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Abstract

The binding mode of Δ- and Λ-[Ru(1,10-phenanthroline)2dipyrido[3,2-a:2′,3′-c]phenazine]
2+ ([Ru(phen)2DPPZ]

2+) to DNA in the presence
of 4′,6-diamidino-2-phenylindole (DAPI) at a low and high [DAPI]/[DNA base] ratio (0.02 and 0.20, respectively) was investigated using electric
absorption and circular dichroism spectroscopy. The spectral properties of both the Δ- and Λ-[Ru(phen)2DPPZ]

2+ were not altered in the presence
of DAPI disregarding the [DAPI]/[DNA] ratio, suggesting that the presence of DAPI in the minor groove of DNA does not affect the binding
mode of the [Ru(phen)2DPPZ]

2+ complex to DNA. The transferring excited energy of DAPI to both Δ- and Λ-[Ru(phen)2DPPZ]
2+ occurs through

Förster type resonance when they both spontaneously bound to DNA. At a high [DAPI]/[DNA] ratios, an upward bending curve in the Stern–
Volmer plot, and a shortening the DAPI fluorescence decay time with increasing [Ru(phen)2DPPZ]

2+ concentration were found. These results
indicate that the quenching of the DAPI's fluorescence occurs through both the static and dynamic mechanisms. In contrast, the quenching
mechanism at a low [DAPI]/[DNA] ratios was found to be purely static. The static quenching constant decreased linearly with respect to the
[DAPI]/[DNA] ratio. Decrease in quenching efficiency can be explained by the association constant of [Ru(phen)2DPPZ]

2+ to DNA while being
within a quenchable distance from a DAPI molecule.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The energy and the charge transfer between DNA-bound
drugs or drug to DNA bases have been the subject of intensive
studies. This interest is a result of the fact that stacked π-orbitals
of DNA base pairs can serve as an effective medium for
electron/charge transfer [1–8]. The reported biological impor-
tance of the charge transfer in DNA has been highlighted by the
discovery of the oxidative damage done to DNA from a distance
when inside the cell nucleus [9,10]. As well, an understanding
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of the charge transport in DNA has also been shown essential
for developing nanodevices, i.e. designing a nanometer-sized
self-assembling molecular wire [11–14].

In the electron/charge transfer experiments the DNA is often
covalently or non-covalently modified by acceptor or donor
molecules. It has been shown, the luminescence intensity of a DNA
intercalator [Ru(1,10-phenanthroline)2dipyrido[3,2-a:2′,3′-c]
phenazine]2+ (referred to as [Ru(phen)2DPPZ]

2+, Fig. 1) was
efficiently quenched by the presence of another intercalator,
[Rh(9,10-diimine phenanthrenequinone)2bypyridine]

3+ when
they were simultaneously bound to a DNA molecule [15,16].
Alternatively, the quenching efficiency was significantly
lower when, [Ru(NH3)6]

3+, a non-intercalating species was
used. Furthermore, experiments have shown evidence for
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Fig. 1. Chemical structure of (a) Λ- and (b) Δ-[Ru(phen)2DPPZ]
2+ and (c) DAPI.
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the electron transfer along the DNA stem, by demon-
strating the transfer of the excited energy between DNA-bound
[Ru(phen)2DPPZ]

2+ and Rh(III) complex occurs by electron
transfer.

Electron transfer is not the only reason for this investigation
of the interaction between these drugs bound to DNA. We were
also interested in the binding mode and the efficiency of the
electron and/or energy transfer, which are expected to be closely
related. The binding mode of target drugs can be affected by the
presence of alternate drugs either by blocking the binding sites,
or by interactions between the different drugs. In previous
experiments using circular dichroism (CD) and linear dichroism
(LD) properties of meso-tetrakis(N-methylpyridinium-4-yl)por-
phyrin (referred to as TMPyP) and [Ru(phen)2DPPZ]

2+, the
drugs absorption to the AT-rich DNAwere not altered [17–20].
Furthermore, it was also shown that even when the minor
groove of DNAwas blocked by 4′,6-diamidino-2-phenylindole
(DAPI, hereafter, Fig. 1), which is a well-established as a minor
groove binding drug, the adsorption of the drugs was not altered
[21–26]. However, we propose a process in which direct energy
transfer between DNA-bound drugs has been found. More
specifically, excited energy of DNAwas shown to be transferred
to TMPyP [17] and [Ru(phen)2DPPZ]

