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The molecule structure and docking calculation with G4 DNA of two-photon
carbazole based fluorescent probe (CZ-BT) which is specific on G4 DNA in cells.
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Abstract: G-quadruplex (G4) sequences are considered to ipigprtant roles in gene
regulation, therefore the development of selecawel sensitive probes for G4 DNAs is
important for studying the functions of G-rich gesexjuences, as well as designing of novel
and effective anticancer drugs. Herein, a carbadeterative CZ-BT) was synthesized and
characterized by a simple process for G4 DNA detecCZ-BT was preferentially bound
with G4 DNA compared with other types of nucleiddacaccording to the fluorescence
assays. The fluorescence intensity and fluorescifietiene of CZ-BT significantly increased
after the interaction with G4 DNA. Molecular docgiralculation proved the-n stacking
binding mode betwee@Z-BT and G4 DNA. Furthermore, the specificity ©Z-BT on G4
DNA was well demonstrated with the contrast of ggstatin (PDS, a classical G-quadruplex
ligand) using two-photon confocal fluorescent inmggiechnique and cell cycle experiment in
cells. We believe that this study would give someofable factors on developing of highly

effective fluorescent probes for G4 DNA applicason

Keywords: two-photon; carbazole derivative; fluorescent proliG-quadruplex DNA;
pyridostatin

1. Introduction

G-quadruplex DNAs (G4 DNAs) are noncanonical seaoppdNA structures formed by
self-assembly of guanine rich nucleic acid sequeretethe conditions of specific ionic

strength and pH values [1-2]. Owing to the direttad strands or parts of a strand that form
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the tetrads, the structures of G4 DNAs are displageparallel, antiparallel, and mixed types
[3]. Researches reveal that G4 DNAs distributéheregions which are closely related to the
gene functions, such as telomere and promotermedi#6]. They play an important role in
maintaining the stability of chromosome and aresely related to cancer initiation and
progression [7-11]. Therefore, it is of great bgptal significance for tracking and detecting

of G4 DNAs.

Up to now, several analytical tools are employedthe research of G4 DNAs, such as
electrochemistry [12-14], monoclonal antibodied $], fluorescent probes [16-19], and so on.
Electrochemistry method is beneficial to miniatatian in terms of the instrumentation,
while the instable electrochemical signals leagdor reproducibility. Monoclonal antibodies
have been implemented for G4 DNAs detection by medrsecondary, labelled antibodies.
However, a number of issues were raised, includirigfacts caused by chromatin fixation
and induced G4 formation [20]. In recent yeardhalgh some fluorescent small probes for
G4 DNAs have been developed due to their advantaigagh sensitivity and low cost, some
of them with the short emission wavelength, podeawity and lack of relevant cell

experiments restricted their further applicatio?s-p3].

Due to the excitation source of long wavelengthO®>im), the two-photon microscopy
can effectively avoid the interference of autofeswence and has widely been used for
imaging cells and tissues [24-26]. While the catigk research of two-photon fluorescent
probes on G4 DNAs are less [27-28]. Herein, witltedent optical properties, a novel
two-photon carbazole derivative prol@Z-BT) for G4 DNA was designed and synthesized
(Scheme 1). In this probe, the conjugated compfesabazole-benzothiazole possessed an
extended delocalizemt-electron system which could interact with G4 DNWbr stacking.
The diethyl amine group was introduced to incretlge hydrophilic and positive charged
benzothiazole was more easily to contact with DNWlecular docking calculation validated
the n-n stacking binding mode betwed&Z-BT and G4 DNA. The two-photon confocal
fluorescent images and cell cycle experimen€aftBT and PDS fully proved the specificity

on G4 DNA.



