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A B S T R A C T

Most reported carbazolyl G-quadruplex DNA (G4-DNA) ligands possess a rigid structure rather than a flexible
one. The conformationally flexible ligands are paid much less attention. In this study, we report a novel class of
non-rigid methylene-bridged biscarbazolyl ligand and their G4-DNA binding properties. Moreover, the anti-
tumor activities of all these oligomers have been evaluated. The results show that this family of oligomers could
be facilely synthesized via solely one step. Among them, compound 2, the bis-carbazole derivative, displays the
best antitumor activity and IC50 values against HT-29, HepG2, A375 and MCF-7 cells are 0.69, 5.09, 3.15 and 3.8
μ mol/L, respectively. Although conformationally flexible, 2 is still capable of binding to as well as stabilizing
G4-DNA via π-π stacking interaction. Moreover, 2 selectively binds to G4-DNA over duplex DNA. The current
study enriches the category of carbazolyl G4-DNA ligands and paves the way for the search of more efficient G4-
DNA ligands and antitumor leads.

1. Introduction

Carbazole alkaloids, isolated from the leaves of edible plant of
Murraya koenigii, represent novel classes of natural drugs capable of
curing a variety of diseases such as rheumatism, traumatic injury and
etc [1]. In recent years, there is increasing interests to construct car-
bazole-based antitumor drugs ever since their DNA binding and anti-
transcriptional activities have been found [2]. Through proper mod-
ifications, carbazoles could be able to interact with different DNA sec-
ondary structures including duplex, triplex and G-quadruplex (G4-
DNA). G4-DNA ligands receive particular attentions nowadays as it is
believed to hold great potential for the treatment of cancers [3]. A few
carbazole-based G4-DNA ligands have been reported so far, including
3,6-bis(4-vinylpyridium)carbazoles (BMVCs), 3,6-bistriazolylcarbazole
(BTC) and 3,6-bis-benzimidazolycarbazoles [4–6]. These compounds
exhibit great G4-DNA binding abilities, telomerase inhibitory activities
as well as excellent antiproliferative activities. These popular carbazole-
based ligands have something in common, which is, in brief, that they
all possess rigid and V-shape geometry. It is generally thought that the
above structural feature would benefit their efficient overlapping with
the G-quartet planes via π-π stacking interactions. Conversely, con-
formationally flexible carbazolyl G4-DNA ligands have been rarely

reported so far [7].
In 2014, we synthesized a methylene-bridged non-rigid biscarbazole

and found that it bound to duplex DNA much stronger than its
monomer due to synergistic effect [8]. Later on, we constructed me-
thylene-bridged carbazolyl cyclotrimers and cyclotetramers and found
their three-way junction DNA and A-tract DNA binding properties
[9–11]. Although methylene-bridged oligocarbazoles do not possess
rigid geometry, they do interact with particular DNA conformations due
possibly to their target-dependent self-adaptive conformations. With
this idea in mind and following our long-term interests in DNA-ligands
[8–14], we recently synthesized a novel series of linear carbazolyl oli-
gomers. And, we also evaluated their antitumor activities and DNA
binding abilities. To our joy, we found that the dimer compound 2 of
this family exhibited excellent antitumor activity and displayed G4-
DNA selective binding nature. We herein report our recent findings.

2. Experimental

2.1. General techniques

Unless otherwise noted, materials were obtained from commercial
suppliers and were used without further purification. Thin layer
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chromatography (TLC) analysis of reaction mixtures was performed on
dynamic adsorbents silica gel F-254 TLC plates. Column chromato-
graphy was performed on silica gel 200–300 mesh. Fluorescence
emission spectra were obtained using Shimadzu RF-5301 PC
Spectrofluorophotometer. UV–vis absorption spectra were obtained on
Beijing purkinje TU-1810. 1H NMR (600MHz) and 13C NMR (150MHz)
spectra were recorded with Bruker Avance-III 600 spectrometers at
298 K. Chemical shifts were reported in units (ppm) and all coupling
constants (J values) were reported in Hertz (Hz). High resolution mass
spectra were obtained using Bruker micrOTOF-Q instrument with an
ESI source.

