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G-quadruplexes fold into
antiparallel structures of different compactness
and stability in K+ and Na+ solutions†

Chao Gao, ‡a Jixin Chen,‡a Naureen Anwar,b Jieya Deng,a Zhangqian Wang,*a

Muhammad Umer*c and Yi He*a

Human telomere sequences (TTAGGG)n fold into G-quadruplexes with different conformations in K+ and

Na+ solutions, which are highlighted for their potential as antitumor drug targets. Moreover, human

multimeric G-quadruplexes have been broadly studied potentially for screening ligands with higher

selectivity than monomeric G-quadruplexes. Most insects have telomeres consisting of pentanucleotide

(TTAGG) repeats, which fold into an antiparallel structured G-quadruplex with a two-layer G-planar in

a K+ solution. However, the structure of insect telomeric G-quadruplexes in Na+ solutions and their

higher-order structures have not been explored. The quinoline derivative BMPQ-1 has been reported to

bind human multimeric G-quadruplex. This study compared the stability and compactness of insect

monomeric and multimeric G-quadruplex structures in K+ and Na+ solutions and further validated the

interaction between BMPQ-1 and insect multimeric G-quadruplexes. Circular dichroism (CD) spectral

scanning analysis revealed that although the insect telomeric G-quadruplex folds into an antiparallel

structure in both K+ and Na+ solutions, all the insect telomeric G-quadruplexes are more stable in Na+

solutions. Fluorescence resonance energy transfer (FRET) analysis indicated insect telomeric G-

quadruplexes have a more compact structure in Na+ solutions. BMPQ-1 exhibited higher selectivity for

insect multimeric G-quadruplex Bom37 than monomeric G-quadruplex Bom17, and had a different

binding pattern to Bom37 G-quadruplex in K+ and Na+ solutions. Finally, BMPQ-1 was found to have

a significant inhibitory effect on the proliferation of pest cells. This study contributes to our

comprehensive understanding of insect telomeric G-quadruplexes.
Introduction

G-quadruplexes are non-classical high-level structures formed
by guanine-rich nucleic acid sequences.1–3 Hoogsteen hydrogen
bonds can stabilize the G-quadruplex structures in the presence
of metal cations.4–7 G-quadruplexes-forming oligonucleotides
always exist in the eukaryotic telomeres and the promoter gene
regions.7,8 The formation of the G-quadruplex signicantly
impacts several biological events.9–11
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Telomeres are important structures that protect the ends of
chromosomes,12 and telomere DNA sequences of humans
consist of double-stranded TTAGGG repeats and terminate with
around 200 nt guanine-rich single-stranded overhangs beyond
the double-stranded region,13–15 which has a high tendency to
fold into multimeric G-quadruplexes connected by TTA linkers.
Human multimeric G-quadruplexes are promising targets for
developing antitumor drugs,16–18 and the monovalent cations in
the cell that stabilize the G-quadruplex are mainly K+ and
Na+19,20 Human telomeric G-quadruplexes have been discovered
for a long time, and those can fold into multiple topologies,
including (3 + 1) hybrid-1/-2 structures, parallel structures in K+

solution and antiparallel structure in Na+ solution.21–25

Compared with monomeric G-quadruplexes, the human mul-
timeric G-quadruplexes are probably biologically more related
to the structure of long telomeric DNA sequences in vivo.16,17,26,27

However, not only human telomere sequences but also
telomere sequences in plants and even in insects can fold into
G-quadruplex structures. Furthermore, the structure of these
non-human telomeric G-quadruplexes has only been reported
to some extent.28–31 The conservation of telomere structure in
insects is similarly signicant for the integrity of the genome
RSC Adv., 2023, 13, 35937–35946 | 35937
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within the insect cell.29,30 Telomeres of most insects are
composed of repeated sequences of TTAGG, which are folded
into an antiparallel structured G-quadruplex with a two-layer G-
planar in K+ solutions.31,32 However, there is limited knowledge
of the conformation of insect telomeric G-quadruplexes in the
Na+ solutions and insect multimeric G-quadruplexes. Studying
the higher-order structure formed by a long chain of insect
telomere sequences facilitates understanding insect telomere
structure and screening ligands targeting insect multimeric G-
quadruplexes.

