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RHPS4 shifted the conformation ensemble
equilibrium of Tel24 by preferentially stabilizing the
(3 + 1) hybrid-2 conformationt
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Telomeric G-quadruplexes have been a promising target for developing antitumor drugs with fewer side
effects. The intracellular environment is usually in a state of molecular crowding. Studying the interaction
mechanism among ligands and telomeric G-quadruplexes under crowded conditions is important for
designing drugs that target telomeric G-quadruplexes. In the present study, the telomeric G-quadruplex
Tel24 (TTAGGG), was found to fold into a conformational ensemble of parallel and (3 + 1) hybrid-2
conformations in solution with molecular crowding conditions created by PEG200. G-quadruplex-ligand
3,11-difluoro-6,8,13-trimethyl-8H-quino[4,3,2-kl]  acridinium methosulfate (RHPS4) preferentially
stabilized the (3 + 1) hybrid-2 conformation and shifted the conformational ensemble equilibrium of
Tel24 towards the hybrid conformation. We also found that the (3 + 1) hybrid-2 conformation of Tel24
was more likely to form as compared to the parallel conformation in the conformational ensemble of
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Introduction

In the presence of monovalent metal ions such as K* or Na',
four guanine-rich repeats can fold into a G-quadruplex structure
by stacking of two or three G-quartet layers, each containing
four coplanar guanines stabilized by Hoogsteen hydrogen
bonds.*”?

G-Quadruplexes play an important role in mediating bio-
logical processes, have significant biological activity and are
often used as a target for screening antitumor and antiviral
drugs.*® Telomere maintenance is essential for the continued
division of tumor cells.® The 3-terminal of human telomeres
contains ~200 nt of single-stranded overhanging TTAGGG
repeats, which could fold into a stable G-quadruplex structure
consisting of consecutive G-quadruplex units connected by TTA
linkers."*™ Telomeric G-quadruplexes have been explored as
targets for antitumor drugs.**'® Small molecules targeting

“National R&D Center for Se-rich Agricultural Products Processing, Hubei Engineering
Research Center for Deep Processing of Green Se-rich Agricultural Products, School of
Modern Industry for Selenium Science and Engineering, Wuhan Polytechnic University,
Wuhan 430023, China. E-mail: gaochao@whpu.edu.cn

tState Key Laboratory of Biocatalysis and Enzyme Engineering, School of Life Sciences,
Hubei University, Wuhan 430062, China

‘Institute for Forest Resources and Environment of Guizhou and Forestry College,
Research Center of Forest Ecology, Guizhou University, Guiyang, 550025, China
“Department of Zoology, University of Narowal, Narowal, Punjab, 51600, Pakistan

T Electronic supplementary information (ESI) available: Details of experimental
information, Table S1 and Fig. S1-S6. See https://doi.org/10.1039/d2ra03959a

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

their interactions with ligands in a physiological environment.

telomeric G-quadruplexes can inhibit tumor cell immortality by
blocking telomerase catalyzed telomere extension.'”*®

Telomeric G-quadruplexes were reported to form antipar-
allel, (3 + 1) hybrid-1, and (3 + 1) hybrid-2 conformations in
a dilute solution containing Na" or K" Macromolecules
occupy 20% to 30% of cell volume, resulting in a highly crowded
macromolecular environment within the cell.>*** Therefore,
studying the telomeric G-quadruplex structure and their inter-
action with small molecules under molecular crowding condi-
tions provides more information for designing the targeting
drug molecules.

Molecular crowding has been reported to affect the confor-
mation and stability of G-quadruplexes, and inhibits G-
quadruplex interactions with ligands.”*** Molecular crowding
conditions created by polyethylene glycol, with an average
molecular weight of 200 (PEG200), induced a conformational
change of the G-quadruplex from an antiparallel to a parallel
structure.** Molecular crowding conditions simulated by
solvents with different molecular weights have different mech-
anisms of action affecting G-quadruplexes. The dehydration
effect is a key factor in ethylene glycol-induced enhanced
stability of G-quadruplex, whereas PEG8000 stabilizes the G-
quadruplex mainly through its interaction with the G-quad-
ruplex.” While molecular crowding stabilizes G-quadruplex
with certain selectivity. PEG200 has been reported to stabilize
RNA G-quadruplexes with three and four G-quartets but not
with two G-quartets.”® Telomeric G-quadruplexes are reported to
form parallel conformation under molecular crowding
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conditions.**** However, the conformation of telomeric G-
quadruplex within the cell may not be single due to the
complexity of the intracellular environment. The interaction of
small molecules with G-quadruplexes should be considered for
combining multiple conformations.

