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Abstract

A number of new fluorescent nucleic acid binding ligands were synthesized by utilizing the
non-specific thiazole orange dye as the basic scaffold for molecular design. Under simple
synthetic conditions, the molecular scaffold of thiazole orange bridged with a terminal side-group
(phenol or methoxybenzene) becomes more flexible because the ethylene bridge is relatively less
rigid than the methylene one of thiazole orange. It was found that these molecules showed better
selectivity towards G-quadruplex DNA structure in molecular interactions with different type of
nucleic acids. The difference in terms of induced DNA-ligand interaction signal, selectivity and
binding affinity of the ligands with the representative nucleic acids including single-strand DNA,
double-stranded DNA, telomere and promoter G4-DNA and ribosomal RNA were investigated.
The position of the terminal methoxyl groups was found showing strong influence both on
binding affinity and fluorescent discrimination among 19 nucleic acids tested. The ligand with a
methoxyl group substituted at the meta-position of the styryl moiety exhibited the best
fluorescent recognition performance towards telo21 G4-DNA. A good linear relationship between
the fluorescent binding signal and the concentration of telo21 was obtained. The comparison of
ligand-DNA interaction properties including equilibrium binding constants, molecular docking,
G4-conformation change and stabilization ability for G4-structures was also conducted. Two
cancer cell lines of PC3 (human prostate cancer cell) and hepG2 (human hepatoma cell) were
selected to explore the inhibitory effect of the ligands on the cell growth. The ICso values

obtained in the MTT assay for the two cancer cells were found in the range of 3.4-10.8 uM.

Keywords: Fluorescent molecule; Thiazole orange derivative; G-quadruplex DNA binding ligand,;
DNA-ligand interaction.



Introduction

To advance the analytical technology in the field of biological and biomedical sciences, the
development of fluorescent molecules that functions as effective tools for bio-recognition,
bio-labeling, and imaging agents targeting important biomolecules including amino acids, nucleic
acids, peptides, proteins, and biomarkers of cancers in vivo is important.'¢! The wonderful
imaging techniques, in the visible to near infrared regions, demonstrated with novel fluorophores
and nano-materials such as green fluorescent proteins, nanoparticles and quantum dots, and
organic dyes have been developed over the last few years. Fluorescence imaging is a
non-invasive and sensitive tool for the investigation of biological functions of biomolecules and
probing the molecular dynamics in live cells with the high brightness and photostability
fluorescent compounds.[-? Currently, the selective sensing or detection of a particular type of
biomolecules in their native environment such as in a living cell is still challenging.[?2?21 For
example, in the field of nucleic acid research, the discrimination of G-quadruplex DNA
(G4-DNA) structures from other types of DNA molecules via fluorescent recognition method
remains a challenge.?>%! |t is because the double stranded DNA substrates, which are more
abundant in bio-systems, usually show strong binding affinity with small ligands or probes and
cause poor discrimination. Therefore, many efforts are continuously being made to discover merit
fluorescent G-quadruplexes specific binding ligands for live cell imaging.

It is interesting that the secondary structures of G4-DNA is distinctively different from the
canonical double helix DNA and possess unique physical properties and biological functions. A
number of literatures have reported that the design of molecules or binding ligands that fit the
structural geometry of the G4-DNA secondary structures is a promising strategy to establish
G4-specific fluorescent probes.l?6-2°1 Our recent investigations also demonstrated that small
molecules could achieve good fluorescence discrimination ability towards G4-DNA structures
against other type of nucleic acids including duplex DNA and RNA and show strong emissive
interaction signal ;%31 Some factors such as the symmetry, the electronic effects and the

characteristics of the terminal functional groups of the ligands have been known to influence
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strongly the binding affinity and discrimination signal in many examples.2-34 In recent years, a
number of thiazole- and styryl-based fluorescent ligands that showed good fluorescence sensing
performance towards G-quadruplex nucleic acids have been reported.5-3"1. However, the study to
compare the polar terminal hydroxyl group with the non-polar methoxyl group based on the
thiazole orange-modified ligand system in G4-DNA binding has not been studied. Some recent
studies have compared the functional group of methoxybenzene and its corresponding phenol
group of certain natural products, such as curcuminoids (interacting with human serum
albumin)®®  flavonoids (interacting with PDIA3)B® and resveratrol (interacting with
TOPOII-DNA interface)®! and revealed that the methoxyl groups exhibit interesting
structure-activity relationship but their parental phenol groups do not have. Considering the
character of the functional groups, methoxybenzene and phenol, the methoxyl groups can only
act as a hydrogen bond acceptor and not a donor, while phenol can act both as donor and acceptor.
In addition, compared with phenol, the methoxybenzene group is less polar and is more electron
donating. These properties of the functional groups may be a feature of binding ligands that are
capable of inducing different interaction behavior in the binding sites of protein or DNA to
provide specific biofunction.

