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Abstract

:

Cyclodextrins (CyDs) are water-soluble host molecules possessing a nanosized hydrophobic cavity. In the realm of molecular recognition, this cavity is used not only as a recognition site but also as a reaction medium, where a hydrophobic sensor recognizes a guest molecule. Based on the latter concept, we have designed a novel supramolecular sensing system composed of Zn(II)-dipicolylamine metal complex-based azobenzene (1-Zn) and 3A-amino-3A-deoxy-(2AS,3AS)-γ-cyclodextrin (3-NH2-γ-CyD) for sensing adenosine-5′-triphosphate (ATP). 1-Zn showed redshifts in the UV-Vis spectra and induced circular dichroism (ICD) only when both ATP and 3-NH2-γ-CyD were present. Calculations of equilibrium constants indicated that the amino group of 3-NH2-γ-CyD was involved in the formation of supramolecular 1-Zn/3-NH2-γ-CyD/ATP. The Job plot of the ICD spectral response revealed that the stoichiometry of 1-Zn/3-NH2-γ-CyD/ATP was 2:1:1. The pH effect was examined and 1-Zn/3-NH2-γ-CyD/ATP was most stable in the neutral condition. The NOESY spectrum suggested the localization of 1-Zn in the 3-NH2-γ-CyD cavity. Based on the obtained results, the metal coordination interaction of 1-Zn and the electrostatic interaction of 3-NH2-γ-CyD were found to take place for ATP recognition. The “reaction medium approach” enabled us to develop a supramolecular sensing system that undergoes multi-point interactions in water. This study is the first step in the design of a selective sensing system based on a good understanding of supramolecular structures.
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1. Introduction


Supramolecular chemistry is defined as an assembly of molecules bound by multiple weak noncovalent forces to form supramolecular structures that are expected to exhibit novel functions not found in simple molecules [1,2]. In the realm of molecular recognition, conventional chemical sensors have adopted the concept of static molecular recognition, which is characterized by a one-to-one complexation between host and guest molecules, like a “lock-and-key model” [3]. If the concept of dynamic molecular recognition, e.g., the existence of several equilibria among host and guest molecules, is adopted in the design of a supramolecular sensing system, a unique recognition function not found in a simple static molecular recognition system is expected to be achieved.



Cyclodextrin (CyD), a macrocyclic oligosaccharide composed of D-glucopyranose units, is a water-soluble host molecule with a nanosized hydrophobic cavity. This characteristic has been used in various molecular recognition systems. Conventional CyD-based sensors are static molecular recognition systems that use the hydrophobic cavity as a recognition site. For example, displacement assays that utilize the difference in inclusion ability for a chromophore and a target molecule in CyD cavities have been reported [4,5,6,7]. CyDs are also used as a catalyst in the realm of organic chemistry, giving a reaction medium to a reactant [8,9]. Therefore, we speculated that the CyD cavity would be used as a “reaction medium” where molecular recognition takes place. The most important benefit is that a hydrophobic sensor can work in an aqueous medium. Our group has reported several examples of selective supramolecular sensing systems for sugars [10,11,12,13].



Phosphate derivatives, such as nucleoside phosphate and inorganic phosphate, play an important role in biological systems. Adenosine-5′-triphosphate (ATP) is a universal energy source for various cellular functions in living systems. In this regard, ATP sensor development is attracting much attention. CyD-based phosphate derivative sensors have been used in UV-Vis measurements [14,15] and electrochemistry [16], with quantum dots [17] and aptamers [18], and in fluorescence [19] and aggregation [20] studies. In addition, we reported metal–dipicolylamine modified CyD sensors, which can recognize ATP using both dipicolylamine–metal center and CyD cavities [21,22].



Although this kind of modified-CyD sensor captured ATP through multiple interactions, the flexibility of the ATP-complex was not enough due to the chemical bond connecting the two recognition moieties, resulting in a weak spectral change both in fluorescence and UV-Vis spectra. From this perspective, still few ATP sensors based on CyDs exist as the reaction medium for molecular recognition.