For all the measurements, the solutions of compounds and DNA
were freshly prepared before use. For UV–vis and fluorescence titra-
tions, the stock solutions (20mM, 200mM and 500mM, respectively)
of target compounds were prepared by dissolving them in DMSO, the
titrations were carried out in 10mM PBS buffer (100mM KCl,
pH=7.2, DMSO content:< 1.0%). For excitation and emission, the slit
widths were 3 nm and 5 nm, respectively. For all measurements, ex-
citation wavelength was 310 nm. Before the spectra were recorded, the
sample solutions were mixed for 2min after each addition of DNA.

2.2. G-quadruplex DNA preparation:

DNA were purchased from GenScrip®. The DNA strand were dis-
solved and mixed in PBS buffer (10mM PBS buffer, 100mM KCl, 1mM
EDTA, pH 7.2), heated to 95 °C for 5min and slowly cooled down to
room temperature to form the G-quadruplex. The volume of the solu-
tion was adjusted to a final concentration of 1.0mM/duplex.

The DNA studied in this work were listed below:

DNA Sequence

22AG 5′-AGGGTTAGGGTTAGGGTTAGGG-3′
ds16 5′-CACCGCTCTGGTCCTC-3′; 3′-GTGGACCAGAGCGGTG-5′

2.3. Synthesis method

Synthesis of TEG-derivated oligocarbazoles: A 1.0 g portion of
compound a [10] and 188mg of FeCl3 were first mixed in 50mL of
CH2Cl2, and then 104mg of polyformaldehyde was added to the solu-
tion. 2 h later, 50mL solution of 3% NH3 in water was added to the
flask, extraction, the organic solvents were removed under vacuum. The
residue was dried under reduced pressure and then purified by flash
chromatography on silica gel using MeOH/CH2Cl2 (1:25, v/v) to give
the desired products.

Compound b. Yield: 31%. 1H NMR (600MHz, CDCl3), δ (ppm):
7.75 (m, 2H), 7.62 (s, 2H), 6.8 (s, 2H), 6.76–6.78 (m, 4H), 4.97 (s, 4H),
4.33 (t, J=4.2 Hz, 4H), 4.20 (s, 2H), 3.94 (s, 6H), 3.89 (s, 6H), 3.67 (t,
4H), 3.57–3.59 (m, 4H), 3.50–3.54 (m, 12H), 3.36 (s, 6H). 13C NMR
(150MHz, CDCl3) δ 168.5, 158.0, 156.5, 141.5, 140.3, 122.6, 120.9,
120.1, 117.4, 116.2, 107.2, 93.2, 90.9, 71.8, 70.4, 70.4, 68.7, 64.7,
58.9, 55.8, 55.6, 44.7, 30.3.HRMS (ESI/TOF-Q) Calcd. for [M+Na]+

897.3780, found 897.3780.
Compound c. Yield: 26%. 1H NMR (600MHz, DMSO‑d6), δ 7.67 (d,

J=8.4 Hz, 2H), 7.49 (ss, 4H), 7.11 (ss, 4H), 6.99 (d, J=1.8 Hz, 2H),
6.68 (d, J1=8.4 Hz, J2=1.8 Hz, 2H), 5.34 (s, 2H), 5.27 (s, 4H), 4.25
(t, J=4.2 Hz, 2H), 4.21 (t, J=4.2 Hz, 4H), 4.03 (s, 4H), 3.86 (s, 6H),
3.83 (s, 6H), 3.80 (s, 6H), 3.62 (t, J=4.8 Hz, 2H), 3.60 (t, J=4.8 Hz,
4H), 3.43–3.46 (m, 18H), 3.37–3.39 (m, 6H), 3.20 (s, 9H). 13C NMR
(150MHz, DMSO‑d6) δ 169.4, 169.3, 157.9, 156.2, 156.1, 141.9, 140.7,
122.1, 121.6, 120.4, 120.2, 120.0, 116.7, 115.8, 115.6, 107.6, 99.0,
94.2, 92.5, 92.4, 71.6, 70.1, 70.1, 69.9, 68.6, 68.6, 64.6, 60.6, 58.4,
56.1, 56.0, 55.8, 30.3. HRMS (ESI/TOF-Q) Calcd. [M+Na]+:
1340.5724, found: 1340.5679.

