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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 play important roles in gene 11 

regulation, therefore the development of selective and sensitive probes for G4 DNAs is 12 

important for studying the functions of G-rich gene sequences, as well as designing of novel 13 

and effective anticancer drugs. Herein, a carbazole derivative (CZ-BT) was synthesized and 14 

characterized by a simple process for G4 DNA detection. CZ-BT was preferentially bound 15 

with G4 DNA compared with other types of nucleic acids according to the fluorescence 16 

assays. The fluorescence intensity and fluorescence lifetime of CZ-BT significantly increased 17 

after the interaction with G4 DNA. Molecular docking calculation proved the π-π stacking 18 

binding mode between CZ-BT and G4 DNA. Furthermore, the specificity of CZ-BT on G4 19 

DNA was well demonstrated with the contrast of pyridostatin (PDS, a classical G-quadruplex 20 

ligand) using two-photon confocal fluorescent imaging technique and cell cycle experiment in 21 

cells. We believe that this study would give some favorable factors on developing of highly 22 

effective fluorescent probes for G4 DNA applications.  23 

Keywords: two-photon; carbazole derivative; fluorescent probe; G-quadruplex DNA; 24 

pyridostatin  25 

1. Introduction 26 

G-quadruplex DNAs (G4 DNAs) are noncanonical secondary DNA structures formed by 27 

self-assembly of guanine rich nucleic acid sequences at the conditions of specific ionic 28 

strength and pH values [1-2]. Owing to the direction of strands or parts of a strand that form 29 
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the tetrads, the structures of G4 DNAs are displayed as parallel, antiparallel, and mixed types 30 

[3]. Researches reveal that G4 DNAs distribute in the regions which are closely related to the 31 

gene functions, such as telomere and promoter regions [4-6]. They play an important role in 32 

maintaining the stability of chromosome and are closely related to cancer initiation and 33 

progression [7-11]. Therefore, it is of great biological significance for tracking and detecting 34 

of G4 DNAs. 35 

Up to now, several analytical tools are employed for the research of G4 DNAs, such as 36 

electrochemistry [12-14], monoclonal antibodies [7,15], fluorescent probes [16-19], and so on. 37 

Electrochemistry method is beneficial to miniaturization in terms of the instrumentation, 38 

while the instable electrochemical signals lead to poor reproducibility. Monoclonal antibodies 39 

have been implemented for G4 DNAs detection by means of secondary, labelled antibodies. 40 

However, a number of issues were raised, including artefacts caused by chromatin fixation 41 

and induced G4 formation [20]. In recent years, although some fluorescent small probes for 42 

G4 DNAs have been developed due to their advantages of high sensitivity and low cost, some 43 

of them with the short emission wavelength, poor selectivity and lack of relevant cell 44 

experiments restricted their further applications [21-23].  45 

Due to the excitation source of long wavelength (>700 nm), the two-photon microscopy 46 

can effectively avoid the interference of autofluorescence and has widely been used for 47 

imaging cells and tissues [24-26]. While the correlative research of two-photon fluorescent 48 

probes on G4 DNAs are less [27-28]. Herein, with excellent optical properties, a novel 49 

two-photon carbazole derivative probe (CZ-BT) for G4 DNA was designed and synthesized 50 

(Scheme 1). In this probe, the conjugated complex of carbazole-benzothiazole possessed an 51 

extended delocalized π-electron system which could interact with G4 DNA by π-π stacking. 52 

The diethyl amine group was introduced to increase the hydrophilic and positive charged 53 

benzothiazole was more easily to contact with DNA. Molecular docking calculation validated 54 

the π-π stacking binding mode between CZ-BT and G4 DNA. The two-photon confocal 55 

fluorescent images and cell cycle experiment of CZ-BT and PDS fully proved the specificity 56 

on G4 DNA. 57 
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2. Experimental section 58 

