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Abstract:



[μ-(linker)L2(dipyrido[3,2-a:2′,3′-c]phenazine)2(phenanthroline)2Ru(II)2]2+ with linker: 1,3-bis-(4-pyridyl)-propane, L: PF6 (bis-Ru-bpp) was synthesized and their binding properties to a various polynucleotides were investigated by spectroscopy, including normal absorption, circular dichroism(CD), linear dichroism(LD), and luminescence techniques in this study. On binding to polynucleotides, the bis-Ru-bpp complex with poly[d(A-T)2], and poly[d(I-C)2] exhibited a negative LDr signal whose intensity was as large as that in the DNA absorption region, followed by a complicated LDr signal in the metal-to-ligand charge transfer region. Also, the emission intensity and equilibrium constant of the bis-Ru-bpp complex with poly[d(A-T)2], and poly[d(I-C)2] were enhanced. It was reported that both of dppz ligand of the bis-Ru-bpp complex intercalated between DNA base-pairs when bound to native, mixed sequence DNA. Observed spectral properties resemble to those observed for poly[d(A-T)2] and poly[d(I-C)2], led us to be concluded that both dppz ligands intercalate between alternated AT and IC bases-pairs In contrast when bis-Ru-bpp complex was bound to poly[d(G-C)2], the magnitude of the LDr in the dppz absorption region, as well as the emission intensity, was half in comparison to that of bound to poly[d(A-T)2], and poly[d(I-C)2]. Therefore the spectral properties of the bis-Ru-bpp-poly[d(G-C)2] complex suggested deviation from bis-intercalation model in the poly[d(G-C)2] case. These results can be explained by a model whereby one of the dppz ligands is intercalated while the other is exposed to solvent or may exist near to phosphate. Also it is indicative that the amine group of guanine in the minor groove provides the steric hindrance for incoming intercalation binder and it also takes an important role in a difference in binding of bis-Ru-bpp bound to poly[d(A-T)2] and poly[d(I-C)2].
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1. Introduction


The biopolymer DNA is the primary carrier of all genetic information. The central dogma of molecular biology underlines its central role in the storage and replication of genes. Through the RNA mediated processes of transcription and translation, DNA provides the “master genetic blueprint” for the construction of each protein required by individual cells. Consequently, synthetic molecules that interact with nucleic acids or modulate their function have been found as a variety of uses, such as biophysical and therapeutic agents [1]. In many ways, coordination complexes are ideal templates for the design of DNA-interactive systems, and the interaction of these structurally complex three-dimensional architectures with DNA has been continuously studied. In addition to a variety of binding modes, metal complexes also show distinctive chemical activities. They can coordinate directly to DNA Lewis base sites and undergo redox reactions with DNA or generate reactive oxygen containing species (an attribute particularly relevant to photodynamic therapy, PDT) [2,3,4,5]. The ability to bind and to cleave DNA and interfere with the essential interaction of various transition metal complexes with DNA have been the subject of intense study due to their unique physical properties and potential applications in biology [6,7,8,9,10,11,12].



Interaction of the various bis-Ru(II) complexes with DNA has also been reported [13,14,15,16,17,18,19]. In previous studies, bis-Ru(II) complexes ([μ-(linker)L2(dipyrido[3,2-a:2′,3′-c]phenazine)2 (phenanthro-line)2Ru(II)2]2+ with linkers: 4,4′-bipyridine; 1,2-bis-(4-pyridyl)-ethane; 1,3-bis-(4-pyridyl)-propane, L = Cl or PF6), and its binding property with DNA was investigated by changing the length of bridge connecting ruthenium [20]. The length between the two Ru(II) complexes may be barely long enough to accommodate one DNA base between the two dppz ligands, but not for two DNA bases. When the linker was shorter (4,4′-bipyridine or 1,2-bis-(4-pyridyl)-ethane), the magnitude of the LD in the dppz absorption region, as well as the luminescence intensity of both bis-Ru(II) complexes was half that of the bis-Ru(II) complex bearing a long linker. Subsequent studies focused on biological and therapeutic applications such as inhibiting the transcription [21] or replication [22] of specific sequences, and preventing cellular proteins from binding to their designated target DNA [23] as well as on the design of artificial sequence specific nucleases [24].



