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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 '°F NMR techniques. Notably, distinct fluorescence and *°F 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 *H NMR
technigues. Using the fluorescence component, we quantified ligand binding properties of GQs, whereas
the *°F label enabled the assessment of ligand-induced changes in GQ dynamics. Studies also revealed
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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."”
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.**
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nucleoside probe could be utilized in designing and evaluating binders that jointly target both GQ and
hairpin domains for enhanced selectivity and druggability.

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.>” However, their efficiency is
limited by intrinsic or acquired resistance.”® 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.”™ One such class of structures is a G-quadruplex (GQ),
which is formed by guanine rich sequences.”>*® 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.™ Compelling experimental data indicate that GQs
present in DNA and RNA serve as gene regulatory elements.'>'®
Dysfunction of these elements in several genes is linked to tumour
progression,'”*® and hence, small molecule ligands that stabilize
these structures and down regulate gene expression are perceived
as alternative therapeutic tools to mitigate cancer.”> 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.”® Recently, a few ligands have been developed that bind
to a specific GQ topology.>”"** Nevertheless, targeting a specific 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,*?*
wherein ligand scaffolds capable of simultaneously binding to GQ
and duplex regions increase the specific targeting of such
motifs.***” 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.*
This domain represents a new point of intervention to potentially
attenuate the disease-causing activity of the gene. Therefore, it is
important to first 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 confinement) depends on
the sequence composition, namely, the number of G-tracts and
loop nucleotides that connect them.**** G-tracts composed of
four or more guanine bases can form multiple dynamically
interchangeable GQ conformations.*** 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 'H NMR and CD analysis, this sequence
adopts two main intramolecular folded structures, namely
hybrid-type and parallel GQs.*® The third loop forms a hairpin
junction in both the forms as a result of base-pairing between
Gypo-Cy6 and C,;1-Gys (Fig. 1A). Notably, the hairpin structure
positively contributes to GQ stability. Therefore, molecular
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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.®
(B) Mutations (Gyo and Cy; to Tog and Tpg) 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.
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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, fluorescence, NMR and
X-ray techniques using unlabelled oligonucleotides (ONs) or
probe-labeled ONs.***” Alternatively, fluorescent ligands, which
show changes in spectral properties upon binding to GQ
structures serve as useful sensors.”**®* Notably, GQ-specific
antibodies and fluorescent ligands have also been developed
to visualize GQs in a cellular environment.**** 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 fluorescence-based (SmMFRET) techniques have
been somewhat successful,>**” 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 fluorobenzofuran moiety
at the C5 position of 2"-deoxyuridine (FBF-dU).*® The heterocycle
modification imparts fluorescence and endows an '°F 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
uM) 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 trifluoromethyl benzofuran at the C5 position of
2-deoxyuridine (TFBF-dU 1). This probe containing three
equivalent *°F atoms significantly increased the detection limit
and was used in detecting i-motif (iM) structures formed by
model C-rich ONs.*® 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 influence 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
quantification 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 °F NMR in
frog egg lysate and extract. Furthermore, using polymerase stop

© 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 fluorescent probe con-
taining a '°F 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 fluorescence and '°F chemical shifts.* 100% natural
abundance, high sensitivity and absence of fluorine in biological
systems make '°F a good label for in-cell NMR analysis.®**! A
notable number of fluorine-labeled probes have been developed to
investigate different nucleic acid structures and their interactions
with ligands or proteins.®*~*® 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 very minimum 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 first studied the use of the nucleoside analog by
employing a hybrid-type GQ formed by a human telomeric DNA
repeat ON sequence (Telol, Table 1).°*” For this purpose, the
modified 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 (T;) and third loop (T,;), respectively
(Fig. 1A and Table 1). In addition, a mutated ON 5 (G,, and C,; to
T) with a modification at T,, was synthesized to probe the role of
a hairpin in the formation of GQs (Fig. 1B). All the ONs were
purified by PAGE under denaturing conditions, and their purity

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

ON 5'-sequence—3'?