2.1. Reagents and materials 59 

Ultrapure water used in the whole experiment was from Milli-Q systems, other reagents 60 

and solvents were of analytical grade without further purification. Tris-HCl (10 mM, pH=7.4, 61 

60 mM KCl) buffer solution was used for the whole solution test. Silica column 62 

chromatography was performed using silica gel (200-300 mesh, Qingdao Ocean Chemicals). 63 

The G-quadruplet binding ligand pyridostatin (PDS) was purchased from Sigma-Aldrich. 64 

Hoechst 33342, DNase and RNase were purchased from Thermo Fisher Scientific. MCF-7 65 

and COS7 cells were obtained from Shanghai Sangon Biotechnology Co., Ltd. (Shanghai, 66 

China). The absolute fluorescent quantum yields of CZ-BT in various conditions were 67 

recorded by Quanturus-QY (Hamamatsu C11347-11, Japan). MCF-7 and COS7 cells 68 

fluorescent images were recorded on confocal laser fluorescent scanning microscope 69 

(Olympus, FV1000, Japan). Cell cycle experiment was recorded on Acoustic focusing 70 

cytometer of Thermo Fisher Scientific (Attune NxT).  71 

2.2 DNA synthesis and purification 72 

Table 1. Sequences of oligonucleotides used in the present study. 73 

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

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

original DNA sequences were dissolved in TE buffer and stored at -20°C for further use. To 76 

Name Sequence Structure 

dA21 5`-d(AAAAAAAAAAAAAAAAAAAAA)-3` Single stranded 
dT21 5`-d(TTTTTTTTTTTTTTTTTTTTT)-3` Single stranded 
ss26 5`-d(ATACGATGCTTCACGGTGCTATCTG)-3` Single stranded 
ssDNA 5`-d(GGATGTGAGTGTGAGTGTGAGG)-3` Single stranded 
Poly(A-T)9 5`-d(ATATATATATATATATAT)-3` Duplex 
Poly(G-C)9 5`-d(GCGCGCGCGCGCGCGCGC)-3` Duplex 
Hum24 5`-(TTAGGGTTAGGGTTAGGGTTAGGG)-3` G4 DNA 
Telo21 5`-d(GGGTTAGGGTTAGGGTTAGGG)-3` G4 DNA 
Oxy12 5`-d(GGGGTTTTGGGG)-3` G4 DNA 
Pu22 5`-d(TGAGGGTGGGTAGGGTGGGTAA)-3` G4 DNA 
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obtain DNA formation information, oligonucleotides were pre-treated in Tris-HCl buffer (10 77 

mM, pH=7.4, containing 60 mM KCl) by raising the temperature to 95°C and keeping for 5 78 

min, and then gradually cooling down to room temperature. 79 

2.3. Synthetic procedures of CZ-BT 80 

 81 

Scheme 1. Synthesis route of the G4 DNA probe CZ-BT: (a) acetone, KOH, rt, 24 h, 80%; (b) THF, 82 

Na2CO3, N2, reflux, 24 h, 65%; (c) DMF, POCl3, 100, 4 h, 43%; (d) ethanol, piperidine, N2, reflux, 10 h, 83 

24%. 84 

9-(4-bromobutyl)-9H-carbazole (1) 85 

To a solution of carbazole (499 mg, 3 mmol) in 20 mL of acetone, 0.33 mL of 86 

1,4-dibromobutane (3 mmol, 603 mg) and a catalytic amount of KOH were added. After 87 

stirring for 24 hours at room temperature, the solvent was removed under reduced pressure. 88 

Then the residue was purified by silica gel column chromatography (petroleum ether: 89 

dichloromethane = 4:1, v/v) to afford the final compound of white solid (725 mg, 80%). 1H 90 

NMR (400 MHz, CDCl3) δ 8.10 (s, 1H), 7.43 (dd, J = 24.4, 6.6 Hz, 2H), 4.34 (d, J = 5.7 Hz, 91 

