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Cell Cycle Arrest, Cytotoxicity, Apoptosis, DNA-Binding, Photocleavage, and
Antioxidant Activity of Octahedral Ruthenium(IT) Complexes
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Three ruthenium(Il) complexes [Ru(dmp),(dcdppz)]®* 1,
[Ru(phen),(dcdppz)]** 2, and [Ru(dip),(dcdppz)]?** 3 were
synthesized and characterized. The crystal structure of com-
plex 1 was solved by single-crystal X-ray diffraction. This
complex crystallizes in the monoclinic system, space group
C2/c with a = 18.454(3) A, b = 44.648(7) A, ¢ = 13.082(2) A, p
=99.911(3)°, R = 0.0571, and R, = 0.1501. The DNA-binding
constants were determined to be 1.78 (*0.24)X 10° 2.73
(£0.16) X 10°, and 7.55 (+0.16)x10°M! for 1, 2, and 3,

respectively. The photocleavage of pBR322 DNA by Ru!
complexes was studied. The retardation assay of pGL 3 plas-
mid DNA was investigated. The cytotoxicity of complexes 1,
2, and 3 against BEL-7402, Hela, HepG-2, and MG-63 cells
was evaluated by the MTT method. Complexes 1 and 3 show
higher cytotoxicity than Cisplatin on Hela cells. The
apoptosis and cell cycle arrest were investigated, and the an-
tioxidant activities of these complexes were also explored.

Introduction

The interaction of ruthenium complexes with DNA has
been a topic of major bioinorganic interest during the past
decades. Ruthenium complexes containing dppz have been
extensively studied.'"® As a star molecule, complex
[Ru(bpy)-(dppz)]?* (dppz = dipyrido[3,2-a:2’,3'-c]phena-
zine) can serve as a prominent molecular “light switch,”
which shows no luminescence in aqueous solution at ambi-
ent temperature, but luminesces brightly upon binding in-

Scheme 1. The structure of complexes 1, 2, and 3.
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tercalatively with the dppz ligand between the adjacent
DNA base pairs. In recent years great attention has been
given to studies of the bioactivity of ruthenium(Il) com-
plexes. Complex [Ru(dip),(1-Py-BC)]>* {1-Py-BC = 1-(2-
pyridyl)-B-carboline} displayed activities greater than cis-
platin on HepG-2, Hela, and MCF-7 cells.”! Complex
[Ru(bpy),(dppn)]>* exhibits high cytotoxicity against hu-
man MCF-7 cancer cell lines comparable to that of cispla-
tin.¥] Complex [Ru(phen),(dppz)]** can bind to CT-DNA
with a very large DNA-binding affinity (>10° m!), and can

inhibit proliferation of MCF-7 cells to a moderate degree.’!
However, the derivatives of dppz have been given little at-
tention. To obtain more insight into derivatives of rutheni-
um(IT) complexes containing dppz and their interaction
with DNA and bioactivity in vitro, in this article, a new
ligand dcdppz and its three complexes [Ru(dmp),(dcd-
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ppz)]?* 1 (dedppz = 7,8-dichlorodipyrido[3,2-a:2,3"-c]-
phenazine, dmp = 2,9-dimethyl-1,10-phenanthroline),
[Ru(phen),(dedppz)]** 2 (phen = 1,10-phenanthroline), and
[Ru(dip),(dedppz)]>* 3 (dip = 4,7-diphenyl-1,10-phenan-
throline, Scheme 1) were synthesized and characterized.
Their DNA-binding behaviors were studied by electronic
absorption titration, viscosity measurements, and photoac-
tivated cleavage. The results indicated that complexes 1, 2,
and 3 can intercalate between the base pairs of DNA. The
cytotoxicity of these complexes was evaluated by MTT
{MTT = [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazol-
ium bromide]} assay. The apoptosis of BEL-7402 cells in-
duced by Ru'" complexes was also studied. The cell cycle
arrest was analyzed by flow cytometry. The antioxidant ac-
tivity of these complexes was explored by the hydroxy radi-
cal (OH) scavenging method in vitro.

Results and Discussion

Synthesis, Characterization, and Structure

The ligand dedppz was synthesized by condensing 1,10-
phenanthroline-5,6-dione and 4,5-dichloro-1,2-phenylened-
iamine in ethanol. The complexes 1, 2, and 3 were prepared
by direct reaction of dedppz with the appropriate precursor
complexes in ethylene glycol in relatively high yield. The
desired Ru'" complexes were isolated as the perchlorates
and purified by column chromatography. The molecular
structure of complex 1 was confirmed by single-crystal X-
ray diffraction analysis. An ORTEP drawing of the cation
with the atomic numbering scheme is depicted in Figure 1.
Crystal data, selected bond lengths, and bond angles are
collected in Table 4 and Table 1. Complex 1 consists of a
[Ru(dmp),(dedppz)]** cation, two ClO,~, two CH3;CN mo-
lecules, and one and a half water molecules. The Ru'! center
of complex 1 is chelated by two ancillary ligands dmp and
an intercalative ligand dcdppz and adopts a distorted octa-
hedral geometry, and the average Ru-N bond length is
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2.085(3) A, which is larger than that published for
[Ru(phen)s]** (2.063 A)® and comparable to those found
for [Ru(dmp),(fpp)]** (2.088 A).1! The dihedral angle be-
tween the two dmp planes is 67.6°. And the dihedral angle
between the two ideal ring planes I (Cl;, Cy3, Cy4, Cly) and
IT (C4; to Cyg) is 2.6°.

