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Two polypyridine ruthenium(II) complexes, [Ru(dmp)2(MCMIP)]2þ (1) (MCMIP¼
2-(6-methyl-3-chromonyl)imidazo[4,5-f][1,10]-phenanthroline, dmp¼ 2,9-dimethyl-1,10-phe-
nanthroline) and [Ru(dmb)2(MCMIP)]2þ (2) (dmb¼ 4,40-dimethyl-2,20-bipyridine), have been
synthesized and characterized by elemental analysis, ES-MS and 1H NMR. The DNA-binding
behaviors of these complexes were investigated by electronic absorption titration, fluorescence
spectroscopy, viscosity measurements and thermal denaturation. The results show that 1 and 2

effectively bind to CT-DNA; the DNA-binding affinities are closely related to the ancillary
ligand.

Keywords: Effect of ancillary ligands; Ruthenium(II) complex; DNA

1. Introduction

A number of transition metal complexes have been utilized to probe nucleic acid
structure and in the development of DNA-cleaving agents, DNA photoprobes and
DNA-molecular light switches [1–9]. Metal complex-DNA associations are induced by
weak non-covalent forces, e.g. intercalation (�–� stacking) of ligand between DNA
base pairs, van der Waals contacts, hydrogen bonds, hydrophobic interactions and
electrostatic interactions [1, 10]. Many applications require complex interacting with
DNA through intercalation. Despite considerable literature on metal complex-DNA
interactions, the binding of these complexes to DNA and their binding geometries have
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remained a subject of debate [11]. The binding of [Ru(phen)3]
2þ remains an issue of

rigorous debate [12, 13] with factors such as size, shape and planarity of the
intercalative ligand, and changing substituent group or substituent position on the
intercalative ligand influencing the DNA-binding mechanism [9, 14–16]. In contrast,
investigations on the influence of the ancillary ligands of Ru(II) complexes have been
few. Since octahedral polypyridine Ru(II) complexes bind to DNA in three dimensions,
the ancillary ligands also play an important role in the DNA-binding mechanism
and behaviors. Barton et al. [17, 18] reported that [Rh(MGP)2phi]

5þ (MGP¼
4-(guanidylmethyl)-1,10-phenanthroline, phi¼ phenanthrenequinone diimine) and
[Rh(GEB)2phi]

5þ (GEB¼ 4-(2-guanidylethyl)-40-methyl-2,20-bipyridine) show different
sequence recognition, different DNA-binding affinities and cleavage due to the different
ancillary ligand. The Ru(II)-dppz (dppz¼ dipyrido[3,2-a: 20,30-c]-phenazine) complexes
with different ancillary ligands e.g. bpy(2,20-bipyridine), phen(1,10-phenanthroline),
dmb and dmp can display different DNA-binding affinities and sequence specificity
[19–21]. Therefore, it is significant to find the effect of ancillary ligand on the
interaction and binding of these complexes to DNA. In this article, we describe the
synthesis, characterization and DNA-binding of two new ruthenium(II) mixed-ligand
complexes, [Ru(dmp)2(MCMIP)]2þ (1) (MCMIP¼ 2-(6-methyl-3-chromonyl)imidazo
[4,5-f][1,10]-phenanthroline, dmp¼ 2,9-dimethyl-1,10-phenanthroline) and
[Ru(dmb)2(MCMIP)]2þ (2) (dmb¼ 4,40-dimethyl-2,20-bipyridine). Their DNA-binding
behaviors have been investigated by electronic absorption titration, fluorescence
spectroscopy, thermal denaturation and viscosity measurements. The experimental
results show that 1 and 2 effectively bind to CT-DNA.

2. Experimental

2.1. Materials

Calf thymus DNA (CT-DNA) was obtained from the Sino-American Biotechnology
Company. Doubly-distilled water was used to prepare buffers (5mM tris(hydrox-
ymethylaminomethane)-HCl, 50mM NaCl, pH¼ 7.2); dmp and dmb were purchased
from Guangzhou Chemical Reagent Factory. 3-Formyl-6-methylchromone was
purchased from Aldrich Chemicals. All other chemicals were of analytical reagent
grade and used without purification.