In the present study, we synthesized a series of nucleic acid binding ligands, which were
designed with a terminal functional group of phenolic hydroxyl or methoxybenzene to understand
their functional differences in the fluorescent signaling of interaction, selectivity, binding affinity
and the ligand-DNA complex stabilization with nineteen nucleic acids including single-strand
DNA, double-stranded DNA, telomere and promoter G4-DNA, and RNA. Moreover, by applying
these G4-DNA binding ligands to live cancer cells of PC3 (human prostate cancer cell) and

hepG2 (human hepatoma cell), the cytotoxicity in the range of 3-11 uM was observed.

Results and discussion
The fluorescent nucleic acid binding ligands (Figure 1: 1-4) constructed based on the

molecular skeleton of thiazole orange were synthesized through the condensation reaction of an
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suitable aromatic aldehyde and the methyl group at the ortho-position of the 1-methylquinolinium
scaffold with 4-methylpiperidine as a base in n-butanol under reflux conditions (Figure 1).1*! The
ligands synthesized are able to form a m—conjugated molecular structure, in which the core
fragment of methylquinolinium moiety bonds with a functionalized phenyl group through a
relatively flexible ethylene bridge at the 2-position and also bonds with a benzothiazole through a
relatively rigid methylene bridge at its 4-position. The overall structure of the ligands is therefore
flexible and freely rotatable in solution. The isolated yields of these compounds were 81-89 %.
The ligands were fully characterized with *H and **C NMR and mass spectrometry. The purity of
the ligands was determined by HPLC before utilizing in the nucleic acid binding studies and
bioassays.

QN/ QN/

ST o ST

4-methylpiperidine
+ H X —_— X
N )KQR n-butanol

)
|

i\

Figure 1. The synthetic route and the molecular structures of the fluorescent DNA binding
ligands 1-4 synthesized for the comparison of interaction property.

The ligands are almost not emissive in solution due to the freely rotation property of the
molecular fragments causing radiationless decays in excited electronic states of the molecules.
However, when the rotation around the bonds of the methylene and ethylene bridges between the
n—conjugated aromatic systems is restricted, it results the termination of the non-radiative decay
channel™ and thus the fluorescence signal of the ligands is restored. The fluorescence signal of
the ligands is therefore sensitive to the rigidity of the environment. As demonstrated in Figure S1,
the ligands dissolved in a mix-solvent system of glycerol in water (v/v %), in which altering the
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water-glycerol ratio to regulate the viscosity of the medium, to observe the fluorescence signal
changes. In the ligands tested, it was found that the induced fluorescence intensity reached
maximum in 100 % glycerol medium due to the ability of molecular rotation is significantly
restricted in the viscous glycerol. This indicates that the ligand upon binding to DNA is able to
suppress the radiationless decays due to the high barrier for intramolecular torsional motion and
thus induce a detectable fluorescence signal in both in vitro and in vivo.

The spectroscopic property, fluorescent signal changes, and binding affinity of the dyes were
investigated with various DNA substrates in a Tris-HCI buffer solution at room temperature. The
UV-vis absorption energy (Amax) Of these new dyes are in the range of 506-527 nm (major peak)
and their emission maxima upon bound with the G-quadruplex DNA (G4-DNA\) are located in the
range of 530-624 nm, which is slightly red-shifted compared with thiazole orange (532 nm). In
the fluorescence assays, a variety of nucleic acids including single stranded DNA (dt21, da21),
double stranded DNA (4a4t, 4at, ds12, ds12), and G4-DNA (telomere DNA: htg22, telo21, 4telo,
humanl2, oxyl2, oxy28; promoter DNA: pu27, bcl2, pul8, VEGF, RET, cik-1, ckit-2) were
examined with ligands (1-4) to screen out which substrate could induce significant fluorescence
signal. The fluorescence intensity enhanced may indicate the in vitro ligand-DNA interactions
and could be compared for their target specificity. Form the fluorescence titration results, the
G4-DNA substrates, particularly the telomeric G4-DNA, gave the highest fluorescence signals
while the dsSDNAs were found much less effective. The sSDNA substrates were also found very
weak. Taking together, the ligands exhibited the highest preference towards telomeric G4-DNA
under the same conditions (Figure 2). Moreover, the fluorescence intensity enhancement
contributed from the interaction of ligand-telomeric G4-DNA was found in the order of 1 >2 > 3
>4,

To compare the discrimination ability of the binding ligands towards different classes of
nucleic acids, one representative substrate from each class including telo21 (G4-DNA), ds26
(double-stranded DNA), da21 (single-stranded DNA) and RNA was selected for the investigation.

