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Tetraphenylethene derivative that discriminates
parallel G-quadruplexesy
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G-Quadruplex (G4), as a non-canonical nucleic acid secondary structure, has been proved to be prevalent
in genomes and plays important roles in many biological processes. Ligands targeting G4, especially small-
molecular fluorescent light-up probes with selectivity for special conformations, are essential for studying
the relationship between G4 folding and the cellular response. However, their development still remains
challenging but is attracting massive attention. Here, we synthesized a new tetraphenylethene derivative,
namely TPE-B, as a parallel G4 probe. Fluorescence experiments showed that TPE-B could give out
a strong fluorescence response to the G4 structure. Moreover, it gave a much higher fluorescence
intensity response to parallel G4s than anti-parallel ones, which indicated that TPE-B could serve as
a special tool for probing parallel G4s. The circular dichroism (CD) spectra and melting curves showed
that TPE-B could selectively bind and stabilize parallel G4s without changing their topology. ESI-MS
studies showed that TPE-B could bind to parallel G4 with a 1: 1 stoichiometry. The gel staining results
showed that TPE-B was a good candidate for probing parallel G4s. Altogether, the TPE-B molecule may
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Introduction

G-Quadruplexes (G4s) are non-canonical DNA and RNA struc-
tures found in nucleic acid sequences that are rich in guanine
(G) residues. X-Ray"* and NMR?*® studies have elucidated that
such G-rich sequences can form G4s with different topologies,
which usually can be categorized as parallel, hybrid and anti-
parallel. Parallel G4s contain four strands oriented in the
same direction, and propeller loops that surround the G-stem
forming grooves. The anti-parallel G4s consist of two strands
in opposition to the others and edgewise loops or diagonal
loops above the external G-tract. However, hybrid G4s have
three strands oriented in one direction and the fourth strand in
the opposite direction with both the propeller loop and
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serve as a promising new probe that can discriminate parallel G4s.

edgewise loop.”'* Bioinformatics analysis has shown that G4s
are prevalent in the human genome."™* After a decade of
research effort, evidence shows that G4s exert important bio-
logical functions.”*™® For example, G4s in the oncogene
promoter region can regulate the protein expression of VEGF*
and NRAS.” The G4s formed by the TTAGGG repeat sequence in
telomere end play an essential role in telomere homeostasis.**>*
Furthermore, G4s in the mRNA play different roles in regulating
the transcription.”?*?*¢ Thus, developing molecules targeting
G4s for studying their function has attracted massive attention.

To analyze the existence and function of G4s in cells, probe
molecules are highly required.?”*® Recently, antibodies for G4
have been developed and could successfully visualize both DNA
and RNA G4s in human cells.>*** However, this raises some
issues related to the antibodies; for example, the artefacts
caused by induced G4 formation, and the fixing and per-
meabilizing procedure of the immunodetection, which may
impair the morphological integrity of the G4s in cells, which
limit the application of antibodies.**** Thus, fluorescent light-
up probes that directly detect the G4s are a good alternative.
Many fluorescent probes have been reported; for example, the
organic molecules, including cyanine,* thiazole,**® triphenyl-
methane,®” or carbazole,*® and metal complexes.**** However,
poor selectivity and ligand-induced conformation changes limit
their application.®” Different topologies may endow the G4s
with distinct functions. Numerous proteins can recognize G4s
with a special topology and play different biofunctional roles.
For example, transcription factor ICP4 has been shown to bind
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preferentially to parallel G4s, which is important for the tran-
scription of HSV-1 in herpes virus-infected human cells.**
Heterochromatin protein 1o*> and insulin-like growth factor
type I** have both been shown to have selectivity for G4s in
different topologies, which are essential for heterochromatin
and cell growth, respectively. Therefore, the molecules with
selectivity toward special G4s, which can analyze the relevant
gene, are worth exploring.

