure containing a single-
thymidine bulge.85 However, studies with full-length G-rich
sequence showed the presence of multiple GQs. In another
study, the central part of the G-rich region, which shows high
level of conservation, adopted a two G-tetrad antiparallel GQ
structure.86 Further, mutations that disrupt GQ formation and
by using ligands that stabilize GQ structures, it was inferred that
the LTR of HIV-1 could serve as a new target for anti-HIV-1 drug
screening.
2.2. RNA GQs

Unlike the structural diversity exhibited by DNA GQs, G-rich
RNA sequences generally form all-parallel GQ structure, which
is thermodynamically more stable and less hydrated than
equivalent DNA GQs.87,88 For example, telomeric repeat-
containing RNA (TERRA) (UUAGGG)n, an equivalent sequence
of the human telomeric DNA repeat, adopts a parallel GQ
structure irrespective of the type of metal ions and surrounding
environment.89,90 GQ-forming motif has been identied in
different positions of UTR of mRNAs, which includes Zic-1,
NRAS, BCL-2, TRF2, and IRES element of human of VEGF.30,87

These motifs form a parallel GQ structure with different loop
congurations in vitro. The conformational constraint and
higher stability of RNA GQs have been attributed to the pres-
ence of 20-OH groups.91 The 20-OH group restricts all the
guanosines in the tetrad to adopt an anti-glycosidic conforma-
tion and imparts C30 endo puckering to the sugar, which in fact
is the preferred geometry for the formation of a parallel GQ
structure. Modication of 20-OH groups suggests that the
hydroxyl groups are involved in intramolecular interactions,
which further stabilize the GQ structure.92
3. Techniques to study GQ structure
and ligand binding

The structure, stability, folding dynamics and ligand binding
ability of tetraplex-forming ON sequences are commonly
studied in vitro by using CD, NMR, X-ray crystallography and
uorescence techniques. CD provides a qualitative under-
standing of the various GQ structures, and can be used to
distinguish between GQs, i-motifs and duplex forms. This is
because, the CD signal is highly sensitive to strand orientation
of G-tract and anti/syn-glycosidic conformation of guanosines of
the G-tetrads.93 A G-rich–C-rich ON duplex exhibits a typical CD
signature of a B-form of the DNA duplex with a positive band at
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (A) The G-rich NHE III1 sequence with five G-tracts in the promoter region of c-MYC gene. G-tracts are underlined. Modified c-MYC
sequences, which are used for structural analysis is shown. (B) The sequence of GQ-forming BCL-2 promoter with six G-tracts is shown.
Different GQs are formed by different G-tract combinations. (C) The dynamic GQ-forming sequence in the U3 region of 50 LTR of HIV-1 is shown.
It has four overlapping GQ-forming segments.
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�265 nm and a negative band at �240 nm.94 All anti-glycosidic
conformation of the tetrads in the parallel GQ structures of DNA
and RNA ONs typically exhibit a strong positive band at
�260 nm and a shallow negative band at �240 nm. A CD
spectrum containing a positive peak at �295 nm, a negative
peak at �265 nm and a smaller positive peak at �245 nm is
characteristic of a chair- or basket-type antiparallel GQ structure
having alternating syn- and anti-glycosidic conformation.62,93

Hybrid type mixed parallel-antiparallel GQ structures show
a positive band (�290 nm) with a shoulder near 265 and
a smaller negative band at �240 nm. On the other hand, i-
motifs typically display a positive band at �288 nm and
a negative band at �256 nm.95 While CD analysis is highly
useful in studying individual structures, the spectrum is not
This journal is © The Royal Society of Chemistry 2018
easy to interpret when multiple conformations are present. For
example, telomeric DNA repeat is known to fold into multiple
GQs in K+ ionic conditions. However, the CD spectrum resem-
bles more like hybrid type structures.62 Determination of
conformation of the sequences containing longer G-tracts,
which can fold into multiple structures, is also not straight
forward by CD.96

Thermal melting is another convenient method to evaluate
the stability of different GQ structures.97,98 The melting
temperature of GQ by UV method is mainly calculated by
monitoring the changes in absorbance at 295 nm due to larger
variations (50–80%) in absorbance at 295 nm compared to at
260 nm (4%). As GQ structures have higher absorbance at
295 nm, the GQ to random coil transition shows a typical
RSC Adv., 2018, 8, 25673–25694 | 25677
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inverted melting prole as compared to the classical duplex to
single-strand transition prole. Apart from UV absorption,
temperature-dependent CD and FRET assays have also been
used to study the formation as well as binding of ligands to
tetraplexes.99,100 However, sequences showing multiple confor-
mations pose challenges in deconvoluting the signal from
individual structures. Hence, CD and thermal melting are used
as complementing techniques along with uorescence, NMR or
X-ray crystallography in determining the structure and ligand
binding properties of tetraplexes.101,102 Some of the prominent
examples of ligand–GQ interaction studied include TMPyP4-c-
MYC, RHPS4-Telo DNA, quindoline-c-MYC, telomestatin
derivative-Telo DNA, Phen-DC3-c-MYC, 2,4,6-triarylpyridine-
bound to H-Telo DNA (Fig. 3). In addition, surface plasmon
resonance (SPR), isothermal titration calorimetry (ITC) and
laser tweezers have been used in studying the folding kinetics,
ligand binding specicity and energetic aspects of G-quad-
ruplex–ligand interactions.103–109

Among the various biophysical methods discussed, uores-
cence based methods are advantageous as they provide conve-
nient tools to study the structure, folding dynamics and
recognition of tetraplexes in real time with a high level of
sensitivity.110 Since the native nucleosides are practically non-
emissive, the study of four-stranded structures is accom-
plished by using non-covalent uorescent binders or by labeling
ONs with uorescent nucleoside reporters.110,111 These probes
show changes in uorescence properties like emission
maximum, intensity, quantum yield, anisotropy and lifetime
upon changes in conformation. These tools not only provide
means to study the formation of tetraplexes in vitro and in vivo,
Fig. 3 Representative examples of GQ-binding ligands.

25678 | RSC Adv., 2018, 8, 25673–25694
but also have enabled the establishment of screening-
compatible assays to identify efficient binders. Excellent
reviews detailing the development and applications of non-
covalent uorescent ligands, metal complexes and FRET-
based systems in GQ and i-motif studies in vitro are available
in literature.110–112 Hence, in the following sections, we review
recently developed uorescence-based approaches to study the
GQs and their interaction with small molecule ligands in cell-
free and cellular environments. In particular, the utility of
covalently labeled environment-sensitive uorescent nucleo-
side analogs in distinguishing different GQ topologies and
estimating binding of ligands to different topologies is pre-
sented in detail. Following this, the development of structure-
specic antibodies and small molecule ligands, which have
been successfully implemented in uorescence microscopy
assays to prove the occurrence of GQ in cells, is discussed.
4. Environment-sensitive fluorescent
nucleoside probes

FRET based assays are widely used in investigating the forma-
tion, stability and dynamics of GQs at the ensemble as well as
single-molecule level.113–116 ONs labeled with appropriate FRET
pairs are used in assessing the selectivity of tetraplex binding
ligands,117–119 and also in devising uorometric methods to
detect metal ions and proteins.120–122 Similarly, several structure-
specic responsive uorescent ligands and metals complexes
that display changes in their photophysical properties in the
bound and unbound states serve as good sensors to detect the
formation of various GQ and i-motif structures.123–127 While the
This journal is © The Royal Society of Chemistry 2018
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utility of these tools are arguably undeniable, probing the
conformational differences in different four-stranded struc-
tures at the nucleotide level is not straightforward. A detailed
understanding of the tetraplex structures at the nucleotide level
is important for the following reasons. The sequence and
structural diversity of GQ-forming motifs, though a gold mine
for research, is truly overwhelming. While biochemical and
biophysical investigations indicate that ligands bind to
different domains of a quadruplex, estimating their affinity to
different domains and different GQs formed by different
sequences remains a major challenge as many of the chemical
probes fail to distinguish subtle differences in the structure. In
this context, conformation-sensitive uorescent nucleoside
analogs that can report subtle difference in GQ structures via
changes in uorescence properties have been highly useful.
Some of these probes are potentially suitable for designing
screening platforms to identify GQ-specic binders of thera-
peutic relevance.
4.1. Isomorphic uorescent nucleoside probes

