Tropylium Derivatives as New Entrants that Sense Quadruplex Structures
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Abstract

G-quadruplex (G4) is the most well-known noncanonical
conformation of DNA involved in diverse pharmacological and
biological contexts. G4 ligands have been actively developed as
molecular probes and tumor therapeutic reagent candidates.
They have also been used to detect the presence of G4s and
identify their biological roles. Currently used ligands are
commonly aromatic, planar, and electron deficient for effective
interaction with G4s. Recognizing that tropylium cations possess
the aforementioned features of effective G4 ligands, we prepared
tropylium derivatives to validate their binding affinity with G4s.
Titration against various DNA sequences revealed gradual
changes in the UV—vis spectra of the tropylium derivatives. A
strong hypochromic effect, indicating intercalation or n—m
stacking, was observed when c-kit DNA was present in a binding
ratio of 2:1 (ligand:DNA). The energetically minimized binding
model showed that the G4-ligand complexes were stabilized by
electrostatic interactions. Encouraged by the present findings,
the application of tropylium derivatives in cellular contexts is
underway.
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1. Introduction
Structural heterogeneity is an intrinsic property of nucleic acids
and is directly linked to gene regulation.' Identification of a wide
variety of structural motifs in cells is a crucial step in
understanding their function and regulatory mechanisms.
Therefore, great effort has been made in developing structure
profiling  techniques including isomorphic fluorescent
nucleosides?, '“F-labeled nucleosides’, and antibodies*. Thanks
to these useful tools, the presence of noncanonical structures and
their roles have been revealed. Among the various structural
motifs, G-quadruplexes (G4s) are one of the most noteworthy
noncanonical conformations and are constructed from layers of
G-tetrad DNA>S, With the development of G4 ligands,
researchers have begun to unravel the functions of G4s in nuclei.
For example, G4 DNA has profound implications in biological
events such as telomere regulations’, controls of gene
expression®, and cellular phase separation®. G4 ligands belong to
a class of compound that selectively binds to G4s and interferes
with their further interactions (Figure 1A). Many of the current
generations of G4 ligands have the common properties of (1)
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structural planarity, (2) a large conjugated system of p-orbital
electrons, and (3) partial positive charge'®. Currently, a large
number of G4 ligands have been designed and evaluated as
molecular chemical probes and therapeutic reagents!!.
Tropylium cation is a cationic seven-member aromatic ring
that has been used as a versatile reactant and catalyst for various
organic reactions. For example, Nguyen and coworkers have
been involved in expanding the applicability of tropylium
cations. They have reported the catalysis of nucleophilic
substitutions, oxidative alpha-additions, carbonyl-olefin
metathesis, and hydration reactions by tropylium cations!>!3,
Owing to its versatility, tropylium has been used in both flow-
and batch-chemistry setups'®. The acetalization of aldehydes,
prenylation of phenols, and C—C bond cleavage reactions have
been carried out via flow reactor with tropylium cations.
Recently, new organic dyes bearing tropylium structures have
also been developed'>. A set of electron-donating anilines was
conjugated on tropylium to obtain push—pull-type molecules,
and their chromatic characteristics and fluorescent properties
under differing solvent conditions were explored. Depending on
anion coordination, these molecules react sensitively and display
different colors or fluorescence, suggesting potential use as
molecular probes.
Interestingly, the tropylium moiety shows attractive features
associated with the abovementioned G4 ligands: planarity,
aromaticity, and electrophilicity. Based on these features, here
we explored the potential of tropylium derivatives as G4-binding
ligands. After identifying solvent effects, we evaluated the
binding ability of tropylium derivatives to various DNA
secondary structures via UV titration assays. The UV—vis spectra
clearly demonstrated that selective binding of tropylium
derivatives to G4s was achieved through n—m interaction, and
this observation was supported by molecular modeling studies.

2. Experimental

Methods and Equipment

NMR spectra were obtained using a JEOL JNM ECA-600
spectrometer operating at 600 MHz for '"H NMR and 150 MHz
for *C NMR in CDCI; unless otherwise noted. Flash column
chromatography was performed employing Silica Gel 60 (70—
230 mesh, Merck Chemicals). Silica-gel preparative thin-layer
chromatography was performed using plates of silica gel 70
PF2s4 (Wako Pure Chemical Ind. Ltd.). DNA concentrations
were measured by a NanoDrop ND-1000 spectrophotometer



(NanoDrop Technologies, Wilmington, DE). Stock 100 mM Na
cacodylate buffer (pH 5.5, pH 7.0) and Tris—HCI buffer (pH 7.5)
were prepared by dissolving sodium cacodylate trihydrate (1.07
g, 5.0 mmol) or trisaminomethane base (1.21 g, 5.0 mmol) in
milliQ water (25 mL) before adjusting to the desired pH with
hydrochloric acid and minimal sodium hydroxide, then topping
up to 50 mL with milliQ water. pH was measured using a
LAQUA F-72 pH/ion meter (HORIBA Ltd., Kyoto, Japan).

Synthesis of Tropylium Derivatives

The synthesis of tropylium derivatives (4a-4d) was carried out
by mixing NaH-activated aniline motifs (2a-2d) with 1
equivalent of tropylium tetrafluoroborate in ACN. The
corresponding intermediates (3a-3d) of tropylium salts were
obtained in excellent yield (~80%), and subsequent oxidative
hydride abstractions were performed to generate final products.
To get Trop-AzP (4d), additional synthetic step to prepare 1-
phenylazetidine was conducted via Buchwald-Hartwig coupling
reaction. The precursor was obtained in good yield (50%) and
applied for tropylium conjugation reaction.