Table 1. Selected bond lengths [A] and angles [°] for complex 1.

Ru-N(1) 2.093(3) Ru-N(4) 2.088(4)
Ru-N(2) 2.093(3) Ru-N(5) 2.073(3)
Ru-N(3) 2.096(3) Ru-N(6) 2.067(3)
N()Ru-N@2)  79.52(13) N(5)-Ru-N(6)  78.73(12)
N(1)-Ru-N(3) 178.53(13) N(1)-Ru-C(1)  132.03)
N(1)-Ru-N(4) 102.33(14) N(1)-Ru-C(12)  110.2(3)
N(1) Ru-N(5)  81.16(13) N(2)-Ru-C(10)  130.8(3)
N(1) Ru-N(6)  97.24(13) N(Q2)-Ru-C(11)  110.6(2)
N(2)-Ru-N(3) 101.43(12) N@3)-Ru-C(15)  131.6(2)
N(2) RuN@)  94.93(12) N@3)-Ru-C(26) 111.4(2)
N(2)-Ru-N(5)  93.59(12) N@4)-Ru-C(24) 129.3(3)
N(2)-Ru-N(6) 172.09(11) N@)-Ru-C(25) 111.2(3)
NG3)-Ru-N@4)  78.74(12) N(5)-Ru-C(29) 128.3(3)
NG3)-Ru-N(5)  97.64(12) N(5)-Ru-C(40)  114.2(3)
N(3)-Ru-N(6)  81.67(12) N(6)-Ru-C(38) 128.3(3)
N(4)-Ru-N(5) 171.25(13) N(6)-Ru-C(39) 113.9(2)
N@4) Ru-N(6)  92.81(12)

Viscosity Measurements

To further clarify the interaction between the complexes
and CT-DNA, viscosity measurements were carried out.
The changes in relative viscosity of the DNA solution have
been proved useful for the assignment of the mode of bind-
ing compounds to DNA. Intercalation of a ligand into
DNA is known to cause a significant increase in the vis-
cosity of a DNA solution because of the increase in the
separation of the base pairs at the intercalation site and,
hence, an increase in the overall DNA molecular length.['"]
The relative change in viscosity was measured using CT-

Figure 1. An ORTEP drawing of complex 1.
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DNA with increasing concentrations of the complexes 1, 2,
and 3. The effects of complexes 1, 2, and 3 on the relative
viscosity of rod-like DNA are shown in Figure 2. Upon in-
creasing the concentrations of complexes 1, 2, and 3 the
relative viscosity of the DNA increased steadily following
the order of complexes 3 > 2 > 1. These results suggest
that complexes 1, 2, and 3 intercalate between the base pairs
of CT-DNA. The enhancements of the relative viscosity of
DNA follow the order 3 > 2 > 1, which is consistent with
the DNA-binding affinities.
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Figure 2. Effect of increasing amounts of complexes 1 (H), 2 (@),
and 3 (A) on the relative viscosity of calf thymus DNA at 25 (*
0.1) °C. [DNA] = 0.25 mm.

Electronic Absorption Spectra

The spectra of the three complexes consist of three or
four well-resolved bands in the range of 200-600 nm. At
the low energy band, all of them display a strong MLCT
transition at 400-500 nm attributed to the overlap
Ru(dn)—dmp, phen, or dip (7*) and Ru(dn)— dcdppz (1*).
The spectra (300— 390 nm) display a large change band,
corresponding to (dedppz)— n* and m— 7* transitions. The
band below 300 nm is attributed to intraligand (IL) transi-
tion by comparison with the spectrum of other polypyridyl

a:zo

Ru'! complexes.''"13] The absorption spectra of complexes
1, 2, and 3 in the presence of increasing amounts of CT-
DNA are shown in Figure 3. On increasing CT-DNA con-
centrations, the hypochromism of the MLCT band of 1 at
451 nm, 2 at 446 nm, and 3 at 452 nm upon binding to
DNA was 32.17, 25.38, and 30.38%, respectively. These
spectral characteristics obviously suggest that these com-
plexes interact with DNA most likely through a mode that
involves a stacking interaction between the aromatic chro-
mophore and the base pairs of DNA.

To compare quantitatively the binding strength of these
complexes, their intrinsic binding constants for binding
with CT-DNA were obtained by monitoring the changes in
absorbance at MLCT with increasing concentration of
DNA. The intrinsic binding constants K, of 1.78
(£0.24) X 10, 2.73 (£0.16) X 10°, and 7.55
(+0.16) X 10> M~ ! were obtained for complexes 1, 2, and 3,
respectively. These values are smaller than that of com-
plexes [Ru(bpy),(dppz)** (> 10°mM )" and [Ru(bpy),-
(pddpz)]** {2.1 (£0.3)x 10° m'},['3) which may be caused
by the two chlorine atoms in dppz reducing the intercalative
degree of dppz between the DNA base pairs.