In this study, we compared the conformation of insect
telomeric monomeric G-quadruplexes (Bom17) and multi-
meric G-quadruplexes (Bom37, Bom57, Bom77, and Bom97)
by CD spectral scanning analysis and used CD melting to
evaluate their stability in K+ and Na+ solutions. Comparison of
the compactness of insect telomeric G-quadruplexes in K+ and
Na+ solutions, respectively, based on the FRET efficiency
between uorescent pairs (5′-FAM and 3′-TAMRA) labeled with
insect telomeric G-quadruplexes was also investigated. More-
over, we further analyzed the interactive strength between
telomeric G-quadruplexes and the ligand BMPQ-1 and the
binding modes in K+ and Na+ solutions by uorescence
spectroscopy.

Results
Structure and stability of insect telomeric G-quadruplexes in
K+ and Na+ solutions

Human telomeric G-quadruplexes fold into different confor-
mations in monovalent cationic K+ and Na+ solutions. To
investigate the conformation of insect telomeric G-
quadruplexes in the K+ and Na+ solutions, CD spectroscopy
was performed to analyze the conformation of insect telo-
meric monomeric G-quadruplex Bom17 and multimeric G-
quadruplexes Bom37, Bom57, Bom77, and Bom97 (Table
S1†) in the K+ and Na+ solutions (Fig. 1). In the CD spectrum
of insect telomeric G-quadruplexes in both K+ and Na+ solu-
tions, there are two characteristic positive peaks at ∼245 nm
and 295 nm, with a strong minimum peak at about 265 nm,
which is associated with the characteristic peaks of antipar-
allel structured G-quadruplexes. The intensity of the signal
peak of the insect telomeric G-quadruplex increases as the
sequence is stretched. All telomeric G-quadruplexes showed
a stronger CD signal peak at about 265 nm and a weaker
signal peak at about 295 nm in Na+ solution than in K+

solution, suggesting insect telomeric G-quadruplexes may
possess additional stability in Na+ solutions.

The thermal stability of insect telomeric G-quadruplexes in
K+ and Na+ solutions was further analyzed through CD melting
(Fig. 2). Bom17, Bom37, Bom57, Bom77, and Bom97 showed
a melting temperature (Tm) values of 42.62 ± 1.96 °C, 35.85 ±

0.14 °C, 33.53 ± 0.16 °C, 30.62 ± 0.69 °C, and 29.31 ± 0.30 °C in
K+ solution, respectively, and they presented a Tm value of 43.21
± 0.43 °C, 41.27± 0.34 °C, 34.66± 0.16 °C, 31.29± 0.17 °C, and
30.69 ± 0.16 °C in Na+ solution, respectively. These results
shown that all the insect telomeric G-quadruplex folds into
a more stable structure in Na+ solution, and the structural
35938 | RSC Adv., 2023, 13, 35937–35946
stability of insect telomeric G-quadruplex in both K+ and Na+

solutions drops as the sequence is extended.