Oligonucleotide Synthesis

Oligonucleotides (ODNs) were synthesized on solid supports
using  commercially  available  O%-dimethoxytrityl-2’-
deoxyribonucleoside O3 -phosphoramidites. Solid-phase ODN
synthesis was performed on an ABI DNA synthesizer (Applied
Biosystem, Foster City, CA). Cleavage from the solid support
and deprotection was accomplished with 50:50 of MeNH: in 40
wt.% in water and NH3 in 28 wt.% in water at room temperature
(RT) for 15 min and then at 65 °C for 15 min. The synthesized
ODNs were eluted from Glen-Pak™ DNA purification

cartridges with purification steps performed as per the procedure.

The final elution was subjected to normal-phase HPLC
purification for the quality check. The products were confirmed
by MALDI-TOF MS using a Bruker microflex-KSII (Bruker
Corporation, Billerica, MA) (Table S2). DNA concentrations
were determined using the NanoDrop ND-1000.

Solvatochromism of Tropylium Derivatives

Synthesized tropylium derivatives (both known and newly
synthesized ones) were prepared as a stock solution (5 mM in
DMSO). For spectroscopic studies, samples were prepared by
dissolving tropylium derivatives in various solvents (MeOH,
water, acetonitrile, ethyl acetate, dichloromethane, and
dichloroethane) or acetonitrile in the presence of 1.0 equivalent
of TBAF, TBAC, TBAB, or TBAI to 50 M. UV-vis absorbance
spectra were measured from 220 nm to 700 nm at 20 °C on a
JASCO V-750 spectrophotometer equipped with a JASCO PAC-
743R thermocontrolled cell changer and a JASCO CTU-100
thermocirculator.

UV titration

Binding assays were performed with pre-formed DNAs under
corresponding buffer conditions. All ODNs were dissolved in the
required buffer at the indicated concentration. The solution was
first heated to 95 °C for 5 min and then cooled slowly to RT over
aperiod of 6 h. The ligand solution (50 M, 500 pL) was titrated
by stepwise addition of aliquots of the DNA solution (1.5 mM).
20 mM Na cacodylate (pH 7.0) with 100 mM NaCl for duplex
DNA titration, 20 mM Na cacodylate (pH 5.5) for i-motif DNA
titration, and 20 mM Na cacodylate (pH 7.0) with 100 mM KCI
for G4 DNA titration were prepared. After each DNA addition,
the mixture was incubated at 20 °C for 5 min before
measurement.

CD Spectroscopy and Melting measurement

CD spectra of ODN solutions collected in 1 nm steps from 360
nm to 220 nm were measured using a JASCO J-805LST
spectrometer in a 1 cm quartz cuvette. The samples were
denatured at 95 °C for 5 min and annealed slowly to RT until
experiments were initiated. All samples were prepared in a total
volume of 120 pL containing 4 uM ODN in the presence of
tropylium derivatives under certain secondary structure-forming
conditions. For melting measurements, ellipticity was recorded
in the forward direction at temperatures from RT to 95 °C at a
rate of 1.0 °C/min. Each spectrum shown is the average of two
individual scans.

Cytotoxicity

Cultured HeLa cells were purchased from ATCC and maintained
in DMEM (Thermo Fisher Scientific) supplemented with 10%
(v/v) fetal bovine serum (FBS, Sigma Aldrich) at 37 °C with 5%
CO:z. For the compound treatment, cells were seeded in a 96-well
plate (ca. 5000 cells/well). Cultures were maintained at 37 °C in
a humidified atmosphere containing 5% COa. After 2 days of
incubation to promote cell adhesion, cells were incubated
overnight with the tropylium derivatives at 10 uM, 1 uM, and
0.1 uM (0.5% v/v). Wells containing 0.5% (v/v) DMSO without
cells were used as control. At the end of incubation, Cell Count
Reagent SF (from Nacalai Tesque Inc.) was added to the cell
culture medium 10% (v/v) and incubated for 1 h at 37 °C. Finally,
the absorbance was recorded in a SpectraMax M2 microplate
reader (Molecular Devices) at 450 nm. Cell viability relative to
control was expressed as mean = SEM from at least three
different experiments.

ITC Measurements

ITC experiments were performed on formed DNAs using a
MicroCal™ iTC200 isothermal titration calorimeter courtesy by
prof. Takashi Morii and Dr. Eiji Nakata. The titration of 2 mM
Trop-DEA on 10 uM duplex, c-kit G4, and i-motif DNAs was
carried out in buffers for secondary structural formation at 25 °C.
The titrations were conducted in time interval as 180 s, and the
injection volume was 2.0 pL. The reference cell contained
distilled and deionized water. Before the experiment, the
samples were heated at 95 °C, 5 min then slowly cooled down to
RT (1 °C min'). The data were analyzed using Origin 7.0
(Microcal software) with an automatically generated baseline.

