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DNA cleavage activity of quercetin zinc(II) complex has been studied, but little attention has been
devoted to the relationship between antitumor activity of this complex and DNA-binding properties.
DNA-binding properties of quercetin zinc(II) complex were studied using UV–vis spectra, fluorescence
measurements, and viscosity measurements. The results obtained indicate that quercetin zinc(II) com-
plex can intercalate into the stacked base pairs of DNA, and compete with the strong intercalator ethi-
dium bromide for the intercalative binding sites with Stern–Volmer quenching constant, Ksq = 1.24.
The complex was subjected to biological tests in vitro using three tumor cell lines (HepG2, SMMC7721,
and A549), which showed significant cytotoxicity against three tumor cell lines. Moreover, Hoechst33258
staining showed HepG2 cells underwent the typical morphologic changes of apoptosis characterized by
nuclear shrinkage, chromatin condensation, or fragmentation after exposure to the complex. In addition,
Molecular modeling was performed to learn the complex could be preferentially bound to DNA in GC
region. Our results suggest that antitumor activity of quercetin zinc(II) complex might be related to its
intercalation into DNA.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, many researches1–3 have been focused on inter-
action of small molecules with DNA. DNA is generally the primary
intracellular target of anticancer drugs, so the interaction between
small molecules and DNA can cause DNA damage in cancer cells,
blocking the division of cancer cells, and resulting in cell death.4,5

Small molecule can interact with DNA through the following three
non-covalent modes: intercalation, groove binding, and external
static electronic effects. Among these interactions, intercalation is
one of the most important DNA-binding modes, which is related
to the antitumor activity of the compound. Recently, there is a
great interest on the binding of transition metal complexes with
DNA, owing to their possible applications as new cancer therapeu-
tic agents and their photochemical properties that make them po-
tential probes of DNA structure and conformation.6–8 Especially,
binding of zinc(II) complexes to DNA has attracted much atten-
tion.9,10 It has been reported that the intercalating ability of the
complex was involved in the planarity of ligands, the coordination
geometry, ligand donor atom type, the metal ion type.11–13 So the
development of synthetic, sequence-selective DNA binding and
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cleavage agents for DNA itself and for new potential DNA-targeted
antitumor drugs is essential for further expected applications in
molecular biology, medicine, and related fields.

Quercetin (Que, 3,5,7,30,40-pentahydroxyflavone), a bioflavonoid
widely distributed in fruits and vegetables, has been reported to ex-
ert multiple biological effects as an antioxidant and antitumor activ-
ity.14–17 Quercetin can chelate metal ions to form metal complexes
that have better antioxidation and antitumor activity than querce-
tin alone.18,19 In our previous work, we demonstrated that quercetin
zinc(II) complex, Zn(Que)2(H2O)2 (Fig. 1), can cleave the DNA via
hydrolytic pathway.20,21 However, little research has been devoted
to the relationship between the better antitumor activity of querce-
tin zinc(II) complex and its DNA-binding properties.

In this study, we investigated the mode of DNA binding, cyto-
toxicity, apoptotic inducing activity of quercetin zinc(II) complex.
We demonstrate quercetin zinc(II) complex could be preferentially
bound to DNA in GC region via an intercalation mode, involved in
antitumor activity of the complex.

2. Results and discussion

2.1. DNA-binding properties

The binding of quercetin zinc(II) complex with calf thymus DNA
(CT DNA) was measured using absorption, fluorescence spectro-
photometric titrations, and viscosity measurements.
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Figure 2. Absorption spectra of quercetin zinc(II) complex (10 lM) in 0.01 M Tris–
HCl buffer at pH 7.2, in the absence and presence of increasing amounts of CT DNA
(from top to bottom, 0–40 lM bp). The arrow shows the intensity decreased with
increasing concentration of the complex.

Figure 1. The tentative structure of quercetin zinc(II) complex.

