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Abstract

:

The interaction of 4′-(N,N-dimethylamino)-6-hydroxyflavylium cation with double stranded (ds-) DNA/RNA was studied by UV/Vis spectrophotometry, circular dichroism (CD), and also steady-state and time-resolved emission spectroscopies at neutral and weakly acidic conditions. At pH 5, the studied molecule, in its flavylium cationic form, showed considerable binding affinities (5 < logKs < 6) for all ds-DNA/RNA, contrary to chalcones forms (dominant at pH 7), which did not show binding to polynucleotides. Flavylium cation intercalated into ds-DNAs at variance to dominant groove aggregation within ds-RNA, which was reported by RNA-specific bisignate induced CD spectrum (ICD) bands. The intrinsically negligible fluorescence of flavylium was strongly increased upon the addition of DNA or RNA, whereby both the fluorescence intensity and emission lifetimes of complexes differed considerably: the strongest emission increase was observed for AU-RNA (detection limit estimated to 10 nM) followed by AT-DNAs and the much weaker effect of GC-DNAs. Both fluorescence sensitivity on the ds-DNA/RNA secondary structure and sequence-selective ICD bands make the flavylium–chalcones system an intriguing pH-switchable new probe for distinguishing between various polynucleotide sequences.
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1. Introduction


Flavylium derivatives and related structures are one of the most common families of naturally occurring dyes. Their usage as colorants is part of traditional human history and still finds many applications today [1,2,3]. Remarkable features of flavylium salts for application in molecular biology and biomedicine are based on their well-studied biological interactions (most of them common in the human diet and thus safe dyes) [4,5,6], as well as the high sensitivity of chromophores on the microenvironment. For instance, pH [7,8], light [9], temperature [10], and redox potential [11] can finely and reversibly tune chromophore properties [12].



Flavylium cations are 2-phenyl-1-benzopyrylium derivatives with the ability to establish several types of supramolecular interactions. They constitute the structural core of anthocyanins, which are the natural dyes responsible for most of the reds and blues in flowers and fruits. To attain these colors, nature developed intricate supramolecular structures where anthocyanins are involved in metal complexation and aromatic stacking [13]. Synthetic flavylium cations are electron-poor guests that have been shown to insert into neutral or negatively charged electron-rich cavities such as those of molecular clips [14] and cucurbiturils [15,16,17]. Their positive charge and aromatic character suggest potential interactions with nucleic acids; for instance, some natural anthocyanins were shown to interact with duplex DNA and RNA, as shown by UV-Vis spectrophotometry [18,19], by changes in melting temperature—in this case, with triplex DNA—[20], by spectrofluorimetry using ethidium bromide displacement assays [21] or by gel electrophoresis [22]. These studies were mostly carried out at pH values between 3 and 4, while at physiological pH values, no evidence for nucleic acid intercalation by anthocyanins or anthocyanidins could be detected [22].



Flavylium cations are fluorescent molecules that can present high fluorescence quantum yields [2,23]. Their fluorescence strongly depends on the substituents in the 2-phenyl-1-benzopyrylium core. In particular, the presence of amino groups decreases the fluorescence quantum yield in polar solvents apparently due to deactivation of the emissive excited state via internal charge transfer states [24]. Thus, it is expected that the interaction of flavylium cations with nucleic acids increases their fluorescence, leading these compounds as off–on fluorescent probes for nucleic acid detection.