Luminescence and Continuous Variation Studies

Complex 1 cannot emit in Tris buffer at room tempera-
ture. Complexes 2 and 3 can emit with a maximum appear-
ing at 601 and 610 nm for 2 and 3, respectively. Figure 4
shows the emission spectra of complexes 2 and 3 in the
presence of varying amounts of DNA. As seen from the
figure the intensities of emission increase obviously in the
presence of DNA. When the ratio of [DNA]/[Ru] reached a
saturating value, the emission intensities of complexes 2 and
3 increased to 4.34 and 15.39 times the original intensities,
respectively. The enhancement of emission intensity is in-
dicative of binding of these complexes to the hydrophobic
pocket of DNA.

Binding of complexes 2 and 3 to CT-DNA was examined
at 25 °C in Tris-HCI buffer by the method of continuous
variation analysis to determine the overall stoichiomet-
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Figure 3. Absorption spectra of complexes 1 (a), 2 (b), and 3 (c¢) in Tris-HCI buffer upon addition of CT-DNA. [Ru] = 20 pm. Arrow
shows the absorbance change upon the increase of DNA concentration. Plots of (e, — &)/(¢, — &) vs. [DNA] for the titration of DNA

with Ru'! complexes.
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Figure 4. Emission spectra of complexes 2 (1) and 3 (2) in Tris-HCI buffer in the absence and presence of CT-DNA. Arrow shows the

intensity change upon increasing DNA concentration. Inset: changes

ries.'® The luminescence intensities of the Ru-DNA solu-
tion were recorded at 601 and 610 nm for complexes 2 and
3, respectively. Figure 5 shows normalized Job plots for
DNA. The point of intersection of two best-fit lines in the
Job plots for complexes 2 and 3 with DNA are 0.29 and
0.30, which correspond to complex/DNA stoichiometries of
1:2 and 1:2, respectively.
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Figure 5. Job plot using luminescence data obtained at 601 and
610 nm for complexes 2 (1) and 3 (2) with CT-DNA in Tris-HCI
buffer, respectively; pH = 7.0.

Photoinduced Cleavage of pBR322 DNA

When circular plasmid DNA is subjected to electropho-
resis, relatively fast migration will be observed for the intact
supercoiled form (Form I). If scission occurs on one strand
(nicking), the supercoiled form will relax to generate a

of intensity with increasing concentrations of CT-DNA.

slower-moving open circular form (Form II).!” Figure 6
shows gel electrophoresis separation of pBR322 DNA after
incubation with different concentrations of complexes 1, 2,
and 3 upon irradiation at 365 nm for 45 min. No obvious
DNA cleavage was observed for the control in which the
complex was absent (DNA alone), or incubation of the
plasmid with the Ru' complexes in the dark. At increasing
concentration of the Ru'" complexes, the amount of Form
I of pBR322 DNA diminishes gradually, whereas that of
Form II increases. These results were also observed for
other ruthenium(II) polypyridyl complexes.['® 2%l Under the
same experimental conditions, complexes 2 and 3 showed
more effective DNA cleavage activity than complex 1. The
different cleaving efficiencies may be related to the different
binding affinities of the three Ru!! complexes to DNA.

Ratardation of pGL 3 Plasmid DNA

Studies on cationic metal complexes condensing DNA
have been given great attention. Complex [Co(NH;)¢]**
condenses the plasmid pUCI12, calf thymus DNA, ADNA,
and polynucleotides into nanoparticles of 39-45 nm under
neutral conditions.”'"231 Complexes [Ru(bpy),(PIPSH)J>*24
and [Ru(phen),(DBHIP)>*1>31 can effectively condense
DNA at room temperature. To evaluate their ability to con-
dense DNA, gel retardation of pGL3 DNA was performed
in the presence of different concentrations of complexes 1,
2, and 3. Figure 7 shows that complexes 1, 2, and 3 cannot
condense DNA at low concentrations (1 and 2 mm), how-
ever, effective condensation was observed when the concen-
trations of these complexes reached 3 and 4 mm.

Figure 6. Photoactivated cleavage of pBR322 DNA in the presence of different complexes upon irradiation at 365 nm for 45 min. Lane
0, 13, DNA alone; a: lanes 1-6 for complex 1: (1) 20 (in darkness); (2) 5; (3) 10; (4) 20; (5) 40; (6) 60 um; lane 7-12 for complex 2: (7)
20 (in darkness); (2) S5; (9) 10; (10) 20; (11) 40; (12) 60 pum; b: lane 14-19 for complex 3: (14) 20 (in darkness); (15) 5; (16) 10; (17) 20;

(18) 40; (19) 60 pm.
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Figure 7. Agarose gel electrophoresis retardation of pGL3 plasmid DNA in the presence of different concentrations of complex 1: Lane
(0) DNA alone, (1) 1 mm, (2) 2 mMm, (3) 3 mM, (4) 4 mMm and complex 2: (5) 1 mm, (6) 2 mMm, (7) 3 mM, (8) 4 mM; complex 3: (9) 1 mm,

(10) 2 mu, (11) 3 mu, (12) 4 mm. [DNA] = 0.5 ng.