DFT Calculations

The geometry of tropylium derivatives are optimized using DFT
in the Gaussian 16W program package. The molecules were
prepared with Gaussian View software, and calculation setup
was based on the previous report.!® All the calculations are done
using B3LYP (Becke, three-parameter, Lee—Yang—Parr) hybrid
exchange and correlation energy functional, ground state, default
spin, with the 6-311G+(d,p) basis set for all atoms. After
geometry optimization, frequency calculations are done to
remove any vibrational unstable mode in gas state.

Molecular Modeling study

Molecular modeling between DNA and ligands was carried out
using the DS (Discovery Studio Client 2019) software package.
The c-kit G-quadruplex DNA has prepared base on previously
reported crystal structure (PDB ID: 203M). The structure
optimized tropylium derivatives were positioned to the
designated G-quartet of c-kit. For the construction of
environment components before the minimization, the solvation
step was conducted in the presence of KCI. Minimizations (RMS
Gradient to be 0.001) were operated for each model with
CHARM force field parameters.



Figure 2. The solvent effect of Trop-AzP
(A) Absorption spectra, and (B) emission spectra (Aex =365 nm).

Table 1. DNA library for the spectral titrations
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Figure 1. Tropylium derivatives as new G-quadruplex ligand
candidates

(A) Schematic representation of G-quadruplex and G-
quadruplex ligands, and (B) tropylium derivatives used in this
study.

The structures of ligands used in this study are shown in
Figure 1B. Following a previously reported synthetic
procedure!’, tropylium derivatives bearing a large n-conjugation
system (4a—4d) were synthesized. For the DNA binding study,
we newly designed Trop-AzP (4d) containing a strong electron-
donating azetidine moiety. For the preparation of 4d, azetidine
hydrochloride and iodobenzene were coupled via the Buchwald—
Hartwig amination'¢. Subsequently, tropylium tetrafluoroborate
was added and para-substituted on the benzene ring. All of the
compounds were obtained in good to excellent yield (yield 50%—
92%), and identified with NMR and ESI-MS (see SI). As
conventional tropylium derivatives have shown a solvation
effect, we also validated the solvent effect of the newly
synthesized Trop-AzP (Figure 2 and Figures S4-S5). Compared
with other tropylium derivatives, Trop-AzP exhibited low molar
absorptivity in various solvents. Its absorption and emission
maxima varied between 520-590 nm and 470-550 nm (Aex= 365
nm), respectively, depending on the solvent. Consistent with a
previous report'>, we observed the weakest absorption in water
and the strongest emission in ethyl acetate (Figure 2, see SI for
broader range data). In addition, given the ability of tropylium
moieties to coordinate variedly to counterions, spectral profiles
of Trop-AzP in the presence of halide anions were investigated.
The sample solutions of Trop-AzP (150 M) were prepared with
the same equivalent of tetrabutylammonium halide (TBAX, here
X = F-, CI, Br, and I"). The presence of fluoride ion (F")
induced strong fluorescence in acetonitrile. It was also observed
with the other tropylium ligands as shown in Figure S8. This
remarkable fluoride sensitivity and selectivity of tropylium
derivatives supports a potential usage of our ligands as
fluorescent turn-on probes upon direct bond formation with
fluoride ions.!”
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Figure 3. The UV-vis titration spectra of Trop-DEA upon
stoichiometric pre-formed DNA addition®

(A) Duplex DNA (20 mM Na cacodylate pH 7.0, 100 mM NaCl),
(B) i-motif DNA (20 mM Na cacodylate pH 5.5), (C)
intermolecular G4 (TTAG4) DNA (20 mM Na cacodylate pH 7.0,
100 mM KCl), and (D) HT22 DNA (20 mM Na cacodylate pH
7.0, 100 mM KCl).

2 Absorption values reflect absorption for 10 uM of ligand.

After characterization of the ligands, the interaction of
tropylium derivatives with various DNA secondary structures
was examined by UV-vis absorption spectral titrations. To
construct the DNA library, we prepared five different DNA sets
including canonical duplex DNA, i-motif!8, intermolecular G4'°,
and intramolecular G4s?® (Table 1). The experimental
parameters and sample preparation for the titration assays are
presented in the Supplemental Information (SI). The obtained
UV-vis spectra were presented as absorbance per 10 uM for
comparison. As shown in Figure 2A, the absorption of ligands is
slightly differed, for example, Trop-AzP showed relatively weak
absorbance compared with conventional derivatives. For this
reason, we presented absorbance per 10 uM to compare degree
of spectral changes. We first evaluated Trop-DEA, which
exhibited a distinctive absorption spectrum (Amax = 570 nm)
between 450 nm and 700 nm in water, for the stoichiometric
DNA titrations. In all cases, a bathochromic shift (427 nm) was
observed upon addition of DNA to the sample solution. As the
equivalence of the G4s increased, hypochromic effects were also
observed. It is known that intercalation or m—m stacking of
ligands with DNA causes a hypochromic effect in absorption
spectra?!. The addition of unimolecular HT22, which forms
hybrid structures in the presence of potassium ions, induced



strong hypochromicity (Figure 3D), and a similar tendency was
obtained with intermolecular parallel G4 (Figure 3C). When we
used i-motif for the assay, the constant absorption reduce was
observed. The plot chart of i-motif DNA also displayed similar
tendency with G4 DNAs (Figure 3B). By contrast, absorption
intensity remained relatively unchanged with duplex DNA
addition (Figure 3A). Although we anticipated that the ligand
would emit fluorescence when interacting with G-quartets,
emission was not induced in the presence of the G4 DNA
sequence (Figure S7).
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Figure 4. The UV—vis titration spectra of tropylium derivatives
upon stoichiometric c-kit oligonucleotide addition®

(A) Trop-DEA, (B) Trop-DMA, (C) Trop-26DEA, and (D) Trop-
AzP®.