2.2. Physical measurements

Microanalysis (C, H, and N) was carried out with a Perkin-Elmer 240Q elemental
analyzer. Electrospray mass spectra (ES-MS) were recorded on a LCQ system
(Finnigan MAT, USA) using methanol as mobile phase. The spray voltage, tube lens
offset, capillary voltage and capillary temperature were set at 4.50KV, 30.00V, 23.00V
and 200�C, respectively, and the quoted m/z values are for the major peaks in the
isotope distribution. 1H NMR spectra were recorded on a Varian-500 spectrometer.
All chemical shifts are relative to tetramethylsilane (TMS). UV–Vis spectra were
recorded on a Shimadzu UV-3101PC spectrophotometer at room temperature.
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Cyclic voltammetric measurements were performed on a CHI 660A Electrochemical
Workstation. All samples were purged with nitrogen prior to measurements.
A standard three-electrode system comprised of a platinum microcylinder working
electrode, platinum-wire auxiliary electrode and a saturated calomel reference electrode
(SCE) was used.

2.3. DNA binding studies

All experiments involving interaction of the complexes with DNA were conducted
in Tris-HCl buffer. 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 [22]. The DNA concentration per nucleotide was determined
by absorption spectroscopy using the molar absorption coefficient (6600M�1 cm�1)
at 260 nm [23].

The absorption titration experiment was performed by maintaining the ruthenium(II)
complex concentration (20 mM) and varying the concentration of nucleic acid from
14 to 210 mM. Ruthenium-DNA solutions were allowed to incubate for 5min before
measuring the absorption spectra; equal amount of DNA was added to both complex
solution and the reference solution to eliminate the absorbance of DNA itself.
The intrinsic binding constant Kb with CT-DNA was obtained by monitoring the
change in absorbance of the metal-to-ligand transfer (MLCT), with increasing
concentration of DNA. The intrinsic binding constants Kb of Ru(II) complexes to
DNA were determined from equation (1) [24].

½DNA�

"a � "f
¼
½DNA�

"b � "f
þ

1

Kbð"b � "fÞ
ð1Þ

where [DNA] is the concentration of DNA in base pairs, "a, "f and "b correspond to the
apparent absorption coefficient Aobsd/[Ru], the extinction coefficient for the free
ruthenium complex and the extinction coefficient for the ruthenium complex in the fully
bound form, respectively. In plots of [DNA]/("a–"f) versus [DNA], Kb is given by the
ratio of slope to the intercept.

Viscosity measurements were carried out using an Ubbelodhe viscometer maintained
at 28.0 (�0.1)�C in a thermostated bath. DNA samples of approximately 200 base pairs
in average length were prepared by sonicating in order to minimize complexities arising
from DNA flexibility [25]. Flow time was measured with a digital stopwatch, each
sample was measured three times, and an average flow time was calculated. Data were
presented as (�/�0)

1/3 versus binding ratio [26], where � is the viscosity of DNA in the
presence of complex and �0 is the viscosity of DNA alone.

Thermal denaturation studies were carried out with a Perkin-Elmer Lambda 35
spectrophotometer equipped with a Peltier temperature-controlled programmer
(�0.1�C). The melting curves were obtained by measuring the absorbance at 260 nm
for solutions of CT-DNA (80 mM) in the absence and presence of different Ru(II)
complex as a function of temperature. The temperature was scanned from 50 to 90�C at
a speed of 1�Cmin�1. The melting temperature (Tm) was taken as the mid-point of the
hyperchromic transition.
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2.4. Preparation of complexes

2.4.1. [Ru(dmp)2(MCMIP)](ClO4)2 (1). A mixture of cis-[Ru(dmp)2Cl2] � 2H2O [27]
(0.312 g, 0.5mmol) and MCMIP [28] (0.189 g, 0.5mmol) in ethylene glycol (20 cm3) was
heated at 120�C under argon for 8 h to give a clear red solution. Upon cooling, a red
precipitate was obtained by dropwise addition of saturated aqueous NaClO4 solution.
The crude product was purified by column chromatography on neutral alumina with
a mixture of CH3CH-toluene (3 : 1, v/v) as eluant. The mainly red band was collected.
The solvent was removed under reduced pressure and a red powder was obtained.
Yield: 63%. Anal. Found: C, 55.93; H, 3.54; N, 10.21%. Calcd for C51H38N8Cl2O10Ru:
C, 55.95; H, 3.50; N, 10.23%. ES-MS [CH3CN, m/z]: 994.9 ([M�ClO4]

