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A DNA small molecular probe with increasing K*
concentration promoted selectivityf

Ya-Ping Gong,?® Jian Yang,© Ji-Wang Fang,® Qian Li,® Zhi-Yong Yu,*
Aijiao Guan {2 *® and Han-Yuan Gong & *<

DNA small molecular probe study was considered as a promising approach to achieve DNA related disease
diagnosis. Most related reports were performed under specific salinity. Herein, 4-imino-3-(pyridin-2-yl)-
4H-quinolizine-1-carbonitrile (IPQC) was generated via a facile procedure with high yield (85%). It is
found that IPQC could act as a universal probe for most tested ssDNA, dsDNA and G4 DNA in low [K*]
concentration (less than 20 mM). However, IPQC showed highly selective G4 DNA binding via UV-vis
and fluorescence response in increasing [K*] (e.g., 150 mM) conditions. The ion atmosphere effects are
instructive for DNA probe exploration. This provides guidance for the design, selection and optimization
of the probes for target DNA sensing.

Introduction

Nucleic acid is the key genetic material in biological systems.'
Its structural integrity determines physiological functions, cell
proliferation, and/or differentiation.*> DNA small molecular
probes were developed to detect specific DNA species,** also
their different folding types (e.g. G-quadruplex (G4), considered
as a tumor marker species).'*" Up to now, probe study was
considered as a promising approach to realize DNA related
disease diagnosis.’*?>® However, most reported interactions
between DNA and small molecular probes were explored under
an environment with specific salinity.”’*> Ion atmosphere
effects were considered as a critical factor in DNA recognition.
However, only limited examples involving the important effects
were reported. These reports included the sodium concentra-
tion effect on the complexation between DNA and protein,* as
well as the binding between ligand and double-stranded DNA
(dsDNA).** Understanding and using ion atmosphere effects to
promote specific DNA (such as G4) recognition is still under
development.

Herein, we reported an unusual DNA small molecular probe,
4-imino-3-(pyridin-2-yl)-4H-quinolizine-1-carbonitrile ~ (IPQC)
with high K' concentration dependent selectivity. In low [K']
environment (.e., [K'] = 20 mM), IPQC shows obvious UV-vis
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and/or fluorescence responses for most additional DNA
species. The tested DNAs include ssDNA (e.g., sSVEGF, ssPS1c-a,
ssPS1c-b, ssAf17, ssG-tripl and ssT30), dsDNA (including
dsPSi1c, ds19AT, dsDx12, ds20, ds22, ds26 and 15GC), and G4
DNA (involving VEGF, bcl-2, H22, P21, cmyc and c-kit).
Surprisingly, increasing [K'] improved the DNA recognition
selectivity of IPQC. 150 mM [K'] (an intracellular K" concen-
tration) induces IPQC response only for some additional G4
(Scheme 1). Such findings suggested that ion atmosphere
effects (e.g., [K']) in DNA detection should not be ignored in
either exploring new or re-examining previous probes. The ion
atmosphere effect study in the DNA detection will provide
guidance for the design, selection and optimization of target
DNA post-probes.

Experimental
Reagents and chemicals

All oligonucleotides were synthesized by Invitrogen (Beijing,
China) and purified by ultra-polyacrylamide gel electrophoresis
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Scheme 1 The binding selectivity of previous DNA probe (left, in
specific salinity (i.e., [K*])) and IPQC probe (right) with increasing
salinity (e.g., [K*]) promoted selectivity for G4 DNA sensing.
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(ULTRAPAGE) (purity 95%). Chemicals were purchased from
Beijing Chem. Co. (China) and used without further purifica-
tion. Ultrapure water was prepared by Milli-Q Gradient ultra-
pure water system (Millipore) and used throughout the
experiments.

Sample preparation

The stock solutions of the oligonucleotides were prepared by
dissolving oligonucleotides into the mixture containing ethanol
and Tris-HCI buffer ([Tris] = 20 mM; the ratio between ethanol
and aqueous phase as 1 : 99, v/v, pH = 7.2, containing 0, 20 or
150 mM KCl, respectively) and annealed in a thermocycler (first
heating at 90 °C for 5 min, and slowly cooled down to room
temperature, then stored at 4 °C before use). The concentration
of oligonucleotides was determined based on their absorbance
at 260 nm, dsDNA was prepared by heat denaturing and
annealing the mixture of ssDNA1 and ssDNA2 (1:1). Stock
solutions of IPQC were prepared in ethanol (2.00 x 10° M).