From Figure 3, the fluorescence titration experiments showed that the ligands have much higher
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binding selectivity, in terms of enhanced interaction signals (F/Fo), towards telo21 G4-DNA than
double-stranded DNA (ds26) generally. Moreover, both single-stranded DNA and ribosomal RNA
exhibited very weak interaction signal under the same titration conditions. By comparing the
terminal functional groups and their positions attached in ligands 1-4, it seems that ligand 3
possessing a methoxyl group at the meta-position of the styryl moiety offers the best
discrimination ability towards various nucleic acids. The fluorescence signal induced from the
3-telo21 complex is about 4-fold higher than that of 3-ds26 complex. The analogue ligand 4 with
two methoxyl groups substituted at para- and meta-positions gave the worst discrimination

ability.
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Figure 2. The comparison of substrate selectivity of the binding ligands 1-4 towards various
nucleic acids in Tris-HCI buffer solution containing 60 mM KCI. The final concentration of the
binding ligand was fixed at 5 uM, and DNA concentration used was 10 uM. For ligand 1 and 4
the excitation wavelength (Aex) was 475 nm and the emission signal (Aem) was recorded at 530 nm.
For ligand 2 and 3 the excitation wavelength (Xex) was 520 nm and the emission signal (Aem) was
recorded at 610 nm. Measurements were taken after incubated for 10 min at room temperature.
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Figure 3. The binding study of ligands 1-4 with various concentration of nucleic acids including
single-stranded DNA: da21, double-stranded DNA: ds26, G4-DNA: telo21, and RNA. In the
fluorescence titrations (1, 4: Xex = 475 nm, Xem = 530 nm and ligand 2, 3: Aex = 520 NM, Aem = 610
nm), the final concentration of ligand was fixed at 5 uM in a Tris—HCI buffer containing 60 mM
KCI. Measurements were taken after incubated for 10 min at 25 °C.

From the fluorescence titration experiments, some nucleic acids did not induce the
fluorescence binding signals. However, both telo21 (G4-DNA) and ds26 (double stranded DNA)
offered significant fluorescence signals for the interaction. The detectable quantum yields of the
ligand-telo21 complex were obtained in the range of 0.03-0.14. The equilibrium binding
constants of the ligands with telo21 and ds26 were estimated and summarized in Table 1. For
nucleic acids of da21 and RNA, the equilibrium binding constants were not able to determine due
to their weak binding signal induced in the fluorescence titration assays (Figure 3). In the ligand
series, the Keloz1 Values were found in the range of 0.4 - 8.2 x 10° M* while the Kass were
generally weaker (0.3 - 4.5 x 10°M™). This indicated that ligands have higher binding selectivity
towards G4-DNA compared to double-stranded DNA. The result seems in accord with the
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observations obtained in the fluorescent screening of substrates as shown in Figure 2. However,
binding constants and fluorescence responses may not necessary have direct relationship for
small molecules recognizing nucleic acids.*3#4 Among the four ligands bearing the terminal
groups at different positions, 1 has the largest equilibrium binding constants for both telo21 and
ds26 probably due to its terminal hydroxyl group at the para-position of the styryl moiety
contributed to the hydrogen bond interaction with nucleic acid substrates. When this hydroxyl
group was changed to methoxyl (2), the equilibrium binding constants were dropped obviously
(Kieloz1 = 1.9 x 10° MY, Kgszs = 1.3 x 10° M), This result supported that hydroxyl group
significantly involved in the ligand-DNA interaction. However, the interaction from hydrogen
bonding seems not beneficial to the molecular discrimination towards the DNA structures of
telo21 and ds26 as indicated by the Kteio21/Kasze ratio, which is just about 1.8 folds. Interestingly,
for ligand 3 that has a methoxyl group at the meta-position of the styryl moiety, its Ktelo21 (5.6 X
10° M) is almost 3-fold as high as ligand 2. The results suggested that the position of the
methoxyl group at the terminal styryl moiety is also a critical factor affecting the ligand-DNA
interaction with the binding pocket of G-quartet. This result could be further elaborated that the
binding pocket of G-quartet may have certain well-defined geometry and spatial constraints;
however, the related information is very limited in literature. In addition, the ability of 3 to
discriminate G4- and double-stranded DNA is found to be the best, Ktelo21/Kds2e = 3 approximately.
Based on the results from the binding study with ligands 1-4, the linear relationship for
fluorescence sensing of telo21 G4-DNA in vitro was able to establish as shown in Figure S2. In
addition, the molecular interaction between 3 and telo21 was also supported from the UV-vis
titration experiments shown in Figure S4. The major absorption peak of ligands 1-3 at 506-527
nm were found increased gradually with the addition of telo21. However, ligand 4 showed very

weak absorption signal changes.



Table 1. Quantum yields of the ligand-DNA complexes and their equilibrium binding constants.

Ligand  Terminal side-group Complex d¢° Kieloz1 (X10° M1)¢ Kasos (x10° M1)¢
1 —(_)-om 0.05 8.2 45
Q
2 — ), 0.14 1.9 13
e
3 : 0.07 5.6 1.8
O_
¢ 0
4 ¢ \ 0.03 04 0.3

& Experiments were performed in 10 mM Tris-HCI buffer at pH 7.4 at 25 °C.

b Relative fluorescence quantum yield of probes upon addition of 3 pM telo21; the standard of
the relative fluorescence quantum yield use is fluorescein (®f = 0.85, in 1 % NaOH).

¢ Equilibrium binding constant (Ktlo21) between the ligand and telo21 G4-DNA.

d Equilibrium binding constant (Kaszs) between the ligand and ds26 double stranded DNA.