1H), 3.36 (d, J = 5.3 Hz, 1H), 2.24 – 1.78 (m, 2H); TOF HRMS: m/z calcd for C16H16NBr+ 92 

M+: 303.0549, found: 304.0552. 93 

N, N-Diethyl-9H-carbazole-9-butanamine (2) 94 

A reaction mixture which containing 9-(bromobutyl)-9H-carbazole (3.02g, 10 mmol), 95 

diethylamine (1.0 mL, 10mmol) and a catalytic amount of Na2CO3 in tetrahydrofuran (20 mL) 96 

was refluxed for 24 hours within the protection of nitrogen. After cooling down to room 97 
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temperature, the mixture was filtered, and the filtrate was extracted with ethyl acetate, dried 98 

over Na2SO4, concentrated. The residue was purified with a silica gel column and was eluted 99 

with dichloromethane and CH3OH (50:1, v/v) to afford 1.91 g (65%) of the compound. 1H 100 

NMR (400 MHz, MeOD) δ 8.07 (d, J = 7.8 Hz, 1H), 7.46 (dt, J = 14.5, 7.8 Hz, 2H), 7.18 (t, J 101 

= 7.4 Hz, 1H), 4.42 (t, J = 6.9 Hz, 1H), 2.56 – 2.35 (m, 3H), 1.96 – 1.80 (m, 1H), 1.61 – 1.42 102 

(m, 1H), 0.95 (t, J = 7.2 Hz, 3H). TOF HRMS: m/z calculated for C20H26N2
+ M+: 294.2155, 103 

found: 295.2161. 104 

9-(4-(diethylamino) butyl)-9H-carbazole-3-carbaldehyde (3) 105 

To a solution of N, N-Diethyl-9H-carbazole-9-butanamine (1.61 g, 5 mmol) in DMF (5 106 

mL), POCl3 (0.9 mL, 20 mmol) was added into the solution in ice-water bath under the 107 

protection of nitrogen. The mixture was stirred vigorously for half an hour, then the 108 

temperature was risen to 100°C and continued for 4 hours. The nigger-brown reaction mixture 109 

was poured into a solution of sodium acetate (20% mass fraction) to neutralize the acidity and 110 

then extracted with ethyl acetate. The solvent was dried with anhydrous sodium sulfate 111 

overnight and evaporated on a rotary evaporation. The crude product was purified on a silica 112 

gel column using dichloromethane and CH3OH (40:1, v/v) as eluent, yielding 693 mg (43%) 113 

of the desired product as light yellow power. 1H NMR (400 MHz, MeOD) δ 10.00 (s, 1H), 114 

8.63 (d, J = 1.4 Hz, 1H), 8.18 (d, J = 7.4 Hz, 1H), 8.00 (dd, J = 8.6, 1.5 Hz, 1H), 7.66 (dd, J = 115 

17.4, 8.4 Hz, 2H), 7.55 (q, J = 8.6 Hz, 1H), 7.31 (t, J = 7.5 Hz, 1H), 5.49 (s, 1H), 4.51 (t, J = 116 

6.9 Hz, 2H), 3.06 (ddd, J = 16.6, 11.5, 6.4 Hz, 6H), 1.97 (dt, J = 14.6, 7.1 Hz, 2H), 1.76 (ddd, 117 

J = 20.9, 10.2, 6.3 Hz, 3H), 1.21 (t, J = 7.3 Hz, 6H). TOF MS: m/z calculated for C21H26N2O
+ 118 

M+: 323.70, found: 323.78. 119 

(E)-2-(2-(9-(4-(diethylamino)butyl)-9H-carbazol-3-yl)vinyl)-3-ethylbenzo[d]thiazol-3-ium 120 