RHPS4, a telomerase inhibitor, has significant antitumor
activity by targeting the telomeric G-quadruplex.®**** In the
present study, we explored the effect of RHPS4 on conforma-
tional changes of telomeric G-quadruplexes (Tel24) under
molecular crowding conditions created by PEG200. Tel24 was
found to fold into a conformational ensemble consisting of
parallel and (3 + 1) hybrid-2 conformations in 100 mM K'
solution containing 20 wt% PEG200. In fact, the binding of
RHPS4 to the Tel24 is a recognition between RHPS4 and an
ensemble consisting of multiple conformations. RHPS4 pref-
erentially stabilized the (3 + 1) hybrid-2 conformation and
shifted the conformational ensemble equilibrium of Tel24 to
the hybrid conformation.

Further research reveals that in the conformational
ensemble of Tel24, the (3 + 1) hybrid-2 conformation was easier
to form than the parallel conformation. This study is expected
to be a breakthrough in discovering ligands with a higher ability
to stabilize telomeric G-quadruplexes.

Materials and methods

Materials

The oligonucleotide of Tel24 was synthesized by TSINGKE
Biological Technology Co., Ltd (Wuhan, China). RHPS4 was
purchased from Topscience Bio-Tech Co., Ltd (Shanghai,
China).

Circular dichroism spectroscopy

CD spectra were collected from 220 to 320 nm with a 1 nm
bandwidth on a circular dichroism spectrophotometer (Jasco,
Japan). All the samples were prepared in 10 mM tris-HCI (pH
7.4) buffer containing 100 mM KCl and different concentrations
of PEG200. The concentration of oligonucleotides was 10 uM,
and the solutions of oligonucleotides were initially heated at
95 °C for 5 min and then cooled to room temperature and
incubated at 4 °C overnight to eliminate any possible single-
stranded structures. To prepare the final DNA-complex
samples, the RHPS4 was added to the annealed DNA samples
and incubated at 25 °C for 10 min.

Fluorescence spectroscopy

The oligonucleotide of Tel24 was annealed in 10 mM Tris-HCI
buffer (pH 7.5), 100 mM KCl and different concentrations of
PEG200 (w/v) by heating at 95 °C for 5 min, followed by gradual
cooling at room temperature and later incubated at 4 °C over-
night. Fluorescence spectra were scanned by Spectro-
fluorophotometer (Hitachi, Japan) at room temperature. The
mixture of Tel24 and RHPS4 was incubated for 10 min at 25 °C
before the spectra collection. Emission spectra between 520 nm
and 750 nm of RHPS4 were recorded at A., = 511 nm. The
excitation slit and emission slit were both set at 5 nm. The
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concentration of Tel24 sequences varied from 0 to 6.0 uM (0,
0.2, 0.5, 0.7, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 6.0 uM), while the
concentration of RHPS4 was 3.0 uM. The fluorescence variation
of RHPS4 with the titration of Tel24 was used to derive the
dissociation constant (Kp) value according to the method of
Benesi-Hildebrand,* using the following equation: 1/(AF) = 1/
(b[DNA]H]oK,) + 1/(b[H]o). AF represents the change in the
fluorescence intensity (AF = F — F,); F denotes the fluorescence
intensity of RHPS4 at 550 nm in the presence of a different
concentration of Tel24; F, is the fluorescence intensity of the
free compound RHPS4 at 550 nm. [DNA] is the total added Tel24
G-quadruplex forming oligonucleotide concentration, and [H],
is the total concentration of compound RHPS4. Moreover, K, is
the binding constant, while the dissociation constant Kp is
equal to 1/K,.