In an aqueous solution, flavylium cations undergo a series of pH-dependent reactions leading to the establishment of a chemical reaction network that contains several neutral and anionic species, see Scheme 1 [2,3,12]. To our purpose, the flavylium cation should be the predominant species in a pH range where the interactions with nucleic acids can be conveniently studied, e.g., 5 < pH < 7. While most flavylium cations no longer exist at these pH values, the introduction of amino groups in adequate positions of the 2-phenyl-1-benzopyrylium core delocalizes the positive charge of the pyrylium ring and extends the pH range of the flavylium stability to the neutral region [12]. In this work, we have selected flavylium 4′-(N,N-dimethylamino)-6-hydroxyflavylium hexafluorophosphate (F1, Scheme 1) whose mole fraction distribution at pH = 5 contains mainly flavylium cation [25]. The interaction of F1 with calf thymus DNA (ct-DNA) and five oligonucleotides (poly dAdT–poly dAdT, poly dA–poly dT, poly dG–poly dC, poly dGdC–poly dGdC, poly A–poly U) that represent several most common types of nucleic acid structures (Supplementary Information Table S1) were studied by UV-Vis spectrophotometry, steady-state and time-resolved spectrofluorimetry, and circular dichroism (CD).




2. Materials and Methods


Polynucleotides were purchased as noted: poly dGdC–poly dGdC, poly dAdT–poly dAdT, Poly dG–poly dC, poly dA–poly dT, poly A–poly U, poly A, and poly U (Sigma) and dissolved in sodium cacodylate buffer, I = 0.05 mol·dm−3, pH = 7. The calf thymus ct-DNA was additionally sonicated and filtered through a 0.45 mm filter. Polynucleotide concentration was determined spectroscopically [26] as the concentration of phosphates (equivalent to c(nucleobase)) by application of molar extinction coefficients provided by the manufacturer. The 4′-(N,N-dimethylamino)-6-hydroxyflavylium hexafluorophosphate (F1) was prepared according to previously described procedures [25].



The UV/Vis spectrophotometric experiments were recorded on Varian Cary 100 Bio instruments, CD, linear dichroism (LD) spectra on a JASCO 815, and fluorescence spectra on a Varian Eclipse instrument. Couette flow system for LD measurements is manufactured by Dioptica Scientific Ltd., Rugby, UK. The fluorescence decays measurements were performed in a TemPro Horiba Jobin-Yvon, exciting at 570 nm using a nanoled N-570 with pulse width < 1.5 ns. 1 cm path quartz cuvettes in thermostated conditions.



The measurements were performed in an aqueous buffer solution at pH 5.0 (I = 0.05 mol·dm−3, sodium cacodylate or phosphate buffer, as indicated). In fluorimetric experiments, excitation spectra agreed well with the corresponding UV/Vis spectra, and excitation wavelengths at λexc = 541 nm were used to avoid the absorption of excitation light by added polynucleotides. The UV/vis and fluorimetric titrations were performed by adding portions of polynucleotide solution into the solution of the studied compound, while CD/LD experiments were performed by adding portions of the compound stock solution into the solution of a polynucleotide. UV/Vis and fluorimetric titration data were processed by non-linear fitting using a Global Fit procedure [27,28] through a Scatchard equation [29,30].




3. Results


3.1. Physicochemical Properties of Aqueous Solutions of Studied Compound F1


Flavylium F1 represented on Scheme 1 is well-soluble in water up to mM concentrations, and acidic aqueous solutions (pH < 5) were stable over several months. The mole fraction distribution of species for compound F1 at pH 5 (see Supplementary Information, Figure S1) corresponds to ca. 85% of flavylium species, 12% of neutral trans-chalcone, and 3% of minor species (zwitterionic base and deprotonated cis- and trans-chalcones) [25].



The flavylium cation of F1 is characterized by a large aromatic surface combined with a positive charge, which makes this species a potential ligand to DNA/RNA. At pH 7, compound F1 reversibly evolves to mainly negatively charged deprotonated chalcone species (72%, Scheme 1), with significantly decreased aromatic surface, which completely hampered binding to DNA/RNA. Moreover, flavylium (λmax = 540 nm, ε = 25,000 cm−1·mol−1·dm3) and chalcone (mono-deprotonated chalcones: λmax = 410 nm, ε ≈ 11,000 cm−1·mol−1·dm3) differ significantly in their spectrophotometric properties, which allowed easy monitoring of DNA/RNA binding for only flavylium F1.