Insect telomeric G-quadruplexes have a more compact
conformation in Na+ solutions

As mentioned above, the results specied that the insect telo-
mere sequence folds into an antiparallel structured G-
quadruplex with uctuating stability in K+ and Na+ solutions.
To further investigate the differences in insect telomeric G-
quadruplexes in K+ and Na+ solutions, the 5′ and 3′ ends of G-
quadruplex-forming oligonucleotides of Bom17 and Bom37
were labeled with FAM and TAMRA tags, respectively. The
increase in FRET efficiency between FAM and TAMRA indicates
that the distance of FAM and TAMRA at the ends of Bom17 and
Bom37 becomes shorter. The FRET efficiencies of Bom17 in K+

and Na+ solutions were 53.08 ± 0.15% and 64.70 ± 1.29%,
respectively, which increased by 21.89%. Moreover, the FRET
efficiencies of Bom37 in K+ and Na+ solutions were 36.93 ±

0.79% and 62.08 ± 0.57%, respectively, which increased by
61.80% (Fig. 3 and S1†). Since insect telomeric G-quadruplexes
have amore stable structure in the Na+ solutions, the signicant
increase in FRET efficiency is more likely to be triggered by the
folding of the insect telomeric G-quadruplex into a more
compact structure in the Na+ solution. We also assessed c-MYC
G-quadruplex with parallel structures and found that c-MYC
both revealed a more stable and compact conformation in the
K+ solution (Fig. S2 and S3†). This proposed that the insect
telomeric G-quadruplexes in antiparallel conformation and the
c-MYC G-quadruplex in parallel conformation have different
folding mechanisms in the K+ and Na+ solutions, respectively.

The compactness of the structures of Bom17 and Bom37 G-
quadruplexes in K+ and Na+ solutions was further analyzed by
native polyacrylamide gel electrophoresis. The results revealed
that the migration rate of insect telomeric G-quadruplexes in
the Na+ solution was signicantly greater than that in the K+

solution (Fig. S4†). This result suggested insect telomeric G-
quadruplexes fold into a more compact structure in Na+

solution.

BMPQ-1 is more selective for the insect dimeric G-quadruplex
Bom37 than the monomeric G-quadruplex Bom17

To test whether BMPQ-1 could specically recognize insect
telomeric multimeric G-quadruplexes, we rst studied the
uorescence response of BMPQ-1 and insect monomer G-
quadruplex (Bom17) and dimeric G-quadruplex (Bom37)
(Table S1†). With the addition of BMPQ-1 to the Bom37 in K+

and Na+ solutions, the uorescence intensity of BMPQ-1
increased signicantly by 17.60 folds and 11.84 folds, respec-
tively, and the uorescence spectrum of BMPQ-1 has a signi-
cant blue shi. In contrast, the uorescence intensity of BMPQ-
1 increased by only 2.96 folds and 1.66 folds aer adding Bom17
in K+ and Na+ solutions, respectively (Fig. 4B). This result
indicated that BMPQ-1 exhibited higher uorescence selectivity
for telomeric multimeric G-quadruplexes in K+ and Na+ condi-
tions and had a higher uorescence response with Bom37 in K+

solution. In contrast, a relatively weak uorescence intensity
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 CDmelting profiles of the (A) Bom17, (B) Bom37, (C) Bom57, (D) Bom77, and (E) Bom97G-quadruplexes in Tris–HCl buffer (10mM, pH 7.5)
in the presence of 100 mM KCl (black)/NaCl (red). The CD-melting data was measured at 265 nm. The concentration of oligonucleotides was
10.0 mM.

Fig. 1 CD profiles of (A) Bom17, (B) Bom37, (C) Bom57, (D) Bom77, and (E) Bom97 G-quadruplexes in Tris–HCl buffer (10 mM, pH 7.5) in the
presence of 100 mM KCl (blank)/NaCl (red). The concentration of oligonucleotides was 10.0 mM.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 35937–35946 | 35939
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Fig. 3 Determination of FRET efficiency of Bom17 and Bom37 G-
quadruplexes in 10 mM Tris–HCl buffer (100 mM KCl or NaCl, pH 7.5).
The data were collected at 525 nm (5′-FAM) and 585 nm (3′-TAMRA)
with lex = 488 nm, and the concentration of oligonucleotides was 0.5
mM.
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boost was observed when BMPQ-1 was titrated with Bom17 G-
quadruplex in K+ and Na+ solutions, even at 10 mM (Fig. S5†).
The dissociation constants of BMPQ-1 with Bom17 and Bom37
in K+ or Na+ solutions were analyzed by uorescence titration
(Fig. S6†). Compared with Bom17 in K+ or Na+ solutions (KD =