58 2. Experimental section
59  2.1. Reagents and materials

60 Ultrapure water used in the whole experiment wasfiMilli-Q systems, other reagents
61  and solvents were of analytical grade without fertpurification. Tris-HCI (10 mM, pH=7.4,
62 60 mM KCI) buffer solution was used for the wholelusion test. Silica column
63 chromatography was performed using silica gel (200-mesh, Qingdao Ocean Chemicals).
64 The G-quadruplet binding ligand pyridostatin (PD&s purchased from Sigma-Aldrich.
65 Hoechst 33342, DNase and RNase were purchasedTh@mrmo Fisher Scientific. MCF-7
66 and COS7 cells were obtained from Shanghai Sangotednology Co., Ltd. (Shanghai,
67 China). The absolute fluorescent quantum yieldsC@FBT in various conditions were
68 recorded by Quanturus-QY (Hamamatsu C11347-11, nJagdCF-7 and COS7 cells
69 fluorescent images were recorded on confocal |dkerescent scanning microscope
70  (Olympus, FV1000, Japan). Cell cycle experiment wesorded on Acoustic focusing

71 cytometer of Thermo Fisher Scientific (Attune NXT).
72 2.2 DNA synthesis and purification

73 Table 1. Sequences of oligonucleotides used in the presedy.

Name Sequence Structure
dA21 5-d(AAAAAAAAAAAAAAAAAAAAA)-3 Single stranded
dT21 5-d(TTTTTTTTTTTTTTTTTTTTT)-3 Single stranded
Ss26 5-d(ATACGATGCTTCACGGTGCTATCTG)-3"  Single sided
ssDNA 5-d(GGATGTGAGTGTGAGTGTGAGG)-3° Single strat
Poly(A-T)e 5 -d(ATATATATATATATATAT)-3 Duplex
Poly(G-C) 5-d(GCGCGCGCGCGCGCGCGOQO)-3° Duplex
Hum?24 5-(TTAGGGTTAGGGTTAGGGTTAGGG)-3° G4 DNA
Telo21 5-d(GGGTTAGGGTTAGGGTTAGGG)-3° G4 DNA
Oxyl2 5-d(GGGGTTTTGGGG)-3° G4 DNA
Pu22 5-d(TGAGGGTGGGTAGGGTGGGTAA)-3° G4 DNA

74 All oligonucleotides used in this work were syntlzaed and HPLC purified by TaKaRa

75  Biotechnology Co., Ltd. (Dalian, China), and thejsences were listed in Table 1. The

76  original DNA sequences were dissolved in TE bu#fed stored at -20°C for further use. To
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obtain DNA formation information, oligonucleotidegere pre-treated in Tris-HCI buffer (10
mM, pH=7.4, containing 60 mM KCI) by raising thereerature to 95°C and keeping for 5

min, and then gradually cooling down to room terapse.

2.3. Synthetic procedures GZ-BT

Br NS

. 5% .
GO 00 =~ G

Yy e b

CzZ-BT

Scheme 1. Synthesis route of the G4 DNA prol@Z-BT: (a) acetone, KOH, rt, 24 h, 80%; (b) THF,
NaCO;s, Ny, reflux, 24 h, 65%; (c) DMF, POgI1100, 4 h, 43%; (d) ethanol, piperidine, Keflux, 10 h,
24%.

9-(4-bromobutyl)-9H-carbazole (1)

To a solution of carbazole (499 mg, 3 mmol) in 2Q wf acetone, 0.33 mL of
1,4-dibromobutane (3 mmol, 603 mg) and a catalgtitount of KOH were added. After
stirring for 24 hours at room temperature, the solwvas removed under reduced pressure.
Then the residue was purified by silica gel coluetiromatography (petroleum ether:
dichloromethane = 4:1, v/v) to afford the final gomund of white solid (725 mg, 80%H
NMR (400 MHz, CDC}) 6 8.10 (s, 1H), 7.43 (dd, = 24.4, 6.6 Hz, 2H), 4.34 (d,= 5.7 Hz,
1H), 3.36 (d,J = 5.3 Hz, 1H), 2.24 — 1.78 (m, 2H); TOF HRMS: rns&icd for GgH1NBr*
M™: 303.0549, found: 304.0552.