Majima and coworkers demonstrated the usefulness of 2-ami-
nopurine (2AP), a widely used environment-sensitive uores-
cent adenine analog, in distinguishing GQ structure from
duplex form (Fig. 4A). The H-Telo DNA ON repeat
AGGG(TTAGGG)3 was used as the test system.128 The three loop
adenine residues were individually replaced with 2AP. The
modication, as conrmed by thermal melting and CD studies,
had little effect on the formation and stability of an antiparallel
GQ structure in a buffer containing Na+ ions. The uorescent
label reported the formation of GQ structure with up to 30-fold
enhancement in uorescence intensity as compared to the
complementary duplex. The lifetime measurements also indi-
cated a similar trend, wherein the GQ form exhibited nearly 14-
fold longer lifetime than the duplex for a sequence containing
the modication in the rst loop. The enhancement in uo-
rescence intensity and longer lifetime was attributed to the
more solvent exposed and less stacked 2AP in GQ structure as
compared to in the duplex structure. The sensing ability of 2AP
was further utilized in monitoring the binding of TMPyP4 to the
GQ.129 Interestingly, modication at diagonal loop produced the
Fig. 4 (A) 2AP displays different fluorescence properties in duplex, GQ
deoxyribonucleoside is shown.

This journal is © The Royal Society of Chemistry 2018
maximum response upon binding to the ligand, which was
found to be consistent with the binding mode of TMPyP4 to GQ,
i.e., ligand inserted between the diagonal loop and G-tetrad
(Fig. 4A).

Chaires and coworker utilized 2AP-modied H-Telo DNA
ONs to study the formation of GQ structures in different ionic
conditions. The results obtained from these studies indicated
that GQ structure adopted by telomeric repeat in solution con-
taining K+ ions and in solid-state are not same.130 Following
this, Chaires and coworker used stopped-ow and uorescence
polarization methods to study the ion-induced conformational
change in the 2AP-labeled H-Telo DNA ON.131 The folding
kinetics of GQ in the presence Na+ or K+ ions as determined by
uorescence experiments revealed at least three steps with time
scale ranging betweenmilliseconds to several hundred seconds.
Importantly, K+-dependent folding curves indicated the pres-
ence of multiple GQ conformations. This observation is in
contrast to the parallel structure obtained under X-ray crystal-
lography conditions,65 which in a way suggest that crystal
environment may favour a particular conformation.

In another study conducted by Sugiyama and Xu, 2AP-
substituted G-rich and C-rich sequences present in the 50 end
of retinoblastoma susceptibility genes (Rb) were employed in
probing the competition between duplex, GQ and i-motif
formation.132 Both GQ and i-motif exhibited considerably
higher uorescence intensity as compared to the duplex form.
Addition of complementary C-rich ON sequence to the pre-
formed 2AP-labeled GQ resulted in quenching in uorescence
intensity at neutral pH as a consequence of slow conversion of
GQ to duplex form. At acid pH the formation of i-motif structure
facilitated the formation of GQ, thereby providing a competitor
for the formation of duplex relative to the random coil of the C-
rich ON sequence at neutral pH. However, the general drawback
of 2AP is that it has excitation and emissionmaximum in the UV
region (Table 1), and importantly, the quantum yield of 2AP
incorporated into ONs and into duplexes is very low. For
example, the quantum yield of free 2AP is 0.68, and when
incorporated into GQ-forming sequences and corresponding
duplexes the quantum yield decreases dramatically (up to 0.06
and 0.005, respectively), which compromises the sensitivity of
the probe.128 Further, replacement of a guanine residue with
and GQ–ligand complex.128,129 (B) Structure of fluorescent 6-MI 20-

RSC Adv., 2018, 8, 25673–25694 | 25679
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Table 1 Photophysical properties of nucleoside probes

Nucleoside probe Solvent lmax (nm)a lem (nm) Fb s (ns)c

2-AP (7)153 Water 303 370 0.68 7.0
6-MI (8)153 Buffer 340 431 0.70 6.4
2-PyG (9)139 Water 300 415 0.02 —

Acetonitrile 300 415 0.71 —
StG (10)139 Water 340 450 0.49 —

Acetonitrile 340 450 0.74 —
4PVG (11)139 Water 355 490 0.16 —

Acetonitrile 355 490 0.57 —
VdG (12)140 Buffer 277 �400 0.72 —
FurdG (13)143 Buffer 292 384 0.49 —
PyrdG (14)143 Buffer 292 379 0.10 —
ThdG (15)143 Buffer 284 414 0.79 —
BfurdG (16)143 Buffer 323 405 0.76 —
InddG (17)143 Buffer 321 390 0.78 —
BthdG (18)143 Buffer 315 419 0.46 —
CNPhdG (19)145 Water 308 468 0.04 —
FurdU (20)141 Water 316 431 0.03 —
23a150 Water 322 447 0.21 2.55

Methanol 322 423 0.15 0.94
Acetonitrile 322 410 0.06 0.33
Dioxane 322 404 0.10 0.43

24a149 Water 318 458 0.04 1.04
Methanol 321 446 0.05 0.60
Acetonitrile 321 443 0.03 0.49
Dioxane 322 435 0.06 0.45

a The lowest energy maximum is given. b F ¼ Quantum yield. c s ¼
Lifetime or average lifetime of the nucleoside.
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2AP results in considerable destabilization (DTm ¼ �28 �C) of
the GQ structure, which is understandable as it can disrupt the
tetrad formation.133 In a recent study, Kankai and coworkers
used 2AP to study the folding of thrombin and G3T aptamers
into antiparallel and parallel GQ structure, respectively.134 2AP
was introduced in the loop regions of thrombin aptamer
d(GGTTGGTGTGGTTGG) and G3T aptamer
d(GGGTGGGTGGGTGGG), which binds to HIV-1 integrase. In
the unfolded state the uorescence of all ONs was low. The
formation of respective GQ structures in the presence of K+ ions
was signaled with enhancement in uorescence intensity. In
particular, 2AP-labeled G3T exhibited remarkable enhancement
in uorescence intensity, which was equal to the uorescence of
the free nucleoside analog.

Mergny and coworkers systematically studied the inuence
of substitution of guanine residues on the formation of GQ
structure with different base analogs.135 In this study, each of
the guanine residues of the central tetrad of parallel GQs was
substituted with twelve types of bases. The results revealed that
most guanine substitutions perturb the GQ structure. Notably,
8-bromoguanine and 6-methyl-isoxanthopterin (6-MI), a uo-
rescent purine analog, signicantly accelerated the formation of
the GQ structure when placed at the 50 end (Fig. 4B). However,
the uorescence of 6-MI was found to be drastically quenched
in the GQ structure due to stacking interaction with a neigh-
boring purine. The responsiveness of 6-MI was used by Shamoo
and coworkers in estimating the binding of unwinding protein
(UP1) to the H-Telo repeat.136 Upon addition of increasing
25680 | RSC Adv., 2018, 8, 25673–25694
concentration of UP1, the probe-labeled telomeric repeat DNA
ON exhibited a dose-dependent increase in uorescence
intensity as a result of unstacking of 6-MI in the complexed
state. The affinity of UP1 for the telomeric repeat was deter-
mined to be �5 nM, and the results also indicated that the
protein destabilized the GQ structure.
4.2. 8-Substituted uorescent purine nucleoside probes

8-Substituted uorescent guanosines incorporated into G-
tetrads have provided efficient tools to study GQs.137 Luedtke
and coworkers developed a turn-on uorescent GQ sensor, 8-(2-
pyridyl)-20-deoxyguanosine (2PyG), and incorporated it in
different tetrad positions of H-Telo repeat and c-Kit DNA ONs.138