2 Absorption values reflect absorption for 10 uM of ligand.
b UV titration measured with 100 uM of the ligand.

Surprisingly, Trop-DEA displayed distinguishable behavior
in the presence of c-kit DNA. We observed an enhanced
hypochromic effect in its titration spectra, indicating a strong
interaction between Trop-DEA and c-kit G4 (Figure 4A). The
plot of Amax (571 nm) showed saturation from 0.5 equivalent of
DNA addition, implying a 2:1 (ligand:DNA) interaction model.
Inspired by dramatic absorption changes, we quantified the
binding affinity between DNAs and the tropylium derivative via
isothermal titration calorimetry (Figure S9 and Table S3).22 The
enthalpy driven bindings were measured and the binding
constants for c-kit G4 and i-motif DNA are 8.7*10%(+1.03*103)
and 1.4*10%*1.15%10%), respectively. Consistent with UV
titration results, duplex DNA did not show interaction with Trop-
DEA. CD spectra and UV-melting experiments were also
conducted on the tropylium ligand—-DNA complexes. In the
presence of ligands, a stable parallel structure was maintained,
and a slight increase of Tm value (up to 4 °C) was achieved
(Figures S10-S12). Based on the spectroscopic studies, we
deduced that electrostatic m—m interaction was formed between
the ligand and c-kit oligomer?'. Encouraged by the titration result
of Trop-DEA with c-kit DNA, we investigated the G4 binding
abilities of other tropylium derivatives. Likewise, a significant
decrease in intensity was detected when we examined Trop-
DMA (Figure 4B) and Trop-26DEA (Figure 4C), implying the
ligands bind G4 with a similar interaction mode as Trop-
DEA (4a). By contrast, despite its weak absorption in water, a
hyperchromic shift (Figure 4D) coupled with a blue shift was
observed in the case of Trop-AzP (4d). Unlike the other
tropylium derivatives, the nonplanar azetidine skeleton of Trop-
AzP may make it difficult for the ligand to interact with G-tetrads.
To further investigate the binding model, plots of the absorption

maxima of each ligand were recorded. Similar to Trop-DEA, the
stoichiometric ratio of ligand to G4 was found to be 2:1 for Trop-
26DEA, whereas a continuous decrease in absorption was
observed for Trop-DMA.

Our molecular modeling study afforded a plausible binding
mode between the ligands and c-kit G4. We chose Trop-DEA and
G4 complex to develop the molecular model. First, DFT
calculation with the G4 ligand was conducted to produce the
optimal energy minimized structure (Figures S14-S17). Next,
the tropylium derivative was positioned on both sides of G-
tetrads (Ligand:DNA = 2:1), then this cooperative complex was
structurally minimized. The minimized structure, a stable 2:1
complex, included two Trop-DEA ligands well-fitted to the G4
by favorable stacking, and is supportive of cooperative
interaction between the ligands and G4 (Figure S18).

4. Discussion and Conclusion

Attracted by the various features of tropylium ions, their
ability to interact with DNAs was explored in this study. Along
with the conventional tropylium derivatives, we newly designed
azetidinylphenyl-containing Trop-AzP in this study. We
demonstrated that our ligand candidates were highly water
soluble, visible light absorbing, and sensitive to the
surroundings; the tropylium derivatives exhibited diverse
colorimetric responses depending on the solvent environment. In
addition, these compounds interacted with various quadruplexes
as supported by their titration spectra. Upon the addition of
quadruplex DNA sequences, redshifts (4-27 nm) and
hypochromicity (up to 36%) of the absorption maxima were
observed. Among validated DNA sets, we found that tropylium
derivatives displayed the strong hypochromic effect to c-kit
DNA. The plots upon stoichiometric c-kit oligomer addition
provide information on the interaction ratio between the ligands
and G4. Trop-DEA and Trop-26DEA showed a 2:1 ligand:DNA
ratio consistent with the behavior of well-explored G4 ligands.
Unexpectedly, newly synthesized Trop-AzP (4d) was unable to
coordinate to c-kit DNA. Since tropylium derivatives are
examined as the quadruplex binding ligands for the first time, we
moved to quantified the binding affinity toward DNA sets. An
isothermal titration calorimetry has been used for obtaining
binding constants between DNAs and Trop-DEA. The duplex
DNA, i-motif DNA, and c-kit G4 were employed for ligand
titrations. I[-motif and G-quadruplex DNA showed moderate
binding affinity with Trop-DEA compared with conventional G-
quadruplex ligands.?®> The data resulted in negative enthalpy
(AH) of interaction value at 25 °C, meaning all enthalpically
favored complexes formations. Also, we obtained negative value
of free energy (AG) in both cases. Continuously focusing on the
diethyl-modified derivatives, we performed a molecular
modeling study to predict the overall structures and binding
models. The parallel c-kit G4 has open G-tetrads at both the top
and the bottom faces, and where the two equivalents of Trop-
DEA and Trop-26DEA were located. After minimizing the
structure, we obtained well-stacked and stable complexes
coordinated through electrostatic interactions. Altogether, we
demonstrated that tropylium derivatives function as quadruplex
ligands.