Figure 3. The change of emission fluorescence spectra of quercetin zinc(II) complex (30
amounts of CT DNA (from bottom to top, 0–60 lM bp), kex = 312 nm. The arrow shows
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The binding of the complex to DNA has been characterized clas-
sically through absorption titration. A complex bound to DNA
through intercalation is characterized by the change in absorbance
(hypochromism) and red-shift in wavelength, due to the intercala-
tive mode involving a stacking interaction between the aromatic
chromophore and the DNA base pairs. The electronic absorption
spectra of Zn(Que)2(H2O)2 complex exhibited broad absorption
bands in the region 250–320 nm, typical for transitions between
the p-electronic energy levels of the quercetin skeleton. The elec-
tronic spectra of the complex in the presence and absence of
DNA were monitored at a wavelength range of 250–320 nm, as
shown in Figure 2. Upon the increasing of concentration of CT
DNA (0–40 lM), a considerable drop in the absorptivity (60%
hypochromicity) at about 270 nm and a substantial red-shift
(Dk = 6 nm) was observed. The hypochromicity suggests Zn(Que)2

(H2O)2 complex may bind to DNA by intercalation mode, due to a
strong interaction between the electronic states of the intercalat-
ing chromophore and those of the DNA bases.

The additional evidence for intercalation into the DNA was
obtained from fluorescence spectral studies. The fluorescence
spectra of Zn(Que)2(H2O)2 complex, exhibiting a broad emission
band in the range 340–360 nm, were monitored at a fixed con-
centration of 30 lM. Enhanced fluorescence without wavelength
shift was observed (Fig. 3), when CT DNA was added into the
complex solution. The result suggests that the stronger enhance-
ment of fluorescence intensity for the complex may be largely
due to the interaction between adjacent base pairs of CT DNA
and the complex. Furthermore, the binding of the complex to
the DNA helix could decrease the collisional frequency solvent
molecules with the complex, which usually leads to emission
enhancement of the complex. The result also agrees with those
observed for other intercalators.1,7,8 So the complex may interca-
late into the adjacent base pairs of CT DNA. In addition, Figure 4
shows the fluorescence intensity of the complex increased when
the different kinds of DNA were added into the complex solu-
tion. In Figure 4, I0 and I represent the fluorescence intensities
in the absence or presence of the DNA, respectively. The result
illustrates that there is the largest increase in fluorescence inten-
sity as the poly(dG)�poly(dC) added into the complex solution. So
the binding affinity between complex and the poly(dG)�poly(dC)
may be larger than that between the complex and CT DNA (or
the poly(dA)�poly(dT)).

To understand the interaction pattern of the complex with
DNA more clearly, fluorometric competitive binding experiment
was carried out using ethidium bromide (EB) as a probe that
lM) in 0.01 M Tris–HCl buffer at pH 7.2, in the absence and presence of increasing
the intensity increased with increasing concentration of the complex.



Table 1
Effect of quercetin and quercetin zinc(II) complex on the viabilitya of tumor cells

Tumor cells Time (h) IC50 (lmol L�1)

(Quecetin)2 Zn(Que)2(H2O)2

HepG2 24 49.28 ± 1.25 20.04 ± 0.97
48 33.69 ± 1.01 10.67 ± 0.83
72 13.30 ± 0.96 5.46 ± 0.36

SMMC7721 24 63.11 ± 1.19 27.36 ± 0.89
48 42.12 ± 1.03 14.10 ± 0.68
72 27.53 ± 0.95 7.66 ± 0.30

A549 24 103.89 ± 1.44 51.63 ± 1.02
48 72.12 ± 1.15 21.03 ± 0.88
72 34.88 ± 1.06 10.00 ± 0.45

a Cell viabilities were evaluated by MTT assays. Cells were incubated for 0–72 h
without (control) or with 0–100 lM of the tested compound. IC50 are concentra-
tions which produced 50% inhibition of the cell viability. Results are expressed as
means ± SD (n = 3).

