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The [Ru(tpy)2]Cl2 (tpy:2,2':6',2"-terpyridine) complex was synthesized and its structure was confirmed by 1H-NMR
and elemental analysis. Its binding mode toward DNA was compared with the well-known [Ru(bpy)3]Cl2 (bpy:2,2bipyridyl), using isotropic absorption, linear dichroism(LD) spectroscopy, and an energy minimization study. Compared to [Ru (bpy)3]2+, the [Ru(tpy)2]2+ complex exhibited very little change in its absorption pattern, especially in the
MLCT band, upon binding to DNA. Furthermore, upon DNA binding, both Ru(II) complexes induced a decrease in the
LD magnitude in the DNA absorption region. The [Ru(tpy)2]2+ complex produced a strong positive LD signal in the
ligand absorption region, which is in contrast with the [Ru(bpy)3]2+ complex. Observed spectral properties led to the
conclusion that the interaction between the ligands and DNA bases is negligible for the [Ru(tpy)2]2+ complex, although
it formed an adduct with DNA. This conclusion implies that both complexes bind to the surface of DNA, most likely
to negatively charged phosphate groups via a simple electrostatic interaction, thereby orienting to exhibit the LD signal.
The energy minimization calculation also supported this conclusion.
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Introduction
During the past decade, the interaction of metal complexes
with DNA has attracted much attention for application as probes
of DNA structure and in the development of new therapeutic
1
regents. The Ru(II) polypyridyl-type complexes containing
planar aromatic ligands and DNAs are of particular interest
for the well-known light switch effect, stability upon binding to
DNA, possibility of recognition of DNA helicity, role as an electron acceptor in DNA-mediated electron transfer, and photo2-6
induced DNA cleavage. Recently developed new techniques,
including the density functional theory method, picosecond
time-resolved resonance Raman spectroscopy, and femtosecond
linear dichroism have also been applied to investigate the nature
of interactions, including the strength, geometries, and modes
7-14
of Ru(II) complexes with DNA. In general, Ru(II)-polypyridyl complexes bind to DNA in a non-covalent interaction
fashion. The known modes of binding of the Ru(II)-polypyridyl complex to DNA include electrostatic binding at the
surface of DNA, groove binding,15 and intercalative binding,
which is subsequentially categorized as classical intercalation,
7,16
semi-intercalation, and quasi-intercalation.
2+
The interesting chemistry of [Ru(2,2'-bipyridine)3] (here2+
after referred to as [Ru(bpy)3] ) has stimulated the preparation
and characterization of many related new octahedral Ru(II)polypyridyl complexes in order to explicate the effects of ligand
structure on ground- and excited-state redox, photochemical,
17-25
Development of new DNA
and photophysical properities.
structural probes and potential new chemotherapeutic agents
2+
has also been an important motivation of [Ru(bpy)3] -related
26-31
Many important applications of these comcomplex studies.
plexes require that the complex binds to DNA through an intercalative mode. The planarity of the ligand is thought to play a

7,32
key role in the binding mode and affinity. The nature of the
ancillary ligand can indirectly affect DNA binding properties
through changing the planarity of the main ligand and hydrop33,34
All these studies indicate that a
hobicity of the complex.
subtle change in the molecular structure may exert significant
effects on binding modes, locations, and affinities and provide
a chance to explore varied and valuable information regarding
conformation- or site-specific DNA probes. However, investigations of Ru(II)-polypyridyl complexes with tridentate ligands
have attracted much less attention and their vast potential as
DNA-binding reagents remains largely untapped.
In this work, the binding mode of [Ru(2,2':6',2''-terpyridi2+
2+
ne)2] (hereafter referred to as [Ru(tpy)2] ) to DNA was compared with that of the well-known [Ru(bpy)3]2+ complex. The
latter complex possesses three symmetric planar bidentate ligands, while the former contains tridentate ligands (Scheme 1).
Comparison of these two Ru(II) complexes potentially enables
investigation into the role of ligand planarity, or effects of ligand
steric hindrance, in the formation of the adduct between the
Ru(II) complex and DNA.
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Scheme 1. Molecular structures of the [Ru(bpy)3] and [Ru(tpy)2]
complexes.
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Binding of the Ru(II) Complexes to DNA