(CZ-BT) 121 

To a 50 mL round bottom flask, 2-methyl-3- ethyl benzothiazole iodide (305 mg, 1 mmol) 122 

and (E)-2-(2-(9-(4- (diethylamino) butyl) -9H- carbazole -3-yl) vinyl)-3- ethylbenzo [d] 123 

thiazol -3-ium (322 mg, 1 mmol) were dissolved in ethanol (15 mL), then several drops of 124 
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piperidine was added. The reaction mixture was refluxed for 10 hours under the protection of 125 

nitrogen. After cooling down to room temperature, the precipitate was filtered and purified by 126 

silica gel column chromatography (dichloromethane: methanol = 18:1, v/v) to afford the brick 127 

red powder (146 mg, 24%). 1H NMR (400 MHz, DMSO-d6) δ 8.98 (s, 1H), 8.46 – 8.37 (m, 128 

1H), 8.33 – 8.18 (m, 1H), 8.03 (d, J = 15.5 Hz, 1H), 7.86 (dd, J = 18.3, 9.0 Hz, 1H), 7.75 (t, J 129 

= 7.6 Hz, 1H), 7.56 (t, J = 7.6 Hz, 1H), 7.34 (t, J = 7.4 Hz, 1H), 5.00 (d, J = 7.0 Hz, 1H), 4.53 130 

(s, 1H), 3.07 (d, J = 6.6 Hz, 3H), 1.46 (dd, J = 36.5, 29.4 Hz, 2H), 1.16 (dd, J = 17.8, 10.8 Hz, 131 

4H); 13C NMR (100 MHz, DMSO-d6) δ 8.98, 8.44, 8.42, 8.40, 8.27, 8.25, 8.24, 8.05, 8.01, 132 

7.89, 7.87, 7.85, 7.82, 7.77, 7.75, 7.58, 7.56, 7.54, 7.36, 7.34, 7.33, 1.52, 1.50, 1.48, 1.17, 1.15, 133 

1.13. TOF HRMS: m/z calculated for C31H36N3S
+ M+: 482.2620, found: 482.2625. 134 

2.4. UV-vis and fluorescence spectroscopic studies 135 

CZ-BT was dissolved in dimethyl sulfoxide (DMSO) to prepare a concentration of 1.0 mM 136 

as the stock solution for further use. The UV-vis and fluorescence spectra were obtained on an 137 

Agilent Cary 60 UV−vis spectrophotometer (G6860A) and Agilent Cary Eclipse fluorescence 138 

spectrophotometer at room temperature. The absorption and emission spectra were performed 139 

by fixed CZ-BT concentration (10.0 µM) and titrated with increasing oligonucleotides 140 

concentrations using a 1.0 cm length quartz curette. Before recording the spectrum, each 141 

oligonucleotide was added into the solution gently, and then stirred and allowed to equilibrate 142 

for at least 1.0 min. Each experiment was carried out for three times in replicate 143 

determination. 144 

2.5. The two-photon properties of CZ-BT probe 145 

It is difficult to measure the two-photon fluorescence collection efficiency of molecules 146 

directly. Therefore, for comparing the two-photon induced fluorescence of unknown sample 147 

and standard sample with known two-photon absorption cross section, the two-photon 148 

absorption cross section of target molecule was obtained. The two-photon confocal 149 

fluorescence microcopy was used as the test platform, and the sample was tested by infrared 150 

pulse laser. In this work, the fluorescein of NaOH aqueous solution (pH=11) was chosen as 151 
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reference [29], the two-photon absorption cross section of CZ-BT was calculated according 152 

to the following formula: 153 

δs = δr (Ss Φr ψr Cr) / (Sr Φs ψs Cs) 154 

The subscript of s and r represented sample and reference; δ was two-photon absorption cross 155 

section; S indicated the fluorescence signal intensity recorded by charge coupled device 156 

(CCD), that was the integral value of fluorescence intensity; Φ expressed the fluorescence 157 

quantum yield; ψ showed the fluorescence collection efficiency of experimental device (ψr 158 