When the ligands titrated with telo21, a strong emission signal was induced evidently and
this signal indicates that the ligand-telo21 adduct is formed in vitro. The enhanced fluorescence
signal may also reveal that the molecular rotating ability (intramolecular torsional motion) of
both the benzothiazole group and the terminal phenyl group may be effectively restricted because
the molecular size of the ligands are small enough to fit into the G4-binding pocket. Therefore,
the favorable adduct may probably form through the intermolecular n-m stacking interactions
between the ligand and G4-structure. To predict the possible binding orientations for the ligands
in the G4-DNA binding pocket, molecular docking studies were performed for the ligands using
an anti-parallel telo21 G-quadruplex structure (PDBID: 2mb3)5! based on 1 to 1 stoichiometry.
All ligands are found binding to the 5’ end of the G-quartet via n-x stacking interaction. As shown
in Figure 4, the binding modes for ligands 1-4 are very similar. It is noteworthy that the positively
charged 1-methylpyridinium moiety is positioned close to the negatively charged carbonyl

channel of G-quartet and three aromatic rings (benzothiazole group, benzene ring of
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1-methylquinolinium, and the terminal phenyl group) stack on top of three guanine bases of
G-quartet to maximize n-n stacking interactions. Ligand 1 with a terminal phenol group has an
estimated binding free energy of -8.3 Kcal/mol and is very close to that of its two
mono-methoxylated analogues (-8.5 Kcal/mol for 2; -8.6 Kcal/mol for 3). The estimated binding
free energy for the di-methoxylated analogue 4 is found to be -8.3 Kcal/mol. The docking study
of the molecules with telo21 G4-DNA shows very comparable binding free energy. However, the
terminal groups of 1 (-OH at para-position of the phenyl ring), 2 (-OCHjs at para-position of the
phenyl ring) and 4 (-OCHjs at para-position of the phenyl ring) were found located outside the
G-tetrad, whereas ligand 3 with its terminal -OCHs group at para-position of the phenyl ring is
stacked on the G-tetrad (Figure 4). This may probably maximize the molecular interaction with

the G4-binding pocket and give a better fluorescence discrimination signal.

Ligand 3: -8.6 Kcal/mol Ligand 4: -8.3 Kcal/mol

Figure 4. The binding mode and binding energy of the ligands with telo21 G4-DNA (PDB ID:
2mb3) from molecular docking study based on 1:1 stoichiometry.
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Figure 5. CD spectra of the binding ligands 1-4 bound to telo21 (5 uM) in 10 mM Tris—HCI, 60
mM KCI, pH =7.4.

To study the possible G4-DNA conformation changes induced by the ligands, circular
dichroism (CD) spectroscopy was carried out using telo21 as a model substrate. From the results
shown in Figure 5, the CD spectra of telo21 alone showed a major negative absorption band at
235 nm and another two positive bands located at 265 nm and 290 nm, respectively. The
absorption pattern may indicate that both parallel and anti-parallel types of topology could
co-exist in solution with potassium ions. When adding the ligands to the solution to interact with
telo21, the negative absorption band at 235 nm was influenced. The absorption was increased
from negative to about zero. A new and weak positive absorption band between 240-245 nm was
observed. In addition, as the concentration of ligands increased further, the positive broad
absorption bands at 265 nm decreased significantly and became slightly negative. The CD signal

changes may indicate that the ligands could possibly influence the topology telo21 upon
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interaction. It seems that the parallel-type telo21 G4-structure, which has a typical CD absorption
spectrum showing a negative band at 235 nm and a positive band at 265 nm approximately, is
significantly influenced. On the contrary, the characteristic positive band at 290 nm and negative
band at 265 nm for anti-parallel topology of telo21 were clear observed. This may indicate that
telo21 G4-DNA in anti-parallel form has no significant influence upon binding to ligands. The
CD results indicate that the ligands could affect parallel topology of telo21 and induce them to

fold into anti-parallel, which may probably form a more stable adduct.
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Figure 6. Normalized FRET melting curves of G-quadruplex F21T (0.4 uM) with the addition of
different concentration of binding ligands 1-4 (0.2—2.0 uM) in 10 mM Tris—HCI, 60 mM KClI, pH
=7.4.

To compare the stabilization ability of the ligands for the G4-DNA structure, fluorescence
resonance energy transfer (FRET) measurements were performed. The normalized FRET melting
curves of G-quadruplex F21T DNA at different concentration of ligands were shown in Figure 6.

In general, with the ligand concentration at 2 uM, the increased ATm values were observed with a
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range from 3.3 to 11.3 °C. These results may suggest that the ligands are able to stabilize the
G-quadruplex structure. The control experiments with double-stranded F10T DNA were also
examined and the AT values were about 0.4 to 1.3 °C under the same conditions (Figure S5). It
was found that the ligand with the terminal function group of methoxybenzene showed slight
better G4-stabilization ability than phenol.