In this study, interaction of bis-Ru-bpp complexes, chemical structures shown in Scheme 1, with polynucleotides are reported. As shown in the Scheme 1, the [μ-(linker)L2(dipyrido[3,2-a:2′,3′-c]phenazine)2(phenanthroline)2Ru(II)2]2+ with linker: 1,3-bis-(4-pyridyl)-propane, L: PF6. (here after referred to as bis-Ru-bpp) complex, possessing two intercalating dppz ligands, are connected by bridges, thereby allowing effective investigation of the binding mode of the bis-Ru-bpp complex bound to polynucleotides.




2. Experimental Section


Polynucleotides were purchased from Sigma Aldrich and purified by dissolution (exhaustive shaking at 4 °C) in a 5.0 mM cacodylate buffer at pH 7.0. The latter buffer was used throughout this work. Polyethyleneglycol(PEG) 8000 for inducing molecular crowding condition and other chemicals were purchased from Aldrich or Merck and used without purification. bis-Ru-bpp complex was prepared by the reported procedure [20]. Although PF6− is ligated in Scheme 1, it is very possible that this ligand is replaced by H2O or other stronger ligands in an aqueous environment. However, nature of this ligand may not affect the binding mode of the bis-Ru-bpp complex to DNA because the expanded dppz and phenanthroline ligand are the conceivable moiety that interact with DNA bases or phosphate groups (see Section 3 and Section 4). The mixing ratio, R, was defined by the ratio of the concentration of the dppz of the complex per DNA base or phosphate concentration. Therefore, for instance, R = 0.1 indicates five bis-Ru-bpp complex (or 10 dppz moieties) per 100 DNA bases or phosphate. The concentrations of bis-Ru-bpp complex and polynucleotides were determined spectrophotometrically using their proper molar extinction coefficients: ε372nm = 29,680 M−1·cm−1 for bis-Ru-bpp complex, ε262nm = 6600 M−1·cm−1, ε254nm = 8400 M−1·cm−1, and ε251nm = 6900 M−1·cm−1 for poly[d(A-T)2], poly[d(G-C)2], and poly[d(I-C)2] respectively.



Absorption spectra were recorded on a Cary 100 (Varian, Palo Alto, CA, USA). Circular and linear dichroism spectra (Referred to as CD and LD respectively) were measured on a J715 and J810 (Jasco, Tokyo, Japan) spectropolarimeter, respectively. The length of polynucleotides was too short, so LD could not be measured. LD has been used a powerful tool to explain DNA binding mode. Therefore, LD was measured by raising viscosity which was one of orientation factors that could influence LD value in order to obtain LD value of polynucleotides. The molecular crowding condition was used as a method to raise viscosity. Physiological fluid media contains macromolecules collectively occupying between a lower limit of about 7% and an upper limit of about 40% of total fluid volume [25]. The experiment was carried out under PEG molecular crowding condition (30% of total volume) in this study. PEG molecular crowding conditions and not crowding conditions were compared with UV and CD, and the PEG molecular crowding condition did not affect the interaction between bis-Ru-bpp complex and DNA. Reduced linear dichroism (LDr), defined by the division of measured LD by isotropic absorption spectrum, is related to the angle, α, of the transition moment of any DNA-bound drug with respect to the local DNA helix axis through:
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(1)




where S is the orientation factor which is the measure of the orient ability of the sample such that S = 1 for a perfectly oriented sample and S = 0 for a random orientation. The electric transition moments of an intercalated drug usually appeared to be negative with its magnitude either comparable or larger than that of the DNA absorption region [26,27]. Fluorescence measurements were performed on a FS-2 (SINCO, Seoul, Korea). Excitation and emission wavelengths were 440 and 614 nm, respectively. Slit widths were 10/10 nm