12.72 ± 2.52 mM, 34.49 ± 6.55 mM), Bom37 in K+ or Na+ solu-
tions exhibited higher binding affinity with BMPQ-1 (KD = 1.46
± 0.16 mM, 5.15 ± 1.09 mM). These results indicated that BMPQ-
1 has a stronger affinity for Bom37 G-quadruplex.

The ability of BMPQ-1 to induce the folding of Bom17 and
Bom37 into G-quadruplex structures was further assessed by CD
spectroscopy (Fig. 4C and D). Oligonucleotides Bom17 and
Bom37 were found to fold into a G-quadruplex with a similar
parallel structure (It exhibited two negative peaks at about
240 nm and 285 nm and a positive peak at about 260 nm,
respectively) in 10 mM Tris–HCl buffer without monovalent
cations. However, the CD signal peak intensity of Bom37 was
signicantly higher than that of Bom17. With the addition of
BMPQ-1, the positive signal peak at 260 nm for oligonucleotides
Bom17 and Bom37 was changed to a negative signal peak at
265 nm, and the negative signal peak at 285 nm was altered to
a positive signal peak at 295 nm, and there was a weak trend
towards a positive signal peak at a wavelength of 248 nm. This is
a typical antiparallel G-quadruplex CD signal peak. However,
the ability of BMPQ-1 to induce the folding of oligonucleotide
Bom37 into an antiparallel G-quadruplex was signicantly
higher than that for Bom17. These results indicated that BMPQ-
1 is more selective for the insect dimeric G-quadruplex Bom37
than the monomeric G-quadruplex Bom17.
Analysis of the binding mechanism of BMPQ-1 to Bom37 G-
quadruplex in K+/Na+ solutions

The results of the experiments described above suggested that
BMPQ-1 showed higher capability in stabilizing insect multi-
meric G-quadruplex. This attracted our interest in studying the
recognition mechanism of BMPQ-1 with Bom37 in K+ and Na+
35940 | RSC Adv., 2023, 13, 35937–35946
solutions. The job's plot analysis explored the binding stoi-
chiometric ratio of BMPQ-1 to Bom37 G-quadruplex in two
cationic solutions. The best-t lines of the job plot intersect at
about x = 0.67, indicating BMPQ-1 bound with the Bom37 G-
quadruplex at 2 : 1 stoichiometry in K+ solutions (Fig. 5A).

2-Aminopurine (2-Ap)-labeled oligonucleotides Bom37 at the
5′-end (Ap1), 3′-end (Ap39), and the loop between adjacent G-
quadruplex units (Ap19) (Table S1†) were used to evaluate the
interaction positions of BMPQ-1 with Bom37 G-quadruplex. It
was found that the uorescence intensity of Ap1 and Ap39 was
signicantly disturbed upon the addition of BMPQ-1. The
uorescence intensity of Ap19 was weakly affected (Fig. 5B). It
indicated that BMPQ-1 had close contact with the 5′-end and the
3′-end. Combining the results of stoichiometry results, it can be
noted that BMPQ-1 is stacked on the 5′ and 3′-ends of Bom37 G-
quadruplex in the K+ solution.

In contrast, the job plot analysis explored that BMPQ-1
bound with the Bom37 G-quadruplex at a 1 : 1 rate (the best-t
lines of the job plot intersect at about x = 0.50) in the Na+

condition (Fig. 5C). Moreover, uorescence quenching assay
results showed that the uorescence intensity of Ap19 was
signicantly disturbed upon the addition of BMPQ-1. The
uorescence of Ap1 and Ap39 was weakly affected (Fig. 5D). The
above results indicated that BMPQ-1 might intercalate into the
pocket between two adjacent G-quadruplex units of Bom37 in
Na+ solution.

