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A B S T R A C T   

Targeting G-quadruplexes in the c-myc gene promoter region is one of the few therapeutic opportunities through 
inhibiting the c-myc protein overexpression. However, the design of probes recognizing c-myc G-quadruplexes 
with high selectivity and specificity and the more evaluation of cellular system still remain a big challenge. Here, 
two novel bisquinolinium-fluorescein conjugates (1a and 1b) with the alkyl linkers, have been designed and 
evaluated their selectivity and specificity for parallel c-myc Pu22 G-quadruplex. Compared with conjugate 1b 
with longer alkyl linker, conjugate 1a with shorter alkyl linker, exhibited higher fluorescence response and 
specificity towards c-myc Pu22 G-quadruplex than other wild-type c-myc G-quadruplexes, human telomere G- 
quadruplexes, other G-quadruplexes in the promoter regions and double-stranded DNA. According to the binding 
mode, the interaction of compound 1a with the 2nd loop around the 3′-end G-quartet through regulating the 
length of the alkyl linker, excited its fluorescence and enhanced its selectivity towards c-myc Pu22 G-quadruplex. 
Furthermore, conjugate 1a could selectively recognize c-myc Pu22 G-quadruplex DNA in cells through micro-
scopy experiments, and inhibit cell proliferation possibly by reducing c-myc protein expression in cancer cells. 
This study provides guidance to design the high-performance fluorescence probes towards c-myc G-quadrulex by 
regulating the alkyl linker in the conjugate of G-quadruplex binder and fluorescence ligand, and develop anti-
cancer drugs targeting c-myc G-quadruplex.   

1. Introduction 

G-quadruplex nucleic acids widely exist in human telomere and the 
promoter regions of genes, and play the important biological roles in 
oncogene transcription regulation, DNA replication and telomere sta-
bility [1–6]. In them, one important G-quadruplex sequence found in the 
nuclease hypersensitive element NHEIII1 is present in the P1 promoter of 
the c-myc oncogene [7]. The expression of c-myc is upregulated in 70% 
of different cancer types [8], and 90% of c-myc expression is regulated 
by G-quadruplexes in NHEIII1 region of the c-myc gene [9]. And the 
c-myc protein is a transcription factor regulating cellular proliferation, 
differentiation and apoptosis [10]. So targeting the G-quadruplexes in 
the promoter region of the c-myc gene is one of the few therapeutic 
opportunities by controlling the overexpression of the c-myc protein and 
the transcription of the c-myc oncogene [11]. 

Then, a great quantity of G-quadruplex binders, such as transition 

metal [Ru(II), Pt(II) and Ir(III)] complexes [12–16], synthetic fused-ring 
(quindoline, porphyrin, acridine and benzoxazinone) derivatives 
[17–21], and natural products (carbamide, Fonsecin B and flavonoid 
quercetin) [22,23] have been reported to bind and stabilize c-myc 
G-quadruplex. However, most binders have not been further evaluated 
their potential anticancer activities and possible action mechanism [18, 
24]. On the other hand, some fluorescence probes have been reported to 
display high visualization towards c-myc G-quadruplex [25–29]. But 
most G-quadruplex probes exhibited poor selectivity towards c-myc 
G-quadruplex for only interacting with G-quadruplexes by generic 
G-quatet stacking. Interacting with the flanking loops around the 
G-quartet has become an excellent way to increase the selectivity of the 
probes towards c-myc G-quadruplex [27,30]. In addition, the selectivity 
of fluorescent probes towards c-myc G-quadruplex could be increased by 
conjugating a recognition group and a fluorescent signalling unit with a 
flexible chain. Though these probes with selectivity and specificity 
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towards c-myc G-quadruplex have been reported, they still have some 
deficiencies in either selectivity towards c-myc G-quadruplex or the 
evaluation of cellular system [31–36]. Thus, the design of these conju-
gates with high-performance in vitro and in vivo is still one of the major 
challenges in the field. 

Over a few years ago, our group have reported some fluorescence 
probes targeting G-quadruplexes [37–39]. Through the regulation of the 
polyether linker length between two fluorescent signalling units, these 
berberine dimers showed excellent fluorescence response towards 
hybrid-type and antiparallel dimeric G-quadruplexes [37,38]. Espe-
cially, two berberine-bisquinolinium conjugates (Ber- PDS and 
Ber-360A, Scheme 1a) by linking the fluorophore ligand and the 
G-quadruplex binder with the polyether chain have showed high 
selectivity and sensitivity towards hybrid-type and antiparallel dimeric 
G-quadruplexes and excellent bioimaging towards G-quadruplexes in 
cells [39]. And the conjugate 360A-C with polyether chain (Scheme 1a) 
has also showed high fluorescence response towards hybrid-type and 
antiparallel G-quadruplexes [34]. Here, conjugates will be expected to 
target parallel c-myc G-quadruplex. Some conjugates with the alkyl 
linkers (such as PDP-Cy5, SiR-PyPDS, IZFL and CNDI, Scheme 1a) have 
been reported to fluorescently recognize parallel G-quadruplexes, 
especially c-myc [35,36,40,41]. Thus, we have designed two 
bisquinolinium-fluorescein conjugates 1a and 1b (Scheme 1b) linked 
with different-length alkyl linkers. On base of bisquinolinium 

derivative—pyridostatin (PDS) as an excellent c-myc G-quadruplex 
stabilizer [42] and a potential cancer therapeutic agent [43,44], the 
bisquinolinium-fluorescein conjugates with the alkyl linkers will be 
expected to target parallel c-myc G-quadruplex. In addition, through 
regulating the length of the alkyl linker, the fluorescein section will be 
expected to interact with the flanking loops around the G-quartet, 
enhance the selectivity and result in fluorescence detection for c-myc 
G-quadruplex [27,30]. Their binding affinity, thermal stabilization, 
selectivity and visualization towards c-myc G-quadruplex in vitro will be 
discussed. And their visualization in cells, cancer cell cytotoxicity and 
inhibition of c-myc expression will also further be studied. 

2. Experimental section 

2.1. General 

NMR (1H and 13C) and MS (ESI and HR) spectra were recorded on a 
Bruker Avance 400 MHz Ultrashield NMR spectrometer and a LCT 
Premier mass spectrophotometer, respectively. All chemicals were 
purchased from Sigma-Aldrich, BDH, or Apollo Scientific and used 
without further purification. Compounds 1a and 1b were dissolved in 
DMSO solution to give 10 mM stock solution, diluted to 1 mM with 
DMSO before use, and then further diluted using suitable buffer to the 
appropriate concentration. Oligonucleotides (Tables 1 and 2) from 

Scheme 1. (a) Structures of the reported probes linking G-quadruplex binder and fluorophore ligand with polyether or alkyl linker. (b) Structures of conjugates 1a 
and 1b. (c) Structure model of wild-type c-myc pu22 G-quadruplex. 
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Shanghai Sangon Biological Engineering Technology & Services 
(Shanghai, China) were dissolved in suitable buffer. The G-rich DNA 
sequences were annealed by heating to 95 ◦C for 10 min and then cooled 
to room temperature overnight. 