3. Results


3.1. Absorption and Circular Dichroism


The absorption spectra of bis-Ru-bpp complex bound to various polynucleotides such as poly[d(A-T)2] (a), poly[d(G-C)2] (b) and poly[d(I-C)2] (c) were shown in Figure 1 in the presence(solid curve) and in the absence (dash curve) of DNAs. For easy comparison, the absorption spectrum of DNA was removed from the absorption spectrum of DNA-bis-Ru-bpp. Uv spectra measured at [bis-Ru-bpp]/[polynucleotide] = 0.02, 0.04, 0.06, 0.08, and 0.10 (where [polynucleotide] = 100 μM) were identical when normalized to its concentration (Figure S1), suggesting that the binding mode was homogeneous in this range of concentration. Therefore, the only result at [bis-Ru-bpp]/[polynucleotide] = 0.10 is shown for clarity reason. The transition between ligands in dppz (π*←π) was shown at 373 nm which indicates the highest absorbance between 300 nm and 550 nm in absorption spectrum of bis-Ru-bpp complex, and MLCT absorption was shown in the long-wave side. Red shift occurred for 9 nm from 372 to 382 nm which was the transition region between ligands when it was bonded to DNA, and there was no movement in 440 nm which was the MLCT area. For hypochroism, 382 nm (17.20%) and 440 nm (19.10%) were shown in case of poly[d(A-T)2], 382 nm (23.66%) and 440 nm (19.14%) in case of poly[d(G-C)2], and lastly 382 nm (13.98%) and 440 nm (18.68%) in case of poly[d(I-C)2]. Hypochroism occurs most noticeably in the case of bis-Ru-bpp complex and poly[d(G-C)2] (Figure 1a). Although the stacking interaction of the bis-Ru-bpp complex with nucleobase seems to be the largest for poly[d(G-C)2], hypochromism in the absorption spectrum it is not necessarily absolute measure for the extent of stacking interaction (π-π interaction between expanded dppz ligand and DNA bases, see below). Absorption occurs at the area of 200–300 nm for both bis-Ru-bpp complex and DNA. The absorption in this area applies to bis-Ru-bpp complex, or DNA or both of them so that it cannot be distinguishable, preventing further discussion for absorption change in this area. The CD spectra of bis-Ru-bpp at various polynucleotides are shown in Figure 2. The CD spectrum of bis-Ru-bpp is also altered as it binds to DNA (Figure 2). There is no CD band in the absence of polynucleotides because it is racemic mixture. However, when bis-Ru-bpp complex was bound to DNAs, positive metal-to-ligand charge transfer (MLCT) CD spectra was appeared at 471 nm for poly[d(A-T)2], and 476 nm for both poly[d(I-C)2], and poly[d(G-C)2], by DNA. The signal corresponding to the dppz ligand absorption region is very small. The CD signal below 300 nm reflects the sum of the CD spectrum of DNA and that of bis-Ru-bpp complex: the change in CD spectrum in this region originates from a change in both chromophores. At this stage, these two contributions cannot be separated and therefore, will not be discussed further.


Figure 1. (a) Absorption spectra of bis-Ru-bpp bound to poly[d(A-T)2], (b) poly[d(G-C)2] and (c) poly[d(I-C)2] in the presence (solid curve) and absence (dash curve) of DNA. [DNA] = 100 μM, [bis-Ru-bpp] = 10.0 μM (20.0 μM in the dppz). The absorption spectra of DNA were subtracted and the spectra enlarged three times are shown at long wavelength for ease of comparison. The absorption spectra of the bis-Ru-bpp bound to DNA at a concentration range below 10.0 μM were identical for all DNAs.
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Figure 2. CD spectra of bis-Ru-bpp in the presence of poly[d(A-T)2] (red curve), poly[d(G-C)2] (black curve) and poly[d(I-C)2] (blue curve). The spectra enlarged 10 times shown at long wavelength for ease of comparison. The concentration is the same in Figure 1.
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3.2. LDr Spectra


