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Paucity of efficient probes and small molecule ligands that can distinguish different G-quadruplex (GQ)

topologies poses challenges not only in understanding their basic structure but also in targeting an

individual GQ form from others. Alternatively, G-rich sequences that harbour unique chimeric structural

motifs (e.g., GQ-duplex or GQ-hairpin junctions) are perceived as new therapeutic hotspots. In this

context, the epidermal growth factor receptor (EGFR) gene, implicated in many cancers, contains a 30

nucleotide G-rich segment in the promoter region, which adopts in vitro two unique architectures each

composed of a GQ topology (parallel and hybrid-type) juxtaposed with a hairpin domain. Here, we

report the use of a novel dual-app probe, C5-trifluoromethyl benzofuran-modified 2′-deoxyuridine

(TFBF-dU), in the systematic analysis of EGFR GQs and their interaction with small molecules by

fluorescence and 19F NMR techniques. Notably, distinct fluorescence and 19F NMR signals exhibited by

the probe enabled the quantification of the relative population of random, parallel and hybrid-type GQ

structures under different conditions, which could not be obtained by conventional CD and 1H NMR

techniques. Using the fluorescence component, we quantified ligand binding properties of GQs, whereas

the 19F label enabled the assessment of ligand-induced changes in GQ dynamics. Studies also revealed

that mutations in the hairpin domain affected GQ formation and stability, which was further functionally

verified in polymerase stop assay. We anticipate that these findings and useful properties of the

nucleoside probe could be utilized in designing and evaluating binders that jointly target both GQ and

hairpin domains for enhanced selectivity and druggability.

Introduction

The epidermal growth factor receptor (EGFR) is a transmembrane
protein belonging to the family of protein kinase receptors. The
EGFR gene codes for a tyrosine kinase receptor, which is activated
by physiological extracellular ligands initiating an important
signal transduction pathway that is required for normal cell
growth, differentiation and proliferation in mammalian cells.1,2

Overexpression or mutations that elevate the activity of the EGFR
signalling pathway is directly linked to the progression of several
cancers including that of lung, breast and glioblastoma.3,4

Presently available therapeutic strategies to counter the effects of
upregulation of EGFR activity employ tyrosine kinase inhibitors or
monoclonal antibodies that interfere with the binding of ligands
to the extracellular receptor domain.5–7However, their efficiency is
limited by intrinsic or acquired resistance.7,8 Alternatively, we
envision that targeting non-canonical nucleic acid structural
elements that act as natural regulators could be a viable strategy to
control the EGFR expression at replication and transcription
levels.9–11 One such class of structures is a G-quadruplex (GQ),
which is formed by guanine rich sequences.12,13 Four guanine
bases in a sequence via Hoogsteen hydrogen bonding form
a tetrad (G-tetrad) and two or more G-tetrads, stabilized by
monovalent cations (K+ or Na+), stack one above the other to form
GQ structures.14 Compelling experimental data indicate that GQs
present in DNA and RNA serve as gene regulatory elements.15,16

Dysfunction of these elements in several genes is linked to tumour
progression,17,18 and hence, small molecule ligands that stabilize
these structures and down regulate gene expression are perceived
as alternative therapeutic tools to mitigate cancer.19–25 Though
many small molecule ligands developed so far show good selec-
tivity between GQ and duplex structures, they seldom distinguish
between different topologies of GQs as they have a similar tetrad
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skeleton.26 Recently, a few ligands have been developed that bind
to a specic GQ topology.27–32 Nevertheless, targeting a specic GQ
motif amongst others in the genome remains a major challenge.
Alternatively, G-rich segments that harbour GQ-duplex or GQ-
hairpin junctions are considered as druggable targets,33,34

wherein ligand scaffolds capable of simultaneously binding to GQ
and duplex regions increase the specic targeting of such
motifs.35–37 In the context of the EGFR gene, a 30 nucleotide G-rich
sequence upstream of the transcription start site (−272 position)
forms two unique GQ topologies (parallel and hybrid-type), which
are stabilized by a short hairpin located at the terminal loop.38

This domain represents a new point of intervention to potentially
attenuate the disease-causing activity of the gene. Therefore, it is
important to rst understand (i) the structural polymorphism of
EGFR GQs, (ii) how the GQs interact with small molecule ligands
and (iii) the functional role of GQs in a cellular process (e.g., DNA
replication).

GQ exhibits a high degree of structural polymorphism,
which apart from environmental conditions (e.g., ionic
conditions, molecular crowding and connement) depends on
the sequence composition, namely, the number of G-tracts and
loop nucleotides that connect them.39,40 G-tracts composed of
four or more guanine bases can form multiple dynamically
interchangeable GQ conformations.41–43 The EGFR promoter
region contains four G-tracts (4-3-4-3) that can support multiple
GQ forms as guanine bases which can pair differently (Fig. 1A).
As deduced from 1H NMR and CD analysis, this sequence
adopts two main intramolecular folded structures, namely
hybrid-type and parallel GQs.38 The third loop forms a hairpin
junction in both the forms as a result of base-pairing between
G20-C26 and C21-G25 (Fig. 1A). Notably, the hairpin structure
positively contributes to GQ stability. Therefore, molecular

scaffolds that can target the GQ and proximal hairpin
simultaneously are envisioned to improve the druggability score
of this new target.

Formation of GQ structures, and their stability and
interaction with small molecule ligands are commonly studied
in vitro by CD, UV-thermal melting, uorescence, NMR and
X-ray techniques using unlabelled oligonucleotides (ONs) or
probe-labeled ONs.44–47 Alternatively, uorescent ligands, which
show changes in spectral properties upon binding to GQ
structures serve as useful sensors.26,48,49 Notably, GQ-specic
antibodies and uorescent ligands have also been developed
to visualize GQs in a cellular environment.50–53 However, when
multiple GQ species are present, these methods and probes
rarely provide useful information on the individual topologies
and their structural equilibrium as they fail to distinguishing
individual topologies. In this context, single-molecule
approaches using force-based (magnetic tweezers and optical
tweezers) and uorescence-based (smFRET) techniques have
been somewhat successful,54–57 but these experimentations
require a sophisticated instrument setup. Importantly, these
methods cannot be easily used to detect lowly populated GQs
and extended to cell-based analysis.

Recently, we developed a highly environment-sensitive
nucleoside analog by conjugating a uorobenzofuran moiety
at the C5 position of 2′-deoxyuridine (FBF-dU).58 The heterocycle
modication imparts uorescence and endows an 19F NMR
label, thereby allowing a two-channel spectroscopic analysis of
the GQ structures formed by the human telomeric overhang.
While this analog is highly useful, assay conditions require very
high concentrations of the labeled oligonucleotides (ONs, ∼200
mM) and is not suitable for detecting lowly populated species
coexisting in a dynamic equilibrium. In order to amplify the
signal without compromising the sensitivity of the original
probe system, we designed a second generation probe by
conjugating triuoromethyl benzofuran at the C5 position of
2′-deoxyuridine (TFBF-dU 1). This probe containing three
equivalent 19F atoms signicantly increased the detection limit
and was used in detecting i-motif (iM) structures formed by
model C-rich ONs.59 Given the ability of an EGFR promoter to
adopt unique GQ architectures, whose structural polymorphism
could be perturbed by environmental conditions (e.g., ionic
conditions) and ligand binding, we decided to harness the true
potential of TFBF-dU in studying this biologically important
system in detail to validate its therapeutic potential.

Here, we report the use of TFBF-dU in probing GQ structures
adopted by the wild-type and mutated EGFR promoter region,
their population equilibrium and the inuence of a hairpin
junction in driving GQ formation. TFBF-dU incorporated into
EGFR G-rich sequences provides distinct spectral readouts for
the individual GQ structures, thereby enabling the
quantication of their relative population under different
conditions. The probe helps in identifying the preferred GQ
topology in the absence and presence of small molecule ligands
under intracellular ionic conditions. The utility of the probe in
determining the GQ structure adopted by the ON in a cell-like
environment is also demonstrated by performing 19F NMR in
frog egg lysate and extract. Furthermore, using polymerase stop

Fig. 1 (A) EGFR-272 G-rich sequence folds into a mixture of hybrid
and parallel GQ topologies with a hairpin structure in their third loop.38

(B) Mutations (G20 and C21 to T20 and T21) in the EGFR G-rich ON
abolishes the formation of the hairpin structure in both the GQ
topologies. (C) Chemical structure of the modified nucleoside
TFBF-dU (1) and its corresponding phosphoramidite (2) used in the
synthesis of labeled ONs.

Chem. Sci. © 2023 The Author(s). Published by the Royal Society of Chemistry
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assay we ascertained the implication of GQs and GQs bound to
ligands in the DNA replication process.

Results and discussion
Synthesis of TFBF-dU-labeled ONs to detect GQs

To gain insights into the GQ folding dynamics and interaction of
GQ structures with small molecule ligands, we decided to use
TFBF-dU 1 for the following reasons. This uorescent probe con-
taining a 19F label, when incorporated into ON sequences, is
minimally perturbing and highly responsive to changes in the
microenvironment as minute changes in the conformation and its
interaction with neighbouring bases are manifested in the form of
changes in uorescence and 19F chemical shis.59 100% natural
abundance, high sensitivity and absence of uorine in biological
systems make 19F a good label for in-cell NMR analysis.60,61 A
notable number of uorine-labeled probes have been developed to
investigate different nucleic acid structures and their interactions
with ligands or proteins.62–68 The next important consideration we
took into account is the placement of TFBF-dU in GQ-forming
sequences. In comparison to G-tetrads, the loop residues that
connect G-tetrads exhibit differences in conformation as well as
interactions with adjacent bases in different GQ topologies
(Fig. 1A). Hence, replacing a loop dT residue with TFBF-dU would
have a veryminimum impact on the GQ formation and would also
provide distinct spectral signatures for different topologies by
virtue of its ability to sense microenvironment changes (Fig. 1A).
Before incorporation into the EGRF sequence, which forms
multiple GQs, we rst studied the use of the nucleoside analog by
employing a hybrid-type GQ formed by a human telomeric DNA
repeat ON sequence (Telo1, Table 1).69,70 For this purpose, the
modied ON Telo2 in which one of the loop dTs is replaced with
the nucleoside analog was synthesized by the solid-phase ON
synthesis method using phosphoramidite 2 (Fig. 1C and Table 1).
Similarly, in EGFR ONs 3 and 4, the nucleoside analog 1 was
placed in the second loop (T11) and third loop (T27), respectively
(Fig. 1A and Table 1). In addition, a mutated ON 5 (G20 and C21 to
T) with a modication at T27 was synthesized to probe the role of
a hairpin in the formation of GQs (Fig. 1B). All the ONs were
puried by PAGE under denaturing conditions, and their purity

and identity were conrmed by RP-HPLC and mass analyses,
respectively (Fig. S1–S3 and Table S1†).

Impact of TFBF-dU labeling on the formation of GQs

Native Telo1 and modied Telo2 ONs were annealed in 10 mM
Tris$HCl buffer (pH 7.4) containing 100 mM KCl and the
formation of the hybrid-type GQ structure and its stability were
studied by CD and UV-thermal melting analysis. CD proles of
both control and modied ONs gave a positive band at ∼285 nm,
a prominent shoulder at ∼269 nm and a negative band at
∼240 nm characteristic of a hybrid-type GQ (Fig. S4A†).71 The Tm
values for the ONs were also found to be very similar (Fig. S4B and
Table S2†). Furthermore, a thermal difference spectrum (TDS)
obtained by subtracting the UV absorption spectrum of the folded
state from that of the unfolded state gave a prole corresponding
to a GQ structure (Fig. S5†).72,73 Together, these results suggest
that the modication has negligible impact on the structure and
stability of a Telo GQ. Similarly, EGFR ONs 3–5 and control
unmodied ONs 6 and 7were annealed in 10mMTris$HCl buffer
(pH 7.4), and the formation of GQ structures with an increase in
K+ ion concentration was monitored by CD spectroscopy. In the
absence of KCl, EGFR ONs did not show a CD prole
corresponding to a GQ structure (Fig. 2). In the presence of K+ ions
(100 mM), control ON 6 exhibited a positive peak at 265 nm and
a negative peak at 240 nm indicating the formation of a parallel
GQ (Fig. 2A and B, dashed lines). In addition, a prominent
shoulder at 285 nm representing a hybrid-type GQ form was
observed irrespective of the K+ ion concentration (Fig. 2A, B and
S6†).38,74 Modied ON 3 gave signicantly less intense peaks at
+265 nm and −240 nm as compared to the native ON, suggesting
that the modication at position T11 hampered GQ formation
(Fig. 2A, red solid line). On the other hand, ON 4 displayed a CD
prole (peak at +265 nm, −240 nm, and a shoulder at 285 nm)
similar to that of control ON 6 (Fig. 2B, red lines). This conrms
that nucleoside 1 placed at T27 in ON 4 has negligible impact on
the GQ structure formation. Mutations in the stem of the hairpin
affected GQ formation of ONs 5 and 7 with a more pronounced
effect on the parallel topology (Fig. 2C). Furthermore, we observed
that labeled ON 4 and control ON 6 exhibited a similar prole in
all K+ ion concentrations tested (50 mM to 200 mM, Fig. S6B†).
Although the parallel GQ structure seemed to be higher in
amounts as compared to the hybrid form, CD proles suggested
that these structures coexist with no apparent change in the
structural equilibrium as a function of KCl concentration.
UV-thermal melting analysis indicates that a TFBF-dU
modication at T11 and T27 positions only marginally affects the
stability of GQs as compared to that of unmodied control ONs
(Fig. S7 and Table S2†). However, CD data indicate that a
modication at T11 (ON 3) affects the GQ equilibrium, and hence
for further analysis native ON 4 and mutated ON 5 containing the
modication at T27 were used.