Effect of BMPQ-1 on the conformation of Bom37 G-
quadruplex in K+/Na+ solutions

The effect of BMPQ-1 on the conformation of Bom37 G-
quadruplex in K+ and Na+ solutions was further assessed by
CD spectroscopy (Fig. 6). The addition of BMPQ-1 signicantly
decreased the negative CD signal peak at 265 nm and the
positive signal peak at about 248 nm of Bom37 in the K+ solu-
tion. Additionally, BMPQ-1 causes a signicant blue shi in the
CD signal peak at 265 nm for Bom37 in K+ solutions. However,
BMPQ-1 showed negligible effects on the CD spectra of Bom37
in the Na+ solution. It suggested that BMPQ-1 has a more
substantial impact on the conformation of Bom37 in K+ solu-
tions, which is consistent with the results that BMPQ-1 has
a higher uorescence response with the addition of Bom37 in
K+ solution.

The ability of BMPQ-1 to stabilize the structure of the Bom37
G-quadruplex in K+/Na+ solutions

The ideal G-quadruplex ligand should have the characteristics
of high G-quadruplex recognition specicity and high G-
quadruplex stability. The above results demonstrated that
BMPQ-1 selectively recognized insect multimeric G-
quadruplexes against monomeric G-quadruplexes. To test the
ability of BMPQ-1 to stabilize insect multimeric G-
quadruplexes, the CD melting temperatures (Tm) of Bom37 G-
quadruplexes with and without BMPQ-1 in K+/Na+ solutions
were measured. As shown in Fig. 7, BMPQ-1 exhibited more
robust stabilization of Bom37 in K+ and Na+ solutions, with DTm
values of about 20.05 ± 1.08 °C and 13.42 ± 0.97 °C,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Chemical structure formula of BMPQ-1. (B) The fluorescence intensities ratio of the BMPQ-1 with/without Bom17 and Bom37 G-
quadruplexes in 10mMTris–HCl buffer (pH 7.50) containing 100mMKCl/NaCl. The concentration of Bom17was 4.0 mM, Bom37was 2.0 mM, and
BMPQ-1was 3.0 mM. The data were collected at lex= 395 nm and lem= 521 nm. The CD spectra of oligonucleotides (C) Bom17 and (D) Bom37 in
solutions without monovalent cations with 20.0/40.0 mM BMPQ-1. The concentration of oligonucleotides was 10.0 mM.
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respectively. This result demonstrated that BMPQ-1 has
a higher stabilizing capacity for Bom37 G-quadruplex in K+

solution.
BMPQ-1 inhibits the proliferation of Spodoptera frugiperda 9
cells (SF9)

The above results suggest that BMPQ-1 targets insect multi-
meric G-quadruplexes, which stimulated us further to evaluate
the inhibitory activity of BMPQ-1 on insect cells. SF9 is the
ovipositor cell of Spodoptera frugiperda, a lepidopteran pest (the
telomere sequence is a GGTTA repeat) native to tropical America
that has become a global super-pest threatening agricultural
production. BMPQ-1 was found to have a signicant dose-
dependent inhibition of SF9 cell proliferation with an IC50 of
1.80 ± 0.36 mM (Fig. S7†). This result further indicated that
© 2023 The Author(s). Published by the Royal Society of Chemistry
insect telomeric G-quadruplexes are potential targets for
screening insecticidal drugs.

Discussions and conclusions

Human telomere sequences (TTAGGG)n have been extensively
studied for folding into G-quadruplex structures with multiple
topologicals in the K+ and Na+ solutions.33–36 In contrast, the insect
telomere sequence (TTAGG)n differs from the telomere sequences
of humans by a guanine deletion in each repeat, folding into an
antiparallel structured G-quadruplex in K+ and Na+ solutions.