The results of molecular docking study, equilibrium binding constants, and ATm values
suggested a favorable and stable interaction of the ligands with G4-structures. We thus examined
their cytotoxicity against two cancer cell lines to evaluate the potential of these ligands in
anticancer application.[*64™ The cytotoxicity of ligands were studied with MTT assays. Two cell
lines including PC3 (human prostate cancer cell) and hepG2 (human hepatoma cell) were
selected to examine the inhibitory effect of the ligands on cancer cell growth. From the results
listed in Table 2, the ligands showed relatively high cytotoxicity to both types of cancer cells. The
ICso values obtained in PC3 and hepG2 cancer cells were in the range of 3.4-10.8 uM. The
cytotoxicity observed could be due to the interaction of the ligands with DNAs such as
G-quadruplex DNA and/or double stranded DNA in vivo to interfere the cell growth, but more

in-depth investigations are required to fully understand the underlying mechanism.

Table 2. ICso of ligands evaluated with MTT cytotoxicity assay.?

Licand ICs0 (M)
igan
PC3 hepG2
1 6.6 5.8
2 5.6 34
3 4.6 6.3
4 10.8 7.5

2 Inhibition rate (%) = (Control group average OD - Experimental group average OD)/Control
group average OD x 100%. IgICso = Xm-1 (P-(3-Pm-Pn)/4). Where Xm: Ig(maximum dose); I:
Ig(maximum dose/adjacent dose); P is the sum of positive response rates; Pm is the largest
positive response rate; Pn is the smallest positive response rate.
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Conclusion

In conclusion, a number of new fluorescent nucleic acid binding ligands, which possess a
terminal functional group of phenol or methoxybenzene, were synthesized to understand their
functional difference in the signal of interaction, selectivity, binding affinity and ligand-G4-DNA
complex stabilization with a variety of nucleic acids including single-strand DNA,
double-stranded DNA, telomere and promoter G4-DNA, and ribosomal RNA. It was found that
the position of the terminal methoxyl group showed strong influence on the binding affinity and
fluorescence discrimination for G4-DNA against other nucleic acid structures. The results
suggested that ligand 3 with a methoxyl group substituted at the meta-position of the styryl
moiety exhibited the best fluorescence discrimination ability towards G4-DNA against double
stranded DNA. The delta T obtained from the FRET measurements suggested that the DNA
binding ligand with the terminal methoxybenzene group is able to stabilize G4-structures.
Moreover, the cytotoxicity of the ligands was examined in PC3 and hepG2 cancer cells. The ICsg

values obtained were in the range of 3.4-10.8 pM.

Experimental Section

Materials and instrumentation

All chemicals were purchased from commercial sources unless otherwise specified. All the
solvents were of analytical reagent grade and were used without further purification. All
oligonucleotides used in this work were synthesized and purified by Shanghai Sangon
Biotechnology Co. Ltd. (Shanghai, China). Their sequences were given in Table S1. Fluorescence
studies were performed on a LS45 luminescence spectrophotometer (Perkin-Elmer, USA). A
quartz cuvette with 2 mm x 2 mm path length was used for the spectra recorded at 10 nm slit
width for both excitation and emission unless otherwise specified. Mass spectra (MS) were
recorded on Bruker amaZon SL mass spectrometer with an ESI or ACPI mass selective detector.
H and ®C NMR spectra were recorded using TMS as the internal standard in CDCls or

DMSO-ds with a Bruker BioSpin GmbH spectrometer at 400 MHz and 100 MHz, respectively.
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The purities of synthesized compounds were confirmed by using analytical HPLC with a dual
pump Shimadzu LC-20A system equipped with a photo-diode array detector and a C18 column
(250 mm x 4.6 mm, 5 pM YMC) and eluted with acetonitrile/water (47:53) containing 0.5 %
acetic acid at a flow rate of 1.0 mL/min. The stock solutions of the ligands were prepared at 5
mM with DMSO. The stock solution was then diluted to the required concentration with
Tris—HCI buffer containing 60 mM KCI for experiments.

Fluorescence binding assays

In the fluorescence titration experiments, the excitation wavelength (lex) and emission
wavelength (Aem) for 1: dex = 475 nm and Aem = 530 nm, for 2: dex = 520 nm and Aem = 610 nm, for
3: Aex = 520 nm and Aem = 610 nm, and for 4: dex = 475 nm and Aem = 530 nm were applied. For
the titrations, the final concentration of the binding ligand used was fixed at 5 uM in a Tris—HClI
buffer containing 60 mM KCI. Measurements were taken after incubated for 10 min at 25 °C.
With the data obtained through fluorimetric titrations, the binding constants were analyzed
according to the independent site model™ by nonlinear fitting to the equation®™!: F/Fy =
1+(Q-1)/2{ A+1+x-[(x+1+A)?-4x]*2}, where Fy is the fluorescence intensity of 14 in the absence
of DNA, Fmax is the fluorescence intensity upon saturation of DNA, Q = Fmax(Fo) ™, A= (KeqCaye) ™,
and x = nCpna(Caye)™; n is the putative number of binding sites on a given DNA matrix. The
parameters Q and A were found via the Levenberg—Marquardt fitting routine in the Origin 8.5
software, whereas n was varied to obtain the best fit. The calculated binding stoichiometry of
ligands 1-4 with G-quadruplex telo21 was listed in Table S2 in supporting information.