The probe placed in the position where native guanine residue
prefers to adopt syn glycosidic conformation did not affected
the global GQ structure and stability. However, replacement of
anti-guanine residue with 2PyG had signicant impact on the
native GQ topology and thermal stability. This is because, 2PyG
nucleoside prefers the syn glycosidic conformation as has been
observed with many other guanosine analogs containing bulky
modication at 8 position. Nevertheless, 2PyG enabled the
uorescence detection of GQs and study the energy transfer in
GQs. H-Telo DNA ON labeled with 2PyG in different ionic
conditions (Na+, K+, NH4

+ and Rb+) showed considerable
enhancement in uorescence as compared to random structure
in Li+ ionic conditions and free nucleoside (Fig. 5A). However,
the quantum yields were not very different in Na+ (0.08) and K+

(0.09) ionic conditions, which favor antiparallel and multiple
GQ structures, respectively. Interestingly, the excitation peak at
260 nm indicated energy transfer between the DNA and probe.
Energy transfer efficiencies were found to be 70–350% higher
for the GQ structures of telomeric DNA repeat ONs and a c-Kit
ON formed in aqueous buffers containing Na+, K+, NH4

+ and
Rb+ as compared to the random structure of the same labeled
DNA ONs in Li+ conditions. On contrary, the overall uores-
cence efficiency of 2AP incorporated into GQ-forming
sequences is very low and also shows very low energy transfer
efficiencies with no discernible difference among different
structures.133

Luedtke and Dumas introduced second generation GQ
sensors based on the 2PyG scaffold. 8-(2-Phenylethenyl)-20-
deoxyguanosine (StG) and 8-[2-(pyrid-4-yl)-ethenyl]-20-deoxy-
guanosine (4PVG) with extended conjugation were incorporated
into H-Telo DNA ON repeat (Fig. 5B).139 Unlike 2PyG, StG and
4PVG prefer the anti glycosidic conformation, whichmake them
structurally less perturbing in both quadruplex and duplex
structures. Among these probes, GQ structures of StG-modied
telomeric ONs exhibited very high quantum yields as compared
to the GQs of 4PVG- and 2PyG-modied ONs. Importantly, high
quantum yield and high molar extinction coefficient of ONs
labeled with StG enabled the detection of GQ structures using
conventional uorescence spectrophotometer at concentrations
as low as 0.25 nM. However, these probes may not be useful in
distinguishing different GQ topologies as they show similar
quantum yields for different GQ structures formed under
different ionic conditions.
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (A) 2PyG in syn glycosidic conformation is shown. GQ-forming H-Telo and c-Kit ONs containing 2PyG in the folded GQ state exhibits
higher quantum yield and energy transfer efficiency compared to unfold state.138 (B) Structure of 8-(2-phenylethenyl)-20-deoxyguanosine (StG,
10) and 8-[2-(pyrid-4-yl)-ethenyl]-20-deoxyguanosine (4PVG, 11) is shown.139

Fig. 6 8-Vinyl-20-deoxyguanosine VdG adopts both syn and anti
glycosidic conformations. When VdG is placed in the middle tetrad it
shows higher fluorescence intensity for the antiparallel GQ in NaCl
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Diederichsen and coworker came up with one of the most
conservatively modied uorescent nucleoside analogs, 8-vinyl-
20-deoxyguanosine (VdG).140 The uorescence of this analog,
when placed in-between different bases in single-stranded DNA
ONs and duplexes, is highly sensitive to its neighboring base
environment. Encourage by these results, VdG was incorporated
into the human telomeric DNA ON repeat 50-d
[AGGG(TTAGGG)3T] at positions G3, G4 or G15. CD analysis
indicated that the modications in these positions did not
affect the formation of respective topologies in different ionic
conditions. Interestingly, telomeric ONs with VdG at G3 and
G15 positions, which participate in the formation of the middle
tetrad, were able to discriminate the GQ topology formed in
NaCl (antiparallel) and in KCl (multiple conformations) with
signicant enhancement in uorescence intensity (Fig. 6).
However, these ONs show almost similar uorescence intensity
in duplex and quadruplex states in KCl with only a slight
difference in the emission maximum. On the other hand,
modication at G4 position, which is part of the terminal tetrad,
although, reported the formation of GQ structure with
enhancement in uorescence intensity as compared to the
duplex form, it failed to discriminate between different GQ
topologies. Apart from uorescence detection, an important
advantage of this nucleoside analog is that it can adopt both syn
and anti glycosidic conformations required for the formation of
different GQ structures.

Taking cue from Tor's isomorphic analogs based on furan-
modied uorescent nucleosides,141,142 Manderville and
This journal is © The Royal Society of Chemistry 2018
coworkers developed a series of uorescent C8-heteroaryl-20-
deoxyguanosine analogs – furyl (FurdG), pyrrolyl (PyrdG), thienyl
(ThdG), benzofuryl (BfurdG), indolyl (InddG), and benzothienyl
compared to the multiple GQs in KCl and duplex form.140

RSC Adv., 2018, 8, 25673–25694 | 25681
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(BthdG) (Fig. 7A).143 The modications were designed such that
they have varying (i) ring size, (ii) degree of twist angle between
aryl and nucleobase rings, and (iii) electron donor–acceptor
character.144 These analogs exhibited moderate to very high
quantum yields (0.1–0.8, Table 1), and importantly, were found
to be sensitive to solvent polarity and viscosity changes. Cyclic
voltammetry analysis indicated that the heteroaryl moiety
enhanced the electron donating potential of guanosine with
thienyl and benzothienyl substituents being the least electron-
donating group.143

The group of Wetmore and Manderville utilized 8-furyl-dG
(FurdG) and 8-(400-cyanophenyl)-dG (CNPhdG) as tools to detect
Fig. 7 (A) C8-heteroaryl-20-deoxyguanosine fluorescent analogs.143 (B)
aptamer GQ at position G5 (syn)/G6 (anti)/G8 (loop reside) is shown. (C) F

thrombin-mediated GQ formation compared to the aptamer in the unfol
G4/G8/G10) of H-Telo DNA ON repeat.147 (E) Chemical structure of solven
used in studying the interaction between GQ of an thrombin aptamer a

25682 | RSC Adv., 2018, 8, 25673–25694
the GQ folding of a 15-mer (50-GGTTGGTGTGGTTGG)
thrombin-binding aptamers.145 The aptamer forms a two tetrad
chair-type antiparallel GQ structure. The guanosine analogs,
which adopt a syn-conformation, were placed at G5 (syn), G6

(anti) and G8 (TGT) loop positions of the aptamer. FurdG and
CNPhdG incorporated at G5 (syn) position were found to increase
the stability of GQ structure, while destabilizing the duplex
structure formed with complementary strand of the thrombin
aptamer (Fig. 7B). Incorporation of FurdG at G6 (anti) resulted in
the destabilization of both duplex and quadruplex structures. In
the case of G8 loop modication, CNPhdG modication had
lesser destabilization effect as compared to FurdG modication
Site of incorporation of FurdG (13)/CNPhdG (19) into thrombin binding
urdG (13) modified thrombin aptamer shows higher fluorescence upon
ded state.146 (D) Site of incorporation of FurdG into different tetrads (G3/
t polarity- and viscosity-sensitive fluorescent nucleoside analog (FurdU)
nd thrombin protein.148

This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03708f


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

/1
7/

20
26

 9
:5

1:
03

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
due to better stacking interaction of CNphdG with the G-tetrad.
Importantly, GQ form of FurdG- and CNPhdG-modied
thrombin aptamer sequences and the corresponding duplexes
show distinct uorescence properties. The G5

FurdG-modied
sequence, which forms a stable GQ, shows signicantly higher
uorescence intensity as compared to its duplex form. The
enhancement in uorescence intensity was ascribed to the
energy-transfer bands (�250 nm and �290 nm) from native
guanosine residues of the tetrad, which were observed in the
excitation spectrum. In contrast, the push–pull donor–acceptor
probe CNPhdG placed at G8 position exhibited very high uo-
rescence intensity in the duplex state, whereas its uorescence
was considerably quenched in the GQ form. Taken together,
FurdG placed at G5 and

CNPhdG placed at G8 serve as a turn-on
and turn-off uorescence probe for duplex-quadruplex transi-
tion, respectively. Further, these probes were used in estimating
the thrombin-mediated GQ folding of thrombin aptamer.146

Upon increasing the thrombin concentration, FurdG-modied
aptamer displayed gradual increase in uorescence intensity,
whereas, CNPhdG-modied aptamer exhibited gradual quench-
ing in uorescence intensity (Fig. 7C). The association constant
(Ka) of thrombin binding to the aptamer determined using
uorescence titration experiments revealed a trend; FurdG (G6) <
FurdG (G8) <

FurdG (G5), which correlated with the trend in GQ
stabilization by the modication.

