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The binding modes of the [Ru(II)(1,10-phenanthroline)(L1L2) dipyrido[3,2-a:2′,3′-c]phenazine]2+ {[Ru
(phen)(py) Cl dppz]+ (L1=Cl, L2=pyridine) and ([Ru(phen)(py)2dppz]2+ (L1=L2=pyridine)} to native
DNA is compared to that of the [Ru(II)(1,10-phenanthroline)2dipyrido[3,2-a:2′,3′-c]phenazine]2+ complex
([Ru(phen)2dppz]

2+) by various spectroscopic and hydrodynamic methods including electric absorption,
linear dichroism (LD), fluorescence spectroscopy, and viscometric titration. All measured properties,
including red-shift and hypochromism in the dppz absorption band, nearly perpendicular molecular plane
of the dppz ligand with respect to the local DNA helix axis, prohibition of the ethidium binding, the light
switch effect and binding stoichiometry, increase in the viscosity upon binding to DNA, increase in themelting
temperature are in agreement with classical intercalation of dppz ligand of the [Ru(phen)2dppz]2+ complex,
in which both phenanthroline ligand anchored to the DNA phosphate groups by electrostatic interaction.
[Ru(phen)(py)2 dppz]2+ and [Ru(phen)(py) Cl dppz]+ complexes had one of the phenanthroline ligand
replaced by either two pyridine ligands or one pyridine plus a chlorine ion. They exhibited similar protection
from water molecules, interaction with DNA bases, and occupying site that is common with ethidium. The
dppz ligand of these two Ru(II) complex were greatly tilted relative to the DNA helix axis, suggesting that the
dppz ligand resides inside the DNA and is not perpendicular relative to the DNA helix axis. These observation
suggest that anchoring the [Ru(phen)2dppz]2+complex by both phenanthroline is essential for the dppz
ligand to be classically intercalated between DNA base-pairs.
+82 53 815 5412.
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1. Introduction

The interactions of transition metal complexes containing planar
aromatic polycyclic hydrocarbon ligands with DNA have been widely
studied for several decades [1]. The interactions between polypyridyl
Ru(II) complexes and DNA have been of particular interest since the
[Ru(1,10-phenanthroline)3]2+ that possessΔ- andΛ-enantiomerswere
first reported to be compatible with the helical structure of DNA [2,3].
The [Ru(1,10-phenanthroline)2dipyrido[3,2-a:2′,3′-c]phenazine]2+

complex (hereafter referred to as [Ru(phen)2dppz]2+, Fig. 1) and its
derivatives, the most well-known [Ru(1,10-phenantheroline)3]2+

complex families, have also been intensively studied because of
their unique photophysical properties, binding modes, and potential
applications in biology [4]. One such potential application of [Ru
(phen)2dppz]2+ is probing electron transfer along DNA [5–8]. More
recently, [Ru(phen)2dppz]2+ has been reported to act as an acceptor in
the Föster-type energy transfer reaction between 4′,6-diamidino-2-
phenylindole (referred to as DAPI), a DNA minor groove binding
compound, and [Ru(phen)2dppz]2+ when both were simultaneously
bound to double stranded DNA [9–11]. However, it is unclear whether
any electron or hole transfer accompanied this energy transfer.

Understanding the binding mode is essential for the investigation
of the interactions and applications of the DNA-Ru(II)-polypyridyl
complex. The binding modes of [Ru(phen)2dppz]2+ have been
thoroughly studied, its expanded DPPZ ligand is known to intercalate
between the DNA base-pairs [12–15], but whether the insertion is from
theminor or themajor groove is not yet established. In the intercalation
pocket, [Ru(phen)2dppz]2+ could be stabilized by electrostatic and
hydrophobic interactions or by π–π interactions between its DPPZ
ligand and the DNA base-pairs. The electrostatic attraction between the
two positively charged phenanthroline ligands and the negatively
charged DNA phosphate groups could provide additional stabilization
and form anchors for the complex. However, the exact role of the two
phenanthroline ligands in the binding has not been fully elucidated.
Therefore this work investigates the DNA binding modes of two Ru(II)
complex derivatives, [Ru(II)(1,10-phenanthroline)(L1L2)dipyrido
[3,2-a:2′,3′-c]phenazine]n+ (L1=Cl or pyridine and L2=pyridine,
abbreviated hereafter by [Ru(phen)(py)2dppz]2+ and [Ru(phen)(py)
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Fig. 1. Chemical structures of the Ru(II)-polypyridyl complexes.
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Cl dppz]+, respectively, Fig. 1). These derivatives of [Ru(phen)2dppz]2+

have one of the phenanthroline ligands replaced by either one pyridine
molecule and one chloride ion or two pyridine molecules, providing
flexibility for the remaining phenanthroline ligand. The effects of the
flexibility and rotational ability allowed by the chloride and pyridine
could provide some insight into the role of phenanthroline in anchoring.