Polynucleotides used in this research including poly[d(A-T)2], poly[d(G-C)2], and poly[d(I-C)2] were too short to be oriented in the flow and thus no LD spectrum was observable. In order to enhance the orientation ability of polynucleotides, PEG (30% of total volume) was added, which increased the viscosity of medium and hence, resulted in a clearer LD spectra. The presence of PEG did not affect Uv and CD spectrum (Figures S2 and S3, respectively), suggesting that it did not affect the binding mode of the bis-Ru complex to any of these polynucleotides. LDr spectra which were obtained by division of measured LD by absorption spectrum are depicted in Figure 3. At a glance, LDr signal in the DNA absorption region was negative for all polynucleotides as it was expected from the set-up adopted in this study, reflecting that the nucleobases were oriented perpendicular to the flow direction or the DNA helix axis. The magnitude of LDr of the bis-Ru-bpp-polynucleotides complex in DNA absorption region decreased significantly compared to that of the Ru complex-free polynucleotides, indicating that DNA bent or tilted to a significant extent upon binding of the bis-Ru complex.


Figure 3. LDr spectra of of bis-Ru-bpp bound to poly[d(A-T)2], poly[d(G-C)2], and poly[d(I-C)2]. Symbol a denotes LDr spectra of corresponding polynucleotides in the absence of the bis-Ru-bpp complex. The concentration is the same in Figure 1. The absorption band ca. 330 nm, corresponding to the electronic transition moment lies along the long axis of the dppz ligand, is marked by arrows.
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This suggested that the average direction of the intra ligand electric transition lies near parallel to the DNA helix axis. A strong negative signal observed at ca. 330 nm for poly[d(A-T)2] and poly[d(I-C)2] with its magnitude larger or comparable to that in the DNA absorption region, corresponding to electric transition alone the expanded dppz ligand, suggested that the molecular plane of the both dppz moiety of bis-Ru-bpp lies perpendicular relative to the DNA helix axis (parallel to nucleobases). This observation is strong evidence for the intercalation of the dppz ligand. On the other hand, this LDr signal of the bis-Ru-bpp complexed with poly[d(G-C)2] was significantly smaller compared to the other two polynucleotides, and to that in the DNA absorption region, suggesting that the binding mode of the bis-Ru-bpp when formed an adduct with poly[d(G-C)2] was significantly deviated from bis-intercalation. In the MLCT region (400–500 nm), very strong wavelength-dependence in the LDr spectrum was observed, which is typical for [Ru(phen)2L]2+ complexes [28,29]. The direction of electric transitions in the MLCT is complicated [29] and is not directly related to the current discussion. Therefore, further lengthy discussion for LDr spectrum in this region is avoided.




3.3. Luminescence and Quenching Measurement


Although the quantum yield of [Ru(phen)2dppz]2+ is negligibly small in aqueous solution, it is well known and is denoted as the “light switch effect” that the emission intensity increases upon the intercalation of the DPPZ ligand between the DNA base-pairs [28,30,31]. A similar increase in the emission intensity was observed for various polynucleotides. At a constant DNA concentration, the emission intensities for the complexes increase almost proportionally to their concentrations (Figure 4). The highest emission intensity is shown in poly[d(A-T)2] and poly[d(G-C)2] when the ratio between bis-Ru-bpp complex concentration and DNA concentration becomes ~0.4, and the intensity decreases slightly as the complex concentration increases. Although, the concentration ratio at the highest position is not clear in case of poly[d(I-C)2], but the saturation ratio seems to be ~0.4. Unlike poly[d(A-T)2], poly[d(G-C)2] and poly[d(I-C)2] did not produce a decrease in the emission intensity at high mixing ratios. When bis-Ru-bpp complex is bound to polynucleotides, the emission intensity at the highest position is almost same in case of poly[d(A-T)2] and poly[d(I-C)2], but the emission intensity becomes a value which is three times lower when it is bound to poly[d(G-C)2]. This indicates that the environment varies when bis-Ru-bpp complex is bound with poly[d(G-C)2], poly[d(A-T)2] or poly[d(I-C)2]. Using the change in emission intensity, the binding stoichiometry for the bis-Ru-bpp complexation with polynucleotides was investigated using the Job method (Figure 4b). From the Job plot, the highest intensity was found at the bis-Ru-bpp ratio of 0.2~0.25 relative to polynucleotide base, indicating that bis-Ru-bpp binds to four polynucleotide bases or two base pairs. This observation is the same as its monomer, [Ru(phen)2dppz]2+ [29].