Here, we tried to find and develop a small molecule that
could discriminate particular G4s. We tried to find the molecule
with the following principles: first, it should give out a fluores-
cence response to the G4 structure, which can be used for a G4
probing study; second, it should be able to distinguish different
G4s; third, it should not induce conformation changes while
binding to the G4s. Tetraphenylethene (TPE) as a typical
aggregation-induced emission (AIE) dye has attracted attention
as a light-up probe for G4s, but most probes developed with TPE
did not show good selectivity towards the special G4
topology.***¢ Thus, to develop a G4 fluorescent probe with
selectivity towards the special G4 topology, we modified the TPE
with four side arms containing pyridinium rings. Pyridinium
has shown good affinity towards nucleobase or phosphate
oxygen atoms of DNA through m-m stacking, hydrogen bonds
and electrostatic interactions.*”~*° Thus, it may help the arms be
accommodated within the loop and enhance the selectivity. We
synthesized the tetraphenylethene derivative TPE-B, and
through fluorescence, CD, ESI-MS, and docking analyses, we
found that it had selectivity towards parallel G4s. The gel-
staining experiments and cell-staining results demonstrated
the good possibility of TPE-B for selectively imaging the parallel
G4. Altogether, the TPE-B was demonstrated to have promise as
a parallel G4-selective probe.

Experimental
Materials and reagents

All DNAs and RNAs were synthesized on a 1 pmol scale on an
automatic DNA/RNA synthesizer (Nihon Techno Service Co.,

Table 1 Information on the sequences used in this study
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Ltd., NTS M-2). After the automated synthesis, the oligonucle-
otides were detached from the support and deprotected. All the
oligonucleotides were purified by HPLC (Shimadzu (China) Co.,
Ltd., LC-16). The RNA and DNA sequences used in this study are
listed in Table 1.

TPPE was the final compound obtained from tetra-(4-pyr-
idylphenyl) ethylene purchased by Aladdin (ML3771904) and
modified through subsequent operations. First, 3 M hydro-
chloric acid was added for protonation, followed by heating to
reflux, and finally the product was concentrated and dried to
obtain TPPE. Details of the synthesis and characterization of
TPE-B are available in the ESI.f TPE-B and TPPE were water
soluble, and aqueous solutions were prepared for subsequent
studies.

Cell lines and culture conditions

HeLa and HEK293 cells were obtained from the Kunming cell
bank of the Chinese Academy of Sciences, MCF-7 cells were
obtained from the American Type Culture Collection (ATCC)
(Manassas, VA). The HeLa cells were kept in Dulbecco’s modi-
fied eagle’s medium (DMEM; Gibco, USA, Cat: C11995500BT)
with 10% heat-inactivated fetal bovine serum (FBS; Si Ji Qing,
Hangzhou, China, Cat: 11011-8611). The HEK293 cells were
kept in Dulbecco’s modified eagle's medium (DMEM; Gibco,
USA, Cat: C11995500BT) with 15% heat-inactivated fetal bovine
serum (FBS; Si Ji Qing, Hangzhou, China, Cat: 11011-8611). The
MCF-7 cells were kept in Dulbecco's modified eagle's medium
(DMEM; Gibco, USA, Cat: C11995500BT) with 5% heat-
inactivated fetal bovine serum (FBS; Si Ji Qing, Hangzhou,
China, Cat: 11011-8611). All the cells were maintained in
a humidified atmosphere of 5% CO, at 37 °C.

Fluorescence spectroscopy

Fluorescence spectra were recorded on a VARIANCARYE-CLIPSE
fluorescence spectrophotometer (Varian, USA) with a 10 mm-
path-length micro quartz cell. Oligo solutions were prepared
as 3 mL DNA/RNA samples at different concentration gradients

Oligo Sequence (from 5’ to 3') Structure

NRAS UGUGGGAGGGGCGGGUCUGGG Parallel®*
TERRA UUAGGGUUAGGG Parallel®®
C-Myc TGAGGGTGGGTAGGGTGGGTAA Parallel™
VEGF RNA GGAGGAGGGGGAGGAGG Parallel"®

TBA 15 GGTTGGTGTGGTTGG Anti-parallel®*
hRAS1 TCGGGTTGCGGGCGCAGGGCACGGGCG Anti-parallel®®
Bom 17 GGTTAGGTTAGGTTAGG Anti-parallel®
Telomere DNA AGGGTTAGGGTTAGGGTTAGGG Anti-parallel®”
ODN-51 TAGGGTTAGGGTTAGGGTTAGGG Hybrid®®