Compound d.Yield: 12%. 1H NMR (600MHz, DMSO‑d6), δ 7.66 (d,

Scheme 1. the synthric routes for carbazolyl oligomers.

Table 1
IC50 values of all the tested compounds.

Compds. IC50 (μ mol/L)

HT-29 HepG2 A375 MCF-7

1 40.57 59.56 40.57 63.23
2 0.69 5.09 3.15 3.80
3 59.54 69.37 5.43 85.68
4 34.98 44.09 36.74 57.94
5 22.33 51.39 43.07 58. 90
6 >100 86.50 93.50 >100
5-Fluorouracil 6.79 7.15 2.89 8.21
Doxorubicin 7.26 7.26 41.53 14.03
Paclitaxel 13.27 9.12 14.29 15.30

Fig. 1. (a) UV–vis spectra of 2 (15 μM) upon addition of 22AG. ; (b) The plotted
curves of A320nm of 2 as a function of 22AG concentration.
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J=8.4 Hz, 2H), 7.47 (s, 2H), 7.44 (s, 2H), 7.41 (s, 2H), 7.09 (ss, 4H),
7.04 (s, 2H), 7.00 (s, 2H), 6.67 (d, J=8.4 Hz, 2H), 5.29 (m, 8H), 4.22
(t, J=4.2 Hz, 8H), 4.01 (s, 4H), 3.97 (s, 2H), 3.84 (s, 6H), 3.82 (s, 6H),
3.80 (s, 12H), 3.60 (t, J=4.8 Hz, 8H), 3.40–3.45 (m, 24H), 3.35–3.38
(m, 8H), 3.20 (s, 6H), 3.18 (s, 6H). 13C NMR (150MHz, DMSO‑d6) δ
169.3, 169.3, 157.9, 156.2, 156.1, 156.0, 141.9, 140.6, 140.5, 140.4,
122.1, 121.8, 121.5, 120.4, 120.2, 120.1, 120.0, 116.7, 115.8, 115.7,
115.6, 107.7, 107.6, 94.2, 92.5, 92.4, 71.6, 71.6, 70.1, 70.1, 70.1, 70.0,
69.9, 69.9, 68.6, 64.6, 64.5, 58.4, 58.3, 56.1, 56.0, 56.0, 55.8, 44.4,
44.3. HRMS (ESI/TOF-Q) Calcd. [M+2Na]2+/2: 903.8803, found:
903.8940.

Compound e.Yield: 8%. 1H NMR (600MHz, DMSO‑d6), δ 7.66 (d,
J=8.4 Hz, 2H), 7.47 (ss, 4H), 7.41 (ss, 4H), 7.10 (ss, 4H), 7.04 (ss, 4H),
7.00 (s, 2H), 6.67 (d, J=8.4 Hz, 2H), 5.27 (m, 10H), 4.20–4.23 (m,
10H), 4.02 (s, 4H), 3.97 (s, 4H), 3.86 (s, 6H), 3.83 (s, 6H), 3.79–3.80
(m, 18H), 3.58–3.60 (m, 10H), 3.37–3.46 (m, 40H), 3.20 (s, 6H), 3.19
(s, 6H), 3.17 (s, 3H). 13C NMR (150MHz, DMSO‑d6) δ 169.3, 169.3,
169.2, 157.9, 156.2, 156.2, 156.1, 156.0, 156.0, 141.9, 140.6, 140.5,
140.4, 140.4, 71.6, 71.6, 71.6, 70.1, 70.1, 70.1, 70.1, 70.0, 69.9, 69.9,
69.9, 68.6, 64.5, 58.4, 58.3, 58.3, 56.1, 56.0, 55.9, 55.8, 44.4, 44.3,
30.4. HRMS (ESI/TOF-Q) Calcd. [M+2Na]2+/2: 1125.4769, found:
1125.4763.