3.2. Study of Interactions of F1 with ds-DNA and ds-RNA in Aqueous Media


3.2.1. UV/Vis Titrations


Since preliminary experiments showed that deprotonated chalcone forms (pH 7) are completely DNA/RNA inactive, all further studies were done at pH = 5 (sodium cacodylate buffer, I = 0.05 mol·dm−3), at which F1 in a form of flavylium cation is characterized by a typical UV/Vis spectrum (Figure 1) and exhibited negligible intrinsic fluorescence at micromolar concentrations.



The addition of any of the ds-polynucleotides resulted in bathochromic and hypochromic shifts in the UV/Vis spectrum of compound F1 (Figure 1, Table 2, Supplementary Information Figure S2). The isosbestic points in the titrations (e.g., ʎ = 590 nm in Figure 1) indicate the formation of only one type of dye/polynucleotide complex.




3.2.2. Fluorimetric Titrations


While compound F1 at pH = 5 exhibited negligible intrinsic fluorescence, its fluorescence strongly increased upon the addition of ds-polynucleotides (Figure 2), allowing accurate fluorimetric titrations. This increase in fluorescence suggests the presence of interactions with all the ds-polynucleotides where the flavylium cation is hindered from non-radiative processes. Emission increase (Figure 2) is the strongest for ds-RNA (ca. 30-fold for poly A–poly U, detection limit estimated to 10 nM), while between various ds-DNAs, it is strongly related to the type of basepair composition. For instance, a much stronger emission increase was observed for AT-DNAs than for GC-DNAs (Figure 2), which can be attributed to the reductive electron-transfer quenching of the excited state of F1 by the guanine base that is known to be the easiest nucleobase to oxidize. Indeed, the reduction potential of guanine (E7 = 1.29 V) [31] and average value for the reduction of flavylium cations (E0 = −0.106 V) [32] and the emission maximum of F1 (640 nm = 1.937 eV) all taken together yield an ΔE0 = 0.541 V.



To characterize in more detail the observed changes, we performed fluorescence excited-state lifetime measurements (Table 1). In all cases, there is an increase in the excited state lifetime in accordance with the observed increase in steady-state fluorescence emission. The highest increase in fluorescence lifetime is observed for poly A–poly U. In the case of DNAs, the fluorescence decay times for the two AT-DNAs are indistinguishable within the experimental error and are higher than those measured for GC-DNAs (also indistinguishable within the experimental error).



Simultaneous processing of UV/Vis and fluorimetric titration data by the Globalfit procedure [27,28] (adapted to Scatchard equation [29,30]) gave binding constants Ks and ratios n[bound compound]/[DNA/RNA] (Table 2). The studied F1 showed considerable affinity toward ds-DNA and ds-RNA, which is somewhat higher than the affinities of non-charged flavonoids [33,34] and comparable to the common affinity of positively charged tri-aromatic DNA binding compounds (5 < log Ks < 6) [35]. Minor differences in binding affinity fall within the error of the method determination, thus not suggesting a significant preference for any DNA/RNA sequence.




3.2.3. Circular Dichroism (CD) Titrations


However, affinities and UV/Vis or fluorimetric response cannot be correlated to the particular DNA/RNA binding mode, since both intercalation and groove binding can yield similar changes, as well as similar binding affinity [35,36]. To investigate the binding mode of F1 to DNA/RNA in more structural detail, we relied on CD spectropolarimetry as a highly sensitive method for the study of conformational changes in the secondary structure of polynucleotides [37]. In addition, achiral small molecules can eventually acquire induced CD spectrum (ICD) upon binding to polynucleotides, which could give useful information about modes of interaction [37,38]. It should be noted that flavylium F1 is achiral and therefore does not possess an intrinsic CD spectrum.



The addition of F1 to studied ds-DNAs resulted in only minor changes in the CD spectrum of polynucleotides, which is accompanied with a weak negative ICD band at 540 nm (Figure 3 LEFT, Supplementary Information Figure S3) that is characteristic for the intercalative binding mode [37,38]. Intriguingly, only for ds-RNA (poly A–poly U) were the bisignate ICD bands (Figure 3, RIGHT) observed at a higher ratio r > 0.3, which could be attributed to the dye-dimer formation within RNA grooves [39,40].