Cytotoxicity Assay in Vitro

The cytotoxicity of complexes 1, 2, and 3 to BEL-7402,
Hela, HepG-2, and MG-63 was assayed by cell survival af-
ter 72 h of exposure to the desired concentration range
(6.25—400 pm) using the MTT assay. The culture medium
and cisplatin were used as the negative and positive con-
trols, respectively. The ICs, values obtained are listed in
Table 2, and the cell viability is depicted in Figure 8. The
ICsq values for 1, 2, and 3 range from 12.31 to 27.33 pm.
Comparing the ICs, values of these complexes, complex 3
shows higher activity on Hela and HepG-2 cells than com-
plexes 1 and 2 under the same experimental conditions.
This may be the result of an increase in lipophilicity caused
by the substituent Ph in phen. Furthermore, complexes 1

Table 2. The ICs, values of complexes 1, 2, and 3 against the se-
lected cell lines.

ICsp (um)
BEL-7402 Hela HepG-2 MG-63
1 26.14£2.26 13.79 £2.12 27.33 =325 22.51 =1.35
2 16.90 £ 1.89 16.38 £2.16 26.89 =2.86 25.82 +2.45
3 24.72 £2.35 1231 £1.42 22.63 £2.56 1541 =1.22
cisplatin -~ 19.76 +2.18 16.85 £2.53 20.25 =323 —
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and 3 displayed higher cytotoxicity than cisplatin to Hela
cells. When compared with complex [Ru(phen),(p-
MOPIP)]?>*, which shows high antiproliferative activity to-
ward HepG-2 cells with a low ICs, value of 7.2 = 1.2 pm, 120
complexes 1, 2, and 3 show low cytotoxicity. Figure 8 shows
that cell viability was also found to be concentration de-
pendent, and on increasing the concentration of complexes
1, 2, and 3, an obvious decrease was observed in cell viabil-

1ty.

Apoptosis Studies

External aggression by a chemical compound sensed by
the cells causes them to undergo two major forms of death,
necrosis or apoptosis, each with very distinct characteristics.
Cell necrosis is a consequence of the inability to maintain
intracellular homeostasis, initiated by an imbalance of ions
and water influx, which is followed by cell swelling and rup-
ture of intracellular organelles. That in turn leads to final
loss of cell integrity by disruption of the plasma mem-
brane.l?”! The assay of apoptosis induced by complex 3 was
carried out with a staining method utilizing acridine orange
(AO) and ethidium bromide (EB).?!] AO can pass through
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Figure 8. Cell viability of complexes 1, 2, and 3 on tumor BEL-7402 (a), Hela (b), HepG-2 (c) and MG-63 (d) cell proliferation in vitro.
Each point is the mean = standard error obtained from three independent experiments.
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the cell membrane of living or early apoptotic cells, while
staining by EB indicates loss of membrane integrity. Under
the fluorescence microscope, living cells appear green, nec-
rotic cells stain red but have a nuclear morphology resem-
bling that of viable cells. In the absence of complex 3, the
living cells are stained bright green in spots (Figure 9, A).
However, after treatment with complex 3 for 24 h, green
apoptotic cells containing apoptotic bodies, as well as red
necrotic cells, were also observed (Figure 9, B). Similar re-
sults were observed for complexes 1 and 2.

Figure 9. BEL-7402 cells were stained by AO/EB and observed un-
der fluorescence microscopy. BEL-7402 cells without treatment (A)
and in the presence of complex 3 (B, 25 um) incubated at 37 °C and
5% CO, for 24 h. Cells marked by a, b, and c are living, apoptotic,
and necrotic cells, respectively.

Cell Cycle Arrest by Flow Cytometry

The effect of complex 3 on the cell cycle of MG-63 cells
was studied by flow cytometry in propidium iodide (PI)-
stained cells after Ru'" complex treatment for 16 h. The rep-
resentative DNA distribution histograms of MG-63 cells in
the absence (a) and presence of different concentrations of
complex 3 (b for 12.5 pm, ¢ for 25 pm) is shown in parts a—
of Figure 10. When the concentration of complex 3 reached
25 uM, an obvious enhancement (5.77 %) in the percentage
of cells at GO/G1 phase was observed, accompanied by a
corresponding reduction in the percentage of cells in the S
phase. Figure 10 (b and ¢) shows that the concentration of
the complex has a large influence on the cell cycle of MG-
63 cells. On increasing the concentration of complex 3, the
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percentage of MG-63 cells in the G0/G1 phase increased
from 2.24 to 5.77%. These results indicate that the antipro-
liferative mechanism induced by complex 3 on MG-63 cells
is GO/G1 phase arrest.

Antioxidant Activity Studies

The hydroxy radical (OH) is one of the most reactive
products of the reactive oxygen species (ROS), and may re-
sult in cell membrane disintegration, membrane protein
damage, DNA mutation, and further initiate or propagate
the development of many diseases.”°3% The hydroxy radical
(OH) in aqueous media was generated by the Fenton sys-
tem.[3!] The antioxidant activities of complexes 1, 2, and 3
against the hydroxy radical were investigated as shown in
Figure 11 and Table 3. The suppression ratio against ‘OH
was 2.65 to 75.18%, 3.86 to 71.81%, and 4.34 to 79.28%
for complexes 1, 2, and 3, respectively, which indicated that
the suppression ratio increased with increasing sample con-
centration in the range 0.5-4.5 pm. Also the inhibitory ef-
fect of these Ru'' complexes on ‘OH was found to be con-
centration dependent. Under the same conditions, com-
plexes 1, 2, and 3 display adjacent antioxidant activity. This

90
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704 B2 complex 3

60
50 4
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Figure 11. Scavenging effect of complexes 1, 2 and 3 on hydroxy
radicals. Experiments were performed in triplicate.
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Figure 10. Cell cycle status of the MG-63 cell line after treatment with different concentrations of complex 3 for 16 h. a control, b and

¢ for 12.5 and 25 pm, respectively.
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information may be helpful in developing new potential an-
tioxidants.