2.2. Synthesis 

2.2.1. Synthesis of 6-((8-bromooctyl)oxy)-9-(2-propionylphenyl)-3H- 
xanthen-3-one (4b) 

Compound 2 (600 mg, 1.70 mmol) was mixed with K2CO3 (480 mg, 
3.50 mmol) and 1, 8-dibromooctane (1.7 g, 9.15 mmol) in DMF (40 mL), 
and the resulting reaction mixture was refluxed for 2 h and cooled to 
room temperature. The reaction solution was evaporated under reduced 
pressure and purified by chromatography on a silica gel column, eluting 
with cyclohexane/CH3COOCH2CH3 (1/1, v/v), to afford compound 4b 
(220 mg, 70%) as a red solid, having 1H NMR (400 MHz, DMSO‑d6) δ 
8.22 (d, J = 7.6 Hz, 1H),7.88 (t, J = 7.2 Hz, 1H), 7.79 (t, J = 7.6 Hz, 1H), 
7.50 (d, J = 7.6 Hz, 1H), 7.22 (d, J = 2.0 Hz, 1H), 6.89 (dd, J = 9.0 Hz, J 
= 1.8 Hz, 1H), 6.83 (d, J = 8.0 Hz, 1H), 6.80 (d, J = 12.0 Hz, 1H), 6.39 
(dd, J = 9.8 Hz, J = 1.4 Hz, 1H), 6.24 (d, J = 1.2 Hz, 1H), 4.14 (t, J = 6.4 
Hz, 1H), 3.59 (s, 3H), 3.53 (t, J = 6.4 Hz, 2H), 1.84–1.72 (m, 4H), 
1.41–1.38 (m, 4H), 1.33–1.30 (m, 4H). 13C NMR (100 MHz, DMSO‑d6) δ 
183.3, 165.6, 164.2, 158.8, 154.4, 134.2, 133.6, 131.1, 131.0, 130.9, 
130.5, 129.9, 129.5, 129.1, 117.0, 114.8, 114.7, 104.8, 101.3, 69.2, 
52.7, 35.5, 32.6, 28.9, 28.7, 28.4, 27.9, 25.7. ESI-MS: m/z 537.07 
([M+H]+) and HR-MS for C29H29O5Br ([M+H]+) calcd: 537.1271, 

found: 537.1277. 

2.2.2. Synthesis of Methyl2-(6-(2-((2,6-bis((4-(2-((tert-butoxycarbonyl) 
amino)ethoxy) quinolin-2-yl)carbamoyl)pyridin-4-yl)oxy)ethoxy)-3-oxo- 
3H-xanthen-9-yl)benzoate (6a) 

Compound 5 (75 mg, 0.1 mmol) was mixed with K2CO3 (28 mg, 0.2 
mmol), compound 4a (69 mg, 0.2 mmol) and KI (8 mg, 0.05 mmol) in 
DMF (1 mL), and the resulting reaction mixture was heated for 4 h at 
60 ◦C and cooled to room temperature. The mixture was then poured 
into water and filtrated to obtain the crude product which was purified 
by chromatography on a silica gel column, eluting with DCM/CH3OH 
(40/1, v/v), to afford compound 6a (62 mg, 55%) as an orange-yellow 
solid, having 1H NMR (400 MHz, DMSO‑d6) δ 12.04 (s, 2H),8.24 (s, 
1H), 8.22 (d, J = 7.6 Hz, 2H), 8.06 (s, 2H), 7.99 (s, 2H), 7.94 (d, J = 8.0 
Hz, 2H), 7.88 (t, J = 8.0 Hz, 1H), 7.80 (d, J = 6.8 Hz, 1H), 7.77 (t, J =
8.0 Hz, 2H), 7.53 (s, 1H), 7.50 (d, J = 8.4 Hz, 2H), 7.35 (s, 1H), 7.20 (t, J 
= 5.4 Hz, 2H), 6.97 (d, J = 9.2 Hz, 1H), 6.86 (d, J = 8.8 Hz, 1H), 6.81 (d, 
J = 8.0 Hz, 1H), 6.40 (d, J = 9.6 Hz, 1H), 6.26 (s, 1H), 4.74 (s, 2H), 4.63 
(s, 2H), 4.27 (s, 4H), 3.60 (s, 3H), 3.55 (m, 2H), 3.54 (m, 2H),1.41 (s, 
18H). 13C NMR (100 MHz, DMSO‑d6) δ 184.3, 167.4, 165.6, 163.6, 
163.1, 162.6, 158.8, 156.3, 153.9, 152.8, 151.5, 150.3, 147.4, 134.3, 
133.6, 131.1, 131.0, 130.8, 130.5, 129.9, 129.8, 129.3, 127.2, 124.8, 
122.6, 119.6, 117.2, 115.0, 114.4, 112.6, 105.0, 101.7, 95.3, 78.3, 68.2, 
52.7, 29.7, 28.6. ESI-MS: m/z 1126.29 ([M+H]+) and HR-MS for 
C62H59N7O14 ([M+H]+) calcd: 1126.4193, found: 1126.4180. 

2.2.3. Synthesis of Methyl 2-(6-((8-((2,6-bis((4-(2-((tert-butoxycarbonyl) 
amino) ethoxy)quinolin-2-yl)carbamoyl)pyridin-4-yl)oxy)octyl)oxy)-3- 
oxo-3H-xanthen-9-yl)benzoate (6b) 

Compound 6b was prepared following the same procedure as the one 
described for compound 6a. The following amounts were used: com-
pound 5 (38 mg, 0.06 mmol), K2CO3 (15 mg, 0.1 mmol), compound 4b 
(60 mg, 0.11 mmol) and KI (9 mg, 0.05 mmol). Yield: 30 mg (50%) as an 
orange-yellow solid. 1H NMR (400 MHz, DMSO‑d6) δ 11.97 (s, 2H), 8.24 
(s, 1H), 8.21 (d, J = 10.0 Hz, 2H), 8.04 (s, 2H), 7.92 (d, J = 8.8 Hz, 2H), 
7.89 (s, 2H), 7.85 (d, J = 7.2 Hz, 1H), 7.78 (s, 1H), 7.75 (d, J = 6.0 Hz, 
2H), 7.51 (d, J = 8.0 Hz,1H), 7.49 (d, J = 6.4 Hz, 2H), 7.20 (s, 1H), 7.19 
(s, 2H), 6.85 (s, 1H), 6.80 (d, J = 7.2 Hz, 1H), 6.75 (d, J = 10.0 Hz, 1H), 
6.34 (d, J = 9.6 Hz, 1H), 6.21 (s, 1H), 4.29 (s, 2H), 4.26 (s, 4H), 4.14 (s, 
2H), 3.59 (s, 3H), 3.54 (br, 4H), 1.82 (s, 2H), 1.77 (s, 2H), 1.46 (s, 4H), 
1.41 (br, 22H). 13C NMR (100 MHz, DMSO‑d6) δ 184.2, 167.7, 165.7, 
163.8, 163.7, 162.6, 158.8, 156.3, 154.0, 152.9, 151.5, 150.5, 147.5, 
134.4, 133.6, 131.1, 131.0, 130.0, 129.2, 127.2, 119.7, 117.0, 114.6, 
114.3, 112.4, 105.0, 101.3, 95.3, 78.3, 69.1, 68.2, 52.8, 29.0, 28.7, 25.8. 
ESI-MS: m/z 1210.11 ([M+H]+) and HR-MS for C68H71N7O14 
([M+2H]2+) calcd: 605.7602, found: 605.7601. 

