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DNA Interaction and Antitumor Activities of Ruthenium(ll) Polypyridyl Complex
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Abstract: The interactions of the Ru(ll) complex, [Ru(phen),(Hecip)]** (phen=1,10-phenanthroline, Hecip=N-
ethyl-4-(1,10]-phenanthroline [5,6-f[imidazol-2-yl)carbazole), with calf thymus DNA (CT DNA) were studied by
using absorption spectroscopy, binding stoichiometry, viscosity measurement and photoactivated cleavage. A tight
2:1 complex is formed by the Ru(Il) polypyridyl complex and CT DNA with a binding constant exceeding 10° mol™' - L.
and with a binding mode of intercalation. Furthermore, the complex exhibits efficient DNA cleavage activity on
UV (365 nm) irradiation via a mechanistic pathway involving formation of singlet oxygen as the reactive species.
On the other hand, the cytotoxic activity of the complex was tested by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) method. The complex shows prominent anticancer activity against selected tumor
cell lines with ICsy values lower than those of cisplatin. Further flow cytometry experiments show that the

eytotoxic Ru(ll) complex can cause cell cycle arrest in the S phase.
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0 Introduction nucleases, DNA molecular light switches and
DNA photocleavage agents!"®. Recently, their potential

Over the past few decades, Ru(ll) complexes have applications as cell imaging and anticancer agents
been used as probes of DNA structure, artificial have drawn much attention™”. Ruthenium complexes
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are attractive alternatives to platinum-based anticancer
agents and several ruthenium complexes have now been
anticancer agents; such

proposed as potential

complexes can show remarkable anticancer activity and
lower general toxicity than platinum compounds "2,
These studies have stimulated much interest to
investigate the bioactivities of ruthenium(Il) complexes.

The carbazole group has attracted much interest

4 second-order
2

in photoconductive™, photorefractive!"
nonlinear optical™, solar energy conversion"®, and
electroluminescent materials"” due to its excellent
hole-transporting and donor properties. Wang and

U89 incorporated carbazole into the Rul

coworkers
complexes for DNA binding and pH- induced emission
switching / sensing studies. In our previous work, we
demonstrated that ruthenium (I) polypyridyl complex,
[Ru (phen), (Hecip)|** (Scheme 1), could display fully

reversible pH value controlled
[20]

“on-off” luminescent
signaling™. To the best of our knowledge, however,
little work has been devoted to the antitumor activity
of the ruthenium complexes containing carbazole
ligands. It is for this reason that we study the mode of

DNA  binding,
complex [Ru(phen)(Hecip)]*. We demonstrate that the

cytotoxicity, cell cycle arrest of
complex can intercalate between the base pairs of
DNA. In wvitro cytotoxicity assay shows that the
complex exhibits cytotoxic potencies higher than that
of cisplatin against the four human cancer cell lines
screened. Further study shows that the complex
inhibits cell growth through the induction of S phase

cell cycle arrest.

Scheme 1

Structure of the complex

1 Experimental

1.1 Materials and methods
Calf thymus DNA (CT DNA) was obtained from

the Sino-American Biotechnology Company. pBR322
DNA was obtained from Shanghai Sangon Biological
Engineering & Services Co., Ltd. Dimethyl sulfoxide
(DMSO) was purchased from Sigma-Aldrich. Cell lines
of Hela

(human breast adenocarcinoma cancer cell line),

(human cervical cancer cell line), MCF-7

HepG2 (human hepatocellular liver carcinoma cell
line) and A549 (human lung adenocarcinoma epithelial
cell line) were supplied by Center of Experimental
Animal Sun Yat-sen University (Guangzhou, China),
agarose and ethidium bromide were obtained from
Sigma-Aldrich. Doubly distilled water was used to
prepare buffers (5 mmol L™ Tris(hydroxymethylamino-
methane)-HCl, 50 mmol - 1! NaCl, pH=7.2). A solution
of calf thymus DNA in the buffer gave a ratio of UV
absorbance at 260 and 280 nm of ca. (1.8~1.9):1,
indicating that the DNA was sufficiently free of
protein!. The DNA concentration per nucleotide was
determined by absorption spectroscopy using the
molar absorption coefficient (6 600 mol™-L-cm™) at
260 nm'®. UV/Vis spectra were recorded on a Perkin-
Elmer Lambda 850 spectrophotometer and emission
spectra were recorded on a Perkin-Elmer LS 55
spectrofluorophotometer at room temperature.