AT ATATATATATAT Duplex

AU AUAUAUAUAUAUAUAUAUAU Duplex

i-motif CCCTAACCCTAACCCTAACCC i-motif*®

mut NRAS UGUGUGAGUGGCGUGUCUGUG Single-stranded
mut VEGF RNA UGAUGAGUGUGAUGAUG Single-stranded
mut TERRA UUAGUGUUAGUG Single-stranded
mut TBA 15 TGTTGTTGTTGTTGT Single-stranded
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in the presence of 100 mM KCI/NaCl and 10 mM Tris-HCI
buffer (pH 7.4). Each solution was heated to 95 °C for 5 min and
then gradually cooled to room temperature. TPE-B/TPPE solu-
tions (final concentration was 5 uM) were added to the oligo
samples prior to the spectral measurements. During the emis-
sion spectral measurements, both the excitation and emission
spectral slits were set to 10 nm and the excitation wavelength for
TPE-B was set at 339 nm, while both the excitation and emission
spectral slits were set to 5 nm and the excitation wavelength was
set at 356 nm for TPPE.

For the fluorescence quantum yield measurements,
coumarin 6H (C6H) (®r = 0.58) was used as a standard. The
fluorescence quantum yield was calculated by the formula (1):

Yu:(YsXFuXAs)/(FSXAu) (1)

where, Y, and Y, are the fluorescence quantum yields of the
object that is to be tested and the reference standard substance,
respectively, F, and F; are the integral fluorescence intensities
of the substance that is to be tested and the reference
substance, and A,, and A, are the absorbance of incident light of
the substance at the excitation wavelength.

For the fluorescence titration experiments, the TPE-B
concentration was fixed at 5 pM, and then the TPE-B was
titrated with increasing concentrations of different oligos. The
oligo solutions were prepared as described above, and the
fluorescence spectra of TPE-B in the range of 300-650 nm (TPPE
in the range of 350-800 nm) were recorded. The dissociation
constant (Kg) from the fluorescence titration experiments was
analyzed by GraphPad Prism 9.2.0. Data was fitted using the
saturation binding eqn (2) and one site specific binding mode.

Y = Biax X X/(Kd + X) (2‘)

where Y is the fluorescence intensities of TPE-B at 480 nm in the
presence and absence of different concentrations of G4, By,ax is
the fluorescence intensity after G4 is added to reach saturation,
and X is the different concentrations of G4.

CD spectroscopy

CD experiments were carried out on a Chirascan spectropho-
tometer (Applied Photophysics, Surry, UK). The quartz cuvette
with a 2 mm path length was employed for the spectra recorded
over a wavelength range of 220-320 nm at 1 nm bandwidth, 100
nm min~', and 0.25 s per point. For each experiment, an
average of three scans was taken, while the corresponding
buffer blanks were used to correct the background. G4 solutions
for the CD spectra were prepared as 0.4 mL samples at 5 pM
(VEGF RNA, NRAS, TERRA) or 15 uM (hRAS1, ODN-51, telomere
DNA) concentrations individually in the presence of 100 mM
KCl/NaCl, 10 mM Tris buffer (pH 7.4). The i-motif solutions (15
uM) for the CD measurements (400 pL) were prepared in 10 mM
sodium phosphate buffer (pH 5.0) containing 100 mM NaCl.
The G4 samples were prepared by heating the oligonucleotides
at 95 °C for 5 min and gradually cooling them to room
temperature. TPE-B solution (1-10 or 1.5—30 uM as final
concentrations) was added to the G4 solutions prior to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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measurement. The melting curves were obtained by monitoring
the 265, 285, 290 and 295 nm CD band.

Mass spectrometry

The ESI-MS spectra was measured under the condition modi-
fied from the previous report using an Exactive Orbitrap mass
spectrometer (Thermo Scientific, USA) in the negative ion
mode.* Data was acquired using Xcalibur software (Thermo
Scientific). A final strand concentration of 20 pM G4 oligomers
was mixed with TPE-B at different concentrations in the pres-
ence of 50% methanol. The trimethylammonium acetate
(TMAA) (final concentration: 100 mM) was mixed with G4/TPE-B
solution prior to the injection. The ESI spray voltage and
capillary voltage were 2.75 kV and —20 V, respectively, with
a heated capillary temperature of 150 °C. The ion accumulation
time was 100 ms. The sample solutions were infused into the
ESI source at a flow rate of 20 uL min~' by using the instru-
ment's syringe pump. The tube lens and skimmer voltage were
fixed to —180 V and —10 V. In order to help the de-solvation
process to occur, the HCD cell voltage was set to 10 eV and
the cell pressure was 2.5 x 10> mbar.