Herein we have designed a novel supramolecular sensing system based on the “reaction medium approach”, in which a modified CyD cavity enhances molecular recognition ability. We used Zn(II)-dipicolylamine chromophore (1-Zn) as the probe molecule for ATP detection. Zn(II)-dipicolylamine metal complex is an efficient unit for phosphate derivative recognition since it shows good affinity for phosphate oxyanion via metal coordination interaction [23]. We found that 1-Zn showed UV-Vis and circular dichroism spectral changes in the presence of ATP and 3A-amino-3A-deoxy-(2AS,3AS)-γ-cyclodextrin (3-NH2-γ-CyD) in which an amino group is substituted for one 3-position of the glucose ring of γ-CyD. The structures of 1-Zn, 3-NH2-γ-CyD, and ATP are shown in Figure 1. The ATP recognition mechanism by 1-Zn/3-NH2-γ-CyD complex is elucidated in this study.




2. Results and Discussion


2.1. Design of 1-Zn Complex


We synthesized ligand 1 possessing azobenzene as the chromophore by the Mannich reaction with dipicolylamine, formaldehyde, and 4-(4-nitrophenyl)azophenol. In all the experiments, the same equivalent of Zn(NO3)2 as 1 was added into an aqueous solution, and the complex of 1 with Zn(NO3)2 is shown as 1-Zn. It is known that this type of ligand coordinates Zn(II) through the three N atoms of dipicolylamine and the O atom of the phenol moiety with high affinity (KML > 107 M−1) [24,25].




2.2. UV-Vis Spectra


We first examined the UV-Vis spectral response of 1-Zn upon the addition of ATP in the absence and presence of 3-NH2-γ-CyD. In the absence of 3-NH2-γ-CyD, 1-Zn showed an absorbance maximum decrease at 434 nm with no clear peak shift, as shown in Figure 2a. In contrast, the absorbance maximum of 1-Zn showed a redshift from 434 nm to 475 nm in the presence of 100 equivalents of 3-NH2-γ-CyD, as shown in Figure 2b. This redshift was caused by the coordination of the phosphate O atom of ATP to Zn, which weakened the O-Zn bond and increased the charge density of the phenolate O atom [24,25,26,27]. From these results, it was evident that 1-Zn functioned as a colorimetric sensor for ATP in the presence of 3-NH2-γ-CyD.



Afterwards, we examined the UV-Vis spectral response of 1-Zn upon the addition of 3-NH2-γ-CyD in the absence and presence of ATP. The results are shown in Figure 3. In the absence of ATP, the addition of 3-NH2-γ-CyD increased the absorbance maximum of 1-Zn with no clear peak shift. In the presence of ATP, the addition of 3-NH2-γ-CyD caused a redshift, as confirmed in Figure 2. These results indicated that the synergistic interaction of 1-Zn, 3-NH2-γ-CyD, and ATP was an important factor for inducing the redshift of 1-Zn in water.



To evaluate the effect of the amino group of 3-NH2-γ-CyD, γ-CyD titration experiments were performed. As shown in Figure 4, the addition of γ-CyD caused a redshift in the presence of 100 equivalents of ATP. However, it was evident from the A474/A434 radiometric plot that 3-NH2-γ-CyD exhibited more significant changes than γ-CyD. Furthermore, the equilibrium constants (K1, K2, and K1K2; reported in SI) were calculated by a non-linear curve fitting method on the assumption that 1-Zn formed a 2:1 complex with 3-NH2-γ-CyD and γ-CyD, respectively [28]. The results are summarized in Table 1. The overall equilibrium constant (K1K2 = [HG2]/[H][G]2) of 1-Zn and 3-NH2-γ-CyD was larger than that of 1-Zn and γ-CyD. These results signified that the amino group of 3-NH2-γ-CyD played an important role in this supramolecular sensing system.




