
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

1/
6/

20
25

 1
2:

33
:4

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A novel square-p
aGuangdong Provincial Key Laboratory

Pharmaceutical Sciences, Southern Medica

E-mail: zcqlg@smu.edu.cn; Fax: +86 20 616
bSchool of Pharmaceutical Sciences, Sun Yat

† Electronic supplementary information (E
Information (ESI) available: synthesis an
experimental procedures for the measurem
thermal stabilization. See DOI: 10.1039/c8r

Cite this: RSC Adv., 2018, 8, 23257

Received 26th April 2018
Accepted 12th June 2018

DOI: 10.1039/c8ra03606c

rsc.li/rsc-advances

This journal is © The Royal Society of C
lanar Pt(II) complex as
a monomeric and dimeric G-quadruplex DNA
binder†

Chun-Qiong Zhou, *a Zi-Qi Li,a Ting-Cong Liao,a Tian-Zhu Ma,a

Shuo-Bin Chen b and Yuan-Yuan Lianga

A novel phenanthroimidazole ethylenediamine Pt(II) complex with coumarin derivative (1) was synthesized

and showed higher affinity, selectivity and thermal stabilization for mixed-type dimeric G-quadruplexes

(G2T1) over monomeric G-quadruplexes (G1) and duplex DNA. Complex 1 could bind to G-quadruplexes

via end-stacking and external-binding modes.
G-quadruplex DNA, as a noncanonical secondary DNA struc-
ture, is formed by G-rich sequences widespread in biologically
important regions of the human genome. Its stabilization at
telomeric regions can inhibit telomerase activity and interfere
with telomere biology, which makes it a potential target for the
development of new anticancer therapies.1,2 However, bio-
informatic studies have shown that over 700, 000 DNA
sequences within the human genome have potential to form G-
quadruplex structures.3 So it is crucial to selectively bind the
different sequences and conformations of G-quadruplexes. The
ca. 200 bases of the single-stranded overhang of telomeric DNA
can potentially fold into multimeric telomeric G-quadruplexes
consisting of several consecutive G-quadruplex units linked by
TTA spacers.4,5 Moreover, multimeric G-quadruplexes could be
formed by telomeric DNA and r(GGGGCC)n RNA repeats, being
relevant in amyotrophic lateral sclerosis.6,7 Thus it is signicant
to design some binders for selectively binding and stabilizing
multimeric G-quadruplexes.

Many square-planar Pt(II) complexes, such as square-
planar platinum(II) phenanthroline complexes, have been
reported as good binders of G-quadruplexes for possessing
a large electron decient p-aromatic surface, positively
charged substituents and a positively charged center.8–12

Some Pt(II) complexes have been modied with a pendant
cyclic amine or pyridine side arm and exhibited high affinity
for human telomeric G-quadruplexes.8–10 Other structurally
analogous Pt(II) complexes, including ones with
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phenanthroimidazol,11 dipyridophenazine,12 and C-
coordinated phenylpyridine ligands,12 have exhibited
considerably stronger interactions with G-quadruplex DNA
for possessing an extended p-surface. Though a few small
molecules have been studied to specically bind multimeric
G-quadruplex structures,13–18 most square-planar Pt(II) phe-
nanthroline complexes have been discussed to selectively
bind monomeric G-quadruplexes rather than multimeric G-
quadruplexes.

It has been reported that an excellent binder of monomeric
G-quadruplexes, such as TMPyP4 and azatrux, could also show
high binding properties toward multimeric G-quadruplexes,
and even result in the signicant differences of the binding
properties toward multimeric G-quadruplexes and monomeric
G-quadruplexes.19 With this thought in mind, together that the
coumarin derivatives possess a p-surface and an amino
substituent, we chose phenanthroimidazole ethylenediamine
with coumarin derivative L previously reported20 as a ligand,
synthesized its Pt(II) complex 1 (Scheme 1), and systematically
studied its binding affinities, selectivities and thermal
Scheme 1 Synthesis of complex 1. Reagents and conditions: (a)
K2PtCl4, aqueous DMSO, 140 �C, 2 h; (b) ethylenediamine, EtOH,
80 �C, 12 h.
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Fig. 1 (a) CD spectra of mixed-type G2T1 (3.0 mM) in the presence of
complex 1: (1) 0 equiv.; (2) 2 equiv.; (3) 4 equiv. and (4) 8 equiv.,
respectively. (b) CD-melting profiles at 290 nm for mixed-type G2T1
(3.0 mM) with complex 1 (0, 12 and 24 mM, respectively). Values are the
average � SD of three independent measurements.
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stabilization towards human telomeric dimeric quadruplexes
G2T1 and monomeric quadruplexes G1.