Compound f. Yield: 5%. 1H NMR (600MHz, DMSO‑d6), δ 7.64 (d,
J=8.4 Hz, 2H), 7.45 (ss, 4H), 7.37–7.39 (m, 6H), 7.09 (ss, 4H),
7.01–7.03 (m, 6H), 6.98 (s, 2H), 6.66 (d, J=8.4 Hz, 2H), 5.24–5.28
(m, 12H), 4.19–4.21 (m, 12H), 4.01 (s, 4H), 3.96 (br, 6H), 3.84 (s, 6H),
3.82 (s, 6H), 3.77–3.79 (m, 24H), 3.56–3.59 (m, 12H), 3.36–3.45 (m,
48H), 3.19 (s, 6H), 3.17 (s, 6H), 3.15 (s, 6H). 13C NMR (150MHz,
DMSO‑d6) δ 169.3, 169.3, 169.2, 157.9, 156.2, 156.1, 156.0, 141.9,
140.6, 140.5, 140.4, 121.8, 121.7, 120.2, 120.2, 120.2, 120.1, 120.1,
116.7, 115.8, 115.8, 115.7, 115.6, 107.6, 107.6, 107.5, 94.2, 94.2,
92.4, 92.3, 71.6, 71.6, 71.5, 70.1, 70.1, 70.1, 70.0, 69.9, 69.9, 69.8,
68.6, 64.5, 64.5, 64.5, 58.4, 58.3, 58.3, 56.1, 56.0, 55.9, 55.9, 55.7,
44.4, 44.3, 30.4. HRMS (ESI/TOF-Q) Calcd. [M+2Na]2+/2:
1347.0741, found: 1347.0788.

Synthesis of N, N′-dimethylethylenediamine-derivated oligocarba-
zoles: 25mg of TEG-derivated compound b (c, d, e, f) and 1mL of N,
N′-dimethylethylenediamine were dissolved in 1mL THF and then he-
ated at 65 °C for 12 h. Afterwards, the cooled mixture was dropped into
methanol to give the targets.

Compound 1: the syntheses of compound 1 followed our previously
developed methods [10].

Compound 2: Yield 77%. 1H NMR (600MHz, DMSO‑d6) δ 8.15 (s,
2H), 7.71 (s, 2H), 7.56 (s, 2H), 7.11 (s, 2H), 7.00 (s, 2H), 6.69 (s, 2H),
4.95 (s, 4H), 4.08 (s, 2H), 3.89 (s, 6H), 3.81 (s, 6H), 3.20 (s, 4H), 2.30
(s, 4H), 2.13 (s, 12H). 13C NMR (150MHz, DMSO‑d6) δ 167.8, 157.9,
156.3, 142.1, 141.0, 121.7, 120.4, 120.0, 116.7, 115.7, 107.5, 94.2,
92.5, 58.5, 56.1, 55.8, 46.2, 45.5, 37.2, 30.4. HRMS (ESI/TOF-Q) Calcd.
[M+H]+: 723.3865; found: 723.3782.

Compound 3: Yield 71%. 1H NMR (600MHz, DMSO‑d6) δ 8.09 (br,
3H), 7.66 (d, J=7.8 Hz, 2H), 7.48 (ss, J=6.0 Hz, 4H), 7.08 (s, 2H),
6.97 (s, 2H), 6.66 (d, J=7.8 Hz, 2H), 4.99 (s, 2H), 4.92 (s, 4H), 4.03 (s,
4H), 3.86 (s, 6H), 3.84 (s, 6H), 3.80 (s, 6H), 3.20 (br, 6H), 2.30 (br, 6H),
2.11 (br, 18H). 13C NMR (150MHz, DMSO‑d6) δ 167.9, 167.8, 157.9,
156.2, 156.1, 142.1, 140.8, 140.7, 122.0, 121.4, 120.5, 120.1, 120.0,
116.7, 115.8, 115.6, 107.4, 94.2, 92.5, 92.4, 58.5, 58.5, 56.0, 56.0,
55.7, 46.4, 46.2, 45.5, 45.5, 37.2, 37.1, 30.3. HRMS (ESI/TOF-Q) Calcd.
[M+2H]2+/2: 545.7922; found: 545.7996.