þ), 895.1
([M�2ClO4�H]þ), 448.2 ([M�2ClO4]

2þ). 1H NMR (500MHz, DMSO-d6): � 9.25
(s, 1H), 8.92 (d, 2H, J¼ 8.7Hz), 8.44 (t, 4H), 8.25 (d, 2H, J¼ 8.6Hz), 8.06 (s, 4H), 7.99
(d, 2H, J¼ 8.5Hz), 7.72 (t, 1H), 7.53 (t, 2H), 7.40 (d, 4H, J¼ 8.4Hz), 3.28 (s, 3H),
2.51 (s, 12H).

2.4.2. [Ru(dmb)2(MCMIP)](ClO4)2 (2). This complex was synthesized in a manner
identical to that described for 1, with cis-[Ru(dmb)2Cl2] � 2H2O [29] in place of
cis-[Ru(dmp)2Cl2] � 2H2O. Yield: 65%. Anal. Found: C, 53.94; H, 3.69; N, 10.68. Calcd
for C47H38N8Cl2O10Ru: C, 53.93; H, 3.66; N, 10.70%. ES-MS [CH3CN, m/z]: 947.0
([M�ClO4]

þ), 847.1 ([M�2ClO4�H]þ), 424.3 ([M�2ClO4]
2þ). 1H NMR (500MHz,

DMSO-d6): � 9.46 (d, 1H, J¼ 8.5Hz), 9.34 (s 1H), 9.04 (d, 1H, J¼ 8.5), 8.72 (d, 4H,
J¼ 8.0), 8.29 (s, 4H), 8.06 (d, 2H, J¼ 8.6Hz), 7.91 (d, 1H, J¼ 8.2Hz), 7.74–7.79
(m, 2H), 7.66 (d, 1H, J¼ 7.6Hz), 7.42 (d, 4H, J¼ 7.8Hz), 7.16 (d, 1H, J¼ 8.0Hz), 3.26
(s, 3H), 2.57 (s, 12H).

3. Results and discussion

3.1. Synthesis and characterization

MCMIP was synthesized on the basis of the method for imidazole ring preparation
established by Steck et al. [30]. The complexes were synthesized by direct reaction of
MCMIP with cis-[Ru(dmp)2Cl2] � 2H2O or cis-[Ru(dmb)2Cl2] � 2H2O in ethylene glycol
in relatively high yield. The desired ruthenium(II) complexes were isolated as the
perchlorates and purified by column chromatography.

In the ES-MS spectra for the Ru(II) complexes, all of the expected signals
[M�ClO4]

þ, [M�2ClO4�H]þ and [M�2ClO4]
2þ were observed. Complexes 1 and 2

give well-defined 1H NMR spectra (figure 1) and different protons were assigned by
analogy [28]. A full assignment was made for the multiples in the regions from 6.80 to
9.50 ppm. The proton resonance on the nitrogen atom of the imidazole ring of MCMIP
was not observed because the proton exchanges quickly between the two nitrogens of
the imidazole ring. Similar examples have been reported previously [31, 32].

The absorption spectra of 1 and 2 are shown in table 1 and characterized by intense
�–�* ligand transition in the UV and metal-to-ligand charge transfer (MLCT)
transition in the visible region. The bands at 467 and 464 nm are assigned to the metal-
to-ligand charge transfer (MLCT) transition. The bands below 300 nm are attributed to
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intraligand (IL) transition by comparison with the spectrum of other polypyridine
Ru(II) complexes [31, 32].

The electrochemical behavior of the two complexes were examined in acetonitrile.
Each complex exhibits one oxidation and three reduction waves in the sweep range from
�2.0 to þ2.0V (table 1). An oxidation wave corresponding to the RuIII/RuII couple was
observed at 1.43 and 1.25V for 1 and 2 (versus SCE), respectively. Comparing the
oxidation potential of 2 with that of [Ru(phen)3]

2þ (1.40V) [33], 2 loses an electron
more easily than [Ru(phen)3]

2þ. With reference to previous studies [32, 34, 35], the first
reduction, which is usually controlled by the ligand having the lowest unoccupied
molecular orbital (LUMO), is assigned to a reduction centered on MCMIP and the last
two reductions are characteristic of the co-ligand (dmp or dmb).