Table 3. The scavenging ratios (%) of complexes 1, 2, and 3 against
‘OH.

Average inhibition (%) for ‘OH
(um) 0.5 10 1.5 20 25 30 35 40 45
1 2.65 10.1227.23 44.10 56.39 59.52 61.20 68.19 75.18

2 386 7.95 19.52 40.24 46.02 55.66 62.17 66.51 71.81
3 434 16.14 27.47 37.11 53.25 61.45 71.33 78.07 79.28

Conclusions

Three new ruthenium(I) polypyridyl complexes
[Ru(dmp)»(dedppz)]** 1, [Ru(phen),(dedppz)]** 2, and [Ru-
(dip)»(dedppz)]** 3 have been synthesized and charac-
terized. The DNA-binding behaviors show that the three
complexes interact with CT-DNA by intercalative mode.
Upon irradiation, complexes 1, 2, and 3 can cleave pBR322
DNA. At high concentration, these complexes can effec-
tively condense pGL3 plasmid DNA. The cytotoxicity assay
indicates that complexes 1 and 3 exhibit higher cytotoxicity
than cisplatin on Hela and HepG-2 cells. The apoptotic
study shows that the three complexes can effectively induce
the apoptosis of BEL-7402 cells. The flow cytometric analy-
sis of treatment of MG-63 cells with complex 3 indicates the
induction of GO/G1 phase arrest. Additionally, antioxidant
activity shows that the three complexes may be potential
drugs for the elimination of the hydroxy radical.

Experimental Section

Abbreviations: dcdppz:  7,8-dichlorodipyrido[3,2-a:2’,3'-c]phen-
azine, dmp: 2,9-dimethyl-1,10-phenanthroline, phen: 1,10-phen-
anthroline, dip: 4,7-diphenyl-1,10-phenanthroline, MTT: 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, AO: acridine
orange, EB: ethidium bromide, DMSO: dimethyl sulfoxide, RPMI:
Roswell Park Memorial Institute, DMF: N,N-dimethylformamide,
CT DNA: calf thymus DNA, MLCT: metal-to-ligand charge trans-
fer, Tris: tris(hydroxymethyl)aminomethane, ES-MS: electrospray
mass spectroscopy.

Materials and Methods: Calf thymus DNA (CT-DNA) was ob-
tained from the Sino-American Biotechnology Company. pBR322
DNA was obtained from Shanghai Sangon Biological Engineer-
ing & Services Co., Ltd. Dimethyl sulfoxide (DMSO) and RPMI
1640 were purchased from Sigma. BEL-7402, Hela, HepG-2, and
MG-63 cell lines were purchased from the American Type Culture
Collection, agarose and ethidium bromide were obtained from Ald-
rich. RuCls*xH,O was purchased from Kunming Institution of Pre-
cious Metals. 1,10-Phenanthroline was obtained from Guangzhou
Chemical Reagent Factory. Doubly distilled water was used to pre-
pare buffers [5 mm Tris(hydroxymethylaminomethane)-HCI, 50 mm
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 (6600 M 'cm 1)
at 260 nm.3
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Microanalysis (C, H, and N) was carried out with a Perkin—Elmer
240Q elemental analyzer. Fast atom bombardment (FAB) mass
spectra were recorded with a VG ZAB-HS spectrometer in a 3-
nitrobenzyl alcohol matrix. Electrospray mass spectra (ES-MS)
were recorded with a LCQ system (Finnigan MAT, USA) using
methanol as the mobile phase. The spray voltage, tube lens offset,
capillary voltage, and capillary temperature were set to 4.50 kV,
30.00 V, 23.00 V, and 200 °C, respectively, and the quoted m/z val-
ues are for the major peaks in the isotope distribution. '"H NMR
spectra were recorded with a Varian-500 spectrometer. All chemical
shifts were given relative to tetramethylsilane (TMS). UV/Vis spec-
tra were recorded with a Shimadzu UV-3101PC spectrophotometer
and emission spectra were recorded with a Shimadzu RF-4500 lu-
minescence spectrometer at room temperature.

Synthesis of Ligand and Complexes

Ligand (dcdppz): A mixture of 1,10-phenanthroline-5,6-dione
(0.420 g, 2.0 mmol)* and 4,5-dichloro-1,2-phenylenediamine
(0.354 g, 2.0 mmol) in ethanol (80 cm?) was refluxed with stirring
for 6 h. The cooled solution was filtered and washed with cool eth-
anol. An earth yellow precipitate was obtained; yield 82%.
CgHgCLN, (351.19): caled. C 61.56, H 2.30, N 15.95; found C
61.39, H 2.45, N 15.76. ES-MS: m/z (%) = 352.3 [M + H]*. 'H
NMR (500 MHz, CDCls): 6 = 9.52 (dd, J = 8.0, J = 7.8 Hz, 2 H,
H), 9.28 (dd, / = 7.6, J = 7.5Hz, 2 H, H,), 8.45 (s, 2 H, Hy), 7.78
(dd, J = 5.6, J = 5.5Hz, 2 H, Hy) ppm. 3*C NMR (500 MHz,
CDCl3): 6 = 153.05 C (a), 148.59 C (f), 141.91 C (i), 140.94 C (h),
135.49 C (c), 133.81 C (g), 129.87 C (d), 127.04 C (e), 124.27 C
(b) ppm.