Results

Effect of RHPS4 on the conformation of Tel24 under
molecular crowding conditions

The intracellular volume is occupied by 20-30 wt% of large
molecules in a physiological environment. In order to investi-
gate the effect of RHPS4 on the conformation of Tel24 in
a physiological environment, circular dichroism (CD) spectra
analysis has been used in 100 mM K" solution with molecular
crowding conditions created by different concentrations of
crowding agent PEG200. In dilute solution, the CD spectrum of
Tel24 showed a negative peak at about 240 nm, a shoulder near
270 nm, and a positive peak around 290 nm, respectively. Such
features are consistent with G-quadruplexes of (3 + 1) hybrid-2
conformation (Fig. 1). The addition of PEG200 enabled
a decline in positive and negative peaks at around 290 nm and
240 nm, respectively, while a positive peak appeared at about
265 nm. At the 30 wt% (w/v) concentration of PEG200, a positive
peak disappeared at 290 nm, and a shoulder peak was formed,
resulting in a spectrum signature similar to the parallel quad-
ruplexes. It suggested that a molecularly crowded environment
can induce the formation of Tel24 in parallel conformations.
These results are similar to the conformational change of
GGG(TTAGGG)3 in PEG200.* A higher concentration of PEG200
(40 wt%) further promoted the transformation of the (3 + 1)
hybrid-2 structure of Tel24 into a parallel structure (Fig. S17).

— 0% PEG200

—10% PEG200
—20% PEG200
—30% PEG200

240 260 280 300 320
Wavelength/nm
Fig. 1 Conformation of Tel24 in a solution containing different

concentrations of PEG200 was assessed by CD spectroscopy. The
concentration of Tel24 was 10 puM.
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However, compared with the CD characteristic peaks of the c-
MYC Pu22 and KRAS G-quadruplexes in parallel structures,
the CD signal peak of Tel24 in the 40 wt% PEG200 solution did
not show a negative signal peak at 295 nm. This result indicated
that Tel24 in a solution containing 40 wt% PEG200 still does not
display a completely parallel structure.

RHPS4 induced a conformational conversion of Tel24 in
solutions with 20-30 wt% PEG200 as manifested by increasing
the peak at near 240 nm and 295 nm and disappearing the peak
at about 265 nm (Fig. 2). The conformational transition of Tel24
in 20 wt% PEG200 solution changed to a (3 + 1) hybrid-2
structure (Fig. 2A). The conformation of Tel24 in 30 wt% and
40 wt% PEG200 solutions did not change significantly. At the
same time, an obvious decline was noticed for the positive peak
at 265 nm, and an increase was observed for the shoulder peak
at 295 nm (Fig. 2B and S2, ESI}). These results suggested that
adding RHPS4 might change the conformation distribution of
Tel24 under molecular crowding conditions and promote the
formation of the (3 + 1) hybrid-2 G-quadruplex to some extent.

No conformational change was observed in the parallel
conformation of the ¢-KIT1 G-quadruplex in a molecularly
crowded state (Table S1 and Fig. S3, ESIf). The addition of
RHPS4 significantly reduced the positive peak at 265 nm of ¢-
KIT1. In comparison, the positive peak remained unchanged
at 295 nm. This result indicated that RHPS4 did not influence
the conformations of ¢-KIT1 G-quadruplexes in a single parallel
conformation.

Topology changes of Tel24 and Tel24 + RHPS4 under
molecular crowding solutions during melting

We further probed the conformation changes for Tel24 and
Tel24 + RHPS4 under molecular crowding conditions on
approaching the melting. Fig. 3 showed the CD spectra of Tel24
and Tel24 + RHPS4 in solution containing 20 wt% to 30 wt%
PEG200, respectively, in the temperature range 25-94 °C, with
a step of AT = 3 °C. At room temperature, the spectrum of Tel24
in 20 wt% PEG200 solutions is characterized by a positive peak
at about 265 nm, a shoulder peak near 290 nm, and a negative
peak at around 240 nm. In the range of 25-58 °C, a significant
decrease was observed for the shoulder peak at 290 nm, while
a substantial increase was found for the positive peak at
265 nm. When the temperature reached 58 °C, the CD signal

