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Abstract:



Ferrocenylnaphthalene diimide 1 can bind to double stranded DNA (dsDNA) by the threading intercalation mode and the resulting complex was stabilized further by β-cyclodextrin (CD) by forming a supramolecular complex. These complex formation processes were studied by spectroscopic, viscometric, and electrochemical means in the absence or presence of β-CD. Quantitative analysis by quartz crystal microbalance (QCM) and electrochemical experiments strongly suggested a 2:1 binding stoichiometry for β-CD to 1 threading-intercalated to the dsDNA-immobilized electrode. Owing to this supramolecular complex formation, electrochemical DNA detection based on 1 was improved considerably.
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Introduction


Exploitation of supramolecular complex formation provides a new tool in nanotechnology [1]. The complex formation of β-cyclodextrin (β-CD; Scheme 1) with ferrocene molecules has been studied from a viewpoint of its unique electrochemical properties and applied to a supramolecular system [2]. For example, ferrocene strongly binds to β-CD in uncharged states and its complex dissociates when it is oxidized. Dendrimers containing ferrocene units at the ends of a molecule were prepared and they formed supramolecular complexes with β-CD which could be broken apart or assembled by the redox reaction of the ferrocene units [3,4,5,6].
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Scheme 1. 






Scheme 1.
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In the meantime, we studied the interaction of ferrocenylnaphthalene diimide (1 for example; Scheme 1) with dsDNA and extended it to electrochemical detection of target DNA by using a DNA probe-immobilized electrode [7,8]. In this system, it was essential for ferrocenylnaphthalene diimide 1 to form a complex with dsDNA by the threading intercalation mode, where its substituents are projecting out over the major and minor grooves of DNA duplex resulting in a catenated complex. When β-CD is added in this system, a supramolecular ternary complex may be formed, where β-CD caps the ferrocene moieties of 1 projecting out over the grooves of DNA duplex threading-intercalated with 1. Figure 1 shows a computer modeling of the supramolecular complex of β-CD and DNA-bound 1. In this system, β-CD should act as a stabilizer of the complex, thereby resulting in the improved discrimination ability of 1 for dsDNA over single stranded DNA (ssDNA). This idea was substantiated in this paper by studying the binding behavior of 1 to dsDNA in the presence of β-CD. Furthermore, electrochemical DNA detection based on this supramolecular system was attempted.


Figure 1. Stereo view of the supramolecular complex of β-CD and 1 threading-intercalated to d(AAATTT)2 duplex.
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Results and Discussion


Interaction of 1 and β-CD


The interaction of 1 with β-CD was evaluated by electrochemical measurements. Cyclic voltammetry (CV) of 0.05 mM 1 was determined on a 6-mercaptohexanol-masked gold electrode in 0.1 M AcOK-AcOH (pH 5.6) containing 0.1 M KCl with an addition of several μL of 10 mM β-CD. The peak current decreased and the peak potential shifted to the positive side with an increase in the amount of β-CD as shown in Figure 2A. This behavior is similar to that of ferrocene derivatives with β-CD in aqueous solution reported previously [9,10], showing that this phenomenon is based on the incorporation of the ferrocene into the cavity of β-CD. The binding constant of 1 with β-CD was calculated from the slope of the plot shown in Figure 2B by treatment similar to that described previously [11,12] to afford 3.7 x 103 M-1, which is of similar magnitude to those reported previously [13]. Similar experiments were carried out for the interaction of 1 with α-CD, but neither current decrease nor current shift was observed, suggesting no interaction of 1 with α-CD. This observation is in agreement with those for a ferrocene derivative with α-CD previously described [13].