2+ [18–20] through
Förster type resonance, in which DNA may be considered as
a medium that holds two drugs within specific distance of each
other. The observation of energy transfer between DNA to
bound drugs is of interest because energy transfer reactions
frequently occur along the electron transfer reaction pathways in
biological systems. In this study, we report the mixing ratio-
dependent energy transfer efficiency from a minor groove
bound DAPI to Δ- and Λ-enantiomers of [Ru(phen)2DPPZ]

2+

when they simultaneously bound to DNA. The mixing ratio, r,
has been defined as the ratio of the concentration of DAPI to
DNA base pair. At an extremely low mixing ratios, DAPI is
expected to spread over the DNA minor groove leaving space
and distance for incoming [Ru(phen)2DPPZ]

2+ complexes.
Alternatively, at high mixing ratios the DAPI molecules are in
close vicinity to the Ru(II) complexes.
2. Materials and methods

2.1. Materials

Calf thymus DNA (referred to as DNA) was purchased from
Worthington Biochemical Co (Lakewood, NJ). It was thoroughly
dissolved at 4 °C in 5 mM cacodylate buffer, pH 7.0, containing
100 mM NaCl and 1 mM EDTA. The DNA solution was then
dialyzed over several rounds against 5 mM cacodylate buffer,
pH7.0. The latter buffer was used throughout thiswork. TheΛ- and
Δ-[Ru(phen)2DPPZ]

2+ were synthesized by reportedmethods [27].
The concentrations of the DNA, DAPI and [Ru(phen)2DPPZ]

2+

were determined using spectroscopy, and utilizing the molar
extinction coefficients of ɛ258 nm=6700 cm−1 M−1, ɛ342 nm=
27,000 cm−1 M−1 and ɛ439 nm=20,000 cm

−1 M−1, respectively.

2.2. Spectroscopic measurements

Absorption and CD spectra were recorded on a Cary 100
(Victoria, Australia) and Jasco J 810 (Tokyo, Japan), respec-
tively. CD spectra were averaged over an appropriate numbers
of scans when necessary. Fluorescence spectra and intensities
were measured using Jasco FP777. Fluorescence decay times
of DNA-bound DAPI in the presence and absence of Λ- and
Δ-[Ru(phen)2DPPZ]

2+ were measured using IBH 5000U
Fluorescence Life Time System (Glasgow, UK). The LED source
of a nanoLED-03, which produces an excitation radiation at
370 nm with full width at half maximum of ~1.3 ns, was used to
excite DNA-bound DAPI. The slit widths were 12 nm and 16 nm,
respectively, for excitation and emission.

2.3. Fluorescence quenching

Fluorescence quenching is a process in which the fluorescence
intensity of a given fluorophore decreases upon addition of
quenchermolecule [28].When themechanism of the fluorescence
quenching follows either a simple static or a dynamic quenching
model, a straight line is expected from the plot of the ratio of the
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fluorescence intensity in the absence to the presence of quencher
molecule (F0/F) with respect to the quencher concentrations
([Q]). This relationship is explained in Eq. (1)

F0

F
¼ 1þ KSV Q½ �: ð1Þ

In this equation, the Stern–Volmer quenching constant, KSV, is
either a static (KS) or a dynamic quenching constant (KD). In the
static process, the static quenching constant may be understood as
an association constant for the formation of a non-fluorescent
complex between the fluorophore and the quencher. In the
dynamic process, the dynamic quenching constant is a multiple of
the bimolecular quenching constant (kq) and the fluorescence
decay time in the absence of a quencher (τ0). The Stern–Volmer
plot observed in this work shows an upward bending curve for the
fluorescence quenching of the DNA-bound DAPI by [Ru
(phen)2DPPZ]

2+ (see Results). Upward bending curve in the
Stern–Volmer plot may be attributed either to a combined static–
dynamic quenching process

F0

F
¼ 1þ KS Q½ �ð Þ 1þ KD Q½ �ð Þ ð2Þ

F0=F � 1
Q½ � ¼ KS þ KDð Þ þ KSKD Q½ � ð3Þ

or to a sphere of action model, within which the quenching
efficiency is unity.