Figure 4. Effects of CT DNA (a), poly(dA)�poly(dT) (b), and poly(dG)�poly(dC) (c) on
relative fluorescence intensity of quercetin zinc(II) complex. The CT DNA,
poly(dA)�poly(dT), and poly(dG)�poly(dC) were added into the complex solution,
respectively. Emission spectra were recorded in the region 330–370 nm using an
excitation wavelength of 312 nm. I0 and I represent the fluorescence intensities in
the absence or presence of the complex, respectively.
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shows no apparent emission intensity in buffer solution because
of solvent quenching. However, EB emits intense fluorescent
light in the presence of DNA due to its strong intercalation be-
tween the adjacent DNA base pairs. A competitive binding of
small molecular to CT DNA could result in the displacement of
EB or quenching of the bound EB by the compound decreasing
its emission intensity. It was previously reported that the en-
hanced fluorescence could be quenched by the addition of an-
other molecules.1,13 The emission spectra of EB bound to DNA
in the absence and in the presence of Zn(Que)2(H2O)2 complex
are given in Figure 5. The emission band at 587 nm of the
DNA–EB system decreased in intensity with the increasing con-
centration of the complex, and an equal absorption point ap-
peared at 543.2 nm (data not shown). It has been reported that
small organic molecules interact with DNA by intercalation
Figure 5. Fluorescene spectra of the binding of EB to DNA in 0.01 M Tris–HCl buffer at pH
(from top to bottom, 0–120 lM), kex = 500 nm, cEB = 5 lM, cDNA = 100 lM bp. The arrow sh
is Stern–Volmer quenching plots of DNA–EB system by the complex. r = ccomplex/cDNA.
when the concentration ratio of them to DNA (cM/cDNA) is less
than 100 and the fluorescence intensity of EB–DNA system de-
creases by 50%.1,22 The inset in Figure 5 shows the quenching ex-
tent has reached up to 60% when ccomplex/cDNA = 1.2. The changes
observed here are often characteristic of intercalation. Moreover,
this phenomenon indicates that Zn(Que)2(H2O)2 complex com-
petes with EB in binding to DNA.

According to the classical Stern–Volmer equation:23

I0

I
¼ 1þ Ksqr ð1Þ

where I0 and I represent the fluorescence intensities in the absence
or presence of the complex, respectively, and r is the concentration
ratio of the complex to DNA. Ksq is a linear Stern–Volmer quenching
constant dependent on the ratio of the bound concentration of EB to
the concentration of DNA (Fig. 5, inset). The Ksq value is obtained as
the slope of I0/I versus r linear plot. From the inset in Figure 5, the
Ksq value for Zn(Que)2(H2O)2 complex is 1.24, which suggests that
the interaction of the complex with DNA is strong.24 It may be
7.2, in the absence and presence of increasing amounts of quercetin zinc(II) complex
ows the intensity decreased with increasing concentration of the complex. The inset



Figure 6. Effect of increasing amounts of quercetin zinc(II) complex on the relative
viscosity of CT DNA in 0.01 M Tris–HCl buffer (pH 7.2) at 30 ± 0.1 �C. cDNA = 50 lM,
r = ccomplex/cDNA.
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due to the complex interacts with DNA through intercalative bind-
ing, so releasing some free EB from DNA–EB complex,25 which is
consistent with the above absorption spectral results.
Figure 7. (A) The morphological changes of Hoechst33258-stained HepG2 cells after tre
(A0–A3). Cells were treated without the complex (A0) or with the complex at 20 lM (A1)
expressed as means ± SD (n = 3). **P < 0.01 compared with control group.
To investigate further the DNA-binding mode of Zn(Que)2(H2O)2

complex, viscosity measurements on solutions of CT DNA incu-
bated with the complex were performed. It is well known that
intercalative DNA binding would cause elongation of DNA polymer
by effecting separation of DNA base pairs, resulting in an increase
in viscosity. In contrast, a partial or non-classical intercalation of
the ligand could bend or kink DNA resulting in a decrease in its
effective length with a concomitant decrease in its viscosity.26,27

The relative specific viscosity (g/g0) of DNA generally reflects
the increase in contour length associated with separation of DNA
base pairs caused by intercalation. Figure 6 shows the increase in
the relative specific viscosity of DNA when Zn(Que)2(H2O)2 com-
plex is added into CT DNA solution. So the results demonstrate that
the complex could bind to DNA by intercalation mode, which is
consistent with the above absorption and fluorescence spectral
results.