2.2.4. Synthesis of Methyl 2-(6-(2-((2,6-bis((4-(2-aminoethoxy)quinolin- 
2-yl) carbamoyl)pyridin-4-yl)oxy)ethoxy)-3-oxo-3H-xanthen-9-yl) 
benzoate(1a) 

Compound 6a(42 mg, 0.04 mmol)was mixed with CF3COOH (1.0 
mL) in DCM (2.0 mL). The resulting reaction mixture was stirred at room 
temperature for 1 h, then concentrated under reduced pressure and 
afforded compound 1a (35 mg, 98%) as an orange-yellow solid, having 
1H NMR (400 MHz, DMSO‑d6) δ 12.10 (s, 2H), 8.45 (d, J = 8.0 Hz, 2H), 
8.23 (d, J = 8.0 Hz, 2H), 8.12 (s, 1H), 8.00 (s, 2H), 7.96 (d, J = 8.0 Hz, 
2H), 7.89 (t, J = 7.6 Hz, 1H), 7.83 (s, 1H), 7.80 (d, J = 6.8 Hz, 2H), 7.57 
(d, J = 7.6Hz, 1H), 7.53 (t, J = 6.4 Hz, 2H), 7.40 (s, 1H), 7.00 (d, J = 8.8 
Hz, 1H), 6.93 (d, J = 3.6 Hz,1H), 6.85–6.89 (br, 1H), 6.47 (t, J = 5.2 
Hz,1H), 6.35 (d, J = 10.4 Hz, 1H), 4.75 (br, 2H), 4.66 (br, 2H), 4.52 (br, 
4H), 3.60 (s, 3H), 3.48 (br, 4H). 13C NMR (100 MHz, DMSO‑d6) δ 167.4, 
165.6, 163.7, 163.5, 162.1, 158.8, 158.6, 152.7, 151.5, 150.6, 147.6, 
134.2, 133.7, 131.3, 131.2, 131.1, 130.6, 127.1, 124.9, 123.1, 119.4, 
117.3, 115.2, 112.7, 111.8, 101.7, 95.4, 65.6, 52.7, 38.6. ESI-MS: m/z 
926.22 ([M+H]+) and HR-MS for C52H43N7O10 ([M+H]+) calcd: 
926.3144, found: 926.3145. 

Table 1 
DNA strands used in the paper.  

DNA Sequence (from 5′ to 3′) Structure 

Pu18 AG3TG4AG3TG4 
Paral G1a 

Pu22 TGAG3TG4AG3TG4AA Paral G1 
Pu24 TGAG3TG4AG3TG4AAGG Paral G1 
Pu27 TG4AG3TG4AG3TG4AAGG Paral G1 
Telo22 (K+) AGGG(TTAGGG)3 

Hybrid b G1 
Telo22 (Na+) AGGG(TTAGGG)3 

Anti c G1 
G2T1 (K+) AGGG(TTAGGG)7 

Hybrid G2T1d 

G2T1 (Na+) AGGG(TTAGGG)7 
Anti G2T1 

c-kit1 G3AG3CGCTG3AG2AG3 
Paral G1 

c-kit2 G3CG3(CG)2(AG3)2G Paral G1 
VEGF CG4CG3CCG5CG4T Paral G1 
KRAS AG3CGGTGTG3AAGAG3AAGAG5AGG Paral G1 
bcL-2 G3CG3CGCG3AGGAAG5CG3 

Paral G1 
5′-Cy5-Pu22 5′-Cy5-TGAG3TG4AG3TG4AA Paral G1 
5′-Cy5-c-kit1 5′-Cy5-G3AG3CGCTG3AG2AG3 

Paral G1 
5′-Cy5-Telo22 5′-Cy5-AGGG(TTAGGG)3 

Paral G1 
ds 26 CAATCGGATCGAATTCGATCCGATTG 

+ GTTAGCCTAGCTTAAGCTAGGCTAAC 
Double-stranded 

CT DNA  Double-stranded  

a Paral 
= Parallel, G1 = monomeric G-quadruplex. 

b Hybrid = Hybrid-type, the DNA sequences of Telo22 and G2T1 in K+ buffer 
formed hybrid-type G-quadruplexes. 

c Anti 
= Antiparallel, the DNA sequences of Telo22 and G2T1 in Na+ buffer 

formed antiparallel G-quadruplexes. 
d G2T1 = dimeric G-quadruplex. 

Table 2 
The mutants of Pu22 G-quadruplexes in the binding site analysis.  

Name Sequence (from 5′ to 3′) 

Pu22-G2>C2 TCAGGGTGGGGAGGGTGGGGAA 
Pu22-A3>T3 TGTGGGTGGGGAGGGTGGGGAA 
Pu22-T7>A7 TGAGGGAGGGGAGGGTGGGGAA 
Pu22-G10>C10 TGAGGGTGGCGAGGGTGGGGAA 
Pu22-G11>C11 TGAGGGTGGGCAGGGTGGGGAA 
Pu22-A12>T12 TGAGGGTGGGGTGGGTGGGGAA 
Pu22-T16>A16 TGAGGGTGGGGAGGGAGGGGAA 
Pu22-G20>C20 TGAGGGTGGGGAGGGTGGGCAA 
Pu22-A21>T21 TGAGGGTGGTTAGGGTGGGGTA  
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2.2.5. Synthesis of Methyl2-(6-((8-((2,6-bis((4-(2-aminoethoxy)quinolin- 
2-yl) carbamoyl)pyridin-4-yl)oxy)octyl)oxy)-3-oxo-3H-xanthen-9-yl) 
benzoate (1b) 

Compound 1b was prepared following the same procedure as the one 
described for compound 1a. The following amounts were used: com-
pound 6b (30 mg, 0.025 mmol) and CF3COOH (1.0 mL). Yield: 25 mg 
(98%) as an orange-yellow solid. 1H NMR (400 MHz, DMSO‑d6) δ 12.05 
(s, 2H), 8.44 (d, J = 8.4 Hz, 2H), 8.23 (d, J = 8.0 Hz, 2H), 8.11 (s, 1H), 
7.95 (d, J = 8.4 Hz, 2H), 7.93 (s, 2H), 7.88 (d, J = 7.2 Hz, 1H), 7.82 (s, 
1H), 7.79 (t, J = 6.8 Hz, 2H), 7.56 (t, J = 7.2 Hz, 2H), 7.51 (d, J = 7.6 Hz, 
1H), 7.30 (s, 1H), 6.93 (d, J = 4.8 Hz, 1H), 6.88 (d, J = 9.6 Hz, 1H), 6.49 
(d, J = 9.6 Hz, 1H), 6.42 (s, 1H), 4.51 (t, J = 4.0 Hz, 4H), 4.32 (t, J = 6.4 
Hz, 2H), 4.19 (t, J = 6.0 Hz, 2H), 3.58 (s, 3H), 3.49 (d, J = 4.4 Hz, 4H), 
1.77–1.86 (br, 4H), 1.48 (s, 4H), 1.41 (s, 4H). 13C NMR (100 MHz, 
DMSO‑d6) δ 167.7, 165.6, 163.7, 162.1, 158.9, 152.7, 151.4, 147.4, 
133.6, 131.2, 131.1, 131.0, 130.6, 129.8, 129.7, 127.1, 124.9, 123.1, 
119.4, 117.0, 115.3, 112.5, 104.6, 101.3, 95.4, 69.4, 69.2, 65.6, 52.8, 
38.6, 28.9, 28.7, 28.5, 25.7, 25.6. ESI-MS: m/z 1010.38 ([M+H]+), 
505.79 ([M+2H]2+) and HR-MS for C58H55N7O10 ([M+2H]2+) calcd: 
505.7078, found: 505.7082. 