The use of FurdG was extended in the study of GQ structures
of the H-Telo DNA repeat.147 The emissive analog was incorpo-
rated into four different positions within the three G-tetrads,
and the GQ formation was evaluated by using a combination
of UV-vis thermal melting, CD and uorescence techniques
(Fig. 7D). The folding of telomeric repeat was studied under
different ionic conditions and in the presence of additives and
Fig. 8 Chemical structure of indole (21), N-methylindole (22),
benzofuran (23a and 23b) and benzothiophene (24a and 24b) modi-
fied 20-deoxyuridine and or uridine analogs.

This journal is © The Royal Society of Chemistry 2018
cosolutes (e.g., CH3CN, PEG and N-methyl mesoporphyrin IX).
The analog placed in the middle tetrad, though showed
considerable enhancement in uorescence intensity as
compared to the duplex, the uorescence intensity for anti-
parallel GQ in Na+ and hybrid type GQs in K+ was similar. When
the nucleoside probe was placed in the terminal tetrads (G4, G8

and G10 positions), it displayed distinct uorescence intensity
for duplex, hybrid GQ and antiparallel GQ structures. Further,
the positional impact on the formation of parallel GQ topology
in the presence additives and cosolutes was also studied. These
studies indicated that the modication at G8 position was
structurally noninvasive, and gave the best response in terms of
enhancement in uorescence upon GQ formation. In another
report, Manderville and coworker used the responsiveness of
FurdU (20)141,142 to solvent polarity and viscosity changes to dis-
tinguishing thymine residues that are solvent-exposed in a GQ
structure of a thrombin aptamer and identify the thymine
residues that bind specically to thrombin protein (Fig. 7E).148

Collectively, these studies with 8-aryl nucleoside analogs
suggest that, when placed in an appropriate position, these
analogs could serve as good diagnostic tools to study the
conformations of GQs in vitro.
4.3. 5-Heterocycle-conjugated pyrimidine nucleoside probes

Although the uorescent nucleoside analogs discussed above
provide efficient systems to study GQ structure and recognition,
their ability to distinguish different GQ structures based on
topology and nucleic acid type (DNA versus RNA) and estimate
topology-specic binding of ligands to different GQs is either
not well explored or not possible. In this context, Srivatsan and
coworkers introduced new uorescent nucleoside analogs
derived by attaching heterobicycles like indole, benzofuran and
benzothiophene at the 5- and 8-position of pyrimidine and
purine nucleosides, respectively.149–152 The design of
heterobicycle-conjugated nucleosides is based on the intrinsi-
cally uorescent indole core of the amino acid tryptophan. The
microenvironment-sensitive of tryptophan has been used in
devising several uorescence based assays to study protein
structure, dynamics and recognition. Therefore, it was hypoth-
esized that attaching heterobicycles to the otherwise non-
emissive native nucleosides would expand the conjugation
and impart favorable uorescence properties. Based on this
design strategy, a series of ribonucleoside analogs was devel-
oped by conjugating indole, N-methyl indole, benzothiophene
and benzofuran at the 5-position of uridine (Fig. 8).149,150

Unfortunately, indole- and N-methyl indole-modied nucleo-
sides were found to be very weakly uorescent for any practical
applications. Rewardingly, 5-benzothiophene- and 5-
benzofuran-modied uridine analogs were found to be
moderately emissive. Importantly, both the nucleoside analogs
displayed excellent uorescence solvatochromism and visco-
chromism, meaning their uorescence properties like emission
maximum, quantum yield, lifetime and anisotropy were highly
sensitive to the surrounding solvent polarity and viscosity. The
sensitivity of nucleoside analogs to viscosity changes was due to
the presence of a molecular rotor element in the form of
RSC Adv., 2018, 8, 25673–25694 | 25683
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a rotatable aryl–aryl bond between uridine and heterocycle
moieties. In the viscous medium, due to rigidication of the
uorophore, the uorescence quantum yield, lifetime and
anisotropy were found be signicantly higher as compared to in
a medium of low viscosity. It is important to mention here that
5-benzothiophene- and 5-benzofuran-modied uridine analogs
in solvents of different polarity show distinctly different trend.
While 5-benzothiophene uridine shows high uorescence effi-
ciency in a non-polar solvent (dioxane) as compared to in a polar
solvent (water), 5-benzofurn uridine shows high uorescence
efficiency in a polar solvent (water) as compared to in a non-
polar solvent (dioxane, Table 1). However, the emission
maximum of both the nucleosides is blue-shied as the polarity
of the medium is lowered from water to dioxane. Encouraged by
these results, Srivatsan group synthesized the complete set of
benzofuran-modied purine and pyrimidine nucleosides.151

While the 8-substituted purine nucleosides were highly emis-
sive, they were not very sensitive to solvent polarity and viscosity
changes.

Subsequently, 5-benzothiophene- and 5-benzofuran-
modied 20-deoxyuridine and uridine analogs, which exhibi-
ted similar photophysical properties, were incorporated into
DNA and RNA ONs by either solid-phase ON synthesis protocol
or by enzymatic method using triphosphate substrates. The
nucleoside analogs placed in different nucleobase environment
are highly sensitive to anking bases and base pair substitu-
tions. Based on the uorescence outcome, these analogs were
appropriately utilized in designing assays to detect abasic sites
(depurinated site) in DNA and RNA ONs,150,154,155 and in studying
the ON dynamics in cell-like conned environment.156

The non-perturbing nature and conformation-sensitivity of
the heterobicycle-modied nucleoside analogs was put to use in
addressing the challenges associated with probing GQ topolo-
gies and recognition. Srivatsan and Tanpure used 5-benzofuran-
modied 20-deoxyuridine and uridine nucleosides to study the
formation of GQ structures of H-Telo DNA and RNA (TERRA)
repeats (Fig. 9).157 Since the loop residues of different GQ
topologies of telomeric repeats show considerable differences
in their conformation, one of the dT/U residues in the middle
loop was replaced with corresponding nucleoside analog. CD
and thermal melting studies conrmed that the modication in
the loop position did not affect the formation as well as the
stability of respective DNA and RNA GQ structures in different
ionic conditions. The labeled telomeric DNA ON repeat, which
forms hybrid-type GQ structures in KCl, displayed nearly 4-fold
higher uorescence intensity than the duplex (Fig. 9A). Inter-
estingly, H-Telo ON in NaCl, which promotes the formation of
an antiparallel GQ structure, displayed nearly 9-fold enhance-
ment in uorescence intensity as compared to the duplex. A
similar trend in quantum yield and lifetime was observed. The
average lifetime of antiparallel GQ is 3.0 ns, hybrid-type GQs is
1.4 ns and duplex is �0.64 ns. On the other hand, TERRA ON
adopts a parallel GQ topology irrespective of the ionic condi-
tions, and hence, displayed a similar uorescence quantum
yield (�0.19) and average lifetime (�2.80 ns) in NaCl and KCl
(Fig. 9B). These results clearly indicate that the benzofuran-
modied nucleosides photophysically report the formation as
25684 | RSC Adv., 2018, 8, 25673–25694
well as distinguish different DNA and RNA GQ topologies. This
feature was further successfully utilized in determining the
topology-specic binding of ligands like pyridostatin (PDS) and
BRACO19 to telomeric DNA and RNA GQs (Fig. 10). Titration of
telomeric DNA and RNA repeats with increasing concentration
of the ligands resulted in a dose-dependent quenching in
uorescence intensity. The dissociation constant determined
using the uorescence data revealed that the ligands bind to GQ
topologies with different affinities. For example, PDS has higher
affinity for the antiparallel structure compared to hybrid-type
GQs. However, BRACO19 has higher affinity for hybrid-type
GQs. PDS and BRACO19 show similar binding affinities for
the parallel conformation of the TERRA ON. The binding of
ligands to biologically relevant higher-order GQ structures was
also evaluated using the nucleoside probe. Unlike short telo-
meric ON repeat, PDS and BRACO19 binding to a longer telo-
meric repeat, which could form two consecutive GQs, revealed
similar binding constants in Na+ and K+ ionic conditions. This
observation and literature precedence point out that the ONs
containing anking sequences along with the GQ-forming
motif would be better models in the study of GQs.158