2. Materials and methods

2.1. Syntheses of the Ru complexes

Ru(phen)2Cl2 and [Ru(phen)2dppz]2+ were synthesized by else-
where reportedmethods [13,16]. [Ru(phen)(py)2dppz]2+and [Ru(phen)
(py)Cl dppz]+ were synthesized in a similar way to Ru(phen)2Cl2. First,
RuCl3·H2O (1 mmol, 0.2254 g)wasdissolved in10 mLDMFand solutions
of DMF containing pyridine (2 mmol, for [Ru(phen)(py)2dppz]2+ or
1 mmol, for [Ru(phen)(py) Cl dppz]+) in the presence of 1 mmol
phenanthroline and excess LiCl were added. The solutions were heated
under reflux for 24 h and 12 h, respectively. The reaction mixtures were
then cooled to room temperature, 70 ml reagent grade acetone was
added to each, and the resulting solutions were cooled at −20 °C
overnight. A red-to-violet colored solution and a dark red product were
obtained after filtration. The solid was washed several times with cold
acetone and water. The crude product was suspended in 50 ml hot
ethanol, and 50 ml water was added. The solutionwas boiled until it was
completely dissolved. (The solution was filtered hot and 12 g LiCl was
added carefully with stirring only for ru–py). The ethanol was removed
through evaporation during recrystallization. The reddish products were
removed by filtration and washed first with cold water and then several
timeswithdiethyl ether. The reddish-orange solidwasdissolved inwater,
to which an aqueous ammonium hexafluorophosphate solution was
added to produce another reddish-orange solid, which was filtered,
washed with diethylether and dried in a dry oven at 50 °C. The orange
solid was dissolved in acetonitrile and chromatographed on alumina
(20×1 cm) with acetonitrile eluent. The orange band was collected, and
column separation was repeated for higher purity. The orange solution
was concentrated by evaporation and then solidified with diethylether.
The light reddish-orange solid was collected by filtration, washed with
diethylether, anddried in adryovenat50 °C. The solidwas thendissolved
in acetone, and tetrabutylammonium chloride in acetone was added to
obtain a water-soluble compound. The light reddish-orange solid was
filtered, washed with diethylether and dried in a dry oven at 50 °C. All
solvents were dried by standard procedures prior to use. All reactions
were carried out under an inert atmosphere.

½RuðphenÞ2dppz�2þ

½RuðphenÞ2dppz�ðPF6Þ2yield 100mg

Elemental analysis calcd(%) for C42H26N8P2F12Ru (1033.713): C
48.80, H 2.54, N 10.84; found: C 48.00, H 2.43, N 11.03.

1H NMR ([Ru(phen)2dppz]Cl2, 600 MHz, DMSO-d6, 25 °C):
δ=9.64 (dd, 4H), 8.80 (m, 2H), 8.53 (d, 2H), 8.40 (dd, 2H), 8.25
(m, 6H), 8.20 (m, 2H), 8.07 (d, 2H), 7.91 (dd, 2H), 7.81 (dd, 2H), 7.78
(dd, 2H).

½RuðphenÞðpyÞ2dppz�2þ : yield 90mg

½RuðphenÞðpyÞ2dppz�ðPF6Þ2

Elemental analysis calcd(%) for C40H28N8P2F12Ru (1011.7068): C
47.49, H 2.79, N 11.08; found: C 47.59, H 3.00, N 10.99.

1H NMR ([Ru(phen)2(py)2dppz]Cl2, 600 MHz, DMSO-d6, 25 °C):
δ=9.75 (d, 2H), 9.68 (dd, 4H), 8.84 (m, 2H), 8.58 (d, 2H), 8.43
(m, pyH), 8.39 (dd, 2H), 8.28 (m, 3H), 8.23 (m, 2H), 8.15 (d, 1H), 7.82
(dd, 2H), 7.65 (m, pyH), 7.64 (dd, 1H), 7.33 (dd, 1H).

½RuðphenÞðpyÞCldppz�þ : yield 105mg

½RuðphenÞðpyÞdppzCl�PF6·2H2O

Elemental analysis calcd(%) for C35H27N7O2ClPF6Ru (859.1272): C
48.93, H 3.17, N 11.41; found: C 48.59, H 2.61, N 11.29.