Distinct from the conventional G4 ligand skeletons
(porphyrins, polyacenes, thioflavins, etc.)?'**, we propose
tropylium derivatives as new structural motifs and successfully
demonstrate its quadruplex-specific binding abilities. Compared
with other reported ligands, tropylium derivatives possess the
following advantages: small size (MW. ~300), facile synthesis
(two steps with excellent yield), and high solubility in aqueous
conditions. The interaction mode of the ligands was proposed
based on a molecular modeling study conducted under
reproducible conditions. We plan to further investigate the exact



configuration and binding model of DNA-ligand complexes by
both NMR studies and crystallography?. Given the prevalence
of use of quadruplex ligands in therapeutic and detection
purposes'!, these tropylium derivatives have the potential to be
exploited using cell studies in vitro. For instance, additional
functionalization of the current tropylium derivatives would
enable the molecules to emit strong fluorescence for cellular
imaging in vivo. To that end, we performed a cytotoxicity assay
with HeLa cells (Figure S13), which indicated that high cell
viability was maintained in the presence of the tropylium
derivatives. The G4-containing promoter sequences, which
displays interaction with our ligands, could be next our target for
chemical biology applications®®. For instance, investigation of
the regulation of expression of the c-kit promoter region in c-kit-
associated cancer cells with our ligands is underway.

Associated content

Synthetic routes and characterization data of new tropylium
derivative, HPLC data, ESI-TOF-Mass data, spectroscopic data
of oligonucleotides. This material is available free of charge via
the Internet at http://pubs.acs.org.
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Herein, we report G-quadruplex (G4) ligand candidates bearing a cationic tropylium skeletal structure. A set of tropylium derivatives
were synthesized to generate a large n-conjugation system. Synthesized G4 ligand candidates displayed absorption peaks around 530

nm and different fluorescence depending on solvent conditions. Furthermore, we investigated their interactions with various DNA
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Materials

Tropylium tetrafluoroborate, dimethylaniline, diethylaniline, iodobenzene,
tris(dibenzylideneacetone)-dipalladium (0), 4,5-bis(diphenylphosphoino)-9,9-dimethylxanthene,
and azetidine hydrochloride were received from TCI. Acetonitrile Superhydrated, sodium tert-
butoxide, 1,4-dioxane and sodium hydroxide were received from Wako Chemicals and used without
further purification. 2,6-diethylaniline was purchased from Sigma-Aldrich Chemicals Co. and used
as received. Glen-Pak™ DNA and RNA cartridges columns were purchased at Glen Research. All
other chemicals and solvents for DNA synthesis were purchased from Sigma-Aldrich Chemicals Co.
and used without further purification. Water was deionized (specific resistance of > 18.0 MW cm at
25°C) by a Milli-Q system (Millipore Corp.). All reactions were carried out under an argon

atmosphere unless otherwise stated.

Methods and Equipment

NMR spectra were obtained on a JEOL JNM ECA-600 spectrometer operating at 600 MHz for
'H NMR and 150 MHz for 3C NMR in CDCIl; unless otherwise noted. Flash column
chromatography was performed employing Silica Gel 60 (70-230 mesh, Merck Chemicals). Silica-
gel preparative thin-layer chromatography (PTLC) was performed using plates from Silica gel 70
PF254 (Wako Pure Chemical Ind. Ltd.). DNA concentrations were measured by NanoDrop ND-1000
spectrophotometer. Stock 100 mM Na cacodylate buffer (pH 5.5, pH 7.0) and Tris-HCI buffer (pH
7.5) were prepared by dissolving sodium cacodylate trihydrate (1.07 g, 5.0 mmol) or
trisaminomethane base (1.21 g, 5.0 mmol) in milliQ water (25 mL) before adjusting to the desired
pH with hydrochloric acid and minimal sodium hydroxide, then topping up to 50 mL with milliQ
water. Measurement of pH was conducted with a LAQUA F-72 pH/ion meter (HORIBA Ltd., Kyoto,

Japan).
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1 2a-2d 3a-3d 4a-4d R = N,N'-diethylaniline (2a-4a)
N,N'-dimethylaniline (2b-4b)
2,6-diethylaniline (2c-4c)
N-phenyl azetidyl (2d-4d)

Scheme S1. Synthetic Route of Tropylium Derivatives

Reagents and conditions: (a) NaH, ACN, rt, overnight (yield: 80%); (b) Tropylium Tetrafluoroborate,
ACN, rt, overnight (73%~quant)

The detailed synthetic route and characterization data for Trop-DMA, Trop-DEA, and Trop-26DEA
were reported by Nguyen T. V. and co-workers.5! Newly synthesized tropylium derivative was

prepared followed by same synthetic route.

