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Two ruthenium(Il) complexes (Ru-complexes) were synthesized and characterized in this study. The
selectivity and ability of the complexes to interact with bcl-2 DNA were investigated here. It turned out
that [Ru(ip)s](ClO4),-2H,0 (complex 1, ip = 1H-iminazole [4,5-f][1,10] phenanthroline) could induce
and stabilize the formations of G-quadruplexes more effectively than [Ru(pip);](ClO4),-2H,0 (complex 2, pip =

2-phenylimidazo-[4,5-f][1,10]phenanthroline) did. Considering the important role of the Ru-complex ligand in in-

ducing and stabilizing the formations of G-quadruplex in our previous studies, we speculate that the overlarge li-

Keywords:
Ru}t,rv:/enium gand of complex 2 may block its binding affinity for G-quadruplexes. Complex 1 also induced cell apoptosis in
Bdl-2 in vitro assays. In general, this study provided potentially important information for further development of the

G-quadruplexes

Ru-complexes as good inducers and stabilizers of bcl-2 G-quadruplex DNA for cancer treatment.
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Anticancer
1. Introduction interesting to study because of their formations, structures, and stabili-

G-quadruplexes found throughout the human genome are consid-
ered as potential anticancer targets. Many promoter regions could
form G-quadruplex structures, resulting in gene regulation at the level
of transcription. This suggestion has led to extensive investigations of
the role of G-quadruplex formation in the transcriptional regulation of
oncogenic promoters such as bcl-2 [1], c-myc [2], VEGF [3], HIF-1«x [4],
and c-kit [5,6].

The bcl-2 gene product is a mitochondrial membrane protein that
has an essential function in cell survival; it exists in a delicate balance
with other apoptosis-related proteins and functions as an inhibitor of
cell apoptosis [7,8]. With its crucial role in apoptosis regulation, the
bcl-2 gene is already viewed as an important target in anticancer treat-
ment using pro-apoptotic drugs.

The human bcl-2 gene has two promoters, P1 and P2 [9], for control-
ling its transcriptional initiation. The P1 promoter, which is the principal
transcriptional promoter for bcl-2 gene, is a GC-rich region capable of
forming G-quadruplex [10]. The GC-rich region upstream of the P1
promoter has been shown to be critically involved in the regulation of
bcl-2 gene expression, thereby controlling the occurrence of cancer dis-
eases. Numerous studies have focused on understanding quadruplex-
mediated alteration in the molecular recognition of the promoter
regions, thus indicating their influence on disease phenotypes. The in-
teractions between G-quadruplexes and small molecules have become

* Corresponding authors. Tel./fax: +86 20 85220223.
E-mail address: tliuliu@jnu.edu.cn (J. Liu).
1 These authors contributed equally to this work.

ties. Many ligands exhibiting structural recognition and high affinity for
G-quadruplex DNA have been characterized for their ability to induce
and stabilize G-quadruplexes. Most G-quadruplex binding ligands re-
ported thus far have planar aromatic molecules, which are capable of in-
ducing interaction with guanine tetrads via m-m interactions. In
addition, they also have side chains directed toward the quadruplex
loops [11-14]. However, the selectivity of these ligands for G-
quadruplex DNA over duplex DNA is mostly poor, usually resulting in
acute toxic and intolerable side effects on normal tissues. Hence, in-
creased selectivity for G-quadruplex and low cytotoxicity are among
the factors to consider in designing drugs targeting the bcl-2 G-
quadruplex for cancer chemotherapy [15-17]. Only a few Ru-
complexes have been currently verified to promote the formation and
stabilization of G-quadruplexes [18]. Shi et al. have reported the
remarkable ability of a novel dinuclear complex to promote antiparallel
G-quadruplex formation [19]. Thomas and co-workers investigated the
binding preferences of a dinuclear ruthenium(II) complex with differ-
ent quadruplex DNA structures. They found that the differences in
quadruplex binding affinity and optical signature are consequences of
the structural features of the quadruplexes [20]. They also reported
that the Ru-complexes displayed sequence selectivity and high-
affinity binding to duplex DNA through groove binding [21]. Our
research group has reported that the Ru-complexes could stabilize G-
rich DNA sequences and induce configurational changes in the DNA,
where the planar size of the ancillary ligands of the Ru-complexes has
an important function in the stabilization and induction of G-
quadruplex structures [22]. In our previous reports, we found that
phenanthroline had a better stabilizing effect on G-quadruplex DNA
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compared with bipyridyl as an ancillary ligand of the Ru-complex
[23-26]. This finding might suggest that the rigid plane of the ligand
dominates the interaction of the Ru-complex with the G-quadruplex
DNA. Therefore, in the present study, we synthesized and characterized
two Ru-complexes: [Ru(ip)3](ClO4)2-2H,0 (complex 1, ip = 1H-
iminazole [4,5-f][1,10] phenanthroline) and [Ru(pip)s](ClO4),-2H,0
(complex 2, pip = 2-phenylimidazo-[4,5-f][1,10]phenanthroline),
using ip and pip as ancillary ligands, which had larger planarity than
those that were previously used for synthesis. The ability of the two
Ru-complexes to interact with bcl-2 DNA was investigated. In consider-
ation of the abundance of G-quadruplex DNA, including bcl-2 DNA,
telomere DNA, and VEGF, in many kinds of cancer cells, we studied
the selectivity of the two complexes for bcl-2 DNA. We found that com-
plex 1 had a stronger selectivity for bcl-2 DNA and a better ability in sta-
bilizing bcl-2 DNA compared with complex 2. Moreover, complex 1
could induce configurational changes in bcl-2 DNA. The results demon-
strate that the planar size of an ancillary ligand is a key factor in the
interaction of the Ru-complexes with G-quadruplex structures, and an
overlarge ligand of this kind of the Ru-complexes might reduce its bind-
ing affinity for G-quadruplexes.

To further understand the mechanisms associated with the cellular
activities of the Ru-complexes, which had been shown to include
potential antitumor activities [27], aspects relating to cytotoxicity, cellu-
lar localization of the Ru-complex, apoptosis, caspase activity, and
change in mitochondrial membrane potential induced by complex 1 in
Hela cells were analyzed. The results show that complex 1 displays a
broad-spectrum anti-proliferative activity for various cancer cells, espe-
cially for HeLa cells, and could enter the nucleus effectively. Complex 1
has a function in inducing the depletion of mitochondrial membrane
potential and in the activation of caspases, two events which result in
cell apoptosis. Herein, the synthesis and the G-quadruplex interaction
properties of the two complexes are elucidated.

