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Two ruthenium(II) complexes [Ru(MeIm)4(L)]
2þ (L¼ 2-(imidazo-4-group)-1H-imidazo-[4,5-

f][1,10]phenanthroline, 2-(thiophene-2-group)-1H-imidazo[4,5-f][1,10]phenanthroline, MeIm¼
1-methylimidazole) have been synthesized according to literature and structurally character-
ized. The interaction of the complexes with calf thymus DNA has been explored using
electronic absorption titration, competitive binding experiment, circular dichroism, thermal
denaturation, and viscosity measurements. The results show that both complexes could bind
DNA in a intercalation mode and the DNA-binding affinity of [Ru(MeIm)4(tip)]

2þ

(Kb¼ (7.2� 0.3)� 105 (mol L�1)�1) is greater than that of [Ru(MeIm)4(iip)]
2þ

(Kb¼ (6.1� 0.2)� 105 (mol L�1)�1).

Keywords: Ru(II) complexes; DNA binding; Spectral property

1. Introduction

Transition metal complexes with efficient DNA binding and cleavage properties under
physiological conditions have found wide applications in nucleic acid chemistry [1–3].
Studies on small molecule binding to DNA are very important in the development of
new therapeutic reagents and DNA molecular probes [4–6]. In general, ruthenium(II)
complexes bind to DNA in a non-covalent interaction such as electrostatic binding,
groove binding [7], intercalative binding or partial intercalative binding [8, 9]. Many
important applications of these complexes require that the complexes bind to DNA in
an intercalative mode and it is already known that intercalative ligands govern the
DNA-binding modes and affinities. Therefore, a great deal of work has been done on
modifying the intercalative ligand [10–13]. However, most of the reported Ru(II)
complexes are less soluble in water due to their big polycyclic heteroaromatic
hydrophobic ligands. Recently, we reported the DNA-binding of [Ru(MeIm)4(dppz)]

2þ

(MeIm¼ 1-methylimidazole, dppz¼ dipyrido[3,2-a:20,30-c]phenazine) [14] and that the
aqueous solubility of [Ru(MeIm)4(dppz)]

2þ is better than that of [Ru(bpy)4(dppz)]
2þ
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emerged. Ru(II)-imidazole complexes and their derivatives have already been proven to
possess antitumor [15–17] and immunosuppressive activity [18]. To more clearly
understand the selectivity and efficiency of DNA recognized and cleaved by Ru(II)
complexes, an appropriate intercalative ligand is helpful in distinguishing the small
differences of the interaction of complexes with DNA.

In this article, two ruthenium complexes [Ru(MeIm)4(L)]
2þ (L¼ iip or tip) (figure 1)

were synthesized according to literature [19] and the interactions of these complexes
with DNA as well as the related properties were experimentally explored.

2. Experimental

2.1. Chemicals

Buffers were prepared as follows: buffer A: 5mmolL�1 Tris-HCl, 50mmolL�1 NaCl,
pH 7.2. buffer B: 1.5mmol L�1 Na2HPO4, 0.5mmolL�1 NaH2PO4, and
0.25mmolL�1 Na2EDTA.

Calf thymus DNA (CT-DNA) was obtained from Sigma (St. Louis, MO, USA).
Solution of CT-DNA in buffer A gave a ratio of UV-Visible (UV-Vis) absorbance of
1.8–1.9 : 1 at 260 and 280 nm, indicating that the DNA was sufficiently free of protein
[20, 21]. The concentration of CT-DNA in nucleotide phosphate (NP or bases) was
determined spectrophotometrically using a molar absorptivity of 6600 (mol L�1)�1 cm�1

(260 nm) [22]. All reagents and solvents were purchased commercially and used without
purification unless otherwise noted. Double distilled water was used to prepare buffers.