=ψs), C was the concentration of solution. In order to minimize the experimental error, 159 

repeated three times for average.  160 

For the double logarithmic plot of two-photon induced fluorescence integral intensity 161 

against the average laser power, whether the signal measured was a simple two-photon 162 

induced fluorescence could be confirmed. If the slope of the fitting line was close to 2, then 163 

the signal was proved as two-photon absorption. 164 

2.6. The lifetime measurements of CZ-BT 165 

The lifetime experiments were carried out by the time-correlated single photon counting 166 

(TCSPC) technique (PicoQuant PicoHarp 300) at room temperature. Using deconvolution/fit 167 

program (PicoQuant FluFit), the time resolution was reached down to 10 ps. The second 168 

harmonic of a titanium sapphire laser (Mai Tai DeepSee) at 400 nm (150 fs, 80 MHz) was 169 

selected as excitation source. 170 

2.7. Molecular modelling study of CZ-BT and G4 DNA 171 

The crystal structure of human telomeric G4 DNA (Telo21, PDB: 4DA3) was used 172 

as a receptor to perform docking study on CZ-BT. The 3D structures of CZ-BT were 173 

sketched using chem3D. Autodock Tools (ver. 1.5.6) was used to convert the structure 174 

files to pdbqt format. Docking calculation was performed using the AUTODOCK vina 175 

program. The dimensions of the active site box were chosen to be large enough to 176 
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encompass the entire G4 structures. An exhaustiveness of 100 was used and other 177 

parameters were left as default.   178 

2.8. Circular dichroism (CD) spectroscopy test 179 

CD studies were performed on the Chirascan circular dichroism spectrophotometer 180 

(Jasco J-810, Japan). The circular dichroism spectra of Telo21 and other DNAs were 181 

recorded with and without the addition of CZ-BT (20 µM) in Tris-HCl buffer solution 182 

(10 mM, 60 mM KCl, pH=7.4) at room temperature using a cuvette with a 1 mm path 183 

length over a wavelength range of 220-320 nm with 1 nm bandwidth and the step size 184 

of 1 nm. The CD spectra were obtained by taking the average of repeat three times. 185 

The final analyses of the data were carried out using Origin 8.0 (Origin Lab Corp).   186 

2.9. Cell digestion and laser confocal imaging  187 

MCF-7 and COS7 cells were cultured in high glucose DMEM supplemented with 188 

10% FBS and penicillin/streptomycin from Gibco in CO2 incubator at 37°C. The cells 189 

were seeded into a confocal glass bottom dish (35.0 mm dish with 20.0 mm bottom 190 

well) with 2.0 mL of culture medium in the incubator until the cell density was 191 

approximately 50% and then washed with PBS for three times and fixed with ice 192 

ethanol. The cell dishes were stored in the refrigerator at minus twenty degree for ten 193 

minutes, and washed with PBS for 3 times, DNase and RNase were added into 194 

different experimental groups for digestive enzyme and incubated for several hours and 195 

then CZ-BT (2.0 µM) was added and incubated for 30 min. The fluorescent images 196 

were recorded by confocal laser fluorescent scanning microscope under the two-photon 197 

excitation wavelength of 820 nm and the emission spectra was recorded within the 198 

range of 580-620 nm. 199 

2.10. The impact of CZ-BT on cell cycle 200 

Plant cells: The cells in exponential phase of growth were digested and transferred 201 

into a 6-well flatbottomed plate with the density of 1×106 per milliliter; Add drugs: 202 
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After 24 hours cultivation, the cell density was reached up to almost 50%. Two 203 

milliliters of fresh medium was added into each well of the plate, after removing the 204 

original medium out and washed for three times by PBS. Different concentrations of 205 

CZ-BT and PDS were added and then incubated at 37°C in incubator for another 24 206 

hours. Collect cells: Transferred the original medium into centrifuge tubes, then the 207 

cells were digested by pancreatic enzyme and collected into the previous tubes; Fix 208 

cells: The cells were collected with centrifugation under the speed of 1500 rpm for 209 