— Tel24

20% PEG200 30% PEG200 — Tel24

A 7 — Te4+10pMREPSS B 81 — Tel24+10 M RHPS4
6 — Tel24+30 uM RHPS4 l — Tel24+30 pM RHPS4
— Tel24+60 uM RHPS4 6 — Tel24+60 M RHPS4
- 5 1 — Tel24+90 M RHPS4 — Tel24+90 uM RHPS4
E 4 T4
5 £
= 3 by
=2 <
w1 ~ 04
< 9 I 2
-1 21
-2 4 r . T 1
240 260 280 300 320 240 260 280 300 320
Wavelength/nm Wavelength/nm

Fig. 2 Effects of the RHPS4 on the CD spectra of Tel24 in solutions
containing different concentrations of PEG200. (A) 20 wt% PEG200,
(B) 30 wt% PEG200.
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Fig. 3 Temperature-dependent unfolding assessed by CD. (A) Spec-
trum of Tel24 in 20 wt% PEG200 solution, (B) spectrum of Tel24 +
RHPS4 in 20 wt% PEG200 solution, (C) spectrum of Tel24 in 30 wt%
PEG200 solution, (D) spectrum of Tel24 + RHPS4 in 30 wt% PEG200
solution. The concentration of Tel24 and RHPS4 was 10 uM and 90 uM,
respectively. The arrow in panel A indicates that the CD signal peak at
265 nm increased at 25-58 °C and decreased at 58 °C. The arrow in
panel C indicates that the CD signal peak at 265 nm is unchanged at
25-61 °C and started to decrease at 61 °C.

peak began to decrease at 265 nm (Fig. 3A). In contrast, all
characteristic peaks of Tel24 in solutions without PEG200
decreased consistently with increasing temperature (Fig. S4,
ESIT). It is well known that the positive peak at 265 nm and
290 nm are characteristic of the parallel conformation and
hybrid conformation, respectively."** Combined with the
results in Fig. 1, it suggested that Tel24 in 20 wt% PEG200
solution may be a conformational ensemble consisting of
parallel and (3 + 1) hybrid-2 conformation. Moreover, the
parallel conformation of Tel24 is more stable than (3 + 1)
hybrid-2. The rate of decrease of the characteristic peaks at
265 nm and 290 nm were significantly slower after the addition
of RHPS4 (Fig. 3B). Therefore, it indicated that RHPS4 stabilizes
both parallel and (3 + 1) hybrid-2 conformations of Tel24.

The characteristic peak at 265 nm of Tel24 in a 30 wt%
PEG200 solution did not change significantly over a range of 25—
61 °C. In comparison, the characteristic peak at 290 nm
decreased continuously (Fig. 3C). It may be because the parallel
conformations dominated the conformational ensemble of
Tel24 in the 30 wt% PEG200 solution. Similarly, the rate of
decline of characteristic peaks at 265 nm and 290 nm was
significantly slowed by the addition of RHPS4 (Fig. 3D).

RHPS4 exhibited higher binding intensity to the (3 + 1) hybrid-
2 conformation of Tel24

The above results suggested that Tel24 in 20-30 wt% PEG200
solution can form a conformational ensemble consisting of
parallel and (3 + 1) hybrid-2 conformations. Consequently, these

RSC Adv, 2022, 12, 26011-26015 | 26013
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findings attracted our interest in exploring which conformation
in the conformation ensemble of Tel24 was preferentially bonded
by RHPS4. Evaluation of the stability of RHPS4 to (3 + 1) hybrid-2
conformation and parallel conformation of Tel24 by comparing
the ellipticities measured at 265 nm and 295 nm (Fig. 4). The CD
studies showed that although the melting curves at 265 nm and
295 nm did not reach a plateau after adding RHPS4 (Fig. 4), the
melting curve at 295 nm was more affected by RHPS4. It sug-
gested that RHPS4 exhibited higher stability to the (3 + 1) hybrid-
2 conformation of Tel24 than the parallel conformation. This
observation indicated that RHPS4 shifted the conformational
ensemble equilibrium of Tel24 towards the (3 + 1) hybrid-2
topology by preferentially stabilizing the (3 + 1) hybrid-2 confor-
mation at room temperature.