Probing the GQ structure of the human telomeric repeat by
uorescence and 19F NMR

TFBF-dU modied Telo2 ON predominantly forms a mixed
parallel–antiparallel stranded hybrid-type 2 GQ structure like

Table 1 TFBF-dU modified and respective control unmodified telo-
meric repeat and EGFR ONs

ON 5′–sequence—3′a

Telo1 TAGGGTTAGGGTTAGGGTTAGGGTT
Telo2

TeloC CCCTAACCCTAACCCTAACCCT
3

4

5

6 GGGGACCGGGTCCAGAGGGGCAGTGCTGGG
7

a represents modied nucleoside 1. represents mutation points.

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.
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that of control Telo1 ON (Fig. S8†).69,70 Upon excitation at
330 nm, the GQ form of Telo2 exhibited a uorescence band
with an emission maximum at ∼423 nm (Fig. 3A). When Telo2
was hybridized to its complementary C-rich strand (TeloC), it
formed a duplex structure (Fig. S8†), which exhibited a very
weak uorescence band. The observed uorescence outcome
in these structures is due to the difference in the
microenvironment around the probe. It is to be noted that
several probes display signicant quenching in uorescence
due to stacking interaction with neighbouring bases and when
located near a guanine base.75,76 TFBF-dU placed at the T12

position upon duplex formation would base pair and partially
stack with adjacent bases namely, G11 and T13. As a result of
stacking interaction and closeness to the guanine base, the
probe shows a quenched emission band. Based on the NMR
structure of the hybrid 2 GQ form (PDB: 2JPZ),70 the TFBF
modication at the C5-position would be projected into the
groove away from the G-tetrad formed by the G11 residue
(Fig. S9†). Possibly due to reduced stacking interaction the GQ
form shows higher uorescence intensity compared to the
duplex structure.76 Much like the uorescent component, the
uorine label was also found to be conformation sensitive.
TFBF-dU gave a distinct 19F NMR signal for GQ and duplex
structures (Fig. 3B). The formation of these structures was also
conrmed by an imino proton signal appearing in GQ and
duplex regions (Fig. S10†). Collectively, these results indicate
that our probe is structurally non-invasive and highly
responsive to nucleic acid conformations, and hence, we
embarked on using TFBF-dU in the analysis of EGFR GQs.

Probing EGFR GQs by uorescence

Samples of EGFR ON 4 annealed in Tris$HCl buffer (pH 7.4)
containing 100 mM LiCl or varying concentrations of K+ ions
were excited at 330 nm, and changes in steady-state emission
were recorded. The unstructured ON in the presence of LiCl or
in the absence of KCl (see CD proles, Fig. 2B and S6B†)
exhibited a very weak uorescence band centered at around
419 nm (Fig. 4A). As the concentration of K+ ions was increased
(25–200 mM), a progressive increase in the uorescence
intensity with aminor shi in emissionmaximumwas observed
as a result of formation of GQs. The uorescence intensity of ON
4 saturated at 150 mM of KCl (∼8-fold increase as compared to
the non-GQ form). In contrast, the CD prole was very similar at
all K+ ion concentrations tested suggesting that there is no
apparent change in the structural equilibrium (Fig. S6B†). To
further probe the structures formed by EGFR ON 4, we
performed time-resolved uorescence analysis (Fig. 4B). In the
absence of KCl, three decay components corresponding to
lifetimes s1 = 1.07 ns, s2 = 2.99 ns, and s3 = 0.11 ns were
observed (Table 2). This is consistent with the literature report
suggesting the possibility of three hairpin structures co-existing
at zero concentration of KCl.38 At 25 mM KCl, we observed three
different components with lifetimes s1 = 1.44 ns, s2 = 4.70 ns,
and s3 = 0.14 ns. The individual lifetime components could
correspond to random coil, parallel GQ and hybrid-type GQ
structures in no particular order. The longest lifetime
component (s2 = 4.70 ns) was found to be signicantly more

Fig. 2 (A, B and C) CD spectra (5 mM) of modified EGFR ONs 3–5 (solid lines) and their control ONs 6 and 7 (dashed lines) under different ionic
conditions. See Fig. S6† for CD profiles at different KCl concentrations (50 mM to 200 mM).

Fig. 3 (A) Fluorescence and (B) 19F NMR spectra of telomeric GQ and
duplex structures. See the ESI† for experimental conditions.

Fig. 4 (A) Steady-state and (B) time-resolved fluorescence spectra of
modified ON 4 at different KCl concentrations. For steady-state
fluorescence, samples (1 mM) were excited at 330 nm with excitation
and emission slit widths of 5 nm and 6 nm, respectively. The
instrument response (prompt) is shown in grey dots and decay curve
fits are shown in solid lines.

Chem. Sci. © 2023 The Author(s). Published by the Royal Society of Chemistry
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populated as compared to the other two fast decay components
(s1 and s3). Interestingly, as we increased the concentration of
KCl (25 mM to 200 mM), the population of the species
corresponding to s2 increased from 63% to 80% with
a concomitant decrease in the population of s1 and s3 (Table 2).
Lifetime analysis also indicated a saturation point at 150 mM
KCl similar to steady-state analysis. It is to be noted that the
uorescence of the free nucleoside analog was not signicantly
affected by changes in the K+ ion concentration, indicating that
the observed uorescence is due to differences in the
microenvironment of the nucleoside analog in different
conformations adopted by the ON (Fig. S11A†).

Based on the uorescence and CD data, and by comparing
the structural models predicted for EGFR GQs in an earlier
report,38 we infer the following. The CD prole of ON 4 in the
presence of KCl (200 mM) shows signatures for parallel and
hybrid-type GQs with a ratio of 70 : 30.38 This trend was
consistent with the uorescence data, and hence, we assigned
the longest lifetime component (s2 = ∼4.70 ns) to the parallel
GQ topology and s1 and s3 to either a random coil or hybrid-type
GQ structure. The loop residues in a juxtaposed quadruplex and
hairpin motif can orient coaxially or orthogonally depending on
the GQ topology adopted by the sequence. While a coaxial
orientation between the hybrid-type GQ and stem-loop results
in continuous base stacking across the two structures,
orthogonal interaction between the parallel GQ and hairpin
does not involve base stacking between the two components.77,78

To gain further insights, models of hybrid and parallel GQ
forms were built by computational analysis. The hairpin
structure was found to be coaxially oriented with the hybrid-type
GQ core (Fig. S12A†). In this topology, T27 was sandwiched
between the hairpin domain and a G-tetrad (Fig. 5A and S12A†).
Hence, TFBF-dU placed at this position may experience
a similar environment, wherein it would be stacked between C26

of the hairpin and G4 of the bottom tetrad. As a result of
stacking interaction, the hybrid GQ structure of ON 4 exhibits
a lower uorescence intensity and a shorter lifetime. In the case
of parallel topology, the hairpin structure was found to be
orthogonal to the GQ core (Fig. S12B†). In this orientation, T27

was found to partially stack with G17 that formed the top
G-tetrad (Fig. 5B and S12B†). TFBF-dU placed at T27 should
experience reduced stacking interaction with neighbouring
bases, and hence, the parallel form of ON 4 displays higher
uorescence and a longer lifetime. For these reasons, the

uorescence intensity and contribution of s2 increases as
a function of K+ ion concentration due to a progressive shi in
the equilibrium towards the formation of the more emissive
parallel GQ form.

Probing EGFR GQ structural equilibrium by 19F NMR
1H NMR spectra of modied ON 4 and control ON 6 revealed
broad peaks for imino protons in the GQ region (10 to 12 ppm)
suggesting the presence of multiple GQ topologies in
equilibrium. In addition, a peak at 12.8 ppm indicated the
presence of a Watson–Crick paired hairpin structure (Fig. 6B
and S13†). However, due to only minor changes in the signals,
the effect of ionic conditions on the conformational
equilibrium could not be deduced from 1H NMR analysis.
Rewardingly, the incorporated nucleoside analog 1 gave distinct
and resolved 19F signals for different structures. A systematic
analysis using 19F signatures obtained under different ionic
conditions allowed us to gain a deeper understanding of the GQ
structural equilibrium. Notably, upon increasing the
concentration of KCl, the peak at −60.55 ppm increased
progressively at the expense of other peaks (Fig. 6A). At 200 mM
KCl, this peak was found to be predominant. CD and
uorescence data obtained at high concentrations of K+ ions

Table 2 Fluorescence lifetimes of TFBF-modified ON 4

KCl (mM) s1 (ns) a1
a s2 (ns) a2

a s3 (ns) a3
a

0 1.07 � 0.03 37% 2.99 � 0.05 21% 0.11 � 0.003 42%
25 1.44 � 0.14 15% 4.70 � 0.10 63% 0.14 � 0.02 22%
50 1.29 � 0.20 11% 4.60 � 0.12 72% 0.11 � 0.01 17%
100 1.35 � 0.07 8% 4.59 � 0.10 77% 0.13 � 0.02 14%
150 1.27 � 0.22 9% 4.51 � 0.02 79% 0.12 � 0.01 13%
200 1.38 � 0.10 8% 4.56 � 0.001 80% 0.13 � 0.01 13%

a Relative amplitude (a1, a2, and a3) corresponding to lifetime
components (s1, s2, and s3).

Fig. 5 Representative structure of the major cluster of (A) hybrid and
(B) parallel GQ topologies. A zoomed-in image representing the
stacking interaction of T27 (in magenta) with adjacent bases is shown
here. Dashed lines represent the stacking interaction. The C5 position
of T27 is shown by an arrow where TFBF heterocycle modification is
placed in ON 4. Carbon atoms of G-tetrads are represented in green
and all other nucleotides are represented in purple. Nitrogen atoms are
represented in blue, oxygen in red, and phosphate in orange.
Hydrogen atoms are omitted for clarity. See the ESI† for details.

Fig. 6 (A) 19F NMR and (B) 1H NMR spectra of TFBF-modified ON 4 at
different KCl concentrations.

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.
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indicate the formation of a parallel GQ as the major form and
a hybrid-type GQ as the minor form. So, the peak at−60.55 ppm
was judiciously assigned to a parallel GQ topology and the
broad peak (minor, −61.25 ppm) to hybrid GQ topology
(Fig. 6A). Furthermore, integrating the 19F NMR peaks at
different KCl concentrations provided valuable information on
the population dynamics of parallel and hybrid GQ topologies.
At 25 mM of KCl, the relative population of the parallel GQ was
found to be 23%, and the hybrid topology and non-GQ
structures accounted for the remaining population.
Population of the parallel GQ signicantly increased from 23%
to 66%with increase in KCl concentration, while the population
of hybrid GQ and non-GQ structures decreased to 34%, a result
similar to the uorescence data. A control experiment with
nucleoside probe 1 in the presence of different concentrations
of KCl did not affect the 19F NMR chemical shi similar to
uorescence (Fig. S11B†). Collectively, these results conrm
that 19F signatures exhibited by modied ON 4 is due to
differences in the microenvironment of the probe in different
structures.

Juxtaposed hairpin structure inuences the GQ structural
equilibrium

To study the role of the hairpin junction, G20 and C21

nucleotides, involved in base paring, were mutated with Ts (ON
5, Table 1). Mutated ON 5 exhibited contrasting uorescence
compared to native ON 4. The random coil form of ON 5 in the
absence of KCl displayed a weak emission band centered at
419 nm (Fig. 7A). Addition of KCl (25 mM) resulted in
quenching in uorescence with a slight blue shi in the
emission maximum as a result of formation of GQ structures
(CD proles also suggest the formation of GQs, Fig. 2C).
Furthermore, addition of KCl did not affect the uorescence
prole of ON 5. The ON exhibited three different decay
components with lifetimes s1 = 0.95 ns, s2 = 0.11 ns and
s3 = 2.67 ns in the presence of K+ ions (Fig. 7B and Table 3).
Much like steady-state uorescence, the population of these
three components was more or less even and did not change
with an increase in the KCl concentration (Table 3). The highest
lifetime component (s3 = 2.67 ns) was assigned to the parallel
GQ topology as before, whereas shorter lifetimes could

correspond to hybrid-type GQ and random coil structures
(Table 3). Collectively, uorescence at different K+ ion
concentrations indicates that mutations in the hairpin domain
signicantly reduced the population of the more emissive
parallel GQ topology and increased the amount of less emissive
hybrid GQ topology.