F0

F
¼ 1þ KD Q½ �ð Þ exp Q½ �VN=1000ð Þ ð4Þ

ln
F0=F

1þ KD Q½ �
� �

¼ VN
1000

Q½ �: ð5Þ

In Eqs. (4) and (5), V denotes the calculated volume of the
sphere and N is the Avogadro's number. In this work, both the
static–dynamic and the sphere of action models were tested.
Fig. 2. The emission spectrum of DNA-bound DAPI at the mixing ratio of
0.02 (panel(a)) and 0.20 (panel(b)) in the absence (solid curve) and presence of
Λ-(dotted curve) and Δ-[Ru(phen)2DPPZ]

2+ (dashed curve). The DNA–DAPI
complex was excited at 360 nm. Slit widths were 5/5 nm for both excitation and
emission. The concentration of DNAwas 10 µM, and that of the Ru(II) complex
was 0.3 µM.
3. Results

The fluorescence intensity of DNA-bound DAPI decreased
upon addition of [Ru(phen)2DPPZ]

2+. As it is shown in Fig. 2(a)
the fluorescence emission spectrum of the DNA-bound DAPI at
the [DAPI]/[DNA] ratio of 0.02 as well as 0.20 in both the
presence and absence of 0.3 μMofΛ- orΔ-[Ru(phen)2DPPZ]

2+.
At this low mixing ratio, DAPI is expected to spread well in the
minor groove of the DNA. The fluorescence intensity of DNA-
bound DAPI at 450 nm decrease by the factor of 3.18 and 2.50 in
the presence of Λ- or Δ-[Ru(phen)2DPPZ]

2+, respectively.
However, the contour of the emission spectrum remained
unchanged in spite of the large decrease in the fluorescence
intensity. As the [DAPI]/[DNA] ratio increased to 0.2, at which
the minor groove of the DNA is considered to be saturated by the
DAPImolecule, the fluorescence intensity of DNA-boundDAPI
in the absence of Ru complexes is smaller by the factor of about
13 compared to that at a mixing ratio of 0.02 (Fig. 2(b)). The
shape of the emission spectrum also changed at a high [DAPI]/
[DNA] ratio in which the emission peak was found at 461 nm
with a shoulder around at 510 nm. The addition of the [Ru
(phen)2DPPZ]

2+ complex to the DNA–DAPI complex at a high
mixing ratios also resulted in a decrease in the fluorescence
intensity. The extent of decrease in the fluorescence intensity at a
high mixing ratio is smaller than that at a low mixing ratio: the
fluorescence intensity decreased by the factor of 1.90 and 1.63
upon addition of 0.3 μM of Λ- or Δ-[Ru(phen)2DPPZ]

2+,
respectively. The shape of the fluorescence emission spectrum
remained in the presence and absence of the [Ru(phen)2DPPZ]

2+

as it was observed for the DNA–DAPI complex at a low [DAPI]/
[DNA] ratio.

The [DAPI]/[DNA] ratio-dependent decreases in the fluor-
escence intensity of the DNA-bound DAPI with respect to
increasing [Ru(phen)2DPPZ]

2+ complex concentrations are
depicted in Fig. 3(a) and (b) as a Stern–Volmer type plot
according to Eq. (1). As seen from the figures, the quenching
efficiency of both the Λ- or Δ-[Ru(phen)2DPPZ]

2+ complexes
for the DNA-bound DAPI increased as the ratio [DAPI]/[DNA]
increased. The fluorescence quenching for the DNA-bound
DAPI is more efficient for the Λ-[Ru(phen)2DPPZ]

2+ complex
compared to the Δ-enantiomer at all [DAPI]/[DNA] mixing



Fig. 4. A plot of the ratio of average fluorescence decay time of the DNA-bound
DAPI in the absence to the presence of the quencher, [Ru(phen)2DPPZ]