2. Experimental section
2.1. Reagents and materials

DNA oligomers bcl-2 (Pu23): 5-GGGCGC GGGAGG AATTGG
GCGGG-3’, Mutbcl-2 (MutPu23): 5’-AAACGC AAAAGG AATTAA
ACGGG-3', F27T: 5'-FAM-CGGGCG CGGGAG GAAGGG GGCGGGAGC-
TAMRA-3’ (Donor fluorophore FAM is 6-carboxy-fluorescein; Acceptor
fluorophore TAMRA is 6-carboxytetramethylrhodamine), VEGF (5’-
GGGCGG GCCGGG GGCGGG-3'), HTG21 (5'-TTAGGG TTAGGG TTAGGG
TTAGGG-3') and bcl-2 rev DNA were purchased from Shanghai Sangon.
Calf-thymus (CT)-DNA (Sigma; highly polymerized stored at 4 °C; long-
term storage at — 20 °C). Concentrations of these oligomers were deter-
mined by measuring the absorbance at 260 nm wavelength after melt-
ing. Single-strand extinction coefficients were calculated from
mononucleotide data using a nearest-neighbor approximation [28,29].
The formations of intramolecular G-quadruplexes were carried out as
follows: the oligonucleotide samples were annealed in different buffers
at 95 °C for 5 min, slowly cooled to room temperature, and then incu-
bated at 4 °C overnight. Buffer A: 10 mM Tris-HCl, pH = 7.4. Buffer B:
10 mM Tris-HCl, 100 mM KCl, pH = 7.4. Buffer C: 10 mM Tris-HCI,
60 mM KCl, pH = 7.4. Other reagents and solvents were purchased
commercial sources unless otherwise specified. Doubly distilled water
was used to prepare the buffer solutions.

2.2. Physical measurements

TH NMR spectra were recorded on a Varian Mercury-plus 300 NMR
spectrometer with [Dg] DMSO as solvent and SiMe4 as an internal
standard at 300 MHz at room temperature. Electrospray ionization
mass spectrometry (ES-MS) was recorded on a LQC system (Finngan
MAT, USA) by using CH3CN as a mobile phase. Microanalysis (C, H,
and N) was carried out with an Elementar Vario EL elemental analyzer.

UV-visible spectra were obtained by using a Shimadzu MPS-2000 spec-
trophotometer. Emission spectra were detected by a Shimadzu RF-5000
luminescence spectrometer (Shimadzu, Japan) and CD (circular
dichroism) spectra were recorded on a Jasco J-810 spectropolarimeter.
FRET (fluorescence resonance energy-transfer) assay was carried out
on Light Cycler 2 real-time PCR (polymerase chain reaction) amplifier
(Roche). Fluorescent quantitation polymerase chain reaction was tested
by Bio-Rad Chrome 4 PCR instrument. Flow cytometry (BD Bioscience,
America) was applied in the determination of cell apoptosis and the
change of mitochondrial membrane potential and pH was measured
by Orion Model 720 A pH.

2.3. Synthesis of ligands and the two complexes

RuCl3-nH20 (AR) was obtained from the Kunming Institute
of Precious Metals. 1,10-phenanthroline, 2,2’-bipyridine, form-
aldehyde and benzaldehyde were obtained from Sigma. Synthesis
of 1,10-phenanthroline-5,6-dione, [Ru(ip)s](ClO4)>-2H,0 and
[Ru(pip)3](ClO4),-2H,0 was prepared and characterized according
to the literature references [30,31].

2.3.1. Synthesis of the ligand “ip”

A mixture of 1, 10-phenanthroline-5,6-dione (0.525 g, 2.5 mmol),
methanal (0.26 ml 36%-38%, 3.5 mmol), ammonium acetate (3.88 g,
50 mmol) and glacial acetic acid (10 mL) was refluxed for 4 h. The
cooled deep red solution was diluted with 40 mL water and neutralized
with ammonium hydroxide to give a yellow precipitate. The precipitate
was collected and purified by column chromatography on silica gel
(60-100 mesh) with ethanol as eluent to give the compound as yellow
powder. Yield: 0.378 g, 45%. ESI-MS (CH30H): m/z = 327 ([M + H]*).

2.3.2. Synthesis of the ligand “pip”

The ligand was prepared by a method similar to that of the ligand ip
by replacing methanal with benzaldehyde (371 mg, 3.5 mmol). Yield:
88%. ESI-MS (CH30H): m/z = 297 ([M + H]™).

2.3.3. Synthesis of [Ru(ip)3](ClO4)»-2H50

A mixture of [Ru(bpy),Cl,]-2H,0 (0.26 g, 0.5 mmol), ethylene
glycol (10 mL) and ligand ip (0.168 g, 0.5 mmol) was refluxed for 4 h
under argon. Upon cooling, a red precipitate was obtained by a dropwise
addition of saturated aqueous NaClO,4 solution. The precipitated complex
dried under vacuum, and purified by chromatography over alumina (200
meshes), using MeCN-acetonitrile (8:1, v/v) as an eluent, yield: 62%. The
sample shows good solubility in solvents such as MeCN, DMSO and
acetone. ESI-MS (CH30H): m/z = 761 ([M-2Cl04-H]"), m/z = 381
([M-2C104/21* ™) 'H NMR. [(CD5),SO0]: ppm §9.09 (d, 6H, ] = 8Hz), 8.60
(s, 3H, ] = 5Hz), 7.97 (d, 6H, ] = 5Hz), 7.72 (dd, 6H, J1 = 5Hz,
J2 = 3Hz). Anal. Calcfor C43H3;NjpRu: C, 62.76; H, 4.53; N, 20.43.
Found: C, 62.67; H, 4.45; N, 20.01.

2.3.4. Synthesis of [Ru(pip)3](ClO4)>-2H50

This complex was synthesized in a manner identical to that de-
scribed for [Ru(ip)s3](ClO4),-2H,0, with pip (0.62 g, 2.1 mmol) in
place of ip, yield: 68%. ESI-MS (CH30H): m/z = 989 ([M-2Cl04-H] ™),
m/z = 495 ([M-2Cl04/2]>") "H NMR [(CDs),SO]: ppm $9.01 (d, 6H,
] = 8Hz), 8.43 (d, 6H, ] = 8Hz), 8.03 (d, 6H,] = 5Hz), 7.76 (dd, 6H,
J1 = 5HzJ2 = 3Hz), 7.60 (t, 6H, ] = 7.5Hz), 7.53 (t, 3H, ] = 7.5Hz).
Anal. Calc.for Cg3Hs4N{oRu: C, 70.05; H, 4.98; N, 15.56. Found: C,
70.15; H, 5.12; N, 15.71.