Molecular docking

The 3D coordinates of the DNA G4 structures were retrieved
from the RCSB Protein Data Bank. The G-quadruplex structure
for docking was prepared as described.** With the MMFF force
field, the molecular structures of TPE-B and TPPE were
respectively optimized using the Discovery Studio 4.5 (Accelrys
Software Inc., San Diego, USA). The molecular docking study
was carried out using Autodock 4.2 with the Lamarckian genetic
algorithm following the protocols developed for DNA G-
quadruplex and ligand docking.** The figures were presented
using Discovery Studio 4.5.

Native PAGE experiments

Here, 20% (19 : 1) polyacrylamide gels were used for the gel
electrophoreses. Various oligonucleotides (5 ptM) were run in 1
x TBE buffer in the presence of 20 mM KCl, at a temperature of
4 °C for 3 h. The gel was post-stained with TPE-B (10 pM) in 1 X
TBE and another gel was post-stained with GelStar™.

Cell staining

Prior to the staining experiments, the cultured cells were fixed
by 99% methanol (4 °C) for 1 min and washed twice with PBS for
5 min. Then, the cell membrane was permeabilized by
immersing the cells in 1% Triton X-100 (2 min), and then the
well was washed twice with PBS. The pre-treated HeLa cells were
stained with TPE-B (5 uM) for 15 min at room temperature and
subsequently washed twice with PBS for 5 min. The cells were
then also stained with AO dye (1 pg mL™') and EB dye (1 pg
mL ") for 5 min and washed by PBS twice for 5 min each time. A
total of 1000 puL PBS (as control), DNase I (70 pg mL™", Sigma),
or DNase-Free RNase A (50 pg mL ™", GE) was added into the
three adjacent wells and incubated at 37 °C for 2 h. The cells
were rinsed by PBS twice before imaging. For each dye used in
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the tests, equal parameters and exposure time were used.
Channel filter cube DAPI (emission wavelength: 460 nm), filter
cube FITC (emission wavelength: 527 nm), and filter cube Y3
(emission wavelength: 605 nm) were used for the TPE-B, AO,
and EB staining respectively.

MTT assays

The in vitro cytotoxicity of TPE-B was tested by using standard
methyl thiazolyl tetrazolium (MTT) assays. HeLa, HEK293 and
MCF-7 cells were cultured in DMEM containing 10%, 15%, and
5% fetal bovine serum, respectively (37 °C in a humidified 5%
CO,/95% air atmosphere). The cells were seeded in 96-well
plates and cultured with TPE-B at different concentrations (0,
2.5, 5, 10, 20, 40, 80 uM) for 24 h. MTT solution (20 pL, 5 mg
mL ™" in PBS buffer) was added to each well of the 96-well plates.
After incubation for 4 h under moist conditions, followed by
removal of the culture medium, 150 pL of dimethyl sulphoxide
(Sigma) was added to the well and the solution was gently
shaken for 10 min. The absorbance was measured at 570 nm
using a microplate reader (Bio-Rad). The experiment was
repeated three times. The ICs, values from the MTT experi-
ments were analyzed by GraphPad Prism. Data were fitted using
the dose-response-inhibition equation and the log[inhibition]
vs. normalized response-variable slope.

Absorption spectra

UV-Vis absorption spectra were measured using a micro quartz
cell with a 10 mm path-length by a UV-Vis spectrophotometer
(SHIMADZU UV-2700). For the study of the absorption spectra
of the TPE-B and G-quadruplexes with different structures, oligo
solutions were prepared as 3 mL DNA/RNA samples at different
concentration gradients in the presence of 100 mM KCl, 10 mM
Tris—-HCI buffer (pH 7.4). Each solution was heated to 95 °C for
5 min and then gradually cooled to room temperature. The TPE-
B solutions (final concentration was 5 pM) were added to the
oligo samples prior to measurement.