5min, then washed for two times by PBS. Two milliliters of precooled ethanol (70%) 210 

was added into the cell suspension under low vortex, then immobilized for 12 hours at 211 

4°C; PI staining: 0.5 ml of PI staining solution was added into every cell sample 212 

separately, overhanging cell precipitation slowly and incubated far from light in 37°C 213 

for 30 min; Flow cytometer detection: Red fluorescence was detected using an acoustic 214 

focusing cytometer, then the effects of CZ-BT and PDS on the cell phases were 215 

determined on microplate reader spectrophotometer (Thermo Fisher Scientific). 216 

3. Results and discussion 217 

3.1. Synthesis of CZ-BT 218 

Compound 1 was obtained by the reaction of carbazole and 1,4-dibromobutane with 219 

the yield of 80%; the ethylated compound 2 was prepared by following the substitution 220 

of bromine with diethyl amino in 65% yield; the C-3 aldehyde reaction of 2 with 221 

phosphorus oxychloride in dimethyl formamide gave the compound 3 (43%); the 222 

condensation reaction of compound 3 and ethylated benzothiazole afforded the desired 223 

compound CZ-BT (24%, Scheme 1.). CZ-BT and its intermediate products were 224 

purified by silica gel column chromatography and confirmed by 1H NMR, 13C NMR, 225 

and HRMS spectrometry (see the Supplementary Information). 226 

3.2. The spectra studies of CZ-BT upon interaction with G4 DNAs 227 

The absorbance increased linearly with the increasing concentration of CZ-BT 228 
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indicating its good solubility in Tris-HCl buffer solution (Fig. S1). CZ-BT shows a 229 

very low intrinsic fluorescence in Tris-HCl (ΦF-free=0.01), which is of prime 230 

importance for a fluorescent probe for G4 DNA detection. Upon binding with DNAs 231 

(ssDNA: dA21, dT21, ss26 and ssDNA; dsDNA: Poly(A-T)9 and Poly(G-C)9; G4 232 

DNA: Telo21, Hum24, Oxy12 and Pu22), the fluorescence intensity of CZ-BT was 233 

significantly enhanced (ΦF-DNA =0.109, Table S1) with the gradual addition of Telo21 234 

with good selectivity (Fig. 1B and Fig. S2). A good linear relationship between 235 

fluorescent intensity and the concentration of Telo21 was presented in Figure 1D with 236 

the linear correlation coefficient of 0.991 and the detection limit of 15.6 nM.  237 

 238 

Fig. 1. The absorbance spectra (A) and fluorescence intensity histogram (B) of CZ-BT (10.0 µM) in the 239 

absence and presence of DNAs in Tris-HCl buffer solution (10 mM, 60 mM KCl, pH=7.4); (C) The 240 

fluorescence spectra of CZ-BT (10.0 µM) upon titration with Telo21 (0-15.0 µM), λex=460 nm; (D) The 241 

linear relationship between the fluorescent intensity of CZ-BT and the concentrations of Telo21 (0-3.0 µM), 242 

n=3. 243 

CZ-BT in Tris-HCl buffer solution presented a freedom state, so there was no 244 

rotational restriction around the methine bridge which connect the carbazole and 245 

benzothiazole, therefore CZ-BT exhibited negligible fluorescence in low viscosity 246 

buffer. When the rotation of methine bridge was restrained after binding with G4 DNA 247 
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in the high viscosity glycerol solvent, the fluorescence was recovered. This 248 

interpretative statement was further supported by the correlation between fluorescence 249 

quantum yield and solvent viscosity (Fig. S3) [30]. 250 

The two-photon properties of CZ-BT was confirmed by a power dependence 251 

experiment. Fig. S4A showed the double logarithmic plot of two-photon induced 252 

fluorescence integral intensity against the average laser power, a linear regression equation 253 