Compound 4: Yield 63%. 1H NMR (600MHz, DMSO‑d6) δ 8.10 (br,
2H), 8.04 (br, 2H), 7.65 (d, J=8.4 Hz, 2H), 7.41–7.45 (m, 6H),
6.97–7.05 (m, 8H), 6.65 (d, J=7.2 Hz, 2H), 4.94 (s, 4H), 4.92 (s, 4H),
3.98–4.01 (m, 6H), 3.80–3.84 (m, 24H), 3.17 (br, 8H), 2.28 (br, 8H),
2.07–2.10 (m, 24H). 13C NMR (150MHz, DMSO‑d6) δ 167.9, 167.8,
157.9, 156.1, 156.1, 156.0, 142.1, 140.8, 140.7, 140.6, 122.0, 121.7,
121.3, 120.4, 120.2, 120.0, 120.0, 116.7, 115.8, 115.7, 115.6, 107.4,
94.2, 92.5, 92.4, 92.3, 58.5, 56.0, 56.0, 56.0, 46.3, 46.2, 45.5, 45.5,

37.1, 30.4. HRMS (ESI/TOF-Q) Calcd. [M+H]+: 1457.7656; found:
1457.7642.

Compound 5: Yield 62%. 1H NMR (600MHz, DMSO‑d6) δ 8.15 (br,
2H), 8.10 (br, 2H), 8.05 (br, 1H), 7.64 (d, J=8.4 Hz, 2H), 7.38–7.45
(m, 8H), 6.97–7.06 (m, 10H), 6.65 (d, J=7.2 Hz, 2H), 4.92–4.96 (m,
10H), 3.97–4.01 (m, 8H), 3.79–3.84 (m, 30H), 3.17–3.20 (m, 10H),
2.32–2.37 (m, 10H), 2.11–2.17 (m, 30H). 13C NMR (150MHz,
DMSO‑d6) δ 168.0, 167.9, 157.9, 156.2, 156.1, 156.0, 142.1, 140.8,
140.7, 140.6, 140.6, 122.0, 121.7, 121.6, 121.3, 120.5, 120.2, 120.0,
119.9, 116.7, 115.8, 115.7, 115.6, 107.4, 94.2, 92.5, 92.4, 58.2, 56.0,
56.0, 55.9, 55.7, 46.3, 46.1, 45.2, 45.1, 36.8, 36.7, 30.4. HRMS (ESI/
TOF-Q) Calcd. [M+2H]2+/2: 913.4835; found: 913.4813.

Compound 6: Yield 72%. 1H NMR (600MHz, DMSO‑d6) δ 8.09 (br,
2H), 8.03 (br, 2H), 7.98 (br, 2H), 7.62 (d, J=7.8 Hz, 2H), 7.36–7.44
(m, 10H), 6.96–7.05 (m, 12H), 6.64 (d, J=7.2 Hz, 2H), 4.90–4.96 (m,
12H), 3.95–4.00 (m, 10H), 3.77–3.84 (m, 36H), 3.13–3.17 (m, 12H),
2.21–2.28 (m, 12H), 2.03–2.09 (m, 36H). 13C NMR (150MHz,
DMSO‑d6) δ 167.8, 167.8, 167.7, 157.8, 156.1, 156.1, 156.0, 142.1,
140.8, 140.7, 140.6, 140.6, 140.5, 122.0, 121.7, 121.6, 121.6, 121.3,
120.3, 120.2, 120.2, 120.1, 120.1, 120.0, 116.7, 115.8, 115.8, 115.7,
115.7, 115.5, 94.2, 92.5, 92.3, 58.5, 58.4, 56.0, 56.0, 55.9, 55.9, 55.7,
46.3, 46.1, 45.5, 45.4, 37.1, 37.1, 30.4. HRMS (ESI/TOF-Q) Calcd.
[M+4H]4+/4: 548.7922 found: 548.7944.