2.4. Fluorescent experiments

For the selectivity assay, 4 uM DNA (CT-DNA, G4-TTA, VEGF or bcl-2
DNA) and 2 pM Ru-complex were adequately mixed in buffer B (10 mM
Tris-HCl, 100 mM KCl, pH 7.4) over night in 4 °C. Before the test,
the solution was incubated for about 20 min to achieve initial test
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temperature. For the titration test, the emission spectra as well as titra-
tion curves were recorded through a constant concentration of the Ru-
complexes, to which the DNA stock solutions were added step by step
at room temperature. The Ru-complex (3000 pL) in a 1.0 cm path
length quartz cuvette was loaded into the fluorimeter sample
block and the solution was incubated for 5 min before the absorption
spectra were recorded. The titration processes were repeated several
times until no further change was observed in the spectra. The fluores-
cent spectra were recorded in wavelength 500 ~ 800 nm by using a
Shimadzu RF-5000 luminescence spectrometer (Shimadzu, Japan) at
room temperature with excitation wavelength 460 nm. The changes
in the Ru-complex concentration caused by dilution at the end of each
titration were negligible.

2.5. Continuous variation assessment

The preparation of two series of the solutions for these experiments:
one with varying concentrations of the Ru-complex diluted in buffer B,
and another one with increasing mole fractions of [Ru-complexes]/
[DNA]. The concentration of the Ru-DNA solutions was constant at
10 puM. The emission spectrum was collected from 500 to 750 nm
using a quartz cell with a 1 cm path length at 25 °C. The Al values
were calculated by subtracting the fluorescence intensity of the Ru-
complex solution without Pu23 DNA from the fluorescence intensity
of corresponding complex solution with Pu23 DNA at N\« This value
was plotted versus the complex mole fraction to obtain a Job plot of
AI-X. Analysis of the data was carried out using Origin 7.5 (Origin Lab
Corp).

2.6. Absorption spectra study

The absorption titrations of the Ru-complexes in buffer B were de-
tected by using a constant Ru-complex concentration (20 uM) to
which increments of the DNA stock solution was added. The volume
of the Ru-complex was 3000 pL. During the titration, aliquots of a
stock solution of Pu23 were also added to each cuvette to eliminate
the absorbance value of DNA itself. The solutions were mixed by repeat-
ed inversion and incubated for 5 min before detection. The titration pro-
cesses were repeated several times until no change was observed in the
spectra indicating an achievement of binding saturation. Emission spec-
tra of the Ru-complexes in the presence of increasing amounts of bcl-2
DNA in buffer B were recorded in wavelength 230 ~ 650 nm by using a
Shimadzu MPS-2000 spectrophotometer at room temperature with ex-
citation wavelength 460 nm. The changes of the Ru-complexes concen-
tration due to dilution at the end of each titration were negligible.

2.7. Chromogenic reaction

This assay was for the preparation of the Ru-complex-promoted G-
quadruplex-hemin DNAzyme. In detail, an equal volume of the Ru-
complex solution (in water) was added to the DNA solutions (20 pM
DNA, 10 mM Tris-HCl, 100 uM EDTA, pH 8.00) allowing the DNA
strands to form the G-quadruplex structure within 40 min. Subsequent-
ly, an equal volume of hemin (dissolved in DMSO) was dissolved in the
above G-quadruplex solutions and kept for 2 h at room temperature to
form the DNAzymes. Finally, 180 pL of 296 uM TMB-1.76 mM H,0, was
added as the substrate of 20 pL peroxidatic DNAzyme system. The mix-
ture was kept for 1.5 h at room temperature and photographed with a
digital camera.

2.8. FRET assay

The fluorescent labeled oligonucleotide F21T was prepared as a
100 pM solution in buffer B and then annealed by heating to 90 °C for
5 min, followed by cooling to room temperature overnight. Fluores-
cence melting curves were determined with a Bio-Rad iQ5 real-time

PCR detection system in a total reaction volume of 20 UL containing
0.2 uM of labeled oligonucleotide and different concentrations of
the Ru-complexes. Measurements were made in triplicate on a DNA
Opticon Engine (M] Research) with excitation wavelength at 470 nm
and detection at 530 nm. Fluorescence readings were taken at intervals
of 1 °C over the range 37-99 °C with a constant temperature being
maintained for 30 s prior to each reading to ensure a stable value. For
the competitive FRET assay, the F27T (0.4 uM) was mixed with 1 pM
of the Ru-complexes and 0, 1 and 20 pM of CT-DNA in buffer B and
the measurements were carried out as previously mentioned. Final
analysis of the data was carried out using Origin 7.5 (Origin Lab Corp.).

2.9. PCR stop assay

The oligonucleotide bcl-2 (Pu23): 5'-GGGCGCGGGAGGAATTGGGC
GGG-3’ and the corresponding complementary sequence (bcl-2rev)
were used here. The reactions were performed in 1x PCR buffer,
containing 10 pmol of each oligonucleotide, 0.16 mM dNTP, 2.5 U Taq
polymerase, and various concentrations of the Ru-complexes. Reaction
mixtures were incubated in a thermocycler with the following cycling
conditions: 94 °C for 3 min, followed by 30 cycles of 94 °C for 30 s,
58 °C for 30 s, and 72 °C for 30 s. PCR products were then analyzed on
15% native polyacrylamide gels in 1x TBE buffer and silver stained.

2.10. CD study

The CD titration procedure is described as follows: CD titration was
performed at a fixed DNA concentration (2 pM) with various concentra-
tions of the Ru-complexes in different buffers. After each addition of the
Ru-complexes, the reaction was mixed adequately and allowed to equil-
ibrate for at least 5 min prior to a scan. The spectra were accumulated
over the wavelength range of 220 to 330 nm at 25 °C with a bandwidth
of 5 nm by using a Jasco J-810 spectropolarimeter. For each sample, the
spectrum was scanned at least three times. The instrument was flushed
continuously with pure evaporated nitrogen throughout the experi-
ment. The scan for buffer alone was subtracted from the average scan
for each sample.

2.11. Cell culture

Cells were cultured in DMEM (Dulbecco's modified Eagle's medi-
um) supplemented with 10% heat inactivated fetal bovine serum,
100 pg mL~! penicillin and 100 ug mL™ ! streptomycin. Cells were
maintained at 37 °C in a 5% CO, incubator, and the media were
changed every three days.