Figure 1. 1H NMR aromatic region of 1 (top) and 2 (bottom) in DMSO-d6 (500MHz).
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3.2. Electronic titration studies

The application of electronic absorption spectroscopy in DNA-binding studies is one of
the most powerful experimental techniques for probing metal ion-DNA interaction.
Binding of the macromolecule leads to changes in the electronic spectrum of the
metal complex. Base binding is expected to perturb the ligand field transition of
the metal complex [11]. Due to the intercalative mode involving a strong stacking
interaction between an aromatic chromophore and the base pairs of DNA, complex
binding with DNA through intercalation usually results in hypochromism and
bathochromism; the extent of the hypochromism on the metal-to-ligand charge transfer
(MLCT) commonly parallels the intercalative binding strength. The absorption spectra
of 1 and 2 at 25�C in the absence and presence of CT-DNA are given in figure 2. For 1,
the intensities of the intraligand band at 271 nm decrease with increasing concentration
of DNA. The band at 467 nm (MLCT band) is red shifted by 4 nm and the
hypochromism reaches as high as 14.5%. In the case of 2, the intensity of the
intraligand band at 283 nm also decreases in the presence of DNA; the hypochromism
at 464 nm (MLCT band) was observed to be 17.8%. These spectral characteristics
suggest that the two complexes interact with DNA most likely through intercalation.
The DNA-binding constants of 1 and 2 have been determined to be 5.42� 103M�1 and
2.25� 104M�1, respectively. Due to less �-conjugated aromatic area, these values are
less than those of classical intercalators, such as [Ru(bpy)2(dppz)]

2þ (dppz¼ dipyrido-
[3,2-a:20,30-c]phenazine, K4106) [36] and [Ru(bpy)2(ppd)]

2þ (ppd¼ pteridino
[7,6-f][1,10]phenanthroline-1,13-(10H,12H)-dione, K¼ 1.3� 106) [37]. The difference
between the two intrinsic constants is from different ancillary ligands. Complex 1 shows
the least binding strength to double-helical DNA. Substitution on the 2- and 9-positions
of the ancillary phen ligands must cause severe steric constraints near the core of Ru(II)
when the complex intercalates into the DNA base pairs. The methyl groups may come
into close proximity of base pairs at the intercalation sites. These steric clashes then
prevent the complex from intercalating effectively, decreasing the intrinsic constant.
Such clashes would not be present with substitution on the 4- and 40-positions of the
ancillary bpy ligands [19]. The results show that the DNA binding affinities of these
complexes closely correlate to the effects of ancillary ligands.

3.3. Luminescence studies

The emission intensities of complexes from their MLCT excited state are found to
depend on DNA concentration. The emission spectra of complexes in the absence and

Table 1. Electrochemical and absorption data of the ruthenium(II) complexes.

E1/2(V) vs. SCE
a

Complex RuII/III Ligand Reduction �max/nm
b ("dm�3mol-1 cm-1)

[Ru(phen)3]
2þ 1.40 �1.41 �1.54 �1.84

1 1.43 �0.80 �1.37 �1.61 469 (14515), 273 (78512)
2 1.25 �0.82 �1.43 �1.64 465 (10728), 285 (59976)

aAll data were measured in 0.1M NBu4ClO4–MeCN, error in potentials was �0.02V; scan rate¼ 100mVS�1.
bIn CH3CN.
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presence of calf thymus DNA are shown in figure 3. In the absence of DNA, 1 and 2 can
emit luminescence in Tris buffer at ambient temperature, with maxima appearing at 609
and 607 nm for 1 and 2, respectively. Upon addition of DNA, the emission intensities
of 1 and 2 increase to 3.53 and 3.72 times larger than the original, respectively.
The enhancement of emission intensity is indicative of binding of the complexes to the
hydrophobic pocket of DNA, efficiently protected by DNA.