2.4. UV-melting

The profiles of UV absorbance versus temperature were measured
by monitoring absorption at 260 nm (ds16) and 295 nm (22AG), re-
spectively. The concentration of DNA in each sample was 5 μM in
10mM PBS buffer (pH 7.2). The experiments were carried out by in-
creasing the temperature from 15 °C to 85 °C.

2.5. Cytotoxicity assay

Cells were seeded into 96-well cell culture plates (Corning, NY,
USA) at a density of 5× 103 cells per well and cultured for 24 h. Next,
cells were subsequently incubated in presence of increasing con-
centrations (0 to 100 µM) of ligands at 37 °C for 48 h. After treatment,
the cells were rinsed twice with ice-cold PBS and incubated with 100 μL
of 0.5 mg/mL MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyl-tetra-
zolium bromide, Sigma-Aldrich) solution at 37 °C for 3 h. The super-
natant were discarded and the residual cell layer was dissolved in
150 μL of DMSO, and optical density was measured using a microplate
reader (Thermo Scientific, Shanghai, China). Cell viability was calcu-
lated using the following equation:

= ×
Cell growth inhibitory ratio (%)

100 (A A )/(A A )530,control 530,sample 530,control 530,blank

3. Results and discussion

3.1. Synthesis

Up to now, only few methodologies have been proposed for the
preparation of methylene bridges of carbazoles and one-step stratergy is
even rarer [15,16]. As mentioned earlier, in 2014, we developed a
method of preparing the methylene bridged bis-carbazole via an ipso-
substitution (or ipso-alkylation) process. In that strategy, however, the
aldehyde group should be constructed in advance and the total yield for
the biscarabzole was only ~10%.

In 2016, we developed a one-step Lewis-acid catalyzed strategy to
prepare carbazolyl cyclomers in diluted CH2Cl2 solution [9]. We now
proposed a method to synthesize linear oligomeric carbazoles: the reac-
tion was carried out by using a concentrated solution of the reactant in
CH2Cl2 and using FeCl3 as the catalyst. In this way, a series of linear
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oligomers could be synthesized without the perturbation of cyclomers.
Moreover, solely one column purification can give five products: dimer
(b), trimer (c), tetramer (d) to pentamer (e) and hexamer (f) in the yields
of 31%, 26%, 12%, 8%, 5%, respectively (Scheme 1). These compounds
were fully characterized (Figs. S1–S15). Due to the difference of mole-
cular symmetries, 1HNMR patterns of even-numbered oligomers (dimer,
tetramer and hexamer) are different from those of odd-numbered ones
(trimer and pentamer). One of the remarkable differences is the pattern
of protons of N-methylene. Take dimer (Fig. S1) and trimer (Fig. S4) for
examples, the former’s methylene protons exhibit a singlet peak
(~4.97 ppm) whereas the latter ones display two peaks with the ratio of
1:2 (~5.34 and ~5.27 ppm). This typical difference makes one easy to
recognize even-numbered oligomers from the odd-numbered ones.

With these TEG-derivated oligomers at hands, their solubility at
physiological pH were measured, but the results were not good. Thus,
these molecules were further reacted with N,N-dimethylethylenedia-
mine to give the amino-derivated oligomers (from 2 to 6, Scheme 1).
These reactions worked smoothly in the yields of higher than 60%.
Moreover, the solubilities of these amino-substituted oligomers at
physiological pH were remarkably enhanced. These amino-derivated
oligomers were also fully characterized (Fig. S16–S40).

3.2. Cytotoxicity

With these compounds at hands, their antiproliferative activities were
assessed on four human tumor cell lines in vitro (Table 1): MCF-7

(human breast cancer cell), HepG2 (human liver carcinoma cell), HT29
(human colon cancer cell) and A375 (human malignant melanoma cell)
by using MTT assay.