2.11.1. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay

Cell cytotoxicity was determined by measuring the ability of cells to
transform MTT to a purple formazan dye after incubation with different
Ru-complexes for 48 h. Cells including HeLa, A549, CNE, HepG2 and
MDA-MB-231 were incubated to exponential phase, seeded in 96-well
culture clusters (Costar) at a volume of 100 pL per well and incubated
for 24 h at 37 °C in 5% CO,. (Cells at exponential growth phase were
pre-diluted to 4 x 10* cells mL™"). Then the cells were further incubat-
ed with various concentrations of the Ru-complexes (2.5, 5, 10, 20, and
40 puM) for 48 h. After the treatment, MTT (20 pL, 5 mg mL™') the
solution was added to each well. After a further period of incubation
(4 h at 37.8 °C in 5% CO;) the suspension was replaced with DMSO
(150 pL/well) to dissolve the formazan. Finally, the plates were ana-
lyzed on a microplate reader (SpectroAmaxTM250) at a wavelength of
570 nm (the absorbance of the complexes at this wavelength can be
neglected). All data were from at least three independent experiments
and expressed as mean 4+ standard deviation.
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2.11.2. Laser confocal microscopy image analysis

Hela cells were grown on a laser confocal microscopy 35 mm? cul-
ture dishes at a density of 1.0 x 10 cells under a 5% CO, atmosphere
for 24 h in 37 °C, then were added in the cell layer. Cells were treated
with complex 1 (20 and 6 pM) and incubated for different time intervals
(3 h, 6 h and 24 h). Before the imaging, the cell nuclei were stained
with Hoechst 33342 (5 ug mL™"') for 20 min. After being washed with
PBS (phosphate buffered saline) twice, the cells were cultured in fresh
medium on a thermo-cell culture FCS2 chamber of Carl Zeiss Cell
Observer (Jena, Germany). Cell images were captured with a monochro-
matic CoolSNAP FX camera (Roper Scientific, USA) and analyzed
by using AxioVision 4.2 software (Carl Zeiss). The Ru-complexes had:
488 nm excitation, detection at 560-615 nm (green) and 625-754 nm
(red).

2.11.3. Flow cytometric analysis

Hela cells in exponential growth were incubated without or with
complex 1 at different concentrations (5, 10 and 20 uM) for 24 h, then
harvested by trypsinization, washed twice with ice-cold PBS, resus-
pended in 70% ethanol in PBS, and kept at 4 °C overnight. Before the
analysis, the cells were adjusted to a final density of 1 x 10° cells/mL
in PBS buffer containing RNase A (1 mg mL™') and stained with
10 mg mL™"' of propidium iodide (PI) in darkness for 30 min at 37 °C.
The resulting suspension was then passed through a nylon mesh filter
(400 meshes) and analyzed on a Becton Dickinson FACS can. Cell cycle
distribution was calculated using the Modifit-3 program.

2.11.4. Assessment of mitochondrial membrane potential

Detection of mitochondrial depolarization was performed by flow
cytometry using Mitoprobe JC-1 assay kit (Molecular Probes) according
to the manufacturer's instruction. The cells were treated with different
concentrations of complex 1 for 24 h after adherence. After the incuba-
tion, the cells were washed with warm PBS and resuspended in 0.5 mL
of PBS (about 1 x 10° cells mL™"). 10 ug mL™ ! of JC-1 was added to
the cells for 15 min incubation at 37 °C in the dark before analysis.
The percentage of the green fluorescence from JC-1 monomers was
used to demonstrate the cells that lost mitochondrial membrane poten-
tial. The red and green fluorescence intensities of JC-1 dye were mea-
sured by flow cytometry. A total of 10,000 events were analyzed for
each sample.

2.11.5. Caspase activity assay

Harvested cell pellets were suspended in cell lysis buffer and incu-
bated on ice for 1 h. After a centrifugation at 10,000 g for 30 min, the
supernatants were collected and immediately measured for protein

concentration by a BCA kit. As for caspase activity assay, the cell lysates
were placed in 96-well plates and then the specific caspase substrates
were added. Ac-DEVD-AMC (N-acetyl-Asp-Glu-Val-Asp-7-amino-4-
methylcoumarin) is for caspase-3, Ac-IETD-AMC (Ac-Ile-Glu-Thr-Asp-
AMC) is for caspase-8, and Ac-LEHD-AMC (Ac-Leu-Glu-His-Asp-AMC)
is for caspase-9. The plates were then incubated at 37 °Cfor 1 h, and cas-
pase activity was determined by fluorescence intensity with the excita-
tion and emission wavelengths set at 380 nm and 440 nm, respectively.

3. Results and discussion

3.1. Fluorescence selectivity of the Ru-complex between quadruplex DNA
and non-quadruplex DNA

The synthesis routes of the two complexes are detailed in the
Experimental section, and the mass spectra and '"H NMR spectra data
shown in Fig. S1 and Fig. S2 distinctly confirm the generation of com-
plexes 1 and 2. The structures of complexes 1 and 2 are presented in
Fig. 1.

To understand the interaction between the Ru-complex and
quadruplex DNA, we firstly investigated the selectivity of the Ru-
complex for quadruplex DNA and non-quadruplex DNA. Four different
DNA sequences including CT-DNA, HTG21, VEGF and bcl-2 DNA
(Pu23) were chosen to react with complexes 1 and 2 to investigate
the variations of fluorescence behavior of the two complexes. The selec-
tivities of the two Ru-complexes for different DNA structures were pre-
sented by the fluorescence strength which stood for the binding
affinities via an emission spectroscopy. As shown in Fig. 2, solutions con-
taining different DNAs performed various emission spectra strength. For
complex 1 (Fig. 2A), a slight increase in emission was observed in the
presence of CT-DNA, on the contrary, a great increase in emission was
displayed in the presence of all G-quadruplex DNA sequences, namely,
HTG21, VEGF and bcl-2 DNA. Moreover, the fluorescence intensity of
the group treated with bcl-2 DNA was much stronger than that of the
other two G-quadruplex DNA sequences. As for complex 2 (Fig. 2B),
all groups showed a slight increase in fluorescence regardless of the
highest emission strength of the group dealt with bcl-2 DNA. These re-
sults were attributed to the different affinity abilities of DNA for the Ru-
complexes and indicated that there was a greater overlap between the
aromatic surfaces of the metal complexes and the bases allowing their
interaction when bound to quadruplex as opposed to the duplex DNA
[20,32]. Both complexes 1 and 2 harbored the best selectivity for G-
quadruplex sequences especially for bcl-2 DNA while complex 1 per-
formed better than complex 2. As we know the ligand of complex 2
has a better stretched planarity than that of complex 1, however, the

Fig. 1. Structures of the two Ru-complexes: [Ru(ip)3](Cl04)2-2H,0 (1), [Ru(pip)3](ClO4)2-2H,0 (2).
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Fig. 2. Selectivity of the Ru-complex between quadruplex DNA and non-quadruplex DNA. Complexes 1 (A) and 2 (B) were mixed with CT-DNA, HTG21, VEGF and bcl-2 DNA (Pu23) in Tris-
KCl buffer (10 mM Tris-HCl, 100 mM KCl, pH 7.4) respectively. [Ru-complex] = 2 pM, [DNA] = 4 puM. (C) The relative fluorescence strength of complexes 1 and 2 without or with dif-

ferent DNA sequences depicted in a histogram.

observation indicated that the ligand of complex 1 had a better affinity
ability for bcl-2 DNA than that of complex 2. Considering our previous
study that a greater planar area of the ancillary ligand always showed
a higher binding affinity for quadruplex DNA [24], we infer that only a
moderate planarity ligand of the Ru-complex will exhibit the best affin-
ity ability to bcl-2 DNA. Definitely, it needs to be further verified by
more studies.