1H NMR ([Ru(phen)(py)dppzCl]Cl, 600 MHz, DMSO-d6, 25 °C):
δ=9.64 (dd, 4H), 8.78 (m, 2H), 8.52 (d, 2H), 8.41 (m, pyH), 8.38 (dd,
2H), 8.26 (m, 3H), 8.20 (m, 2H), 8.04(d, 1H), 7.93 (dd, 2H), 7.89(m,
pyH), 7.79(dd, 1H), 7.76(dd, 1H).
2.2. Other materials

All chemicals, including calf thymus DNA, were purchased from
Sigma-Aldrich andusedwithout further purification except for theDNA,
which was further purified by an elsewhere reported method [17].
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Fig. 2. Absorption spectrum of (a) [Ru(phen)2dppz]2+, (b) [Ru(phen)(py)2dppz]2+,
and (c) [Ru(phen)(py) Cl dppz]2+ in the presence (dashed curve) and absence (solid
curve) of DNA. [DNA]=100 μM, [Ru(II) complexes]=10 μM. The shapes of absorption
spectra at low [Ru(II) complex]/[DNA] concentrations (2, 4, 6, 8 μM Ru(II) complex)
were identical when they were normalized to the highest concentration (10 μM), and
hence they are not shown. The absorption spectrum of DNA was subtracted from the
DNA-Ru(II)-pyridyl complex adduct for ease of comparison.
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5 mM cacodylate buffer of pH 7.0 was used throughout. Concen-
trations were spectrophotometrically determined using extinction
coefficients of ε260 nm=6700 M−1cm−1, ε440 nm=20,000 M−1cm−1,
9560 M−1cm−1, 16,950 M−1cm−1 for DNA, [Ru(phen)2dppz]2+, [Ru
(phen)(py)2dppz]2+, and [Ru(phen)(py) Cl dppz]+, respectively. The
extinction coefficients of aqueous ethidium bromide and DAPI
were 5800 M−1cm−1 at 480 nm and 27,000 M−1cm−1 at 342 nm,
respectively.

2.3. Spectroscopic measurements

Absorption spectra were recorded on a Cary 100 spectrophotometer
(Varian, Australia) and all luminescence measurements were per-
formed on a Jasco FP-777 fluorimeter (Jasco, Japan). Linear dichroism
(LD) was carried out using a Jasco J715 spectropolarimeter equipped
with aWada type inner-rotatingflow cell to align theDNA samples [18].
The general principles, technique, and application of LD for nucleic acid
were as described by Nordén et al. [19–21]. The application of LD to
DNA-Ru(II)-polypyridyl complexes, especially [Ru(phen)2dppz]2+

and its derivatives, is also well established [13,22–24]. In short, the
measured LD is divided by the isotropic absorption spectrum to
determine the wavelength-dependent dimensionless quantity of
reduced linear dichroism, LDr, which is related to the angle, α, of the
electric transition moment of any DNA-bound drug with respect to the
local DNA helix axis (flow direction in the flow orientation system) by:

LDr = 1:5S b3 cos2α N −1
� �

In this equation, the orientation factor, S, can be determined from
the LDr at 260 nm, assuming the average angle of 86° between the
DNA base and the DNA helix when the contribution of the DNA-bound
drug was negligible.

2.4. Viscosity measurement

The cubic ratio of the viscosity in the presence of the drug, η, to the
viscosity in the absence of drug, η0, is related to the length of the DNA
in the absence (L0) and presence (L) of drug by [14,25,26]:

L
L0

=
η
η0

� �
1
=3

Relative viscosities were obtained by observing flow times of the
DNA-containing solutions (t) that were corrected for the flow time of
buffer (t0) using conventional Ubbelohde-type viscometry at 25 °C, as
reported for [Ru(phen)2L]2+ complexes [14]. The reported values are
averages of nine measurements. The DNA used in the viscosity
measurements was sonicated.

2.5. Melting profiles

The dissociation of DNA from its double strand produced hyperchro-
mism in the 260 nm wavelength region. The melting profiles were
measured using a Cary 100 spectrophotometer. The temperature was
increased at 0.5 °C/min, and readings were taken 3 min after each
temperature increase. The results aredisplayedas increases inabsorbance
per temperature change, i.e., dA/dT with respect to temperature.