Compared to monomeric G-quadruplexes, multimeric G-
quadruplexes have a higher-order structure and are effective
targets for screening for ligands with high selectivity, making
them more worthy of further study. BMPQ-1 has a higher
selectivity for insect multimeric G-quadruplexes than
RSC Adv., 2023, 13, 35937–35946 | 35941
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Fig. 5 Analysis of the binding pattern of BMPQ-1 and Bom37. (A) Job's plot for complexation of BMPQ-1 with Bom37 G-quadruplex in K+

solutions. (B) The plot of fluorescence intensity ratio of 2-Ap labeled Bom37 G-quadruplex (Ap1, Ap19, and Ap39) in K+ solutions versus binding
ratio of [BMPQ-1]/[Bom37], lex = 305 nm and lem = 375 nm. (C) Job's plot for complexation of BMPQ-1 with Bom37 G-quadruplex in Na+

solutions. (D) The plot of fluorescence intensity ratio of 2-Ap labeled Bom37 G-quadruplex (Ap1, Ap19, and Ap39) in Na+ solutions versus binding
ratio of [BMPQ-1]/[Bom37].
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monomeric G-quadruplexes, and it was found to have a signi-
cant inhibitory effect on the proliferation of SF9 cells, suggest-
ing insect multimeric G-quadruples can be used as potential
targets for insecticide screening.

Compared to Bom37 in the K+ solution, insect multimeric
telomeric G-quadruplexes in Na+ solutions exhibited additional
stability, which may be due to their different compactness. The
different compactness of insect telomeric G-quadruplexes may
result from different folding patterns, although both exhibit
antiparallel conformation. Phan AT discovered that although
both insect telomeric G-quadruplexes and aptamer sequences
fold into antiparallel structured G-quadruplexes with two planar
G-quartets and three loops, they differ by loop arrangements.31

It indicated that the tandem formation of antiparallel G-
quadruplex units of varying degrees of compactness may form
35942 | RSC Adv., 2023, 13, 35937–35946
telomeric G-quadruplexes in insect cells. The stability and
compactness of multimeric G-quadruplexes in Na+ solutions are
higher than in K+ solutions, and the DNA sequence d(GTTAGG)
was found to assemble preferentially into a trimolecular G-
quadruplex with two-stacked G-tetrads in Na+ solutions,37 sug-
gesting that telomeric G-quadruplexes may fold more readily
into G-quadruplex structures in the Na+ solutions.

Maintaining the stability of chromosome ends is an impor-
tant role of telomeres, and the humanmultimeric G-quadruplex
is an effective target for screening anti-tumour drugs.38,39

Compounds targeting the human telomeric G-quadruplex can
cause damage to telomeric DNA. Insect multimeric G-
quadruplex is worth exploring whether insect telomeric G-
quadruplexes can be used as an insecticide target.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of BMPQ-1 on CD spectra of Bom37 G-quadruplex in 10 mM Tris–HCl with 100 mM (A) K+ and (B) Na+. The concentration of
Bom37 was 5.0 mM.
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Materials and methods
Materials

BMPQ-1 was purchased from Shanghai Topscience Co., Ltd
(China). The oligonucleotides with PAGE or HPLC purication
were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China)
and TSINGKE Biological Technology Co., Ltd. (Beijing, China).
The concentration of oligonucleotides was measured by Nano-
drop (DeNovix, USA).

Fluorescence spectroscopy

Fluorescence spectra were recorded on a uorescence spectro-
photometer (Hitachi, Japan) with a 1.0 mm path length, 5 nm
excitation slit, and emission slit. The DNA solutions were
Fig. 7 Plots of normalized thermal CDmelting of Bom37 G-quadruplex in
All measurements were carried out in the 10 mM Tris–HCl (pH 7.50) bu

© 2023 The Author(s). Published by the Royal Society of Chemistry
denatured at 95 °C for 5 min and then slowly cooled to room
temperature. Aer each addition of the BMPQ-1, the DNA-
complex samples were stirred and allowed to equilibrate at
25 °C for 10min. The concentration of DNA samples and BMPQ-
1 was 4.0 mM. The emission spectra in the wavelength range of
400–750 nm were measured at lex = 395 nm.