1H NMR spectra of mutated ON 5 and its corresponding
unmodied ON 7 in the presence of K+ ions revealed broad
imino proton peaks between 10 and 12 ppm indicating the
formation of more than one GQ structure (Fig. 8B and S14†).
Furthermore, the absence of a peak at 12.8 ppm conrmed that
the 3rd loop did not adopt a hairpin structure. 19F NMR of 5 in
the absence of KCl showed a single peak at −61.44 ppm
corresponding to a non-GQ structure (Fig. 8A). In the presence
of KCl, ON 5 folded into a mixture of parallel (−60.83 ppm)
and hybrid GQ (−61.25 ppm) topologies. Even at high
concentrations of K+ ions, the ON formed a random coil
structure. The CD prole revealed the presence of a mixture of
GQs along with a random coil form (Fig. 2C). As compared to
native ON 4, which majorly formed a parallel GQ conformation,
mutated ON 5 formed different structures that were more or less
evenly populated (e.g., see peaks corresponding to parallel and
hybrid-type at 100 mM KCl, Fig. S15†). These observations are
also consistent with uorescence intensity and lifetime data,
alluding that both the labels behave similarly in reporting
different conformations adopted by the ONs. Furthermore, the
existence of a random coil structure along with GQs clearly
indicates that mutations in the hairpin domain reduced the

Fig. 7 (A) Steady-state and (B) time-resolved fluorescence spectra of
modified ON 5 at different KCl concentrations. For steady state fluo-
rescence, samples (1 mM) were excited at 330 nm with excitation and
emission slit widths of 5 nm and 6 nm, respectively. The instrument
response (prompt) is shown in grey dots and decay curve fits are
shown in solid lines.

Table 3 Fluorescence lifetimes of TFBF-modified mutated ON 5

KCl (mM) s1 (ns) a1
a s2 (ns) a2

a s3 (ns) a3
a

0 1.69 � 0.02 58% 0.30 � 0.01 42% — —
25 0.95 � 0.02 37% 0.11 � 0.01 34% 2.67 � 0.05 29%
50 1.00 � 0.09 37% 0.12 � 0.01 34% 2.93 � 0.17 29%
100 1.14 � 0.001 37% 0.13 � 0.001 36% 3.39 � 0.11 27%
150 1.18 � 0.03 38% 0.13 � 0.001 35% 3.74 � 0.003 27%
200 1.04 � 0.04 35% 0.11 � 0.002 34% 3.61 � 0.11 31%

a Relative amplitude (a1, a2, and a3) corresponding to lifetime
components (s1, s2, and s3).

Fig. 8 (A) 19F NMR and (B) 1H NMR spectra of mutated modified ON 5
at different KCl concentrations. Peak at −61.03 could not be assigned.

Chem. Sci. © 2023 The Author(s). Published by the Royal Society of Chemistry
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overall stability of GQ structures. A DTm of 4 °C between ON 4
and ON 5 also supports the above results obtained from
uorescence and NMR studies (Table S2†). Collectively, these
results highlight the usefulness of our nucleoside probe in
elucidating the role of a juxtaposed hairpin motif on the
formation and stability of different GQs of the EGRF promoter
region.

Probing ligand binding by uorescence and 19F NMR

Using the dual-labeled analog, we devised assays to estimate the
ligand binding to GQ structures formed by the EGFR G-rich
segment. While the uorescent label enabled the
quantication of ligand binding to an ensemble of GQs, the 19F
label provided information on the efficiency of ligand
interaction with different co-existing GQ structures. Titration of
modied ON 4 with increasing concentrations of commercially
available GQ binders (TMPyP4, PDS, and BRACO-19, Fig. 9A)
resulted in a dose-dependent quenching in the uorescence
intensity with no apparent change in the emission maximum
(Fig. 9B and S16†). At low concentrations of ligands, we
observed a slight increase in uorescence intensity. However,
the quenching effect was signicant as the ligand concertation
was increased further, which gave reliable Kd values. The
observed uorescence quenching is likely due to the proximity
of the probe to the bound polyaromatic ligands favouring
a nonradiative decay pathway.79 TMPyP4 and PDS displayed
a similar affinity for an EGFR GQ with Kd values of 0.35 ± 0.02
mM and 0.37 ± 0.04 mM, respectively (Fig. 9C). However,
BRACO-19 displayed a slightly lower affinity with a Kd value of
0.51 ± 0.05 mM. Furthermore, the tested ligands showed
a cooperative binding with a hill coefficient of nearly 2. Since

TMPyP4 binding to GQ structures exhibit a red-shied
absorption band,80 the binding of this ligand to EGFR ON 4
was also evaluated by UV-vis absorption spectroscopy. Notably,
UV titration experiments gave a comparable apparent Kd value
(0.14± 0.01 mM) for TMPyP4 binding to GQs of ON 4 (Fig. S17†).

It is not straight forward to determine topology-specic
binding of ligands when a sequence forms multiple structures.
Ligands could bind either to a specic topology or topologies
and stabilize the structures or could transform the structure,
thereby redistributing the population.81 The ability of our probe
to display distinct 19F signals for different GQs was put to use in
detecting topology-specic binding of ligands. Modied ON 4,
which folds into a mixture of parallel (−60.56 ppm) and hybrid
GQ (−61.20 ppm) topologies at 100 mM KCl was titrated with
TMPyP4, PDS, and BRACO-19 (Fig. 9D and S18†). Upon
increasing the TMPyP4 concentration, peak intensity
corresponding to the parallel GQ (−60.56 ppm) decreased, and
furthermore, it disappeared at a higher concentration of
TMPyP4 (ON : ligand = 1 : 2, Fig. 9D). A broad peak at around
−61.20 ppm increased with increasing concentrations of the
ligand. A CD spectrum revealed the presence of multiple
conformations (mainly parallel and hybrid forms, Fig. S19A†).
Hence, it is speculated that the signal at −61.20 ppm could be
associated with different GQ–ligand complexes. In contrast,
PDS and BRACO-19 showed affinity for both parallel and hybrid
GQ topologies. We observed that with an increase in PDS and
BRACO-19 concentration, the peaks corresponding to parallel
(−60.55 ppm) and hybrid (−61.21 ppm) GQs reduced, and new
peaks corresponding to different GQ–ligand complexes
appeared (Fig. S18A and B†), which was conrmed by the
presence of CD signatures for both parallel and hybrid GQs
(Fig. S19B and C†). Furthermore, ligands are known to interact

Fig. 9 (A) Structures of ligands used in this study. (B) Fluorescence spectra of ON 4 (0.5 mM) in 10mM Tris$HCl buffer (pH 7.4) containing 100mM
KCl with increasing concentrations of TMPyP4 (solid lines). The fluorescence spectrum of ON 4 in the absence of a ligand (dashed line). Samples
were excited at 330 nm with excitation and emission slit widths of 6 nm and 7 nm, respectively. (C) Curve fits for the binding of ligands (TMPyP4,
PDS, and BRACO-19) to ON 4. (D) 19F NMR of modified ON 4 (15 mM) as a function of increasing TMPyP4 concentration.

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 5

/1
6/

20
23

 1
1:

19
:4

6 
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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00519d


with GQs via different binding modes (external stacking,
intercalation, and groove binding).79 We speculate that multiple
peaks observed upon PDS and BRACO-19 binding might be due
to different modes of interaction of these ligands with GQs.82,83

From our studies, we nd that although ligands (TMPyP4, PDS,
and BRACO-19) interact with EGFR GQs with similar Kd values
(∼0.35–0.5 mM), their specicity, mode of interaction and
inuence on structural equilibrium are different.

Probing GQ structures in a model cellular environment by 19F
NMR

Next, we studied the utility of the 19F label in detecting the
formation of GQ structures in a model mimicking a cellular
environment. Lysate and egg extract from frog oocytes serve as
good ex vivo models to conduct NMR experiments to study the
structure of biopolymers.84,85 To gain a progressive
understanding of GQ structures formed by EGFR ON 4 in
cell-free and cellular environments, 19F NMR experiments were
performed under intraoocyte ionic conditions, oocyte clear
lysate and egg extract. The clear lysate was prepared by
mechanically crushing the oocytes and the suspension thus
obtained was incubated at 95 °C for 10 min to denature the
proteins. The lysate was obtained by centrifugation. To obtain
an egg extract, the oocytes were crushed and without any further
manipulations the mixture was centrifuged. The inter-phase
egg extract is considered to provide a molecular crowded
environment and also known to maintain most of the biological
activity of a cell.84 19F NMR of ON 4 recorded in a buffer
mimicking intraoocyte ionic conditions (25 mM HEPES
pH = 7.5, 110 mM KCl, 10.5 mM NaCl, 130 nM CaCl2, 1 mM
MgCl2, 0.1 mM EDTA) gave a spectral prole reminiscent of GQ
structures formed in Tris buffer containing 100 mM KCl
(Fig. S20†). However, under intraoocyte ionic conditions the
population of a hybrid GQ (−61.23 ppm) was found to be
discernibly higher compared to that of the parallel form (−60.55
ppm), which was the major conformer in Tris buffer containing
100 mM KCl (compare with Fig. 6A). Interestingly, in both lysate
and egg extract the signal corresponding to the hybrid GQ
population dominated as the signal for a parallel GQ structure
almost disappeared. Based on these data it appears that
a hybrid topology of the EGFR ON is supported in a cellular
environment. The observed signal broadening in the egg extract
is not surprising as inhomogeneity and crowding can reduce
the rate of tumbling and augment the relaxation process.84–86 To
ascertain if the 19F signals obtained in lysate are associated with
the GQ structures formed by the intact ON, the lysate sample

was subjected to HPLC and mass analyses. A comparison of
HPLC chromatograms of lysate, lysate plus ON 4 (aer
recording NMR), ON 4 and modied nucleoside analog clearly
indicates that ON 4 is stable in the lysate and did not degrade
during the NMR acquisition process (Fig. S21†). Furthermore,
mass analysis of ON 4 isolated from the lysate sample
conrmed the identity of the ON (Fig. S22†). It is important to
note that the 1H NMR spectrum of ON 4 gives basic information
on GQ formation till the lysate level, but it fails to provide
information on the egg extract due to severe line broadening.
This is a commonly observed effect and a limitation of 1H NMR
use in the cell analysis.

GQ formation stalls the processivity of DNA polymerase

Noncanonical DNA structures can cause genomic instability by
stalling the DNA replication process.87 To study the effect of
GQs, we designed three templates (T1–T3) composed of a wild-
type EGFR G-rich sequence, a mutated EGFR sequence or
a random non-GQ forming sequence downstream of the
polymerization start site (Table 4). A 5′-FAM-labeled primer P1
was annealed with templates T1–T3 in Tris$HCl buffer
containing 100 mM KCl, and the replication reaction was
performed using TaqDNA polymerase at 37 °C. At different time
intervals, individual reaction samples were quenched by adding
denaturing gel loading buffer and ashed cooled on a dry ice
bath. Reaction products were resolved by PAGE under
denaturing conditions and imaged using a uorescence
scanner. Reactions with T3 majorly produced the full-length
product in 1 min as a result of the absence of a GQ-forming
motif in the template (Fig. 10A, blue bars and Fig. S23C,† gel
image). On the other hand, T1 containing the wild-type GQ-
forming sequence stalled the polymerase activity and
produced largely truncated primer-extended products just
above the primer band along with minor amounts of the full-
length product (Fig. 10A black bars and Fig. S23A,† gel
image). At a reaction time of 5 min, it produced nearly 40% of
the full-length product as compared to 60% product in the
presence of a control template T3. A mutated EGFR template T2

also yielded stalled products similar to template T1 (Fig. 10A,
red bars and Fig. S23B,† gel image). While these results indicate
that GQ formation hampers the processivity of Taq polymerase,
mutations in the loop hairpin of the GQ has only a minor
impact on the polymerization process. This is because
mutations in the hairpin per se only destabilized the GQs by
∼4 °C (Table S2†) and do not fully hamper the formation of

Table 4 DNA ON sequences used in Taq polymerase stop assay

ON 5′–sequence—3′

P1 FAM-GGAGCTCAGCCTTCACTGC
T1 GGGGACCGGGTCCAGAGGGGCAGTGCTGGGCGGCGCAGTGAAGGCTGAGCTCC
T2

a

T3 TCCTAACCCTAACTCTAACTCTAACGGCGCAGTGAAGGCTGAGCTCC

a represents mutation points.

Chem. Sci. © 2023 The Author(s). Published by the Royal Society of Chemistry
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respective GQs of the EGFR as proved by our CD, uorescence
and 19F NMR studies (vide supra).