3. Results

3.1. Absorption spectrum

The absorption spectra of the aqueous Ru(II) complexes showed
large π→π* intra-ligand transition bands at wavelengths of 200–
300 nm and several d→π* metal to ligand charge transfer (referred to
as MLCT) transitions above 400 nm. Absorption at 300–400 nm was
assigned to the π→π* intra-ligand electric transitions polarized along
the long and short symmetry axes of the dppz ligand [13,23,24]. In the
absence of DNA, the absorbance ratio at themaximumof theMLCT band
to the dppz absorption band was 0.91 for the [Ru(phen)2dppz]2+

complex, whereas this ratio became 0.60 and 0.71 for [Ru(phen)
(py)2dppz]2+ and [Ru(phen)(py) Cl dppz]+, respectively (Fig. 2),
reflecting the effect on relative charge transfer of replacing one of the
phenanthroline ligands with pyridine or chlorine. Hypochromism and
red-shift were apparent in all the absorption bands after binding with
DNA. Theywere particularly pronounced in the dppz absorption region.
The red-shifts of the absorptionmaximum at 372 nmwere 7 nm, 7 nm,
and 4 nm and the hypochromisms were 18.9%, 36.2% and 28.5% for [Ru
(phen)2dppz]2+ (Fig. 2a), [Ru(phen)(py)2dppz]2+ (Fig. 2b), and [Ru
(phen)(py) Cl dppz]+ (Fig. 2c), respectively. These observations were
typical for intercalating drugs and suggested strong interactions
between the dppz ligands and the DNA bases. The change in the MLCT
band for the [Ru(phen)2dppz]2+ complexwas relatively small, however
significant hypochromism was observed in [Ru(phen)(py)2dppz]2+

and [Ru(phen)(py) Cl dppz]+. Finally, absorption spectra of the DNA-
Ru(II) complex adducts for [Ru(II) complex]/[DNAbase] ratiosbelow0.1
were identical across the entire absorption wavelength when the
absorption spectrum of free DNAwas subtracted from that of the Ru(II)
complex-DNA adduct, and normalized to the highest mixing ratio. This
observation indicated that the binding mode was independent of
mixing ratio, and the amount of unbound Ru(II) complexwas negligible
under the conditions used in this study.
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3.2. Reduced linear dichroism

Drugs that bind at the minor groove of DNA produce positive LDr

signals at the wavelength range corresponding to the absorption of
the in-plane electric transition moment. The magnitude of LDr is
expected to match the angle of α=45°, which is the angle of the
minor groove with respect to the DNA helix axis, if the absorption
envelope represents one electric transition moment polarized along
the groove [27–29]. On the other hand, the electric transition
moments of an intercalated drug usually appear to be negative, and
the magnitude of LDr is either comparable to or larger than the DNA
absorption region [27,30]. The LDr spectra of the DNA-bound Ru(II)
complexes (Fig. 3) show that each LDr signal in the DNA absorption
region (240–300 nm) was negative, as expected from the set-up
adopted in this study [17–21]. All the complexes showed decreasing
LDr magnitudes in the DNA absorption region as the concentration of
the Ru(II) complex increased, suggesting either decreased orientation
ability of the DNA stem or significant positive contribution from the
Ru(II) complex. The second explanation was considered more
conceivable because viscosity increased as the [Ru(II) complex]/
[DNA base] ratio increased in all cases, implying increased DNA
contour length (see below). The positive contribution to the LDr

magnitude was significant in the ~260 nm region. Therefore, LDr

intensity at 240 nm was used to calculate S values because positive
contributions from the ligands were less significant than at 260 nm.
Changing the wavelength fromwhich S values were calculated did not
affect the resulting α angles or the qualitative discussion below. The
angles were 72°–77° at 310 nm, 79°–86° at 330 nm, and 60°–62° at
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Fig. 3. LDr spectra of (a)[Ru(phen)2dppz]2+, (b) [Ru(phen)(py)2dppz]2+, and (c) [Ru
(phen)(py) Cl dppz]2+ associated with DNA. The spectrum of Ru(II) complex-free DNA
is shown by the dashed curve. [DNA]=100 μM. The concentrations of the Ru(II)
complexes (2, 4, 6, 8, and 10 μM) increased in the direction of the arrow.
370 nm for [Ru(phen)2dppz]2+. In the lamellar liquid crystal, the
absorption at 318 nm corresponded to the B(sh) polarized transition
(in-plane, along the short symmetric axis of dppz); absorption at 301–
306 nm represented the A polarized transition (in-plane, along the
long symmetric axis of dppz) [24]. The first two absorption bands at
310 nm and 330 nm for DNA-bound [Ru(phen)2dppz]2+ represented
the B(sh) and A polarized transitions, respectively. These bands were
red-shifted likely due to differences in the nature of the medium.
Therefore, the molecular plane of the dppz ligand was near parallel
(perpendicular to the local DNA helix axis), confirming the interca-
lation of the dppz ligand of [Ru(phen)2dppz]2+ upon binding to DNA.
The absorption band near 370 nm overlapped with the positive MLCT
band [22], and could therefore not give any definite information
about the binding geometry of [Ru(phen)2dppz]2+. A shoulder and
small band appeared at 310 and 333 nm, respectively, for [Ru(phen)
(py)2dppz]2+. The angles were 63°–64° and 53°–54° for the in-plane
π→π* transition moments that were respectively perpendicular and
parallel to the molecular long symmetric axis of the dppz ligand, with
respect to the local DNA helix axis. A very strong tilt in the transition
moments of [Ru(phen)(py) Cl dppz]+ was observed. The angles for
the B(sh) and A polarized transitions of the complex were 60°–66°
and 55°–62°, respectively, indicating that the molecular plane
strongly tilted relative to the local DNA helix axis.