2+, with
respect to the quencher concentration. Fluorescence decay time was measured
by a 370 nm excitation and a 450 nm emission wavelength. The slit widths were
12/16 nm, respectively for excitation and emission with [DNA]=10 µM. The
decay time was invariant of the mixing ratio. The filled circles represent the Δ,
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ratios. It is noteworthy that in the absence of DNA, the
fluorescence intensity of DAPI did not change by adding the Ru
(II) complex. Therefore, the quenching is heavily mediated
by the DNA. In general, the Stern–Volmer plot appeared to be
an upward banding curve for all [DAPI]/[DNA] ratios for both
Λ- and Δ-[Ru(phen)2DPPZ]

2+. The resulting upward bending
curve in Stern–Volmer plot, Fig. 3, may be explained either by a
mixed static–dynamic quenching model or by an inner sphere
model. When analyzing the quenching property by either of the
models the dynamic quenching constant is necessary.

The dynamic quenching constant can be obtained from the
slope of the ratio of the fluorescence decay time in the presence
of quencher to that in the absence (Fig. 4). In the absence of the
Ru(II) complex, the fluorescence decay times of DNA-bound
DAPI at the [DAPI]/[DNA] ratio of 0.02 were 0.90 ns and
3.59 ns with their relative amplitude of 0.106 and 0.894,
respectively. At a [DAPI]/[DNA] ratio of 0.20, the decay times
were shortened to 0.77 ns and 2.93 ns, with their relative
amplitude of 0.329 and 0.671. The addition of the Ru(II)
complexes resulted in further shortening in the decay times. For
Fig. 3. The Stern–Volmer plot for the mixing ratio-dependent quenching of the
DNA–DAPI complex fluorescence by Λ- and Δ-[Ru(phen)2DPPZ]

2+, and
[DNA]=10 µM. The [DAPI]/[DNA] ratios were plotted as 0.02 (filled circles),
0.05 (empty circles), 0.10 (filled triangles), 0.15 (empty triangle) and 0.20 (filled
squares). The fluorescence intensities were measured at an excitation at 360 nm
and an emission 450 nm, respectively. The slit widths were 5/5 nm for both
excitation and emission.

and empty circles represent the Λ-enantiomers of [Ru(phen)2DPPZ]
2+.
instance, the fluorescence decay time at the mixing ratio of
0.02 became 0.76 ns and 3.20 ns with their amplitude of
0.231 and 0.769, respectively, in the presence of 0.25 µM of
Δ-[Ru(phen)2DPPZ]

2+. The changes in the ratio of the average
decay time in the absence of the quencher to its presence, 〈τ0〉/〈τ〉,
versus the concentrations of the Ru(II) complexes is depicted in
Fig. 4 for representative two extreme [DAPI]/[DNA] ratio of 0.02
and 0.20. In this plot, the average fluorescence decay time is
defined by 〈τ〉=(a1τ1

2+a2τ2
2) / (a1τ1+a2τ2) for two decay compo-

nents system where 〈τ〉 is the average decay time, τis denote
measured decay time components and ais are corresponding
relative amplitude. From the slopes, the dynamic quenching
constants were calculated as 0.60×106 M−1 and 0.51×106 M−1,
respectively, for Λ- and Δ-[Ru(phen)2DPPZ]

2+; furthermore,
Fig. 5. The plot of ln F0=F
1þKD Q½ �

� �
versus VN

1000 Q½ �, according to Eq. (5). This is
intended to elucidate the sphere of action model. The slope and the radii of the
sphere were calculated (see text). The squares represent the [DAPI]/[DNA]=0.02
with Δ-[Ru(phen)2DPPZ]

2+ (closed square) and Λ-[Ru(phen)2DPPZ]
2+ (open

square), and the circles represents [DAPI]/[DNA]=0.20 with Δ-[Ru(phen)2-
DPPZ]2+ (closed circle) and Λ-[Ru(phen)2DPPZ]

2+ (open circle).



Fig. 6. A plot of the change in the static quenching constant in the quenching of
DNA-bound DAPI fluorescence by Λ-(empty circles) and Δ-[Ru(phen)2DPPZ]

2+

(filled circles). The static quenching constants,KS, were obtained by combining the
measured dynamic quenching constant and utilizing Eq. (3).