NMR experiments

DNA/RNA sequences were analyzed on a BRUKER (AV-600M)
magnetic resonance spectrometer. The spectra were recorded

TPE-B

Scheme 1 Chemical structures of the TPE derivatives used in this work.
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at 25 °C. DNA/RNA samples (0.6-5.2 mM) were dissolved in 90%
H,0/10% D,O (total volume: 0.15 mL) containing 10 mM
potassium phosphate buffer (pH 7.0) and 100 mM KCl for
TERRA, NRAS, C-Myc, ODN-51, DS RNA, DS DNA or 10 mM
sodium phosphate buffer (pH 7.0) and 100 mM Nacl for telo-
mere DNA| i-motif.

Results and discussion

First, we synthesized two TPE derivatives: the 1,1’,1”1"-
(((ethene-1,1,2,2-tetrayltetrakis(benzene-4,1-diyl)) tetrakis(oxy))
tetrakis(butane-4,1-diyl)) tetrakis(4-(dimethylamino) pyridin-1-
ium) bromide (TPE-B) (Scheme S1 and Fig. S1-S61) and
1,1,2,2-tetrakis(4-(pyridin-4-yl) phenyl) ethane tetrakis(1-
chloropyridin-1-ium) chloride (TPPE) (Scheme S2}). The
synthesis of TPE-B started from 4,4’-dihydroxybenzophenone.
Through three steps, four flexible arms were added to the TPE
core. The structural formulas of TPPE and TPE-B are shown in
Scheme 1. Next, their fluorescence responses to different G4s
were compared, including four parallel G4s, four anti-parallel
G4s, and one hybrid G4 (Table 1).

As shown in Fig. 1, both the free TPPE and TPE-B emitted
a weak broad emission band ranging from 400 to 600 nm when
excited at 356 nm/339 nm (Fig. 1a and b). Next, we measured the
emission spectra of TPE-B. As shown in Fig. 1c and d, TPE-B
displayed a strong emission band around 480 nm only with
the poorer solvent THF at a high content (above 95%). While,
with the addition of water content (above 5%), the emission
band disappeared, which was ascribed to the typical AIE
feature. Notably, TPE-B gave a strong fluorescence enhance-
ment in response to the G4 structure, while TPPE gave barely no
response, and the fluorescence enhancement of TPE-B towards
parallel G4s was near 40-fold compared to the double-stranded
DNA/RNA or i-motif, which indicated that TPE-B can act as
a light-up probe specific for the G4 structure. That encouraged
us to further investigate the TPE-B molecule. To verify that the
fluorescence response of TPE-B was dependent on the G4
structure, we mutated the G4 sequences and checked the fluo-
rescence of TPE-B mixed with the mutant sequences. As shown
in Fig. 1b, TPE-B gave out no fluorescence response to the

mutant sequences. Furthermore, the fluorescence

4Br

TPPE

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Fluorescent spectra of 5 uM TPPE and TPE-B (b) in the absence or presence G4s (1 uM). Parallel G4s (TERRA, VEGF RNA, C-Myc, NRAS)

in red, anti-parallel G4s (Bom 17, hRAS 1, TBA 15, telomere DNA) in grey, hybrid G4s (ODN-51) in grey, single-stranded (mut TERRA, mut NRAS,
mut TBA 15, mut VEGF RNA) or i-motif, double strands (AT) DNA, RNA (AU) in black. Buffered solution (KCl =100 mM, Tris buffer 10.0 mM, pH 7.4,
T = 25 °C). Additional experiments were performed under NaCl buffer conditions (100 mM) for telomere DNA and 10 mM sodium phosphate
buffer (pH 5.0) for i-motif. (c) Emission spectra of TPE-B at 25 °C in THF/water solutions at increasing water volume fractions, x(water). (d).
Corresponding scatter plot of the emission spectrum of TPE-B in THF/aqueous solution at 25 °C.

enhancements of TPE-B mixed with parallel G4s were much
higher than those of the anti- or hybrid G4s. This indicated that
TPE-B may have a preference for parallel conformations of the
G4 structure.