[Ru(dmp),(dedppz)](ClO4),:2CH3CN-1.5H,0 (1): A mixture of cis-
[Ru(dmp),Cl,]-2H,0 (0.286 g, 0.5 mmol)*3! and dedppz (0.176 g,
0.5 mmol) in ethylene glycol (20 cm?) was refluxed under argon for
8 h to give a clear red solution. Upon cooling, a red precipitate
was obtained by dropwise addition of saturated aqueous NaClO,4
solution. The crude product was purified by column chromatog-
raphy on a neutral alumina with a mixture of CH3;CN/toluene (3:1,
v/v) as eluent. The main red band was collected. The solvent was
removed under reduced pressure and a red powder was obtained;
yield 70%. C46H3,C1,NgOgRu-2CH;CN-1.5H,0: caled. C 51.03, H
3.51, N 11.90; found C 51.14, H 3.48, N 11.87. ES-MS [CH;CN]:
mlz (%) = 967.5 (IM — ClO4]"), 867.1 (M — 2ClO, — H]"), 434.3
(IM=2ClO4**). 'H NMR (500 MHz, [D¢]DMSO): 6 = 9.36 (dd, J
=6.5,J=45Hz, 2 H, H.), 943 (d, / = 8.5Hz, 2 H, H,), 8.77 (s,
4 H), 8.45(dd, J = 8.0, J = 8.5Hz, 4 H, H,,), 8.26 (d, J = 8.5 Hz,
1 H, Hy), 799 (d, J = 8.0Hz, 1 H, Hy), 7.63 (dd, J = 6.0, J =
5.5Hz, 2 H, H;), 7.54 (dd, J = 5.5, J = 5.0 Hz, 2 H, Hg), 7.42 (d,
J = 8.5Hz 2 H, Hy), 2.51 (s, 12 H) ppm. 3C NMR (500 MHz,
CDCl3): 0 = 166.89 C (2,9), 165.66 C (a), 153.02 C (f), 150.32 C (i),
147.62 C (11), 146.38 C (c), 140.15 C (h,)), 139.33 C (4,7), 137.13 C
(g.k), 135.54 C (d), 133.99 C (e), 132.37 C (10), 128.40 C (5,6),
126.31 C (b), 125.73 C (3,8), 24.94 C (Me) ppm.

[Ru(phen),(dedppz)|(Cl0y4),:2H,0 (2): This complex was synthe-
sized in an identical manner as that described for complex 1, with
cis-[Ru(phen),CL,]-2H,0B in place of cis-[Ru(dmp),Cl,]-2H,0;
yield 71%. C4H»4CIl4NgOgRu2H,0: caled. C 48.15, H 2.69, N
10.70; found C 48.27, H 2.64, N 10.77. ES-MS [CH;CN]: m/z (%)
= 911.5 (IM-ClO4]"), 407.3 (IM-2ClO4**). 'H NMR (500 MHz,
[Dg]DMSO): 6 =9.53 (dd, J = 7.0, J = 6.5Hz, 2 H, H,), 8.86 (t, J
=45Hz 2 H, H,), 8.81 (dd, 7 = 7.0, J = 6.5 Hz, 4 H, Hy ), 8.41
(s, 4 H, Hsg), 8.28 (dd, J = 5.5, J = 5.0 Hz, 2 H, H,), 8.22 (dd, J
=50,/=45Hz 2 H, Hy), 8.06 (d, /=5.0,J=5.0Hz 2 H, Hyy),
793 (dd, J = 5.5, J = 55Hz, 2 H, Hy), 7.82 (dd, J = 5.5, J =
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5.5Hz 2 H, Hy), 7.77 (dd, J = 5.5, J = 5.0 Hz, 2 H, Hg) ppm. 13C
NMR (CDCL): 6 = 154.40 C (2,9), 153.28 C (a), 152.67 C (),
150.99 C (i), 147.12 C (11), 141.15 C (c), 140.63 C (h.j), 136.99 C
(4,7), 13532 C (g.k), 133.19 C (d), 130.46 C (e), 129.67 C (10),
128.06 C (5,6), 127.70 C (b), 126.35 C (3.8) ppm.

[Ru(dip),(dedppz)](ClOy4),:2H,0 (3): This complex was synthesized
in an identical manner as that described for complex 1, with cis-
[Ru(dip)>Cl,]-2H,0B in place of cis-[Ru(dmp),Cl,]-2H,0; yield
70%. CesHaoCluNgOgRu-2H,0: caled. C 58.63, H 3.28, N 8.29;
found C 58.51, H 3.22, N 8.36. ES-MS [CH;CN]: m/z (%) =
1217.00 (M — ClO4]*), 558.4 (IM-2ClO4J**). 'TH NMR (500 MHz,
[Dg]DMSO): 6 =9.59 (d, J = 8.0 Hz, 2 H, H,), 8.87 (dd, J = 4.5 Hz,
2 H, H,), 8.39 (t, J = 5.5Hz, 4 H, H,,), 8.34 (d, J = 6.0 Hz, 2 H,
H,), 8.28 (s, 4 H, Hsg), 8.05 (dd, J = 5.5, J = 5.0 Hz, 2 H, H,),
7.83 (dd, J = 5.0 Hz, 4 H, Hig), 7.59-7.71 (m, 20 H) ppm. 13C
NMR (CDCl,): d = 153.29 C (2,9,a), 151.62 C (4,7), 149.85 C (),
147.00 C (i), 146.85 C (11), 140.03 C (c), 139.59 C (h,j), 134.26 C
(12), 132.27 C (d, g), 129.00 C (e), 128.72 C (14,15), 128.03 C (5,6),
127.10 C (10), 126.97 C (13), 125.19 C (b), 124.89 C (3.8) ppm.