2.2. Cytotoxicity study

The potential anti-proliferative effects of Zn(Que)2(H2O)2 com-
plex on the viability of tumor cell lines (HepG2, SMMC7721, and
atment with quercetin zinc(II) complex as observed under a fluorescent microscope
, 40 lM (A2) and 80 lM (A3) for 24 h. (B) Apoptotic cells were analyzed. Results are



618 J. Tan et al. / Bioorg. Med. Chem. 17 (2009) 614–620
A549) were detected by the MTT assay. The concentrations which
showed 50% (IC50) inhibition of the cell viability were analyzed by
SPSS software and the results were listed in Table 1. From Table 1,
the complex has a significant inhibition to growth and proliferation
of all three tumor cells in a dose- and time-dependent manner. The
cells showed different sensitivity to the compound with HepG2
cells appearing most sensitive among three cells lines. And the via-
bility of HepG2, SMMC7721, and A549 cells was 9.2%, 17.6%, and
23.8%, respectively, after treatment with 100 lM of Zn(Que)2(-
H2O)2 complex for 48 h. As shown in Table 1, the estimated IC50

values of the complex were 10.67, 14.10, and 21.03 lM obtained
for 48h treatment of HepG2, SMMC7721, and A549 cells, respec-
tively, but those of (quercetin)2 were 33.69, 42.12, and 72.12 lM
in the same conditions. The results illustrate that the cytotoxicity
of Zn(Que)2(H2O)2 complex is much higher than that of quercetin
alone.

2.3. Apoptosis activity

To further address the death pattern, HepG2 cells were
stained with Hoechst33258, after treatment with Zn(Que)2(H2O)2

complex. The Hoechst33258 staining is sensitive to DNA and was
used to assess changes in nuclear morphology. Results of
Hoechst33258 staining assay showed that cells demonstrated
apoptotic features such as nuclear shrinkage, chromatin conden-
sation, or fragmentation, after treatment with the complex for
24 h. And the ratio of cells with a profile of chromatin conden-
sation and fragmented fluorescent nuclei increased in a dose-
dependent manner (Fig. 7A).

The apoptotic rate occurred in a dose-dependent manner calcu-
lated after Hoechst33258 staining assay, as shown in Figure 6B.
After treatment with 80 lM of Zn(Que)2(H2O)2 complex for 24 h,
the apoptotic rate of HepG2 cells was more than 65%. These sug-
gest that HepG2 cells undergo the typical morphologic changes
of apoptosis after exposure to the complex.
Table 2
Total potential energies (kJ mol�1) of intercalation of quercetin zinc(II) complex into DNA

Insert depth (Å) Minor groove

G3T4 T4C5 C5G6 G6A7 A7

0 2626.36 2647.31 2639.39 2631.73 26
2 2566.28 2563.03 2552.41 2556.94 25
4 2534.53 2518.18 2512.19 2523.48 25
6 2508.17 2486.02 2466.15 2480.99 25
8 2478.31 2460.66 2440.55 2441.68 25
10 2492.40 2434.15 2413.08 2439.21 25

Bold value is the minimum value among each row of data.

Figure 8. Proposed intermediate of DNA bi
2.4. Molecular modeling

The modeling results were tabulated in Table 2, which shows
the change of total potential energies of the process of
Zn(Que)2(H2O)2 complex docking between DNA base pairs from
major and minor groove. From the table, total potential energies
of complex–DNA-binding system after intercalation, are much
less than those of the system before intercalation, which may
be associate with electrostatic interaction and space matching.
Furthermore, total potential energy of complex–DNA-binding
system formed by complex intercalating into C5G6 region from
minor groove is less than those of other systems, illustrating that
the minor groove binding of the complex in C5G6 region is the
most preferential binding modeling of the interactions between
the complex and DNA base pairs, which agrees with the above
result of fluorescence measurement. Molecular modeling results,
combined with cytotoxicity and apoptotic results as mentioned
above, may suggest that the mechanisms of Zn(Que)2(H2O)2

complex inducing tumor cell death and apoptosis may be similar
to those of hedamycin, GC-rich sequence-selective DNA-binding
antitumor agent,28 which could preferentially intercalates into
the GC-rich core promoter region of survivin, down-regulating
surviving gene expression.