Figure 4. (a) Change in emission intensity of the bis-Ru-bpp with increasing complex concentration. Slit widths for both excitation and emission were 10 nm. [DNA] = 10 μM, [bis-Ru-bpp] = 0.5–5 μM with an increment of 0.5 μM. Red, black, and blue circles denote poly[d(A-T)2], poly[d(G-C)2], and poly[d(I-C)2] respectively. (b) Job plot for complex formation of bis-Ru-bpp with various polynucleotides. Excitation and emission wavelengths were 440 nm and 614 nm, respectively.
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It is noticed that the luminescence intensity of polynucleotide bound bis-Ru-bpp complex was the lowest in the poly[d(G-C)2] case (Figure 4a). Considering the factors that the minor groove resemble for poly[d(A-T)2] and poly[d(I-C)2], while the major groove of poly[d(G-C)2] and poly[d(I-C)2] are similar, the bis-Ru-bpp complex conceivably intercalated from the minor groove where the amine group of guanine base takes role for lower quantum yield. Alternatively, the lower quantum yield of the poly[d(G-C)2]-bis-Ru-bpp complex can be elucidated by non-intercalative binding of the second dppz ligand, in which the second dppz ligand may be tethered in the aqueous solvent (see above for binding mode). One of these two facts or both cause the relatively low luminescence quantum yield for poly[d(G-C)2]-bis-Ru-bpp complex compared with two others.



The [Fe(CN)6]4− ion is a well-known quencher for luminescent of [Ru(phen)2DPPZ]2+-DNA complexes [32,33,34]. The quenching profiles of the emission intensity for various polynucleotides are shown in Figure 5 in the form of the Stern-Volmer (a) and modified Stern-Volmer (b) plots. In the Figure 5a, the emission intensity of the poly[d(A-T)2]-bis-Ru-bpp, poly[d(I-C)2]- and poly[d(G-C)2]-complexes decreases with increasing [Fe(CN)6]4− ion concentration. When bis-Ru-bpp bounded to polynucleotides are plotted by the [Fe(CN)6]4− concentration (F0/F versus [Fe(CN)6]4−), a normal Stern-Volmer plot), downward curves are observed for bis-Ru-bpp bound to all DNAs (Figure 5a). it was noticed that quenching efficiency is two times and three times higher for the poly[d(A-T)2] compared to that of the poly[d(I-C)2] and poly[d(G-C)2], respectively, with the poly[d(G-C)2] being more inaccessible to the [Fe(CN)6]4−. On the other hand, the overall accessibility of the [Fe(CN)6]4− quencher is far less for bis-Ru-bpp-poly[(G-C)2] complex when the mixing ratio is 0.1. In the case of all bis-Ru-bpp bound to various polynucleotides (ratio = 0.1), appeared to be a downward curvature, this shows that quenching accessible and inaccessibility fluorophores may exist due to the difference in microenvironments when bis-Ru-bpp complex is bound with polynucleotides. Suppose that there are two populations of fluorophores; one being accessible (a) to quenchers and other being inaccessible (b). The total fluorescence in the absence of quencher (F0) is given by Equation (2) [35], where the:


F0 = F0a + F0b



(2)




subscript 0 refers to the fluorescence intensity in the absence of quencher. In this case, the Stern-Volmer plot can be modified to Equation (3) to calculate the fraction of quencher-accessible:


F0/∆F = 1/(faKa[Q]) + fa−1



(3)




fluorophore (fa). In Equation (3), Ka is the Stern-Volmer quenching constant for the accessible fraction and [Q] is the concentration of quencher. The modified form of the Stern-Volmer equation allows fa and Ka to be determined graphically (Figure 5b). Extrapolation to high concentration of [Fe(CN)6]4− yields an intercept 3.81 (fa = 0.26), 3.23 (fa = 0.31), and 7.38 (fa = 0.16) indicating that 26%, 31% and 16% of the total fluorescence of poly[d(A-T)2], poly[d(I-C)2], and poly[d(G-C)2], respectively. Also, Ka has a value of 0.304, 0.348, and 0.124 for poly[d(A-T)2], poly[d(I-C)2] and poly[d(G-C)2] respectively. Poly[d(G-C)2] has a value which is three times smaller in comparison to Ka of both poly[d(A-T)2] and poly[d(I-C)2]. This suggests that both dppz moiety in the bis-Ru-bpp complex bound to polynucleotides are equally fluorescent and are accessible or inaccessible by quencher according to difference in the binding environment, and in case of poly[d(G-C)2] it has a value which is three times smaller in comparison to other polynucleotides.


Figure 5. The Stern-Volmer (a) and modified Stern-Volmer (b) plots for the quenching of fluorescence intensity of bis-Ru-bpp bound to polynucleotides by [Fe(CN)6]4−. The conditions used to measure emission intensity are identical to those in Figure 4. [DNA] = 10 μM, [Fe(CN)6]4− = 2–20 mM with an increment of 2 mM. Red, black, and blue circles denote poly[d(A-T)2], poly[d(G-C)2], and poly[d(I-C)2], respectively.
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4. Discussion


Binding Properties of Bis-Ru-Bpp Complex Bound to Polynucleotides


The binding properties shown when bis-Ru-bpp complex was bound to various polynucleotides were compared in this study. The spectral properties of the bis-Ru-bpp-poly[d(A-T)2] and -poly[d(I-C)2] adducts are summarized as hypochromism and red shift in the entire absorption range. This effect is especially noticeable the dppz ligand absorption region (~320 nm and ~400 nm). The magnitude of LDr in this region is comparable or larger than that of the DNA absorption region, supporting that the long transition axis of both dppz ligand is close to perpendicular relative to the local DNA helix axis. On the other hand, the magnitude of LDr of the bis-Ru-bpp-poly[d(G-C)2] in the same region was significantly lower compared to the other two polynucleotides, suggesting some deviation from the bis-intercalative binding mode. In the luminescence experiment, the luminescence intensity of bis-Ru-bpp complex upon binding to polynucleotides was increased. The increase for both bis-Ru-bpp-poly[d(A-T)2], and poly[d(I-C)2] was more effective compared to that of bis-Ru-bpp-poly[d(G-C)2] adduct. This indicates that dppz ligand is protected from the water molecules and interacts with the DNA bases at the binding site. It is also noteworthy that the equilibrium constant for complex formation was the lowest for poly[d(G-C)2] although all added bis-Ru-bpp was bound to polynucleotide in the concentration range adopted in this study. The mixing ratio-independent absorption spectrum for all three adducts also supports binding of all Ru complexes to polynucleotides and the homogeneous binding mode within the same polynucleotide. The luminescence quenching experiment showed that [Fe(CN)6]4− is an effective quencher. The shape of the Stern-Volmer quenching plot appeared to be a downward bending curve. This type of quenching curve may be elucidated by the presence of two type of luminescent molecules: one completely protected from outside quencher and the other partially accessible fraction. Although the accessible portion of the bis-Ru-bpp is the lowest, accessibility of negatively charged quencher is the highest for poly[d(G-C)2], suggesting that the bis-Ru-bpp is exposed more when bound to poly[d(G-C)2] than the other two polynucleotides. Environment and accessibility of the [Fe(CN)6]4− quencher seemed to lowest for poly[d(G-C)2]. It was reported [20] that both of dppz ligand of the bis-Ru-bpp complex intercalated between DNA base-pairs when bound to native, mixed sequence DNA. Observed spectral properties resembling those observed for poly[d(A-T)2] and poly[d(I-C)2], led us to conclude that both dppz ligands intercalate between alternated AT and IC bases-pairs. In contrast, the spectral properties of the bis-Ru-bpp-poly[d(G-C)2] complex, especially LDr and enhancement in luminescence intensity suggested deviation from the bis-intercalation model in the poly[d(G-C)2] case.