N, N-Diethyl-9H-carbazole-9-butanamine (2)

A reaction mixture which containing 9-(bromobut9Bi-carbazole (3.02g, 10 mmol),
diethylamine (1.0 mL, 20mmol) and a catalytic amaafNaCO; in tetrahydrofuran (20 mL)

was refluxed for 24 hours within the protectionrofrogen. After cooling down to room
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temperature, the mixture was filtered, and theafié was extracted with ethyl acetate, dried
over NaSQO,, concentrated. The residue was purified with iasijel column and was eluted
with dichloromethane and GBH (50:1, v/v) to afford 1.91 g (65%) of the compdu*H
NMR (400 MHz, MeOD)s 8.07 (d,J = 7.8 Hz, 1H), 7.46 (df] = 14.5, 7.8 Hz, 2H), 7.18 {,

= 7.4 Hz, 1H), 4.42 (t) = 6.9 Hz, 1H), 2.56 — 2.35 (m, 3H), 1.96 — 1.80 {iH), 1.61 — 1.42
(m, 1H), 0.95 (tJ = 7.2 Hz, 3H). TOF HRMS: m/z calculated fosB,6N," M™: 294.2155,
found: 295.2161.

9-(4-(diethylamino) butyl)-9H-carbazole-3-carbalgele (3)

To a solution of N, N-Diethyl-9H-carbazole-9-butariae (1.61 g, 5 mmol) in DMF (5
mL), POC} (0.9 mL, 20 mmol) was added into the solution ¢e-water bath under the
protection of nitrogen. The mixture was stirred orgusly for half an hour, then the
temperature was risen to 100°C and continued fayuts. The nigger-brown reaction mixture
was poured into a solution of sodium acetate (208afraction) to neutralize the acidity and
then extracted with ethyl acetate. The solvent wasd with anhydrous sodium sulfate
overnight and evaporated on a rotary evaporatite. drude product was purified on a silica
gel column using dichloromethane and {O (40:1, v/v) as eluent, yielding 693 mg (43%)
of the desired product as light yellow powti. NMR (400 MHz, MeOD)s 10.00 (s, 1H),
8.63 (d,J = 1.4 Hz, 1H), 8.18 (d] = 7.4 Hz, 1H), 8.00 (dd} = 8.6, 1.5 Hz, 1H), 7.66 (dd,=
17.4, 8.4 Hz, 2H), 7.55 (d,= 8.6 Hz, 1H), 7.31 () = 7.5 Hz, 1H), 5.49 (s, 1H), 4.51 {t=
6.9 Hz, 2H), 3.06 (ddd] = 16.6, 11.5, 6.4 Hz, 6H), 1.97 (dt= 14.6, 7.1 Hz, 2H), 1.76 (ddd,
J=20.9, 10.2, 6.3 Hz, 3H), 1.21 {t= 7.3 Hz, 6H). TOF MS: m/z calculated fos;8,¢N,0"
M™: 323.70, found: 323.78.

(E)-2-(2-(9-(4-(diethylamino)butyl)-9H-carbazol-3pjinyl)-3-ethylbenzo[d]thiazol-3-ium

(CZ-BT)

To a 50 mL round bottom flask, 2-methyl-3- ethyhbethiazole iodide (305 mg, 1 mmol)
and (E)-2-(2-(9-(4- (diethylamino) butyl) -9H- cawle -3-yl) vinyl)-3- ethylbenzo [d]

thiazol -3-ium (322 mg, 1 mmol) were dissolved thamol (15 mL), then several drops of
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piperidine was added. The reaction mixture wasuxefll for 10 hours under the protection of
nitrogen. After cooling down to room temperatutes precipitate was filtered and purified by
silica gel column chromatography (dichloromethanethanol = 18:1, v/v) to afford the brick
red powder (146 mg, 24%)H NMR (400 MHz, DMSO«dg) 6 8.98 (s, 1H), 8.46 — 8.37 (m,
1H), 8.33 — 8.18 (m, 1H), 8.03 (@= 15.5 Hz, 1H), 7.86 (dd,= 18.3, 9.0 Hz, 1H), 7.75 {,