Fig. 7. The resulting absorption spectrum of DAPI (dashed curve),
Δ-[Ru(phen)2DPPZ]

2+ (dotted curve) and Δ-[Ru(phen)2DPPZ]
2+–DAPI mix-

ture (solid curve) in the presence of DNA at the [DAPI]/[DNA]=0.02 (panel a)
and 0.20 (panel b); with [DNA]=100 µM and [Δ-[Ru(phen)2DPPZ]

2+]=3 µM.
The Λ-enantiomer exhibited exactly the same spectra. After insertion:
absorption spectrum of DNA-bound DAPI (solid curve) and the that of DAPI
(dotted curve) that constructed by subtraction from the absorption spectrum of
DNA-bound Δ-[Ru(phen)2DPPZ]

2+ from the DAPI, Ru(II) complex and DNA
mixture. For all spectra, the absorption spectrum of DNAwas subtracted.
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these dynamic quenching constants are invariant of the mixing
ratios.

Using the measured dynamic quenching constant, and from
the slopes of the plot of Eq. (5) which are shown in Fig. 5 for
two extreme mixing ratios of the DNA–DAPI adducts, the
volume of the sphere of action and the sphere radius between
the drugs have been calculated. The resulting distances within
which the quenching efficiency is unity were in the range of
7.78×104 Å (mixing ratio of 0.20, Δ-[Ru(phen)2DPPZ]

2+)
~10.95×104 Å (mixing ratio of 0.02, Λ-[Ru(phen)2DPPZ]

2+).
These distances are unusually long compared to the normal
sphere radius that is slightly larger than that of the sum of the
radii of the fluorophore and quencher. A radius of few
angstroms was reported from the quenching of [Ru(phen)2-
DPPZ]2+ in a non-aqueous solution by water [29]. The upward
bending curve in the Stern–Volmer plots can also be analyzed
by the combination of static and dynamic mechanisms
according to Eq. (3). Using the measured dynamic quenching
constant and Eq. (3), the static quenching constant can be
obtained. This constant can be described as the association
constant of the [Ru(phen)2DPPZ]

2+ complex with DNA-bound
DAPI. As it is shown in Fig. 6, the magnitude of static
quenching constant decreased linearly with respect to the
mixing ratio, and the ratio of the concentration of DNA-bound
DAPI to DNA bases.

The absorption spectrum for DNA-bound DAPI and Δ-[Ru
(phen)2DPPZ]

2+ and that of the DNA–DAPI–Δ-[Ru(phen)2-
DPPZ]2+ complex at the [DAPI]/[DNA] ratio of 0.02 and 0.20,
respectively, are shown in Fig. 7(a) and (b). Identical absorption
spectra were recorded for the Λ-enantiomer, but are not shown
in this paper. At both mixing ratios, DNA-bound DAPI
exhibited an absorption maximum at 359 nm, which is
consistent with reported values [21,22]. Two absorption bands
with their maximum at 439 nm and 380 nm were apparent for
DNA-bound [Ru(phen)2DPPZ]

2+, which is also consistent with
previous reports [27]. The former band, at 439 nm, is attributed
to the MLCT band of the Ru(II) complex, and the latter, at
359 nm, to DPPZ ligand absorption band. It has been shown that
DAPI and [Ru(phen)2DPPZ]
2+ bound to DNA simultaneously

shows absorption spectrum characterized by two maximum at
366 nm and 439 nm. The subtraction of the absorption spectrum
of DNA-bound [Ru(phen)2DPPZ]

2+ from that of the DNA–
DAPI–Δ-[Ru(phen)2DPPZ]

2+ complex resulted in the identical
absorption spectrum to that of DNA-bound DAPI at both low
and high [DAPI]/[DNA] ratios (insertions). This result indicates
that the binding of one drug to DNA does not affect to the
binding mode of another drug; as it was previously observed
with poly[d(A-T)2] at a high binding density [18–20]. The CD
spectra under similar conditions are depicted in Fig. 8. At the
[DAPI]/[DNA] ratio of 0.02, DNA-bound DAPI exhibited a
positive band at 340 nm, which is attributed to DAPI that bind
in the minor groove of DNA. Conversely, the CD spectrum of
the DNA-bound DAPI at a mixing ratio of 0.20, a positive band
at 366 nm with a small negative envelope near 415 nm has
shown an interaction. This species of DAPI has been shown to