Srivatsan and coworkers used benzofuran-modied nucleo-
sides to establish a uorescence-based platform to probe the
GQ structure and ligand binding of H-Telo DNA and RNA
repeats in a commonly used cellular model AOT (aerosol OT,
bis(2-ethylhexyl) sodium sulfosuccinate) reverse micelles (RM,
Fig. 11).159 This was essentially possible because the nucleoside
analogs faithfully reported the microenvironment of different
domains of the conned water in RM via changes in uores-
cence properties. The uorescence detection of various GQ
structures in aqueous buffer and in the conned water pool of
RM was studied by using telomeric DNA repeat ONs containing
benzofuran modication in different loops. In aqueous buffers
containing NaCl and KCl, the probe clearly reported the
formation GQ structures with a distinct uorescence prole for
the antiparallel and hybrid-type GQs, respectively. The uores-
cence intensity and lifetime for the antiparallel GQ was the
highest, followed by hybrid-type GQs and duplex. While in
aqueous buffer, the nucleoside probe uorescently distin-
guished different GQ topologies based on ionic conditions, the
labeled telomeric ONs displayed almost similar uorescence
intensity and lifetime in AOT RM, irrespective of added Na+ and
K+ ions. Comparing the uorescence data and CD proles in
buffer and AOT RM it was conrmed that the telomeric repeats
preferred the antiparallel GQ structure in RM. In this study, the
sodium salt of AOT (200 mM) was used to form stable RM.
Hence, it was inferred that the exchange of K+ ions with Na+ ions
of AOT head group would have biased the telomeric ONs to
adopt an antiparallel GQ structure. In case of TERRA, the probe
reported the formation of a parallel GQ structure in both
aqueous buffer and AOT RM with signicantly higher uores-
cence intensity and lifetime compared to the duplex form.
Notably, the binding affinities of PDS to DNA and RNA GQs
obtained by uorescence assay in aqueous buffer and AOT RM
were comparable. Collectively, these studies underscore the
potential of benzofuran-modied nucleoside analogs in not
only detecting the formation of GQs but also estimating the
This journal is © The Royal Society of Chemistry 2018
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Fig. 9 (A) 5-Benzofuran-modified 20-deoxyuridine (23b) incorporated into a H-Telo DNAON fluorescently distinguishes different GQ structures.
The antiparallel GQ in NaCl, mixed hybrid-type GQs in KCl and duplex show distinct fluorescence quantum yield and average lifetime. (B)
Equivalent RNA repeat, TERRA, labeled with 5-benzofuran-modified uridine (23a) reports the formation of a parallel GQ structure, irrespective of
the ionic conditions. The fluorescence intensity and average lifetime of TERRAGQ in NaCl and KCl are similar. In steady-state fluorescence study,
all samples were excited at 330 nm. The lem of H-Telo DNA in NaCl and KCl is�430 nm and lem of corresponding duplexes is�440 nm. In both
the salt conditions, lem of TERRA RNA and corresponding duplex is�440 nm. In lifetime study, samples were excited using a 339 nm light source
and decay was measured at respective emission maximum. This figure has been adapted with the permission of Nucleic Acids Research: Oxford
Journals.157
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binding of ligands to various GQs in a cell-like conned
environment.

In another study, the environment sensitivity of 5-benzo-
furan uracil peptide nucleic acid (PNA) base analog in
combination with the strand-invasion ability of PNA oligomer
was utilized in devising a uorescence turn-on assay to detect
the H-Telo DNA repeat (TTAGGG)n.160 The detection platform
was based on graphene oxide (GO), an excellent uorescence
quencher, which binds single-stranded DNA ONs signicantly
better compared to structured ONs. 5-Benzofuran uracil PNA
base analog incorporated into an 18-mer PNA oligomer
complementary to the H-Telo DNA repeat was synthesized by
solid-phase PNA synthesis protocol. This oligomer upon
hybridization with telomeric DNA repeat exhibited discernible
enhancement in uorescence intensity. In order to increase
the sensitivity of the PNA probe, it was complexed with GO,
which resulted in a signicant quenching in uorescence
intensity as compared to the free PNA probe. Upon addition of
This journal is © The Royal Society of Chemistry 2018
the human telomeric DNA repeat, the PNA probe diffused out
of the GO surface and formed a duplex by invading the GQ
structure of the telomeric DNA repeat, thereby exhibiting huge
increase in uorescence as compared to the PNA–GO complex.
Using this platform, as low as �30 nM concentration of the H-
Telo repeat could be detected.

Following this report, Srivatsan and Sabale developed
another environment sensitive PNA building block made of 5-
(benzothiophen-2-yl)-uracil core.155 Both benzofuran and
benzothiophene PNA analogs were incorporated into a series
of PNA oligomers and hybridized to complementary and
mismatched DNA ONs to study the responsive of the emissive
bases to anking bases and base pair substitutions. While
both the analogs were highly sensitive to changes in neigh-
boring base environment, benzothiophene PNA base analog
placed in-between C residues selectively reported the presence
of a complementary nucleobase (dA) in a GAG ON sequence
with signicant enhancement in uorescence intensity. This
RSC Adv., 2018, 8, 25673–25694 | 25685
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Fig. 10 The quenching in fluorescence intensity as a function of increasing ligand (PDS and BRACO19) concentration enabled the determination
of dissociation constant. A representative titration plot of 23b-labeled H-Telo DNA ON with increasing concentration of PDS.157
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observation enabled the development of PNA hybridization
probes against GQ-forming oncogenic sequences containing
GAG base set like c-MYC and c-Kit2.155 Complementary PNA
oligomers containing the benzothiophene-modied uracil
base were incubated with pre-formed GQ structures of c-MYC
and c-Kit2 ONs. The hybridization of PNA oligomers with GQ
ONs places the emissive base opposite to dA in the GAG base
set and leads to enhancement in uorescence intensity.
Interestingly, the PNA probe complementary to c-Kit2 was able
to invade the GQ structure and show considerable enhance-
ment in uorescence intensity due to the formation of a more
emissive PNA-c-Kit2 duplex. However, the PNA probe against c-
MYC was not very effective in invading the strand as c-MYC is
known to form a highly stable GQ structure as compared to c-
Kit2. In a similar study, Diederichsen and coworkers used
a uorescent PNA analog based on 8-vinyl guanine to monitor
the formation of PNA-DNA hybrid GQ structures.161 It has been
proposed that such environment-sensitive PNA probes could
be very useful in detecting as well as in studying the functional
role of individual GQ-forming sequences.