Synthesis and characterization of Trop-AzP

5 mol% 4 mol% 2.0 eq.
(> + OI Xantphos  Pdy(dba), t-NaOBu
N > < >—
H eHCl 1,4-Dioxane,
2.0 eq. 1.0 mmol 50 °C, overnight

Scheme S2. Synthetic scheme of 2d

For the preparation of 1-phenylazetidine, azetidine hydrochloride and iodobenzene were coupled by
Buchwald-Hartwig coupling reaction.5? To a dry flask under an argon atmosphere was added
azetidine hydrochloride (187 mg, 2.00 mmol, 2.0 equiv.), iodobenzene (115 pL, 1.0 mmol),
Xantphos (29 mg, 0.05 mmol, 5 mol%), Pd>(dba); (37 mg, 0.04 mmol, 4 mol%) and ~BuONa (192
mg, 2.00 mmol, 2.0 equiv). Then, anhydrous degassed 1,4-dioxane was added (15 mL) and the
mixture was stirred at 50 °C for 1 day. Then, it was cooled to RT, brine (10 mL) and water (20 mL)
were added and the mixture was extracted with EtO (2 x 50 mL). Collected extracts were dried
over NaySQOyq, filtered and evaporated. The target compound was obtained in good yield (50%). The

subsequent p-conjugation of tropylium salt was performed followed by reported synthetic scheme.
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OO

2d
Figure S1. N-phenylazetidine (2d)
'"H NMR (CDCl3): 8 7.21 (t, Juu = 7.1 Hz, 2H), 6.73 (t, Jun = 6.7 Hz, 1H), 6.46 (d, Jun = 6.8 Hz,
2H), 3.87 (td, Jun = 7.1 Hz, 2.5 Hz, 4H), 2.34 (quint, Jun = 3.74 Hz, 2H). *C NMR (CDCl;): 8
128.8,128.6,117.2,111.3, 52.4,16.9. HRMS (ESI-TOF) calculated for CoH12Ni [M+H]" 134.0970,

found 134.0962.

OO0

3d
Figure S2. 1-(4-(cyclohepta-2,4,6-trien-1-yl)phenyl)azetidine (3d)
'"H NMR (CDCl3): 6 7.21 (d, Jun = 8.8 Hz, 2H), 6.73 (t, Jun = 3.1 Hz, 2H), 6.48 (d, Jun = 8.2 Hz,
2H), 6.23 (d, Jun = 8.9 Hz, 2H), 5.40 (dd, Jun = 9.5 Hz, 5.5 Hz, 2H), 3.88 (t, Jun = 7.5 Hz, 4H),
2.59 (t, Jun = 5.4 Hz, 1H), 2.36 (qunit, Jun = 7.1 Hz, 2H). 3C NMR (CDCls): § 151.1, 132.6, 130.8,
127.9, 127.1, 123.9, 111.6, 52.6, 44.6, 16.9. HRMS (ESI-TOF) calculated for CisHisN; [M+H]*

224.1439, found 224.1426.
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OZ8se

4d

Figure S3. Trop-AzP (4d)

"H NMR (CD3CN): 6 8.75 (d, Jun = 10.9 Hz, 2H), 8.18 (quint, Juu = 5.1 Hz, 2H), 8.07 (dd, Juu =
6.4 Hz, 3.7 Hz, 2H), 7.98 (d, Jun = 9.7 Hz, 2H), 6.96 (d, Jun = 9.5 Hz, 2H), 3.74 (t, Jun = 7.1 Hz,
4H), 2.36 (quint, Jux = 6.5 Hz, 2H). 3C NMR (CD3;CN): 8 154.9, 146.6, 145.5, 144.1, 133.3, 130.7,
124.7, 111.9, 59.4, 15.8. HRMS (ESI-TOF) calculated for CisHisN* [M+H]" 222.1277, found

222.1278.
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Oligonucleotide (ODN) Synthesis

ODNs were synthesized on solid supports using commercially available O -dimethoxytrityl -2’-
deoxyribonucleoside O° -phosphoramidites. Solid-phase oligonucleotide synthesis was performed
on an ABI DNA synthesizer (Applied Biosystem, Foster City, CA). Cleavage from the solid support
and deprotection were accomplished with 50:50 of MeNH; in 40 wt. % in water and NH3 in 28
wt. % in water at RT for 15 min and then at 65 °C for 15 min. The synthesized oligonucleotides
were eluted from Glen-Pak™ DNA purification cartridges with purification steps are performed as
per procedure. The final elution was subjected to normal-phase HPLC purification for the quality
check. The products were confirmed by MALDI-TOF MS using a Bruker microflex-KSII (Bruker
Corporation, Billerica, MA) (Table S2). DNA concentrations were determined by using NanoDrop
ND-1000 (NanoDrop Technologies, Wilmington, DE).

For HPLC analysis, COSMOSIL 5C18 AR-II (Nacalai Tesque, Inc., Kyoto, 150 x 10 mm id), a
linear gradient of 2 % to 30 % acetonitrile (in 20 mM TEAA (pH 7.0) bufter) over 30 min at a flow

rate of 3.0 mL/min and detection at 254 nm were used.
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Table S1. Analytical HPLC profile of synthesized ODNs

ODN HPLC Profile
|
Duplex 11.225 E
i-motif 14.600 ﬁ
11933 |
TTAG,
HT22 12.567 [%‘
kit 13.542

Table S2. MALDI-TOF-Mass data of ODNs

Name DNA oligomers Calcd. Found
Duplex GGACCGCGGTCC 3647.37 3645.08
i-motif CCCTTACCCTTACCCTTACCC 6173.00 6174.65
TTAG4 TTAGGGG 2176.45 2175.07

HT22 AGGGTTAGGGTTAGGGTTAGGG 6966.49 6968.66

c-kit AGGGAGGGCGCTGGGAGGAGGG 7011.50 7013.65
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Solvatochromism of Tropylium Derivatives