2.3. Fluorescence spectra studies 

Compounds 1a and 1b (1 μM or 2 μM) were added into concentrate 
solutions of oligonucleotides in suitable buffer. The fluorescence data 
were collected at λex/λem = 455/516 nm. The fluorescence data were 
analyzed to give the apparent binding constants (Ka) of 1a and 1b to-
wards different DNA sequences by non-linear fitting [38,39,45]. Fluo-
rescence competition titrations of the conjugate towards Pu22 with 
double-stranded DNA (such as ds 26 and CT DNA) were performed by 
fixing the concentration of conjugate 1a and double-stranded DNA with 
increasing concentration of Pu22. They were also measured by keeping 
the concentration of the conjugate and Pu22 with increasing concen-
tration of double-stranded DNA. The solutions were prepared in 10 mM 
Tris-HCl buffer (5 mM KCl, 95 mM LiCl and pH 7.2) and measured at 
λex/λem = 455/516 nm. 

The quantum yield values (ΦF) of conjugate (2 μM) with different 
DNA (G2T1: 2 μM; G1 and ds 26: 8 μM; CT DNA: 200 μM (base con-
centration)) were measured according to the experimental method from 
the reported literature and calculated relative to a standard solution of 
fluorescein in 0.1 mol/L NaOH water (Φs = 0.90, λex = 490 nm) [46]. 
The detection limit was calculated according to the equation 3σbi/m, 
wherein σbi is the standard deviation of blank measurements, and m is 
the slope of the straight line between the fluorescence intensity of 
compounds 1a and 1b (1 μM) in the absence of Pu22 G-quadruplex and 
the concentration of 1a and 1b [38,39]. 

2.4. UV–Vis titration 

UV–Vis spectra were measured by maintaining the concentration of 
the conjugate (1a/1b) with increasing the concentration of Pu22 in 10 
mM Tris-HCl buffer (5 mM KCl, 95 mM LiCl and pH 7.2) at room 
temperature. 

2.5. CD procedures 

CD spectra were measured on annealed Pu22 (5.0 μM) in 10 mM Tris- 
HCl (5 mM KCl, 95 mM LiCl and pH 7.2) with compound 1a or 1b, and 
nonannealed Pu22 (5.0 μM) in 10 mM Tris-HCl (pH 7.2) with compound 
1a or 1b. CD-melting assays of different DNA sequences in 10 mM Tris- 
HCl buffer with different K+ or Na+ concentration (5 mM KCl and 95 mM 
LiCl for Pu22, 10 mM KCl and 90 mM LiCl for c-kit1, VEGF, KRAS and 
bcL-2, 20 mM KCl and 80 mM LiCl for c-kit2, 100 mM KCl for ds 26 and 
hybrid-type G2T1 and Telo22, and 100 mM NaCl for antiparallel G2T1 
and Telo22) were performed without or with compounds 1a and 1b. The 
experimental condition is the 100 nm/min scanning speed, the 2 s 

response time and the 1 ◦C/min heating rate. The melting temperature 
(Tm) was calculated from the melting profiles with the software origin 
8.0. 

2.6. Gel electrophoresis 

Native gel electrophoresis was carried out on acrylamide gel (15%), 
and run at 0 ◦C in 1 × TBE buffer (pH 8.3). The first gel was obtained 
with DNA samples, and the run gel was stained by Gel red. The second 
gel was obtained with DNA samples in 10 mM Tris-HCl buffer (100 mM 
KCl for ds 26 and hybrid-type G2T1 and Telo22, 10 mM KCl and 90 mM 
LiCl for c-kit1, VEGF, KRAS and bcL-2, 20 mM KCl and 80 mM LiCl for c- 
kit2, and 5 mM KCl and 95 mM LiCl for Pu22) premixed with compound 
1a, and this run gel need not be stained by Gel red [30]. The fluores-
cence recognition of compound 1a towards Pu22 was analyzed using 
Alpha Hp 3400 fluorescence and visible-light digitized image analyzer. 

2.7. Molecular modelling 

The molecule structure of compounds 1a and 1b were constructed 
and optimized using Molecular Operating Environment (MOE) package, 
while the three-dimensional structure of G-quadruplex was constructed 
and optimized by the Chimera package [47]. The initial structures of 
G-quadruplex with compound 1a and 1b were manually built by mo-
lecular docking in MOE to give the binding energies [48]. The visual 
analysis of binding modes was obtained in force field by Python mole-
cule (PyMOL). 

2.8. Confocal imaging of co-localization 

MCF-7 and A549 cells were cultured in Dulbecco’s modified Eagle’s 
medium (Gibco) with 1% glutamine and 10% fetal bovine serum (FBS) 
for 24 h at 37 ◦C. 40 pmol annealed 5′-Cy5-Pu22, 5′-Cy5-c-kit1 and 5′- 
Cy5-Telo22 G-quadruplexes (Table 1) were transfected into cells by 
using lipofectamine 2000 (Thermo Fisher) and incubated at 37 ◦C for 5 
h. Then compound 1a (5 μM) was added and incubated for another 2 h. 
The digital images were recorded using a confocal laser scanning mi-
croscopy (Olympus FV1000-MP). The location of compound 1a was 
investigated by the fluorescence signal collected between 500 and 570 
nm at λex = 455 nm, and the location of G-quadruplexes were checked by 
fluorescence signal collected between 655 and 755 nm at λex = 635 nm 
[30]. 

2.9. Assay of cytotoxicity 

Antitumor activities of compounds 1a and 1b were measured against 
three cancer cells (A549,MCF-7 and HeLa) by MTT assay [39]. 

2.10. Western blot experiments 

A549 cells were treated with compounds 1a and 1b at 0, 10, 20, 40 
and 60 μM for 24 h at 37 ◦C in a humidified CO2 incubator. After the 
incubation period, lysed with extraction buffer and centrifuged to har-
vest the supernatant. After the protein concentration was calculated 
with a BCA protein assay kit (Thermo Fisher Scientific), an equal amount 
of protein (20 μg) was electrophoresed on a 10% SDS− PAGE gel and 
transferred to a nitrocellulose membrane at 250 mA for 2h. After the 
membranes were blocked for 1 h with a 5% nonfat dry milk solution in 
TBS containing 1% Tween-20 at room temperature, membranes with the 
samples were firstly incubated overnight at 4 ◦C with primary anti-
bodies, then incubated with the secondary antibodies at room temper-
ature for 2 h. Finally, the c-myc and GAPDH bands were visualized on X- 
ray film using an enhanced chemiluminescence system (Tron). Relative 
band intensities were determined by using ImageJ software [14,27,49]. 
The experiments were repeated three times. The data were expressed as 
the mean ± SEM. 
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3. Results and discussion 

3.1. Synthesis of bisquinolinium-fluorescein conjugates 

The synthetic route of bisquinolinium-fluorescein conjugates 1a and 
1b is shown in Scheme 2. Compound 2 was mixed with 1, 8-dibromooc-
tane and K2CO3 in DMF. The mixture was refluxed for 2 h and obtained 
compound 4b in 70% yield. Compound 5 was added into compound 4a 
or 4b with K2CO3 and KI in DMF. The mixtures were heated for 4 h at 
60 ◦C and afforded compounds 6a~b in 55 and 50% yield, respectively. 
Compounds 6a~b were then deprotected with trifluoroacetic in 
dichloromethane and afforded conjugates 1a~b in 98 and 96% yield, 
respectively. Compounds 4b, 6a~b and 1a~b were fully characterized 
on the basis of NMR spectroscopy (1H and 13C) and mass spectrometry 
(LR and HR) (seeing supplementary material, Figs. S1–15). Compounds 
2, 4a and 5 were prepared according to reported references [36,39,50]. 