When ethidium, a typical intercalator, bound to DNA, the LD signal
in the ethidium absorbing region was expected to be negative and
proportional to the concentration of DNA-bound ethidium. In Fig. 4,
the LD magnitude of the ethidium–DNA adduct at 520 nm propor-
tionally increased until the [ethidium]/[DNA base] ratio reached
ca.0.2. At higher ethidium concentrations, the rate of increase was
lower – in accordance with the neighboring site exclusion model of
intercalation. When the same titration was performed with DNA
already bound with the Ru(II) complexes at [Ru(II) complex]/[DNA
base] ratios of 0.25, the increase in the LD magnitude of ethidiumwas
significantly less pronounced, suggesting that the intercalation site for
ethidium was already occupied or distorted by the Ru(II) complexes.
When the minor groove of DNAwas blocked by DAPI [31], there was a
moderate increase in LD magnitude, suggesting that blocking the
minor groove did not completely prevent the ethidium intercalation.

3.3. Luminescence measurement – light switch effect and Job plots

The fluorescence intensity of ethidium increases upon its binding
to DNA, a good diagnostic of its intercalation between DNA base pairs.
Fig. 5 shows fluorescence intensity in the presence and absence of
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Fig. 4. Increase in LD intensity at 520 nmwith respect to concentration uponassociation of
ethidium with DNA (closed triangles), and that in the presence of DAPI (open triangles)
and the DNA-Ru(II) complexes. The closed and open circles denote the DNA-[Ru(phen)
(py) Cl dppz]+ and DNA-[Ru(phen)(py)2dppz]2+ complexes, respectively. The closed
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plexes]=25 μM.
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denoted by open squares.

0 1 2 3 4 5

0

50

100

x20

In
te

ns
it

y

[Ru(ll) complex], µM 

Fig. 6. Increase in the luminescence intensity of the Ru(II) complexes with respect to
concentration in the presence of DNA. Excitation wavelength, 440 nm; emission
wavelength, 606 nm. Slit widths were 10 nm for both excitation and emission. The
closed and open circles denote DNA-[Ru(phen)(py) Cl dppz]2+ and DNA-[Ru(phen)
(py)2dppz]2+, respectively. The closed squares represent the DNA-[Ru(phen)2dppz]2+

complex. [DNA]=5 μM. The intensities of the [Ru(phen)(py)2dppz]2+ complex were
amplified 20× times for comparison.

0.0 0.2 0.4 0.6 0.8 1.0

0

200

400

600

x5

x20

x5

[Ru(ll) complex] or [Ethidium], mole fraction

Fig. 7. Job plots for the association of the Ru(II) complexes with DNA. The highest
concentration of DNA was 5 μM. The conditions for luminescence intensity detection
and the curves' symbols are as per Fig. 7.
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DNA as well as in the presence of DNA-[Ru(phen)2dppz]2+, DNA-[Ru
(phen)(py)2dppz]2+, DNA-[Ru(phen)(py) Cl dppz]+, and DNA-DAPI
adducts at [Ru(II) complex]/[DNA base] or [DAPI]/[DNA base] ratios
of 0.25. In the presence of DNA without any drug, the fluorescence
intensity of ethidium almost proportionally increased up to a con-
centration of 6 μM, corresponding to an [ethidium]/[DNA base] ratio
of 0.2. However, the concentration dependence of fluorescence
intensity was almost negligible in the absence of DNA on a similar
scale. A similar fluorescence intensity trend was observed when
the DNAwas already saturated with the Ru(II) complexes.When DAPI
occupied the minor groove of the DNA, the increase in the fluo-
rescence intensity of ethidium was far more pronounced than when
DNA was bound with the Ru(II) complexes, but less pronounced than
when the DNA was drug-free. This observation is in agreement with
the results from LD measurement (Fig. 4).