Except for compound 6, all the other compounds showed moderate
activities at micromolar concentrations. In this family, the dimer com-
pound 2 exhibited the most distinctive antitumor ability. Its IC50 values
against HT-29, HepG2, A375 and MCF-7 were 0.69, 5.09, 3.15 and
3.8 μmol/L, respectively. Even compared with three positive-control
drugs (5-fluorouracil, doxorubicin and paclitaxel), 2 was still a compe-
titive lead compound. Moreover, the inhibitory activity of 2 towards HT-
29 was better than all the other compounds tested in this study. It is
really interesting to see this result because most reported carbazoles
barely exhibited antiproliferative activity towards HT-29, although their
inhibitory abilities against HepG2, A375 and MCF-7 were known [4–6].

It could also been observed from Table 1 that the activity of the dimer
(2) was not only higher than that of the monomer, but also higher than
those of the trimer (3), tetramer (4), pentamer (5) and hexamer (6). It
indicated that the degree of polymerization should not be the reason for
their different antiproliferative activities. As literature showed that some
carbazole derivatives could bind to and stabilize G4-DNA, which ac-
counted for their antiproliferative activities due to the downregulation of
the expression of their target genes [4–6], we then evaluated the G4-DNA
binding abilities of 2, and used its monomeric form 1 as the control.

3.3. DNA binding study

Fig. 1a listed UV–vis spectra of 2 upon addition of G4-DNA. It could
be seen that the addition of DNA caused a hypochromic and bath-
ochromic spectra of 2 at ~305 nm. Moreover, the isosbestic point at
~330 nm could be observed, although the isosbestic point between

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.000

0.005

0.010

0.015

0.020

Mole Fraction of 22AG

A

Fig. 2. Assessment of the stoichiometry of 2/DNA complex via Job plot analysis
of UV–vis spectra.

Fig. 3. UV–vis spectra of 1 (15 μM) upon addition of G4-DNA.

Fig. 4. (a) Fluorescence spectra of 2 (15 μM) upon addition of 22AG. (b) The
plotted curve of F350nm of 2 as a function of the ratio [DNA]/[2].
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300–310 nm was not very clear due to the disturbance of the increased
absorption of G4-DNA. Based on our previous results, the above spectra
pattern usually indicated that 2 specifically interacted with G4-DNA.
We then plotted the curve of A320nm as a function of the ratio of [DNA]/
[2] (Fig. 1b). It could be seen that the point of inflection took place at
0.5, which indicated that two compounds were accommodated by per
DNA. Job plot (Fig. 2) showed that apex point appeared at 0.33 DNA
molar fraction (the ratio of [DNA]/[DNA+ 2]= 0.33), which further
indicated the one molar DNA bound to two molar compounds. In view

of the structural nature of G4-DNA, we then proposed that the molecule
bound to the two G-quartet planes of G4-DNA due possibly to the π-π
stacking interaction.

UV–vis spectra of the control compound 1 upon addition of G4-DNA
were also recorded. It could be seen from Fig. 3 that a hypochromic and
bathochromic spectra of 1 at ~316 nm took place. It indicated that 1
could also bind to G4-DNA by π-π stacking interaction. However,
compared with significantly changed UV–vis spectra of 2, 1′s spectra
changed much less obviously. It indicated that the binding of 1 to DNA
was much weaker compared with 2-DNA binding strength. Moreover, a
more careful look at the spectra in the region of higher than 340 nm,
one would see the slight light scattering spectra. It indicated that large
size particles (precipitation) were produced during the titration, which
was most possibly caused by electrostatic interaction between the po-
sitive charge of protonated amino group of 1 and the negative charge of
phosphate anions of DNA. It thus showed that 1 did not interact with
G4-DNA as specifically as 2 did.

To learn further the binding nature of 2 to DNA, its fluorescence
spectra upon addition of DNA were recorded (Fig. 4). Fig. 4a showed
that the addition of DNA gradually quenched the fluorescent intensity
of 2 at 350 nm due to their π-π stacking interaction. The curve of F350nm
as a function of the ratio of [DNA]/[2] was plotted (Fig. 4b) and it
showed that the point of inflection was also at 0.5. This finding was in
agreement with the result from UV–vis titration, an indicative of the
specific binding nature, which was, in brief, the two molar molecules
bound to the two G-quartet planes of one molar G4-DNA.