3.2. Spectroscopic recognition towards DNA 

Firstly, we screened the fluorescence responses of compounds 1a and 
1b towards a wide range of DNA sequences, including hybrid-type G2T1 
and Telo22, antiparallel G2T1 and Telo22, c-myc Pu22, c-kit1, c-kit2, 
VEGF, KRAS, bcL-2, ds 26 and CT DNA. Compound 1a was essentially 
non-fluorescent, and addition of hybrid-type G2T1 and Telo22, anti-
parallel G2T1 and Telo22, c-kit1, c-kit2, VEGF, KRAS, bcL-2, ds 26 and 
CT DNA induced weak changes in the fluorescence intensity (Fig. S17a). 

However, c-myc Pu22 G-quadruplex caused up to 25-fold fluorescence 
enhancement with a strong new emission peak at λex/λem = 455/516 nm 
(Figs. S16 and 17a, and Table 3), and dramatic fluorescent colour 
change from dark to yellow-green (inset of Fig. 1a). Furthermore, we 
found that the K+ concentration exhibited a significant impact towards 
fluorescence response of compound 1a towards Pu22 (Fig. 1b and S18a). 
It can be found that c-myc Pu22 G-quadruplex caused up to more than 
15-fold fluorescence enhancement when the K+ concentration was 
below 20 mM. When the K+ concentration was equal to 5 mM, com-
pound 1a showed the strongest fluorescence response towards Pu22. But 
compound 1a towards the other G-quadruplexes (c-kit1, c-kit2, VEGF, 
KRAS and bcL-2, respectively) in gene promoter region still showed 
weak fluorescence change when the K+ concentration changed from 
100 mM to 10 mM or 20 mM (Fig. S18b). Furthermore, though com-
pound 1a showed excellent fluorescent response towards Pu22, it did 
not yield remarkable fluorescence response for other wild-type c-myc G- 
quadruplexes (Pu18, Pu24 and Pu27) (Fig. 1c). So these results indicate 
that compound 1a showed strongest fluorescence response toward c- 
myc Pu22 G-quadruplex in 10 mM Tris-HCl, 5 mM KCl and 95 mM LiCl 
buffer. As a comparative study, compound 1b with a longer alkyl linker 
towards all DNA sequences exhibited weak changes in the fluorescence 
intensity (Fig. S17b). 

The photochemical and sensing properties of conjugates 1a and 1b 
have further been investigated with the above-mentioned DNA se-
quences (Fig. 1a). In Tris-HCl buffer, conjugates 1a and 1b exhibited low 
quantum yields (0.02 and 0.03, respectively). In the presences of 
different DNA sequences, conjugate 1a exhibited the highest quantum 
yield (ΦF = 0.67) towards parallel Pu22, and ca. 5.6-fold higher than 
conjugate 1b (ΦF = 0.12). The quantum yield of 1a for Pu22 was ca. 4.8- 
fold higher than those for antiparallel Telo22 and G2T1, and 9.6 and 
22.3-fold higher than those for hybrid-type Telo22 and G2T1. The 
quantum yield of 1a for Pu22 was ca. 3.9–6.7-fold higher than those for 
other parallel G-quadruplexes including c-kit1, c-kit2, VEGF, KRAS and 
bcL-2, and 167-fold higher than those for ds 26 and CT DNA, respec-
tively. Furthermore, the detection limit of 1a towards Pu22 (0.77 nM) 
was ca. 7.1-fold lower than that of 1b (5.46 nM) (Fig. S19). 

In addition, due to the existence of a large amount of double- 
stranded DNA in vivo, fluorescence competition recognition will be 
significant towards Pu22 over double-stranded DNA. As shown in 
Fig. 1d, S20a and S20b, addition of Pu22 to a mixture of conjugate 1a 
and a high concentration of ds 26 or CT DNA, resulted in comparable 
fluorescence responses to the case without double-stranded DNA. In 
contrast, addition of ds 26 or CT DNA (Figs. S20c and S20d) had no 
remarkable effect on the fluorescence response of conjugate 1a for Pu22. 
These results indicate that conjugate 1a could still selectively recognize 
Pu22 in the presence of a large amount of double-stranded DNA. 

Table 3 
Relative fluorescence intensities (F/F0), binding constants (Ka, μM− 1) of com-
pound 1a with different DNA sequences by fluorimetric titrations, and thermal 
stabilization (ΔTm, ◦C) of different DNA sequences with compound 1a by CD- 
melting.  

DNA F/F0 Ka ΔTm 

Pu22 25 6.31 ± 0.84 16.1 ± 0.4 
G2T1 (Na+) 6.7 1.00 ± 0.31 − 0.1 ± 0.1 
G2T1 (K+) 4.2 1.02 ± 0.26 4.6 ± 0.3 
Telo22 (Na+) 3.9 1.24 ± 0.28 − 0.4 ± 0.1 
Telo22 (K+) 3.4 0.27 ± 0.07 − 4.0 ± 0.5 
c-kit1 4.2 1.02 ± 0.41 − 2.1 ± 0.3 
c-kit2 3.4 0.22 ± 0.09 − 7.1 ± 0.5 
VEGF 4.1 1.68 ± 0.45 2.8 ± 0.2 
KRAS 3.7 1.32 ± 0.47 ND a 

bcL-2 4.5 1.00 ± 0.23 1.1 ± 0.2 
ds 26 1.6 0.081 ± 0.005 b − 0.2 ± 0.1  

a ND denotes that the ΔTm value could not be detected for the Tm value of 
KRAS is more than 95 ◦C. 

b The values of Ka was measured by UV–Vis titration in Fig. S24a [51]. 

Scheme 2. Synthetic route of conjugates 1a and 1b.  

J.-H. Li et al.                                                                                                                                                                                                                                     



Dyes and Pigments 190 (2021) 109304

6

The selective fluorescence response of compound 1a towards c-myc 
Pu22 G-quadruplex was further visualized by staining different DNA 
olinucleotides with compound 1a and Gel red on a native gel (Fig. 2) 
[30]. At first, Gel red could stain all DNA olinucleotides in Fig. 2a. 
However, compound 1a selectively stained certain DNA sequences in 

Fig. 2b. Compound 1a could stain c-myc Pu22 G-quadruplex (lanes 
10–11, Fig. 2b), even exhibit better dyeing effect than Gel red in the 
same condition by comparing lane 10 in Fig. 2a with lane 11 in Fig. 2b. 
And Compound 1a staining c-myc Pu22 G-quadruplex exhibited con-
centration dependence (lanes 10–11, Fig. 2b). But the staining of 

Fig. 1. (a) Fluorescence quantum yields 
(ΦF) of two compounds (2 μM) without 
and with different DNA (G2T1: 2 μM; G1 
and ds 26: 8 μM; CT DNA: 200 μM (base 
concentration)). Inset: colour change of 
compounds 1a and 1b in the presence of 
different DNA sequences. (b) Plot of F/ 
F0 at 516 nm vs [K+] on compound 1a 
(1 μM) and Pu22 (4 μM) in 10 mM Tris- 
HCl buffer with different K+ concentra-
tions (0–100 mM) and [K+] + [Li+] =
100 mM. (c) Fluorescence intensities of 
compound 1a (1 μM) in the presence of 
4 μM Pu22 and wild-type c-myc (Pu18, 
Pu24 and Pu27, respectively) in 10 mM 
Tris-HCl buffer (5 mM KCl, 95 mM LiCl 
and pH 7.2). (d) Fluorescence intensities 
of conjugate 1a (1 μM) with addition of 
Pu22 (0–4 μM) in the absence and 
presence of double-stranded DNA (ds 
26: 8 μM, CT DNA: 200 μM (base con-
centration)). λex/λem = 455/516 nm.   