2.2. Physical measurement

Electrospray ionization mass spectrometry (ESI-MS) was recorded on a LQC system
(Finnigan MAT, USA) using CH3CN as mobile phase. The spray voltage, tube lens
offset, capillary voltage, and capillary temperature were set at 4.50 kV, 30.00V, 23.00V,
and 200�C, respectively, and the m/z values were quoted for the major peaks in the
isotope distribution. Microanalysis (C, H, and N) were carried out with a Perkin Elmer

Figure 1. Structural diagram of [Ru(MeIm)4(iip)]
2þ (1) and [Ru(MeIm)4(tip)]

2þ (2).
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240Q elemental analyzer. 1H-NMR spectra were recorded on a Bruker AVANCE
AV400 spectrometer with (CD3)2SO as solvent at 400MHz at room temperature. All
chemical shifts are relative to tetramethylsilane. UV-Vis and emission spectra were
measured on a Perkin Elmer Lambda-850 spectrophotometer and Ls55 spectro-
fluorophotometer at 25�C.

2.3. DNA-binding experiments

2.3.1. Electronic absorption titration. Absorption titrations of Ru(II) complexes in
buffer A were performed by using a fixed Ru(II) complex concentration to which
increments of DNA stock solution were added. Initially, 3000mL solutions of the blank
buffer and the Ru(II) complex (20mmolL�1) were placed in the reference and sample
cuvettes (1 cm path length), respectively, and then the first spectrum was recorded from
200 to 650 nm. During the titration, an aliquot (3–10mL) of DNA stock solution
(concentration of 5–10mmolL�1 in NP) was added to each cuvette to eliminate the
absorbance of the DNA itself, and the solutions were mixed by repeated inversion. The
solutions were allowed to incubate for 5min before the absorption spectra were
recorded. The titration processes were repeated until there was no change in the spectra
for at least four titrations, indicating binding saturation had been achieved. The
changes in the Ru(II) complex concentration due to dilution at the end of each titration
were negligible. The intrinsic binding constants of both complexes, Kb, to DNA were
obtained by monitoring the changes of the 1MLCT absorbance for both complexes
according to the following equation (1a) and (1b) [23–27]:

"a � "f
� �

= "b � "f
� �

¼ b� b2 � 2K2
bCt DNA½ �=s

� �1=2� �
2KbCt ð1aÞ

b ¼ 1þ KbCt þ Kb½DNA�=2s ð1bÞ

where "a is the extinction coefficient (Aabs/[M]) observed for the 1MLCT absorption
band at a given DNA concentration, "f and "b the extinction coefficient for the free
Ru(II) complex and the extinction coefficient for the Ru(II) complex in the fully bound
form, respectively, [DNA] the concentration of DNA in nucleotides, Ct the total Ru(II)
complex concentration, Kb the equilibrium binding constant in (mol L�1)�1, and s the
binding site size.

2.3.2. Competitive binding experiment. Experiments of DNA competitive binding with
ethidium bromide (EB) were carried out in buffer A by keeping [DNA]/[EB]¼ 10 : 1
([DNA]¼ 100 mmolL�1, [EB]¼ 10 mmolL�1) and varying the concentrations of the
Ru(II) complex ([Ru]¼ 0–10mmolL�1). Samples were excited at 340 nm and emission
was observed between 530 and 670 nm. Control experiments were performed by keeping
[EB]¼ 10 mmolL�1 (in the absence of DNA, [Ru]¼ 0–10 mmolL�1). The quenching
constant K was calculated according to the classical Stern–Volmer equation (equation
(2)) [28].

Io
I
¼ 1þ Kr ð2Þ
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where I0 and I are the fluorescence intensities in the absence and presence of complex
[Ru(MeIm)4(L)]

2þ (L¼ iip or tip), respectively, and r the ratio of the total concentration
of [Ru(MeIm)4(L)]

2þ (L¼ iip or tip) to that of DNA.