Synthesis of IPQC

2-Pyridylacetonitrile (1, 0.24 g, 2 mmol), sodium
bis(trimethylsilyl)-amide (NaHMDS) (0.55 g, 3 mmol) and
anhydrous DMF (5 mL) were added into an oven-dried 25 mL
Schleck tube and then heated at 100 °C under air for 3 h.
Cooling the mixture down to room temperature and then
filtered. Collecting the liquid phase and removing solvent under
reduced pressure, the residue was purified by column chro-
matography on silica gel (200-300 mesh, eluent as the mixture
of acetone and petroleum ether (1/3, v/v) to afford the corre-
sponding product as red-brown solid (0.42 g, 85% yield). Its
structure was fully characterized via '"H-NMR, *C-NMR, high
resolution mass spectrometry (HRMS) and X-ray single crystal
diffraction study.

Complexation study between IPQC and DNAs

The absorption spectra were recorded on an Agilent 8453 UV-
visible spectrophotometer at the wavelength range 190-
1100 nm using a 1 cm quartz cuvette. UV-vis absorbance titra-
tions were carried out by preparing a series of mixture con-
taining IPQC and DNAs. Concentration of IPQC kept as 2.00 x
107> M. Additional DNAs concentrations were changed from
0 to 4.0 molar equiv. of IPQC. The solution contained KCl as 0,
20 or 150 mM at room temperature in a special mixture solvent
used in all the tests shown below (i.e., ethanol-Tris-HCI buffer;
which contained ethanol and Tris-HCI buffer ([Tris] = 20 mM;
the ratio between ethanol and aqueous phase as 1 : 99, v/v, pH
= 7.2)). The solvent mixture, each absorption spectrum was
carried out after the sample incubation for 2 h.

Fluorescence spectra were recorded on a HITACHI F-4600
fluorescence spectrophotometer (Hitachi Limited, Japan).
Fluorescence titration experiments were carried out with the
same samples used in the UV-vis titration study. Fluorescence
spectroscopic Job-plot was used to determine the binding stoi-
chiometry. The total concentration of IPQC and DNAs were
maintained as 2.00 x 107> M, with the molar ratio between

© 2021 The Author(s). Published by the Royal Society of Chemistry
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IPQC and DNAs as 1:0, 5:1,4:1, 3:1, 2:1, 1.5:1, 1:1,
1:1.5,1:2,1:3,1:4 and 1: 5, respectively.

CD (circular dichroism) spectra were collected on a Jasco 815
spectropolarimeter in a 2 mm path-length quartz cell. CD
spectra of DNAs (2.00 x 10~> M) were measured in the absence
or presence of 1.0 molar equiv. of IPQC. "H-NMR and *C-NMR
spectra were recorded on Bruker AVANCE 400. The single
crystals used to obtain the X-ray diffraction structure grew clear
light red cube. The .cif documents are available as separate ESI{
files, which provide details regarding the specific crystal used
for the analysis, along with the structure in question. Diffrac-
tion grade crystals were obtained via slow evaporation from
solution using a mixture of dichloromethane/n-hexane.

Results and discussion

Although the synthetic method of IPQC was demonstrated in
previous studies,* its properties are still under exploration. The
previous synthetic route contained three steps with overall yield

(a) Previous method
o

> HJ\o/\ » Br N
z CN ——— < CN —m
N CH3CH,OH/Na 0 °C N K,CO; DMF
40°C 48h o 50 °C overnight
B CN
1 ZN_CN
NN N N L PY )
| J CH;CH,OHINa 0°C ' N N .
o It overnight | (overall yield: 33%)

H N
(b) This work

~
cN
i NaHMDS anhydrous DMF [~ 1% | Y
> CN————— N A A
N 100°C3h Y MY Y™y
H N LR

1 TPQC (yield: 85%)

Fig. 1 The comparison between previous (a) and this (b) synthetic
routes of IPQC.
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Fig.2 The spectral changes of IPQC (2.00 x 107> M) in UV-vis (a) and
fluorescence (b) with the increasing of G4-VEGF (from 0 to 4.0 molar
equiv.); The Job-plot (c) and fluorescence titration (d) in ethanol-Tris—
HCl buffer with [KCl] as 20 mM.
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of 33%. Low yield, cumbersome steps and the use of hazardous
reagents restrict its further exploration. Herein, the improved
‘one-pot’ reaction providing ‘one pot’ facile synthetic steps and
high yield (85%). The efficient synthetic route will facilitate the
subsequent property study (Fig. 1).