Next, to evaluate the effect of GQ–ligand interaction on the
polymerase activity, stop assay was performed in the presence of
ligands TMPyP4 and PDS. Since the primer extension with
a wild-type EGFR template produced reasonable amounts of the
full-length product in 2 min (∼35%), reactions with increasing
concentration of ligands were performed for 2 min at 37 °C
(Fig. S24†). Upon increasing the concentration of both the
ligands, the intensity of the full-length product reduced
signicantly with a concomitant increase in the stalled
products. At 4 equivalents of the ligand, a nearly two-fold
decrease in the efficiency of formation of the full-length
product was observed (Fig. 10B and S24†). The observed
extent of inhibition of the polymerase activity as a result of
ligand binding to the GQs is reasonable in the case of the EGFR
because regulated EGRF expression is very important for
normal cell growth, differentiation and proliferation. Hence,
instead of totally abrogating the expression of the EGRF gene, it
is more useful if the overexpression of this gene is suppressed
so that its normal cellular functions are not affected. In
addition, EGRF expression can be more specically controlled
by designing ligands that target hybrid GQ-hairpin conforma-
tions adopted by the promoter region.

Conclusions

Given the high number of putative GQ forming sequences in the
human genome, non-canonical GQ-hairpin forms exhibited by
the EGFR G-rich promoter DNA sequence are perceived as
unique hotspots for achieving ligand-binding selectivity. To
validate this notion, we utilized a new dual-purpose nucleoside
analog probe (TFBF-dU) that enabled a systematic analysis of
different GQ topologies formed by native and mutated EGFR
promoter ONs by uorescence and 19F NMR techniques.
Distinct spectral signatures exhibited by the labels allowed the
(i) detection of different GQ topologies, (ii) quantication of the
GQ population equilibrium, and (iii) estimation of ligand
binding to different GQs. Notably, the 19F label provided
insights into the ligand-induced conformational changes in
GQs, thereby suggesting that our probe could be utilized to
detect topology-specic binders. Furthermore, a comparative

analysis of the readouts from the probe within native and
mutated ONs clearly revealed the inuence of the hairpin
domain in not only affecting the stability of GQs but also
redistributing the population of hybrid-type and parallel GQ
topologies. Notably, experiments in frog egg lysate and extract
suggest that TFBF-dU could serve as a useful probe in detecting
nucleic acid structures in a cellular environment. Finally,
progressive stalling of the DNA polymerase activity in the
absence and then in the presence of ligands, suggests that
stabilization of EGFR GQs could be used as a viable approach to
repress the oncogenic activity of the EGFR. Taken together, the
utility of TFBF-dU as a GQ probe, which could be potentially
used in the cellular milieu, and deeper insights gained on the
structural and functional aspects of EGFR GQs should facilitate
the development of binders that simultaneously target both GQ
and hairpin domains for enhanced selectivity and druggability.
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1. Materials.  5-Trifluoromethyl benzofuran-modified nucleoside analog 1 and corresponding 
phosphoramidite substrate 2 for solid-phase oligonucleotide (ON) synthesis were synthesized as 
per our previously reported procedure.S1  N-acetyl-protected dC, N-Benzoyl-protected dA, N,N-
dimethylformamide-protected dG, and dT phosphoramidite substrates needed for solid-phase 
DNA synthesis were procured from ChemGenes. Solid supports required for DNA synthesis were 
purchased from Glen Research. All other reagents required for solid phase ON synthesis were 
obtained from Sigma-Aldrich.  Control DNA ONs Telo1, TeloC, 6 and 7 were purchased from 
Integrated DNA Technology, and purified using 18% denaturing polyacrylamide gel 
electrophoresis (PAGE).  All other reagents (BioUltra grade) for the preparation of buffer 
solutions were purchased from Sigma-Aldrich.  Autoclaved water was used for preparing all 
buffer solutions, and in all biophysical studies.

2. Instruments.  NMR spectra of small molecules were acquired on a Bruker AVANCE III HD 
ASCEND 400 MHz spectrometer and processed using Mnova software from Mestrelab Research. 
Mass analysis was carried out using ESI-MS Waters Synapt G2-Si Mass Spectrometry instrument. 
Modified DNA oligos were synthesized on Applied Biosystems DNA/RNA synthesizer (ABI-394). 
RP-HPLC analysis was performed using Agilent Technologies 1260 Infinity HPLC. Absorption 
spectra were recorded on a UV-2600 Shimadzu spectrophotometer. Fluorescence of the ONs 
samples were recorded using a Fluoromax-4 spectrophotometer (Horiba Scientific).  The time-
resolved fluorescence of the ONs was performed using a HORIBA Delta Flex Time-Correlated 
Single Photon Counting (TCSPC) system using a 340 nm laser source. The fluorescence decay 
profile was deconvoluted by using EZ software, and decay was fitted with ꭓ2 values close to unity. 
 UV-thermal melting analysis of the ONs was carried out on Cary 300 Bio UV-Vis 
spectrophotometer. CD measurements was done on a JASCO J-815 CD spectrometer. NMR 
spectra of the ONs were acquired on a Bruker AVANCE III HD ASCEND 600 MHz spectrometer 
equipped with Cryo-Probe (CP2.1 QCl 600S3 H/F-C/N-D-05 Z XT) and processed using Bruker 
TopSpin Software.

3. Solid-phase DNA ON synthesis. TFBF-dU modified DNA ONs Telo2 and 3–5 were synthesized 
in 1 µmole scale (1000 Å CPG solid support) on ABI-394 DNA/RNA synthesizer by standard solid 
phase synthesis protocol using phosphoramidite 2.  ON sequences with final trityl deprotection 
step were synthesized, and the solid supports were treated with 30% aqueous ammonium 
hydroxide solution for 24 h at 55 °C. Each sample was cooled on an ice bath and centrifuged. 
Then supernatant was transferred to a 1.5 mL Eppendorf tube, evaporated to dryness and the 
ON was purified by denaturing polyacrylamide gel electrophoresis (PAGE) (18% gel). Gel was 
irradiated with UV-light to identify the desired band corresponding to the modified ON, which 
was isolated and transferred to a poly-prep column (Bio-Rad).  The gel pieces were crushed and 
soaked in aqueous ammonium acetate (0.5 M, 3 mL) for 12 h to extract the ON. Oligo was 
desalted using Sep-Pak C-18 cartridges (waters). The purity and integrity of modified ONs were 
confirmed by RP-HPLC and ESI-MS analysis.
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Fig. S1. RP-HPLC chromatograms of TFBF-modified Telo2 and EGFR ONs 3–5 analyzed at 260 nm. 
Mobile phase A = 50 mM triethylammonium acetate buffer (pH 7.5), mobile phase B = 
acetonitrile. Flow rate = 1 mL/min. Gradient = 0-100 % B in 30 min. HPLC analysis was performed 
using a Luna C18 column (250 x 4.6 mm, 5 micron).

4. Mass analysis of modified ON.  
MALDI TOF analysis.  The mass of TFBF-dU modified Telo2 was obtained using Applied 
Biosystems 4800 Plus MALDI TOF/TOF analyzer.  A solution containing 1.5 µL of Telo2 (250 µM), 
2 µL of an internal DNA standard (100 µM), 4 µL of an 8:2 solution of 3-hydroxypicolinic acid and 
ammonium citrate buffer (100 mM, pH 9) was desalted by adding an ionexchange resin (Dowex 
50W-X8, 100-200 mesh).  2 µL of the above solution was spotted on a MALDI plate and air dried. 
The MALDI spectrum was referenced relative to the mass of an internal DNA standard.  Internal 
DNA standard sequence 5' TAATACGACTCACTATAG 3', m/z of +1 and +2 ions are 5466.6 and 
2733.3.
ESI-MS analysis.  Mass of the modified ONs were determined by ESI-MS analysis in negative 
mode by injecting DNA ONs (~300 pmol) dissolved in 50% acetonitrile in an aqueous solution of 
10 mM triethylamine and 100 mM hexafluoro-2-propanol.
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Fig. S2. MALDI-TOF MS spectrum of TFBF-modified Telo2. Internal DNA ON standard m/z of +1 
and +2 ions are 5466.6 and 2733.3. See Section 4 for details.
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Fig. S3. ESI-MS spectra of TFBF-modified EGFR ONs (A) 3, (B) 4, (C) 5.

Table S1. Molar absorptivity and mass of modified DNA ONs. 

DNA ON Ɛ260 a [M-1 cm-1] Calculated mass Observed mass
Telo2 256 x 103 8049.2 8047.2

3 295 x 103 9605.1 9604.8
4 295 x 103 9605.1 9604.9
5 297 x 103 9595.1 9594.8

aMolar absorption coefficient (Ɛ260) of the modified ONs was determined by using Oligo Analyzer 
3.1. Ɛ260 of modified nucleoside 1 (Ɛ260 = 11.4 x 103 M-1 cm-1) was used in the place of thymidine. 

5. CD analysis. Samples of control Telo1 and modified Telo2 (10 µM) in 10 mM Tris.HCl buffer 
(pH 7.4) containing 100 mM KCl was heated at 90 C for 3 min.  To construct duplex structures, 
Telo1/Telo2 (10 µM) was hybridized with a complementary TeloC sequence (1:1 equiv.) in 10 mM 
Tris.HCl buffer (pH 7.4) containing 100 mM LiCl at 90 C for 3 min.  Similarly, EGFR DNA ONs (10 
µM) samples were prepared in 10 mM Tris.HCl buffer (pH 7.4) containing different KCl 
concentrations or 100 mM LiCl and annealed by heating at 90 C for 3 min.  ONs samples were 
cooled slowly to RT and incubated overnight at RT. Samples were then diluted to a final 
concentration of 5 µM in 10 mM Tris.HCl buffer (pH 7.4) containing different KCl concentrations 
or 100 mM LiCl. CD measurements of ON samples were recorded from 310 nm to 220 nm on a 
JASCO J-815 CD spectrometer at 25 C using 1 nm bandwidth. All experiments were done in 
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duplicate with an average of three scans for each sample. The spectrum of buffer in absence of 
ON was subtracted from all ON sample spectra.

6. UV-thermal melting analysis. Samples of DNA ONs were annealed in 10 mM Tris.HCl buffer 
(pH 7.4) containing 100 mM KCl as mentioned above. The UV-thermal melting experiment using 
ONs (1 µM) was performed on a Cary 300Bio UV/Vis spectrophotometer.  The temperature was 
increased from 20 C to 90 C at 1 C min-1 interval and changes in absorbance at 295 nm were 
measured at every 1 C interval. Tm values were determined from the forward and revere cycles.

Fig. S4. (A) CD spectra of control Telo1 and modified Telo2 ONs (5 µM). (B)  UV-thermal melting 
profile (at 295 nm) of Telo1 and Telo2 ONs (1 µM).  See Section 5 and 6 for details.

Fig. S5. Thermal difference spectrum (TDS) for Telo2 (A) and EGFR ON 4 (B), and corresponding 
unmodified control ON sequences.  ONs samples (5 µM) were annealed in 10 mM Tris.HCl buffer 
(pH 7.4) containing 100 mM KCl and UV spectrum of ONs was recorded at 25 °C and 90 °C. The 
TDS was obtained by subtracting the UV absorption profile of the folded form from the unfolded 
form.
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Fig. S6. (A, B and C) CD spectra (5 µM) of modified EGFR ONs 3–5 (solid lines) and their control 
ONs 6 and 7 (dashed lines) in different ionic conditions.

Fig. S7. UV-thermal melting profile (at 295 nm) of modified EGFR ONs 3–5 and corresponding 
control unmodified ONs 6 and 7 (1 µM). 

Table S2. Tm values of modified Telo2 and EGFR ONs 3–5 and control unmodified Telo1 and EGFR 
ONs 6 and 7.

Tm (℃)
Telo1 Telo2 ON 3 ON 4 ON 5 ON 6 ON 7    KCl

100 mM 60.8 ± 0.6 60.2 ± 0.6 53.0 ± 0.6 56.3 ± 1.0 51.7 ± 1.2 54.8 ± 1.2 48.1 ± 1.0
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Fig. S8. A comparison of CD spectra of duplex and GQ structures formed by the telomeric repeat 
ONs (5 µM).  See section 5 for experimental details. 

7. Fluorescence and NMR studies of modified Telo2 ON. 
Fluorescence.  Single-stranded modified Telo2 ON was annealed in 10 mM Tris.HCl containing 
100 mM KCl and its duplex was constructed by hybridizing with a complimentary TeloC sequence 
(1:1) in 10 mM Tris.HCl containing 100 mM LiCl.  Samples were heated at 90 C for 3 min and 
slowly cooled to RT. Fluorescence of DNA ON samples (1 µM) was recorded by exciting the 
samples at 330 nm with excitation and emission slit widths of 6 nm and 6 nm, respectively.  
Experiments were done in triplicate in a micro fluorescence cuvette (Hellma, path length 1.0 cm) 
on a Fluoromax-4 spectrofluorometer (Horiba Scientific).