Fig. 2. Electrophoresis of DNA oligonucleotides on 
15% nondenaturing acrylamide gel stained by Gel 
red (a) and in the presence of compound 1a (b, 24 
μM for lane 1–9 and 11, 12 μM for lane 10) before 
the electrophoresis. Lane 1: DNA marker; lane 2: 
hybrid-type G2T1 (6 μM); lane 3: hybrid-type 
Telo22 (12 μM); lane 4: c-kit1 (12 μM); lane 5: c- 
kit2 (12 μM); lane 6: VEGF (12 μM); lane 7: KRAS 
(12 μM); lane 8: bcL-2 (12 μM); lane 9: ds 26 (12 
μM); lanes 10 and 11: Pu22 (12 μM), respectively.   

Fig. 3. (a) CD spectra of non-annealed Pu22 (5 μM) in 10 mM Tris-HCl (pH 7.2) buffer in the presence of compound 1a. (b) CD melting curves for c-myc Pu22 G- 
quadruplex (5 μM) without and with compounds 1a and 1b in 10 mM Tris-HCl buffer (5 mM KCl, 95 mM LiCl and pH 7.2). 
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compound 1a was weak towards hybrid-type G2T1 (lane 2), hybrid-type 
Telo22 (lane 3) and c-kit2 (lane 5) in Fig. 2b. And compound 1a seldom 
stained c-kit1 (lane 4), VEGF (lane 6), KRAS (lane 7), bcL-2 (lane 8) and 
ds 26 (lane 9) in Fig. 2b. These results further prove that compound 1a 
could selectively detect c-myc Pu22 G-quadruplex. 

3.3. Binding affinity towards DNA 

The interaction of compounds 1a and 1b with different DNA se-
quences have been analyzed by fluorescence titration assays and their 
DNA-binding affinities (Ka’s) were summarized in Table 3, Figs. S21 and 
S22. The fluorescence intensity of compound 1a increased with the 
concentration of Pu22 (Fig. S21a). The apparent binding constant (Ka) of 
compound 1a towards the Pu22 was 6.31 ± 0.84 μM− 1. Compound 1a 

Fig. 4. (a) UV–Vis titration spectra of 
compound 1a (20 μM) upon increasing 
concentration (0–40 μM) of Pu22. (b) 
Plot of absorbance value at 455 nm of 
compound 1a upon increasing concen-
tration of Pu22 vs binding ratio of 
[Pu22]/[1a]. Inset: plot of the relative 
fluorescence intensity F/F0 at 516 nm of 
compound 1a upon increasing concen-
tration of Pu22 vs binding ratio of 
[Pu22]/[1a], λex = 455 nm. (c) Inte-
grated fluorescence intensity values of 
compound 1a (1 μM) at 516 nm without 
and with 4 μM Pu22 and its mutants. (d) 
Fluorescence spectra of compound 1a in 
aqueous glycerol solution containing 
different concentrations of glycerol (λex 
= 455 nm), respectively.   

Fig. 5. Molecular modelling of compounds 1a (a) and 1b (b) with Pu22.  
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showed a 3.7–6.3-fold higher binding affinity for Pu22 than for anti-
parallel and hybrid-type G2T1, antiparallel Telo22, c-kit1, VEGF, KRAS 
and bcL-2, respectively. And compound 1a showed 23.4 and 28.7-fold 
higher binding affinity for Pu22 than for hybrid-type Telo22 and c- 
kit2, respectively. Even, compound 1a showed 485-fold higher binding 
affinity for Pu22 than ds 26. These results suggest that compound 1a 
showed higher binding affinity towards Pu22 than the other G-quad-
ruplexes in human telomere and gene promoter regions and double- 
stranded DNA. Compared with compound 1b (Fig. S22), compound 1a 
showed 6.3-fold higher binding affinity for Pu22. 

3.4. Formation and stabilization towards Pu22 

For the formation and stabilization of the G-quadruplexes in the 
promoter region of the c-myc gene could possibly control the over-
expression of the c-myc protein and the transcription of the c-myc 
oncogene, it is crucial to discuss the effect of compounds 1a and 1b on 
the conformation and thermal stabilization towards Pu22 by CD spectra. 
Non-annealed Pu22 without potassium, sodium or any compounds 
showed the characteristic positive ellipticity at ca. 256 nm and negative 
ellipticity at ca. 234 nm, which is consistent with a single-stranded DNA 
sequence (Fig. 3a) [39,51]. Addition of compound 1a into non-annealed 
Pu22 caused up to a noticeable redshift from ca. 234 nm and 256 nm to 
ca. 240 nm and 262 nm, respectively, while the signals associated to the 
formation of parallel G-quadruplex (a positive ellipticity at ca. 262 nm 
and a negative ellipticity at ca. 240 nm) increased. The result demon-
strates that compound 1a could induce the formation of parallel 
G-quadruplexes [39,51]. The potential templating effect of compound 
1b towards Pu22 had been also measured. As shown in Fig. S25a, though 
addition of compound 1b into non-annealed Pu22 caused up to a 
redshift from ca. 260 nm to ca. 263 nm, the CD intensity at ca. 263 nm 
first increased and then decreased with the rise of the concentration of 
compound 1b, which might result in aggregation or precipitation of 
Pu22 [39]. 

Furthermore, the melting of c-myc Pu22 G-quadruplex was carried 
out in the presence of compounds 1a and 1b by CD-melting. By CD 
spectra, addition of compounds 1a and 1b caused no significant struc-
tural changes towards parallel c-myc Pu22 G-quadruplex (Figs. S25b 

Table 4 
Comparison of fluorescence recognition between conjugates 1a and 1b and the 
reported G-quadruplex probes of G4 ligand–linker–fluorophore.  

Compound linker G-quadruplex F/F0 (ΦF) 

Ber-PDS Anti G2T1 
Hybrid G2T1 

186-fold (0.54) 
58-fold (0.26) 

Ber-360A Anti G2T1 
Hybrid G2T1 

83-fold (0.26) 
40-fold (0.11) 

360A-C Hybrid G1 
Anti G1 

160-fold 
(0.021) 
100-fold (/a) 

CNDI Paral G1 (c-kit1) 
Hybrid G1 
Anti G1 

34-fold (/) 
17-fold (/) 
15-fold (/) 

PDP-Cy5 Most hybrid/paral G1 /(/) 

SiR- 
PyPDS 

Paral G1 (c-myc) 4-fold (0.2) 

IZFL Paral G1 (c-myc Pu18) 14.2-fold (/) 

1a Paral G1 (c-myc Pu22) 25-fold (0.67) 

1b Paral G1 (c-myc Pu22) 3.3-fold (0.12)  

a / = no reported. 

Fig. 6. Microscopy images of MCF-7 cells transfected by 5′-Cy5-Pu22, 5′-Cy5-c-kit1 and 5′-Cy5-Telo22 and incubated by compound 1a (5 μM).  

Table 5 
IC50 values (μM) of compounds 1a and 1b against a panel of cell lines.  