The UV-vis and fluorescence spectroscopic properties of
IPQC were characterized. The related experiments were carried
out in ethanol-Tris-HCI buffer. It is noted that 1% ethanol was
added due to the limited solubility of IPQC in pure water phase.
Finally, IPQC reveals a peak at A = 392 nm with ¢3¢, Nm = 2.57 X
10* mol ' L em ™" in UV-vis absorption. Fluorescence spectrum
recorded at A, = 392 nm showed a strong green emission peak
of 528 nm, with fluorescence quantum yield ¢ = 0.35 and life-
time as 4.84 ns.

Cationic H'-IPQC was believed as the form of IPQC in
aqueous phase under pH around 7 (note: the pKj, value of IPQC

Table1 K, (M~ calculated via UV-vis or fluorescence titration®
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is deduced as around 9.15 from the value of analogic quinoline).
The pH dependent fluorescence spectra of 2.00 x 10> M IPQC
show obvious change with pH value scale as 2 to 12 (¢f ESI
Fig. S68 and S691). It suggests that H"-IPQC is the main form
with pH around 7. The planar skeleton and protonation induce
the expectation to use IPQC as a potential biological probe of
anionic biological macromolecules (e.g., nucleic acids), as the
well-known G-quartet ligand, berberine.’**

As initial work, we investigated the interaction between IPQC
and a series of DNA structures (¢f., Table S17). G-quadruplex
VEGF (Vascular Endothelial Growth Factor, a cancer treatment
target)*>* was selected for the first test. UV-vis absorption peak
of IPQC at A = 392 nm red-shifts 19 nm with adding 4.0 molar
equiv. of G4-VEGF. Meanwhile, obvious intensity decreasing
was shown in fluorescence emission spectrum (carried out in
ethanol-Tris-HCI buffer with [KCI] as 20 mM). The decreasing

K, measurement in [K'] as 0 or 20 mM

K, measurement in [K'] as 150 mM

Method Method
Substrate (S) [IPQC] : [S] UV-vis Fluorescence UV-vis Fluorescence
G4-bel-2 1:1 (5.0 £0.2) x 10° (2.5 £0.1) x 10° (1.6 £ 0.1) x 10° (2.5 £0.1) x 10°
1:2 (7.9 + 0.4) x 10* (1.3 £ 0.1) x 10° (5.0 £ 0.3) x 10* (2.5 £ 0.1) x 10*
2:3 (3.2 £ 0.3) x 10* (2.0 £0.2) x 10° (1.3 £0.1) x 10* (4.0 £ 0.3) x 10°
G4-H22 1:1 (7.9 £ 0.2) x 10" (1.0 £ 0.1) x 10° 2.0 £+ 0.1) x 10* 1.3 £ 0.1) x 10*
1:2 (6.3 +0.3) x 10* (2.5 £ 0.1) x 10* — —
2:3 (2.0 £0.2) x 10° (7.9 £ 0.6) x 10* — —
G4-P21 1:1 (7.9 £0.2) x 10* (7.9 £0.2) x 10* (1.3 £0.1) x 10* (1.0 £ 0.1) x 10*
1:2 (1.3 £ 0.1) x 10° (1.3 £ 0.1) x 10° — —
2:3 (2.5 £ 0.2) x 10* (2.5 £0.2) x 10* — —
G4-VEGF 1:1 (1.3 £0.1) x 10° (7.9 £ 0.2) x 10* (2.5 £ 0.1) x 10* (2.0 £ 0.1) x 10*
G4-c-kit 1:1 (5.0 £0.2) x 10° (3.2 £0.1) x 10° (2.0 £0.1) x 10° (1.3 £0.1) x 10°
1:2 (1.0 + 0.1) x 10* (7.9 + 0.4) x 10° (1.6 + 0.1) x 10* (1.6 £ 0.1) x 10*
2:3 (2.5 £0.2) x 10° (5.0 £ 0.4) x 10° (4.0 £ 0.3) x 10* (4.0 £ 0.3) x 10°
G4-c-myc 1:1 (6.3 £0.2) x 10° (7.9 £ 0.2) x 10° (1.6 £ 0.1) x 10° (5.0 £ 0.2) x 10*
1:2 (1.0 £0.1) x 10° (3.2 £0.2) x 10* (6.3 £0.3) x 10* (7.9 £ 0.4) x 10*
2:3 (5.0 £ 0.4) x 10* (2.0 £0.2) x 10° (1.0 £ 0.1) x 10° 5.0 + 0.4) x 10*
ds20 1:1 (1.6 £ 0.1) x 10* (2.0 £0.1) x 10* — —
ds22 1:1 (2.0 £ 0.1) x 10° (2.0 £ 0.1) x 10° — —
1:2 (1.6 £ 0.1) x 10* (1.3 £0.1) x 10*
2:3 (1.3 £ 0.1) x 10° (3.2 +0.3) x 10°
ds26 1:1 (5.0 £ 0.2) x 10" (8.0 £ 0.2) x 10* — —
1:2 (1.0 £ 0.1) x 10* (6.3 +£0.3) x 10°
2:3 (7.9 + 0.6) x 10* (1.6 + 0.1) x 10*
ds19AT 1:1 (3.2 £0.1) x 10* (3.2 £0.1) x 10* — —
dsDx12 1:1 (7.9 £0.2) x 10* (6.3 £0.2) x 10* — —
hairpin15GC 1:1 — (5.0 £ 0.2) x 10* — —
SSVEGF 1:1 (5.0 +0.2) x 10" 6.3 +0.2) x 10* — —
ssPSlc-a 1:1 — — — —
SsAf17 1:1 — — — —
ssG-tripl 1:1 — — — —
dsPS1c — — — — —
ssPS1c-b — — — — —
ssT30 — — — — —