Complex 1 was synthesized according to the synthetic route
in Scheme 1. Phenanthroimidazole with coumarin derivative L
reacted with K2PtCl4 in aqueous DMSO and got a red solid of
Pt(II) complex 2. Complex 2 reacted with ethylenediamine in
ethanol and got the crude product, which was washed with
CHCl3 to afford complex 1 as a red solid in 39% yield. Complex 1
was fully characterized by 1H NMR, MS (LR and HR), IR and
elemental analysis (seeing ESI†).‡

The binding effect of complex 1 on the structures of dimeric
G-quadruplexes G2T1 was investigated by circular dichroism
(CD) spectra. At rst, addition of complex 1 led no signicant
changes in the ellipticity of antiparallel G2T1, and only induced
minor changes in the negative ellipticity at 265 nm (Fig. S3†).
These results suggest that complex 1 brought about no struc-
tural changes and low binding affinity toward antiparallel G2T1.
Subsequently, for mixed-type G2T1, addition of complex 1 led to
the increasement of the band with maximum at 291 nm and the
shoulder at 270 nm and the shi of the maximum band from
291 nm to 287 nm (Fig. 1a). These results show that complex 1
strongly bound with mixed-type G2T1.

Thermal stabilization of complex 1 towards mixed-type G2T1
was further assessed by CD-melting assays (Fig. 1b and S4†).
Complex 1 displayed a DTm value being 9.0 �C at 4 : 1 complex-
to-G2T1 ratio. And the values of DTm increased with the
increasing amounts of complex 1. A higher thermal stabiliza-
tion (DTm ¼ 11.5 �C) was observed at 8 : 1 complex-to-G2T1
ratio, which suggests that complex 1 exhibited comparable
thermal stabilization with those mixed-type G2T1 binders re-
ported in the literature.16,17,19,21 In contrast, complex 1 had
negligible thermal stabilization towards monomeric quad-
ruplexes G1 (DTm ¼ 1.2 �C, Fig. S5a†) and double-stranded (ds)
DNA (DTm ¼ �2.9 �C, Fig. S5b†). These results show that
complex 1 had the preferential thermal stabilization towards
mixed-type G2T1 over G1 and ds DNA.

Based on higher thermal stabilization of complex 1 towards
mixed-type G2T1 over G1, the binding selectivity of complex 1
was further conrmed for mixed-type G2T1 by gel electropho-
resis (Fig. 2). The gel reveals that addition of complex 1 to
mixed-type G1 led to no appearance of any new band (lane 2–3).
However, the presence of complex 1 increased the mobility of
the mixed-type G2T1 (lane 5). These results suggest that
complex 1 could form a compact complex with G2T1 rather than
G1,14,16 which was further veried by incubating complex 1 with
a mixture of G1 and G2T1 and then analysing their gel elec-
trophoresis. Obviously, a mixture of G1 and G2T1 in the absence
of complex 1 gave the characteristic bands corresponding to
intramolecular G1 and G2T1 (lane 6). When complex 1 added to
‡ Structural data for complex 1: 1H NMR (CD3OD, 400 MHz): d 8.94 (s, 2H), 8.68 (s,
2H), 8.51 (s, 1H), 8.32 (s, 2H), 8.21 (s, 1H), 7.70 (s, 2H), 7.61 (s, 2H), 6.85 (d, J ¼
8.0 Hz, 1H), 6.60 (s, 1H), 5.36 (s, 1H), 3.58 (m, 4H), 2.97 (s, 4H), 1.30 (t, J ¼
6.0 Hz, 6H). Main IR (KBr disc, cm�1): n 3435 (m, N–H), 3152, 2323, 1633 (s,
C]O), 1400 (s, C]N), 683, 654. ESI-MS: m/z 689.2 ([1-2Cl–H]+) and HR-MS for
C28H29Cl2N7O2Pt ([1-2Cl]

2+) calcd: 345.1010, found: 345.1006. Elemental analysis
calcd (%) for C28H29Cl2N7O2 Pt$0.5EDA 0.5CHCl3$6H2O: C 36.97, H 4.68, N
11.69; found: C 36.95, H 4.53, N 11.91.