Figure 2. (A) Cyclic voltammograms of a 6-mercaptohexanol-masked gold electrode in 0.1 M AcOK-AcOH buffer (pH 5.6) containing 0.1 M KCl and 0.05 mM 1 in the presence of 0-0.2 mM β-CD and (B) plot of (ipc/ipf)2 against [1-(ipc/ipf)2]/[β-CD]. The slope of this plot refers to 1/K.
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Similar experiments were carried out with a dsDNA-immobilized electrode, prepared by the hybridization of dT20 with a dA20-immobilized gold electrode. CV measurements with this electrode were conducted in 0.1 M AcOK-AcOH (pH 5.6) containing 0.1 M KCl and 0.05 mM 1 in the presence of a various amount of β-CD. The cyclic voltammogram of 1 showed an asymmetric one-step redox reaction of 1 (E1/2 = 403 mV, ΔEp = 21 mV) in the absence of β-CD as shown in Figure 3. This may suggest that the oxidized form of 1 has larger binding affinity for dsDNA than the reduced form and the former is harder to reduce in polyanionic dsDNA. The current peak decreased and shifted to the positive side with an increase in the amount of β-CD as shown in Figure 3. The asymmetric redox peak was changed to a symmetric one after addition of β-CD, suggesting that β-CD capped the ferrocene moieties of 1 bound to dsDNA on the electrode [9,10]. The current increased with the β-CD concentration up to about 800 μM and then leveled off, indicating that the complex formation of β-CD with the ferrocene of 1 (50 μM) is nearly complete at this β-CD concentration. Therefore, all later experiments were carried out in the presence of a 16-fold excess of β-CD over 1.


Figure 3. Cyclic voltammograms of a dA20dT20-immobilized gold electrode in 0.1 M AcOK-AcOH buffer (pH 5.6) containing 0.1 M KCl and 0.05 mM 1 in the presence of 0-0.54 mM β-CD.
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Effect of β-CD on the interaction of 1 with dsDNA


The absorption spectra of 1 in 10 mM sodium 2-(N-morpholino)ethanesulfonate (MES) buffer (pH 6.2) containing 1 mM EDTA and 0.1 M NaCl showed an absorption maximum at 383 nm based on the naphthalene diimide skeleton (Figure 4). Large hypochromic and small red shifts were observed in its spectrum upon addition of sonicated calf thymus DNA as dsDNA and this change was in agreement with the data reported previously [14,15]. Since an isosbestic point was observed during this spectral change, the binding behavior can be evaluated by Scatchard analysis of the data shown in Figure 5. Thus, a binding constant of K=3.0 x 105 M-1, and site size (number of base pairs of dsDNA excluded by 1) n=3 (Figure 5a) were obtained.


Figure 4. Spectrophotometric titration of 5 μM 1 with 0-0.15 mM sonicated calf thymus DNA in 10 mM MES buffer (pH 6.2) containing 1 mM EDTA and 0.1 M NaCl.
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Figure 5. Scatchard plots for 5 μM 1 with sonicated calf thymus DNA in the absence (a) or presence of 80 μM β-CD (b, c) in 10 mM MES buffer (pH 6.2) containing 1 mM EDTA and 0.1 M NaCl.
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Absorption titration of calf thymus DNA with 1 in the presence of β-CD ([β-CD]/[1]=16) showed similar behavior of large hypochromic and small red shifts with an isosbestic point. Scatchard analysis of this spectral change gave a line with a break (the wind line). The binding constants of 3.0 x 105 M-1 and 6.0 x 105 M-1 with n=3 were obtained from the two linear parts, as shown in Figure 5b and Figure 5c. Since the former value is similar to the one in the absence of β-CD, it should represent the binding constant of 1 unincorporated into β-CD, whereas the latter that incorporated into β-CD. In other words, β-CD stabilizes the complex of 1 with dsDNA two-fold.



To study the effect of β-CD on the association and dissociation processes of 1 with dsDNA, kinetic measurements were made in the absence or presence of β-CD in 10 mM MES buffer (pH 6.2) containing 1 mM EDTA and 0.1 M NaCl. The data thus obtained are compiled in Table 1. Association rate constants for 1 with calf thymus DNA in the absence or presence of β-CD were 1.4 x 105 and 1.1 x 105 M-1s-1, respectively. These similar values implied that the association process of 1 with dsDNA is not influenced much by β-CD. However, the dissociation rate constant for 1 from the complex of calf thymus DNA in the absence or presence of β-CD were 1.3 and 0.6 s-1, respectively, demonstrating that the binding constant of 1 is two-fold greater in the presence of β-CD than in its absence. This result was in good agreement with the data from Scatchard analysis and indicates that this stabilization derived from the stabilization of the complex of 1 bound to dsDNA by β-CD.



Table 1. Kinetic parameters of the binding of 1 to sonicated calf thymus DNA in the absence or presence of β-CDa







	
β-CD

	
10-5ka/M-1s-1

	
kd/s-1

	
10-5K(=ka/kd)/M-1






	
absent

	
1.4

	
1.3

	
1.0




	
present

	
1.1

	
0.6

	
2.0








a The experiments were conducted in 10 mM MES buffer (pH 6.2) containing 1 mM EDTA and 0.1 M NaCl. [1]/[calf thymus DNA]/[β-CD]=1/10/16.