Ka K, Ky

% (1) Equations governing the relevant equilibria: [H] + [G] = [HG][HG] + [G] = [HG,][HG] + [HG,] = [H»G3), here H indicated IPQC and G for
various DNA substrates. (2) ‘—’ indicates titration experiments are unsuccessful because of the weak response of IPQC to additional DNAs. (3) All the
tests were carried out in buffer ([Tris] = 20 mM; the ratio between ethanol and aqueous phase as 1 : 99, v/v, pH = 7.2). 20 or 150 mM KCl was used in

G4 DNA tests, 0 or 150 mM KCI was used in the cases of ss/ds DNAs.
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fluorescence intensity attributed mainly to the H'-IPQC
binding on the surface of G4-VEGF via - stacking interaction
via molecular simulation (¢f Fig. 4a-c). Other synergistic
effects, such as electrostatic attraction between negative DNA
and positive H' - IPQC, suitable shape and volume of H'-IPQC to
the groove, also may lead to the fluorescence quenching of
H'-IPQC.

Further CD (circular dichroism) experiments showed DNA
signals are almost the same before and after adding IPQC, while
IPQC has no Cotton effect in the presence or absence of DNA
species (¢f. ESI Fig. S73%). This phenomenon indicates DNA
configuration is kept during the binding process. The stoi-
chiometric ratio between IPQC and DNA were speculated by Job-
plot analysis, despite the method is limited in some compli-
cated cases.””™** Fluorescence Job-plot analysis resulted in
a minimum value at [IPQC]/([IPQC] + [G4-VEGF]) ratio as 0.5.
The finding suggested a 1:1 binding stoichiometry (Fig. 2).
Further UV-vis titration experiment suggested the association
constant K,; = (1.3 & 0.1) x 10° M~ for the 1 : 1 complexation.
The result is consistent with calculated Ku; = (7.9 & 0.2) x 10*
M from fluorescence titration.

Same methods were also used to study the interactions
between IPQC and other tested DNAs. The association
constants were summarized in Table 1 and Fig. 3, which exhibit
both obvious UV-vis and fluorescence signal response in most
cases involving ssDNA, dsDNA, and G-quadruples.