3.2. Binding ability of the Ru-complex with quadruplex DNA

In terms of the above results, we chose Pu23 as the object for a fur-
ther understanding of the interaction mechanism. The emission spectra
of complexes 1 (Fig. 3A) and 2 (Fig. 3B) in the presence of increasing
amounts of Pu23 in 10 mM Tris-HCI buffer, 100 mM KCI (pH = 7.4)
were determined. Fluorescence intensities increased gradually with
the incremental concentration of DNA and the extent of fluorescence in-
tensity enhancement (I/Ip) was 2.37 and 1.57 respectively for com-
plexes 1 and 2, which further illustrated that complex 1 showed a
stronger interaction with Pu23. In general, complex 1 shows high selec-
tivity and affinity ability to bcl-2 DNA.

To further validate the meaningful binding stoichiometries of the
Ru-complexes with quadruplex DNA, we analyzed continuous variation
using the luminescence intensities. As shown in Fig. 3C, the X values of
the point of intersection for complexes 1 and 2 with bcl-2 G-quadruplex
were 0.6 and 0.51, respectively. This result indicated that complex 1 or 2
could bind to bcl-2 DNA (Pu23) by a 3:2 or 1:1 binding stoichiometric
ratio.

3.3. Biding absorption spectra studies

Although the fluorescence experiments authenticated the real inter-
action between the Ru-complex and Pu23, it was still necessary to
further investigate the particular mechanism of the interaction.

Absorption spectra measurements were always used to further clar-
ify the nature of the interaction between these Ru-complexes and G-

quadruplex DNA (Pu23). The absorption spectra of these complexes
dealt with DNA were shown in Fig. 4. With an increasing addition of
DNA, both complexes displayed hypochromism around 460 nm and
280 nm, which were conceived as the metal-to-ligand charge transfer
band (MLCT band) and intraligand absorption band (IL band). As
hypochromism is usually observed when a complex binds to DNA
through intercalation because of the strong stacking interaction
between an aromatic chromophore and the DNA base pairs in the inter-
calation mode, so the extent of hypochromism indicates the intercala-
tion binding strength [33,34]. The absorbance spectra were recorded
after each addition. As for complex 1, the values of AH (%) were calculat-
ed to be 15.9% (around 460 nm) and 22.3% (around 280 nm) respec-
tively. Likewise, the values of AH (%) for complex 2 were calculated
to be 9.1% (around 460 nm) and 29.6% (around 280 nm) respectively.
The MLCT bands and IL band of complexes 1 and 2 showed
hypochromism but no obvious bathochromism. However, another
narrow separated band at about 263 nm was present in complex 1
(the second arrow in Fig. 4A). This result indicated probably that the
two complexes could intercalate the G-quadruplex through a m—m stack-
ing interaction. In order to compare the DNA-binding affinities of the
two complexes quantitatively, their intrinsic DNA-binding constants
(Kp) were calculated by monitoring the changes of the MLCT absorbance
of the two complexes according to the Scatchard equation (Egs. (1a) to

(1c)).

i
Cy = Cn(F—Fq)/(Fnax—Fo) (1a)
r=Cy/Copna

T/Cf nI(b—er

(1b)
(1)

Here, C; is the total compound concentration, F being the observed
fluorescence emission intensity at a given DNA concentration, Fy being
the intensity in the absence of DNA, and F,,. is the fluorescence of the
totally bound compound. Binding data were cast into the form of a
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Fig. 3. Emission spectral traces of complexes 1 (A) and 2 (B) in Tris-KCl buffer (10 mM Tris-HCl, 100 mM KCl, pH 7.4) at increasing ratios of [Pu23]/[Ru-complex], [Ru-complex] = 2 pM,
[Pu23] = 0-10 uM, EX = 467. Arrows show the emission intensity changes upon increasing DNA concentrations. (C) Job plot using luminescence data for complexes 1 and 2 with bcl-2
DNA in 10 mM Tris-HCl buffer, 100 mM KCl (pH = 7.4). Total concentration was maintained at 1 pM, the stoichiometries of complexes 1 and 2 with bcl-2 DNA were about 3:2, 1:1

respectively.
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Fig. 4. Absorption spectra of complexes 1 (A) and 2 (B) ([Ru-complex] = 10 pM) in the presence of Pu23 in Tris-KCl buffer (10 mM Tris-HCl buffer, 100 mM KCl, pH = 7.4,
[Pu23] = 0-14 puM). Arrows indicate the changes in absorbance with increasing DNA concentrations. These results are mean values of at least three independent experiments.

Scatchard plot of r/Cy versus r, where r is the binding ratio C,/[DNA],
and Cyis the free ligand concentration [28]. The intrinsic binding con-
stants K;, of complexes 1 and 2 were 1.05 4+ 0.4 x 10° M~ ! and
4.7 + 0.03 x 10° M~ ! (Table 1). The binding constant Kj; (binding
constant of complex 1) was larger than K, (binding constant of com-
plex 2) indicating that complex 1 bound to the DNA more tightly than
complex 2 did. All the absorbance spectra were well consistent with
the result of the emission spectroscopic analysis. The higher binding
affinity of complex 1 probably results from the fact that its ancillary li-
gand can intercalate with the base pairs or enter into the grooves within
DNA more easily [21,35,36].

3.4. Visual detection of G-quadruplex structures induced by
the Ru-complexes

As we have investigated the interaction between the Ru-complexes
and bcl-2 DNA (Pu23), it was necessary to further study the new DNA
structure evoked by the Ru-complexes.

Although certain kinds of G-rich sequences have been demonstrated
to form G-quadruplex structures readily at physiological concentrations
of Na*™ and K™ in vitro [37-40], the existence of G-quadruplex struc-
tures in vivo is still controversial [41,42]. The determination of G-
quadruplex structures has great significance for cancer research and
drug development for the lack of direct evidence of this quadruplex
structure in living cells. Then we conducted a facile and visual approach
to detect the existence of G-quadruplexes with the naked eyes.