Structural effect of β-CD on the complex of 1 with dsDNA


To study the structural effect of β-CD on the complex formation of 1 with dsDNA, circular dichroism (CD) spectra of the complex of 1 (10 μM) with calf thymus DNA (100 μM) were measured in the absence or presence of 160 μM β-CD in 10 mM MES buffer (pH 6.2) containing 1 mM EDTA and 0.1 M NaCl at 25 °C. The CD spectrum of calf thymus DNA alone showed a negative Cotton effect at 245 nm and a positive one at 274 nm for a typical B-form DNA duplex (Figure 6A). This spectrum barely changed in the presence of β-CD, but the Cotton effects were enhanced in the presence of 1 and a further change was observed after addition of β-CD. Naphthalene diimide derivatives are known to show a negative Cotton effect in the absorption region of naphthalene diimide chromophore (around 383 nm) as an induced CD [14,15]. After addition of calf thymus DNA in the aqueous solution of 1, a negative Cotton effect was observed around this region as shown in Figure 6B. These results suggested that 1 can intercalate into dsDNA by threading and β-CD affects the DNA structure when 1 binds to it.


Figure 6. (A) CD spectra of 100 μM sonicated calf thymus DNA in the presence of 1 and/or β-CD in 10 mM MES buffer (pH 6.2) containing 1 mM EDTA and 0.1 M NaCl at 25 °C: (□) DNA alone; (■) DNA + 10 μM 1; (●) DNA + 10 μM 1 + 160 μM β-CD; (○)DNA + 160 μM β-CD. The magnified CD spectra over 300-400 nm are also shown in B.
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The viscometric titrations of calf thymus DNA with 1 in the absence or presence of β-CD were also carried out in 10 mM MES buffer (pH 6.2) containing 1 mM EDTA and 0.1 M NaCl at 20 °C. As shown in Figure 7A, the viscosity of dsDNA increased linearly upon addition of 1, suggesting the threading intercalation of 1. Figure 7B shows the effect of β-CD on the viscosity of dsDNA alone or dsDNA bound to 1. The viscosity of dsDNA was affected by β-CD only with 1 bound, revealing that β-CD can interact with dsDNA bound to 1.


Figure 7. (A) Viscometric titration of 50 μM sonicated calf thymus DNA with a various amount of 1 in the absence (●) or presence of 80 μM β-CD (○) at 20 °C and (B) plot of viscosity change against [β-CD]/[DNA] for 50 μM sonicated calf thymus DNA unbound (■) or bound to 5 μM 1 (□).
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The effect of 1 on the melting temperature (Tm) of DNA duplex in the absence or presence of β-CD was studied by monitoring the absorption change at 260 nm with temperature. The results with [poly(dA-dT)] as dsDNA in 10 mM MES buffer (pH 6.2) containing 1 mM EDTA and 0.1 M NaCl are summarized in Table 2. The Tm value of [poly(dA-dT)]2 (60 μM) alone was 60 °C, and it was raised by 8 °C upon addition of 3 μM 1. The Tm increased further by 2 °C in the presence of 48 μM β-CD, whereas β-CD alone did not affect the Tm. These results suggested that β-CD acts as a stabilizer for dsDNA bound to 1 and β-CD can interact with 1 bound to dsDNA.



Table 2. Melting temperatures of [poly(dA-dT)]2 in the absence or presence of 1 and/or β-CDa







	
Condition

	
Tm/°C






	
60 μM DNA alone

	
60




	
60 μM DNA + 3μM 1

	
68




	
60 μM DNA + 3μM 1 + 48 μM β-CD

	
70




	
60 μM DNA + 48 μM β-CD

	
60








a The experiments were conducted in 10 mM MES buffer (pH 6.2) containing 1 mM EDTA and 0.1 M NaCl.