2.3. Induced Circular Dichroism (ICD) Spectra


To obtain the structural information of the supramolecular 1-Zn/3-NH2-γ-CyD/ATP complex, ICD spectra measurements were carried out. When a chiral cyclodextrin cavity interacts with an achiral azobenzene (= 1-Zn) by forming an inclusion complex, the ICD signal is observed at the absorption band of 1-Zn. From this ICD spectral change, it is possible to estimate the inclusion of a 1-Zn dimer inside γ-CyD, which induces a change in the UV-Vis spectra [29,30,31]. As shown in Figure 5, 1-Zn and 1-Zn/ATP did not produce any ICD spectral response since their structures are achiral. In the case of 1-Zn/3-NH2-γ-CyD, a slight change in ICD spectra was noted in the wavelength range from 400 nm to 530 nm. This means that 3-NH2-γ-CyD interacts with 1-Zn because of its chiral nature. On the other hand, 1-Zn/3-NH2-γ-CyD/ATP showed a much stronger ICD spectral response than 1-Zn/3-NH2-γ-CyD. These results demonstrated that ATP complexation fixed the location of 1-Zn in the 3-NH2-γ-CyD cavity. To determine the stoichiometry of 1-Zn, 3-NH2-γ-CyD, and ATP, the continuous variation method was employed. The Job plots shown in Figure S1 indicated that the stoichiometry of 1-Zn and ATP resulted to be 2:1 (Figure S1a), and that of 1-Zn and 3-NH2-γ-CyD to be 2:1 (Figure S1b). Therefore, the total stoichiometry of 1-Zn/3-NH2-γ-CyD/ATP complex was determined to be 2:1:1.



We also examined the pH effect on the 1-Zn/3-NH2-γ-CyD/ATP complex. Figure 6 shows the ICD spectra obtained under different pH conditions. The strongest ICD spectral response was obtained at the neutral pH of 7.4, suggesting that the 1-Zn/3-NH2-γ-CyD/ATP complex was most stable at pH 7.4. When the pH was decreased to 5.1, the number of deprotonated phosphate OH groups in ATP decreased as well. This is confirmed by the pKa of the secondary phosphate of ATP (pKa = 6.50) as reported [32]. This means that electrical neutrality of the 1-Zn/3-NH2-γ-CyD/ATP system could not be maintained in acidic conditions. Further decreasing the pH from 5.1 to an even lower value increased the number of protonated azo groups. Thus, 1-Zn became more hydrophilic, resulting into the dissociation of the 1-Zn and 3-NH2-γ-CyD complex. On the other hand, the increase in pH from 7.4 to 11.0 produced a decrease in the number of protonated amino groups of 3-NH2-γ-CyD. The correspondent pKa of 3-NH2-γ-CyD is reported to be 7.73 [33], and therefore, a similar value is expected for the 1-Zn/3-NH2-γ-CyD complex. Similarly to acidic conditions, the increase of pH to 11 produced a loss of electrical neutrality as well, resulting in a lower ICD spectral response.




2.4. NMR Spectra


To obtain the detailed structure of the inclusion complex, a NOESY experiment of 1-Zn/3-NH2-γ-CyD/ATP was carried out. Figure 7 shows a NOESY spectrum for 1-Zn/3-NH2-γ-CyD/ATP. NOE correlation peaks were observed between the protons of the azobenzene moiety of 1-Zn (g, h, i, j, k) and the protons of H-3, H-5, and H-6 of 3-NH2-γ-CyD. The azobenzene peaks in the NOESY spectrum were assigned by COSY (data shown in Figure S2). The cavity depth of 3-NH2-γ-CyD is 0.78 nm and the molecular length of trans-azobenzene is 0.9 nm [34]. Based on this information, we estimated that the phenol moiety of 1-Zn was localized in the 3-NH2-γ-CyD cavity, and the nitrophenyl moiety was situated near H-6 of 3-NH2-γ-CyD, as shown in Scheme 1.




2.5. Supramolecular Structure


Based on all above results in Section 2.2, Section 2.3 and Section 2.4, a possible structure of the supramolecular complex is shown in Scheme 2. Two molecules of 1-Zn are included in 3-NH2-γ-CyD’s cavity, two phosphate oxyanions of ATP coordinate with 1-Zn, and one oxyanion interacts with the NH3+ group of 3-NH2-γ-CyD via electrostatic interaction at pH 7.4.




2.6. Effect of Other Phosphate Derivatives


To assess the 1-Zn/3-NH2-γ-CyD sensing system by using other phosphate derivatives, we examined changes in the UV-Vis and ICD spectral response upon the addition of ADP, AMP, triphosphate (Tri), pyrophosphate (PPi), and phosphate (Pi). From the results in Figures S3 and S4, similar UV-Vis and ICD spectral responses by ATP addition were observed upon the addition of oligophosphate derivatives (ADP, Tri, and PPi), but not monophosphates (Pi and AMP). These results suggested that at least two phosphate units were necessary to form the supramolecular structure. Furthermore, it was evident that the interactions involved just the phosphate oxyanion moiety of ATP, and not the ribose or adenine one, as shown in Scheme 2.