Telo1 TAGGGTTAGGGTTAGGGTTAGGGTT

Telo2 TAGGGTTAGGGT*TAGGGTTAGGGTT

TeloC CCCTAACCCTAACCCTAACCCT

3 GGGGACCGGGT*CCAGAGGGGCAGTGCTGGG
4 GGGGACCGGGTCCAGAGGGGCAGTGCT*GGG
5 GGGGACCGGGTCCAGAGGGTTAGTGCT*GGG
6 GGGGACCGGGTCCAGAGGGGCAGTGCTGGG
7

GGGGACCGGGTCCAGAGGGTTAGTGCTGGG

“ 1+ represents modified nucleoside 1. T represents mutation points.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and identity were confirmed by RP-HPLC and mass analyses,
respectively (Fig. S1-S3 and Table S1t).

Impact of TFBF-dU labeling on the formation of GQs

Native Telol and modified 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 profiles of
both control and modified 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. S4Af).”* The T,
values for the ONs were also found to be very similar (Fig. S4B and
Table S21). 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 profile corresponding
to a GQ structure (Fig. S51).”>”* Together, these results suggest
that the modification has negligible impact on the structure and
stability of a Telo GQ. Similarly, EGFR ONs 3-5 and control
unmodified ONs 6 and 7 were annealed in 10 mM Tris-HCI 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 profile
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
S61).** Modified ON 3 gave significantly less intense peaks at
+265 nm and —240 nm as compared to the native ON, suggesting
that the modification at position T;; hampered GQ formation
(Fig. 2A, red solid line). On the other hand, ON 4 displayed a CD
profile (peak at +265 nm, —240 nm, and a shoulder at 285 nm)
similar to that of control ON 6 (Fig. 2B, red lines). This confirms
that nucleoside 1 placed at T,; 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 profile in
all K* ion concentrations tested (50 mM to 200 mM, Fig. S6BY).
Although the parallel GQ structure seemed to be higher in
amounts as compared to the hybrid form, CD profiles 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
modification at Ty, and T,; positions only marginally affects the
stability of GQs as compared to that of unmodified control ONs
(Fig. S7 and Table S2f). However, CD data indicate that a
modification at Ty, (ON 3) affects the GQ equilibrium, and hence
for further analysis native ON 4 and mutated ON 5 containing the
modification at T,, were used.

Probing the GQ structure of the human telomeric repeat by
fluorescence and '°F NMR

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

Chem. Sci., 2023, 14, 5627-5637 | 5629
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(A, B and C) CD spectra (5 uM) of modified EGFR ONs 3-5 (solid lines) and their control ONs 6 and 7 (dashed lines) under different ionic

conditions. See Fig. S6t for CD profiles at different KCl concentrations (50 mM to 200 mM).

that of control Telol ON (Fig. S8t).°>”® Upon excitation at
330 nm, the GQ form of Telo2 exhibited a fluorescence 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%1), which exhibited a very
weak fluorescence band. The observed fluorescence outcome
in these structures is due to the difference in the
microenvironment around the probe. It is to be noted that
several probes display significant quenching in fluorescence
due to stacking interaction with neighbouring bases and when
located near a guanine base.””® TFBF-dU placed at the Ty,
position upon duplex formation would base pair and partially
stack with adjacent bases namely, G;; and Ty;. 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),”° the TFBF
modification at the C5-position would be projected into the
groove away from the G-tetrad formed by the G;; residue
(Fig. S9t). Possibly due to reduced stacking interaction the GQ
form shows higher fluorescence intensity compared to the
duplex structure.” Much like the fluorescent component, the
fluorine label was also found to be conformation sensitive.
TFBF-dU gave a distinct "F NMR signal for GQ and duplex
structures (Fig. 3B). The formation of these structures was also
confirmed by an imino proton signal appearing in GQ and
duplex regions (Fig. S10t). 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.
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Fig. 3 (A) Fluorescence and (B) *°F NMR spectra of telomeric GQ and
duplex structures. See the ESIt for experimental conditions.
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Probing EGFR GQs by fluorescence