Binding stoichiometry of β-CD to 1 bound to dsDNA


QCM measurements were made to estimate the binding stoichiometry of β-CD to 1 bound to dsDNA. After preparation of a dsDNA-immobilized QCM sensor chip, 1 and β-CD were added in this order and the amount of 1 bound to the dsDNA on this chip and the amount of β-CD bound to the dsDNA bound to 1 were calculated from a frequency decrease. DNA was immobilized on the gold-covered QCM chip covered with streptavidin [16] and this chip was dipped in 8 ml of 10 mM MES buffer (pH 6.2) containing 1 mM EDTA and 0.1 M NaCl. Five μL of 20 μM biotinyl-DNA 16(-) were added to this solution and the frequency change was monitored. When the frequency change reached 110 Hz, this chip was transferred to 8 mL of a fresh solution of 10 mM MES buffer (pH 6.2) containing 1 mM EDTA and 0.1 M NaCl. After addition of 5 μL of 20 μM complementary DNA 16(+), the frequency change was monitored (Figure 8a). Following a quick decrease, the frequency change then leveled off at 116 Hz, indicating that 0.73 pmol of dsDNA were formed on the chip. A frequency decrease of 51.5 Hz was observed upon addition of 10 μL of 1 mM 1, showing that 1.92 pmol of 1 were bound to 0.73 pmol of 16-meric dsDNA (Figure 8b). Further frequency decrease was observed upon addition of 10 μL each of 10 mM β-CD, but then leveled off as shown in Figure 8c. The frequency decrease of 132 Hz at the plateau was equivalent to 3.49 pmol of β-CD. In other words, 2.6 molecules of 1 were bound to 16-meric dsDNA on average and 4.8 molecules of β-CD were bound to this DNA on average. It is noted that the frequency change upon addition of β-CD occurred only after addition of 1 with a dsDNA-immobilized QCM chip, showing that about two molecules of β-CD were bound per 1 bound to dsDNA.


Figure 8. Time course of frequency change for a biotin-DNA 16(-)-immobilized QCM chip upon addition of 5 μL of 20 μM complementary DNA 16(+) (addition point a) to form dsDNA, 10 μL of 1 mM 1 (addition point b), and 10 μl each of 10 mM β-CD (c) in 10 mM MES buffer (pH 6.2) containing 1 mM EDTA and 0.1 M NaCl at 25 °C.
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The binding of β-CD to 1 bound to dsDNA was verified further by electrochemical measurements. It is known that the peak current of ferrocene shifts to the positive side after incorporation into β-CD [7,8]. Thus, when the potential shifts of peak current of 1 on the dsDNA-immobilized electrode were measured in the presence of a various amount of β-CD, the binding stoichiometry of β-CD to 1 bound to dsDNA can be also estimated from these shifts. The dA20dT20-immobilized gold electrode was dipped in 0.1 M AcOK-AcOH buffer (pH 5.6) containing 0.1 M KCl and 0.05 mM 1 and CVs were measured in the presence of a various amount of β-CD. The potential shift of peak current was observed upon addition of β-CD, proving the incorporation of the ferrocene part of 1 bound to dsDNA into β-CD. The potential shift in the oxidative current peak is plotted against the concentration of β-CD in Figure 9. From this plot, 50 μM 1 seemsto be nearly saturated at 80 μM β-CD, suggesting approximately a 1:2 stoichiometry of binding of 1 with β-CD. This result is in good agreement with that of the QCM experiments described above.


Figure 9. Plot of the potential of the oxidative current peak, Epa, against the concentration of β-CD. Oxidation potential peaks of 1 were determined by CV measurements with a dA20dT20-immobilized electrode in 0.1 M AcOK-AcOH buffer (pH 5.6) containing 0.1 M KCl and 0.05 mM 1 in the presence of a various amount of β-CD at 25 °C.
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Electrochemical DNA detection based on 1 coupled with β-CD


The principle of the electrochemical DNA detection based on 1 coupled with β-CD is shown in Figure 10. When target DNA exists in the sample solution, 1 can bind to the DNA duplex formed by the target DNA and probe DNA immobilized on the electrode and β-CD can bind to 1 bound to the dsDNA. This might help stabilize the complex of 1 with dsDNA formed on the gold electrode, resulting in the improved performance of the electrochemical detection of target DNA. As an example of this detection system, HS-G71(-) was immobilized on a gold electrode and 1 μL of 2 x SSC containing 5 pmol of G71(+) was dripped on this electrode and kept for 1 h at 37 °C to allow hybridization to proceed. The electrode before or after hybridization was dipped in a solution containing 0.5 mM 1 and 5 m M β-CD for 3 min and transferred to a solution of 0.1 M AcOK-AcOH buffer (pH 5.6) containing 0.1 M KCl and 800 μM β-CD. After being kept for 1 min, a differential pulse voltammogram (DPV) of the electrode was measured before and after hybridization (Figure 11A). The G71(-)-immobilized electrode before and after hybridization with G71(+) was also measured analogously [7,8,17] to evaluate the effectiveness of the performance of electrochemical detection of target DNA in this system (Figure 11B).