The uorescence variation of BMPQ-1 with the titration of
Bom17/Bom37 was used to derive the dissociation constant (KD)
values according to the method of Benesi-Hildebrand, using the
following equation: 1/(DF) = 1/(b[DNA][H]0Ka) + 1/(b[H]0). DF
represents the change in the uorescence intensity (DF = F −
F0); F denotes the uorescence intensity of BMPQ-1 at 525 nm in
the presence of a different concentration of Bom17/Bom37; F0 is
the uorescence intensity of the free BMPQ-1 at 525 nm. [DNA]
the absence and presence of BMPQ-1 in (A) K+ and (B) Na+ conditions.
ffer with 100 mM monovalent cations.
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is the total concentration of Bom17/Bom37 G-quadruplexes,
and [H]0 is the total concentration of BMPQ-1. Moreover, Ka is
the binding constant, while KD is equal to 1/Ka.
2-Ap titration experiments

2-Ap-labeled Bom37 samples were dissolved in Tris–HCl
(10 mM, pH 7.5) buffer in 100 mM KCl or NaCl. The samples
were denatured at 95 °C for 5 min and then cooled slowly to
room temperature. The concentration of BMPQ-1 was in the
range of 0–5.0 mM. The complex solution was stirred and
equilibrated at 25 °C for 10 min. The uorescence spectra were
recorded at lem = 375 nm and lex = 305 nm with ex/em = 5/
5 nm. The concentration of 2-Ap-labeled oligonucleotides was
1.0 mM. F indicates the uorescence intensity of the mixture of
BMPQ-1 and 2-AP-labeled Bom37. F0 shows the uorescence
intensity of 2-AP-labeled Bom37.
Job's plot analysis

Job plot assays were conducted by recording the variation of the
molar fraction of BMPQ-1 and Bom37. The sum concentration
of Bom37 and BMPQ-1 was kept constant at 5.0 mM. Different
volumes of Bom37 and BMPQ-1 stock solutions were mixed to
give different molar fractions of BMPQ-1. The uorescence
intensity of BMPQ-1 at lex = 511 nm and lem = 550 nm was
determined by its molar ratio to Bom37. The binding stoichi-
ometry between Bom37 and BMPQ-1 corresponded to the plot's
intersection points.
FRET efficiency analysis

The oligonucleotides were labeled with 5′-FAM and 3′-TAMRA
and dissolved in Tris–HCl buffer (10 mM, pH 7.5) in the pres-
ence of 100 mM KCl or NaCl. All the DNA samples were dena-
tured at 95 °C for 5 min, then slowly cooled to room
temperature and incubated at 4 °C overnight. The data was used
to record the spectra over a 490–750 nm wavelength range at lex
= 488 nm. The uorescence intensities of FAM and TAMRA
were measured at the emission wavelengths of 525 nm and
585 nm, respectively, from which the FRET efficiency was
calculated. The concentration of oligonucleotides was 0.5 mM.

The efficiency of FRET (EFRET) is given by

EFRET ¼ FTAMRA

FFAM þ FTAMRA

Here, FFAM and FTAMRA are the values of uorescence inten-
sities of FAM and TAMRA, respectively.
Circular dichroism spectroscopy