To further corroborate intercalative binding mode into ds-DNA, we also performed a linear dichroism (LD) titration experiment, where the signal depends on the orientation of the ligand relative to the orientation axis of the ds-DNA strands [35]. The uniform orientation of the ct-DNA rod-like double strands was achieved in a cylindrical rotating Couette cell, where the solution was subjected to a constant gradient over the annular gap between the rotating (inner cylinder) and the fixed coaxial outer cylinder with a spinning rate of 4000 rpm. The negative induced LD signal in the 500–600 nm range obtained by the addition of F1 to ct-DNA (Figure 4) emerges as a consequence of the perpendicular orientation of the F1 aromatic system with respect to the chiral axis of the ct-DNA, which confirms the intercalative binding mode [35].



It is common for DNA-interacting small molecules to exert an impact on the thermal denaturation of ds-DNA [41]. However, the testing of F1 solution at increased temperatures revealed irreversible chemical changes of F1, thus hampering thermal denaturation experiments.






4. Conclusions


Here, the presented 4′-(N,N-dimethylamino)-6-hydroxyflavylium hexafluorophosphate F1 showed considerable affinity (log Ks = 5–6 range) toward ds-DNA/RNA at weakly acidic conditions (pH 5), which could be reversibly switched off by external stimuli by a change to pH 7. Flavylium cation F1 intercalated into ds-DNAs, but for ds-RNA, F1 showed aggregation, which was reported by RNA-specific bisignate ICD bands. The negligible fluorescence of flavylium F1 was strongly increased by the addition of DNA or RNA, whereby both the fluorescence intensity and emission lifetimes of the complexes strongly increased, the intensity of emission depending on the basepair composition and secondary structure of the ds-polynucleotide. The strongest emission increase was observed for ds-RNA (detection limit estimated to 10 nM in a sample containing no other polynucleotide), which was attributed to the formation of an F1 dimer within the RNA major groove. The difference in F1 emission between complexes with AT-DNA and GC-DNA can be attributed to aromatic stacking interactions between intercalated F1 and adjacent basepairs. Namely, some 4,9-pyrene and acridine derivatives also exhibited a similar guanine-selective emission response, which was correlated with the electron-donating properties of guanine [27,42]. Both fluorescence sensitivity on ds-DNA/RNA secondary structure and RNA-specific ICD bands suggest that F1 can be considered as an intriguing new lead structure for the design of pH-controlled probes for various DNA/RNA. The pH-controlled switch of the F1 falvylium–chalcone structure is of particular interest; although the physiological condition has a neutral pH, many solid tumors have significantly lowered extracellular pH [43,44], and several antitumor drugs owe their preferential accumulation in tumor tissue due to weakly acidic pKa value [43,45]. Therefore, due to the spectrophotometric sensitivity of F1 on the pH, it could be expected that the neutral and hydrophobic chalcone (non-colored, DNA/RNA inactive) will accumulate in cell membranes due to their hydrophobic nature. Only in weakly acidic conditions (in extra- or even intracellular cancerous moieties) will chalcone switch to water-soluble positively charged flavylium (strongly coloured λmax = 541 nm), at which point flavylium would bind DNA/RNA and possibly lead to bioactivity.