2.4. Circular dichroic spectra study

Circular dichroic (CD) spectra of CT-DNA were measured on a JASCO J-810
spectropolarimeter at room temperature. The region from 220 to 620 nm was scanned
for each sample in buffer A. CT-DNA was 2� 10�5mol L�1 in NP and Ru(II)
complexes were added to a ratio of [Ru]/[DNA]¼ 2 : 1. High-frequency noise was
filtered out using JASCO Spectra Manager software. The CD spectral studies for each
sample were repeated at least three times.

2.5. Thermal denaturation

Thermal denaturation studies were carried out on a Perkin Elmer Lambda-850
spectrophotometer equipped with a Peltier temperature controlling programmer PTP-6
(�0.1�C) in buffer B. With the use of the thermal melting program, the temperature of
the cell containing the cuvette was ramped from 40 to 90�C. The absorbance at 260 nm
was monitored by every 1�C for solutions of CT-DNA (80 mmolL�1) in the absence
and presence of the Ru(II) complex (8 mmolL�1) at different concentrations. The
melting temperature Tm, which is defined as the temperature where half of the total
base pairs are unbonded, was determined from the midpoint of the melting curves. DTm

values were calculated by subtracting Tm of the DNA alone from that of the
DNA-complex adduct.

2.6. Viscosity studies

Viscosity measurements were carried out using an Ubbelohde viscometer maintained at
a constant temperature at 30.0� 0.1�C in a thermostatic bath. DNA samples
approximately, 200 b.p. in average length, were prepared by sonication using buffer
A in order to minimize complexities arising from DNA flexibility [29]. Flow time was
measured with a digital stopwatch, and each sample was measured three times, and an
average flow time was calculated. Data are presented as (�/�0)1/3 versus binding ratio,
where � is the viscosity of DNA in the presence of complex and �0 the viscosity of DNA
alone.

3. Results and discussion

3.1. Electronic absorption titration

Electronic absorption spectroscopy is one of the most useful techniques to investigate
the interactions of complexes with DNA [30]. Usually, complex binding to DNA leads
to hypochromism and bathochromism, probably because the electronic structure of the
complex is disturbed by DNA. The hypochromism or bathochromism depends on the

1494 X. Yang et al.
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complex or the intercalation mode. It is generally accepted that the extent of the
hypochromism in the UV-Vis band is consistent with the strength of intercalative

interaction [24, 31, 32]. Absorption spectra of 1 and 2 in the absence and presence of

CT-DNA (at a constant concentration of complexes, [Ru]¼ 20 mmolL�1) are given in
figure 2(a) and (b).

Absorption spectra of 1 and 2 have some similar features, i.e., there are two distinct

bands with comparable intensity from 230 to 650 nm. The first is a broad absorption
centered at 400–600 nm, which is generally assigned to a singlet metal-to-ligand charge

transfer (1MLCT). The other band centered at 275 nm is attributed to intraligand (IL)

Figure 2. Absorption spectra of (a) 1 and (b) 2 in buffer A at 25�C in the presence of increasing amounts
of CT-DNA. [Ru]¼ 20 mmolL�1, [DNA]¼ 0–200 mmolL�1 from top to bottom. Arrows indicate the change
in absorbance upon increasing the DNA concentration. Inset: plot of ("a� "f)/("b� "f) vs. [DNA] and the
nonlinear fit for the titration of DNA to Ru(II) complexes.
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�–�* transitions. Compound 2 has an obvious acromion centered at 330 nm, whereas 1
has none.

With increasing concentration of DNA, all the absorption bands show clear
hypochromism, though no obvious red shift is observed. The hypochromism (H%), as
defined by H%¼ 100% � (Afree�Abound)/Afree, of metal-to-ligand charge transfer
(1MLCT) bands and intraligand (IL) bands of 1 were determined to be about 7.0%
and 21.2%, respectively, with 2, they were 24.0% and 32.1%, respectively. The change
of absorption spectra is one of the most important evidences that the complex may bind
to DNA through intercalation [33]. Obviously, the spectral characteristics suggest that
strong �–� stacking occurred in the electrons between complexes and DNA. The
percent hypochromism and Kb values of 1 and 2 in the presence of DNA at saturation
are detailed in table 1.