NMR.  The sample of Telo2 (25 µM) in 10 mM Tris.HCl buffer (pH 7.4) containing 100 mM KCl and 
20% D2O and 1:1 mixture of Telo2 and its complementary ON TeloC in 10 mM Tris.HCl buffer (pH 
7.4) containing 100 mM LiCl and 20% D2O was annealed at 90 C for 3 min.  Samples were slowly 
cooled to RT and transferred to a Shigemi tube (5 mm advance NMR micro-tube) for NMR 
analysis.  19F and 1H NMR spectra were acquired at a frequency of 564.9 MHz and 600 MHz, 
respectively, on a Bruker AVANCE III HD ASCEND 600 MHz spectrometer equipped with Cryo-
Probe (CP2.1 QCl 600S3 H/F-C/N-D-05 Z XT).   All 19F NMR spectrum were calibrated relative to 
an external standard, trifluorotoluene (TFT = −63.72 ppm).  Spectral parameters for 19F NMR: 
excitation pulse: 12 μs; spectral width: 29.90 ppm; transmitter frequency offset: -60.00 ppm; 
acquisition time: 0.1 s; relaxation delay: 1.0 s; number of scans: 500. Using these parameters, 
spectra were obtained in 10 min. Each spectrum was processed with an exponential window 
function using lb = 15 Hz. 1H NMR spectra were obtained with water suppression using excitation 
sculpting with gradients.  Number of scans were in the range of 700.
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Fig. S9.  NMR structure of a hybrid GQ topology of the human telomeric repeat (PDB: 2JPZ).S2 
Guanosines participating in the tetrad formation are shown in cyan. T12 residue is shown in 
magenta. Arrow shows the C5-postion of T12 where the TFBF heterocycle modification is placed 
in the modified Telo2 ON. TFBF modification does not affect the GQ structure. Hence, TFBF 
modification at C5-position is likely to be projected into the groove away from the G-tetrad. As a 
result of reduced stacking interaction, the GQ form shows higher fluorescence intensity. The 
figure was generated using UCSF Chimera version 1.15.

Fig. S10. 1H NMR spectra of the modified telomeric ON forming GQ and duplex structures. See 
section 7 for details.
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8. Fluorescence study of modified EGFR ONs. 
Steady-state fluorescence: Samples of TFBF-dU modified ON 4 and 5 (1 µM) were prepared in 10 
mM Tris.HCl (pH 7.4) buffer containing different KCl concentrations or 100 mM LiCl by using the 
above procedure. Additionally, control solutions of free nucleoside (TFBF-dU) (2 µM) in 10 mM 
Tris.HCl (pH 7.4) buffer containing different KCl concentrations or 100 mM LiCl were prepared.  
Fluorescence measurements were performed by exciting ONs samples at 330 nm and TFBF-dU 
samples at 320 nm, respectively.  Excitation and emission slit widths for respective samples are 
provided in the figures caption. Experiments were performed in triplicate in a micro fluorescence 
cuvette (Hellma, path length 1.0 cm) on a Fluoromax-4 spectrofluorometer (Horiba Scientific).

Time-resolved fluorescence analysis of modified ONs. Samples of TFBF-dU modified ONs 4 and 
5 (4 µM) in 10 mM Tris.HCl (pH 7.4) buffer were prepared and used for excited-state decay 
kinetics measurements.  ONs samples were excited using a 340 nm LED source and the 
fluorescence decay was collected at respective emission maximum with an increase in KCl 
concentrations.  The concentration of the KCl was increased by adding different aliquots of 3 M 
KCl into the ON sample and incubated for one hour before measurements. Fluorescence decay 
of the ON samples were deconvoluted using EZ software and fitted by an exponential decay with 
ꭓ2 value close to unity. 

Fig. S11. (A) Fluorescence spectra of TFBF-dU (2 µM), and (B) 19F-NMR spectra of TFBF-dU (10 
µM) at different KCl concentrations.  In the fluorescence study, samples were excited at 320 nm 
with excitation and emission slit widths of 5 nm and 6 nm, respectively.  

9. Computational analysis.  In order to generate the model for the two architectures of the EGFR 
G-rich sequences, a combination of 3D-NuSS3 webserver and manual editing has been employed. 
For generating the hybrid architecture, the loop sequences were initially added to the 3D-NuS 
web server, where the hybrid GQ structure of class Q17 was generated. The 5ʹ terminal dG was 
excluded in both architectures. The web server-generated structure was extracted in PDB format. 
The hairpin domain of the structure lacked any base pairing interaction. Therefore, the sequence 
of the hairpin domain was separately modeled with the help of the DNA folding form of the Mfold 
web server,S4 RNAalifold web server, and 3DNAS5. The hairpin domain from the 3D-NuS PDB 
structure was removed, and the newly generated hairpin was placed with the help of PyMOL 
software. Further, the coordinates of the GQ and the newly generated hairpin domain were 
combined manually to generate a new PDB file. Similarly, for the parallel GQ, the primary 
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architecture was generated from the 3D-NuS web server, after which the hairpin domain was 
placed separately. The hairpin domain, as well as dT26 (dT27 of ON 4), were manually placed 
with the help of PyMOL, and residue numbers were corrected and then saved in the PDB format. 

Both the PDB structures generated were added into the Tleap module of AmberTools 21, 
and K+ counter ions were added to generate the coordinate and topology files. The central K+ ions 
were also added in both cases. The OL15S6 force field was used for DNA and TIP3P water model 
for water and counter ions. The structures were subjected to a 100000-step minimization using 
the implicit solvent model in AMBER 18.S7 The final structures after the minimization was again 
loaded to the tleap module. These structures were enclosed in a rectangular water box of 10 Å, 
and the coordinate and topology files were generated. The systems were then subjected to 
10000 steps of minimization by the steepest descent method with a restraint of 2.0 kcal/mol Å2 
on the DNA and central K+ ions. The minimization followed 100 ps of heating and 100 ps of density 
equilibration with restraints of 50 kcal/mol Å2 and 2.0 kcal/mol Å2. The systems were then 
equilibrated for 800 ps in NPT ensemble, and unrestrained MD simulation was performed using 
NPT ensemble for 400 ns in GPU accelerated version of PMEMDS8-S10 in AMBER 18. SHAKE 
algorithm was applied to subject the hydrogen atoms to bond length constraints. LangevinS11 
thermostat with a collision frequency of 2 ps-1 was used to maintain the temperature at 300 K, 
and BerendsenS12 barostat with a relaxation time of 2 ps was used to maintain pressure. The 
trajectories were visualized using UCSF ChimeraS13, and images were rendered using PyMOL. The 
analysis was carried out using the CPPTRAJS14 module of AmberTools. 

The 400 ns trajectories were clustered into 5 ensembles using the hierarchical 
agglomerative clustering algorithm. The hybrid GQ has one major cluster which existed for ~60 
% of the simulation time (Fig. S12A†), and the parallel GQ has one major cluster which existed 
for ~50 % (Fig. S12B†) of the simulation time. Since the 5ʹ terminal dG was excluded in both 
architectures, the numbering of the nucleotides in the ON sequence has been renumbered (Fig. 
5). In the hybrid GQ, the hairpin domain maintains the two base pairs (dG19:dC25 and 
dC20:dG24) intact during the entire simulation, while the same is lost towards the end of the 
simulation in the parallel GQ. dT26 (dT27 in ON 4 and 6) stacks with both dC25 and dG3 
maintaining an average distance of 3.80 ± 0.24 Å and 4.10 ± 0.32 Å respectively in the hybrid GQ. 
In the case of parallel GQ, dT26 partially stacks over dG16, maintaining an average distance of 
4.49 ± 1.17 Å. The center of mass of the heavy atoms of the bases (excluding sugar) was 
considered for the distance calculation.
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Fig. S12. Representative structure of the major cluster of (A) hybrid and (B) parallel GQ 
topologies. Carbon atoms of G-tetrads are represented in green, T27 is shown in magenta, and all 
other nucleotides are represented in purple. Nitrogen atoms are represented in blue, oxygen in 
red, and phosphate in orange. Hydrogen atoms are omitted for clarity. (A) In the hybrid form, T27 
is stacked between the hairpin domain and a G-tetrad. (B) In the parallel form, T27 is partially 
stacked over the top G-tetrad. See Section 9 for details.

10. 19F and 1H NMR analysis of modified EGFR DNA ONs at different KCl. Samples of the modified 
DNA ONs 4 and 5 (25 µM) were prepared in 10 mM of Tris.HCl buffer (pH 7.4) containing no KCl 
or 100 mM LiCl and 20% D2O and annealed by heating at 90 C for 3 min.  Samples were cooled 
slowly to RT and incubated overnight at RT.  The sample was transferred to a Shigemi tube (5 mm 
advance NMR micro-tube) for NMR analysis.  19F and 1H NMR spectra were recorded at a 
frequency of 564.9 MHz and 600 MHz, respectively, on a Bruker AVANCE III HD ASCEND 600 MHz 
spectrometer equipped with Cryo-Probe (CP2.1 QCl 600S3 H/F-C/N-D-05 Z XT).   Furthermore, 
aliquot of 3 M KCl was added into ON sample, and incubated for one hour after each addition 
and 19F and 1H NMR spectra were acquired with increase in KCl concentrations at 25 C.  
Additionally, samples of control DNA ONs 6 and 7 (25 µM) were prepared as mentioned above 
and 1H NMR spectra were recorded at different KCl concentrations.  All 19F NMR spectra were 
referenced relative to an external standard, trifluorotoluene (TFT = −63.72 ppm).  Spectral 
parameters for 19F NMR are same as mentioned in section 7.  The 19F NMR spectra were obtained 
in 40 min with 1500 scans.  Spectra were processed with an exponential window function using 
lb = 10 Hz. 1H NMR spectra were recorded with water suppression using excitation sculpting with 
gradients.  Number of scans were in the range of 700.
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 Fig. S13. 1H NMR of TFBF-dU modified ON 4 and unmodified ON 6 of the native sequence.

Fig. S14. 1H NMR of TFBF-dU modified ON 5 and unmodified ON 7 of the mutated sequence.

Fig. S15. 19F NMR spectra of the native ON 4 and mutated ON 5 at 100 mM KCl. 
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11. GQ-ligand interaction by fluorescence. A series of samples of modified ON 4 (0.5 µM) in 10 
mM Tris.HCl (pH 7.4) containing 100 mM KCl with increasing concentration of ligands (5 nM to 5 
µM) were prepared. Samples were incubated at 4 C for 1 h.  Fluorescence emission spectra were 
recorded by exciting the samples at 330 nM with excitation and emission wavelength slit widths 
of 6 nm and 7 nm, respectively.  The fluorescence of samples was recorded in triplicate reading 
at 25 C.  Further, the fluorescence of the blank sample containing control ON 6 and respective 
ligand concentration was subtracted from the individual sample reading. The apparent Kd values 
of ligands were determined by plotting the normalized fluorescence intensity (FN) vs ligand 
concentration.  The graph was prepared using OriginPro 8.5 software.S15  

𝐹𝑁 =  
𝐹𝑖 ‒  𝐹𝑠

𝐹0 ‒  𝐹𝑠 

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

𝐹𝑁 =  𝐹0 + (𝐹𝑠 ‒ 𝐹0) ( [𝐿]𝑛

[𝐾𝑑]𝑛 + [𝐿]𝑛)

Fig. S16. Fluorescence titration of ON 4 (0.5 µM) in 10 mM Tris.HCl (pH 7.4) containing 100 mM 
KCl with increasing concentration of (A) PDS, and (B) BRACO-19. Fluorescence spectra of the 
modified ON 4 in the absence of ligands represented by a dashed line. Samples were excited at 
330 nm with excitation and emission slit widths of 6 nm and 7 nm, respectively. 

12. GQ-ligand interaction by UV absorption.

The samples of TMPyP4 (2 µM) were prepared in 10 mM Tris.HCl (pH 7.4) containing 100 mM KCl 
with increasing concentration of pre-annealed ON 4 (5 nM to 2 µM). Samples were incubated at 
4 C for 1 h and UV absorption spectra were acquired at 25 C. Titration was performed until the 
wavelength and intensity of the absorption band of TMPyP4 remained unchanged.S16,S17  UV 
experiment was performed in duplicate.  Binding constant (Kd) was obtained from the plot of 
normalized absorbance (AN) at 422 nm vs concentration of ON 4.  The graph was prepared using 
OriginPro 8.5 software.     
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𝐴𝑁 =  
𝐴𝑖 ‒  𝐴𝑠

𝐴0 ‒  𝐴𝑠 

Ai is the absorbance intensity at each titration point. A0 and As are the absorbance intensity in 
the absence of ON 4 and at saturation point, respectively. n is the Hill coefficient or degree of 
cooperativity associated with the binding.

𝐴𝑁 =  𝐴0 + (𝐴𝑠 ‒ 𝐴0) ( [𝑂𝑁]𝑛

[𝐾𝑑]𝑛 + [𝑂𝑁]𝑛)

Fig. S17. (A) UV-vis absorption spectra. Titration of TMPyP4 (2 µM) in 10 mM Tris.HCl (pH 7.4) 
containing 100 mM KCl with increasing concentration of ON 4 (5 nM to 2 µM). (B) Curve fit plotted 
for normalized absorbance of TMPyP4 at 422 nm with increasing concentrations of ON 4.  

13. GQ-ligand interaction by 19F NMR.  Modified ON 4 (15 µM) in 10 mM Tris.HCl buffer (pH 7.4) 
containing 100 mM KCl and 20% D2O was prepared and 19F NMR spectra (ns = 4000) of the sample 
was recorded with increasing concentration of ligand (0–60 µM).  Spectral parameters are the 
same as mentioned in Section 7 and the data was processed with an exponential window function 
using lb = 20 Hz.
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Fig. S18. 19F NMR of modified ON 4 (15 µM) in Tris.HCl buffer (pH 7.4) containing 100 mM KCl 
with increasing concentrations of (A) PDS, and (B) BRACO-19 (B19).