Samples of EGFR ON 4 annealed in Tris-HCI 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 profiles, Fig. 2B and S6Bf)
exhibited a very weak fluorescence band centered at around
419 nm (Fig. 4A). As the concentration of K' ions was increased
(25-200 mM), a progressive increase in the fluorescence
intensity with a minor shift in emission maximum was observed
as a result of formation of GQs. The fluorescence intensity of ON
4 saturated at 150 mM of KCI (~8-fold increase as compared to
the non-GQ form). In contrast, the CD profile was very similar at
all K" ion concentrations tested suggesting that there is no
apparent change in the structural equilibrium (Fig. S6BT). To
further probe the structures formed by EGFR ON 4, we
performed time-resolved fluorescence analysis (Fig. 4B). In the
absence of KCI, three decay components corresponding to
lifetimes 7, = 1.07 ns, 7, = 2.99 ns, and 73 = 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 KCI.*® At 25 mM KCl, we observed three
different components with lifetimes 7, = 1.44 ns, 7, = 4.70 ns,
and t; = 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 (1, = 4.70 ns) was found to be significantly more

~ Prompt
-+ omMKCI

« 25mMKCI
- 50 mM KCI
- 100 MM KCI
-+ 150 mMKCI
200 mM KCI

—— 100 mM LiCl
——0mMKCI
——25mM KCI
—— 50 mM KCI
—— 100 mM KCI
—— 150 mM KCI
200 mM KCI

=)
<3

Fluorescence Intensity x 10° (CPS)

350 400 450 500 550 30
Wavelength (nm)

40 50
Time (ns)

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 uM) 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.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Fluorescence lifetimes of TFBF-modified ON 4

KCl (mM) 1t (ns) @ 1, (ns) @ 13 (ns) as®

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%

% Relative amplitude (a,, a,, and a;) corresponding to lifetime
components (4, 75, and ;).

populated as compared to the other two fast decay components
(r1 and 13). Interestingly, as we increased the concentration of
KCl (25 mM to 200 mM), the population of the species
corresponding to 71, increased from 63% to 80% with
a concomitant decrease in the population of 7, and ;3 (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
fluorescence of the free nucleoside analog was not significantly
affected by changes in the K" ion concentration, indicating that
the observed fluorescence is due to differences in the
microenvironment of the nucleoside analog in different
conformations adopted by the ON (Fig. S11Af).

Based on the fluorescence and CD data, and by comparing
the structural models predicted for EGFR GQs in an earlier
report,* we infer the following. The CD profile of ON 4 in the
presence of KCI (200 mM) shows signatures for parallel and
hybrid-type GQs with a ratio of 70:30.*®* This trend was
consistent with the fluorescence data, and hence, we assigned
the longest lifetime component (7, = ~4.70 ns) to the parallel
GQ topology and 7, and 75 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.”””®
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. S12Af). In this topology, T,, was sandwiched
between the hairpin domain and a G-tetrad (Fig. 5A and S12A7).
Hence, TFBF-dU placed at this position may experience
a similar environment, wherein it would be stacked between C,¢
of the hairpin and G, of the bottom tetrad. As a result of
stacking interaction, the hybrid GQ structure of ON 4 exhibits
a lower fluorescence 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, T,,
was found to partially stack with G;; that formed the top
G-tetrad (Fig. 5B and S12Bf). TFBF-dU placed at T,, should
experience reduced stacking interaction with neighbouring
bases, and hence, the parallel form of ON 4 displays higher
fluorescence and a longer lifetime. For these reasons, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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A hybrid GQ

B parallel GQ

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 T,7 (in magenta) with adjacent bases is shown
here. Dashed lines represent the stacking interaction. The C5 position
of T,7 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 ESIf for details.

fluorescence intensity and contribution of 7, increases as
a function of K' ion concentration due to a progressive shift in
the equilibrium towards the formation of the more emissive
parallel GQ form.