Materials. Calf thymus DNA (referred to as DNA) was purchased from Worthington (Lakewood, NJ, USA) and purified by
o
dissolution (exhaustive shaking at 4 C) in 5.0 mM cacodylate
buffer (pH 7.0) containing 100 mM NaCl and 1.0 mM EDTA,
o
followed by several rounds of dialysis at 4 C against 5.0 mM cacodylate buffer (pH 7.0). The latter buffer was used throughout
this work. The mixing ratio (R) was defined by the ratio of the
concentration of the loaded drug per DNA base or phosphate
2+,35,36
and [Ru(tpy)2]2+,37 comconcentration. The [Ru(bpy)3]
plexes were prepared accordingly to reported methods. The
2+
2+
concentrations of DNA, [Ru(bpy)3] , and [Ru(tpy)2] were
determined spectrophotometrically using their respective ex‒1
‒1
‒1
tinction coefficients: ε258 nm = 6700 M cm ; ε452 nm = 14600 M
‒1
‒1
‒1
cm ; ε475 nm = 12570 M cm . Other chemicals were purchased
from Sigma-Aldrich (St. Louis, MO, USA) or Merck (Whitehouse. NJ, USA) and used without purification.
Measurements. Absorption spectra were recorded on a Cary
100 (Varian, Australia). Linear dichroism spectra (referred to as
LD) were measured on a J810 (Jasco, Tokyo, Japan) spectropolarimeter. LD is defined by the difference in absorbance for the
light polarized parallel and perpendicular to the orientation axis
38
of the chromophore. A Wada-type inner-rotating flow cell was
used to align the DNA sample for LD measurements, as described by Nordén and coworkers.39-41 The division of the measured
LD by isotropic absorption spectrum results in a dimensionless
r
quantity denoted as reduced linear dichroism (LD ), which reflects the angle (α) of the transition moment of any DNA-bound
drug with respect to the local DNA helical axis and the ability
r
of the orientation of the DNA-drug adduct through LD = 1.5S
2
(< 3cos α > ‒1), where S is the orientation factor, a measure of
orientability.
2+
2+
2+
Synthesis of [Ru(bpy)3] and [Ru(tpy)2] . The [Ru(bpy)3]
2+
and [Ru(tpy)2] complexes were synthesized by a previously reported method, and the structures were confirmed by comparing
1
35-37
the elemental analysis and H-NMR data.
[Ru(bpy)3]·Cl2: Light orange color Elemental analysis calcd
(%) for C30H24N6Cl2Ru (640.5358): C 56.3, H 3.8, N 13.1; Fou1
nd: C 56.0, H 3.6, N 12.5, H-NMR ([Ru(bpy)3]·Cl2, 600 MHz,
o
DMSO-d6, 25 C) δ 8.72 (dd, 6H), 8.49 (dd, 6H), 7.84 (m, 6H),
7.32 (m, 6H).
[Ru(tpy)2]·Cl2: Light red color Elemental analysis calcd (%)
for C30H22N6Cl2Ru (638.52): C 56.4, H 3.5, N 13.2; Found: C
1
56.6, H 3.7, N 13.5, H-NMR ([Ru(tpy)2]·Cl2, 600 MHz,
o
DMSO-d6, 25 C) δ 9.09 (d, 2H), 8.82 (d, 4H), 8.59 (t, 2H),
8.08 (dd, 4H), 7.72 (d, 4H), 7.34 (dd, 4H).
Molecular modeling. Energy minimization calculations were
performed by Gaussian 03 software, using the density functional
theory with the LANL2DZ basis set for the probable structure
of the Ru(II) complex-DNA adducts. The double-stranded oligonucleotide [d(ATGCATGCAT)]2 was used for the modeling.
The structures of the decamer and DNA-ligand complexes were
constructed with the nucleic acids in the Hyperchem7.0 pro+
gram. In order to neutralize the duplex, 18 Na ions were added
and solvated with explicit water. The size of the periodic box and
number of waters was 30 Å × 25 Å × 35 Å and 867 ~ 1012, respectively. The electrostatic potential calculation used distance-
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dependent dielectrics with a scale factor of four. Energy minimizations were carried out using the AMBER force field implemented in the Hyperchem 7.0 program by the conjugate gradient
method. The optimized structures were carried out on an IBM
p690 system located in the supercomputer center of the Korea
Institute of Science and Technology Information (KISTI). All
energy minimizations were performed on a personal computer.
Results and Discussion
Absorption spectrum and association of the Ru(II) complexes
with DNA. The binding of any drug to DNA generally manifests
itself by a hypochromism and red-shift in the drug absorption
region. In the classical intercalator case, these changes in the
absorption spectrum originate mainly from the π-π stacking between the fused aromatic hydrocarbons of the planar intercalator
and the DNA bases. The red-shift and hypochromism for the
minor groove binding drugs are usually assigned to the conformational change of the drug upon fitting in the narrow minor