The fluorescence spectra of the control compound 1 upon addition of
DNA were also recorded (Fig. 5). The addition of DNA also quenched the
fluorescence of 1. The quench of the fluorescence may be caused by two
reasons: (1) the binding of 1 to DNA; (2) the large size particles (pre-
cipitation) produced during 1-DNA titration. The plotted curve of F350nm
(Fig. 5b) as a function of the ratio of [DNA]/[1] did not show a clear
point of inflection. In other words, the quench of the fluorescence of 1
could not be saturated by the addition of large amount of DNA. It thus
further indicated the weak and non specific G4-DNA binding nature of 1.

To illustrate the binding strength of 2 to G4-DNA, UV–vis melting
experiments of 2/G4-DNA complexes were carried out by monitoring
the absorption at 295 nm upon heating (Fig. 6). It could be seen from
the profiles of temperature-dependent absorbance that △T1/2 of DNA
in the presence of 1.0 eq., 3.0 eq. and 5.0 eq. of 2 were 3.0 °C, 6.5 °C and
9.5 °C, respectively. In other words, the more 2 was used, the higher the
Tm of DNA was. This result unequivocally showed the binding nature of
2 to G4-DNA. As a comparation, Fig. 7 showed that the presence of the
control compound 1 only slightly stabilized the Tm of DNA, and large
amount of ligands could not remarkably enhance the Tm of DNA.

In order to gain more insight about G4-DNA selective binding
nature, UV–vis spectra of 2 upon binding to duplex DNA were mea-
sured. Fig. 8 showed that addition of duplex DNA decreased the ab-
sorbance of 2 at 305 nm. However, the remarkable light scattering
spectra could be observed in the region of higher than 340 nm. As
mentioned earlier, the pattern indicated that large size particles (pre-
cipitation) were produced during the titration and it was most possibly
caused by electrostatic interaction between the positive charge of pro-
tonated amino group of 2 and the negative phosphate anions of DNA.
UV–vis melting experiments of 2/duplex-DNA complexes were also
carried out by monitoring the absorption at 260 nm upon heating. Fig. 9
showed that 2 barely enhanced the Tm of duplex DNA even if large
amount of 2 was used. This finding indicated that 2 could not bind to
the grooves of duplex DNA. The above results illustrated that 2 bound
to duplex DNA solely by non-specific electrostatic interaction, rather
than the specific groove interaction, so that it could not stabilize the Tm
of duplex DNA. It thus indicated that 2 was a G4-DNA selective ligand.

Compound 2 was a non-rigid molecule and it was truly flexible: the
symmetrical two carbazolyl units of 2 did not interact with each other
because no any correlations peaks between these two parts were ob-
served in its 2DCOSY/NOESY spectra (Fig. S19 and S20). As such, the

Fig. 5. (a) Fluorescence spectra of 1 (15 μM) upon addition of 22AG. (b) The
plotted curve of F350nm of 1 as a function of the ratio [DNA]/[1].

Fig. 6. UV thermal denaturation profile of G4-DNA (5 μM) before and after
addition of 2.
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interaction of 2 with G4-DNA was certainly not because that it pos-
sessed a particular conformation, but rather because that the tetra-
quartets of G4-DNA was large enough to accommodate the relatively
large methylene-bridged biscarbazole. On the other hand, the relatively
large geometry of 2 prevented it from binding to the grooves or

intercalating into the base pairs of duplex DNA, which thus contributed
to the specificity of its interaction with G4-DNA.

4. Conclusions

In conclusion, we recently synthesized a series of conformationally
flexible methylene-bridged carbazolyl oligomers and evaluated their
antitumor and DNA binding activities. Among them, the dimer com-
pound 2 exhibited the best antiproliferative activities against HT-29,
HepG2, A375 as well as MCF-7 cell due possibly to its selective G4-DNA
binding nature.
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