= 7.6 Hz, 1H), 7.56 (t) = 7.6 Hz, 1H), 7.34 () = 7.4 Hz, 1H), 5.00 (d] = 7.0 Hz, 1H), 4.53

(s, 1H), 3.07 (dJ = 6.6 Hz, 3H), 1.46 (dd] = 36.5, 29.4 Hz, 2H), 1.16 (dd= 17.8, 10.8 Hz,
4H); *C NMR (100 MHz, DMSOds) § 8.98, 8.44, 8.42, 8.40, 8.27, 8.25, 8.24, 8.0618.
7.89,7.87,7.85,7.82,7.77,7.75, 71.58, 7.564,7(536, 7.34, 7.33, 1.52, 1.50, 1.48, 1.17, 1.15,
1.13. TOF HRMS: m/z calculated fogfEi3eNsS" M™: 482.2620, found: 482.2625.

2.4. UV-vis and fluorescence spectroscopic studies

CZ-BT was dissolved in dimethyl sulfoxide (DMSO) to paiep a concentration of 1.0 mM
as the stock solution for further use. The UV-vid #luorescence spectra were obtained on an
Agilent Cary 60 UV-vis spectrophotometer (G6860AYl aAgilent Cary Eclipse fluorescence
spectrophotometer at room temperature. The abearpfid emission spectra were performed
by fixed CZ-BT concentration (10.uM) and titrated with increasing oligonucleotides
concentrations using a 1.0 cm length quartz cur@&edore recording the spectrum, each
oligonucleotide was added into the solution gerahd then stirred and allowed to equilibrate
for at least 1.0 min. Each experiment was carried for three times in replicate

determination.
2.5. The two-photon properties@Z-BT probe

It is difficult to measure the two-photon fluoresce collection efficiency of molecules
directly. Therefore, for comparing the two-photowluced fluorescence of unknown sample
and standard sample with known two-photon absarptiooss section, the two-photon
absorption cross section of target molecule wasaioét. The two-photon confocal
fluorescence microcopy was used as the test ptatfand the sample was tested by infrared

pulse laser. In this work, the fluorescein of Na@#lieous solution (pH=11) was chosen as
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reference [29], the two-photon absorption crossiee®f CZ-BT was calculated according

to the following formula:

0s = Oy (Ss Dr y; Cr) / (Sr Ds s Cs)

The subscript o§ andr represented sample and referedoeas two-photon absorption cross
section; S indicated the fluorescence signal intensity reedrdby charge coupled device
(CCD), that was the integral value of fluorescemtensity; @ expressed the fluorescence
quantum yield;w showed the fluorescence collection efficiency gparimental devicey
=ys), C was the concentration of solution. In order to imime the experimental error,

repeated three times for average.

For the double logarithmic plot of two-photon inddcfluorescence integral intensity
against the average laser power, whether the signrealsured was a simple two-photon
induced fluorescence could be confirmed. If thepslof the fitting line was close to 2, then

the signal was proved as two-photon absorption.
2.6. The lifetime measurementCa-BT