3. Experimental Section


3.1. Reagents


All chemical reagents were purchased from commercial suppliers (Sigma Aldrich, Tokyo Chemical Industry (TCI), Kanto Chemical, or FUJIFILM Wako Chemicals) and used without further purification unless otherwise stated. Adenosine-5′-triphosphate (ATP) was purchased from TCI as disodium salt hydrate. 3A-amino-3A-deoxy-(2AS,3AS)-γ-cyclodextrin (3-NH2-γ-CyD) was purchased from TCI as hydrate. Gamma-cyclodextrin (γ-CyD) and 3-NH2-γ-CyD were used after drying under vacuum. The concentration of stock Zn(NO3)2 aqueous solution was determined by inductively coupled plasma atomic emission spectroscopy (SPS3500DD, Hitachi High-Tech Science Corporation) and by a calibration curve created by measuring calibration solutions with different concentrations prepared from zinc standard solution (1000 mg/L, FUJIFILM Wako Chemicals, NOsaka, Japan).




3.2. Synthesis of 1 (2-Dipicolylaminomethyl-4-(4-nitrophenylazo)phenol)


A mixture of dipicolylamine (0.319 g, 1.60 mmol) and 37% formaldehyde aqueous solution (0.421 g, 5.19 mmol) in 5 mL methanol was refluxed for 2 h. A solution of 4-(4-nitrophenyl)azophenol (0.371 g, 1.53 mmol) in 20 mL methanol was added and the reaction mixture was refluxed for 19 h. After refluxing, the reaction mixture was cooled to room temperature and filtered. The crude product was initially purified by column chromatography on silica gel (Merck Silica gel 60 for column chromatography, eluent: CH2Cl2:methanol = 100:6) and further purified by HPLC (LC-918, Japan Analytical Industry, column: JAIGEL-2H, mobile phase: CHCl3). UV-Vis detection was performed at 254 nm at a flow rate of 3.8 mL min-1. After removal of the solvent, a red solid was obtained (yield: 173.8 mg, 25%).



1H NMR (300 MHz, CDCl3) δ: 8.58 (2H, dd, J = 5.0, 0.9 Hz), 8.35 (2H, d, J = 9.0 Hz), 7.95 (2H, d, J = 9.0 Hz), 7.90 (1H, dd, J = 8.7, 2.5 Hz), 7.80 (1H, d, J = 2.5 Hz), 7.65 (2H, td, J = 7.7, 1.7 Hz), 7.34 (2H, d, J = 8.0 Hz), 7.19 (2H, ddd, J = 7.6, 5.0, 0.8 Hz), 7.06 (1H, d, J = 8.7 Hz), 3.96 (4H, s), 3.91 (2H, s). HR-FAB-MS(+): Calcd for C25H22N6O3 [M+H]+, 455.1826, Found, 455.1782. Anal. Calcd for C25H22N6O3: C, 66.07; H, 4.88; N, 18.46. +0.55H2O: C, 64.65; H, 5.02; N, 18.09. Found: C, 64.61; H.4.69; N, 17.78.




3.3. Measurement Instruments


UV-Vis spectra were recorded using a JASCO V-560 spectrometer with a 10-mm quartz cell. CD spectra were recorded using a JASCO J-820 spectropolarimeter with a 10-mm quartz cell and a Peltier thermocontroller (JASCO Co., Tokyo, Japan). NMR spectra were recorded with a JEOL JNM-ECX 300 spectrometer or a JEOL JNM-ECA 500 spectrometer (JEOL Ltd., Tokyo, Japan) using 5-mm NMR tubes at room temperature. Stock solutions of 1 and Zn(NO3)2 were prepared by adding DMSO-d6 and D2O, respectively. Stock solutions of 3-NH2-γ-CyD and ATP were prepared by adding D2O, and their pD was adjusted to 7.4 by adding NaOD or DCl. The pD value was calculated as follows: pD = pHobs + 0.4, [35] where pHobs is the observed pH value obtained by a pH meter. Sample solution was prepared by adding stock solutions of 1, Zn(NO3)2, 3-NH2-γ-CyD, and ATP.