Fig. S19. (A) CD spectra of modified ON 4 (10 µM) upon addition of increasing concentrations of 
TMPyP4. CD of modified ON 4 (5 µM) at different concentrations of (B) PDS, and (C) BRACO-19.

14. Preparation of EGFR GQ (ON 4) sample for 19F NMR analysis in intraoocyte buffer, lysate 
and egg extract.  
Intraoocyte buffer.  Modified ON 4 (50 μM) was annealed in an intraoocyte buffer (25 mM HEPES 
pH = 7.5, 110 mM KCl, 10.5 mM NaCl, 130 nM CaCl2, 1 mM MgCl2, 0.1 mM EDTA)S18 containing 
20% D2O at 90 °C for 3 min.  The sample was cooled slowly to RT and incubated for 1 h at RT.  The 
19F (number of scans = 1000) and 1H NMR (number of scans = 1500) spectra were recorded at a 
frequency of 564.9 MHz and 600 MHz at 25 °C, respectively.  Spectral parameters are the same 
as mentioned in section 7 and the 19F NMR data was processed with an exponential window 
function using lb = 20 Hz.

Oocytes were surgically removed from anesthetized adult female Xenopus laevis in accordance 
with a protocol approved by the Institutional Animal Ethics Committee (IAEC), IISER Bhopal.

Clear lysate.S18  Healthy Xenopus laevis stage V/VI oocytes (~275) were selected and suspended 
in a Petri dish containing Ori-Ca2+ buffer (5 mM HEPES pH = 7.5, 110 mM NaCl, 5 mM KCl, 2 mM 
CaCl2, and 1 mM MgCl2). The Petri dish was kept on an ice bath for 15 min.  The oocytes were 
washed with ice-cold intraoocyte buffer (3 x 10 mL) and resuspended in the same buffer. Oocytes 
were transferred in an Eppendorf tube, allowed them to settle down and the supernatant was 
removed carefully without disturbing the settled oocytes.  Oocytes were rinsed with intraoocyte 
buffer (200 μL) containing 20% D2O and then removed (this step was performed twice).  Finally, 
200 μL of intraoocyte buffer containing 20% D2O was added to the Eppendorf tube containing 
oocytes, which were then mechanically crushed.  The suspension was centrifuged at 20000g for 
20 min at 4 °C, the interphase layer was carefully transferred into another Eppendorf and heated 
at 95 °C for 10 min.  The solution was centrifuged at 20000g for 10 min at 4 °C and the clear lysate 
(285 μL) was transferred to another Eppendorf tube. 1 mM of preannealed ON 4 (15 μL) in an 
intraoocyte buffer supplemented with 20% D2O was added to the clear lysate (final ON 
concentration = 50 μM).  The sample was incubated at 4 °C for 30 min and transferred to a 
Shigemi tube (5 mm advance NMR micro-tube) for NMR analysis.  19F (number of scans = 2000) 
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and 1H NMR (number of scans = 3072) spectra were acquired at a frequency of 564.9 MHz and 
600 MHz at 25 °C, respectively.  Spectral parameters are the same as mentioned above. The 19F 
NMR plot was processed with an exponential window function using lb = 20 Hz.  
Egg extract. S19  Oocytes (~900) were kept in a Petri dish containing Ori Ca2+ buffer (pH 7.5) for 
15 min on an ice bath.  The oocytes were washed with ice-cold intraoocyte buffer (3 x 20 mL) and 
transferred to an Eppendorf tube.  The buffer just above the oocytes was removed carefully and 
oocytes were washed with intraoocyte buffer (400 μL) containing 20% D2O (two times).  The 
oocytes were centrifuged at 400g for 1 min at 4 °C and the supernatant buffer was removed.  The 
oocytes were resuspended in the intraoocyte buffer (100 μL) containing 30% D2O and centrifuged 
at 12000g for 5 min at 4 °C.  The eggs were mechanically crushed and the suspension was 
centrifuged at 12000g for 30 min at 4 °C to obtain the interphase layer.  This crude egg extract 
thus obtained was directly used in the NMR analysis.  1 mM of the preannealed ON 4 (15 μL) in 
an intraoocyte buffer containing 20% D2O was added to the above crude egg extract (285 μL) and 
incubated for 30 min at 4 °C.  The 19F (number of scans = 3500) and 1H NMR (number of scans = 
4000) spectra were recorded at a frequency of 564.9 MHz and 600 MHz at 25 °C, respectively.  
Spectral parameters are the same as mentioned above. The 19F NMR spectrum was processed 
with an exponential window function using lb = 20 Hz.  

Fig. S20. 19F and 1H NMR spectra of ON 4 (50 µM) in intraoocyte buffer (blue), lysate (red) and 
egg extract (green). See section for 13 details. 
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Fig. S21. Comparison of HPLC chromatograms of lysate, lysate containing ON 4 (after recording 
NMR), ON 4 and modified nucleoside analog (TFBF-dU). There was no detectable degradation of 
ON 4 in lysate.

Fig. S22. ESI-MS spectra of modified ON 4 extracted from lysate sample after NMR analysis. 
(calculated mass = 9605.1, observed mass = 9605.5).

15. Taq polymerase stop assay. 5’-FAM-labeled primer (5 µM) and template DNA (T1–T3) (6 µM) 
were annealed in 10 mM Tris.HCl buffer containing 100 mM KCl by heating at 90 C for 5 min.  
Samples were cooled slowly to RT and incubated on an ice batch for 1 h. The primer-DNA 
duplexes were diluted to a final concentration of 1 µM in 10 mM Tris.HCl buffer containing 100 
mM KCl. Replication reaction was performed on a 20 µL reaction volume containing duplex (50 
nM), dNTPs (500 µM), KCl (100 mM), 1X DNA polymerase buffer.S20 The reaction mixture was 
incubated at 37 C for 20 min and the reaction was initiated by adding 0.5 µL of Taq DNA 
polymerase (5 U/µL, New England Biolabs, Catlog. M0273S). The reaction was quenched at 
different time points by adding 10 µL of gel loading buffer (80% formamide by volume, 10 mM 
NaOH, 0.005% bromophenol blue (w/v)) and flashed cooled on a dry ice bath. The reaction 
mixture was concentrated on a speed-vac concentrator and analysed on a 15 % denaturing 
polyacrylamide gel. The gel was imaged by using a Typhoon gel scanner at FAM wavelength.
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Fig. S23. PAGE analysis of the replication reactions using (A) a wild-type EGFR G-rich template T1, 
(B) a mutated EGFR G-rich template T2, and (C) a random non-GQ forming template T3. 
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Fig. S24. PAGE analysis of the replication reactions using a wild-type EGFR T1 with increasing 
concentrations of the ligands (A) TMPyP4, (B) PDS.
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Fig. S17. (A) UV absorption titration of TMPyP4 with increasing concentration of ON 4. 
(B) Curve fit plotted for normalized absorbance of TMPyP4 at 422 nm with increasing 
concentrations of ON 4.

S18

13. GQ-ligand interaction by 19F NMR S18
Fig. S18. 19F NMR of the modified ON 4 with increasing concentrations of (A) PDS, and 
(C) BRACO-19.

S18

Fig. S19. CD study of modified ON 4 with different concentrations of (A) TMPyP4 (B) 
PDS, and (C) BRACO-19.

S19

14. Preparation of EGFR GQ (ON 4) sample for 19F NMR analysis in intraoocyte buffer, 
lysate and egg extract

S19

Fig. S20. 19F and 1H NMR spectra of ON 4 in intraoocyte buffer, lysate and egg extract. S20
Fig. S21. Comparison of HPLC chromatograms of lysate, lysate containing ON 4 (after 
recording NMR), ON 4 and modified nucleoside analog. 

S21

Fig. S22. ESI-MS spectra of modified ON 4 extracted from lysate sample after NMR 
analysis.

S21

15. Taq polymerase stop assay S22
Fig. S23. PAGE analysis of the replication reactions using (A) a wild-type EGFR G-rich 
template, (B) a mutated EGFR G-rich template, and (C) a random non-GQ forming 
template.

S22

Fig. S24. PAGE analysis of the replication reactions using a wild-type EGFR T1 with 
increasing concentrations of the ligands (A) TMPyP4, (B) PDS.

S23

16. References S23
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1. Materials.  5-Trifluoromethyl benzofuran-modified nucleoside analog 1 and corresponding 
phosphoramidite substrate 2 for solid-phase oligonucleotide (ON) synthesis were synthesized as 
per our previously reported procedure.S1  N-acetyl-protected dC, N-Benzoyl-protected dA, N,N-
dimethylformamide-protected dG, and dT phosphoramidite substrates needed for solid-phase 
DNA synthesis were procured from ChemGenes. Solid supports required for DNA synthesis were 
purchased from Glen Research. All other reagents required for solid phase ON synthesis were 
obtained from Sigma-Aldrich.  Control DNA ONs Telo1, TeloC, 6 and 7 were purchased from 
Integrated DNA Technology, and purified using 18% denaturing polyacrylamide gel 
electrophoresis (PAGE).  All other reagents (BioUltra grade) for the preparation of buffer 
solutions were purchased from Sigma-Aldrich.  Autoclaved water was used for preparing all 
buffer solutions, and in all biophysical studies.

2. Instruments.  NMR spectra of small molecules were acquired on a Bruker AVANCE III HD 
ASCEND 400 MHz spectrometer and processed using Mnova software from Mestrelab Research. 
Mass analysis was carried out using ESI-MS Waters Synapt G2-Si Mass Spectrometry instrument. 
Modified DNA oligos were synthesized on Applied Biosystems DNA/RNA synthesizer (ABI-394). 
RP-HPLC analysis was performed using Agilent Technologies 1260 Infinity HPLC. Absorption 
spectra were recorded on a UV-2600 Shimadzu spectrophotometer. Fluorescence of the ONs 
samples were recorded using a Fluoromax-4 spectrophotometer (Horiba Scientific).  The time-
resolved fluorescence of the ONs was performed using a HORIBA Delta Flex Time-Correlated 
Single Photon Counting (TCSPC) system using a 340 nm laser source. The fluorescence decay 
profile was deconvoluted by using EZ software, and decay was fitted with ꭓ2 values close to unity. 
 UV-thermal melting analysis of the ONs was carried out on Cary 300 Bio UV-Vis 
spectrophotometer. CD measurements was done on a JASCO J-815 CD spectrometer. NMR 
spectra of the ONs were acquired on a Bruker AVANCE III HD ASCEND 600 MHz spectrometer 
equipped with Cryo-Probe (CP2.1 QCl 600S3 H/F-C/N-D-05 Z XT) and processed using Bruker 
TopSpin Software.

3. Solid-phase DNA ON synthesis. TFBF-dU modified DNA ONs Telo2 and 3–5 were synthesized 
in 1 µmole scale (1000 Å CPG solid support) on ABI-394 DNA/RNA synthesizer by standard solid 
phase synthesis protocol using phosphoramidite 2.  ON sequences with final trityl deprotection 
step were synthesized, and the solid supports were treated with 30% aqueous ammonium 
hydroxide solution for 24 h at 55 °C. Each sample was cooled on an ice bath and centrifuged. 
Then supernatant was transferred to a 1.5 mL Eppendorf tube, evaporated to dryness and the 
ON was purified by denaturing polyacrylamide gel electrophoresis (PAGE) (18% gel). Gel was 
irradiated with UV-light to identify the desired band corresponding to the modified ON, which 
was isolated and transferred to a poly-prep column (Bio-Rad).  The gel pieces were crushed and 
soaked in aqueous ammonium acetate (0.5 M, 3 mL) for 12 h to extract the ON. Oligo was 
desalted using Sep-Pak C-18 cartridges (waters). The purity and integrity of modified ONs were 
confirmed by RP-HPLC and ESI-MS analysis.
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Fig. S1. RP-HPLC chromatograms of TFBF-modified Telo2 and EGFR ONs 3–5 analyzed at 260 nm. 
Mobile phase A = 50 mM triethylammonium acetate buffer (pH 7.5), mobile phase B = 
acetonitrile. Flow rate = 1 mL/min. Gradient = 0-100 % B in 30 min. HPLC analysis was performed 
using a Luna C18 column (250 x 4.6 mm, 5 micron).