The lifetime experiments were carried out by theeticorrelated single photon counting
(TCSPC) technique (PicoQuant PicoHarp 300) at reemmperature. Using deconvolution/fit
program (PicoQuant FluFit), the time resolution waached down to 10 ps. The second
harmonic of a titanium sapphire laser (Mai Tai Deeg) at 400 nm (150 fs, 80 MHz) was

selected as excitation source.
2.7. Molecular modelling study @Z-BT and G4 DNA

The crystal structure of human telomeric G4 DNAI¢R4, PDB: 4DA3) was used
as a receptor to perform docking study@n-BT. The 3D structures a€Z-BT were
sketched using chem3D. Autodock Tools (ver. 1.&&3$ used to convert the structure
files to pdbqt format. Docking calculation was penied using the AUTODOCK vina

program. The dimensions of the active site box weresen to be large enough to
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encompass the entire G4 structures. An exhaustgené 100 was used and other

parameters were left as default.
2.8. Circular dichroism (CD) spectroscopy test

CD studies were performed on the Chirascan ciraiilgiroism spectrophotometer
(Jasco J-810, Japan). The circular dichroism spaiftiTelo21 and other DNAs were
recorded with and without the addition©Z-BT (20 uM) in Tris-HCI buffer solution
(10 mM, 60 mM KCI, pH=7.4) at room temperature gsancuvette with a 1 mm path
length over a wavelength range of 220-320 nm witimlLbandwidth and the step size
of 1 nm. The CD spectra were obtained by takingaWerage of repeat three times.

The final analyses of the data were carried outgu€irigin 8.0 (Origin Lab Corp).
2.9. Cell digestion and laser confocal imaging

MCF-7 and COS7 cells were cultured in high glucB$EM supplemented with
10% FBS and penicillin/streptomycin from Gibco i©£{ncubator at 37°C. The cells
were seeded into a confocal glass bottom dish (BBr0dish with 20.0 mm bottom
well) with 2.0 mL of culture medium in the incubatantil the cell density was
approximately 50% and then washed with PBS forehtmes and fixed with ice
ethanol. The cell dishes were stored in the refaige at minus twenty degree for ten
minutes, and washed with PBS for 3 times, DNase Rh&se were added into
different experimental groups for digestive enzyand incubated for several hours and
thenCZ-BT (2.0 uM) was added and incubated for 30 min. The flueasémages
were recorded by confocal laser fluorescent scagnmicroscope under the two-photon
excitation wavelength of 820 nm and the emissioacsp was recorded within the

range of 580-620 nm.
2.10. The impact a€Z-BT on cell cycle

Plant cells: The cells in exponential phase of ghowere digested and transferred

into a 6-well flatbottomed plate with the densitly 1«1 per milliliter; Add drugs:
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After 24 hours cultivation, the cell density wasacked up to almost 50%. Two
milliliters of fresh medium was added into each Ive¢élthe plate, after removing the
original medium out and washed for three times By PDifferent concentrations of
CZ-BT and PDS were added and then incubated at 37°Gcubator for another 24
hours. Collect cells: Transferred the original nuediinto centrifuge tubes, then the
cells were digested by pancreatic enzyme and dellemto the previous tubes; Fix
cells: The cells were collected with centrifugationder the speed of 1500 rpm for
5min, then washed for two times by PBS. Two mi#ils of precooled ethanol (70%)
was added into the cell suspension under low vottesn immobilized for 12 hours at
4°C; Pl staining: 0.5 ml of Pl staining solution svadded into every cell sample
separately, overhanging cell precipitation slowtg ancubated far from light in 37°C
for 30 min; Flow cytometer detection: Red fluoresoe was detected using an acoustic
focusing cytometer, then the effects ©Z-BT and PDS on the cell phases were

determined on microplate reader spectrophotom@&teer(no Fisher Scientific).

3. Results and discussion
3.1. Synthesis @&@Z-BT

Compoundl was obtained by the reaction of carbazole andlihbmobutane with
the yield of 80%; the ethylated compouddas prepared by following the substitution
of bromine with diethyl amino in 65% yield; the Caddehyde reaction o2 with
phosphorus oxychloride in dimethyl formamide gate tompound3 (43%); the
condensation reaction of compouB@nd ethylated benzothiazole afforded the desired
compoundCZ-BT (24%, Scheme 1.)CZ-BT and its intermediate products were
purified by silica gel column chromatography anafaoned by'H NMR, *C NMR,
and HRMS spectrometry (see the Supplementary Irgtbom).