It is important to mention here that the nucleoside analogs
described above are not suitable for in-cell analysis of GQs as
their excitation maximum are in the UV region (Table 1).
Further, the cellular autouorescence covers the uorescence
of many of these nucleoside-based probes, and hence, may not
be suitable for imaging purpose. Alternatively, antibody-based
immunouorescence staining and uorescent binders, which
are compatible to uorescence microscopy, have been devel-
oped to visualize GQs in cells.
25686 | RSC Adv., 2018, 8, 25673–25694
5. Structure-specific tools to probe
GQs in cells
5.1. Antibody-based tools

Although biochemical and biophysical in vitro analysis have
long conrmed the formation of different tetraplex structures,
the evidence for the occurrence and function in vivo is fast
accumulating. Seminal contributions from the laboratories of
Plückthun and Balasubramanian have provided strong evidence
for the occurrence of GQs in ciliates and mammalian cells.
Plückthun and coworkers, for the rst time selected high-
affinity single-chain antibody fragments (scFvs) for the GQs
formed by the Stylonychia lemnae telomeric repeat d(T4G4)2 by
ribosome display.162 Among the selected fragments, Sty3 had an
affinity in the picomolar range for the parallel-stranded GQ
structure. A second scFv (Sty49) was found to bind to both
parallel and antiparallel GQs with similar affinities in the
nanomolar range. Among the fragments, Sty49 produced a clear
signal in the macronuclei in immunouorescence staining
experiments, indicating the occurrence of GQ structure.
Further, this antibody was used in studying the accumulation of
GQs in the replication band and the unfolding of GQs by
telomerase.163

Balasubramanian and coworkers developed an elegant
method to pull-down GQ-forming sequences from mammalian
cells by using a derivative of PDS (Fig. 12).164 Derivative 26 was
attached to biotin, an affinity tag, which did not adversely affect
the affinity of the ligand to GQs. Initial assessment in vitro in the
presence of a pool of structured DNA ONs indicated that 26
This journal is © The Royal Society of Chemistry 2018
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Fig. 11 Fluorescence detection of GQ structures in RM by using nucleoside analogs 23a and 23b. The probe labeled H-Telo DNA and RNA ONs
provided a simple platform to compare the GQ formation as well as ligand binding in aqueous buffer and in the confined water pool of RM, which
is a commonly used membrane model. This figure has been adapted with the permission of ChemBioChem: John Wiley and Sons.159
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could be used to pull-down longer genomic DNA fragments
capable of forming GQs. This method was applied in pulling
down telomeric repeats of HT1080 human cancer cells, which
upon high throughput sequencing (ChIP-Seq) provided further
evidence for the formation of GQs in human cells. Based on this
approach, a PDS derivative 27 containing a clickable alkyne
group was developed. Cells treated with 27 for 12 h were click-
stained with an Alexa-azide, which showed a uorescent
pattern resembling the staining of nucleoli containing GQ-
forming sequences.165

Although these small-molecule GQ binders provide indirect
evidence for the presence of GQs in cells, Balasubramanian's
group developed a GQ-specic antibody to directly visualize
DNA GQs in human cells.42 By employing phage display
composed of 2.3 � 1010 different single-chain antibody clones,
antibody called BG4 with nanomolar affinity for intramolecular
and intermolecular GQ structures was indentied. Preliminary
binding studies with various sequences capable of forming
different GQ structures indicated that BG4, though highly GQ
This journal is © The Royal Society of Chemistry 2018
structure-specic, does not have a preference for a particular
GQ topology. Cells treated with BG4 were visualized by using
a secondary antibody and then a tertiary uorochrome-labeled
antibody. Punctate nuclear staining in all cell lines tested
along with appropriate control experiments conrmed the
presence of DNA GQs in human cells. Further, it was identied
that BG4 also binds to RNA GQs of TERRA, BCL2 and NRAS with
affinities in the nanomolar range. Encouraged by this observa-
tion, the presence of endogenous RNA GQs was tested in human
normal endothelial, immortalized and cancer cell lines.43 Fixed
and permeabilized cells were rst incubated with BG4, and were
immunouorescence stained using secondary antibody and
tertiary uorochrome-labeled antibody as mentioned above.
The presence of cytoplasmic foci, which disappeared upon
treating the xed cells with RNase A prior to incubating with
BG4 indicated that the uorescence signal emanating from the
cytoplasm is due to RNA GQs present in the human tran-
scriptome. Interestingly, a derivative of PDS, carboxyPDS 28,
which binds strongly to RNA GQs as compared to DNA GQs,
RSC Adv., 2018, 8, 25673–25694 | 25687
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Fig. 12 GQ-structure-specific small molecule ligands used in the visualization of DNA and RNA GQs in cells.
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increased the number of GQs in the cytoplasm.43 These results
suggest that structure-specic small molecule ligands can be
used to target as well as trap GQs in cells.

Lansdorp and coworkers identied a new murine mono-
clonal antibody specic for GQ structures by immunizing
spleen cells from mice with stable DNA GQs.44 The antibody
designated as 1H6 displayed a strong nuclear signal from
human and murine cells in immunouorescence microscopy
studies. Addition of a GQ stabilizing ligand (TMPyP4) increased
the number of nuclear foci. Further, cells depleted with FANCJ,
a GQ DNA-specic helicase, displayed pronounced uorescence
signal from nuclei as compared to control cells. Apart from
providing evidence for the occurrence of GQs in mammalian
cells, these results strongly support the notion that GQ in cells
can be targeted by using small molecule ligands. While BG4 and
1H6 are useful in GQ visualization experiments, they fail to
25688 | RSC Adv., 2018, 8, 25673–25694
provide information on the topology as these antibodies don't
have preference for a certain GQ topology. In this context,
Huang and coworkers recently developed a new scFv antibody,
D1, which exhibits very high binding affinity and selectivity for
the parallel GQ structure as opposed to other GQ forms.166

Genome-wide identication of consensus sequences for parallel
GQ structure was performed by chromatin immunoprecipita-
tion using D1, followed by deep sequencing. This analysis also
revealed that G-rich sequences containing a shorter loop (<3 nt)
are prone to form parallel GQ structure. The antibody enabled
the visualization of parallel GQ structure at the human telomere
in xed cells. Importantly, using ligands like NMM and QPB-
15e, which are known to induce parallel GQ conformation,
the formation of parallel GQ structure in cells could be modu-
lated. Further, immunouorescence experiments with xed
cells incubated with both BG4 and D1 antibodies indicated that
This journal is © The Royal Society of Chemistry 2018
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the human telomeric GQs predominantly (77%) exist in the
parallel form. However, immunouorescence detection of GQs
using currently available antibodies has its own limitations,
which include elaborate assay setup and restricted application
to xed and permeabilized cells.167
5.2. Small molecule ligand-based tools

Alternatively, structure specic light-up and uorogenic small
molecule probes have been developed to visualize GQs in live
cells. In one of the rst efforts, Komiyama and coworkers used
a light-switching pyrene probe, which forms excimers, to study
the structure of TERRA RNA in living cells.168 ONs containing
TERRA RNA sequence were labeled with a pyrene moiety at both
50 and 30 ends. In the unfolded state, only the uorescence
emission (�400 nm) from pyrene monomer was observed. GQ
formation brings pyrenes closer to form an excimer, which
shows a red-shied emission at �480 nm. This change in
emission colour was used to study the formation of GQ in cells.
HeLa cells in culture were incubated with a dual-pyrene labeled
ON containing TERRA RNA repeat in the presence of a trans-
fecting agent. Cells imaged using uorescence microscopy
clearly revealed the excimer emission from pyrene due to the GQ
folded state of the ON. Further, colocalization experiments
indicated that the TERRA RNA GQ is restricted to nuclei. These
observations indicate that RNA GQ can be potentially stabilized
in vivo.

Monchaud and coworkers developed a GQ ligand called
NaphthoTASQ (N-TASQ), which serves as a multi-photon uo-
rescence probe to directly visualize RNA GQs in live cells
(Fig. 12).167 N-TASQ binding to TERRA GQ resulted in 22-fold
improvement in uorescence of the probe. The probe also
showed preference for RNA GQs as compared to DNA GQs. In
cell based experiments, N-TASQ stained cytoplasmic and
nucleolar compartments. Further, experiments with nucleases
and BG4 antibody conrmed the GQ staining ability of the
multi-photon probe.