4. Conclusions


We have developed a novel 1-Zn/3-NH2-γ-CyD/ATP supramolecular sensing system and clarified its supramolecular structure by UV-Vis, ICD, and NMR measurements. 1-Zn showed a redshift in the UV-Vis spectra and strong ICD spectral response in the presence of both 3-NH2-γ-CyD and ATP. The Job plots of the ICD spectral response revealed that the stoichiometry of 1-Zn/3-NH2-γ-CyD/ATP complex is 2:1:1. The NOESY spectrum suggested that 1-Zn is localized in the 3-NH2-γ-CyD cavity in the presence of ATP. However, the 1-Zn/3-NH2-γ-CyD host system was not specific to ATP because it responded to other phosphate derivatives having more than one phosphate unit. It is evident that the obtained structural information is very important for the design of supramolecular sensing systems for ATP, with high selectivity and sensitivity in water.
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Figure 1. Chemical structures of (a) 1-Zn, (b) 3-NH2-γ-CyD, and (c) ATP. 
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Figure 2. Changes in UV-Vis spectra of 1-Zn in the (a) absence or (b) presence of 3-NH2-γ-CyD with increasing concentrations of ATP. [1-Zn] = 0.020 mM, [HEPES] = 5.0 mM; [3-NH2-γ-CyD] = 2.0 mM; [ATP] = 0, 0.020, 0.20, 0.40, 0.60, 0.80, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0 mM, in 1% DMSO aq. at pH 7.4. 
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Figure 3. Changes in UV-Vis spectra of 1-Zn in the (a) absence or (b) presence of ATP with increasing concentrations of 3-NH2-γ-CyD. [1-Zn] = 0.020 mM; [HEPES] = 5 mM; [ATP] = 2.0 mM; [3-NH2-γ-CyD] = 0, 0.020, 0.20, 0.40, 0.60, 0.80, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0 mM, in 1% DMSO aq. at pH 7.4. 
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Figure 4. (a) Changes in UV-Vis spectra of 1-Zn in the presence of ATP with increasing concentrations of γ-CyD. (b) Plot of the absorbance ratio (A474/A434) of 1-Zn versus concentrations of (●) 3-NH2-γ-CyD and (▲) γ-CyD in the presence of ATP. [1-Zn] = 0.02 mM; [HEPES] = 5 mM; [ATP] = 2 mM; [CyD] = 0, 0.020, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0 mM, in 1% DMSO aq. at pH 7.4. 
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Figure 5. ICD spectra of 1-Zn, 1-Zn/ATP, 1-Zn/3-NH2-γ-CyD, and 1-Zn/3-NH2-γ-CyD /ATP. [1-Zn] = 0.040 mM, [ATP] = 4.0 mM, [3-NH2-γ-CyD] = 4.0 mM, [HEPES] = 5.0 mM, in 2% DMSO aq. at pH 7.4. 
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Figure 6. (a) ICD spectra of 1-Zn/3-NH2-γ-CyD/ATP at different pH values. (b) Plot of θ490—of 1-Zn/3-NH2-γ-CyD /ATP versus pH. [1-Zn] = 0.040 mM, [ATP] = 4.0 mM, [3-NH2-γ-CyD] = 4.0 mM, in 2% DMSO aq. 






Figure 6. (a) ICD spectra of 1-Zn/3-NH2-γ-CyD/ATP at different pH values. (b) Plot of θ490—of 1-Zn/3-NH2-γ-CyD /ATP versus pH. [1-Zn] = 0.040 mM, [ATP] = 4.0 mM, [3-NH2-γ-CyD] = 4.0 mM, in 2% DMSO aq.



[image: Ijms 22 04683 g006]







[image: Ijms 22 04683 g007 550] 





Figure 7. NOESY spectrum of 1-Zn/3-NH2-γ-CyD/ATP (22 ℃, mixing time: 0.5 s, 160 scans). 
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Scheme 1. Suggested conformation of 1-Zn and 3-NH2-γ-CyD in the presence of ATP. 
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Scheme 2. Suggested supramolecular structure of 1-Zn/3-NH2-γ-CyD/ATP. 
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Table 1. Equilibrium constants of 1-Zn/CyD complexes in the presence of ATP.
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	K1/M−1
	K2/M−1
	K1K2/M−2





	γ-CyD
	1.95 × 103
	1.02 × 103
	1.99 × 106



	3-NH2-γ-CyD
	2.64 × 103
	1.37 × 103
	3.62 × 106
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