The percent hypochromism of 2, whether in the region of 1MLCT band or IL band, is
larger than that of 1. The intrinsic binding constants Kb and s values of complexes follow
the order of Kb(2) (7.2� 0.3� 105)4Kb(1) (6.1� 0.2� 105), s(2)4 s(1). From reported
results, such as [Ru(bpy)2(MCMIP)]2þ (3.92� 104), [Ru(phen)2(MCMIP)]2þ (4.8� 104)
[4], [Ru(dmb)2(MCMIP)]2þ (2.25� 104), [Ru(dmp)2(MCMIP)]2þ (5.42� 104) [34],
[Ru(dmb)2(dtni)]

2þ (2.63� 104), [Ru(dmb)2(dtni)]
2þ (8.65� 104) [35], [Ru(dmb)2

(ITAP)]2þ (4.5� 104) [36], [Ru(bpy)2(BFIP)]
2þ (4.6� 0.1� 104), [Ru(dmb)2(BFIP)]

2þ

(3.2� 0.3� 104), [Ru(phen)2(BFIP)]
2þ (5.4� 0.1� 104) [37], and [Ru(dmb)2(ipdp)]

2þ

(7.18� 103) [38], we can see that the Kb of 1 and 2 is larger than these complexes. The
data obviously indicate that the DNA-binding affinity of 2 is stronger than that of 1. As
a result, we bring forward a hypothesis that the larger the hypochromism, the greater the
DNA binding affinity of the complex [24, 31]. The distinction of DNA-binding affinity
may be attributed to different structures between 1 and 2, that is, the ligand iip of 1 is
modified by imidazole while the ligand tip of 2 is modified by thiophene.

3.2. Competitive binding experiment

The molecular fluorophore EB emits intense fluorescence at 600 nm in the presence of
CT-DNA due to its strong intercalation between the base pairs of DNA [39]. If a
complex can replace EB from DNA-bound EB, the fluorescence of the solution will be
quenched as free EB is quenched by surrounding water. No luminescence is observed
for 1 and 2 in any solvent even in the presence of DNA. According to recent
reports, [Ru(dmb)2(ITAP)]2þ [36], [Ru(bpy)2(BFIP)]

2þ, [Ru(dmb)2(BFIP)]
2þ and

[Ru(phen)2(BFIP)]
2þ [37] emit luminescence in tris buffer (in the absence of DNA) at

room temperature. Obviously, 1 and 2 do not have this characteristic. The control

Table 1. Absorption spectra (max/nm) and DNA-binding constants Kb of 1 and 2.

Complex �max H (%) Kb/10
5 (mol L�1)�1 s

[Ru(MeIm)4(iip)]
2þ (1) 523 6.3 6.1� 0.2 1.3

456 7.5
[Ru(MeIm)4(tip)]

2þ (2) 276 21.2
523 23.8 7.2� 0.3 2.1
456 25.2
287 32.1

1496 X. Yang et al.
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experiments show that there is almost no change in the fluorescence intensity of free EB
(in the absence of DNA) with increasing concentrations of 1 and 2; consequently,
competitive binding experiments using 1 and 2 as quenchers provide further
information on the complex binding to DNA. The emission spectra of DNA-bound
EB in the absence and the presence of 1 and 2 are given in figure 3.

A clear decrease in the emission intensity is observed with addition of 1 and 2 to
DNA-bound EB solution, indicating intercalation of the complexes accompanied by
release of EB. The fluorescence quenching curve (inset in figure 3) illustrates that the
fluorescence quenching of DNA-bound EB is in good agreement with the linear Stern–
Volmer equation [28]. The quenching constants K (the slope of quenching curve) follow
the order K(2)4K(1), suggesting that 2 has a greater DNA-binding affinity than 1.
This trend is consistent with the absorption titration experiment. These results also
indicate that 1 and 2 can replace EB from DNA-bound EB and intercalate into
the DNA.