In another report, the GQ specic uorogenic N-TASQ probe
was observed to exhibit red-edge effect, which was utilized in
visualizing DNA and RNA in human cell.169 The unique red-edge
uorescence properties of N-TASQ–GQ complex enabled it to
absorb light upto near infrared region and the emission
maximum was observed to be linearly dependent on the exci-
tation wavelength. These properties made N-TASQ–GQ complex
compatible to be imaged by both confocal and two-photon
microscopy. Further, the quadruplex specic red edge probe
(G4-REP) N-TASQ was utilized to quantify BRACO-19 and
TmPyP4 induced GQ in HeLa cells.170 Additionally, the confocal
imaging of N-TASQ treated live cancerous and non-cancerous
cells displayed different staining pattern in cytoplasm, which
proved that N-TASQ can enter both type of cells but the cellular
response to N-TASQ is different in cancerous cell than non-
cancerous cell. Most interestingly, a microplate-compatible
LED based microscope housed inside a cell incubator was
utilized in real time analysis of N-TASQ treated live MDA-MB
231 breast cancer cells for longer periods (�120 h).
This journal is © The Royal Society of Chemistry 2018
Chang and coworkers employed a uorogenic GQ-binding
ligand BMVC (3,6-bis(1-methyl-4-vinylpyridinium) carbazole
diiodide) to investigate the cellular uptake and localization of
various exogenously added GQ-forming DNA sequences
(Fig. 12).171 The G-rich sequences, which form a parallel
conformation, were found to accumulate in the lysosome, and
the G-rich sequences, which form non-parallel GQ structures,
were found to accumulate in the mitochondria of CL1-0 lung
cancer cells. Further, o-BMVC and derivatives of BMVC, which
have longer uorescence decay time when bound to GQs than
when bound to duplex structure, enabled the development of
a method to visualize GQs in live cells by using uorescence
lifetime imagingmicroscopy (FLIM).172,173 In a similar approach,
Vilar and coworkers developed small molecule optical probes,
which exhibit uorescence enhancement and signicant
difference in lifetime depending on the nucleic acid topology.174

They developed new triangulenium derivatives, ADOTA-M and
DAOTA-M2 (Fig. 12). In particular, DAOTA-M2 upon binding to
GQs served as a turn-on uorescence probe, and importantly,
exhibited distinctly different lifetimes for GQ, duplex and
single-stranded nucleic acids. This feature was further utilized
in visualizing GQs and also in studying the interaction of small
molecule ligands with GQs in cells by using FLIM.

Manet and Freccero reported the theranostic application of
a uorescent water-soluble tetracationic quaternary ammonium
naphthalene diimide (NDI), which showed high binding affinity
for different GQ topologies in vitro.175However, NDI was not very
selective to only GQs as it was also found to bind to duplex DNA.
Emission in red-NIR region aided its visualization in the nuclei
of different types of tumor cells. NDI was not cytotoxic to the
human tumor cells but upon irradiation of NDI-loaded cells
with red light generated singlet oxygen species, which reduced
the cell viability and induced DNA damage foci in cell nuclei.
The uorescence lifetime confocal imaging of NDI treated xed
tumor cell and lifetime analysis of an area of cell's nuclei
revealed two lifetimes-one corresponding to the free NDI and
other NDI bound to duplex DNA. These observation matches
with the in vitro binding studies, which showed that NDI can
bind also to the duplex DNA.

Richter and Freccero group developed a red-NIR core-
extended NDI probe, which showed quenching in uores-
cence intensity in water due to aggregation compared to
monomer emission in organic solvent.176 Interestingly, the
probe was observed to bind GQ structure selectively compared
to duplex and single stranded DNA. The presence of H-Telo DNA
made the probe monomeric, and enhanced the uorescent
intensity signicantly. Further, the location of NDI probe in the
nucleus was visualized by confocal microscopy, and good
colocalization of the NDI foci and GQ-specic antibody 1H6
proved that the probe indeed targets GQs in cells.

Chow and coworker examined the efficiency of different
pyridinium-based uorescent dyes with varying symmetry and
different styrene like side groups in detecting GQs.177 Pyr-
idinium molecule with C2 symmetry and indolyl side group,
which was the best GQ-specic uorescent probe was used in
live cell imaging. The highest enhancement of uorescence
RSC Adv., 2018, 8, 25673–25694 | 25689
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intensity in S phase of the cell cycle supported the replication-
dependent GQ formation in cell.

Zhang and coworkers reported a GQ sensor based on the
triphenylamine-quinolinium dye, which exhibited remarkable
enhancement (�180 times) in uorescence intensity selectively
in the presence of HRAS GQ compared to other GQs and nucleic
acid structures.178 Using this probe, as low as 1 nM of HRAS GQ
could be detected. Further, confocal imaging of triphenylamine-
quinolinium dye treated cell and co-staining with DAPI dis-
played the accumulation of the dye in cell nucleoli, suggesting
that this dye could be useful in live cell imaging.

In another study, Tan and coworkers developed hybridiza-
tion ON probe, composed of a uorogenic reporter ISCH-1, to
identity GQs in cells.179 ISCH-1, which shows remarkable
enhancement in uorescence efficiency, was click-tagged to an
ON sequence complementary to the sequence adjacent to the
GQ-forming motif of NRAS UTR. Since the target mRNA
concentration in a single cell is less, the NRAS RNA ON was
transfected into the cells followed by annealing with the
hybridization probe. Under these conditions the cells displayed
intense uorescence spots in the cytoplasm. However, mutated
version of the NRAS did not produce any signal. While this
method conrms that an exogenous RNA ON of NRAS can adopt
GQ structure in cellular environment, detection of endogenous
GQ-forming sequences expressed in low concentrations
remains to be explored.

6. Conclusions and perspectives

Structure-specic tools that use uorescence readout to detect
the formation of GQ structures and their interaction with small
molecule ligands have greatly advanced our understanding of
these structures in cell-free and cellular environments. Internal
modication strategy using nucleoside analogs has provided an
alternative means to investigate local conformational differ-
ences in the loop and tetrad domains of different GQs under
equilibrium conditions. The differences in physico-chemical
properties in these domains essentially dictate the selectivity
and affinity of a ligand to a certain GQ structure. In this context,
recently developed uorescent nucleoside probes, which
distinguish different DNA and RNA GQ topologies and report
topology-specic binding of ligands to GQs could be very useful
in establishing screening platforms to indentify functional
binders of clinical potential. While GQ-specic antibodies have
been very useful in establishing the occurrence of DNA and RNA
GQs in xed and permeabilized cells, cell-compatible small
molecule uorescent probes, which show remarkable changes
in uorescence properties upon interacting with GQs, have
been very useful in studying the structure and localization of
exogenously added GQ-forming ON sequences.

Nevertheless, the diversity in GQ-forming sequences in the
genome and the ability of GQ to adopt different topologies
depending on the sequence and microenvironment pose
important challenges in the study of tetraplexes. Despite
extensive studies, our understanding of the tetraplex structures
in cellular environment is inadequate. For example, it is not
clear what structure or structures a G-rich sequence adopts
25690 | RSC Adv., 2018, 8, 25673–25694
inside the cell, and which one is responsible for its function. In
this context, in-cell NMR techniques are being developed to
determine the structure of individual GQ- and i-motif-forming
ON sequences in an environment very close to the cell. It is
also not easy to conceive how to specically target a GQ motif
among various endogenous GQ-forming sequences by using
small molecule ligands. Further, probing the formation and
completion between duplex, GQ and i-motif structures of G-rich
and C-rich strands coexisting in the promoter region is not
straight forward as tools that can unequivocally distinguish
these structures are rare. Hence, development of new probes
that can distinguish different non-canonical four-stranded
structures in cell-free and cellular environments, improve-
ments in in-cell structural and function analysis, accessibility to
wide varieties of labeled ON sequences, and newer screening
approaches will have a profound impact on GQ and i-motif
directed therapeutic strategies. Since the scientic community
interested in these aspects of nucleic acids is fast expanding, it
is only a matter of time that the core challenges associated with
the study of GQs and i-motifs will be addressed. This is quite
evident from a very recent report, which has provided the rst
evidence for the occurrence of i-motifs in mammalian cells.180
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108 M. Bončina, Č. Podlipnik, I. Piantanida, J. Eilmes,
M.-P. Teulade-Fichou, G. Vesnave and J. Lah, Nucleic Acids
Res., 2015, 43, 10376–10386.