3.2. The spectra studies©Z-BT upon interaction with G4 DNAs

The absorbance increased linearly with the incngasioncentration ofCZ-BT
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indicating its good solubility in Tris-HCI bufferokition (Fig. S1).CZ-BT shows a
very low intrinsic fluorescence in Tris-HClI®(.4.0.01), which is of prime
importance for a fluorescent probe for G4 DNA detec Upon binding with DNAS
(ssDNA: dA21, dT21, ss26 and ssDNA; dsDNA: Poly(h-Bnd Poly(G-Cy G4
DNA: Telo21, Hum24, Oxyl2 and Pu22), the fluoressemtensity ofCZ-BT was
significantly enhancedd{r.pna =0.109, Table S1) with the gradual addition ofopdl
with good selectivity (Fig. 1B and Fig. S2). A godidear relationship between
fluorescent intensity and the concentration of Zélavas presented in Figure 1D with

the linear correlation coefficient of 0.991 and datection limit of 15.6 nM.

A — T21
0.54 5526 B 20-
. ——ssDNA
° 0.4 — poly(A-T), 15
Q poly(G-C), i
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60 Adj. R-Squ  0.99104 .

Value  Standard Er
4B Intercept 2.5335 0.82732
B Slape 10.056 042722
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w
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FL Intensity (a.u.)
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o
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Wavelength (nm) Telo 21 (uM)

Fig. 1. The absorbance spectra (A) and fluorescence itydmstogram (B) ofCZ-BT (10.0uM) in the
absence and presence of DNAs in Tris-HCI buffeutsmh (10 mM, 60 mM KCI, pH=7.4); (C) The
fluorescence spectra @Z-BT (10.0uM) upon titration with Telo21 (0-15.0M), =460 nm; (D) The
linear relationship between the fluorescent intgrei CZ-BT and the concentrations of Telo21 (0-g\d),
n=3.

CZ-BT in Tris-HCI buffer solution presented a freedomatest so there was no
rotational restriction around the methine bridgeicwhconnect the carbazole and
benzothiazole, therefor€Z-BT exhibited negligible fluorescence in low viscosity

buffer. When the rotation of methine bridge wadressed after binding with G4 DNA
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in the high viscosity glycerol solvent, the fluarzeace was recovered. This
interpretative statement was further supportedhieycorrelation between fluorescence

quantum yield and solvent viscosity (Fig. S3) [30].

The two-photon properties o€Z-BT was confirmed by a power dependence
experiment. Fig. S4A showethe double logarithmic plot of two-photon induced
fluorescence integral intensity against the aveldager power, a linear regression equation
(Log (Fs-Foackground = 1.95 LogW + 6.07) with a slope of 1.95 was obtained, whiuticated
an obvious two-photon absorption process. The maxiniwo-photon absorption cross
section ofCZ-BT was 21.0 GM at the presence of G4 DNA in Tris-HGlifer solution when
excited at 820 nmHig. S4B.

3.3. The impact of G4 DNA on lifetime@Z-BT

A1 0000] CZ-BT (10.0 uM) B|0000- CZ-BT (10.0 uM)+G4 DNA(5.0 M)

E i 7 i

S 8000+

]

9; 60001 | 7, =176 ps

= =112 ns

@ 4000- @

§ 7, =298 ns

£ 2000 ; ¥ 2 =114
ol

0.5

2.0 8 10

1.0 1. 4 G
time [ns] t‘!me [nsﬁ_l

Fig. 2. (A) Lifetimes of CZ-BT (10.0uM) and (B) Lifetimes ofCZ-BT (10.0uM) mixed with G4 DNA
(5.0 uM) in Tris-HCI buffer solution. The detection wagabth was 580 nm. Fitting results were obtained
by a deconvolution of the instrument response fandgblue line).