groove. Figure 1(a) depicts the absorption spectrum of the [Ru
2+
(bpy)3] complex in the presence and absence of DNA. In the
2+
absence of DNA, the [Ru(bpy)3] complex produced large ab0.8
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Figure 1. Absorption spectrum of the [Ru(bpy)3]2+ (panel a) and [Ru
(tpy)2]2+ (panel b) complex in the presence (dotted curve) and absence
(solid curve) of DNA. [DNA] = 100 µM, [Ru(II) complex] = 2, 4, 6, 8,
and 10 µM. Absorption spectrum of Ru(II) complex-free DNA was
subtracted from that of the adduct for ease of comparison. Absorption spectrum at various Ru(II) complex concentrations was identical
when normalized to concentration, hence, only one spectrum for the 10
µM Ru(II) complex is shown.
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sorption bands in the DNA absorption region at 244 and 286 nm,
with a shoulder near 254 nm. These absorption bands reflect the
intra-ligand electric transitions that may lie parallel and perpendicular to the molecular C-C axis, connecting the two pyridine
rings. Small absorption bands at 322 and 353 nm, likely from the
same origin, were also apparent. The absorption band in the long
wavelength region, consisting of two maxima at 423 and 452
nm, belongs to the metal-to-ligand charge transfer (MLCT)
2+
band. Absorption spectra of the [Ru(bpy)3] complex in the presence of DNA were recorded at [complex]:[DNA base] ratios
of 0.02, 0.04, 0.08, and 0.10, with a fixed DNA concentration
(100 µM). When the DNA absorption spectrum was subtracted
from those of the adducts, and normalized to the concentration,
the appearance of the absorption spectrum of the adduct were
identical. This observation suggested that the binding mode of
2+
the [Ru(bpy)3] complex to DNA was homogeneous in the concentration range adopted in this work. If more than two binding
modes exist, the absorption spectrum should vary unless the
shape of the absorption spectrum representing the two different
DNA-bound [Ru(bpy)3]2+ species are coincidently identical. Observed hypochromism (~ 12%) at 286 nm in the DNA absorption
region reflects an alteration in absorbance due to either changes
in the DNA conformation, changes in the environment of the [Ru
2+
(bpy)3] complex, or both. At this stage, these reasons cannot be
distinguished and therefore, will not be discussed any further.
Upon association with DNA, the [Ru(bpy)3]2+ complex produced hypochromism (~ 12%) and a very small red-shift (from 452
to 453 nm) in the visible wavelength region. This observation indicated with certainty that the MLCT electric transitions interact
2+
with those of the DNA bases, and therefore the [Ru(bpy)3]
2+
complex binds the DNA. The [Ru(tpy)2] complex produced an
absorption spectrum consisting of an absorption maxima at
269, 307, and 475 nm, with shoulders near 280, 325, and 443 nm
in the absence of DNA. The former two maxima conceivably
reflect the intra-ligand absorption, while the latter reflects the
2+
MLCT band (Fig. 1(b)). In contrast with the [Ru(bpy)3] com2+
plex, the [Ru(tpy)2] complex produced very small or almost insignificant changes in the absorption spectrum in the presence
of DNA. This observation suggests that the interaction of the
2+
[Ru(tpy)2] complex with the DNA bases may be very small.
However, as is evident from the LD measurements (see below),
small changes in the absorption spectrum do not necessarily
2+
indicate that the [Ru(tpy)2] complex does not form any adduct
with DNA.
r
LD and LD spectra and the binding geometry. Figure 2 depicts the LD spectrum of the DNA and the adducts formed with
2+
2+
the [Ru(bpy)3] (panel a) and [Ru(tpy)2] complexes (panel b).
As expected from the set-up adopted in this work, the DNA produced a large negative LD band in its absorption region (~ 260
nm). Upon increasing the Ru(II) complex concentration, the magnitude of the LD gradually decreased, suggesting either a decrease in the ability of DNA to orient in the flow or a positive
contribution of the DNA-bound Ru(II) complexes. The decrease
in DNA orientability may be caused by various factors: partial
dissociation of the double helix as a result of the drug binding;
reduction in the repulsive interaction between the negatively
charged phosphate groups through binding of positively charged
drugs, potentially increasing DNA flexibility; bending at the