The limit of detection was calculated on the basis of the equation: LOD = n x Sp/m; n value in
accordance with the International Union of Pure and Applied Chemistry (IUPAC) is generally
taken to be 3; Sy represents the standard deviation of the blank multiple measurements (n = 20);
m is the slope of the calibration curve representing the sensitivity of this method.[5

Fluorescent quantum yields

The fluorescent quantum yields of the binding ligands in the presence of DNA were calculated
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using fluorescein in 1 % NaOH ethanol as standard (® = 0.85).521 Absorbance and fluorescence
values were recorded after adding five solutions with an increasing concentration of a selected
sample into fixed a concentration of DNA solution. Quantum yields were calculated according to
the equation®: ®, = dsr (Gradx / Gradst) (m?«/ n’st); Where the subscripts ST and X denote the
standard and test respectively; ® is the fluorescence quantum yield; Grad is the gradient from the
plot of integrated fluorescence intensity versus absorbance, and is the refractive index of the
solvent.

Molecular docking study

Molecular docking study was performed using the solution structure of anti-parallel human
telomeric DNA G-quadruplex (PDBID: 2mb3)l. The first two thymine residues at the 5> end
and the last residue adenine at the 3’ end were deleted to produce 21-mer G-quadruplex. The 3D
structures of the small molecules were generated with DS viewer 3.5. Autodock Tools (ver. 1.5.6)
was used to convert the structure files to pdbgt format.> Docking was performed using the
AUTODOCK vina program.[®® The dimensions of the active site box were chosen to be large
enough to encompass the entire G-quadruplex structures. An exhaustiveness of 20 was used and
other parameters were left as default.

Circular dichroism (CD) measurement
The concentration of telo21 was 5 uM in 10 mM Tris—HCI, 60 mM KCI, pH = 7.4, and the

concentration of conjugate was 1 to 4 folds in 5 mM Tris-HCI with 60 mM KCI at pH 7.4. The
CD spectra were carried out using a Chirascan spectrophotometer (Applied Photophysics). The
quartz cuvette with 4 mm path length was employed for the spectra recorded over a wavelength
range of 230 to 450 nm at 1 nm bandwidth, 1 nm step size, and 0.5 s per point. The CD spectra
were obtained by taking the average of at least three scans made from 230 to 450 nm at 25 °C.
Final analysis of the data was carried out with Origin 7.5 (OriginLab Corp.).

FRET assay conditions

The FRET assay was performed as a high-throughput screen following previously published
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procedures.27 The labeled oligonucleotides F21T: 5’-FAM-d(GGG[TTAGGG]3)-TAMRA-3’
(donor fluorophore FAM is 6-carboxyfluorescein; acceptor fluorophore TAMRA s
6-carboxytetramethylrhodamine; HEG linker is (-CH>—CH>—0-)s used as the FRET probes were
diluted from stock to the correct concentration (0.4 uM) in buffer and then annealed by heating to
95 °C for 5 min, followed by cooling to room temperature. Samples were prepared by aliquoting
15 pL of the annealed F21T (at 2 % concentration, 0.4 uM) into LightCycler 96, followed by 15
uL of the ligand solution (at 2 x concentration, 0.2-2.0 uM) and further incubated for 1 h.
Fluorescence melting curves were determined with a Roche LightCycler real-time PCR machine
with excitation at 470 nm and detection at 530 nm. Fluorescence readings were taken at intervals
of 3 °C over the range 37-93 °C, with a constant temperature being maintained for 300 s prior to
each reading to ensure a stable value.

MTT experiment conditions

The cell lines at logarithmic growth stage were inoculated into two 96-well plates with a cell
density of about 5000 cells per hole and then exposed to 37 °C and 5 % CO- respectively. After
48 h of inoculation, the medium was discarded, washed three times with PBS buffer, and then
added to the medium containing different concentrations of gradient compounds. After incubation
for 48 h, MTT (thiazole blue) solution (5 mg/mL) 20 uL was added into each hole (blank group
without MTT coloration and control group without medicine). Continue incubation for 4 h at 37
C and 5% COg, the supernatant was discarded and DMSO 100 uL was added into each hole.
After 15 s of oscillation, the chlamydia was fully dissolved. Finally, the absorbance of each hole
at 492 nm was measured by enzyme labeling instrument, and the experimental results were
recorded. The ICsg value of the compound can be obtained by mapping the cell viability.