Fig. 8. The CD spectrum of DAPI (dashed curve), Δ-[Ru(phen)2DPPZ]
2+

(dotted curve) and Δ-[Ru(phen)2DPPZ]
2+–DAPI mixture (solid curve) in the

presence of DNA at the [DAPI]/[DNA]=0.02 (panel a) and 0.20 (panel b). The
conditions and curve assignment are the same as in Fig. 6.
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interact with the DNA in the minor groove when at a high
binding density [22]. When the CD spectrum of DNA-bound
Δ-[Ru(phen)2DPPZ]

2+ was subtracted from that of the DNA–
DAPI–Δ-[Ru(phen)2DPPZ]

2+ complex, the resulting CD
spectrum is identical with that of the DNA-bound DAPI
(insertion) both at low and high mixing ratios. The CD
spectrum of DNA-bound DAPI at both low and high [DAPI]/
[DNA] ratios were also identical in the presence and absence
of Λ-[Ru(phen)2DPPZ]

2+ and results are not shown.

4. Discussion

4.1. The effect of DAPI on the binding of Δ-[Ru(phen)2DPPZ]
2+

to DNA

It has been shown that the spontaneous binding of DAPI
and [Ru(phen)2DPPZ]

2+ complex does not affect their
DNA binding modes. Therefore, the spectral properties of
DNA-bound DAPI are not affected by the presence of the [Ru
(phen)2DPPZ]

2+ complex, and those of the DNA-bound [Ru
(phen)2DPPZ]

2+ complex are not altered by the presence of
DAPI. Similar observations have been reported for the
poly[d(A-T)2]–DAPI–[Ru(phen)2DPPZ]

2+ complex system.
Although the extended DPPZ ligand is undoubtedly inter-
calated between DNA base pairs in the complex formed
between DNA and [Ru(phen)2DPPZ]

2+, the direction of
insertion, i.e., whether from the minor groove or from the
major groove has been debated. The intercalation from the
major groove for [Ru(phen)2DPPZ]

2+ was shown by 1H NMR
NOE data [30]. However, alteration at the minor groove either
by formation of a triplex [31] or by glycosylation [32] resulted
in the same spectral properties of the [Ru(phen)2DPPZ]

2+

complex when compared to the duplex DNA suggesting that
the insertion direction is toward the minor groove. Recent 1H
NMR studies also support that the [Ru(phen)2DPPZ]

2+ binds
towards the minor groove [33,34]. However, all possible binding
sites at the minor groove of DNA conceivably are blocked under
the conditions of this work because more than 99% of the
amount of the DAPI added can be considered as bound species
according to the stability constants at the present ionic strength
[35,36]. One DAPI molecule has been reported to occupy about
5 DNA base pairs at the DNA minor groove [21–26,37].
Therefore, the fact that the spectral properties of both Λ- and
Δ-[Ru(phen)2DPPZ]

2+ remain even at a [DAPI]/[DNA] ratio
of 0.20 suggests that there is no interaction between them at
the ground-state. This observation supports the major groove
as the insertion direction of the [Ru(phen)2DPPZ]

2+ complex,
as it was reported for poly[d(A-T)2] [18–20].

The association constant for the binding of the [Ru(phen)2
DPPZ]2+ complex to DNA has been reported to be in the
5–6×106 M− 1 [27]. The association constants measured for
both Δ- and Λ-[Ru(phen)2DPPZ]

2+ to DNA at a low [DAPI]/
[DNA] ratio obtained from modified Stern–Volmer method
(Fig. 5) are 2.54×106 and 3.31×106, respectively. Those at
the [DAPI]/[DNA] ratio of 0.20 were slightly lower being
1.18×106 and 1.61×106, respectively, for Δ- and Λ-[Ru
(phen)2DPPZ]

2+. Therefore, although the spectral properties
of the bound species are not affected each other, it is
suggestive that the presence of DAPI may disturb the binding
of both enantiomers of the Ru(II) complex to DNA. Since the
spectral change properties remain, change in the DNA
conformation near the DAPI binding site cannot be the reason
for the lower binding affinity. Therefore, a simple decrease in
the available binding sites for the Ru(II) complex by the pre-
occupied DAPI may cause the decrease in the binding affinity.