3.3. CD spectra study

CD spectra provide information about the chirality of spectroscopically active species
in solution. The observed CD spectrum of CT-DNA contains a positive band at 275 nm
due to base stacking and a negative band at 248 nm due to helicity, characteristic of
DNA in the right-handed B form [26]. It is usually speculated that changed CD signals
of DNA during interactions may be caused by structural distortion [40]. Thus, the CD
spectral technique is used to evaluate the capability of some complexes for influencing
the conformation of double helical structure of B DNA. It is commonly considered that
classical intercalation can enhance base stacking, stabilize the helicity, and increase
intensity of both bands, whereas simple groove binding and electrostatic interaction of
small molecules show less or no perturbation on the base stacking and helicity
bands [41].

Figure 3. Changes in the emission spectra of DNA-bound EB in 5mmol L�1 Tris-HCl buffer, pH¼ 7.2
([EB]¼ 10 mmolL�1, [DNA]¼ 100 mmolL�1), with increasing concentrations of 1 (figure 3a) or 2 (figure 3b)
from 0 to 10 mmolL�1. Arrow shows the intensity change upon increasing concentrations of the complex.
Inset: florescence quenching curve of DNA-bound EB by 1 or 2, where I0 and I are fluorescence intensities in
the absence and the presence of the complexes.

Spectroscopy studies on DNA binding 1497
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When 1 and 2 are incubated with CT-DNA at [Ru]/[DNA]¼ 1 : 8, the CD spectra of
DNA in the presence of 1 (figure 4b) show a small intensity decrease at both positive
and negative bands while no shift is observed. The intensity decrease of positive band
shows that 1 affects the base stacking of CT-DNA, and the change of negative band
suggests that it can induce uncoiling of CT-DNA [42]. The addition of 2 does not result
in obvious CD spectra changes of CT-DNA (figure 4c), indicating that the structure of
CT-DNA has not been greatly influenced.

3.4. Thermal denaturation experiment

Thermal denaturation for CT-DNA binding to the complex estimates the complexes’
ability to stabilize the double-stranded structure of DNA [43]. It is well accepted that
double-stranded DNA can dissociate to single strands gradually with increase of
temperature of the solution, generating a hyperchromic effect in the absorption spectra
of DNA bases (�max¼ 260 nm). Therefore, it is reasonable to monitor the absorbance of
the DNA bases at 260 nm to determine the transition temperature of double strands to
single strands [44, 45]. The interaction of small molecule with double helix DNA is
known to increase the melting temperature (Tm) at which 50% of the double helix
denatures into single-strand DNA [46, 47]. As a result, the thermal behavior of DNA in
the presence of complexes can give insight into their conformation changes with
temperature increase and offer some information concerning the interaction affinities of
complexes for DNA.

The melting curves of CT-DNA in the absence and the presence of 1 and 2 are shown
in figure 5. A Tm experiment carried out for CT-DNA (in buffer B, section 2) in the
absence of any added complex shows a Tm of 60.0� 0.2�C under our experimental
conditions. The addition of 1 and 2 results in the Tm of DNA increasing to 70.4� 0.2�C
and 75.3� 0.2�C, respectively, at a concentration ratio [Ru]/[DNA]¼ 1 : 10. The DTm

values of 1 and 2 are determined as 10.4�C and 15.3�C, respectively, which are higher
than those reported for [Ru(NH3)4(dppz)]

2þ (DTm¼ 5.2�C) [26], [Ru(MeIm)4(dpq)]
2þ

(DTm¼ 5.0�C) [22], [Ru(MeIm)4(dppz)]
2þ (DTm¼ 7.6�C) [7], [Ru(dmb)2(ITAP)]2þ

(DTm¼ 6.7�C) [36], [Ru(bpy)2(BFIP)]
2þ (DTm¼ 4.0�C), [Ru(dmb)2(BFIP)]