In order to further confirm the interaction betweerA-BT and G4 DNA (Telo21),
the lifetimes ofCZ-BT in the absence and presence of G4 DNA were redardig
TCSPC technique excited at 400 nm. F&&-BT presented a fluorescence lifetime
about 1.43 ns and a short lifetime about 142 ps\gwo the fast twisting process of
C=C double bond between carbazole and benzothigZme2A). As shown in Fig. 2B
and Table S2, the proportion of twisting procegsgignificantly decreased (from 96.9%
to 4.67%) after the interaction with G4 DNA, meailehbesides the fluorescence
lifetime of freeCZ-BT (z2), there was a new longer lifetimsg)(which was assigned to

the fluorescence lifetime o€Z-BT fixed by G4 DNA [31]. The results above
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suggested that the fast twisting process of C=Mlkdolbond could be inhibited and the
fluorescence lifetime o€Z-BT would become longer in the presence of G4 DNA,
those are the reasons why the fluorescence ingyen6iCZ-BT increased after the

interaction with G4 DNA.

3.4. Binding mode betwe&Z-BT and G4 DNA

(@]

—Telo21
—Telo21+CZ-BT

CD(mdeg)
B o R e
—

240 260 280 300
Wavelength (nm)

Fig. 3. Top view of the interaction betwe&@¥Y-BT and the charge on Telo21 (PDB id 4DA3) (A) or not
(B); (C) Circular dichroism spectrum of Telo21 @@M) and with the addition o€Z-BT (20.0uM).

The molecular docking study was performed usingdbl@ ODOCK 4.2 program to
explore the interaction betwe&@¥-BT and G4 DNA. Computation result showed that
CZ-BT was able to stack onto the Telo21 (PDB id 4DA3}][8ia n-n stacking
interaction. Whether there is charge on G4 (Fig) @Anot (Fig. 3B), thist-n stacking
mainly embodied on the interaction between the aromatidens of CZ-BT and
purine ring of DG3 in G4. In addition, the secondsiructure change of G4 DNA after
the interaction witfCZ-BT was recorded by circular dichroism (CD). As showirig
3C, the CD spectrum of Telo21 structure alone waketypical antiparallel G4 DNA,
with the positive band (272 nm) and negative ba2wl’ (nm) [33]. The addition of
CZ-BT to G4 DNA solution only made the peaks increasdudle other DNAs were
not changed obviously (Fig. S5). The results indidahatCZ-BT did not change the
conformation transition of G4 DNA structure. Thisasvalso consistent with the

fluorescent signal enhancements from the fluoreseétration experiments.
3.5. Application of2Z-BT for the specificity on G4 DNA in cells

The applications o€Z-BT as a selective probe for the detecting and imagfrg4
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DNA in cells were further investigated using twoeptn confocal laser scanning
microscopy. As shown in Fig. 4 (and Fig. S6Z-BT was able to induce a strong
fluorescence response in the regions of nucleusnaaidly located in nucleoli where
rDNA (ribosomal DNA) undergoes transcription. Itshbeen reported that G-rich
rDNA may also adopt temporal quadruplex conformrediq34]. The fluorescence
signal of CZ-BT in nucleus was almost disappeared after DNaseéntezd, while
nothing has changed after RNase treatment in cadpaith control, which indicated
that CZ-BT could selectively interact with G4 DNA in cells cagenerated strong
fluorescence.
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RNase

Fig. 4. Digestion experiments for two-photon fluorescenoagdes of fixed COS7 and MCF-7 cells with
CZ-BT (2.0uM), 16,=820 nm, collection wavelength: G0 nm, scale bar: 2@m.
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Fig. 5. Two-photonCZ-BT (2.0uM) fluorescence images and the corresponding naatan intensity of
fixed MCF-7 and COS7 cells with the addition of P& 1.0, 2.0uM). de,= 820 nm, collection
wavelength: 60620 nm scale bar: 20m.