Compound IC50 (μM) 

A549 MCF-7 HeLa 

1a 11.9 ± 0.9 14.4 ± 1.2 18.0 ± 1.3 
1b 33.7 ± 2.2 28.9 ± 0.2 54.1 ± 4.2  
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and S25c). As shown in Fig. 3b, compound 1a showed good thermal 
stabilization towards Pu22 (ΔTm = 16.1 ± 0.4 ◦C), and also exhibited 
higher thermal stabilization than compound 1b (ΔTm = 6.5 ± 0.5 ◦C). As 
shown in Table 3, compound 1a showed a very little effect on the Tm of 
gene promoter G-quadruplexes including c-kit1, c-kit2, KRAS, VEGF and 
bcL-2, respectively (Fig. S27), and also showed low thermal stabilization 
towards human telomeric G-quadruplexes (Fig. S28a~d) and ds 26 
(Fig. S28e). These results suggest that compound 1a exhibited higher 
thermal stabilization towards c-myc Pu22 G-quadruplex than other G- 
quadruplexes and double-stranded DNA. 

3.5. Binding site analysis and fluorescence mechanism 

Compared with conjugate 1b with longer alkyl linker, conjugate 1a 
with shorter alkyl linker exhibited higher fluorescence response, binding 
affinity and thermal stabilization towards c-myc Pu22 G-quadruplex 
than other G-quadruplexes in human telomere and gene promoter re-
gions and double-stranded DNA. Binding site analysis will help to find 
out the reason that compound 1a could show higher selectivity and 
fluorescence response towards Pu22 by experimental assays and mole-
cule modelling. 

At first, the binding modes were analyzed by UV–Vis titrations, 
fluorescence titrations and CD spectra. In the Tris-HCl buffer, PDS (λmax 
= 269 nm, ε = 21, 900 M− 1 cm− 1) and fluorescein derivative 2 (Scheme 
2) had some absorbance peaks below 350 nm. However, above 350 nm, 
only fluorescein portion had two absorbance peaks at 459 nm (ε = 23, 
162 M− 1 cm− 1) and 498 nm (ε = 29, 044 M− 1 cm− 1). For fluorescein 
chromophore was conjugated with PDS in compound 1a, these two 
absorbance peaks of fluorescein portion blueshifted to 455 nm (ε = 11, 
245 M− 1 cm− 1) and 483 nm (ε = 8, 283 M− 1 cm− 1) and caused 55.5% 
and 72.1% hypochromicity, respectively (Fig. S24b). And these two 
absorbance peaks of fluorescein portion in compound 1b resulted in a 
slightly lower hypochromicity (50.4% at 459 nm (ε = 11, 300 M− 1 

cm− 1) and 64.1% at 486 nm (ε = 10, 301 M− 1 cm− 1), respectively) than 
those in compound 1a (Fig. S24b). These results suggest that the 
stronger interaction between two moieties of conjugate 1a promoted the 
conformational change of fluorescein chromophore and resulted in 
stronger the fluorescence quenching than that of conjugate 1b in Tris- 
HCl buffer (Fig. S24c). Upon addition of Pu22, these two absorbance 
peaks of fluorescein portion in compound 1a caused 25.4% and 17.1% 
hypochromicity at ca. 455 nm and 483 nm, respectively, but did not 
appear a remarkable redshift at these two peaks (Fig. 4a). For the 
noticeable redshift at above 300 nm suggested a π-π stacking with G- 
tetrad [38,39,51], no redshift suggests that the fluorescein portion did 
not bind with Pu22 by π-π stacking with G-tetrad. No positive/negative 
ICD bands above 300 nm (Fig. S25d) further indicates that the binding of 
the fluorescein portion towards Pu22 was neither end-stacking with 
G-tetrad nor an intercalation [52]. As a comparative study, these two 
absorbance peaks of fluorescein portion in compound 1b caused 9.5% 

and 9.2% hyperchromicities at ca. 459 nm and 492 nm, respectively, and 
also had no redshift (Fig. S24d). In addition, the results of UV–Vis and 
fluorescence titrations suggest a 1:1 binding ratio between compound 1a 
and Pu22 in Fig. 4b. 

Furthermore, fluorescence alterations upon recognition between 
compound 1a and the mutant c-myc Pu22 G-quadruplex sequences 
(Table 2 and Scheme 1c) were analyzed to investigate the binding site of 
compound 1a [27,30]. The oligonucleotides mutated at the 5′-overhang 
(Pu22-G2>C2 and Pu22-A3>T3), the 1st loop (Pu22-T7>A7), the 2nd 
loop (Pu22-G11>C11 and Pu22-A12>T12), the 3rd loop 
(Pu22-T16>A16), 3′-overhang (Pu22-G20>C20 and Pu22-A21>T21) 
and 3′-end G-quartet (Pu22-G10>C10), respectively. The CD spectra 
show that these mutated DNA oligonucleotides formed the same topol-
ogy as c-myc Pu22 G-quadruplex and addition of compound 1a did not 
change their topology (Fig. S26). Upon addition of compound 1a, oli-
gonucleotides with mutation at 5′-overhang (Pu22-G2>C2 and 
Pu22-A3>T3), the 1st loop (Pu22-T7>A7), the 3rd loop 
(Pu22-T16>A16) and 3′-end loop (Pu22-A21>T21) exhibited strong 
fluorescence response like the native Pu22 (Fig. 4c and S23). And 
3′-overhang (Pu22-G20>C20) exhibited lightly higher fluorescence 
response than the native Pu22 (Fig. 4c). These results suggest that 
compound 1a did not or slightly bind on the 5′-end G-quartet, the 
5′-overhang, the 1st loop, the 3rd loop and 3′-overhang. Instead, com-
pound 1a for the oligonucleotides mutated at 3′-end G-quartet 
(Pu22-G10>C10) and the 2nd loop (Pu22-G11>C11 and 
Pu22-A12>T12) showed the weak fluorescence response (Fig. 4c), 
which indicates that compound 1a might be located on the 3′-end 
G-quartet and the 2nd loop [27,30]. Combined with the result of a 1:1 
binding ratio between compound 1a and Pu22, one molecule of com-
pound 1a possibly located on the 3′-end G-quartet and the 2nd loop of 
one Pu22 G-quadruplex molecule. 

On base of the above experimental results, the more concrete binding 
mode between compound 1a and c-myc Pu22 G-quadruplexes had been 
discussed by molecular modeling in Fig. 5a. PDS, as an excellent G- 
quadruplex binder, had been reported that an optimal electronic density 
of the aromatic surface made it enable π-π interaction with G-tetrad [42, 
53]. Thus, the bisquinolinium portion of one molecule 1a stacked on 
3′-end G-quartet corresponding to the base G10 according to the result 
of fluorescence alterations upon recognition. And the fluorescein 
portion of this molecule 1a did not stack on 3′-end G-quartet, but bound 
on the 2nd loop corresponding to the bases G11 and A12 according to 
the results of UV–Vis titration, ICD and fluorescence alterations upon 
recognition. As a comparative study, though the bisquinolinium portion 
of one 1b also bound on 3′-end G-quartet, the fluorescein portion only 
slightly bound on the base of G11 and seldom bound on the base of A12 
in the 2nd loop due to its longer alkyl linker (Fig. 5b). In addition, 
compound 1a exhibited higher binding affinity towards c-myc Pu22 
G-quadruplex than compound 1b (− 11.07 kcal mol− 1 for 1a and 
− 10.23 kcal mol− 1 for 1b, respectively), which is also consistent with 

Fig. 7. (a) Immunoreactive bands of the c-myc protein in A549 cells were analyzed by western blotting in the absence and presence of compounds 1a and 1b. (b) 
Densitometric analyses of immunoblots upon treatment with compounds 1a and 1b. 
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the Ka values. These results indicate that the regulation of alkyl linker 
played an important role in the binding affinity of compound 1a towards 
Pu22. 