Although the quantum yield of aqueous [Ru(phen)2dppz]2+ was
negligibly small, the luminescence intensity increased greatly upon
binding to DNA [5–8]. This phenomenon is known as the “light switch
effect”. This effect was used as an indication of dppz intercalation
because it is caused by the removal of the water molecules surrounding
the [Ru(phen)2dppz]2+ complex. The luminescence intensity of the
complex gradually increased as it bound to the DNA (Fig. 6). The
maximum intensity was reached at a mixing ratio of 0.25–0.3. Any
further increase in the mixing ratio slightly decreased luminescence
intensity through self-quenching. [Ru(phen)(py) Cl dppz]+ exhibited a
similar behavior although themaximum intensitywas half that ofwhen
[Ru(phen)2dppz]2+ was used and the decrease of luminescence
intensity was more pronounced at high concentrations. The lumines-
cence intensity of [Ru(phen)(py)2dppz]2+ changed very little upon
binding to DNA. However, magnifying intensity 20× allowed a similar
pattern to be observed, where the luminescence intensity gradually
increased up to a mixing ratio of 0.25–0.30, before slightly decreasing
at higher concentrations. The maximum luminescence intensity of
[Ru(phen)(py)2dppz]2+ was almost one-twentieth that of [Ru(phen)
(py) Cl dppz]+. Differences in light switching – or the extent of the
complexes'water-exposure–werenot theonly reasons for thedifferent
maximum intensities. Rather, the differences in the intensities could be
attributable to differences in the natures of the three complexes. In
EtOH, the luminescence intensity of [Ru(phen)2dppz]2+ was the
highest, with [Ru(phen)(py) Cl dppz]+ and [Ru(phen)(py)2dppz]2+

showing 0.9 and 0.03 of its value, respectively (data not shown).
The binding stoichiometry of the Ru(II) complexes was determined

from Job plots. The complexes' absorption spectra and luminescence
properties suggest that their binding modes were homogeneous, thus
the changes of luminescence intensity were used to determine the
binding stoichiometry. Clear luminescence maxima were observed at
0.25 mol fractions of each Ru(II) complex (Fig. 7).When the dppz ligand
of [Ru(phen)2dppz]2+, similarly with ethidium, intercalated between
the DNA base-pairs, a binding stoichiometry of one dppz ligand per four
DNA bases or two base-pairs was expected from the “nearest
neighboring site exclusion model”. Similar binding stoichiometry was
observed for [Ru(phen)(py) Cl dppz]+ and [Ru(phen)(py)2dppz]2+,
although the maximum for the latter complex was less clear.

3.4. Thermal melting profile and viscosity measurements

Dissociation of double-stranded DNA into two single strands
results in significant hyperchromism at ca. 260 nm. In this study, DNA
exhibited a melting temperature, Tm, of 60.7 °C at the current ionic
strength (Fig. 8). The addition of [Ru(phen)2dppz]2+, [Ru(phen)
(py)2dppz]2+, and [Ru(phen)(py) Cl dppz]+ at [Ru(II) complex]/
[DNA base] ratios of 0.05 increased Tm to 65.0 °C, 63.6 °C and 64.0 °C,
respectively. This increase was slightly larger than the increase
observed with minor groove drug binding and was similar to that
observed for ethidium.

The intercalation of any drug between the base-pairs of DNA can
unwind its helical structure, stiffening and increasing its contour
length and as a result, increase its viscosity. Therefore, increases of
viscosity are generally indicative of drug intercalation between DNA
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base-pairs. Relative viscosity increased with increased loadings of the
Ru(II) complexes (Fig. 9), indicative of increased DNA contour length.
This effect was most pronounced with [Ru(phen)2dppz]2+. The
maximum viscosity reached was 1.4× that of the original DNA. The
[Ru(phen)(py)2dppz]2+ complex exhibited the lowest relative vis-
cosity, with a maximum value of 1.1. Maximum viscosities were
observed at [Ru(II) complex]/[DNA] ratios of 0.15–0.2.