Probing EGFR GQ structural equilibrium by 'F NMR

"H NMR spectra of modified 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 S137). However, due to only minor changes in the signals,
the effect of ionic conditions on the conformational
equilibrium could not be deduced from 'H NMR analysis.
Rewardingly, the incorporated nucleoside analog 1 gave distinct
and resolved '°F signals for different structures. A systematic
analysis using '°F 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
fluorescence data obtained at high concentrations of K" ions
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Fig. 6 (A) °F NMR and (B) *H NMR spectra of TFBF-modified ON 4 at
different KCl concentrations.
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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 '’F NMR peaks at
different KCIl 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 significantly increased from 23%
to 66% with increase in KCI concentration, while the population
of hybrid GQ and non-GQ structures decreased to 34%, a result
similar to the fluorescence data. A control experiment with
nucleoside probe 1 in the presence of different concentrations
of KCI did not affect the 'F NMR chemical shift similar to
fluorescence (Fig. S11Bft). Collectively, these results confirm
that '°F signatures exhibited by modified ON 4 is due to
differences in the microenvironment of the probe in different
structures.

Juxtaposed hairpin structure influences the GQ structural
equilibrium

To study the role of the hairpin junction, G,, and Cy;
nucleotides, involved in base paring, were mutated with Ts (ON
5, Table 1). Mutated ON 5 exhibited contrasting fluorescence
compared to native ON 4. The random coil form of ON 5 in the
absence of KCI displayed a weak emission band centered at
419 nm (Fig. 7A). Addition of KCl (25 mM) resulted in
quenching in fluorescence with a slight blue shift in the
emission maximum as a result of formation of GQ structures
(CD profiles also suggest the formation of GQs, Fig. 2C).
Furthermore, addition of KCl did not affect the fluorescence
profile of ON 5. The ON exhibited three different decay
components with lifetimes 7, = 0.95 ns, 7, = 0.11 ns and
73 = 2.67 ns in the presence of K' ions (Fig. 7B and Table 3).
Much like steady-state fluorescence, 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 (t; = 2.67 ns) was assigned to the parallel
GQ topology as before, whereas shorter lifetimes could
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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 pM) 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.
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Table 3 Fluorescence lifetimes of TFBF-modified mutated ON 5

KCl (mM) 14 (ns) @® 1, (ns) @* 713 (ns) as®

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%

“ Relative amplitude (a;, a,, and a;) corresponding to lifetime
components (t4, 75, and 13).

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

'H NMR spectra of mutated ON 5 and its corresponding
unmodified 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 S147).
Furthermore, the absence of a peak at 12.8 ppm confirmed that
the 3rd loop did not adopt a hairpin structure. *°F 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 profile 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. S151). These observations are
also consistent with fluorescence 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
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Fig. 8 (A) F NMR and (B) *H NMR spectra of mutated modified ON 5
at different KCl concentrations. Peak at —61.03 could not be assigned.
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overall stability of GQ structures. A ATy, of 4 °C between ON 4
and ON 5 also supports the above results obtained from
fluorescence and NMR studies (Table S27). 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 fluorescence and '’F 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 fluorescent label enabled the
quantification of ligand binding to an ensemble of GQs, the °F
label provided information on the efficiency of ligand
interaction with different co-existing GQ structures. Titration of
modified 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 fluorescence
intensity with no apparent change in the emission maximum
(Fig. 9B and S167). At low concentrations of ligands, we
observed a slight increase in fluorescence intensity. However,
the quenching effect was significant as the ligand concertation
was increased further, which gave reliable Ky values. The
observed fluorescence quenching is likely due to the proximity
of the probe to the bound polyaromatic ligands favouring
a nonradiative decay pathway.” TMPyP4 and PDS displayed
a similar affinity for an EGFR GQ with Kj values of 0.35 £ 0.02
uM and 0.37 + 0.04 pM, respectively (Fig. 9C). However,
BRACO-19 displayed a slightly lower affinity with a Ky value of
0.51 £ 0.05 pM. Furthermore, the tested ligands showed
a cooperative binding with a hill coefficient of nearly 2. Since

View Article Online

Chemical Science

TMPyP4 binding to GQ structures exhibit a red-shifted
absorption band,* 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 K4 value
(0.14 £ 0.01 pM) for TMPyP4 binding to GQs of ON 4 (Fig. S171).