Next, fluorescence titration experiments of TPE-B were
carried out with different kinds of oligonucleotides to further
study the binding affinity of TPE-B towards the G4s. Fluores-
cence titrations were performed at a fixed concentration (5 pM)
of TPE-B, and G4 sequences were continuously added until the
fluorescence intensity did not significantly change. As shown in
Fig. 2a, and S7-S9,T with the addition of G4s, the fluorescence
was significantly enhanced, while no enhancement was
observed with the addition of double-stranded DNA/RNA, i-
motif or the mutant sequences, which again suggested the
fluorescence response of TPE-B depended on the G4 structure
(Fig. 2d and S9%). Also, the anti- or hybrid G4s induced a much
lower fluorescence enhancement compared to the parallel G4s,
which suggested that TPE-B can be developed as a parallel G4
selective probe (Fig. 2 and S7-S97). The dissociation constants
(Kq) between the TPE-B and G4s were analyzed through fluo-
rescence titration experiments. The results showed that TPE-B
had a higher affinity towards parallel G4s than anti- or hybrid
ones. For example, the K, values of TPE-B towards parallel G4s,
such as NRAS and VEGF RNA, were more than 10-fold lower
than those towards anti- or hybrid G4s, such as Bom 17 and

© 2022 The Author(s). Published by the Royal Society of Chemistry

ODN-51 (Fig. 2 and Table S1}). Also, measurements of the
fluorescent quantum yields showed that the quantum yields
upon binding with parallel G4s were higher than the anti- or
hybrid G4s, which was in agreement with the results of the
titration experiment and showed that fluorescence enhance-
ment was always more pronounced for parallel G-quadruplexes
(Table S27). Such results again indicated that TPE-B can be used
as a probe for selectively detecting parallel G4s. We investigated
the structure of such sequences by nuclear magnetic resonance
(NMR). The "H-NMR spectra indicated such sequences indeed
formed the G4, double strands, and i-motif topologies
(Fig. S107).

CD is particularly useful for monitoring the conformational
change of macromolecules; therefore, we performed CD spec-
tral measurements to analyze the influence of TPE-B on the
conformation of G4s.>* The results of the CD experiments
showed that the parallel G4s (VEGF RNA, TERRA, NRAS in the
presence of K') had a positive peak at 265 nm and a negative
peak at 240 nm, while anti-parallel G4s (hRAS1 in the presence
of K*; Telomere DNA in the presence of Na") had a positive peak
at 295 nm and a negative peak at 260 nm, and hybrid G4s (ODN-
51 in the presence of K') had a positive peak at 290 nm,
a shoulder peak near 265 nm and a negative peak at 235 nm.
Also as shown in Fig. 3 and S11,1 with the addition of TPE-B, the
CD spectral features of the G4s (including parallel, anti- and
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Fig. 2 Fluorescence titration spectra of TPE-B with different G4s: (a) with VEGF RNA (parallel G4) at different concentrations, (b) with ODN-
51(hybrid G4) at different concentrations, (c) with hRAS1 (anti-parallel G4) at different concentrations, (d) with AT (double-stranded DNA) at

different concentrations.

hybrid G4s) and i-motif did not change significantly. That result
indicated that TPE-B would not induce the conformational
change of G4. Further, the CD melting curves showed that TPE-
B significantly increased the melting temperature (Ty,) value of
parallel G4s in a dose-dependent manner. The ATy, (the Ty,
values of G4-TPE complex minus the T}, value of G4) for parallel
G4s in the presence of TPE-B (ratio of TPE : G4 was 1 : 1) were
above 3 °C. The ATy, value for NRAS was 13.51 °C. However, no
significant T;,, change for i-motif, or the anti-, or hybrid G4s
were observed (ATy, for hRAS1 and ODN-51 were 0.07 °C and
—1.50 °C, respectively), which suggested TPE-B could selectively
stabilize parallel G4s (Fig. 3, S11 and Table S3+).

Due to the soft ionization, the ESI technique was used to
determine both the mass of the G4 and the mass of the G4-
ligand complex with minimal fragmentation, as it is a very
straightforward way to measure the stoichiometry of the
complex.®® Next, we used ESI-MS to further characterize the
binding of TPE-B with G4s. As shown in Fig. 4a, for the parallel
G4s, both the peaks of G4 and G4-TPE-B were directly observed,
whereby the ions near m/z[1962.2] and [2228.5] corresponded to
[G4 + 4NH,'-8H]*~ and [G4 + TPE-B + 4NH,'-8H]"", respec-
tively. Such results showed the stoichiometry of the G4-TPE
complex was 1: 1. Also, the G4-ligand peak was significantly
increased depending on the concentration of TPE-B, which
confirmed the binding of the TPE-B and parallel G4. While, for
the anti- and hybrid G4s, although the G4-ligand peaks were
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observed (for anti-parallel G4, the ions near m/z [2402] corre-
sponded to [G4 + TPE-B + 4NH,'-8H]*~; for hybrid G4, the ions
near mj/z [2109] corresponded to [G4 + TPE-B + 4NH,"-8H]"7),
and they were very weak even with TPE-B at a high concentra-
tion, which further confirmed the poor binding of TPE-B
towards anti-parallel and hybrid G4s (Fig. 4b and c).