Circular dichroism (CD) spectra were recorded using a CD
spectrophotometer (Jasco, Japan) with 1.0 mm path-length
quartz cells. The data was measured from 220–320 nm with
a 1.0 nm bandwidth. The data of melting curves data were
collected at 265 nm during heating across the 4–95 °C range
with intervals of 1.5 °C. All DNA samples were annealed in Tris–
HCl buffer (10 mM, pH 7.5) in the presence of 100 mMKCl/NaCl
35944 | RSC Adv., 2023, 13, 35937–35946
and were denatured at 95 °C for 5 min, then gradually cooled to
room temperature and incubated at 4 °C. The concentration of
oligonucleotides was 10 mM. The analysis of the CD spectra was
conducted using the soware Origin Pro9.0.
Gel electrophoresis

Native polyacrylamide gel electrophoresis was conducted on
non-denaturing gels containing 20% (w/v) polyacrylamide gels
in 0.5× TBE buffer with 50 mM KCl. DNA samples (6.0 mM) in
10 mM Tris–HCl (pH 7.5) and 100 mM KCl/NaCl were loaded
and analyzed by electrophoresis. The gels were stained with
SYBR® Gold (Thermo Fisher Scientic) and imaged using
a uorescent imager (Bio-Rad). Before the measurement, the
samples were heated at 95 °C for 5 min, then cooled to room
temperature and incubated at 4 °C overnight. The gels were run
at 100 V and 25 °C for 180 min.
Cell cytotoxicity assay

SF9 cells were cultured in Sf-900™ III SFM medium at 27 °C
(Gibco, USA). Cells were seeded on 96-well plates (5 × 103 cells
per well) and grown for 24 h for attachment. Then the cells were
exposed to various concentrations of BMPQ-1 (0.0625, 0.125,
0.25, 0.5, 1.0, 2.0, 4.0, 8.0, 16.0, and 32.0 mM) and incubated at
27 °C for 72 h. Cell survival was evaluated using a Cell Counting
Kit-8 assay (DOJINDO, Japan). Aer incubation, the old medium
was discarded, and added fresh medium was added. Then 100
mL of the Cell Counting Kit-8 assay was added to each well and
further incubated for 4 h at 27 °C. The optical density (O. D.)
was detected at 450 nm by an automatedmicroplate reader (Bio-
Rad). The half maximal inhibitory concentration (IC50) values
were derived from the curves of the mean percentage of survival
against the drug concentration. All the experiments were per-
formed in ve replicates.
Author contributions

Chao Gao: conceptualization, investigation, writing – original
dra, formal analysis, funding acquisition. Jixin Chen: investi-
gation, writing, formal analysis Naureen Anwar: writing. Jieya
Deng: investigation. Zhangqian Wang: resources, writing –

review & editing, project administration, funding acquisition.
Muhammad Umer: writing – review & editing, project admin-
istration. Yi He: conceptualization, resources, project adminis-
tration, funding acquisition.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The National Natural Science Foundation of China (Grant No.
31900011), Ganzhou General Inspection and Testing Institute
(Grant No. GZSZJYKF-202209), and Research and Innovation
Initiatives of WHPU (2023Y82) supported this research.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06805f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 7
:3

2:
59

 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
References

1 G. N. Parkinson, M. P. Lee and S. Neidle, Crystal structure of
parallel quadruplexes from human telomeric DNA, Nature,
2002, 417(6891), 876–880.

2 E. Cadoni, L. De Paepe, A. Manicardi and A. Madder, Beyond
small molecules: targeting G-quadruplex structures with
oligonucleotides and their analogues, Nucleic Acids Res.,
2021, 49(12), 6638–6659.

3 C. J. Lech, B. Heddi and A. T. Phan, Guanine base stacking in
G-quadruplex nucleic acids, Nucleic Acids Res., 2013, (3),
2034–2046.

4 Q. Xu, M. Yang, Y. Chang, S. Peng, D. Wang, X. Zhou and
Y. Shao, Switching G-quadruplex to parallel duplex by
molecular rotor clustering, Nucleic Acids Res., 2022, 50(18),
10249–10263.

5 D. Pavc, B. Wang, L. Spindler, I. Drevenšek-Olenik, J. Plavec
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