4. Mass analysis of modified ON.  
MALDI TOF analysis.  The mass of TFBF-dU modified Telo2 was obtained using Applied 
Biosystems 4800 Plus MALDI TOF/TOF analyzer.  A solution containing 1.5 µL of Telo2 (250 µM), 
2 µL of an internal DNA standard (100 µM), 4 µL of an 8:2 solution of 3-hydroxypicolinic acid and 
ammonium citrate buffer (100 mM, pH 9) was desalted by adding an ionexchange resin (Dowex 
50W-X8, 100-200 mesh).  2 µL of the above solution was spotted on a MALDI plate and air dried. 
The MALDI spectrum was referenced relative to the mass of an internal DNA standard.  Internal 
DNA standard sequence 5' TAATACGACTCACTATAG 3', m/z of +1 and +2 ions are 5466.6 and 
2733.3.
ESI-MS analysis.  Mass of the modified ONs were determined by ESI-MS analysis in negative 
mode by injecting DNA ONs (~300 pmol) dissolved in 50% acetonitrile in an aqueous solution of 
10 mM triethylamine and 100 mM hexafluoro-2-propanol.
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Fig. S2. MALDI-TOF MS spectrum of TFBF-modified Telo2. Internal DNA ON standard m/z of +1 
and +2 ions are 5466.6 and 2733.3. See Section 4 for details.
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Fig. S3. ESI-MS spectra of TFBF-modified EGFR ONs (A) 3, (B) 4, (C) 5.

Table S1. Molar absorptivity and mass of modified DNA ONs. 

DNA ON Ɛ260 a [M-1 cm-1] Calculated mass Observed mass
Telo2 256 x 103 8049.2 8047.2

3 295 x 103 9605.1 9604.8
4 295 x 103 9605.1 9604.9
5 297 x 103 9595.1 9594.8

aMolar absorption coefficient (Ɛ260) of the modified ONs was determined by using Oligo Analyzer 
3.1. Ɛ260 of modified nucleoside 1 (Ɛ260 = 11.4 x 103 M-1 cm-1) was used in the place of thymidine. 

5. CD analysis. Samples of control Telo1 and modified Telo2 (10 µM) in 10 mM Tris.HCl buffer 
(pH 7.4) containing 100 mM KCl was heated at 90 C for 3 min.  To construct duplex structures, 
Telo1/Telo2 (10 µM) was hybridized with a complementary TeloC sequence (1:1 equiv.) in 10 mM 
Tris.HCl buffer (pH 7.4) containing 100 mM LiCl at 90 C for 3 min.  Similarly, EGFR DNA ONs (10 
µM) samples were prepared in 10 mM Tris.HCl buffer (pH 7.4) containing different KCl 
concentrations or 100 mM LiCl and annealed by heating at 90 C for 3 min.  ONs samples were 
cooled slowly to RT and incubated overnight at RT. Samples were then diluted to a final 
concentration of 5 µM in 10 mM Tris.HCl buffer (pH 7.4) containing different KCl concentrations 
or 100 mM LiCl. CD measurements of ON samples were recorded from 310 nm to 220 nm on a 
JASCO J-815 CD spectrometer at 25 C using 1 nm bandwidth. All experiments were done in 
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duplicate with an average of three scans for each sample. The spectrum of buffer in absence of 
ON was subtracted from all ON sample spectra.

6. UV-thermal melting analysis. Samples of DNA ONs were annealed in 10 mM Tris.HCl buffer 
(pH 7.4) containing 100 mM KCl as mentioned above. The UV-thermal melting experiment using 
ONs (1 µM) was performed on a Cary 300Bio UV/Vis spectrophotometer.  The temperature was 
increased from 20 C to 90 C at 1 C min-1 interval and changes in absorbance at 295 nm were 
measured at every 1 C interval. Tm values were determined from the forward and revere cycles.

Fig. S4. (A) CD spectra of control Telo1 and modified Telo2 ONs (5 µM). (B)  UV-thermal melting 
profile (at 295 nm) of Telo1 and Telo2 ONs (1 µM).  See Section 5 and 6 for details.

Fig. S5. Thermal difference spectrum (TDS) for Telo2 (A) and EGFR ON 4 (B), and corresponding 
unmodified control ON sequences.  ONs samples (5 µM) were annealed in 10 mM Tris.HCl buffer 
(pH 7.4) containing 100 mM KCl and UV spectrum of ONs was recorded at 25 °C and 90 °C. The 
TDS was obtained by subtracting the UV absorption profile of the folded form from the unfolded 
form.
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Fig. S6. (A, B and C) CD spectra (5 µM) of modified EGFR ONs 3–5 (solid lines) and their control 
ONs 6 and 7 (dashed lines) in different ionic conditions.

Fig. S7. UV-thermal melting profile (at 295 nm) of modified EGFR ONs 3–5 and corresponding 
control unmodified ONs 6 and 7 (1 µM). 

Table S2. Tm values of modified Telo2 and EGFR ONs 3–5 and control unmodified Telo1 and EGFR 
ONs 6 and 7.

Tm (℃)
Telo1 Telo2 ON 3 ON 4 ON 5 ON 6 ON 7    KCl

100 mM 60.8 ± 0.6 60.2 ± 0.6 53.0 ± 0.6 56.3 ± 1.0 51.7 ± 1.2 54.8 ± 1.2 48.1 ± 1.0
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Fig. S8. A comparison of CD spectra of duplex and GQ structures formed by the telomeric repeat 
ONs (5 µM).  See section 5 for experimental details. 

7. Fluorescence and NMR studies of modified Telo2 ON. 
Fluorescence.  Single-stranded modified Telo2 ON was annealed in 10 mM Tris.HCl containing 
100 mM KCl and its duplex was constructed by hybridizing with a complimentary TeloC sequence 
(1:1) in 10 mM Tris.HCl containing 100 mM LiCl.  Samples were heated at 90 C for 3 min and 
slowly cooled to RT. Fluorescence of DNA ON samples (1 µM) was recorded by exciting the 
samples at 330 nm with excitation and emission slit widths of 6 nm and 6 nm, respectively.  
Experiments were done in triplicate in a micro fluorescence cuvette (Hellma, path length 1.0 cm) 
on a Fluoromax-4 spectrofluorometer (Horiba Scientific).

NMR.  The sample of Telo2 (25 µM) in 10 mM Tris.HCl buffer (pH 7.4) containing 100 mM KCl and 
20% D2O and 1:1 mixture of Telo2 and its complementary ON TeloC in 10 mM Tris.HCl buffer (pH 
7.4) containing 100 mM LiCl and 20% D2O was annealed at 90 C for 3 min.  Samples were slowly 
cooled to RT and transferred to a Shigemi tube (5 mm advance NMR micro-tube) for NMR 
analysis.  19F and 1H NMR spectra were acquired at a frequency of 564.9 MHz and 600 MHz, 
respectively, on a Bruker AVANCE III HD ASCEND 600 MHz spectrometer equipped with Cryo-
Probe (CP2.1 QCl 600S3 H/F-C/N-D-05 Z XT).   All 19F NMR spectrum were calibrated relative to 
an external standard, trifluorotoluene (TFT = −63.72 ppm).  Spectral parameters for 19F NMR: 
excitation pulse: 12 μs; spectral width: 29.90 ppm; transmitter frequency offset: -60.00 ppm; 
acquisition time: 0.1 s; relaxation delay: 1.0 s; number of scans: 500. Using these parameters, 
spectra were obtained in 10 min. Each spectrum was processed with an exponential window 
function using lb = 15 Hz. 1H NMR spectra were obtained with water suppression using excitation 
sculpting with gradients.  Number of scans were in the range of 700.
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Fig. S9.  NMR structure of a hybrid GQ topology of the human telomeric repeat (PDB: 2JPZ).S2 
Guanosines participating in the tetrad formation are shown in cyan. T12 residue is shown in 
magenta. Arrow shows the C5-postion of T12 where the TFBF heterocycle modification is placed 
in the modified Telo2 ON. TFBF modification does not affect the GQ structure. Hence, TFBF 
modification at C5-position is likely to be projected into the groove away from the G-tetrad. As a 
result of reduced stacking interaction, the GQ form shows higher fluorescence intensity. The 
figure was generated using UCSF Chimera version 1.15.

Fig. S10. 1H NMR spectra of the modified telomeric ON forming GQ and duplex structures. See 
section 7 for details.
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8. Fluorescence study of modified EGFR ONs. 
Steady-state fluorescence: Samples of TFBF-dU modified ON 4 and 5 (1 µM) were prepared in 10 
mM Tris.HCl (pH 7.4) buffer containing different KCl concentrations or 100 mM LiCl by using the 
above procedure. Additionally, control solutions of free nucleoside (TFBF-dU) (2 µM) in 10 mM 
Tris.HCl (pH 7.4) buffer containing different KCl concentrations or 100 mM LiCl were prepared.  
Fluorescence measurements were performed by exciting ONs samples at 330 nm and TFBF-dU 
samples at 320 nm, respectively.  Excitation and emission slit widths for respective samples are 
provided in the figures caption. Experiments were performed in triplicate in a micro fluorescence 
cuvette (Hellma, path length 1.0 cm) on a Fluoromax-4 spectrofluorometer (Horiba Scientific).

Time-resolved fluorescence analysis of modified ONs. Samples of TFBF-dU modified ONs 4 and 
5 (4 µM) in 10 mM Tris.HCl (pH 7.4) buffer were prepared and used for excited-state decay 
kinetics measurements.  ONs samples were excited using a 340 nm LED source and the 
fluorescence decay was collected at respective emission maximum with an increase in KCl 
concentrations.  The concentration of the KCl was increased by adding different aliquots of 3 M 
KCl into the ON sample and incubated for one hour before measurements. Fluorescence decay 
of the ON samples were deconvoluted using EZ software and fitted by an exponential decay with 
ꭓ2 value close to unity. 

Fig. S11. (A) Fluorescence spectra of TFBF-dU (2 µM), and (B) 19F-NMR spectra of TFBF-dU (10 
µM) at different KCl concentrations.  In the fluorescence study, samples were excited at 320 nm 
with excitation and emission slit widths of 5 nm and 6 nm, respectively.  

9. Computational analysis.  In order to generate the model for the two architectures of the EGFR 
G-rich sequences, a combination of 3D-NuSS3 webserver and manual editing has been employed. 
For generating the hybrid architecture, the loop sequences were initially added to the 3D-NuS 
web server, where the hybrid GQ structure of class Q17 was generated. The 5ʹ terminal dG was 
excluded in both architectures. The web server-generated structure was extracted in PDB format. 
The hairpin domain of the structure lacked any base pairing interaction. Therefore, the sequence 
of the hairpin domain was separately modeled with the help of the DNA folding form of the Mfold 
web server,S4 RNAalifold web server, and 3DNAS5. The hairpin domain from the 3D-NuS PDB 
structure was removed, and the newly generated hairpin was placed with the help of PyMOL 
software. Further, the coordinates of the GQ and the newly generated hairpin domain were 
combined manually to generate a new PDB file. Similarly, for the parallel GQ, the primary 
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architecture was generated from the 3D-NuS web server, after which the hairpin domain was 
placed separately. The hairpin domain, as well as dT26 (dT27 of ON 4), were manually placed 
with the help of PyMOL, and residue numbers were corrected and then saved in the PDB format. 

Both the PDB structures generated were added into the Tleap module of AmberTools 21, 
and K+ counter ions were added to generate the coordinate and topology files. The central K+ ions 
were also added in both cases. The OL15S6 force field was used for DNA and TIP3P water model 
for water and counter ions. The structures were subjected to a 100000-step minimization using 
the implicit solvent model in AMBER 18.S7 The final structures after the minimization was again 
loaded to the tleap module. These structures were enclosed in a rectangular water box of 10 Å, 
and the coordinate and topology files were generated. The systems were then subjected to 
10000 steps of minimization by the steepest descent method with a restraint of 2.0 kcal/mol Å2 
on the DNA and central K+ ions. The minimization followed 100 ps of heating and 100 ps of density 
equilibration with restraints of 50 kcal/mol Å2 and 2.0 kcal/mol Å2. The systems were then 
equilibrated for 800 ps in NPT ensemble, and unrestrained MD simulation was performed using 
NPT ensemble for 400 ns in GPU accelerated version of PMEMDS8-S10 in AMBER 18. SHAKE 
algorithm was applied to subject the hydrogen atoms to bond length constraints. LangevinS11 
thermostat with a collision frequency of 2 ps-1 was used to maintain the temperature at 300 K, 
and BerendsenS12 barostat with a relaxation time of 2 ps was used to maintain pressure. The 
trajectories were visualized using UCSF ChimeraS13, and images were rendered using PyMOL. The 
analysis was carried out using the CPPTRAJS14 module of AmberTools. 

The 400 ns trajectories were clustered into 5 ensembles using the hierarchical 
agglomerative clustering algorithm. The hybrid GQ has one major cluster which existed for ~60 
% of the simulation time (Fig. S12A†), and the parallel GQ has one major cluster which existed 
for ~50 % (Fig. S12B†) of the simulation time. Since the 5ʹ terminal dG was excluded in both 
architectures, the numbering of the nucleotides in the ON sequence has been renumbered (Fig. 
5). In the hybrid GQ, the hairpin domain maintains the two base pairs (dG19:dC25 and 
dC20:dG24) intact during the entire simulation, while the same is lost towards the end of the 
simulation in the parallel GQ. dT26 (dT27 in ON 4 and 6) stacks with both dC25 and dG3 
maintaining an average distance of 3.80 ± 0.24 Å and 4.10 ± 0.32 Å respectively in the hybrid GQ. 
In the case of parallel GQ, dT26 partially stacks over dG16, maintaining an average distance of 
4.49 ± 1.17 Å. The center of mass of the heavy atoms of the bases (excluding sugar) was 
considered for the distance calculation.
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Fig. S12. Representative structure of the major cluster of (A) hybrid and (B) parallel GQ 
topologies. Carbon atoms of G-tetrads are represented in green, T27 is shown in magenta, and all 
other nucleotides are represented in purple. Nitrogen atoms are represented in blue, oxygen in 
red, and phosphate in orange. Hydrogen atoms are omitted for clarity. (A) In the hybrid form, T27 
is stacked between the hairpin domain and a G-tetrad. (B) In the parallel form, T27 is partially 
stacked over the top G-tetrad. See Section 9 for details.