Figure 2. Absorption spectra of complexes in Tris-HCl buffer upon addition of CT-DNA in the presence of
1 (a) and 2 (b). [Ru]¼ 20 mM. Arrow shows the absorbance changing upon the increase of DNA
concentration. Plots of ("a–"f)/("b�"f) vs. [DNA] for the titration of DNA with Ru(II) complexes.
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3.4. Thermal denaturation

When the temperature in solution increases, the double stranded DNA gradually

dissociates to single strands and generates a hypochromic effect on absorption spectra

of DNA bases (�max¼ 260 nm). The melting temperature Tm, which is defined as the

temperature where half of the total base pairs are unbonded, is determined from the

thermal denaturation curves of DNA. Generally, the melting temperature increases

when metal complexes bind to DNA by intercalation. As intercalation of the complexes

into DNA base pairs causes stabilization of base stacking and hence raises the melting

temperature of the double-stranded DNA, DNA melting experiments are useful in

establishing the extent of intercalation [38]. In the presence of intercalators, the Tm rises

sharply with low intercalator concentration until all intercalation sites are saturated,

after which stabilization is due to electrostatic binding and Tm increases less steeply.

Figure 4 shows, in the absence of 1 and 2, the Tm of CT-DNA was 75.2� 0.5�C;

the melting point increased by 3.7 and 4.9�C for 1 and 2 at a concentration ratio of

Figure 4. Thermal denaturation of calf thymus DNA in the absence (g) and presence of 1 (m) and 2 (�).
[Ru]¼ 20 mM, [DNA]¼ 80 mM.

Figure 3. Emission spectra of 1 (a) and 2 (b) in Tris-HCl buffer in the absence and presence of CT-DNA.
Arrow shows the intensity change upon increasing DNA concentrations.
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[Ru]/[DNA]¼ 1 : 5. These values clearly show that 2 stabilizes the DNA helix more
than 1, consistent with 2 binding to DNA more strongly than 1 as revealed by their
DNA-binding constants.

3.5. Viscosity measurements

To further clarify interactions between the complex and DNA, viscosity measurements
were carried out. Optical photophysical probes provide necessary but not sufficient
clues to support a binding mode. Viscosity measurements that are sensitive to length
change of DNA are regarded as the least ambiguous and most critical test of binding
mode in solution in the absence of crystallographic structural data or NMR spectra
[12, 39]. A classical intercalation mode results in lengthening the DNA helix, as base
pairs are separated to accommodate the binding ligand, leading to increase of DNA
viscosity. In contrast, a partial and/or non-classical intercalation of ligand could bend
(or kink) the DNA helix, reduce its effective length and, concomitantly, its viscosity
[12, 39]. The effects of 1 and 2, together with ethidium bromide (EB) on the viscosity
of rod-like DNA, are shown in figure 5. EB, a known DNA intercalator, increases the
relative specific viscosity via lengthening of the DNA double helix resulting from
intercalation. On increasing the amount of 2, the relative viscosity of DNA increases
from 1.0 to 1.21, similar to the behavior of ethidium bromide. However, the relative
viscosity of DNA decreases from 1.0 to 0.86 upon increasing the amounts of 1, which
indicates that 1 interacts with DNA through partial intercalation.

4. Conclusion

Two mixed-ligand polypyridine complexes, [Ru(dmp)2(MCMIP)]2þ and [Ru(dmb)2
(MCMIP)]2þ, have been synthesized and characterized by elemental analysis, ES-MS

Figure 5. Effect of increasing amounts of ethidium bromide (m), 1 (�) and 2 (g) on the relative viscosity of
calf thymus DNA at 28 (�0.1)�C. [DNA]¼ 0.5mM.
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and 1H NMR. Both complexes show hypochromism in the MLCT band in the presence
of DNA and binding constants have been determined through spectroscopic titration.
Relative viscosity of DNA has been found to increase in the presence of 2, whereas the
relative viscosity of DNA decreases in the presence of 1 due to the severe steric
constraints of 2,9-dimethyl-1,10-phenanthroline (dmp). The results indicate that the
two complexes bind to CT-DNA, and the DNA-binding affinities are related to the
ancillary ligand.
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