For further in vivo and/or in situ detection, we studied the
DNA sensing behaviour of IPQC in simulated physiological
environment. Specifically, the interaction between IPQC and
former tested DNAs were explored in ethanol-Tris-HCI buffer
with 150 mM K" (an intracellular K* concentration). Surpris-
ingly, IPQC exhibits both UV-vis and fluorescence response only
for G-quadruplex in this condition, while the responses for all
the tested ss/ds DNA disappeared. Specifically, the association

Fig. 3 Lg K, histogram of IPQC and DNAs (a: H22, b: c-myc, c: c-kit;
d: VEGF; e: P21; f: bcl-2; g: dsPslc; h: hairpinl5GC; i: dsDx12; j:
ds19AT; k: ds26; : ds22; m: ds20; n: ssVEGF; o: ssPslc-a; p: ssPslc-b;
q: ssAf17; r: ssG-tripl; s:ssT30) calculated from fluorescence titration in
ethanol-Tris—HCl buffer with low (0 or 20 mM) or 150 mM KCL.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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constant value K,; = (2.0 + 0.1) x 10* M~ " between IPQC and
G4-VEGF indicates that excess potassium do not strongly
weaken combination between IPQC and G4-VEGF. As Fig. 3
shows, although the affinity between other G-quadruplex and
probe IPQC may be slightly weakened with increasing [K'], they
all show similar spectral response. The K,; value of the 1:1
binding calculated by UV-vis and fluorescence titration has no
significant change compared with which in low [K'] system.
20 mM magnesium ions and 10 mM sodium ions were added
to ethanol-Tris-HCI buffer with 150 mM K" to further mimic
the intracellular environment (¢f. ESI Fig. S74-579%). The final
spectral responses (especially in fluorescence spectrum) are
observed as the same as before adding. It implied that the high
selectivity of IPQC for G4 remains after adding 20 mM MgCl,
and 10 mM NaCl. The result proves high [K'] (150 mM)
promoted high selectivity of IPQC for G-quadruplex binding.
To further explore the increasing selectivity of IPQC, K"
concentrate dependent effect between IPQC and dsDNA was
studied in detail via UV-vis and fluorescence methods. Addi-
tional dsDNA induced spectral response of IPQC was carried
out. The spectroscopic changes decline with adding [K'], until
completely disappear with [K'] as 500 mM (¢f Fig. S82-5847).
This experiment interpreted that intermolecular interactions
between dsDNA and probe IPQC are acutely sensitive to ion
atmosphere effects. To deeper insight of the phenomena,
molecular modelling was carried out. It revealed that IPQC can
stack on the surface of the terminal quartet of G4 DNA (Fig. 4) or
insert into the groove of ss/dsDNA structure in low [K']. It is
suggested that excess cations can compete with protonated
IPQC to bind DNA (¢f: ESI Fig. S70 and S711). Furthermore, K"
bind with polyanionic DNA helix to reduce electrostatic repul-
sion of the negative charges on DNA phosphate backbone. It is
unfavourable for IPQC to intercalate to the groove binding sites
in ss/dsDNAs. As the result, the binding between IPQC and ss/
dsDNA weakens or even disappears with increasing K'. Differ-
ently, in the cases of G4 DNAs, the presence of metal cation (e.g.,

Li', Na" or K') benefit to form a metal-ion-stabilized G4
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Fig. 4 The top (a), side (b) and front (c) views of the optimal structure
of 1:1 complexation between G4 VEGF (light green) and IPQC
(orange) are shown as molecular surface; the binding changes
between DNAs and IPQC with [K*] varying from 0/20 to 150 mM.
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structures (although Li" provide inefficient induction for G4
structure formation**’) so that the electron-rich quinoline
plane of IPQC can effectively sit on the planar surface of the G-
quadruplex via - stacking (¢f. ESI Fig. S80 and S817). Finally,
the electrostatic completion of K* and the enhancement of ion
atmosphere effect shown above led a net result as little influ-
ence on the binding process between G4 and IPQC sitting on the
G-quadruplex. However, the other G4 binding mode(s) of IPQC
will also be weaken as the cases of ss/ds DNAs. Actually, the
binding stoichiometries between IPQC and some G4 DNAs (e.g.,
G4-H22 or G4-P21) change from 2 : 3 to 1 : 1 corresponding to
[K'] as 20 or 150 mM, respectively (¢f. ESI Fig. S677).

Conclusions

In  conclusion,  molecule  4-imino-3-(pyridin-2-yl)-4H-
quinolizine-1-carbonitrile (IPQC) was efficiently synthesized via
a simple one-pot method. It exhibits high selectivity to G-
quadruplex compared to ss/dsDNA in sufficient [K'], it even
acts as a universal DNA probe for ss/ds and G4 DNA under low
[K'] (0 or 20 mM) environment. Ion atmosphere effects induced
selectivity urges us to re-examine the previous DNA probes and
provide more perspective for the design of new ones.
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