To gain structural insights into the TPE-B/G4 complexes, we
performed TPE-B docking binding analysis on parallel G4s,
whose structures in solution had been elucidated by NMR
studies. The molecular structure of TPE-B was first optimized
using BIOVIA Discovery Studio 4.5 and then docked into the G4
by Autodock 4.2. As shown in Fig. 5e, a remarkable edge to the
face m-m stacking between the TPE core and G-tetrad was
observed at the end of the quadruplex. Meanwhile, the proton
in the 4-(dimethylamino)pyridinium group at the end of the
arms could form a hydrogen bond with the “O” atom of the
phosphate backbone located in the groove and the N* may form
electrostatic interactions with the phosphate backbone, which
may help the four arms of TPE-B to be stretched and accom-
modated in the external grooves around the G-stem (Fig. 5a,
b and d). The absorption spectrum of TPE-B treated with
different G4s also confirmed this. As shown in Fig. S12,1 TPE-B
showed a peak around 287 nm. With the addition of parallel
G4s, the 259 nm absorption band was greatly enhanced. Such
a blue-shift is always ascribed to the n — m* transitions
induced by binding between the side chain of TPE-B to the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Left: effect of TPE-B on CD spectra of G4s in the presence of 100 mM KCl at 25 °C. Right: melting curves of G4s with TPE-B at different
concentrations. VEGF RNA G4 (parallel, 5 uM), hRAS1 G4 (anti-parallel, 15 pM), ODN-51 (hybrid, 15 pM). AT, was indicated by arrow.

grooves of the parallel G4s (Fig. S131). This may increase the G4s, it may induce huge steric hindrance and prevent TPE-B
selectivity of TPE-B for parallel G4s. Due to that the loops are from stacking with the terminal G-tetrad, which may result in
located near or above the external G-tetrad in the anti- or hybrid poor binding of TPE-B toward anti- or hybrid G4 (Scheme 2).
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Fig. 4 MS titrations of 20 uM (a) TERRA (parallel G4), (b) hRAS1 (anti-parallel G4) and (c) ODN-51(hybrid G4) with TPE-B in the presence of
100 mM TMAA with 1 mM KCl, showing zooms on the 4~ charge state. Free G4 and G4-ligand peaks were labelled with [G4 + 4NH,*—8H]*~
corresponding to free G4, and [G4 + TPE-B + 4NH,4*—8H]*~ corresponding to the G4-ligand complex.
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Fig. 5 Model of the TPE-B complex with parallel G4 (PDB ID: 3IBK). Surfaces coloured by atom type: (a) TPE-B presented stacks to the G-tetrad
core at the end of the quadruplex (TPE-B is in yellow). Red circle indicated the TPE core. (b) Side view of the complex showing the flexible arms of
TPE-B extended into the grooves of G4. (c) Comparison of the TPE-B with TPPE (red) from top. Red circle indicated the TPE core. (d) Zoom from
the (b) blue arrow, indicating hydrogen bonds (green dash), while the G4 is presented as a stick and ball, and the TPE-B molecule is presented as
sticks in yellow. (e) Zoom from (b) showing the edge to face —m stacking between the TPE core and G-tetrad.

TPE-B

edgewise loop

diagonal loop
—

parallel

anti-parallel Hybrid

Scheme 2 TPE-B selectively binding to a parallel G4.

Also, the blue-shift was not observed in the absorption spec-
trum of TPE-B treated with anti- or hybrid G4s, which further
confirmed the selectivity of TPE-B. Comparing TPE-B with the
TPPE molecule, they both have the TPE core. For TPPE, pyr-
idinium rings are directly linked to TPE core, which may induce
steric hindrance and prevent the TPPE stacking on to the
terminal G-tetrad. While, for TPE-B, the flexible oxybutyl groups
can be easily stretched and accommodated in groove regions
(Fig. 5c¢). We compared the docking results of TPE-B with
a larger number of literature-known G4s (Fig. S131). Those
results also showed that the TPE-B preferably binds with
parallel topologies over non-parallel ones.