Synthesized Tropylium derivatives (known and newly synthesized one) were prepared as stock
solution (5 mM in DMSO). For spectroscopic studies, samples were prepared by dissolved to
various solvent (MeOH, mQ, Acetonitrile, Ethyl acetate, Dichloromethane, Dichloroethane) or
acetonitrile in the presence of 1.0 equivalent of TBAF, TBAC, TBAB or TBAI to 50 pM. UV-vis
absorbance spectra were measured from 220 nm to 700 nm at 20 °C on a JASCO V-750
spectrophotometer equipped with a JASCO PAC-743R thermocontrolled cell changer and a JASCO
CTU-100 thermocirculator. All samples were prepared in a total volume of 120 pL (final
concentration 100 pM). And, fluorescence measurements were obtained using 3 mm path length
JASCO FMM-100 quartz microcells on a JASCO FP-6300 Spectrofluorometer equipped with a
JASCO EHC-573 temperature controller. The emission spectra were recorded from 220 nm to 700
nm at a scan rate of 500 nm/min with an excitation wavelength of 365 nm. Images of compounds

were obtained with a Nikon 3100 DSLR camera attached with a 75-200 mm lens, or iphone S7.
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Figure S4. UV-vis spectra of tropylium derivatives in various solvents
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Figure SS. Fluorescent spectra of tropylium derivatives in various solvents
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DEA (Ex: 570 nm)
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Figure S6. Fluorescent spectra of Trop-DEA excited at 570 mm (maximum absorption wavelength)

in various solvents

DEA
400
350
300
250
200
150
100

50 |

300 350 400 450 500 550 600 650 700
——w/o DNA c-kit

Figure S7. Fluorescent spectra of Trop-DEA in the presence of c-kit G4 *

2 Solution conditions: 100 pM Trop-DEA in 10 mM Na cacodylate buffer (pH 7.0) and 50 mM KCl,
the presence and absence of 1 equiv. of pre-structured c-kit G4 DNA.
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7T

Figure S8. Solvent effect of tropylium derivatives observed by naked eyes ?

2150 uM of tropylium derivatives and 1 equiv. of TBAX (here, X =F, Cl, Br, and I) in 500 puL. ACN.
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UV titration

Binding assays were performed with preformed duplex DNA [d(GGACCGCGGTCC)] in 20 mM

Na cacodylate (pH 7.0), with 100 mM NaCl, i-motif DNA [d(CCCTTACCCTTACCCTTACCC)]

in 20 mM Na cacodylate (pH 5.5), and for G-quadruplex DNA sets in 20 mM Tris-HCI (pH 7.5)

with 100 mM KCIl. All of the oligonucleotides were dissolved in required buffer at the indicated

concentration. The solution was first heated to 95 °C for 5 min and then cooled slowly to room

temperature over a period of 6 h. The ligand solution (50 uM, 500 pL) was titrated by stepwise

addition of aliquots of the DNA solution (1.5 mM). After each addition, the mixture was incubated

at 20 °C for 5 min before measurement. Molar absorptivity (Abs/10 pM) was calculated for the

comparison. The fractional decrease in absorbance at each maximum wavelength was plotted as dot

graph to estimate the binding equivalents.
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ITC Measurements

ITC experiments were performed on secondary structured DNAs using a MicroCalTM 1TC200

isothermal titration calorimeter courtesy by Prof. Takashi Morii and Dr. Eiji Nakata. After several

concentration optimizations for the titration saturations, the titration of 2 mM Trop-DEA on 10 uM

duplex, c-kit G4, and i-motif DNAs was carried out in buffers for secondary structural formation at

25 °C. The titrations were conducted in time interval as 180 s, cell temperature 25°C, reference

power 5 pcal/sec. initial delay 60 sec, stirring speed 1000 rpm, and the injection volume was 2.0 uL

after 4 sec durations. Before initiating automatic titration, the temperature and baseline is fully

stabilized over 30 min. The reference cell contained distilled and deionized water. Before the

experiment, the samples were heated at 95 °C, 5 min then slowly cooled down to RT (1 °C min™).

The data were analyzed using Origin 7.0 (Microcal software) with an automatically generated

baseline fixing ligand binding number (N) as 2.
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Figure S9. Isothermal titration calorimetry (ITC) measurements of DNAs and Trop-DEA 2

2 Solution conditions:10 uM DNAs are titrated with 2 mM of Trop-DEA in adjusted solvent

conditions.

(A) ITC profiles of duplex DNA in 10 mM Na Cacodylate buffer (pH 7.0) with 50 mM NaCl and 2
mM ligand; (B) ITC profiles of i-motif DNA in 10 mM Na Cacodylate buffer (pH 5.5) and 2 mM
ligand; (C) ITC profiles of c-kit G4 in 10 mM Na Cacodylate buffer (pH 7.0) with 50 mM KCl and
2 mM ligand.

Table S3. ITC parameters based on titration graph ?