10. 19F and 1H NMR analysis of modified EGFR DNA ONs at different KCl. Samples of the modified 
DNA ONs 4 and 5 (25 µM) were prepared in 10 mM of Tris.HCl buffer (pH 7.4) containing no KCl 
or 100 mM LiCl and 20% D2O and annealed by heating at 90 C for 3 min.  Samples were cooled 
slowly to RT and incubated overnight at RT.  The sample was transferred to a Shigemi tube (5 mm 
advance NMR micro-tube) for NMR analysis.  19F and 1H NMR spectra were recorded at a 
frequency of 564.9 MHz and 600 MHz, respectively, on a Bruker AVANCE III HD ASCEND 600 MHz 
spectrometer equipped with Cryo-Probe (CP2.1 QCl 600S3 H/F-C/N-D-05 Z XT).   Furthermore, 
aliquot of 3 M KCl was added into ON sample, and incubated for one hour after each addition 
and 19F and 1H NMR spectra were acquired with increase in KCl concentrations at 25 C.  
Additionally, samples of control DNA ONs 6 and 7 (25 µM) were prepared as mentioned above 
and 1H NMR spectra were recorded at different KCl concentrations.  All 19F NMR spectra were 
referenced relative to an external standard, trifluorotoluene (TFT = −63.72 ppm).  Spectral 
parameters for 19F NMR are same as mentioned in section 7.  The 19F NMR spectra were obtained 
in 40 min with 1500 scans.  Spectra were processed with an exponential window function using 
lb = 10 Hz. 1H NMR spectra were recorded with water suppression using excitation sculpting with 
gradients.  Number of scans were in the range of 700.
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 Fig. S13. 1H NMR of TFBF-dU modified ON 4 and unmodified ON 6 of the native sequence.

Fig. S14. 1H NMR of TFBF-dU modified ON 5 and unmodified ON 7 of the mutated sequence.

Fig. S15. 19F NMR spectra of the native ON 4 and mutated ON 5 at 100 mM KCl. 
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11. GQ-ligand interaction by fluorescence. A series of samples of modified ON 4 (0.5 µM) in 10 
mM Tris.HCl (pH 7.4) containing 100 mM KCl with increasing concentration of ligands (5 nM to 5 
µM) were prepared. Samples were incubated at 4 C for 1 h.  Fluorescence emission spectra were 
recorded by exciting the samples at 330 nM with excitation and emission wavelength slit widths 
of 6 nm and 7 nm, respectively.  The fluorescence of samples was recorded in triplicate reading 
at 25 C.  Further, the fluorescence of the blank sample containing control ON 6 and respective 
ligand concentration was subtracted from the individual sample reading. The apparent Kd values 
of ligands were determined by plotting the normalized fluorescence intensity (FN) vs ligand 
concentration.  The graph was prepared using OriginPro 8.5 software.S15  

𝐹𝑁 =  
𝐹𝑖 ‒  𝐹𝑠

𝐹0 ‒  𝐹𝑠 

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

𝐹𝑁 =  𝐹0 + (𝐹𝑠 ‒ 𝐹0) ( [𝐿]𝑛

[𝐾𝑑]𝑛 + [𝐿]𝑛)

Fig. S16. Fluorescence titration of ON 4 (0.5 µM) in 10 mM Tris.HCl (pH 7.4) containing 100 mM 
KCl with increasing concentration of (A) PDS, and (B) BRACO-19. Fluorescence spectra of the 
modified ON 4 in the absence of ligands represented by a dashed line. Samples were excited at 
330 nm with excitation and emission slit widths of 6 nm and 7 nm, respectively. 

12. GQ-ligand interaction by UV absorption.

The samples of TMPyP4 (2 µM) were prepared in 10 mM Tris.HCl (pH 7.4) containing 100 mM KCl 
with increasing concentration of pre-annealed ON 4 (5 nM to 2 µM). Samples were incubated at 
4 C for 1 h and UV absorption spectra were acquired at 25 C. Titration was performed until the 
wavelength and intensity of the absorption band of TMPyP4 remained unchanged.S16,S17  UV 
experiment was performed in duplicate.  Binding constant (Kd) was obtained from the plot of 
normalized absorbance (AN) at 422 nm vs concentration of ON 4.  The graph was prepared using 
OriginPro 8.5 software.     
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𝐴𝑁 =  
𝐴𝑖 ‒  𝐴𝑠

𝐴0 ‒  𝐴𝑠 

Ai is the absorbance intensity at each titration point. A0 and As are the absorbance intensity in 
the absence of ON 4 and at saturation point, respectively. n is the Hill coefficient or degree of 
cooperativity associated with the binding.

𝐴𝑁 =  𝐴0 + (𝐴𝑠 ‒ 𝐴0) ( [𝑂𝑁]𝑛

[𝐾𝑑]𝑛 + [𝑂𝑁]𝑛)

Fig. S17. (A) UV-vis absorption spectra. Titration of TMPyP4 (2 µM) in 10 mM Tris.HCl (pH 7.4) 
containing 100 mM KCl with increasing concentration of ON 4 (5 nM to 2 µM). (B) Curve fit plotted 
for normalized absorbance of TMPyP4 at 422 nm with increasing concentrations of ON 4.  

13. GQ-ligand interaction by 19F NMR.  Modified ON 4 (15 µM) in 10 mM Tris.HCl buffer (pH 7.4) 
containing 100 mM KCl and 20% D2O was prepared and 19F NMR spectra (ns = 4000) of the sample 
was recorded with increasing concentration of ligand (0–60 µM).  Spectral parameters are the 
same as mentioned in Section 7 and the data was processed with an exponential window function 
using lb = 20 Hz.
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Fig. S18. 19F NMR of modified ON 4 (15 µM) in Tris.HCl buffer (pH 7.4) containing 100 mM KCl 
with increasing concentrations of (A) PDS, and (B) BRACO-19 (B19).

Fig. S19. (A) CD spectra of modified ON 4 (10 µM) upon addition of increasing concentrations of 
TMPyP4. CD of modified ON 4 (5 µM) at different concentrations of (B) PDS, and (C) BRACO-19.

14. Preparation of EGFR GQ (ON 4) sample for 19F NMR analysis in intraoocyte buffer, lysate 
and egg extract.  
Intraoocyte buffer.  Modified ON 4 (50 μM) was annealed in an intraoocyte buffer (25 mM HEPES 
pH = 7.5, 110 mM KCl, 10.5 mM NaCl, 130 nM CaCl2, 1 mM MgCl2, 0.1 mM EDTA)S18 containing 
20% D2O at 90 °C for 3 min.  The sample was cooled slowly to RT and incubated for 1 h at RT.  The 
19F (number of scans = 1000) and 1H NMR (number of scans = 1500) spectra were recorded at a 
frequency of 564.9 MHz and 600 MHz at 25 °C, respectively.  Spectral parameters are the same 
as mentioned in section 7 and the 19F NMR data was processed with an exponential window 
function using lb = 20 Hz.

Oocytes were surgically removed from anesthetized adult female Xenopus laevis in accordance 
with a protocol approved by the Institutional Animal Ethics Committee (IAEC), IISER Bhopal.

Clear lysate.S18  Healthy Xenopus laevis stage V/VI oocytes (~275) were selected and suspended 
in a Petri dish containing Ori-Ca2+ buffer (5 mM HEPES pH = 7.5, 110 mM NaCl, 5 mM KCl, 2 mM 
CaCl2, and 1 mM MgCl2). The Petri dish was kept on an ice bath for 15 min.  The oocytes were 
washed with ice-cold intraoocyte buffer (3 x 10 mL) and resuspended in the same buffer. Oocytes 
were transferred in an Eppendorf tube, allowed them to settle down and the supernatant was 
removed carefully without disturbing the settled oocytes.  Oocytes were rinsed with intraoocyte 
buffer (200 μL) containing 20% D2O and then removed (this step was performed twice).  Finally, 
200 μL of intraoocyte buffer containing 20% D2O was added to the Eppendorf tube containing 
oocytes, which were then mechanically crushed.  The suspension was centrifuged at 20000g for 
20 min at 4 °C, the interphase layer was carefully transferred into another Eppendorf and heated 
at 95 °C for 10 min.  The solution was centrifuged at 20000g for 10 min at 4 °C and the clear lysate 
(285 μL) was transferred to another Eppendorf tube. 1 mM of preannealed ON 4 (15 μL) in an 
intraoocyte buffer supplemented with 20% D2O was added to the clear lysate (final ON 
concentration = 50 μM).  The sample was incubated at 4 °C for 30 min and transferred to a 
Shigemi tube (5 mm advance NMR micro-tube) for NMR analysis.  19F (number of scans = 2000) 
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and 1H NMR (number of scans = 3072) spectra were acquired at a frequency of 564.9 MHz and 
600 MHz at 25 °C, respectively.  Spectral parameters are the same as mentioned above. The 19F 
NMR plot was processed with an exponential window function using lb = 20 Hz.  
Egg extract. S19  Oocytes (~900) were kept in a Petri dish containing Ori Ca2+ buffer (pH 7.5) for 
15 min on an ice bath.  The oocytes were washed with ice-cold intraoocyte buffer (3 x 20 mL) and 
transferred to an Eppendorf tube.  The buffer just above the oocytes was removed carefully and 
oocytes were washed with intraoocyte buffer (400 μL) containing 20% D2O (two times).  The 
oocytes were centrifuged at 400g for 1 min at 4 °C and the supernatant buffer was removed.  The 
oocytes were resuspended in the intraoocyte buffer (100 μL) containing 30% D2O and centrifuged 
at 12000g for 5 min at 4 °C.  The eggs were mechanically crushed and the suspension was 
centrifuged at 12000g for 30 min at 4 °C to obtain the interphase layer.  This crude egg extract 
thus obtained was directly used in the NMR analysis.  1 mM of the preannealed ON 4 (15 μL) in 
an intraoocyte buffer containing 20% D2O was added to the above crude egg extract (285 μL) and 
incubated for 30 min at 4 °C.  The 19F (number of scans = 3500) and 1H NMR (number of scans = 
4000) spectra were recorded at a frequency of 564.9 MHz and 600 MHz at 25 °C, respectively.  
Spectral parameters are the same as mentioned above. The 19F NMR spectrum was processed 
with an exponential window function using lb = 20 Hz.  

Fig. S20. 19F and 1H NMR spectra of ON 4 (50 µM) in intraoocyte buffer (blue), lysate (red) and 
egg extract (green). See section for 13 details. 
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Fig. S21. Comparison of HPLC chromatograms of lysate, lysate containing ON 4 (after recording 
NMR), ON 4 and modified nucleoside analog (TFBF-dU). There was no detectable degradation of 
ON 4 in lysate.

Fig. S22. ESI-MS spectra of modified ON 4 extracted from lysate sample after NMR analysis. 
(calculated mass = 9605.1, observed mass = 9605.5).

15. Taq polymerase stop assay. 5’-FAM-labeled primer (5 µM) and template DNA (T1–T3) (6 µM) 
were annealed in 10 mM Tris.HCl buffer containing 100 mM KCl by heating at 90 C for 5 min.  
Samples were cooled slowly to RT and incubated on an ice batch for 1 h. The primer-DNA 
duplexes were diluted to a final concentration of 1 µM in 10 mM Tris.HCl buffer containing 100 
mM KCl. Replication reaction was performed on a 20 µL reaction volume containing duplex (50 
nM), dNTPs (500 µM), KCl (100 mM), 1X DNA polymerase buffer.S20 The reaction mixture was 
incubated at 37 C for 20 min and the reaction was initiated by adding 0.5 µL of Taq DNA 
polymerase (5 U/µL, New England Biolabs, Catlog. M0273S). The reaction was quenched at 
different time points by adding 10 µL of gel loading buffer (80% formamide by volume, 10 mM 
NaOH, 0.005% bromophenol blue (w/v)) and flashed cooled on a dry ice bath. The reaction 
mixture was concentrated on a speed-vac concentrator and analysed on a 15 % denaturing 
polyacrylamide gel. The gel was imaged by using a Typhoon gel scanner at FAM wavelength.
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Fig. S23. PAGE analysis of the replication reactions using (A) a wild-type EGFR G-rich template T1, 
(B) a mutated EGFR G-rich template T2, and (C) a random non-GQ forming template T3. 
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Fig. S24. PAGE analysis of the replication reactions using a wild-type EGFR T1 with increasing 
concentrations of the ligands (A) TMPyP4, (B) PDS.
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