23258 | RSC Adv., 2018, 8, 23257–23261
a mixture of G1 and G2T1, a new band corresponding to the
complex of G2T1 with complex 1 (G2T1 + 1) appeared and
becamemore intense with the increasing amounts of complex 1
(lanes 7 to 9). However, no new band appeared corresponding to
the complex of G1 and complex 1 (lanes 7 to 9). These results
indicate that complex 1 had higher binding selectivity towards
G2T1 over G1.

The binding affinities of complex 1 towards mixed-type G2T1
and G1 were determined by UV-Vis titrations (Fig. 3 and S6a†).
The gradual addition of G2T1 and G1 to complex 1 resulted in
considerable hyperchromicity, a noticeable red-shi at ca.
449 nm (15 nm for G2T1 and 11 nm for G1) and the appearance
of a new and strong absorbance peak at ca. 481 nm (Fig. 3a and
S6a†), which suggests that complex 1 could interact with G2T1
and G1. Then the data of UV-Vis titrations were also used to
Fig. 2 Native gel electrophoretic analysis of G1, G2T1 and their
mixture in the presence of complex 1 in Tris–HCl buffer (10 mM,
100 mM KCl and pH 7.0). Lanes 1–3: G1 (16 mM) in the presence of
complex 1 (0, 16 and 32 mM); lanes 4–5: G2T1 (8 mM) in the presence of
complex 1 (0 and 8 mM); lanes 6–9: mixtures of G1 (16 mM) and G2T1 (8
mM) in the presence of complex 1 (0, 8, 16 and 32 mM, respectively);
lane 10: DNA ladder.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) UV-Vis titrations of 20 mM complex 1 in the presence of
mixed-type G2T1 (from 0–25 mM). (b) Scatchard plots for complex 1
with G2T1 and G1. The absorbance values at ca. 481 nm were used to
construct the Scatchard plots. Values are the average � SD of three
independent measurements.
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calculate the binding constant (K) of complex 1 and the number
of binding sites towards G2T1 and G1 by Scatchard eqn (1a):22

r/Cf ¼ nk � rK (1a)

r ¼ Cb/CDNA (1b)

Cb ¼ Ct (A � A0)/(Amax � A0) (1c)

here, Ct is the total complex concentration, Cb is bound complex
concentration, Cf is free complex concentration, A and Amax are
the observed and maximum absorption values of complex 1 at
ca. 481 nm with addition of DNA, and A0 is the absorption value
of complex 1 at ca. 481 nm without addition of DNA. In eqn (1a),
r represents the number of moles of bound complex per mole of
DNA, Df represents the concentration of unbound complex, K is
the binding constant, and n is the number of complex-binding
Table 1 Binding parameters obtained from UV-Vis titrationsa

DNA K1 (mM
�1) n1 K2 (mM

�1) n2

G2T1 9.70 � 0.26 1.0 2.10 � 0.32 1.5
G1 2.34 � 0.14 1.1 0.98 � 0.09 1.7

a K1 and K2 are the binding affinities of complex 1 for the strong and
weak binding sites in the G-quadruplexes, respectively. They are the
average � SD of three independent measurements. n1 and n2 are the
numbers of strong and weak binding sites, respectively.

This journal is © The Royal Society of Chemistry 2018
sites on the G-quadruplex. The plot of r/Df versus r gives the
binding constant. The results were presented in Fig. 3b and
Table 1. In Fig. 3b, the Scatchard plots had no single linear
relationship but two regression curves, which suggests the
existence of two types of binding sites in the interaction of
complex 1 and DNA. The binding stoichiometries of complex 1
were 1.0 : 1 for G2T1 and 1.1 : 1 for G1, respectively, when [1]/
[DNA] was lower than 1.0. And the binding stoichiometries of
complex 1 were 1.5 : 1 for G2T1 and 1.7 : 1 for G1, respectively,
when [1]/[DNA] was higher than 1.0 (Table 1). Moreover, the
binding constants K1 and K2 of complex 1 towards G2T1 had
higher than those towards G1. The binding constant of complex
1 towards CT DNA was (0.22 � 0.04) mM�1 (Fig. S6b†). These
results show that complex 1 had higher binding affinity towards
G2T1 over G1 and CT DNA. The Ka value of complex 1 towards
mixed-type G2T1 was (9.70 � 0.26) mM�1 (Table 1), which
suggests that complex 1 exhibited comparable binding affinity
with those mixed-type G2T1 binders reported in the
literature.13,19,21,23