In addition, DNA cleavage of quercetin zinc(II) complex re-
ported in our previous study20 should be close related to DNA
binding of the complex. Furthermore, some researches29–31 dem-
onstrated that the metal cations of metal complexes could coor-
dinate with oxygen atom in the phosphodiester backbone of
DNA, resulting in activation of P–O bond and promoting cleavage
of DNA. On the basis of these researches, we proposed the model
of DNA cleavage induced by Zn(Que)2(H2O)2 as showed in
Figure 8. Before cleaving DNA, the complex must be bound to
DNA. The complex intercalating into DNA base pairs could pro-
mote the direct coordination between zinc cation and oxygen
atom in the phosphodiester backbone of DNA, resulting in
base pairs

Major groove

C8 G3T4 T4C5 C5G6 G6A7 A7C8

55.65 2657.40 2641.29 2660.51 2643.43 2652.95
99.76 2602.37 2583.44 2605.75 2578.30 2568.18
62.86 2557.97 2564.70 2575.87 2544.04 2529.25
33.94 2535.39 2551.35 2547.94 2508.90 2491.39
18.69 2516.62 2536.79 2532.62 2485.70 2473.01
33.81 2496.58 2530.93 2521.88 2497.46 2490.91

nding with quercetin zinc(II) complex.
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activation of P–O bond. Furthermore, proximate hydroxyl oxygen
atom, acting as Lewis base, pulls a proton from water molecule
to promote its attack the phosphorus atom of the phosphodies-
ter in the DNA backbone, which facilitates the formation of a
pentacoordinated intermediate, as depicted in Figure 8. Finally,
one of the P–O ester bonds of the phosphodiester in a DNA back-
bone is broken by the intramolecular charge delivery, resulting
in the DNA cleavage. However, the real correlation of DNA bind-
ing and DNA cleavage needs to be confirmed through the further
detailed research.

3. Conclusions

In the present study, the DNA-binding properties of Zn(Que)2

(H2O)2 complex have been examined by absorption spectroscopy,
fluorescence spectroscopy, and viscosity measurements. Evidences
are presented that Zn(Que)2(H2O)2 complex could interact with
DNA via intercalation mode. Furthermore, in the EB competition
fluorescence assay, the Stern–Volmer quenching constant for this
complex, Ksq, is obtained which is 1.24, illustrating that this complex
could strongly bind to DNA as an intercalator competing with EB. In
addition, on the basis of cytotoxicity assay, we find that Zn(Que)2

(H2O)2 complex has a significant inhibition to growth and prolifera-
tion of tumor cells (HepG2, SMMC7721, and A549) in a dose- and
time-dependent manner, and that IC50 values of the complex are
much less than that of quercetin alone. The results of Hoechst33258
staining suggest that the complex could induce apoptosis of tumor
cells. Moreover, the results in molecular modeling show that the
complex may be preferentially intercalate into C5G6 region of DNA
helix from minor groove. Although the molecular modeling is not
perfect, it is possible to point out that DNA-binding properties of
quercetin zinc(II) complex are related to its cytotoxicity, and partic-
ularly that the complex may be intercalate into the GC-rich core pro-
moter region of survivin, down-regulating surviving gene
expression and promoting tumor cells apoptosis, like hedamycin.28

In summary, we have uncover the intercalation binding modes
of Zn(Que)2(H2O)2 complex with DNA involved in the cytotoxicity
of the complex. The finding shows that DNA binding of the com-
plex could play an important but not exclusive role in its antitumor
activity. We are now conducting experiments on the in vivo test
and studies of expression of protein related to apoptosis of the
complex. In future, this complex, as an antitumor drug, might
prove to be of application in target-based cancer therapy.
4. Experimental

4.1. Materials

All chemicals and reagents were purchased from commercial
sources and were used without further purification. Quercetin,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT),
Hoechst33258, ethidium bromide (EB), calf thymus DNA (CT
DNA), poly(dA)�poly(dT), and poly(dG)�poly(dC) were obtained
from Sigma (Sigma Chemical Co., St. Louis, MO, USA). The Tris–
HCl buffer solution was prepared with triple distilled water. The
structure of quercetin zinc(II) complex, Zn(Que)2(H2O)2, was re-
ported in our previous study,19 as shown in Figure 1. Each Zn(II)
ion coordinates carbonyl oxygen, hydroxy oxygen atoms of querce-
tin and oxygen atoms of H2O.