It is well known that most G-quadruplex DNA can be effectively in-
duced by K, and G-quadruplexes have the ability to bind with hemin
to form peroxidase-like DNAzymes which can catalyze H,O,-mediated
oxidation of TMB (3,3',5,5’-tetramethylbenzidine). As shown in Fig. 5,
the bcl-2 DNA-treated mixture produced DNAzymes to catalyze H,0,-
mediated oxidation of TMB to show an easily identified color change
in the presence of K*, complex 1 or 2. However, a similar color change
failed to emerge in the CT-DNA mixture in the absence or presence of
complexes 1 and 2. In conclusion, both complexes could induce bcl-2
DNA into G-quadruplex structures as well as K*. But for complexes in-
cubated with double strand DNA (CT-DNA), the final solution retained
the original color. Obviously, the CT-DNA sequence cannot form the G-
quadruplex structure even in the presence of the Ru-complexes.

Table 1
Absorption spectra and hypochromism of complex 1 and 2.
Complex Nmax(free) Nmax(bound) AN AH Ky
[nm] [nm] [nm] [%] [10°M~1]
457 459 2 159
1 275 276 1 223 105 + 04
249 250 1 226
2 472 473 1 9.1 047 4+ 0.03
284 296 12 296

3.5. Analysis of bcl-2 G-quadruplex selectivity and binding stability via
FRET assays

The thermodynamic selectivity and stabilization activity of complex
1 to G-quadruplex DNA were studied using FRET melting experiment
which has come across as a useful tool to characterize the selectivity
of binding ligand toward quadruplex structure over the duplex [43].
We firstly used the FRET measurements to determine the selectivity of
complex 1 to G-quadruplex DNA and the competitive binding property
of CT-DNA. In a system that contained 0.4 uM F27T oligonucleotide and
1 uM complexes, the melting temperatures increased roughly by
13.1 °C and 6.0 °C respectively (Fig. 6A-C). Interestingly, with an addi-
tion of increasing amounts of CT-DNA, no significant change in the melt-
ing temperatures was observed even at 20 uM CT-DNA. These results
indicated that the Ru-complexes exhibited prompt selectivity to bind
to G-quadruplex structures and not to other duplex DNA.

To further quantify the stabilization of the complexes for bcl-2 DNA,
we conducted another FRET melting assay. Shown in Fig. 6D-E, the
melting temperature (Ty,) of the G-quadruplex in the absence and
presence of increasing amounts of complexes varied obviously. The T,
of the DNA sequence increased in a dose-dependent manner and
reached a summit value when r was 2. The relevance of AT, (the
enhanced melting temperature) vs “r” was depicted in Fig. 6F, obvious-
ly, ATy, (1) was much higher than AT, (2) which was 18.0 °Cand 7.9 °C
respectively. All these results showed that complex 1 had a better stabi-
lization for the G-quadruplex, which was consistent with the results of
absorption titration studies showing that complex 1 had the highest
K}, (intrinsic DNA-binding constant) value.

3.6. PCR stop assay

In order to further evaluate the efficiency of the complexes stabiliz-
ing G-quadruplex DNA, a PCR stop assay was used to ascertain whether
these complexes were bound to a test oligomer bcl-2 DNA and mutbcl-2
DNA. Fig. 7A illustrated that in the presence of complex 1, the template
sequence could form G-quadruplex structures unable to amplify to the
PCR product. Moreover, the inhibitory effect of complex 1 was enhanced
clearly as the concentration increased from 1.0 to 8.0 M with even no
PCR product detected at an 8.0 pM concentration. However, complex 2

bcl-2

bcl-24K*  bel-2+1 CT-DNA+1 bcl-2+2 CT-DNA+2

Fig. 5. Characterizations of the DNAzyme functions of bcl-2 DNA (Pu23) and CT-DNA in
the presence of K* (2 mM) and complexes 1 and 2 (500 nm) in the TMB-H,0, system.
Conditions: TMB, 266 mM in Tris-MES buffer (25 mM MES, pH 5.10); H,0,, 794 mM;

DNA, 500 nM; hemin, 500 nM.
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Fig. 6. Bcl-2 G-quadruplex selectivity and binding stability of the Ru-complexes. (A-C) Competitive FRET melting curves of F27T (0.4 uM) with 2 uM of the Ru-complexes and 0, 5 and
50 uM of CT-DNA in 10 mM Tris-HCl buffer containing 60 mM KCl. (D-F) The FRET melting curves for experiments carried out with F27T (1 uM in 10 mM Tris-HCl, 60 mM KCl,

pH 7.4) and complexes 1 and 2.

hardly inhibited the appearance of the PCR product with a low concen-
tration. These data suggested that complex 1 was an efficient G-
quadruplex binder and inducer even at a low concentration. Besides,
in order to exclude the possibility of enzyme inhibition by the com-
plexes, the parallel experiment was performed using a mutated oligo-
mer (mutbcl-2 DNA, Fig. 7B) instead of bcl-2 DNA in identical
conditions. And the results indicated that these complexes could not
obviously inhibit the Taq polymerase at a comparable concentration.
In general, complex 1 can stabilize G-quadruplex structure more effi-
ciently than complex 2 does.

3.7. CD spectra analysis

CD spectroscopy is used to investigate the conformational properties
of the enantiomeric chiral molecules in relation to the G-quadruplex
DNA. Although CD cannot give precise structures of these G-

Concentration (LM)
1 2 4 6

A

0

Complex 1

Complex 2

Concentration (UM)
2 4 8 16

B

0 32

Complex 1

Complex 2

Fig. 7. Effect of the Ru-complexes on the hybridization of bcl-2 DNA (A) and mutbcl-2 DNA
(B) in the PCR stop assay. Complexes 1 and 2 were at 0-15 puM concentrations.

quadruplexes, it can be used to distinguish parallel and antiparallel G-
quadruplex structures depending on their strand orientation [44-46].

In the absence of salt, the CD spectrum of bcl-2 DNA exhibited a neg-
ative band at 240 nm as well as a major positive band at 260 nm at
room temperature, which probably corresponded to the signal of the
bcl-2 DNA random coil. A minor positive band near 295 nm was also ob-
served. Upon titration with complex 1, dramatic changes in the CD spec-
tra were observed. Bands at 240 and 265 nm gradually disappeared
with the addition of the complex and eventually led to the appearance
of a positive band at 240 nm and a major negative band at 260 nm.
Meanwhile, a new, strong, positive band gradually appeared near
285 nm (Fig. 8A). It implied that complex 1 could stabilize the combina-
tion of bcl-2 G-quadruplex and tended to form the antiparallel confor-
mation. However, upon addition of complex 2, the bands at 240 and
265 nm only had the dose-dependent changes of strength (Fig. 8B).
The results indicated that complex 2 could only stabilize the combina-
tion of bcl-2 G-quadruplex to some extent but failed to form the
antiparallel G-quadruplex conformation. In the presence of K™, bcl-2
DNA can form the hybrid-type G-quadruplex structure [47]. The CD
spectrum of such preformed structure showed a strong positive band
at 290 nm, 265 nm, and a negative band at 235 nm (Fig. 8C, black
line). Upon titration of complex 1 into this DNA solution, the CD spectra
changed with a weak enhancement of the band at 235 nm and a slight
decrease of the band at 265 nm and at 290 nm (Fig. 8c). By contrast, the
addition of increasing amounts of complex 2 to bcl-2 DNA in 100 mM
KCI buffers resulted in no significant changes in the CD spectra
(Fig. 8D). The results indicated that complex 1 was more efficient in
inducing the formation of G-quadruplexes compared with complex 2.