1.2 DNA binding and photoactivated cleavage

All DNA binding experiments were performed in
Tris-HCI buffer at 25 °C. The absorption titrations
were performed using a fixed concentration (10 pwmol -
L), to which the DNA stock solution was gradually
added up to the point of saturation. Ru-DNA solutions
were incubated for 5 min before the absorption
spectra were recorded. The intrinsic binding constant
K, of the Ru(l) complex bound to DNA and the
binding size s were calculated from the equation
reported'®!,

Thermal denaturation studies were carried out
with a Perkin-Elmer Lambda 850 spectrophotometer
equipped with a Peltier temperature-controlling
programmer (0.1 “C). The temperature of the solution
was increased from 40 to 95 °C at a rate of 1 °C-min™
and the absorbance at 260 nm was continuously

monitored for solutions of CT-DNA (100 pmol -L.7™") in
the absence and presence of the Ru(ll) complex (10
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pmol - ™). The data are presented as (A —Ao)/(A—Ay)
vs temperature, where A, A,, and A; are the observed,
the initial, and the final absorbance at 260 nm,
respectively.

Viscosity measurements were carried out using
an Ubbelodhe viscometer maintained at a constant
temperature at (25.020.1) C in a thermostatic bath.
DNA samples with approximately 200 base pairs in
average length were prepared by Sonication™. Flow
time of each sample was measured three times, and
an average flow time was calculated. Data were
113

presented as (1/my)"* versus binding ratio™.

For the gel electrophoresis experiment, superco-
iled pBR322 DNA (0.1 wg) was treated with the Ru(Il)
complex in buffer, and the solution was then irradi-
ated at room temperature with a UV lamp (365 nm,
10 W). The samples were analyzed by electrophoresis
for 1.5 h at 80 V on a 0.8% agarose gel in TBE (89
mmol - L™ Tris-borate acid, 2 mmol -L.™" EDTA, pH=
8.3). The gel was stained with 1 pg-mL~" ethidium
bromide and photographed on an Alpha Innotech IS-
5500 fluorescence chemiluminescence and visible
imaging system.

1.3 Continuous variation analysis

Binding stoichiometry was obtained for the

complex with CT DNA using the method of continuous

variation™!.

The concentrations of the complex and
DNA were varied, while the sum of the reactant
concentrations was kept constant at 50 wmol -L™" (in
terms of base pairs for the DNA). In the sample
solutions, the molar fraction Y of complex was varied
from O to 1.0 in 0.1 ratio steps. The fluorescence
intensities of these mixtures were measured at 25 °C
using an excitation wavelength of 464 nm. The
intensity in fluorescence was plotted versus the molar
fraction x of complex to generate a Job plot. Linear
regression analysis of the data was performed in the
software of Origin 7.0.
1.4 Cell culture and cytotoxicity assay in vitro
Standard 3-(4,5-dimethylthiazole)-2,5-diphenylte-
traazolium bromide (MTT) assay procedures™ were
performed using the methodology described in detail

28]

previously™. Four different tumor cell lines were the

subjects of this study: HeLa, MCF-7, HepG2 and
A549.
1.5 Cell cycle analysis

Cell Cycle analysis was performed as previously
described!"!. Briefly, HeLa cells were treated with Ru(Il)
complex (10 wmol - L™") for various time intervals. The
cells were harvested and fixed in 2 mL of 70%
aqueous ethanol (V/V). After an incubation period of
at least 12 h at —=20 °C, cells were washed with ice-
cold PBS (Phosphate Buffered Saline). The cells were
resuspended in 200 pL staining solution containing PI
(10 pg-mL™) and DNase-free RNase (100 wg-mL™)
and analyzed by a BD FACSCalibur™ cytometer
(Becton Dickinson, Heidelberg, Germany). The number
of cells analyzed for each sample was 10 000, and the
experiments were repeated at least three times under
identical conditions. Data were collected by BD
CellQuest™ Pro software and analyzed by ModFit LT