Figure 10. The principle of the electrochemical DNA detection based on 1 coupled with β-CD.
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Figure 11. (A) Differential pulse voltammograms of a G71(-)-immobilized gold electrode before and after hybridization with complementary G71(+) in 0.1 M AcOK-AcOH buffer (pH 5.6) containing 0.1 M KCl and 800 μM β-CD. This measurement was made after immersion in a solution containing 5 mM β-CD and 0.5 mM 1 for 3 min. (B) Differential pulse voltammograms of the electrode before and after hybridization in 0.1 M AcOK-AcOH buffer (pH 5.6) containing 0.1 M KCl and 0.05 mM 1.
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In this experiment, the potential of the peak current of 1 was 0.4 V vs. Ag/AgCl and this peak potential shifted to the positive side by 40 mV in the presence of β-CD, suggesting that β-CD can bind to 1 bound to dsDNA on the electrode. The peak current for an ssDNA-immobilized electrode (DNA probe alone) was ca. 0.4 μA in this system (Figure 11A, a), whereas this value was ca. 0.8 μA in the previous procedure [17] (Figure 11B, a), showing that the addition of β-CD in the electrochemical DNA detecting system based on 1 suppressed the background current deriving from the DNA probe (ssDNA) on the electrode. After hybridization, the current signal increased to 1.2 μA (Figure 11A, b), which is similar to that of the previous procedure [17] (Figure 11B, b). As a result, the apparent sensitivity of detection was enhanced two fold in the presence of β-CD.





Conclusions


β-CD can bind to the ferrocene moieties of 1 even where the intercalator is bound to dsDNA to form a supramolecular complex as shown in Figure 1. All the data from various experiments showed that both of the ferrocene parts of 1 projecting out over the major and minor grooves were capped by β-CD even where 1 is bound to dsDNA. The performance of the electrochemical DNA detection based on 1 was improved by supramolecular complex formation with β-CD as a result of suppression of the background current originating from the DNA probe.




Experimental


General


β-CD was purchased from Tokyo Tokyo Kasei Kogyo Co., Tokyo, Japan. Calf thymus DNA was purchased from Sigma-Aldrich Co., St. Louis, MO and used after sonication according to the method reported previously [18]. Oligonucleotides used in this study were custom synthesized by Genenet Co., Fukuoka, Japan. Their sequences were as follows. Biotinyl DNA 16(-), 5’-biotin-CGA ATG GTG TTG AAG C and DNA 16(+), 5’-GCT TCA ACA CCA TTC G were used in QCM experiments. Thiolated dA20, HS-dA20 and HS-G71(-), 5’-HS-(CH2)6-GTC TTC AAG GTG TAA AAT GCT CCG, and their complementary Oligonucleotides, dT20 and G71(+), CGG AGC ATT TTA CAC CTT GAA GAC were used in the electrochemical experiments. Their concentrations were estimated from the molar absorptivities of individual oligonucleotides at 260 nm [19]. 1H-NMR spectra were recorded on a Jeol GSX-400 spectrometer operating at 400 MHz for proton with tetramethylsilane (TMS) as an internal standard. Electronic absorption spectra were recorded with Hitachi 3300 spectrophotometers equipped with an SPR temperature controller. The HPLC system was composed of the following parts: Hitachi L-7300 column oven, L-7450H diode array detector, L-7100 pump, D-7000 interface chromatograph (Hitachi Chemical Co., Tokyo, Japan). Circular dichroism (CD) spectra were recorded on a Jasco J820 spectropolarimeter (Jasco Inc., Tokyo, Japan) under the following conditions: response, 2 s; sensitivity, 100 mdeg; speed, 20 nm min-1; resolution, 0.1 nm; band width, 2.0 nm. Quartz crystal microbalance (QCM) experiments were performed on AffinixQ (Initium Co., Tokyo, Japan) by using the gold surface (2.5 mm in diameter and 4.9 mm2 in area) of 27 MHz, and an AT-cut QCM sensor chip (Initium). In the aqueous solution, the absorption of 30 pg on the surface gave rise to a frequency change of 1.0 Hz. Viscosity titration was carried out with a PC-controlled automatic system (Lauda, Lauda-Königshofen, Germany) equipped with a capillary Ubbelohde-type viscometer, an automatic pump/stop-watch unit and a thermostatted water bath at 20 ± 0.1 °C. Aliquots (several μL) of 1 mM 1 were added to a DNA sample solution (50 μM) by means of micro syringe without removing the solution from the viscometer. The relative viscosity ratios of DNA alone and its complex with 1 were calculated using the equation η/ηo=(t-to)/(tDNA-to), where to is the flow time of the buffer; t and tDNA are the flow times of DNA sample in the presence and absence of 1, respectively. Viscosities after addition of 10 mM β-CD were measured in the solution containing DNA alone or the DNA-1 complex.