(Log (Fs-Fbackground) = 1.95 Log W + 6.07) with a slope of 1.95 was obtained, which indicated 254 

an obvious two-photon absorption process. The maximum two-photon absorption cross 255 

section of CZ-BT was 21.0 GM at the presence of G4 DNA in Tris-HCl buffer solution when 256 

excited at 820 nm (Fig. S4B).  257 

3.3. The impact of G4 DNA on lifetime of CZ-BT 258 

 259 

Fig. 2. (A) Lifetimes of CZ-BT (10.0 µM) and (B) Lifetimes of CZ-BT (10.0 µM) mixed with G4 DNA 260 

(5.0 µM) in Tris-HCl buffer solution. The detection wavelength was 580 nm. Fitting results were obtained 261 

by a deconvolution of the instrument response function (blue line). 262 

In order to further confirm the interaction between CZ-BT and G4 DNA (Telo21), 263 

the lifetimes of CZ-BT in the absence and presence of G4 DNA were recorded using 264 

TCSPC technique excited at 400 nm. Free CZ-BT presented a fluorescence lifetime 265 

about 1.43 ns and a short lifetime about 142 ps owing to the fast twisting process of 266 

C=C double bond between carbazole and benzothiazole (Fig. 2A). As shown in Fig. 2B 267 

and Table S2, the proportion of twisting process (τ1) significantly decreased (from 96.9% 268 

to 4.67%) after the interaction with G4 DNA, meanwhile, besides the fluorescence 269 

lifetime of free CZ-BT (τ2), there was a new longer lifetime (τ3) which was assigned to 270 

the fluorescence lifetime of CZ-BT fixed by G4 DNA [31]. The results above 271 
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suggested that the fast twisting process of C=C double bond could be inhibited and the 272 

fluorescence lifetime of CZ-BT would become longer in the presence of G4 DNA, 273 

those are the reasons why the fluorescence intensity of CZ-BT increased after the 274 

interaction with G4 DNA. 275 

3.4. Binding mode between CZ-BT and G4 DNA 276 

 277 

Fig. 3. Top view of the interaction between CZ-BT and the charge on Telo21 (PDB id 4DA3) (A) or not 278 

(B); (C) Circular dichroism spectrum of Telo21 (20.0 µM) and with the addition of CZ-BT (20.0 µM). 279 

The molecular docking study was performed using the AUTODOCK 4.2 program to 280 

explore the interaction between CZ-BT and G4 DNA. Computation result showed that 281 

CZ-BT was able to stack onto the Telo21 (PDB id 4DA3) [32] via π-π stacking 282 

interaction. Whether there is charge on G4 (Fig. 3A) or not (Fig. 3B), this π-π stacking 283 

mainly embodied on the interaction between the aromatic nucleus of CZ-BT and 284 

purine ring of DG3 in G4. In addition, the secondary structure change of G4 DNA after 285 

the interaction with CZ-BT was recorded by circular dichroism (CD). As shown in Fig 286 

3C, the CD spectrum of Telo21 structure alone was of the typical antiparallel G4 DNA, 287 

with the positive band (272 nm) and negative band (247 nm) [33]. The addition of 288 

CZ-BT to G4 DNA solution only made the peaks increased, while other DNAs were 289 

not changed obviously (Fig. S5). The results indicated that CZ-BT did not change the 290 

conformation transition of G4 DNA structure. This was also consistent with the 291 

fluorescent signal enhancements from the fluorescence titration experiments.  292 