2.0 software.
2 Results and discussion

2.1 Electronic absorption titration

In order to assess the DNA binding behavior of
the complex, the absorption titration was carried out.
As shown in Fig.1, with the increasing concentration
of CT DNA, the electronic absorption spectra of the
complex show no shift and little changes in the
intensities for the charge transfer band at 464 nm.
However, the band of the complex at 263 nm exhibits
much more pronounced hypochromism of 29.88%. The
large hypochromism observed may support an interca-
lative mode involving a strong stacking interaction
between an aromatic chromophore and the base pairs
of DNA. The intrinsic binding constant, which
illustrates the binding strength of the complex with CT
DNA, can be obtained by monitoring the changes in
absorbance at 263 nm for the complex. The value
of K for the complex is (3.57+0.62)x10° mol™ L. (s=
2.12+0.35 bp (base pair)). The K value is much larger
than those of other typical DNA intercalative Ru (II)
(1.1 x10* ~4.8 x10* mol ' -L) ¥ and is
comparable to that of complexes A-[Ru(phen),(dppz)]**
(3.2x10° mol ™" -1) and A-[Ru(phen),(dppz)]** (1.7x10°

complexes
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mol'-T,,
but is not as strong as those of [Ru(phen)y(dppz)]** and
[Ru(bpy).(dppz)]** (>10° mol™-L), which are DNA

intercalative Ru(ll) complexes P'. The result suggests

[30]
2

dppz=dipyrido-[3,2-a-2",3" -c]phenazine)

that the complex intercalatively binds to DNA,
involving a strong stacking interaction between the

aromatic chromophore and the base pairs of the DNA.
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Fig.1 ~ Absorption spectra of complex (10 wmol-L™) in
Tris-HCI buffer upon addition of CT-DNA

2.2 Luminescence studies

The complex can luminesce in Tris buffer at
room temperature with a maximum appearing at 589
nm. Fig.2 shows the luminescence spectra of the
complex in the absence and presence of increasing
Upon

concentration of DNA in buffer solution.
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Fig.2 Emission spectra of complex (10 pwmol-L™) in Tris-

HCI buffer in the absence and presence of

CT-DNA

addition of DNA, the emission intensities increase to
1.46 times of the

enhancement of emission intensity is an indication of

original intensities. The
binding of the complex to the hydrophobic pocket of
DNA, and the complex can be protected efficiently by
the hydrophobic environment inside the DNA helix.
2.3 Continuous variation analysis

Binding stoichiometry with CT DNA was also
investigated through the luminescence-based Job plot
(Fig.3). One major inflection point for the complex is
observed at y=0.64. The data are consistent with a 2:1
Con/Coompi binding mode, suggestive of a specific Ru-
CT DNA interaction.

1.0
0.8 4

: 0.6 4

u.

Al a

0.4 4

0.2

0.0 H

00 01 02 03 04 05 06 07 08 09 1.0
X

Fig.3  Job plot using luminescence data for complex with
CT DNA in Tis-HCI buffer, pH=7.0, and X=molar
fraction of complex added to DNA

2.4 DNA thermal denaturation studies

When the temperature in the solution increases,
the double-stranded DNA gradually dissociates to
single strands™, and generates a hyperchromic effect
on the absorption spectra of DNA bases (A,,,=260 nm).
In order to identify this transition process, the melting
temperature T, defined as the temperature where half
of the total base pairs is unbonded, is usually
introduced. According to previous literatures®™, the
intercalation of natural (or synthesized organics) and
metallointercalators generally results in a considerable
(T,). The melting

curves of CT-DNA in the absence and presence of the

increase in melting temperature

complex are presented in Fig.4. Here, The thermal
denaturation experiment carried out for DNA in the

absence of the Ru(Il) complex reveals a T, of (58.7+0.3)
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°C under our experimental conditions. The observed
melting temperature in the presence of the complex is
(76.2+0.1) °C at a concentration ratio of r=0.10 (r=Cy/
Cony)- The large increase in T,, of the Ru(Il) complex
(the AT, is 17.5) is comparable to that observed for
classical intercalators EB (13 °C, r=0.10), A-[Ru(phen),
(dppz)]** (16 C, r=1), and A-[Ru(phen),(dppz)[** (5 °C,
r=1)P% The result also indicates the intercalative

binding mode of [Ru(phen),(Hecip)]** to DNA.
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Fig.4 Thermal denaturation of CT-DNA in the absence
(M) and presence of complex (@) Cy,=10 pmol-
L7, Cony=100 pmol -1