Synthesis



N, N’-Bis(3-methylaminopropyl)naphthalene-1,4,5,8-tetracarboxylic acid diimide


1,4,5,8-Naphthalene-tetracarboxylic dianhydride (3.0 g, 11.2 mmol) and N-methyl-1,3-propane diamine (30 mL, 0.24 mol) in THF (40 mL) were refluxed for 8 h and cooled overnight. The precipitate formed was filtered and taken up in CHCl3. The undissolved material was filtered off, and the solvent was evaporated. The desired material was obtained as a deep brown needle (1.09 g, yield 24%) by recrystallization from ethanol. m.p.198-200 °C; 1H-NMR (CDCl3) δ 1.96 (4H, q, J=7.0, 6.9 Hz), 2.45 (6H, s), 2.70 (4H, t, J=6.9 Hz), 4.28 (4H, t, J=7.0 Hz), 8.76 (4H, s) ppm.




N, N’-Bis(3-ferrocenylmethylaminopropyl)naphthalene-1,4,5,8-tetracarboxylic acid diimide (1)


A solution of (ferrocenylmethyl)trimethylammonium iodide (0.62 g, 1.6 mmol), N,N’-bis(3-methyl-aminopropyl)naphthalene-1,4,5,8-tetracarboxylic acid diimide (0.28 g, 0.73 mmol), and triethylamine (0.15 mL) in DMF (12 mL) was stirred at 60 °C. After 3 days, DMF was removed under reduced pressure. The residue was dissolved in water (50 mL), the pH adjusted to 10 and the solution was extracted with CHCl3 (50 mL x 5). The organic layer was dried over MgSO4, filtered and the solvent was evaporated. The desired compound 1 was obtained as a yellow solid (0.28 g, yield 48%) by recrystallization from acetonitrile. m.p. 182-185 °C; 1H-NMR (CDCl3) δ 1.94 (4H, q, J=7.0 Hz), 2.16 (6H, s), 2.46 (4H, t, J=4.5 Hz), 3.40 (4H, s), 4.03-4.13 (18H, m), 4.23 (4H, t, J=4.5 Hz), 8.75 (4H, s) ppm; MALDI-TOF-MS (TOF mode with α-cyano-4-hydroxycinnamic acid as the matrix) m/z [M+H]+ 806.0 (theory for C44H44N4O4F2+H+, 805.5). Homogeneity of the product was confirmed by reversed phase HPLC on Inertsil ODS-3 (inner diameter 5 mm, size 4.6 x 250 mm, GL Science Inc., Japan) in a gradient mode at a flow rate of 1.0 mL/min, where the concentration of acetonitrile was changed linearly to 100% from 0% in water containing 0.1% trifluoroacetic acid over 60 min. Elution was monitored by absorption at 250-400 nm. The retention time of 1 was 38.8 min.




Equilibria and binding kinetics


The binding affinity of 1 for sonicated calf thymus DNA as dsDNA in the absence or presence of β-CD was determined by Scatchard analysis using the condition probability method of McGhee and von Hippel shown as follows [20]: r/L=K(1-nr){(1-nr)/[1-(n-1)r]}n-1, where r is the moles of 1 bound per DNA base pair, L is the free 1 concentration, K is the observed binding constant, and site size n is the number of base pairs excluded by 1. Kinetic experiments were performed with an SF-61 DX2 double mixing stopped flow system (Hi-Tech Scientific Inc., Salisbury, UK) equipped with a Lauda RE206 temperature controller. Single wavelength kinetic traces of absorbance versus time were collected in 10 mM morpholinoethanesulfonic acid, MES, buffer (pH 6.2) containing 1 mM EDTA and 0.1 M NaCl. Absorbance was measured at 383 nm, the wavelength where the absorption of naphthalene diimide derivatives is largest.