These data implied that the conformation of the G-quadruplex was
stabilized by K™, and neither of the two Ru-complexes could change
the conformation of the G-quadruplex in the presence of high ionic
strength.

In the Tris-HCI buffer solution, the CD spectrum of this structure in
the absence of any complex showed a strong positive band at 261 nm,
and a major negative band at 249 nm. The signals demonstrated that
the conformations of mutbcl-2 were in disorder, not in an orderly
secondary structure. Upon titration of complex 1 or complex 2, the CD
spectra produced scarce changes (Fig. 8E,F). No significant change in
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Fig. 8. CD spectra of bcl-2 DNA (Pu23) in 10 mM Tris-HCl buffer (pH = 7.4) (A, B) and in 100 mM KCl buffer (pH = 7.4) (C, D) in the presence of increasing amounts of complexes 1 and
2. (E, F) CD spectra of mut bcl-2 DNA in 10 mM Tris-HCl buffer (pH = 7.4) in the presence of increasing amounts of complexes 1 and 2. [Ru-complex] = 0-12 pM, [DNA] = 2 puM.

the CD spectrum was observed even in elevated concentrations of the
complex. The results illustrated that the two complexes could not in-
duce mutbcl-2 DNA to form a G-quadruplex structure and scarcely
interacted with mutbcl-2 DNA.

3.8. In vitro cytotoxicity analysis

In vitro assay, we firstly investigated the antitumor property of the
Ru-complexes using the MTT assay in five types of cancer cells, namely,
human cervical cancer (HeLa), human lung carcinoma (A549), naso-
pharyngeal carcinoma cell (CNE), human hepatocellular liver carcinoma
(HepG2), and human breast cancer (MDA-MB-231) cells.

As shown from Table 2, the ICsq values varied obviously between dif-
ferent complexes for a certain cell line. It could be concluded that com-
plex 1 had the most efficient anticancer performance compared with
complex 2 in most human cancer cell lines. Most of the tested cancer
cell lines were susceptible to complex 1 particularly the HeLa cells
which were half inhibited at 11.2 uM treatment concentration. The
morphology changes of HeLa cell induced by complex 1 were also
presented by the light microscope (Fig. 9). With increasing concentra-
tions of complex 1, lots of cells became round, detached cells increased
and adherent cells gradually decreased, then a large number of
suspended cells appeared, even accompanied with cell debris. In partic-
ular, both complexes showed weak cytotoxicity against the normal cells
(NIH/3T3) with ICsg values at 183.3 pM and 92.0 pM (not listed in the
Table 2).

In brief, all these results indicated that the complex had relatively
higher selectivity to cancer cells than to normal cell lines and complex
1 exerted well anti-proliferative activity especially in HeLa cells, which
led this Ru-complex to a good application potential in cancer chemopre-
vention and chemotherapy.

Table 2
ICsp of complexes 1 and 2 in various human cancer cells.
Complex  1Cso (UM)
Hela A549 CNE HepG2 MDA-MB-231
1 112+ 05 264 +12 393+04 1164+03 2444+ 1.1
2 2264+ 10 746+28 121.0+45 328+ 06 146 +0.7

3.9. Cellular uptake by laser confocal microscopy

The Ru-complex is an autofluorescent complex that emits green
fluorescence and red fluorescence and allows for the visualization of
its intracellular presence in living cells by laser confocal microscopy
[48]. To investigate the intracellular accumulation of complex 1, we ex-
amined its fluorescence in HeLa cells after incubation for 3, 6 and 24 h.
The intracellular green fluorescence was remarkably high in cells after
3 h of treatment, followed by a progressive increase to 6 h. As shown
from the upper panel (Fig. 10A), complex 1 mostly entered the cyto-
plasm within 3 h. However, the Ru-complex concentrated well in the
nucleus within 6 h at 20 uM instead of 5 uM (Fig. 10B). This result sug-
gested that complex 1 might enter the nucleus to interact with DNA
after a 6 h treatment, but the Ru-complex couldn't enter the nucleus
well at a too low concentration. The abilities of the complex to enter
the nuclei might be related to its appropriate hydrophobic ligand and
its affinity for the constituents of the nucleus. By the way, the cells ap-
peared to be dying after 24 h incubation with complex 1 (20 uM),
which indicated that the accumulation of this Ru-complex in the nucle-
us of HelLa cells might lead to the inhibition of DNA transcription and
translation resulting in cell death. Therefore, these results revealed
that the nucleus was one of the cellular targets of the Ru-complex and
complex 1 displayed promising anticancer activities.

3.10. Apoptosis and cell cycle arrest induced by complex 1

As we know, the inhibition on cancer cell proliferation by anticancer
drugs could be the results of induction of apoptosis or cell cycle arrest, or
a combination of these two modes. Therefore, we performed PI-flow
cytometric analysis to study the potential mechanisms involved in the
cell death induced by complex 1. The results revealed that exposure of
HelLa cells to different concentrations of complex 1 led to a dose-
dependent increase in sub-G1 cell population which was a symbol of
apoptosis (Fig. 11). However, the proportion of GO/G1 phases increased
in a dose-dependent way, which increased up to 71.15% while that of
the control group was only 54.73%. By the way, no significant changes
in S and G2/M phases were observed in treated cells even in a high treat-
ment concentration. These results indicated that the mode of cell death
induced by complex 1 might be a combination of cell apoptosis and cell
cycle arrest.
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Fig. 9. Effect of the Ru-complexes on cell morphology in HeLa cells. Light microscope examination of HeLa cells was performed after a 48 h treatment with various concentrations of the Ru-
complex. Photographs shown are representative of at least three such fields of view per sample, and three independent samples.

3.11. Mitochondria dysfunction and caspase-dependent apoptosis induced
by complex 1

Mitochondria play crucial roles in apoptotic signals originating in
both the extrinsic and intrinsic apoptotic pathways. Mitochondrial
dysfunction is the major key in triggering various apoptotic pathways
associated with the initiation of apoptotic cascades [49,50]. Thus, the
status of mitochondrial membrane potential was investigated in com-
plex 1-treated Hela cells to further study the mechanism of apoptosis
by JC-1 flow cytometric analysis.