2 Solution conditions:10 uM DNAs are titrated with 2 mM of Trop-DEA in identical solvent

conditions.
DNA AH TAS K AG N
(kcal/mol) (kcal/mol) (/M) (kcal/mol) (fixed)
i-motif -2.310.09 3.3 (14.2£1.1)*103 -5.6 2
c-kit G4 -1.910.10 3.4 (8.7+1.0)*103 -5.3 2
duplex No binding is observed
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CD-Melting

CD spectra of oligonucleotide solutions collected in 0.5-nm steps from 350 to 220 nm were
measured using JASCO J-805LST Spectrometer in a 1-cm quartz cuvette. Ellipticity was recorded
in the forward direction at temperatures from 20 to 95 °C at a rate of 1.0 °C/min and each spectrum
shown is the average of two individual scans. The melting samples were denatured at 95 °C for 5
min and annealed slowly to RT. All melting samples were prepared in a total volume of 150 pl

containing 4 uM of each strand oligonucleotide, various equivalent of tropylium derivatives, 10 mM

Na Cacodylate buffer (pH 7.0) and 1 mM KCIL.
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Normalized ellipticity at 260 nm
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Figure S10. Melting curves and 7w values of c-kit with and without derivatives ?

2 Solution conditions: 4 pM DNA in 10 mM Na Cacodylate buffer (pH 7.0) and 1 mM KClI, the
presence and absence of tropylium derivatives.

(A) Representative CD-melting curve of c-kit; (B) 7w values.
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CD Spectroscopy

CD spectra of oligonucleotide solutions collected in 1 nm steps from 360 nm to 220 nm were
measured using JASCO J-805LST Spectrometer in a 1 cm quartz cuvette. Each spectrum shown is
the average of two individual scans. The samples were denatured at 95 °C for 5 min and annealed
slowly to RT until experiments were initiated. All melting samples were prepared in a total volume
of 120 pL containing 4 uM oligonucleotide in the presence of identical equivalent of tropylium

derivatives under certain secondary structure forming conditions.
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Figure S11. CD spectra of c-kit DNA with and without derivatives ?

2 Solution conditions: 4 puM DNA in 10 mM Na cacodylate buffer (pH 7.0) and 1 mM KCI, the

presence and absence of 1, 2 or 5 equiv. of tropylium derivatives.
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i-motif
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Figure S12. CD spectra of various DNA with 5 equivalents of derivatives ?

2 Solution conditions: 4 uM DNA in 10 mM Na cacodylate buffer (pH 7.0, pH 5.5 for i-motif DNA)

and 1 mM NacCl (KCI for G4 forming sequences), the presence and absence of 5 equiv. of tropylium

derivatives.
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Cytotoxicity
Cultured HeLa cell was purchased from ATCC and maintained in DMEM (Thermo Fisher
Scientific) supplemented with 10 % (v/v) fetal bovine serum (FBS, Sigma Aldrich) at 37 °C with
5% COy. For the compound treatment, the cells were seeded on 96 well plate (ca. 5000 cells).
Cultures were maintained at 37 °C in a humidified atmosphere containing 5% CO». After 2 days
incubations for cell adhesions, cells were incubated for overnight with the tropylium derivatives
(Trop-DEA, Trop-26DEA, and Trop-AzP) at 10 uM, 1 uM, and 0.1 uM (0.5% v/v). Wells containing
0.5% (v/v) DMSO cells were used as control. At the end of incubation, Cell Count Reagent SF (from
nacalai tesque) was added to cell culture medium 10% (v/v) and left 1 hour at 37 °C. Finally, the
absorbance was recorded in a SpectraMax M2 microplate reader (from Molecular Devices) at
450 nm. Cell viability relatively to control was expressed as mean+ SEM from at least three

different experiments.
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Figure S13. Cell viability assay results ?

2 Cell viability of control (DMSO treated cells) is referred as 100%
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DFT Calculations

The geometry of tropylium derivatives are optimized using DFT, and their optical spectra are

calculated using DFT methods as implemented in the Gaussian 16W program package. All the

calculations are done using B3LYP (Becke, three-parameter, Lee—Yang—Parr) hybrid exchange and

correlation energy functional, default spin, with the 6-311G+(d,p) basis set for all atoms. The DFT

calculations are performed both in the gas phase. After geometry optimization, frequency

calculations are done to remove any vibrational unstable mode.
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Front View Side View
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Figure S14. Energy-minimized structure of Trop-DEA.

Front View Side View

A

Figure S15. Energy-minimized structure of Trop-DMA.

Front View

Side View

Figure S16. Energy-minimized structure of Trop-26DEA.

Front View Side View

Figure S17. Energy-minimized structure of Trop-AzP.
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Molecular Modeling study

Molecular modeling was carried out using the DS (Discovery Studio Client 2019) software package.
The c-kit G-quadruplex DNA has prepared base on previously reported crystal structure (PDB ID:
203M). The DFT calculation results of tropylium derivatives were positioned to the designated G-
quartet of c-kit (2:1=Ligand:DNA). For the construction of environment components before the
minimization, we chose Explicit Periodic Boundary as a solvation model. The shape of the water
and salt (0.1 M KCl) is orthorhombic with 10 A minimum distance. Minimizations (RMS Gradient
to be 0.001) were operated for each model with CHARM force field parameters. The obtained

structures were shown as Figure S12.
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Front View Side View

Top View J N Side View

Figure S18. Energy-minimized model between c-kit and Trop-DEA and Trop-26DEA

2 Dot lines for non-covalent bonds including hydrophobic and electrostatic interactions.
(A) Energy minimized model between c-kit DNA and Trop-DEA, (B) Energy minimized model
between c-kit DNA and Trop-26DEA.
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