2.5 Viscosity measurements

To further verify the interactions between the
complex and CT-DNA, viscosity measurements were
carried out. Viscosity measurements provide the most
critical test for intercalative interaction®™. The effect
of the Ru (Il) complex together with EB (ethidium
bromide) and [Ru(bpy)s]** on the viscosity of CT DNA
are shown in Fig.5. EB binds with DNA through the
intercalation mode, whereas the [Ru(bpy);]’* complex
binds with DNA in the electrostatic mode, therefore
the [Ru(bpy)s]** complex exerts essentially no effect on
DNA viscosity™. On increasing the amount of Ru(ll)
complex, the relative viscosity of DNA increases
steadily, which is similar to the behaviour of EB. The
increased degree of viscosity, which may depend on
the complex’s affinity for DNA, follows the order of
EB>Ru(I)>[Ru(bpy);*. A similar sharp increase in
relative viscosity has been observed on the addition of
[Ru(bpy).(dppz)**, which was reported to be bound to
DNA by intercalation. The results suggest that the
Ru () complex binds to DNA through a classical

intercalation model. Such a result is consistent with

the foregoing hypothesis.
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Fig5 Effect of increasing amounts of complex (),
[Ru(bpy)s* (®) and EB (A) on the relative
viscosity of CT DNA at (2520.1) C, Cypy=0.25
mmol - L™

2.6 Photoactivated cleavage of pBR322 DNA

Fig.6a shows gel electrophoresis separation of
pBR322 DNA after
concentrations of the Ru(Il) complex upon irradiation

at 365 nm for 30 min. No obvious DNA cleavage is

incubation with different

observed for control (without complex, or incubation of
the plasmid with the Ru(ll) complex in darkness). As
increasing the concentration of the complex, the
(supercoiled form) of pBR322
DNA diminishes gradually, whereas that of Form Il

amount of Form [

(circular form) increases. These results indicate that
scission occurs on one strand (nicked).

Form I

Form I

1 2 3 4 5 6 7 8
Lane 1: DNA control; Lane 2: DNA+complex (5 pmol - L™); Lane
3~8: DNA+complex (5, 10, 15, 20, 30, 40 pmol - L), respectively
Fig.6a Photocleavage cleavage of pBR322 DNA in the
absence and presence of different concentrations

of Ru(ll) complex after irradiation at 365 nm for

30 min

Fig.6b shows that the DNA cleavage of the
plasmid by the complex is not inhibited in the
presence of hydroxyl radical (-OH) scavengers such
as mannitol™ and dimethylsulfoxide (DMSO)®", which

indicates that hydroxyl radical is not likely the
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(SOD), a facile superoxide anion radical

cleaving agent. In presence superoxide
dismutase
(O2°7) quencher, the cleavage is obviously improved.
The DNA cleavage of the plasmid is inhibited in the
presence of the singlet oxygen ('O, scavenger
histidine and NaN;*¥, suggesting that 'O, is likely
the reactive species responsible for the cleavage
reaction. Related results of enhancement by SOD and
inhibition by singlet oxygen scavengers have been

observed by other ruthenium intercalators***!.
Form I

Form I

1 2 3 4 5 6 7
Lane 1: DNA control; Lane 2: DNA+complex (5 pmol - L™"); Lane

3 ~7: DNA +complex
Histidine; NaN;