3.5. Application of CZ-BT for the specificity on G4 DNA in cells 293 

The applications of CZ-BT as a selective probe for the detecting and imaging of G4 294 
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DNA in cells were further investigated using two-photon confocal laser scanning 295 

microscopy. As shown in Fig. 4 (and Fig. S6), CZ-BT was able to induce a strong 296 

fluorescence response in the regions of nucleus and mainly located in nucleoli where 297 

rDNA (ribosomal DNA) undergoes transcription. It has been reported that G-rich 298 

rDNA may also adopt temporal quadruplex conformations [34]. The fluorescence 299 

signal of CZ-BT in nucleus was almost disappeared after DNase treatment, while 300 

nothing has changed after RNase treatment in compared with control, which indicated 301 

that CZ-BT could selectively interact with G4 DNA in cells and generated strong 302 

fluorescence. 303 

 304 

Fig. 4. Digestion experiments for two-photon fluorescence images of fixed COS7 and MCF-7 cells with 305 

CZ-BT (2.0 µM), λex=820 nm, collection wavelength: 600±20 nm, scale bar: 20 µm. 306 

 307 
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Fig. 5. Two-photon CZ-BT (2.0 µM) fluorescence images and the corresponding normalization intensity of 308 

fixed MCF-7 and COS7 cells with the addition of PDS (0, 1.0, 2.0 µM). λex= 820 nm, collection 309 

wavelength: 600±20 nm scale bar: 20 µm. 310 

As a classical G-quadruplex ligand, PDS could promote growth arrest in cells by 311 

inducing replication and transcription dependent DNA damage [35]. Therefore, PDS 312 

was introduced as the contrast reagent with CZ-BT for the endogenous cellular G4 313 

DNA target. As shown in Fig. 5 and Fig. S7, strong fluorescence was presented in the 314 

nucleus after the incubation of CZ-BT, while the fluorescence intensity was 315 

dramatically decreased along with the addition increasing of PDS. This can be 316 

attributed to the preferential occupation of G4 DNA binding sites by PDS. Therefore, 317 

the specificity of CZ-BT on the G4 DNA in cells was verified.  318 

3.6. The cell cycle experiment of CZ-BT 319 

 320 

Fig. 6. Effects of CZ-BT on cell cycle distribution of MCF-7 cells. The cells were treated with control (A), 321 

CZ-BT (B), and PDS (C) for 24h, (D) showed the cell cycle percentage distribution. The concentration of 322 

CZ-BT and PDS was 10.0 µM. 323 

Cell cycle refers to the whole process of a cell from the beginning to the end of the division 324 

and each phase preserves different function, respectively [36]. G2 phase is the late period of 325 

DNA synthesis, therefore the vast majority of G4 DNAs are accumulated in this phase during 326 

the whole cell cycle and the cell growth would be stagnated at G2 stage after the incubated 327 
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with PDS [37]. Cells were treated with control, CZ-BT, and PDS for 24 h respectively, and 328 

then were analyzed by flow cytometry to determine the influence on cell cycle (Fig. 6 and Fig. 329 

S8). In comparison with the control group (cells were treated with PBS), the G2 phase 330 

population of MCF-7 cells showed a remarkable increasement (10.32% to 17.07%) after the 331 

treatment with CZ-BT (10.0 µM), which is similar with that of PDS. Therefore, the selective 332 

interaction on G4 DNAs of two-photon probe CZ-BT with low cytotoxicity (Fig. S9) was 333 

fully proved. 334 

4. Conclusion 335 

In conclusion, a novel two-photon fluorescent probe CZ-BT of 336 

carbazole-benzothiazole derivative for G4 DNA in vitro and vivo was designed and 337 

synthesized. UV-vis, fluorescence emission and lifetime showed the good specificity 338 

of CZ-BT on G4 DNA, and the molecular docking calculation proved that the binding 339 

mode between CZ-BT and G4 DNA was π-π stacking. More importantly, the 340 

two-photon confocal fluorescent images and cell cycle experiment demonstrated the 341 

specificity of CZ-BT on G4 DNA in cells. All these results suggested that CZ-BT 342 

could have promising applications in G4 DNA research. 343 
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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 ssDNA 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 (a classical commercial G-quadruplex ligand), nucleic digestion experiments and 

cell cycle experiments showed CZ-BT was specifically impacted on G4 DNA in 

cells. 

 

 