Caution: Perchlorate salts of metal compounds with organic li-
gands are potentially explosive, and only small amounts of the ma-
terial should be prepared and handled with great care.

Crystal Structure Determination and Refinement of Complex 1: X-
ray diffraction measurements were performed with a Bruker Smart
CCD area detector in the range 1.5 < 6 < 26° with Mo-K,, radia-
tion (4 = 0.71073 A) at 120 K. All empirical absorption corrections
were applied by using the SADABS program.’8! The structures
were determined using pattern methods, which yielded the posi-
tions of all non-hydrogen atoms. All the hydrogen atoms of the
complexes were placed in calculated positions with fixed isotropic
thermal parameters and the structure factor calculations were in-
cluded in the final stage of full-matrix least-squares refinement. All
calculations were performed using the SHELXTL-97 suite of the
computer programs.?*! For data see Table 4.

Table 4. Crystal data for complex 1.

C46H32C12N gOgRu'2CH3CN -1, 5H20

M, 2363.60

T[K] 120

2 [A] 0.71073

Crystal system monoclinic
Space group Qe

a[A] 18.454(3)

b [A] 44.648(7)

c[A] 13.082(2)

a 7] 90

AN 99.911(3)

7 [ %

VA3 10618(3)

zZ 4

D, [gem ™ 1.472

Crystal size [mm)] 0.22X0.24 X 0.28
0 range for data collection [°] 1.82-26.00
Limiting indices, Akl 22 to 21, 45 to 55, -16 to 8
Reflections collected 10315
Independent reflections (R;,) 8068

Good-of-fit on F? 1.088

Ri/wWR, [I > 20(D)]™
Ry/WR, (all data)! 0.0730/0.1190
Largest diff. peak [eA '] 0.38/-0.40

0.0563/0.1150

[a] Ry = Z|IFo| — [FVZIF,], wRy = [Zw(Fy? — F2PZw(F) .
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DNA Binding and Photoactivated Cleavage: The DNA-binding and
photoactivated cleavage experiments were performed at room tem-
perature. Buffer A [S mMm tris(hydroxymethyl)aminomethane (Tris)
hydrochloride, 50 mm NaCl, pH 7.0] was used for absorption ti-
tration, luminescence titration, and viscosity measurements. Buffer
B (50 mm Tris-HCI, 18 mm NaCl, pH 7.2) was used for DNA pho-
tocleavage experiments. Buffer C (0.9% of physiological saline) was
used for the retardation assay of pGL 3 plasmid DNA.

The absorption titrations of the complex in buffer were performed
using a fixed concentration (20 um) for each complex to which in-
crements of the DNA stock solution were added. Ru—-DNA solu-
tions were allowed to incubate for 5 min before the absorption
spectra were recorded. The intrinsic binding constants K, based on
the absorption titration, were measured by monitoring the changes
of absorption in the MLCT band with increasing concentration of
DNA using the following equation.%!

(60 — e)l(eq — &) = b — (b*> — 2K2C,[DNA]/s)'?12KC, (la)

b =1+ KC, + KIDNAJ/2s (1b)

where [DNA] is the concentration of CT-DNA in base pairs, the
apparent absorption coefficients ¢,, &, and &, correspond to Apeq!
[Ru], the absorbance for the free ruthenium complex, and the ab-
sorbance for the ruthenium complex in fully bound form, respec-
tively. K is the equilibrium binding constant, C, is the total metal
complex concentration in nucleotides and s is the binding site size.

Binding stoichiometries were obtained for complexes 2 and 3 with
CT-DNA using the method of continuous variation.'') The con-
centrations of the three complexes and DNA were varied, while the
sum of the reactant concentrations was kept constant at 50 um (in
terms of base pairs for the DNA). Solutions of complexes and
DNA were prepared in Tris-HCI buffer (pH = 7.4). In the sample
solutions, the mol fraction y of the complex was varied from 0 to
1.0 in 0.1 ratio steps. The luminescence intensities of these mixtures
were measured at 25 °C using an excitation wavelength of 460 nm.
The fluorescence intensity was plotted vs. the mol fraction y of the
complex to generate a Job plot. Linear regression analysis of the
data was performed with the Origin 7.0 software.

Viscosity measurements were carried out using an Ubbelodhe vis-
cometer maintained at a constant temperature of 25.0 (*+ 0.1) °C
in a thermostatic bath. DNA samples approximately 200 base pairs
in average length were prepared by sonication to minimize com-
plexities arising from DNA flexibility.[*!] Flow time was measured
with a digital stopwatch, and each sample was measured three
times, and an average flow time was calculated. Relative viscosities
for DNA in the presence and absence of the complexes were calcu-
lated from the relation # = (1 — #°)/1%, where ¢ is the observed flow
time of the DNA-containing solution and ¢ is the flow time of
buffer alone.[*>*¥ Data were presented as (7/579)"> vs. binding ra-
tio,[*¥ where 7 is the viscosity of DNA in the presence of complexes
and 7, is the viscosity of DNA alone.