2þ

Figure 4. CD spectra of CT-DNA 240mmolL�1 in the absence (a ——) and presence of 30 mmolL�1 1

(b ……), and 30 mmolL�1 2 (c – – –).
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(DTm¼ 2.0�C) and [Ru(phen)2(BFIP)]
2þ (DTm¼ 9.0�C) [37]. These values fall in the

range of typical classical intercalators [43, 44], indicating that the ligands (iip and tip)
intercalate between the DNA base pairs strongly. Furthermore, the fact that the
increase (13.5�C) in Tm of 2 is larger than that of 1 is also in good agreement with the
trend discussed above.

3.5. Viscosity studies

Measuring the viscosity of DNA is regarded as the most critical test of a DNA binding
model in solution and could provide strong arguments for intercalative binding [41, 48].
A classical intercalation model demands that the DNA helix lengthens as base pairs are
separated to accommodate the binding ligand, which leads to an increase in the
viscosity of DNA [49,50]. However, a partial and/or non-classical intercalation of
ligand may bend (or link) the DNA helix, resulting in decreasing its effective length and,
concomitantly, its viscosity [51,52]. In order to further elucidate the binding mode for
the present complexes, viscosity measurements are carried out, keeping [DNA]¼
0.5mmolL�1 and various concentrations of the complexes.

As shown in figure 6, EB, a well-known DNA intercalator, increases the relative
viscosity strongly by lengthening the DNA double helix through intercalation, whereas
[Ru(bpy)3]

2þ, which binds to DNA in the electrostatic mode, exerts essentially no
influence on DNA viscosity. With increasing amounts of 1 and 2, the relative viscosity
of DNA increases steadily, similar to the behavior of EB. The increased viscosity, which
may depend on the binding affinity to DNA, decreases in the order EB4
[Ru(MeIm)4(tip)]

2þ (2)4 [Ru(MeIm)4(iip)]
2þ (1)4 [Ru(bpy)3]

2þ. These experimental
results suggest that 1 and 2 bind to DNA through classical intercalation, and the

Figure 5. Melting curves of CT-DNA (100mmol L�1) at 260 nm in the absence (g) and the presence of 1 (�)
or 2 (m) at [Ru]¼ 10mmolL�1, where A0, Af and A are the absorption intensities at 35�C, 95�C and at a
given temperature between 35�C and 95�C, respectively.

Spectroscopy studies on DNA binding 1499

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

33
 1

3 
O

ct
ob

er
 2

01
3 



binding affinity of 2 is stronger than that of 1, consistent with the above experimental
results.

4. Conclusions

The binding behavior of the complexes to CT-DNA were investigated by absorption,
competitive binding, thermal denaturation, circular dichroism, and viscosity experi-
ments. The results indicate that 1 and 2 can bind to DNA in an intercalative mode and
the DNA-binding affinity of [Ru(MeIm)4(tip)]

2þ (Kb¼ (7.2� 0.3)� 105 (mol L�1)�1) is
greater than that of [Ru(MeIm)4(iip)]

2þ (Kb¼ (6.1� 0.2)� 105 (mol L�1)�1). This
difference in affinity may be due to the different structures of two complexes. We put
forward a hypothesis – in 2, the thiazole loop and the ip (ip¼ 1H-imidazo[4,5-
f][1,10]phenanthroline) loop can approximately belong to the same plane, which could
be beneficial for intercalating in the DNA. However, in the case of 1, the imidazole loop
and the ip (ip¼ 1H-imidazo[4,5-f][1,10]phenanthroline) loop are not in the same plane.
This structural property may engender essential steric hindrance when inserting in
DNA and the binding affinity of 2 is stronger than that of 1.
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