As a classical G-quadruplex liganB@DS could promote growth arrest in cells by
inducing replication and transcription dependentADddamage [35]. Therefore, PDS
was introduced as the contrast reagent WitBT for the endogenous cellular G4
DNA target. As shown in Fig. 5 and Fig. S7, strélugrescence was presented in the
nucleus after the incubation ofZ-BT, while the fluorescence intensity was
dramatically decreased along with the addition easing of PDS. This can be
attributed to the preferential occupation of G4 DHNiAding sites by PDS. Therefore,

the specificity of CZ-BT on the G4 DNA in cells was verified.

3.6. The cell cycle experiment@Z-BT

A Control B CZ-BT (10.0 pM)
= ‘ Sub-G1: 0 . Sub-G1: 0
< | G1:29.64% 83 G1: 43.63%
g 3 S: 60.04% Q- S:39.3%
® \ G2/M: 10.32% E G2/M: 17.07%
o J o—
o—j I e« =
o~ | o I
fal | il ﬁi
8 3 ol | g
e ,é \ 8
¢7|1\\‘| I‘H%H o— \
0 40 80 120 160 0 30 60 90 120
C PDS (10.0 uM) D 100 B Control MCF7 cells
= Sub-G1: 0 M CZ-BT (10.0 uM)
35 G1: 33.93% 08[) [ PDS (10.0 M)
N3 S:45.2% o
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- I
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Fig. 6. Effects ofCZ-BT on cell cycle distribution of MCF-7 cells. The lealvere treated with control (A),
CZz-BT (B), and PDS (C) for 24h, (D) showed the cell eypercentage distribution. The concentration of
CZ-BT and PDS was 104M.

Cell cycle refers to the whole process of a celihfithe beginning to the end of the division
and each phase preserves different function, résphc[36]. G2 phase is the late period of
DNA synthesis, therefore the vast majority of G4A¥N\are accumulated in this phase during

the whole cell cycle and the cell growth would begsated at G2 stage after the incubated
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with PDS [37]. Cells were treated with contrGlZ-BT, and PDS for 24 h respectively, and
then were analyzed by flow cytometry to determmeinhfluence on cell cycle (Fig. 6 and Fig.
S8). In comparison with the control group (cellsrevéreated with PBS), the G2 phase
population of MCF-7 cells showed a remarkable iasegnent (10.32% to 17.07%) after the
treatment withCZ-BT (10.0uM), which is similar with that of PDS. Thereforégtselective
interaction on G4 DNAs of two-photon prol@Z-BT with low cytotoxicity (Fig. S9) was
fully proved.

4. Conclusion

In conclusion, a novel two-photon fluorescent prob€Z-BT of
carbazole-benzothiazole derivative for G4 DNAwitro andvivo was designed and
synthesized. UV-vis, fluorescence emission andirife showed the good specificity
of CZ-BT on G4 DNA, and the molecular docking calculatisaved that the binding
mode betweenCZ-BT and G4 DNA wasn-n stacking. More importantly, the
two-photon confocal fluorescent images and celleeysxperiment demonstrated the
specificity of CZ-BT on G4 DNA in cells. All these results suggesteat tBZ-BT

could have promising applications in G4 DNA resbharc
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Highlights

1: A novel two-photon carbazole based fluorescent probe (CZ-BT) was designed and
synthesized for specific interaction on G4 DNA with excellent optical properties and

large conjugate plane.

2: Compared with ssSDNA and dsDNA, CZ-BT selectively impacted on G4 DNA with

excellent fluorescent emission.

3: Combined with lifetime, molecular docking, circular dichroism, co-staining with
PDS (aclassical commercia G-quadruplex ligand), nucleic digestion experiments and
cell cycle experiments showed CZ-BT was specificaly impacted on G4 DNA in
cells.