Thus, the here studied naturally occurring flavylium systems offer an easily accessible plethora of reversible small molecule-systems in equilibrium (controlled by external stimuli as pH or light), strongly supporting further research aiming for biochemical and biomedical applications.
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Scheme 1. Chemical reaction network established by flavylium cations in slightly acidic aqueous solution exemplified for 4′-(N,N-dimethylamino)-6-hydroxyflavylium F1, studied here [25]. Other species formed upon protonation of the amino group under very acidic conditions and deprotonation of the phenol group(s) in the hemiketal, cis- and trans-chalcones occur at basic pH values are omitted for simplicity. 
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Figure 1. Changes in UV/Vis spectrum of compound F1 (c = 1 × 10−5 mol·dm−3) upon titration with poly dAdT–poly dAdT (LEFT) and dependence of absorbance at λmax = 541 nm on (poly dAdT–poly dAdT), pH 5.0, sodium cacodylate buffer, I = 0.05 mol·dm−3 (RIGHT). The fitting to the Scatchard eq [29,30] (▬) yielded parameters shown in Table 2. 
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Figure 2. Strong increase of emission intensity of F1 (c = 1 × 10−5 mol·dm−3, λexc. = 541 nm) at λem. = 630 nm upon the addition of various ds-polynucleotides (sodium cacodylate buffer, pH = 5.0, I = 0.05 mol·dm−3). Data were fitted by non-linear least square procedure according the Scatchard equation [29,30] (▬) and results are given in Table 2. 
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Figure 3. Changes in the circular dichroism (CD) spectra of poly dA–poly dT (LEFT, c = 2 × 10−5 mol·dm−3) and poly A–poly U (RIGHT, c = 2 × 10−5 mol·dm−3) upon the addition of F1 in various ratios r = [F1]/[polynucleotide]. 
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Figure 4. Changes in the flow—linear dichroism (LD) spectra of calf thymus DNA (ct-DNA) (c = 2 × 10−4 mol·dm−3) at various ratios r = [F1]/[ct-DNA]. The induced negative signal in the LD spectra corresponds to the absorption band of F1, the inset shows F1 UV/vis absorption spectrum. 






Figure 4. Changes in the flow—linear dichroism (LD) spectra of calf thymus DNA (ct-DNA) (c = 2 × 10−4 mol·dm−3) at various ratios r = [F1]/[ct-DNA]. The induced negative signal in the LD spectra corresponds to the absorption band of F1, the inset shows F1 UV/vis absorption spectrum.



[image: Chemosensors 08 00129 g004]







[image: Table] 





Table 1. Measured fluorescence lifetimes for flavylium F1 (c = 1 × 10−5 mol·dm−3) upon the addition of ds-polynucleotides (c = 1.2 × 10−4 mol·dm−3); phosphate buffer, pH 5.0, I = 0.05 M.
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	Sample
	τ/ps





	F1
	47 ± 7



	F1 + pApU
	284 ± 10



	F1 + pdAdT
	232 ± 6



	F1 + p(dAdT)2
	220 ± 12



	F1 + p(dGdC)2
	117 ± 8



	F1 + pdGdC
	118 ± 16
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Table 2. Stability constants (log Ks), ratios n = [bound F1]/[polynucleotide] and spectroscopic properties of complexes of F1 with ds-polynucleotides calculated according to Scatchard equation by Global Fit procedure simultaneously from UV-Vis and fluorimetric titrations.
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	Polynucleotides
	logKs
	n
	a Δλ/nm
	b ΔIcalc
	c Stokes Shift/nm





	ctDNA
	5.2
	0.12
	+12
	227
	88



	poly A–poly U
	4.8
	0.18
	+17
	375
	88



	poly dA–poly dT
	6.1
	0.05
	+10
	419
	90



	poly dG–poly dC
	5.5
	0.07
	+18
	122
	97



	poly (dA–dT)2
	5.2
	0.14
	+11
	296
	90



	poly (dG–dC)2
	4.9
	0.23
	+15
	89
	92







a UV/Vis spectrophotometric data, changes in the maximum absorption wavelength: Δλ = λmax(complex) − λmax (pure compound) b Spectrofluorimetric data, change in emission intensity: ΔIcalc= Ilim − I0 where I0 refers to pure F1 and Ilim refers to the complex, calculated upon fitting with the Scatchard equation [29,30]. c Spectrofluorimetric data, Stokes shift of the complex, the difference between λmax(absorption) and λmax(emission).
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