The fluorescent response with the titration was utilized to
derive the association constants (Kp) between RHPS4 and Tel24
in solution with or without PEG200 (Fig. S5, ESIt). Compared
with Tel24 in 20 wt% PEG200 solutions (Kp = 2.50 £ 0.26 uM),
Tel24 in dilute solution exhibited higher binding affinity with
RHPS4 (Kp = 1.84 £ 0.10 pM). It suggested that RHPS4 has
a higher affinity to Tel24 in the (3 + 1) hybrid-2 conformation.

Hybrid conformation was easier to form as compared to
parallel conformation in the conformation ensemble of Tel24

Potassium ions induce the formation of G-quadruplexes.'**!
Tel24 were found to fold into antiparallel (a negative peak at
265 nm, two positive peaks at 240 nm and 295 nm, respectively)
and (3 + 1) hybrid-2 conformations in 20 wt% PEG200 solution
with low concentrations of KCI (0-1 mM), while it folds into
a conformational ensemble of parallel and (3 + 1) hybrid-2
conformation in solution with 10-100 mM KCI (Fig. 5). The
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Fig. 4 Single wavelengths were melting profiles extracted from the
experimental data set at two selected wavelengths. The CD curves
display temperature dependence. (A) Spectrum of Tel24 and Tel24 +
RHPS4 in 20 wt% PEG200 solution at 265 nm; (B) pectrum of Tel24
and Tel24 + RHPS4 in 20 wt% PEG200 solution at 295 nm; (C) spec-
trum of Tel24 and Tel24 + RHPS4 in 30 wt% PEG200 solution at
265 nm; (D) spectrum of Tel24 and Tel24 + RHPS4 in 30 wt% PEG200
solution at 295 nm. The concentration of Tel24 was 10 uM. The
concentration of RHPS4 was 90 puM.
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Fig.5 Conformation of Tel24 in solutions containing 20 wt% PEG200
and different concentrations of KCl assessed by CD spectroscopy. The
concentration of Tel24 was 10 uM.

intensity of the characteristic peak of Tel24 at 290 nm reached
a threshold value in 1 mM KCI solution. However, in 1-100 mM
KCl solution, the characteristic peak intensity of Tel24 showed
no increase at 290 nm, while a significant increase was detected
at 265 nm. Therefore, it predicted that Tel24 first formed (3 + 1)
hybrid-2 conformation in 20 wt% PEG200 solution and then
created a parallel conformation.

RHPS4 was found to induce Tel24 to form an antiparallel
conformation in low concentrations of KCI, while on the other
hand, it promoted the parallel conformation conformational
ensemble of Tel24 to form hybrid conformation in high
concentrations of KCl (Fig. S6, ESIt). Hence, it indicated that
RHPS4 interacts with Tel24 in various conformations.

Discussions and conclusions

In summary, Tel24 displayed multiple conformational distri-
butions under different conditions. The conformational
ensemble of Tel24 is inherently dynamic and should be
a synthesis of parallel and (3 + 1) hybrid-2 structures under
molecular crowding conditions. The binding of RHPS4 to the
Tel24 is a recognition between RHPS4 and an ensemble con-
sisting of multiple conformations. The studies of CD melting
revealed that RHPS4 exhibited a higher stabilizing ability to the
(3 +1) hybrid-2 of Tel24 than the parallel conformation. RHPS4
shifted the conformational ensemble balance of Tel24 towards
the (3 + 1) hybrid-2 conformation, which indicated that the (3 +
1) hybrid-2 conformation of Tel24 is the more favored confor-
mation of RHPS4. Following the binding of RHPS4, the
conformational ensemble of RHPS4 undergoes a population
shift, redistributing the conformational states.

The (3 + 1) hybrid-2 conformation of Tel24 was more likely to
form as compared to the parallel conformation in the Tel24
conformational ensemble. Moreover, the (3 + 1) hybrid-2 G-
quadruplex was more compact than the parallel G-quad-
ruplex.® It suggested that the (3 + 1) hybrid-2 conformation may
be lower in energy, and RHPS4 readily binds to the lower energy
conformation in the ensemble. This study suggests that
multiple conformations should be considered when designing
G-quadruplex ligands.

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