4. Discussion

4.1. Binding stoichiometry and the light switch effect

The light switch effect is consideredan indicationof dppz intercalation
because it arises from the removal of water molecules surrounding
the [Ru(phen)2dppz]2+ complex. It was observed in the [Ru(phen)
(py)2dppz]2+ and [Ru(phen)(py) Cl dppz]+ complexes, at a mixing ratio
of ~0.3 giving maximum luminescence intensity in both cases. This was
similar to [Ru(phen)2dppz]2+, suggesting that both of the former
complexes saturated the DNA at similar binding ratios. However, the
maximum luminescence intensities were distinctly different. The
luminescence intensity of [Ru(phen)2dppz]2+ when bound to DNA was
approximately twice that observed with [Ru(phen)(py) Cl dppz]+ and
ca.30× that shown by [Ru(phen)(py)2dppz]2+. These differences were
attributable at least in part to differences in their quantum yields when
in a non-polar environment. In EtOH, the luminescence intensities of
[Ru(phen)(py) Cl dppz]2+ and [Ru(phen)(py)2dppz]2+were respective-
ly 0.9 and 0.03 of that shown by [Ru(phen)2dppz]2+. Therefore,
differences in the complexes' natures were behind the differences in
intensitymaxima, rather thandiffering extents of exposure to polarwater
molecules.
Ethidium is awell known intercalator. The Job plots showed that the
binding stoichiometry was one ethidium per four DNA bases or two
base-pairs, in agreementwith the “nearest neighboring group exclusion
model” of drug intercalation. Similar binding stoichiometries were
observed for all three Ru(II) complexes, indicating that their binding
stoichiometrieswere identical to ethidium.A secondcomplex formation
was observed for all the Ru(II) complexes at a 1–2:1 ligand-to-DNAbase
concentration ratio, consistent with results reported by Haq et al. [14]
for the Δ- and Λ-enantiomers of [Ru(phen)2dppz]2+. These results may
have corresponded to a second, low affinity, bindingmode based on the
luminescence titration experiments by Hirot et al. [13].

4.2. Extrusion of intercalator

The equilibrium constant for [Ru(phen)2dppz]2+ with DNA in a
comparable ionic strength (10 mM NaCl and 1 mM sodium cacodylate
buffer)was reported to be in the range of 107 M−1[13]. The shape of the
absorption spectrum did not vary with mixing ratio for all the Ru(II)
complexes, indicative of equally high equilibrium constants for [Ru
(phen)(py) Cl dppz]+ and [Ru(phen)(py)2dppz]2+. The LD and
fluorescence measurements confirmed that the intercalation of ethi-
dium was prohibited because the intercalation pockets were already
occupied or distorted by the strongly bound dppz ligands of the Ru(II)
complexes. The magnitude of the negative LD signal and the
fluorescence intensity of ethidium were expected to increase upon
binding to the DNA. However, the increases of both signals were
significantly less pronounced when the DNA was associated with the
Ru(II) complexes, suggesting that the presence of the dppz ligand
inhibited the binding of ethidium. On the other hand, pronounced
increases of the LD magnitude and the fluorescence intensity of
ethidium upon binding to DNA in the presence of DAPI suggested that
minor groove binding drug molecules did not completely suppress the
intercalation of ethidium. Ethidium intercalation was inhibited by the
Ru(II) complexes because either the intercalation pockets of the DNA
were occupied by dppz ligands of the Ru(II) complexes or their
conformations were altered as a result of the Ru(II) complexes binding
to the DNA, which indirectly prohibited ethidium binding. For [Ru
(phen)2dppz]2+, the binding geometry and viscosity measurements
showed that ethidium binding was inhibited because the intercala-
tion sites were occupied by the extended dppz ligand (see below).
However, the reason for inhibition by [Ru(phen)(py) Cl dppz]+ and
[Ru(phen)(py)2dppz]2+ was unclear because not all the binding
geometry and viscosity measurements supported the classical interca-
lation of the dppz ligand.

4.3. Interaction with DNA bases and elongation

The large red-shifts and hypochromism observed in the absorption
bands of the drugs upon intercalation of the at least partially-fused,
aromatic compounds to DNA were attributed to π–π interactions
between the planar intercalators and the DNA bases. For the minor
groove binding drug, the red-shift resulted from conformational
changes in the drug. For [Ru(phen)2dppz]2+, the large red-shift and
hypochromism, particularly in the dppz absorption region, were
attributed to π–π interactions between the DNA bases and the
intercalated dppz ligands. Similar red-shift and hypochromism were
observed for [Ru(phen)(py) Cl dppz]+ and [Ru(phen)(py)2dppz]2+,
suggestive of similar π–π interactions. In the MLCT absorption region,
the decrease of absorption upon binding to DNAwasmore pronounced
for [Ru(phen)(py) Cl dppz]+ and [Ru(phen)(py)2dppz]2+ than for
[Ru(phen)2dppz]2+, suggesting that the interactions of the ligandswith
theDNAweredifferent, as expected fromthe ligands' structures. The3°–
5° increase in Tm also confirmed the strong interactions between the
dppz ligands and the DNA bases. An increase in relative viscosity is
generally accepted as indicative of classical intercalation [25,26]. The
relative viscosity of the DNA increased as the concentration of [Ru