Luminescent mechanism of compound 1a towards Pu22 had been 
further analyzed. According to the result of the experimental data and 
molecule modelling, the binding of fluorescein portion on the 2nd loop 
of Pu22 prevented fluorescein plane rotation and induced to the fluo-
rescence light-up of compound 1a [37–39]. The viscosity experiment 
had proved this hypothesis. With the rise of the content of glycerol in the 
glycerol-water solution, the viscosity increased and compound 1a 
exhibited significant increase on the fluorescence intensity at ca. 516 nm 
in Fig. 4d. The increase of the viscosity prevented the fluorescein plane 
rotation, resulted in the conformational changes in the excited state of 
fluorescein plane, and excited the fluorescence of compound 1a. 

3.6. Fluorescence response comparison with the reported G-quadruplex 
probes of G4 ligand–linker–fluorophore 

To find out some rules to design the probes selectively recognizing 
parallel c-myc G-quadruplexes, we have analyzed and compared the 
fluorescence recognition of the reported conjugates of G-quadruplex 
binder and fluorophore ligand with the polyether or alkyl chains to-
wards G-quadruplexes with different confirmations (Table 4). The con-
jugates with the polyether linkers (Ber-PDS, Ber-360A and 360A-C, 
Scheme 1a) exhibited higher fluorescence response towards antiparallel 
and hybrid-type G-quadruplexes than parallel G-quadruplexes [34,39]. 
The conjugates with the alkyl linkers (CNDI, PDY-Cy5, SiR-PyPDS, 
IZFL and 1a, Schemes 1a~b) exhibited high fluorescence response to-
wards parallel and hybrid-type G-quadruplexes, especially parallel 
G-quadruplexes [35,36,40,41]. Significantly, compared with compound 
PDP-Cy5 with longer alkyl linker, which exhibited fluorescence 
response towards most hybrid-type and parallel G-quadruplex DNA and 
RNA, compound 1a with the shorter alkyl linker only exhibited high 
fluorescence response towards parallel c-myc Pu22 G-quadruplex. These 
comparisons indicate that a conjugate of G-quadruplex binder and 
fluorescence ligand with the alkyl linker could more likely realize the 
fluorescence response towards parallel G-quadruplexes. Furthermore, 
the regulation of the length of alkyl linker like IZFL and 1a could be 
expected to selectively recognize parallel c-myc G-quadruplexes. The 
possible reason will be further discussed in the future. 

3.7. Cell imaging of compound 1a with c-myc Pu22 G-quadruplex 

Encouraged by the result of fluorescence response towards c-myc 
Pu22 G-quadruplex, the co-localization of compound 1a and c-myc 
Pu22 G-quadruplex in cells was investigated to determine whether 1a 
could selectively recognize c-myc Pu22 G-quadruplex in cells [30,35]. 
At first, c-myc Pu22 G-quadruplex labeled with 5′-Cy5 (5′-Cy5-Pu22, 
Table 1) was transfected into MCF-7 cells with lipofectamine 2000. After 
the cells were incubated with compound 1a, red fluorescence signals 
explored the distribution of c-myc Pu22 in the cells upon the excitation 
of Cy5 at λex = 635 nm (Fig. 6). At λex = 455 nm, the binding of com-
pound 1a towards c-myc Pu22 resulted in strong green fluorescence 
signals in the cells. Obviously, most green fluorescence signals were 
co-localized with red fluorescence signals, which suggests the recogni-
tion of compound 1a towards c-myc Pu22 G-quadruplex in cells [30,35]. 
As a comparative study, the co-localization of compound 1a towards 
human telomerase G-quadruplex Telo22 labeled with 5′-Cy5 
(5′-Cy5-Telo22, Table 1) or c-kit1 G-quadruplex labeled with 5′-Cy5 
(5′-Cy5-c-kit1, Table 1) in MCF-7 cells were also investigated. Similarly, 
red fluorescence signals explored the distribution of Telo22 and c-kit1 in 
the cells at λex = 635 nm (Fig. 6). However, addition of compound 1a 
only caused few green fluorescence signals and little co-localization 
between Telo22 or c-kit1 and 1a (Fig. 6). These results indicate that 
compound 1a exhibited higher fluorescence response towards c-myc 
Pu22 than Telo22 and c-kit1 in cells, and selectively recognized c-myc 

Pu22 G-quadruplex in MCF-7 cells. Furthermore, the above result had 
been proved in A549 cells (Fig. S29). 

3.8. Cytotoxicity and regulation of c-myc expression 

The above results suggest that compound 1a induced the formation 
of c-myc Pu22 G-quadruplex, and showed high binding affinity and 
selectivity towards c-myc Pu22 both in vitro and in cells. For targeting 
the G-quadruplexes in the c-myc gene region could possibly inhibit the 
proliferation of cancer cells, the cytotoxicity of compounds 1a and 1b 
towards three cancerous cell lines (i.e. A549, MCF-7 and HeLa, respec-
tively) had been evaluated in Table 5 with the MTT assay. Compound 1a 
exhibited higher inhibitory activities against three cancer cells than 
compound 1b, which is possibly related to the selective binding of 
compound 1a towards c-myc G-quadruplex in cells. 

Thus, to evaluate the inhibitory abilities of compounds 1a and 1b on 
the expression of c-myc, western blot assays were carried out using 
A549 cells [14,27,49]. A549 cells were treated with compounds 1a and 
1b and then the total c-myc protein levels were quantified relative to the 
expression of GAPDH as the house-keeping gene. As shown in Fig. 7, 
c-myc protein expression significantly decreased in the presence of 
compound 1a. However, c-myc protein expression only showed a weak 
decrease in the presence of compound 1b. These results further suggest 
that the compound 1a might target c-myc G-quadruplex in cancer cells, 
downregulate the c-myc protein and inhibit the proliferation of cancer 
cells. 

4. Conclusions 

In summary, two novel bisquinolinium-fluorescein conjugates (1a 
and 1b) tethered by different-length alkyl linkers have been designed 
and synthesized. Their fluorescence response, binding selectivity and 
thermal stabilization for c-myc Pu22 G-quadruplex have been discussed 
by spectrometric titrations, electrophoresis, CD spectroscopy and CD- 
melting. Compared with conjugate 1b with longer alkyl linker, conju-
gate 1a with shorter alkyl linker, exhibited higher fluorescence 
response, binding and thermal stabilization towards c-myc Pu22 G- 
quadruplex from human telomere G-quadruplexes, other G-quad-
ruplexes in the promoter regions and double-stranded DNA. According 
to the study of binding modes, the bisquinolinium portion of one 
molecule 1a stacked on 3′-end G-quartet, and the fluorescein portion 
bound on the 2nd loop, which increases the selectivity and excites the 
fluorescence towards Pu22. Furthermore, conjugate 1a exhibited a 
specific recognition towards c-myc Pu22 G-quadruplex DNA in cells 
through microscopy experiments. In addition, compound 1a showed 
potential anticancer activity. Western blot assay further proved that 
compound 1a could inhibit cell proliferation possibly by reducing c-myc 
expression. 

Overall, the alkyl linker between an optical tag and a G-quadruplex 
binder in the conjugate will give more possibility for recognizing par-
allel G-quadruplex structures in vitro and in vivo. Furthermore, the 
regulation of the length of the alkyl linker played a significant role in the 
selectivity towards parallel c-myc G-quadruplexes. This study provides 
guidance to design the high-performance fluorescence probes towards c- 
myc G-quadrulexes, and develop anticancer drugs targeting c-myc G- 
quadruplexes. 
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