General procedures for the synthesis of DNA-binding ligands 1-4

The starting compound,
(2)-1,2-dimethyl-4-((3-methylbenzo[d]thiazol-2(3H)-ylidene)methyl)quinolin-1-ium iodide, was
synthesized according to the reported procedures.®® The compound (0.16 mmol) and

4-methylpiperidine (0.5 mL) were well-mixed in a flask containing 10 ml n-butanol at room
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temperature. To this solution a suitable aromatic aldehyde (0.32 mmol) was added. The reaction
mixture then was refluxed for 3 h. After that, the reaction mixture was cooled in an iced-bath and
the precipitates were formed. The precipitates were then filtered by suction filtration. The
collected solids were washed with n-butanol at room temperature. The precipitate collected was
further purified with flash column chromatography to afford the pure compounds 1-4. All these
compounds were fully characterized with 'H & *C NMR, ESI-MS, HPLC before using for
measurements and bioassays. The characterizations of each compound were listed as follows:

For ligand 1, the deep violet solid was isolated with 88 % vyield. The melting point was
275-281°C; 'H NMR (400 MHz, DMSO) 5 8.61 (d, J = 8 Hz, 1H), 7.98 (t, J = 8 Hz, 2H), 7.87 (t,
J=8Hz,1H), 7.75 (d, J = 8 Hz, 2H), 7.64 (t, J = 8 Hz, 1H), 7.52-7.46 (m, 3H), 7.45-7.31 (m, 3H),
6.87 (d, J = 8 Hz, 2H), 6.68 (s, 1H), 4.01 (s, 3H), 3.83 (s, 3H). *C NMR (100 MHz, DMSO) §
160.39, 159.11, 152.57, 147.55, 141.65, 140.78, 139.26, 133.45, 131.04, 128.37, 126.71, 125.49,
124.38, 124.09, 123.73, 123.32, 118.79, 117.93, 116.25, 112.79, 107.92, 87.81, 38.36, 33.99.
ESI-MS for [M—I]* (C27H23N20S*): m/z 423.1; HPLC retention time with an eluent CHsCN: 0.5
% CH3COOHaq) = 53:47 (v/v) was 2.18 min. The purity of the compound was higher than 95%.
For ligand 2, the dark brown solid was isolated with 84 % yield. The melting point was 263-267
°C; 'H NMR (400 MHz, DMSO) 6 8.73 (d, J = 8.4 Hz, 1H), 8.10 (d, J = 8.4 Hz, 1H), 8.06 (d, J =
7.6 Hz, 1H), 7.96 (t, J = 7.6 Hz, 1H), 7.92 (d, J = 8.4 Hz, 2H), 7.73 (t, J = 7.6 Hz, 1H), 7.66 (d, J
= 8.4 Hz, 1H), 7.60 (m, 3H), 7.51 (s, 1H), 7.40 (t, J = 7.6 Hz, 1H), 7.09 (d, J = 8.4 Hz, 2H), 6.82
(s, 1H), 4.11 (s, 3H), 3.96 (s, 3H), 3.91 (s, 3H). 13C NMR (100 MHz, DMSO) & 160.41, 158.29,
151.39, 146.68, 140.01, 139.75, 138.21, 132.41, 129.64, 127.29, 127.12, 125.65, 124.43, 123.36,
123.04, 122.70, 122.25, 118.06, 117.75, 113.67, 111.81, 106.95, 86.87, 54.80, 37.30, 32.91.
ESI-MS for [M-I]* (C2sH2sN20S™): m/z 437.0; HPLC retention time with an eluent CH3CN: 0.5
% CH3COOHq) = 53:47 (v/v) was 2.95 min. The purity of the compound was higher than 95%.
For ligand 3, the reddish brown solid was isolated with 81 % vyield. The melting point was
252-256 °C; 'H NMR (400 MHz, DMSO) 6 8.50 (d, J = 8.5 Hz, 1H), 7.78 (m, 3H), 7.70 (d, J =

8.0 Hz, 1H), 7.57 (m, 2H), 7.39 (m, 3H), 7.31 (d, J = 8.0 Hz, 1H), 7.24 (t, J = 7.2 Hz, 1H), 7.09 (s,
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1H), 6.99 (t, J = 7.2 Hz, 1H), 6.92 (d, J = 8.5 Hz, 1H), 6.52 (s, 1H), 3.83 (s, 3H), 3.74 (s, 3H),
3.65 (s, 3H). *C NMR (100 MHz, DMSO) § 158.57, 157.74, 152.11, 147.18, 140.32, 138.85,
135.87, 133.43, 132.33, 128.64, 128.40, 126.69, 125.29, 124.49, 123.62, 123.54, 123.47, 122.65,
121.28, 121.09, 118.61, 112.79, 111.99, 107.86, 87.84, 56.28, 38.22, 34.02. ESI-MS: [M-I]*
(C28H25N20S™): m/z 437.0; HPLC retention time with an eluent CH3CN/ 0.5 % CH3COOHaq) =
53:47 (v/v) was 3.14 min. The purity of the compound was higher than 95%.