The two binding modes of DAPI to DNA have been shown
in the [DAPI]/[DNA] ratios adopted in this work namely, types I
and II [21,22]. In the type I binding mode, which is represented
by a positively induced CD spectrum in the DAPI absorption
region with its maximum near 340 nm in which DAPIs are well-
separated in the minor groove of the DNA. The interaction
between DNA-bound DAPI is negligible, and the space
between DAPI is wide. The CD spectrum observed in this
work at [DAPI]/[DNA] ratio of 0.02 is the type I. The origin of
the type II CD spectrum, for which the positive CD maximum at
~375 nm is apparent, is believed to be either a change in the
DNA conformation at the DAPI binding site or to be the
interaction between electric transitions between densely bound
DAPI molecules. Whether DAPI is well-separated, or they
interact with each other, the binding mode of DAPI is not
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altered by the presence of any [Ru(phen)2DPPZ]
2+ enantiomers.

These observations support that DPAI binds at the minor groove
of DNA while the DPPZ ligand of the [Ru(phen)2DPPZ]

2+

complex inserts at the major groove.

4.2. Energy transfer from DAPI to Λ- and
Δ-[Ru(phen)2DPPZ]

2+

The energy transfer from DAPI to [Ru(phen)2DPPZ]
2+

bound to a poly[d(A-T)2] at a high binding density has been
reported [18–20]. When the poly[d(A-T)2]-bound DAPI
complex was excited, the luminescence quantum yield of the
[Ru(phen)2DPPZ]

2+ complex, increased. It is believed that
this complex binds at the major groove of poly[d(A-T)2] at a
high DAPI binding density. From this observation, the ex-
cited energy of DAPI can transfer across the DNA stem to
[Ru(phen)2DPPZ]

2+ that locates at the opposite side of the
DNA. The origin of this energy transfer was suggested to be
of Förster type resonance, in which the emission wavelength
region of DNA-bound DAPI is overlapped with the MLCT
absorption band of the Ru(II) complex. Similar energy transfer
was found for DAPI–[Ru(phen)2DPPZ]

2+–DNA system at a
high binding density. According to the Förster type resonance
energy transfer model, the distance between donor and acceptor
as well as their relative orientation are the important factors that
govern the efficiency. Considering the size of intercalated
DPPZ and binding geometry, DAPI and [Ru(phen)2DPPZ]

2+

are practically in contact as it was in poly[d(A-T)2]. Therefore,
the difference in the efficiency of the energy transfer between
Δ- and Λ-enantiomers may be attributed to the different
orientation of the intercalated DPPZ ligand relative to the DNA
helix axis. Considering the high efficiency in the energy
transfer compared to that of the low [DAPI]/[DNA] ratios, the
excited energy of DAPI that is located some distance from
bound [Ru(phen)2DPPZ]

2+ can also be transferred.
The efficiency of the energy transfer is significantly lower at

a low [DAPI]/[DNA] ratio and the difference between the
enantiomers becomes less important. Therefore, in this case, the
distance between the complexes is an important factor. At a
given DAPI concentration, one DAPI molecule is bound per 50
base pairs, therefore it occupies five per 25 base pairs because
binding of one DAPI molecule covers five base pairs. Then the
center of DAPI binding site is in average 11 base pair, or ~37 Å,
apart from the [Ru(phen)2DPPZ]

2+ intercalation site. The
average distance (the possible longest distance) between
DAPI and the Ru(II) complex estimated here is reasonable
because the binding of DAPI may disrupt, or at least not affect,
the binding of [Ru(phen)2DPPZ]

2+ as it was shown by the
association constant. Although the estimate from the inner
sphere model is unrealistically long, the excited energy of DAPI
can certainly be transferred to [Ru(phen)2DPPZ]

2+ which is at
~11 base pairs, or ~37 Å apart.
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