4.2. DNA-binding measurements

All the experiments involving the interaction of compound with
CT DNA were conducted in Tris buffer (0.01 M Tris–HCl/50 mM
NaCl, pH 7.2). The purity of the DNA was determined by monitor-
ing the value A260/A280 about 1.8–1.9:1, indicating that the DNA
was sufficiently free of protein. The DNA concentration per nucle-
otide was determined by absorption spectroscopy using the molar
absorption coefficient (6600 M�1 cm�1) at 260 nm.
4.2.1. UV–vis spectra
UV–vis spectra were measured on a Lambda 900 UV/vis/NIR

Spectrometer (Perkin–Elmer) in 0.01 M Tris buffer.1,32 Spectro-
scopic titrations were carried out at room temperature to deter-
mine the binding affinity between DNA and Zn(Que)2(H2O)2.
Initially, the solutions (2000 lL) of the blank buffer and Zn(Que)2

(H2O)2 complex sample (10 lM) were placed in the reference and
sample cuvettes (1 cm path length), respectively, and then first
spectrum was recorded in the range of 250–460 nm. During the
titration, aliquot (20 lL) of buffered DNA solution (concentration
of 1 mM in base pairs) was added to each cuvette to eliminate
the absorbance of DNA itself, and the solutions were mixed by re-
peated inversion. After the solutions were mixed for 10 min, the
absorption spectra were recorded. The titration processes were re-
peated until there was no change in the spectra for four titrations
at least, which indicated binding saturation had been achieved. The
changes in the metal complex concentration were negligible due to
dilution at the end of each titration.32

4.2.2. Fluorescence measurements
Fluorescence measurements33 were made using Perkin–Elmer

LS-50B fluorescence spectrophotometer with a slit width 5 nm
for the excitation and emission beams. Fluorescence titrations
were carried out by adding increasing amounts of CT DNA directly
into the cell containing the solution of Zn(Que)2(H2O)2 complex
(c = 30 lM, 0.01 M Tris buffer, pH 7.2). To determine the selective
binding of the complex to DNA with different sequences, another
two kinds of DNA (poly(dA)�poly(dT) and poly(dG)�poly(dC)) were
introduced to displace CT DNA.22 The concentration range of the
DNA was 0–60 lM bp. Emission spectra were recorded in the re-
gion 330–370 nm using an excitation wavelength of 312 nm. Fluo-
rescence quenching study was conducted by adding increasing
amounts of Zn(Que)2(H2O)2 complex (0–120 lM) directly into
the EB–DNA system (cEB = 5 lM, cDNA = 100 lM bp, 0.01 M Tris buf-
fer, pH 7.2). And emission spectra were recorded in the region 520–
650 nm using an excitation wavelength of 500 nm. All measure-
ments were performed at 25 �C.
4.2.3. Viscosity measurements
Viscosity measurements were carried out using an Ubbelodhe

viscometer maintained at a constant temperature at 30.0 ± 0.1 �C
in a thermostatic bath.32 Flow time was measured with a digital
stopwatch and each sample was measured three times and an
average flow time was calculated. Data are presented as (g/g0)1/3

versus binding ratio,34 where g is the viscosity of DNA in the pres-
ence of the complex and g0 is the viscosity of DNA in the absence of
the complex. Viscosity values were calculated from the observed
flow time of DNA-containing solutions (t > 100 s) corrected for
the flow time of buffer alone (t0), g = t � t0.