Yoon Jung Jang et al.

X
X 77

0.000

‒0.005

‒0.010

(a)
(a)

‒0.015

LD (dOD)

1316

0.020

X
X77
0.000

‒0.005

‒0.010

‒0.015

‒0.020
200

(b)
(b)

300

400

500

600

Wavelength (nm)
Figure 2. LD spectrum of the [Ru(bpy)3]2+ (panel a) and [Ru(tpy)2]2+
(panel b) complex associated with DNA. [DNA] = 100 µM, [Ru(II)
complex] = 0, 2, 4, 6, 8, and 10 µM to the direction of arrows. The LD
in the MLCT region was enlarged seven times.

drug binding site, which would reduce the contour length of
DNA. In the current case, partial dissociation of double-stranded
to single-stranded DNA does not seem to be the reason for the
decrease in the LD magnitude because the partial dissociation
near the drug binding site prevents orientation of the drug. As
a result, there is a zero LD in the drug absorption region, which
is not the case for the Ru(II) complex-DNA adduct. Small but
clear LD signals in the MLCT absorption region were apparent
for both Ru(II) complexes. For the same reason, the possibility
of random binding at the surface of the DNA through the electrostatic attraction between the negatively charged phosphate
groups of the DNA and the positively charged Ru(II) complexes
can be also excluded.
r
A decrease in the LD magnitude in the DNA absorption region, as a result of the decreased LD magnitude, was observed
for both Ru(II) complex-DNA adducts (Fig. 3a and 3b, respec2+
2+
tively, for the [Ru(bpy)3] and [Ru(tpy)2] complexes). The
r
shape of the LD spectrum was not identical in the presence
and absence of the Ru(II) complex. The relatively wavelengthr
independent LD magnitude between 240 and 290 nm (DNA
base absorption region) was strongly tilted towards the positive
direction. These observations suggest that the electric transition
moments of both Ru(II) complexes in this wavelength region
tilt with respect to the DNA helical axis. Three possible reasons
r
for decreases in the LD magnitude in the DNA absorption region, therefore, can be summarized as: tilt of the DNA stem by
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Figure 3. LDr spectrum of the [Ru(bpy)3]2+ (panel a) and [Ru(tpy)2]2+
(panel b) complex associated with DNA. The conditions and curve assignments are the same as in Fig. 2.