From these observations, a binding mode of the bis-Ru-bpp to poly[d(G-C)2] can be proposed in which one dppz moiety is intercalated and the other is exposed to solvent or tethered into one of the groove. Alternatively, both dppz ligands deviated from full intercalative binding. They may be quasi-intercalated exhibiting the average angle between molecular plane of dppz ligand and the DNA helix axis significantly less than 90° [36]. The former model may be considered as an extreme case for deviation. In any case, the amine group of guanine in the minor groove provides the steric hindrance for incoming intercalating dppz, resulting in the deviated binding mode. The presence of the amine group may also take a role for less efficient increase in the luminescence intensity upon association with poly[d(G-C)2]. Figure 6 shows a schematic diagram, in which one of the dppz ligands in bis-Ru-bpp intercalates between DNA base-pairs while the other is exposed to solvent.


Figure 6. Schematic diagrams of the bis-Ru-bpp-complex-DNA. Both the dppz ligands intercalate between the DNA base-pairs (left diagram) in case of poly[d(A-T)2] and one dppz is intercalated and the other exposed to solvent (right diagram) in case of poly[d(G-C)2]. The blue circle indicates position of amine group in minor groove direction.
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5. Conclusions


Both dppz ligands of the bis-Ru-bpp complex intercalate between polynucleotide base pairs. The binding properties of them are selective toward the sequences of the DNA base pairs. Due to structural differences of DNA sequences, when bis-Ru-bpp complex is bound to poly[d(A-T)2] and poly[d(I-C)2], both of the two dppz ligands are intercalated, and on the contrary, in the case of poly[d(G-C)2], one dppz ligand is intercalated between the sequences and the other one is exposed outside from the solvent. Alternatively, both dppz ligands deviated from full intercalative binding.








Supplementary Materials


The following are available online at www.mdpi.com/2075-4701/6/6/141/s1. Figure S1: Normalized absorption spectra of bis-Ru-bpp bound to poly[d(A-T)2], poly[d(G-C)2] and poly[d(I-C)2] DNA. [DNA]= 100 μM, [bis-Ru-bpp] = 2.0, 4.0, 6.0, 8.0, 10.0 μM . The absorption spectra of DNA were subtracted for ease of comparison. The absorption spectra of the bis-Ru-bpp bound to DNA at a concentration range below 10.0 μM were identical for all DNAs, Figure S2: Absorption spectra of bis-Ru-bpp bound to poly[d(A-T)2], poly[d(G-C)2] and poly[d(I-C)2] in peg(black curve) and not in peg (red curve) condition. [DNA]= 100 μM, [bis-Ru-bpp] = 10.0 μM, Figure S3: CD spectra of bis-Ru-bpp bound to poly[d(A-T)2], poly[d(G-C)2] and poly[d(I-C)2] in peg(black curve) and not in peg (red curve) condition. The concentration is the same in Figure 1.
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Scheme 1. Chemical structures of the [μ-(linker)L2(dipyrido[3,2-a:2′,3′-c]phenazine)2 (phenanthro line)2-Ru(II)2]2+ with linker: 1,3-bis-(4-pyridyl)-propane, L: PF6. In the text, this molecule is denoted as bis-Ru-bpp. 
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