4.3. Cell culture

Human hepatocellular liver carcinoma (HepG2), human hepa-
toma (SMMC7721), and human lung adenocarcinoma (A549) cell
lines were obtained from the American Type Culture Collection
(Rockville, MD, USA). The three cell lines were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum (FBS;
HyClone, USA), 100 units/mL penicillin, 100 lg/mL streptomycin,
L-glutamine (0.03%, w/v), and sodium bicarbonate (2.2%, w/v). Cell
cultures were kept in a humidified incubator with 5% CO2 at 37 �C.
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And subcultures were performed with 0.05% trypsin–0.02% EDTA
in phosphate-buffered saline (PBS; Gibco BRL Co., USA).

4.4. Cytotoxicity evaluation

The cytotoxicity or survival of cells in the presence or absence of
the experimental agent was determined using a system based on
MTT as described previously.35 The tumor cells (HepG2,
SMMC7721, and A549) were plated into 96-well microtiter plates
at a density of 1 � 104 cells/well. After 24 h, culture medium was
replaced by 200 lL RPMI 1640 medium supplemented with 10% fe-
tal bovine serum in the presence of various concentration (0, 6.25,
12.5, 25, 50, and 100 lM) of Zn(Que)2(H2O)2 complex or (querce-
tin)2 (its concentration was calculated as two molecules), and the
cells were incubated for 24, 48, and 72 h. The final concentration
of solvent was less than 0.1% in cell culture medium. Culture solu-
tions were removed and replaced by 90 lL culture medium. Ten
microliters of sterile filtered MTT solution (5 mg/mL) in PBS (pH
7.4) was added to each well reaching a final concentration of
0.5 mg MTT/mL. Then cells were incubated at 37 �C for 4 h. After
the medium and unreacted dye was removed, DMSO (200 lL)
was added to each well. Absorbance at 490 nm of the dissolved
solution was measured by a Bio-Rad 680 microplate reader (BIO-
RAD, USA). The relative cell viability (%) related to control wells
containing cell culture medium without tested compound was cal-
culated by dividing the absorbance of treated cells by that of the
control in each experiment. The IC50 which inhibits growth of
50% of cells relative to non-treated control cells was calculated as
the concentration of tested compound by SPSS statistical software.

4.5. Apoptosis assessment by Hoechst33258 staining

Chromatin condensation was detected by nuclear staining with
Hoechst33258. The HepG2 cells were cultured on coverslips, which
were kept in a 60 Petri dish for 24 h before treatment. After treat-
ment with 0, 40, 80 lM Zn(Que)2(H2O)2 complex for 24 h, HepG2
cells were fixed with ice-cold methanol and acetic acid (3:1) at
room temperature for 5 min and exposed to Hoechest33258 stain-
ing solution (5 lg/mL) at room temperature in the dark for 15 min.
Samples were observed under a fluorescence microscope (Olympus
BX-51, Japan).

4.6. Molecular modeling

Full geometry optimization of the complex starting at C2h sym-
metry was carried out with the DFT method at the B3LYP/LanL2DZ
level.36 Molecular mechanics studies of DNA modeling were pre-
formed using the INSIGHT II package. The structure of decameric
DNA duplex 50-d(CCATTAATGG)2-30 was built and optimized by
molecular mechanics in force field of AMBER and ESFF. The pro-
cesses of the complex intercalating into DNA were simulated by
Docking method. The complex intercalated between base group
pairs of DNA from the major groove and minor groove, respec-
tively. Initially, the plane of the complex, over against the gap be-
tween DNA base pairs, was perpendicular to the axis of DNA helix.
And the complex was placed at the outside of the DNA double he-
lix, which was defined 0 as intercalation depth. Then geometry
optimizations and the energy minimum calculation of the system
of the complex intercalating into DNA base pairs were carried
out. The complex move 2 Å into DNA base pairs, and geometry
optimization and the energy minimum calculation are performed,
which were repeated until the complex fully intercalated into DNA
or energy of the system was 10 kJ mol�1 higher than that of the
previous step. The interactions of DNA with the complex were
examined by comparing the potential energy differences among
different binding sites of both minor and major grooves.
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