As shown in Fig. 12A, complex 1 induced a dose-dependent increase
in the depletion of mitochondrial membrane potential in HeLa cell lines,
as evidenced by the shift of fluorescence from red to green. The percent-
age of depolarized mitochondria in Hela cells exposed to 10 and 20 pM
complex increased from 3.4% (control) to 29.1% and 39.4%, respectively.
The induced loss of mitochondrial membrane potential resulted in the
release of mitochondrial content and apoptosis-related factors such as
cytochrome c and other apoptosis-inducing factors, then DNA damage
occurred.

As the loss of mitochondrial membrane potential was associated
with the activation of caspase, we determined the activities of initiator
caspases (caspase-8 and caspase-9) and effector caspase-3. Fig. 12B
showed that complex 1 caused activations of caspase-3, caspase-8,
and caspase-9 in the HeLa cells in a dose-dependent manner, which
suggested that both intrinsic and extrinsic apoptotic pathways were in-
volved in the apoptosis. The activity of caspases-3, 8 and 9 increased
significantly in response to the complex treatments, which indicated
that the role of mitochondria in the induction of cell apoptosis was likely
to be very important. To further evaluate the roles of caspases in the

induced apoptosis, several caspase inhibitors such as z-VAD-fmk
(general caspase inhibitor), z-IETD-fmk (caspase-8 inhibitor) and z-
LEHD-fmk (caspase-9 inhibitor), were used to examine their effects on
the induced cell apoptosis. As shown from Fig. 12C, the induced cell
apoptosis was remarkably suppressed by pretreatment with z-VAD-
fmk in complex 1-induced cell death, suggesting that complex 1 in-
duced a caspase-dependent apoptosis. Cell apoptosis was also sup-
pressed by caspase-8 inhibitor from 24.43% to 8.5%, which confirmed
the contribution of death receptors to the cell apoptosis. Moreover,
caspase-9 inhibitor significantly decreased apoptotic cell death to 9.5%
indicating the important role of the intrinsic mitochondrial-mediated
apoptotic pathway in complex 1-induced apoptosis. In general, all the
results confirmed that complex 1 might promote apoptosis through
the mitochondria-mediated and caspase-activated pathway in HeLa
cells.

4. Conclusions

In this study, we designed and synthesized the two Ru-complexes
for consideration as promising candidates for selective targeting of G-
quadruplexes. The results revealed that both the Ru-complexes are
capable of inducing and stabilizing the bcl-2 G-quadruplex. They also
had a very strong binding affinity with significant specificity for
quadruplex over duplex interactions. Complex 1 showed a stronger
ability in stabilizing and higher efficiency in inducing the formation of
G-quadruplexes compared with complex 2, which had an overlarge li-
gand planar conformation. These distinctions between complex 1 and
complex 2 prove that the planar conformation of their cores is crucial
for their binding affinities with G-quadruplex for this kind of complex.

Bright + Green + Hoechst 33342
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Fig. 10. Cellular localization of the Ru-complex by laser confocal microscope. The upper panel (A) is the real-time imaging of the HeLa cells treated with complex 1 (20 pM). Nuclei and
complex 1 were visualized by blue and green fluorescence, respectively; scale bar: 10 um. The lower panel (B) shows the cellular localization of complex 1 (5 uM) w1th1n 6 hinHelLa cells.
Nuclei and complex 1 were visualized by blue and red fluorescence, respectively; scale bar: 10 um.
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Fig. 11. Effects of complex 1 on cell apoptosis and cell cycle distribution in HeLa cells. (A) The cells treated with different concentrations of complex 1 for 48 h were collected and stained
with PI after fixation as described in the Experimental section. (B) Cellular DNA histograms were analyzed by the MultiCycle software. Each value represents the mean of three indepen-

dent experiments.

Considering our previous studies that showed that a better stretched li-
gand planarity of the Ru-complexes always facilitated the induction and
stabilization of G-quadruplexes [24], we concluded that an undersized
or oversized planar conformation for a Ru-complex might not benefit
bcl-2G-quadruplex targeting. In effect, a Ru-complex ligand should
have the following characteristics: (i) medium size, (ii) high selectivity
for quadruplex structures, (iii) high specificity characterized by high
binding affinity for G-quadruplexes, (iv) low cytotoxicity, and (v) min-
imal side effects.

With respect to the high G-quadruplex selectivity of the Ru-
complexes, it was inferred that they might be able to affect the

A

biological properties of cells through regulation of gene expression. In
the present study, the biological activities of the Ru-complexes in
carcinoma cells were tested. Interestingly, complex 1 displayed a
broad-spectrum anti-proliferative activity for various cancer cells,
especially for HeLa cells, and could partially enter the nucleus in 3 h to
6 h. Then, by flow cytometry, the induction of apoptotic cell death and
GO/G1 cell cycle arrest was found as probable causes for the inhibition
of HeLa cell growth. Further investigation showed that complex 1 also
induced mitochondria-mediated apoptosis by obviously depleting mi-
tochondrial membrane potential, which was further confirmed by the
results of caspase activation. The detailed mechanism of cell apoptosis
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Fig. 12. Complex 1 induces mitochondria-mediated and caspase-dependent apoptosis in HeLa cells. (A) Complex 1 induces depletion of mitochondrial membrane potential. Cells treated
with complex 1 for different concentrations were analyzed by JC-1 flow cytometry. (B) Complex 1 induced caspase activation. Cells were treated with complex for 24 h. Significant
difference between treatment and control groups is shown. (C) Effects of caspase inhibitors (40 p. M) on apoptosis induced by complex 1. Cells were pretreated with z-VAD-fmk (general
caspase inhibitor), z-IETD-fmk (caspase-8 inhibitor), and z-LEHD-fmk (caspase-9 inhibitor) for 2 h followed by co-incubation with complex 1 for 24 h. Apoptotic cells were determined by

flow cytometry.
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and the relationship between the stabilization of bcl-2 G-quadruplex
and cell apoptosis induced by complex 1 are currently under further in-
vestigation. Based on all our results, we suggest that this Ru-complex
can be a good candidate for selective targeting of bcl-2 G-quadruplex.
This complex must be further evaluated for its efficacy as a chemo-
preventive and chemotherapeutic agent for human cancers.

Abbreviations

G-quadruplex Guanine quadruplex

bcl-2 b-cell lymphoma-2

Ru-complexes Ruthenium(Il) complexes

complex 1 [Ru(ip)s3](ClO4), - 2H,0 (1)
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