Observed association rate constants of 1 with dsDNA in the absence or presence of β-CD were obtained by fitting the experimental data of absorption change after mixing with a 20-fold excess of DNA over 1 to the equation of A1exp(-k1t) + A2exp(-k2t), where A and k refer to the fractional amplitudes and rate constants, respectively, for the two-exponential fit to the results. Intrinsic second-order association rate constant (ka) and dissociation rate constant (kd) were obtained from the slope of the plot of apparent association rate constant (kapp) against DNA concentration according to the equation [21]: kapp=ka[DNA]+kd. The dissociation rate constant (kd) of 1 from dsDNA in the absence or presence of β-CD was determined by sodium dodecylsulfate (SDS)-driven dissociation measurements described previously [21,22]. Two kinds of solutions (1% SDS and DNA-1 complex) were mixed instantaneously using a piston, and the change in the absorption spectrum was measured soon after mixing. Thus, when the DNA-1 complex was mixed with the SDS solution, free 1 was incorporated into the SDS micelle. Since this process is diffusion-controlled, the entire absorption change represents the kd-dependent process and, therefore fitting of the kinetic trace provided kd values.




Melting temperature measurements


To obtain the melting temperature, the absorbance change of [poly(dA-dT)]2 in the absence or presence of 1 or β-CD was measured in 10 mM MES buffer (pH 6.2) containing 1 mM EDTA and 0.1 M NaCl with temperature as 0.5 °C min-1. The melting temperature was calculated from the peak in their differential curve.




Immobilization of DNA on the gold electrode


A gold electrode (2.0 mm2 in area) was polished with 6 μm, 1 μm of a diamond slurry, and 0.05 μm of an alumina slurry in this order and washed with MilliQ water. The electrode was soaked in boiling 2 M NaOH for 1 h and then washed with MilliQ water. This electrode was then soaked in concentrated nitric acid, washed with MilliQ water, and dried. 0.25 M NaCl solution (1 μL) containing a DNA probe (1 pmol) was placed on the gold electrode held upside down and kept in a closed container under high humidity for 2 h at room temperature. After the electrode was washed with MilliQ water, 6-mercapto-hexanol (1 mM, 1 μL) was placed on the electrode for 1 h at 45 °C. The electrode was kept in MilliQ water for 30 min at room temperature. 2 x SSC (0.03 M sodium citrate buffer containing 0.3 M NaCl, 1 μL) containing 5 pmol of sample DNA was placed on the electrode for 1 h at 37 °C to allow hybridization to proceed.




Electrochemical measurements and electrochemical binding analysis


Electrochemical measurements were carried out with an ALS model 600 electrochemical analyzer (CH Instrument Inc., Austin, TX). Differential pulse voltammogram (DPV) or cyclic voltammogram (CV) measurements were performed at 25 °C with a three-electrode configuration consisting of an Ag/AgCl reference electrode, a Pt counter electrode, and a DNA-immobilized electrode as the working electrode in 0.1 M AcOK-AcOH buffer (pH 5.6) containing 0.1 M KCl and 0.05 mM 1 or 0.8 mM β-CD.



The binding constant of 1 and β-CD was determined by the change in cyclic voltammogram upon addition of β-CD with the electrolyte of 0.1 M AcOK-AcOH buffer (pH 5.6) containing 0.1 M KCl and 0.05 mM 1 at 25 °C. The apparent diffusion coefficient, Dap, was obtained from the equation Dap[St]=DC[SC]+DF[Sf], where DC and DF represent the diffusion coeffients of the free (SF) and complexed (SC) substrate ([ST]=[SC]+[SF]), respectively. To determine the binding constant, the following equation was employed [11,12]: (ipc/ipf)2 =[1-(ipc/ipf)2]/{K[β-CD]}+DC/DF, whereipc is the peak current when all the substrate is incorporated β-CD. When [β-CD]»[ST], ipf represents the peak current in the absence of β-CD, and K is the binding constant.
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