For ligand 4, the deep reddish brown solid was isolated with 89 % yield. The melting point was
266-270 °C; 'H NMR (400 MHz, DMSO) & 8.73 (d, J = 12 Hz, 1H), 8.16 (d, J = 8 Hz, 1H), 8.05
(d, J = 8 Hz, 1H), 8.05-7.80 (m, 2H), 7.69 (s, 1H), 7.65-7.52 (m, 3H), 7.52-7.35 (m, 3H), 7.07 (d,
J=8Hz, 1H), 6.85 (s, 1H), 6.70-6.6 (m, 1H), 4.16 (s, 3H), 3.97 (s, 3H), 3.91 (s, 3H), 3.85 (s, 3H).
13C NMR (100 MHz, DMSO) & 158.57, 157.74, 152.11, 147.13, 140.32, 138.85, 135.87, 133.43,
132.33, 128.64, 128.40, 126.69, 125.29, 124.49, 123.62, 123.54, 123.47, 122.65, 122.41, 87.70,
56.28, 37.96, 33.94. [M—I]" (C29H27N202S™): m/z 467.0; HPLC retention time with an eluent
CH3CN: 0.5 % CH3COOH@q) = 53:47 (v/v) was 5.72 min. The purity of the compound was

higher than 95%.
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Table S1. Sequences of oligonucleotides used in the present study

Abbreviation Sequence (5’ to 3°) Structure/origin
da2l AAAAAAAAAAAAAAAAAAAAA single-stranded
dt21 TTTTTTTTTTTTITTITTTTTTT single-stranded
4a4t AAAATTTT Duplex

4at ATATATATATAT Duplex
ds12 GCGCAATTGCGC Duplex
ds26 CAATCGGATCGAATTCGATCCGATTG Duplex
htg22 AGGGTTAGGGTTAGGGTTAGGG Telomere G-quadruplex
oxy28 GGGGTTTTGGGGTTTTGGGGTTTTGGGG Telomere G-quadruplex
telo21 GGGTTAGGGTTAGGGTTAGGG Telomere G-quadruplex
bcl2 GGGCGCGGGAGGAAGGGGGCGGG Promoter G-quadruplex
ckitl AGGGAGGGCGCTGGGAGGAGGG Promoter-G-quadruplex
ckit2 GGGCGGGCGCGAGGGAGGGG Promoter G-quadruplex
pu27 TGGGGAGGGTGGGGAGGGTGGGGAAGG Promoter G-quadruplex
pul8 AGGGTGGGGAGGGTGGGG Promoter G-quadruplex
4telo GGGTTAGGGTTAGGGTTAGGGTTAGGGTTAG Telomere G-quadruplex
oxyl2 GGGGTTTTGGGG Telomere G-quadruplex
VEGF GGGGCGGGCCGGGGGCGGGG promoter G-quadruplex
RET GGGGCGGGGCGEGGGCGEGGAGG Promoter G-quadruplex
Human12 TTAGGGTTAGGG Telomere G-quadruplex
RNA 16S- and 23S-Ribosomal from E. coli Duplex
F21T FAM-(G3[TTAGGG];)-TAMRA Telomere G-quadruplex
F10T FAM-TATAGCTA-HEG-TATAGCTATAT-TAMRA Duplex
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Table S2. The binding stoichiometry and other parameter (A, Q) calculated for the fluorimetric
titrations with ligands 1-4 and G-quadruplex

Parameters Ligands
1 2 3 4
A 36.24 32.52 19.34 11.04
Q 56.13 47.61 18.62 8.75
n 0.85 0.91 1.01 0.79

With the data obtained from fluorimetric titrations, the binding constants were analyzed according
to the independent site model by nonlinear fitting to the following equation:
F/Fo= 1+(Q-1)/2 {A+1+x-[(x+1+A)*-4x]"*}
Where Fj is the fluorescence intensity of 1-4 in the absence of DNA;
Fiax 1s the fluorescence intensity upon saturation of DNA;
Q = Frax(Fo) ';
A= (Kechye)_1 and
X = nCDNA(Cdye)_l;
n is the putative number of binding sites on a given DNA matrix.
The parameters, Q and A, were obtained via the Levenberg—Marquardt fitting routine in the Origin

8.5 software, whereas n was varied to obtain the best fit.

Table S3. ICs of ligands evaluated with MTT cytotoxicity assay.”

Ligand Lo )
PC3 hepG2
1 6.6 5.8
2 5.6 3.4
3 4.6 6.3
4 10.8 7.5

* Inhibition rate (%) = (Control group average OD - Experimental group average OD)/Control
group average OD x 100%. 1gICso = Xp-1 (P-(3-Py-Py)/4). Where X.,: lg(maximum dose); I:
lg(maximum dose/adjacent dose); P is the sum of positive response rates; Py, is the largest positive

response rate; P, is the smallest positive response rate.
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Figure S1. UV-vis absorption spectra of the ligands in various solvents and the fluorescent

enhancement property of the ligands 1-4 in solution with different concentrations of glycerol.
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Figure S2. The estimation of linear relationship and LOD for the determination of telo21 binding
ligands 1-4. The final ligand concentration was fixed at 5 uM in a Tris—HCI buffer containing 60
mM KCl at 25 °C.
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Figure S4. UV-vis titrations of ligands with the telo21 G4-DNA at 25 °C. The final ligand concentration was
fixed at 5 uM in a Tris—HCI buffer containing 60 mM KCl. Concentration of telo21 was from 0 to 10 pM.
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