109 S. Selvam, S. Mandal and H. Mao, Biochemistry, 2017, 56,
4616–4625.

110 B. R. Vummidi, J. Alzeer and N. W. Luedtke, ChemBioChem,
2013, 14, 540–558.

111 J. Choi and T. Majima, Photochem. Photobiol., 2013, 89, 513–
522.

112 A. Dembska, P. Bielecka and B. Juskowiak, Anal. Methods,
2017, 9, 6092–6106.

113 J.-L. Mergny and J.-C. Maurizot, ChemBioChem, 2001, 2,
124–132.

114 A. Guédin, J. Gros, P. Alberti and J.-L. Mergny, Nucleic Acids
Res., 2010, 38, 7858–7868.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03708f


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

/1
7/

20
26

 9
:5

1:
03

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
115 L. Ying, J. J. Green, H. Li, D. Kleneram and
S. Balasubramanian, Proc. Natl. Acad. Sci. U. S. A., 2003,
100, 14629–14634.

116 J. Y. Lee, B. Okumus, D. S. Kim and T. Ha, Proc. Natl. Acad.
Sci. U. S. A., 2005, 102, 18938–18943.

117 A. D. Rache and J.-L. Mergny, Biochimie, 2015, 115, 194–202.
118 Q. Sheng, J. C. Neaverson, T. Mahmoud, C. E. M. Stevenson,

S. E. Matthews and Z. E. Waller, Org. Biomol. Chem., 2017,
15, 5669–5673.

119 P. Maleki, Y. Ma, K. Iida, K. Nagasawa and H. Balci, Nucleic
Acids Res., 2017, 45, 288–295.

120 K. Ohtsuka, S. Sato, Y. Sato, K. Sota, S. Ohzawa, T. Matsuda,
K. Takemoto, N. Takamune, B. Juskowiak, T. Nagai and
S. Takenaka, Chem. Commun., 2012, 48, 4740–4742.

121 J. J. Li, X. Fang and W. Tan, Biochem. Biophys. Res.
Commun., 2002, 292, 31–40.

122 S. De Tito, F. Morvan, A. Meyer, J.-J. Vasseur, A. Cummaro,
L. Petraccone, B. Pagano, E. Novellino, A. Randazzo,
C. Giancola and D. Montesarchio, Bioconjugate Chem.,
2013, 24, 1917–1927.

123 E. Largy, A. Granzhan, F. Hamon, D. Verga and
M. P. Teulade-Fichou, Top. Curr. Chem., 2013, 330, 111–177.

124 K. Iida, T. Nakamura, W. Yoshida, M. Tera, K. Nakabayashi,
K. Hata, K. Ikebukuro and K. Nagasawa, Angew. Chem., Int.
Ed., 2013, 52, 12052–12055.

125 N. C. Sabharwal, V. Savikhin, J. R. Turek-Herman,
J. M. Nicoludis, V. A. Szalai and L. A. Yatsunyk, FEBS J.,
2014, 281, 1726–1737.

126 I. J. Lee, S. P. Patil, K. Fhayli, S. Alsaiari and N. M. Khashab,
Chem. Commun., 2015, 51, 3747–3749.

127 L. Xu, S. Hong, N. Sun, K. Wang, L. Zhou, L. Ji and R. Pei,
Chem. Commun., 2016, 52, 179–182.

128 T. Kimura, K. Kawai, M. Fujitsuka and T. Majima, Chem.
Commun., 2004, 1438–1439.

129 T. Kimura, K. Kawai, M. Fujitsuka and T. Majima, Chem.
Commun., 2006, 401–402.

130 J. Li, J. J. Correia, L. Wang, J. O. Trent and J. B. Chaires,
Nucleic Acids Res., 2005, 33, 4649–4659.

131 R. D. Gray, L. Petraccone, J. O. Trent and J. B. Chaires,
Biochemistry, 2010, 49, 179–194.

132 Y. Xu and H. Sugiyama, Nucleic Acids Res., 2006, 34, 949–
954.

133 A. Dumas and N. W. Luedtke, ChemBioChem, 2011, 12,
2044–2051.

134 J. Johnson, R. Okyere, A. Joseph, K. Musier-Forsyth and
B. Kankia, Nucleic Acids Res., 2013, 41, 220–228.

135 J. Gros, F. Rosu, S. Amrane, A. De Cian, V. Gabelica,
L. Lacroix and J.-L. Mergny, Nucleic Acids Res., 2007, 35,
3064–3075.

136 J. C. Myers, S. A. Moore and Y. Shamoo, J. Biol. Chem., 2003,
278, 42300–42306.

137 R. A. Manderville and S. D. Wetmore, Chem. Sci., 2016, 7,
3482–3493.

138 A. Dumas and N. W. Luedtke, J. Am. Chem. Soc., 2010, 132,
18004–18007.

139 A. Dumas and N. W. Luedtke, Nucleic Acids Res., 2011, 39,
6825–6834.
This journal is © The Royal Society of Chemistry 2018
140 A. Nadler, J. Strohmeier and U. Diederichsen, Angew.
Chem., Int. Ed., 2011, 50, 5392–5396.

141 N. J. Greco and Y. Tor, J. Am. Chem. Soc., 2005, 127, 10784–
10785.

142 R. W. Sinkeldam, A. J. Wheat, H. Boyaci and Y. Tor,
ChemPhysChem, 2011, 12, 567–570.

143 K. M. Rankin, M. Sproviero, K. Rankin, P. Sharma,
S. D. Wetmore and R. A. Manderville, J. Org. Chem., 2012,
77, 10498–10508.

144 D. J. M. Blanchard, K. L. Fadock, M. Sproviero, P. S. Deore,
T. Z. Cservenyi, R. A. Manderville, P. Sharma and
S. D. Wetmore, J. Mater. Chem. C, 2016, 4, 2915–2924.

145 M. Sproviero, K. L. Fadock, A. A. Witham, R. A. Manderville,
P. Sharma and S. D. Wetmore, Chem. Sci., 2014, 5, 788–796.

146 M. Sproviero and R. A. Manderville, Chem. Commun., 2014,
50, 3097–3099.

147 M. Sproviero, K. L. Fadock, A. A. Witham and
R. A. Manderville, ACS Chem. Biol., 2015, 10, 1311–1318.

148 T. Z. Cservenyi, A. J. V. Riesen, F. D. Berger, A. Desoky and
R. A. Manderville, ACS Chem. Biol., 2016, 11, 2576–2582.

149 M. G. Pawar and S. G. Srivatsan, Org. Lett., 2011, 13, 1114–
1117.

150 A. A. Tanpure and S. G. Srivatsan, Chem.–Eur. J., 2011, 17,
12820–12827.

151 P. M. Sabale, A. Nuthanakanti and S. G. Srivatsan, Indian J.
Chem., 2013, 52A, 1004–1013.

152 A. A. Tanpure, M. G. Pawar and S. G. Srivatsan, Isr. J. Chem.,
2013, 53, 366–378.

153 R. W. Sinkeldam, N. J. Greco and Y. Tor, Chem. Rev., 2010,
110, 2579–2619.

154 A. A. Tanpure and S. G. Srivatsan, ChemBioChem, 2014, 15,
1309–1316.

155 P. M. Sabale and S. G. Srivatsan, ChemBioChem, 2016, 17,
1665–1673.

156 M. G. Pawar and S. G. Srivatsan, J. Phys. Chem. B, 2013, 117,
14273–14282.

157 A. A. Tanpure and S. G. Srivatsan, Nucleic Acids Res., 2015,
43, e149.

158 C. Zhao, L. Wu, J. Ren, Y. Xu and X. Qu, J. Am. Chem. Soc.,
2013, 135, 18786–18789.

159 S. Manna, C. H. Panse, V. A. Sontakke, S. Sangamesh and
S. G. Srivatsan, ChemBioChem, 2017, 18, 1604–1615.

160 P. M. Sabale, J. T. George and S. G. Srivatsan, Nanoscale,
2014, 6, 10460–10469.
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