Next, we investigated the possibility of using the TPE-B as
a fluorescent stain in non-denaturing polyacrylamide gel elec-
trophoresis (PAGE). Many dyes are commercially available for
staining nucleic acid in native gel but there is still no dye that
can selectively stain specific G4s. We tried to stain PAGE gels
with TPE-B (10 uM) for a number of nuclei acids. This showed

14772 | RSC Adv, 2022, 12, 14765-14775

that TPE-B could be selectively stained with parallel G4 and
showed intense bands. In contrary to parallel G4s, almost no
fluorescence was observed for non-parallel G4s, i-motif and
mutant sequence (Fig. 6). GelStar™ (a universal nucleic acid gel
stain) was also used to stain the gel conducted under the same
conditions to demonstrate the specificity of the dye. Such
results highlighted the potential application of TPE-B as
a parallel G4 selective fluorescent staining agent.

Cell staining experiments were performed to analyze the
TPE-B in cells. As shown in Fig. 7, co-staining with the EB and
AO dyes showed that TPE-B could be an efficient fluorescent
probe for labelling foci in both the cytoplasmic and nucleolar
regions. Next, to gain insights into the actual TPE-B cellular
targets, fixed HeLa cells were subjected to both deoxy-
ribouclease (DNase I) and ribonuclease (RNase A) treatments

a)

1 2 3 4 5 6

TPE-B

GelStar

Fig.6 Non-denaturing gel electrophoresis of parallel G4 (NRAS, line 1;
VEGF RNA, line 2), non-parallel G4 (Bom 17, line 3; hRASL, line 4; i-
motif, line 5; mut VEGF RNA, line 6) at the concentration of 5.0 uM and
was stained with TPE-B (10 uM, a) and GelStar™ (10 uM, b).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Confocalimaging of Hela cells stained with TPE-B and the effect of DNase and RNase treatments on the TPE-B labelling efficiency. Hela
cells were stained with 5.0 uM TPE-B for 15 min, 1.0 pg mL~* AO and 1.0 pg mL™ EB for 5 min without and with DNase | or RNase A treatment.

before TPE-B labelling.®* After the DNase I treatment, the
enhanced fluorescence of TPE-B evidently disappeared, while
the RNase A treatment only reduced the difference between the
cytoplasmic and nuclear staining. These results indicated that
TPE-B mainly interacted with the DNA G4s in cells.*”** We also
checked the cytotoxicity on different cell lines, including HeLa
cells, MCF-7 cells and HEK293 cells. The results showed that the
1Cs5, values of TPE-B towards HeLa cells, MCF-7 cells and
HEK293 cells were 35.6 uM, 30.1 uM, and 110.7 uM respectively.
Compared with other kinds of G4 fluorescent probes, such as
platinum(u) Complex, which showed the ICs, (15.4 + 0.5 pM)
value against HeLa cells®® and acridine orange (AO) derivatives,
which showed IC;, values on HeLa cells of 5.7, 2.4 and 0.9 uM,
respectively,* while TPE-B exhibited good safety for staining
nucleic acids (Fig. S147).

Conclusions

G4 structures have attracted massive attention as they have
important biofunctions. Developing fluorescent probes that can
discriminate different G4s is desirable for the detailed investi-
gation of the features and functions of special G4s in the
genome.*” In this study, we developed two tetraphenylethene
derivatives and found TPE-B to be a new G-quadruplex fluo-
rescent ligand. Compared with anti- or hybrid G4s, it showed
a strong selective binding affinity for parallel G4s. Also, TPE-B
showed a preferential stabilization effect on parallel G4s
without inducing conformation changes. Docking analysis
indicated that TPE-B can stack external G-quartets with the long
side positioned in the G4 grooves. The binding between side
chain TPE-B and the grooves of the parallel G4s endowed the

© 2022 The Author(s). Published by the Royal Society of Chemistry

TPE-B with selectivity of and led to a fluorescence enhancement,
which may provide crucial factors for the design of AIE mole-
cules for probing special G4s. Gel- and cell-staining experiments
showed the good possibility for the use of TPE-B as a parallel G4
selective staining material. In conclusion, this study provides
a new G4 probe for targeting parallel G4s.
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