It is not straight forward to determine topology-specific
binding of ligands when a sequence forms multiple structures.
Ligands could bind either to a specific topology or topologies
and stabilize the structures or could transform the structure,
thereby redistributing the population.®* The ability of our probe
to display distinct °F signals for different GQs was put to use in
detecting topology-specific binding of ligands. Modified 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 S18f). 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 Bf), which was confirmed by the
presence of CD signatures for both parallel and hybrid GQs
(Fig. S19B and Cf¥). Furthermore, ligands are known to interact
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(A) Structures of ligands used in this study. (B) Fluorescence spectra of ON 4 (0.5 uM) in 10 mM Tris-HCl buffer (pH 7.4) containing 100 mM

KClwith 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) *F NMR of modified ON 4 (15 uM) as a function of increasing TMPyP4 concentration.
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with GQs via different binding modes (external stacking,
intercalation, and groove binding).”” 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.*>*
From our studies, we find that although ligands (TMPyP4, PDS,
and BRACO-19) interact with EGFR GQs with similar K, values
(~0.35-0.5 uM), their specificity, mode of interaction and
influence on structural equilibrium are different.

Probing GQ structures in a model cellular environment by *°F
NMR

Next, we studied the utility of the '°F 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.***> To gain a progressive
understanding of GQ structures formed by EGFR ON 4 in
cell-free and cellular environments, '°F 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.** >F 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 CaCl,, 1 mM
MgCl,, 0.1 mM EDTA) gave a spectral profile reminiscent of GQ
structures formed in Tris buffer containing 100 mM KCI
(Fig. S207). 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 KCI (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.***® To
ascertain if the '°F signals obtained in lysate are associated with
the GQ structures formed by the intact ON, the lysate sample

Table 4 DNA ON sequences used in Taq polymerase stop assay
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was subjected to HPLC and mass analyses. A comparison of
HPLC chromatograms of lysate, lysate plus ON 4 (after
recording NMR), ON 4 and modified nucleoside analog clearly
indicates that ON 4 is stable in the lysate and did not degrade
during the NMR acquisition process (Fig. S217). Furthermore,
mass analysis of ON 4 isolated from the lysate sample
confirmed the identity of the ON (Fig. S227). It is important to
note that the "H 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 "H 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.*” To study the effect of
GQs, we designed three templates (T;-T;) 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 P,
was annealed with templates T,-T; in Tris-HCl buffer
containing 100 mM KCI, and the replication reaction was
performed using Tag DNA polymerase at 37 °C. At different time
intervals, individual reaction samples were quenched by adding
denaturing gel loading buffer and flashed cooled on a dry ice
bath. Reaction products were resolved by PAGE under
denaturing conditions and imaged using a fluorescence
scanner. Reactions with T; 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, T; 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,1 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 Ts. A mutated EGFR template T,
also yielded stalled products similar to template T, (Fig. 104,
red bars and Fig. S23B, gel image). While these results indicate
that GQ formation hampers the processivity of Tag 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 S21) and do not fully hamper the formation of

ON 5'-sequence—3’

P,y FAM-GGAGCTCAGCCTTCACTGC

T, GGGGACCGGGTCCAGAGGGGCAGTGCTGGGCGGCGCAGTGAAGGCTGAGCTCC
T, GGGGACCGGGTCCAGAGGGTTAGTGCTGGGCGGCGCAGTGAAGGCTGAGCTCC

T3 TCCTAACCCTAACTCTAACTCTAACGGCGCAGTGAAGGCTGAGCTCC

“ T represents mutation points.
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gel images, see Fig. S23B and S24.+

respective GQs of the EGFR as proved by our CD, fluorescence
and "°F 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. S247). Upon increasing the concentration of both the
ligands, the intensity of the full-length product reduced
significantly 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 S247). 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 specifically 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 fluorescence and '’F NMR techniques.
Distinct spectral signatures exhibited by the labels allowed the
(i) detection of different GQ topologies, (ii) quantification of the
GQ population equilibrium, and (iii) estimation of ligand
binding to different GQs. Notably, the '°F label provided
insights into the ligand-induced conformational changes in
GQs, thereby suggesting that our probe could be utilized to
detect topology-specific binders. Furthermore, a comparative

© 2023 The Author(s). Published by the Royal Society of Chemistry
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analysis of the readouts from the probe within native and
mutated ONs clearly revealed the influence 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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