Fig. 9. The relative viscosity with respect to the mixing ratio for DNA-[Ru(phen)2dppz]2+ (closed squares), DNA-[Ru(phen)(py)2dppz]2+ (open circles), and DNA-[Ru(phen)(py) Cl
dppz]2+ (closed circles). Data were the averages of 9 measurements. The representative standard deviations from the 9measurements are shown. Sonicated DNAwas used for these
measurements.
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(phen)2dppz]2+ increased, as already reported for the Δ- and Λ-
enantiomers of the complex [14]. The gradual increase in viscosity
neared a maximum at a [Ru(II) complex]/[DNA base] ratio of 0.15. At
higher concentrations of the complex, the extent of the increase was
less. The maximum relative viscosity ratio was 1.4, in agreement with
the value reported by Haq et al. [14]. Therefore, the dppz ligand of [Ru
(phen)2dppz]2+ intercalated between theDNAbases. A similar increase
was observed for [Ru(phen)(py) Cl dppz]+, indicating that elongation
with this complex was as effective as with [Ru(phen)2dppz]2+.
However, elongation by [Ru(phen)(py)2dppz]2+ was significantly
less, with the maximum value slightly higher than 1.1, obviously
deviating from classical intercalation.

4.4. Tilt angle of dppz ligand and binding mode

If the dppz ligand intercalates between DNA base-pairs, its
molecular plane is expected to be nearly perpendicular to the local
DNA helix axis and parallel to the DNA base planes. The corresponding
angle of both the long and short axis transition moments is ca.86°
with respect to the local DNA helix axis. The calculated angles
were 72°–77° for the in-plane transition along the long symmetric
axis of the dppz ligand and 79°–86° along the short axis for [Ru
(phen)2dppz]2+, in accordancewith classical intercalation of the dppz
ligand. However, the respective tilt angles of 55°–62° and 53°–54°
between the long axis of the dppz ligand and the DNA helix axis for
[Ru(phen)(py) Cl dppz]+ and [Ru(phen)2dppz]2+ certainly deviated
from the classical intercalation bindingmode. The LDr spectrum of [Ru
(phen)2dppz]2+ resembled that of [Ru(phen)(py) Cl dppz]+ and was
significantly different from that of [Ru(phen)(py)2dppz]2+ above
400 nm, which corresponded to MLCT transitions with complicated
directions.

Many results confirmed that the dppz ligands of [Ru(phen)2dppz]2+

intercalated between the DNA base-pairs, including the red-shift and
hypochromism in the dppz absorption band, the nearly perpendicular
molecular plane of the dppz ligand with respect to the local DNA helix
axis, the prohibition of ethidium binding, the light switch effect, the
binding stoichiometry, and increases of viscosity and melting temper-
ature upon binding to the DNA. Similar results were observed for both
[Ru(phen)(py) Cl dppz]+ and [Ru(phen)(py)2dppz]2+, including
similar extents of the protection from water molecules (light switch
effects), similar interactions with DNA bases, and the common
occupying site with ethidium. However, important differences were
also observed. The tilt angle of the dppz ligand of [Ru(phen)(py) Cl
dppz]+ and [Ru(phen)(py)2dppz]2+ did not support the intercalative
binding of these complexes. Additionally, when [Ru(phen)(py) Cl
dppz]+ bound to the DNA, the elongation of the DNA was significantly
lower than when the other two complexes were bound, which also did
not correspond to intercalative binding. These observations suggest
that the binding mode of these two complexes greatly deviated
from the classical intercalation of dppz that was observed for [Ru
(phen)2dppz]2+. The increase in luminescence intensity and the large
tilt of the dppz ligand were understandable if the Ru(phen)(py) Cl
dppz]+ and [Ru(phen)(py)2dppz]2+ complexes were present in the
minor groove. However, the elongation of the DNA, the prevention of
the ethidium intercalation, and the binding stoichiometry could not be
described by minor groove binding. Therefore, classical intercalation of
dppz, and classicalminor groove binding are conceivably rejected, and a
new binding mode for Ru(phen)(py) Cl dppz]+ and [Ru(phen)(py)2-
dppz]2+ may be proposed, where the dppz ligands were located inside
theDNA, preventing the intercalation of ethidiumwhile beingprotected
fromoutsidewatermolecules. However, the dppz ligandswere strongly
tilted,while the contour length of theDNA increased and the strength of
the interactions with DNA bases remained. The structure of the DNA
bases must have been strongly distorted for the large tilt of the dppz
ligand to be possible within the DNA.

5. Conclusion

Replacing one of the two phenanthroline ligands of [Ru(phen)2
dppz]2+ with two pyridine molecules or one pyridine molecule and a
chloride ion resulted in strong deviation from the bindingmode of [Ru
(phen)2dppz]2+ to DNA. Therefore, both its phenanthroline ligands
must be anchored to allow the classical intercalation of its dppz
ligand.
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