interaction with the Ru(II) complexes; increase in flexibility by
reducing the repulsive electrostatic interaction between DNA
phosphate groups as a result of binding of the Ru(II) complexes;
positive contributions from the electric transition moments of
the Ru(II) complexes. However, the extent of the contributions
from these factors cannot be unambiguously determined at this
stage. In the wavelength region between 300 and 340 nm, where
the authors contend that the intra-ligand electric transitions of
r
the Ru(II) complexes absorb the radiation, the positive LD
signal was found for both Ru(II) complexes. The positive signal
is clearer and larger for the [Ru(tpy)2]2+ complex than the [Ru
2+
r
(bpy)3] complex. The positive LD signal is generally accepted
as an indication of a very strong tilt of the electric transitions
with respect to the DNA helical axis. Therefore, it seems clear
that any of the molecular planes of the ligand cannot be perpendicular to the DNA helical axis, and are thus parallel to the DNA
base plane. In the MLCT region of longer wavelengths (above
420 nm), the electric transition along the line connecting the
metal atom and the center of the ligand is responsible for abr
sorption of radiation. The apparent LD spectrum of the both
Ru(II) complex-DNA adduct is complicated and wavelengthdependent, reflecting the complication of the direction of the
electric transitions of the Ru(II) complexes relative to the DNA
2+
helical axis. However, the [Ru(bpy)3] complex mainly exhibitr
2+
ed a negative LD in this region, while that of the [Ru(tpy)2]
r
complex was positive. The extent of the variation in the LD

Figure 4. LDr spectrum of the [Ru(bpy)3]2+ (panel a) and [Ru(tpy)2]2+
(panel b) complex associated with DNA. The conditions and curve assignments are the same as in Fig. 2.

magnitude was larger for the [Ru(bpy)3]2+ complex. This observation suggested that an overall arrangement of the two Ru(II)
complexes relative to the DNA was different.
Molecular modeling study. It is expected that the difference
in molecular structure between the two Ru(II) complexes resulted in a different binding mode and interactions with DNA.
Given from the experimental results that the [Ru(bpy)3]2+ complex interacts with DNA bases more strongly compared to the
2+
[Ru(tpy)2] complex, and that none of the ligand molecular plane is perpendicular with respect to the DNA helical axis, various
possible binding modes can be constructed. The energies of
these structures were calculated, with three binding modes are
possible for the [Ru(bpy)3]2+ complex, as shown in Fig. 4. In
structure (a) in Fig. 4, the molecular plane of one of the bipyri2+
dine ligands of the [Ru(bpy)3] complex, which locates in the
minor groove, lie perpendicular with respect to the DNA helical axis, with the other two ligands directly outside the minor
r
groove. Although this structure deviates from the LD experimental results that the molecular plane of any bipyridine ligand
cannot be perpendicular, it was included in the calculation as
this structure is conventional and occasionally observed from
other related Ru(II) complexes. In structure (b), the molecular
plane of one of the bipyridine ligands lie along the minor groove,
o
hence resulting in a 45 orientation with respect to the DNA helical axis. Finally, in structure (c), the two bipyridine ligands wrap
around the phosphate groups of the DNA and interact electro2+
statically. In the case of the [Ru(tpy)2] complex, however, the
structure (b) type of binding mode is not possible because of
the steric hindrance from the terpyridine molecular structure.
The molecular planes of the pyridine in the terpyridine ligand
cannot be in the same plane and are thus too bulky to be fitted
in the narrow minor groove. Therefore, only two structures re2+
semble structures (a) and (c) of the [Ru(bpy)3] complex, name-
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ly structures (d) and (e), and as such were involved in the energy
calculations. Respective energy minimizations, using the AMBER Force Field, appeared to be ‒8924.37, ‒9195.77, and
‒9145.22 kcal, suggesting structure (b) as the most preferred in
2+
the case of the [Ru(bpy)3] complex. Correlating with the experimental results, the highest energy was for structure (a). In the
2+
case of the [Ru(tpy)2] complex, the two energies of ‒8899.36
and ‒9134.11 kcal were obtained for structures (d) and (e), respectively. Therefore, it is conceivable that the two terpyridine
ligands wrap around the DNA phosphate groups via electrostatic
2+
interactions when the [Ru(tpy)2] complex, forming adducts
with DNA.
Conclusions
Both the [Ru(bpy)3]2+ and [Ru(tpy)2]2+ complexes bind to
2+
DNA. In the [Ru(bpy)3] adduct, the molecular plane of the bipyridine conceivably lies along the DNA minor groove, while
2+
the [Ru(tpy)2] complex binds at the surface of DNA through
contact with the phosphate groups.
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