Fig.6b  Photocleavage of supercoiled pBR322 DNA by

complex in the absence and presence of

(5 pmol -L ) +Mannitol; DMSO; SOD;

different inhibitors after irradiation at 365 nm
for 30 min
2.7 Cytotoxicity assay in vitro
To explore the antitumor potential of the Ru(Il)
complex, HelLa, MCF-7, HepG-2 and A549 cells were
treated with varying concentrations of Ru(Il) for 48 h,

Cisplatin was used as a positive control. The resulting
ICsy values for the tested complex are shown in Table
1. Based on the ICs values, the complex has a
significant inhibition to the growth and proliferation of
all four tumor cells. Interestingly, the antiproliferative
effciency of the complex on the MCF-7 cells is much
lower than that on the other three cell lines. The
result also indicates that the complex is more potent
than cisplatin against all the cancer cell lines
screened. The cytotoxicity of the complex is higher
than the other typical DNA intercalative Ru (II)
complexes [Ru(phen),(dppz)](PFe),", [Ru(phen),(1-Py-
BO)|(PFy),™ and [Ru(phen),(mitatp)]* .

Table 1 1ICs) values for complex against selected

cell lines
ICs / (pmol - L)
Compound
HeLa MCF-7 HepG2 A549
Complex 12.5+1.2 33.3+1.8 15.6+0.8 9.4+0.4
Cisplatin 16.5£2.2 35444 20.2+2.8 —

2.8 Cell cycle arrest

The cell cycle phase distribution of Hela cells in
response to Ru (I) treatment was studied by PI
(propidium iodide) staining to further elucidate the

mechanism of drug activity. Fig.7 shows the time

and CCH Vlablhty was determlned by the MTT assay. dependent effect of ’[he Complex on cell-cycle
800 ] Control, 12 h 800 -] Control, 24 h 800 1 Control, 48 h
- Apoptosis
600 + 600 g 600 — 2O
2 H 2 @8 oip G2
E 5 5 G3 pips
Z 400 Z 4004 Z 400
200 200 - 200 o
0-1 0 -1 0 -1
30 60 90 120 150 30 60 90 120 150 30 60 90 120 150
Channel (FL2-A) Channel (FL2-A) Channel (FL2-A)
600 280 1
Complex, 12 h ] Complex, 24 h 240 - Complex, 48 h
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5 400 3
E E ]
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Channel (FL2-A)
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Dip G1: GO/G1 phase cells; Dip S: S-phase cells; Dip G2: G2/M-phase cells; apoptosis: apoptotic cells

Fig.7 Effect of complex (10 wmol-L™) on the distribution of HeLa cells in cell cycle phases

after treatment for 12, 24 and 48 h
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Fig.8 Cell cycle status of the Hela cells after treatment with complex (10 pmol-L™) for 48 h

distribution profiles with cells treated with vehicle
(1% DMSO) as the control.

Cells in GO/G1 phase express a 2 N (diploid)
DNA content, whereas cells in G2/M have a 4N
(tetraploid) DNA content. DNA content of the cells in
(between 2 N and 4 N). Sub-G1
fraction is usually indicative of degraded DNA and

S phase is variable

identied as a hallmark of apoptosis®!. Fig.8 shows the
representative DNA distribution histograms of Hel.a
cell in the absence (A) and presence of the complex
(B). Fig.8 shows that the treatment of Hela cells with
the complex, a large increase in the percentage of
cell (%)at S phase and corresponding reduction at GO/
G1 phase is observed, and a concomitant increase in
the population of Sub-G1 phase cells is also observed,
which suggests the antiproliferative mechanism on

Hela is S phase arrest.
3 Conclusions

The DNA-binding of the complex with CT DNA
indicates that the complex can intercalate between
DNA base pairs. The complex can effectively cleave
plasmid DNA upon irradiated at 365 nm for 30 min.
The

demonstrate that superoxide anion radical (O, ) and

studies of mechanism on photocleavage

singlet oxygen ('0,) may play an important role. The
data obtained from continuous variation analysis are
consistent with a 2:1 ¢/ cona binding mode for the
complex. The cytotoxicity assay indicates that the
The

complex can inhibit the proliferation. flow

cytometric analysis shows that treatment of HeLla cell
with the complex indicates the induction of S phase

arrest.
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