Furthermore, the binding modes of complex 1 towards G2T1
and G1 were discussed by emission spectroscopic assays with G-
quadruplexes modied with 2-aminopurine (Ap).15,17 These
G2T1 structures with a single Ap base at positions 7, 13, 19, 31,
37 and 43 were selected and named as Ap7, Ap13, Ap19, Ap31,
Ap37 and Ap43, respectively (Table S1† and Fig. 4a). As shown in
Fig. 4a and S7,† addition of complex 1 signicantly decreased
the uorescence intensities of Ap7, Ap19, Ap31 and Ap43, which
suggests that complex 1 had strong contact with two propeller
loops (Ap7 and Ap43) and two G-tetrads (Ap19 and Ap31).
Fig. 4 (a) Plots of relative fluorescence intensity (370 nm) of Ap7, Ap13,
Ap19, Ap31, Ap37 and Ap43, vs. [1]/[G2T1] ratio. (b) Plots of relative
fluorescence intensity (370 nm) of A7, A13 and A19, vs. [1]/[G1] ratio.
Values of F/F0 are the average � SD of three independent
measurements.

RSC Adv., 2018, 8, 23257–23261 | 23259
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Fig. 5 (a) Dockedmodel of complex 1with G1 (hybrid-1); (b) proposed
binding mode of complex 1 with mixed-type G1.
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However, addition of complex 1 led to a little decrease on the
uorescence intensities of Ap13 and Ap37 at quadrplex grooves,
which excludes the pocket-intercalation mode. At the same
conditions, these G1 structures with a single Ap base at posi-
tions 7, 13 and 19 (named as A7, A13 and A19, respectively,
Table S1†) were selected and discussed the binding mode of
complex 1 towards G1. In contrast, complex 1 displayed strong
binding with the propeller loop (A7) and 50-G-tetrads (A19), and
slightly weak binding with 30-G-tetrads (A13-labelled G1) (Fig. 4b
and S8†).

To further elucidate the binding mode, molecular docking
was performed using complex 1 with hybrid-1 G1 (PDB code:
2MB3, a hybrid-type NMR G-quadruplex structure). The docking
results reveal that square-planar Pt(II) section stacked with the
guanine residue at the 50-terminal by a p–p stacking interac-
tion, and the section of coumarin derivative bound with the
propeller loop by external binding (Fig. 5a). The docking results
for complex 1 bound with the 30-terminal were also shown in
Fig. S9.† The docking score for complex 1 bound with the 50-
terminal was lower than that for complex 1 bound with the 30-
terminal (�3.37 vs. �2.53), which suggests the stronger binding
ability at the 50-terminal than at the 30-terminal and is consis-
tent with our above experimental data (Fig. 4b).

Based on the results of UV-Vis titrations, uorescence
studies with Ap-labelled G2T1 and G1 and molecular modeling
studies, complex 1 strongly bound to G2T1 and G1 with the
stoichiometry of 1 : 1 by the external-binding and end-stacking
modes. However, their binding modes were different for their
different structures of G-quadruplexes (a monomeric model
hybrid-1 and a dimeric model hybrid-12 formed by a hybrid-1 G-
quadruplex at 50-end and a hybrid-2 G-quadruplex at 30-end13).
For G1, complex 1 bound to 50-G-tetrad and the propeller loop of
G1 (Fig. 5b). For G2T1, complex 1 possibly bound to 50-G-tetrad,
30-G-tetrad and two propeller loops of G2T1. For the binding
mode of complex 1 with G2T1 was more complicated, more
insights will need to be carried out in future work by molecular
modeling.
Conclusions

In conclusion, a novel square-planar Pt(II) complex with
coumarin derivative 1 was synthesized and investigated for its
potential as monomeric and dimeric G-quadruplex binder.
Complex 1 displayed higher binding affinity, selectivity and
23260 | RSC Adv., 2018, 8, 23257–23261
thermal stabilization towards dimeric quadruplex G2T1 over G1
and ds DNA. It could bind with mixed-type quadruplexes via
end-stacking and external-binding modes. This work provides
some new sights to design novel dimeric G-quadruplex binders.
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