For the gel electrophoresis experiment, supercoiled pBR 322 DNA
(0.1 pg) was treated with the Ru'' complexes in buffer B, and the
solution was then irradiated at room temperature with a UV lamp
(365 nm, 10 W). The samples were analyzed by electrophoresis for
1.0h at 80V on a 0.8-% agarose gel in TBE (89 mm Tris-borate
acid, 2 mm EDTA, pH = 8.3). The gel was stained with 1 pgmL™"
ethidium bromide and photographed on an Alpha Innotech IS-
5500 fluorescence chemiluminescence and visible imaging system.

Cytotoxicity Assay in Vitro: Standard 3-(4,5-dimethylthiazole)-2,5-
diphenyltetraazolium bromide (MTT) assay procedures were
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used.[*) Cells were placed in 96-well microassay culture plates
(8 X 103 cells per well) and grown overnight at 37 °C in a 5-% CO,
incubator. Compounds tested were then added to the wells to
achieve final concentrations ranging from 10 to 104 m. Control
wells were prepared by addition of culture medium (100 pL). The
plates were incubated at 37 °C in a 5-% CO, incubator for 72 h.
Upon completion of the incubation, stock MTT dye solution
(20 uL, 5mgmL ') was added to each well. After 4 h, buffer
(100 uL) containing N,N-dimethylformamide (50%) and sodium
dodecyl sulfate (20%) was added to solubilize the MTT formazan.
The optical density of each well was then measured with a micro-
plate spectrophotometer at a wavelength of 490 nm. The ICs, val-
ues were determined by plotting the percentage viability vs. concen-
tration on a logarithmic graph and reading off the concentration
at which 50% of cells remain viable relative to the control. Each
experiment was repeated at least three times to obtain the mean
values. Four different tumor cell lines were the subjects of this
study: BEL-7402 (Human hepatocellular carcinoma cell line), Hela
(Human epithelial carcinoma cell line), HepG-2 (Human hepato-
cellular carcinoma cell line), and MG-63 (Human osteosarcoma
cell line), and these cells were purchased from the American Type
Culture Collection (Rockville, MD).

Apoptosis Assessment by AO/EB Staining: Apoptosis studies were
performed with a staining method utilizing acridine orange (AO)
and ethidium bromide (EB).?®1 AO can pass through cell mem-
branes, but EB cannot. Under the fluorescence microscope, living
cells appear green. Necrotic cells stain red but have a nuclear mor-
phology resembling that of viable cells. Apoptotic cells appear
green, and morphological changes such as cell blebbing and forma-
tion of apoptotic bodies will be observed. A monolayer of BEL-
7402 cells was incubated in the absence and presence of complex 3
at a concentration of 25 um at 37 °C and 5% CO, for 24 h. Then
each cell culture was stained with AO/EB solution (100 ugmL"!
AO, 100 pgmL~! EB). Samples were observed under a fluorescence
microscope.

Flow Cytometric Analysis: MG-63 cells were seeded into six-well
plates (Costar, Corning Corp, New York) at a density of 2 X 103
cells per well and incubated for 16 h. The cells were cultured in
RPMI 1640 supplemented with fetal bovine serum (FBS, 10%) and
incubated at 37 °C and 5% CO,. The medium was removed and
replaced with medium (final DMSO concentration, 1% v/v) con-
taining complex 3 (12.5 and 25 pm). After incubation for 16 h, the
cell layer was trypsinized and washed with cold PBS (phosphate
buffered saline) and fixed with 70% ethanol. 20 mL of RNAse
(0.2 mg/mL) and 20 mL of propidium iodide (0.02 mg/mL) were
added to the cell suspensions and they were incubated at 37 °C for
30 min. Then the samples were analyzed with a FACSCalibur flow
cytometer (Becton Dickinson & Co., Franklin Lakes, NJ). The
number of cells analyzed for each sample was 10000.14!

Scavenger Measurements of Hydroxy Radical (OH): The solution
of the tested complexes was prepared with DMF (N, N-dimethyl-
formamide). The assay mixture (5 mL) contained the following rea-
gents: safranin (28.5 pm), EDTA-Fe!' (100 um), H,O, (44.0 um), the
tested compounds (0.5-4.5 uM), and a phosphate buffer (67 mm,
pH = 7.4). The assay mixtures were incubated at 37 °C for 30 min
in a water bath. Then the absorbance was measured at 520 nm. All
tests were run in triplicate and expressed as the mean. A; was the
absorbance in the presence of the tested compound; 4, was the
absorbance in the absence of the tested compounds; A, was the
absorbance in the absence of the tested compound, EDTA-Fe!! and
H,0,. The suppression ratio (7,) was calculated on the basis of
(A; — A)(Ae — Ag) X 100%.
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CCDC-839716 contains the supplementary crystallo-
graphic data (excluding structure factors) for the structures
reported in this work. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre
via www.ccdce.cam.ac.uk/data_request/cif.
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