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Abstract:

 Cytosine-rich nucleic acids undergo pH-stimulated structural transitions leading to formation of an i-motif architecture at an acidic pH. Thus, i-motifs are good foundation for designing simple pH-sensitive fluorescent probes. We report here steady-state and time-resolved fluorescence studies of pyrene-labeled probes based on RET sequence: C4GC4GC4GC4TA (RET21), AC4GC4GC4GC4TA (RET21A) and C4GC4GC4GC4T (RET20). Comparative studies with single- and double-labeled i-motif probes were carried out. For each probe, we have measured fluorescence spectra and decays for emission wavelength of 390 nm over a wide range of pH (from 4.0 to 8.0). Effect of the oligonucleotide sequence and the number of pyrene labels on the spectral characteristics of probes were discussed.
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1. Introduction

The i-motif DNA is formed from cytosine (C)-rich sequences at slightly acidic pH or even neutral pH [1,2,3,4,5,6]. Such kinds of sequences are often found in the promoter region of proto-oncogenes and human telomeric DNA [4,7,8,9]. For example, the RET gene encodes a tyrosine kinase that has been connected to the growth of human cancer [8]. Except for their potential role in the gene-regulation processes, the existence of proteins that specifically bind to C-rich sequences has already been proven [10]. The i-motif structure is constructed as a consequence of the intercalation of two hemiprotonated C-C+ base-paired duplexes. Both intra- and intermolecular i-motifs can be created by C-rich oligonucleotides depending mainly on the amount of cytosine tracks and surrounding conditions [6,11,12].

The ability of sequences, including tracks of cytosine, to switch from random coil (“open” state) to folded i-motif (“closed” state) in response to pH decreasing has been explored in biological cycle operating systems [13] and various DNA-nanoactuator machines [14] as well as cellular pH indicators [15,16,17]. I-motif structures have become important building blocks in DNA nanotechnology, resulting, for example, in fabrication of the one-dimensional nanowires [18] or three-dimensional pillars [19], hydrogels [20], intelligent surfaces [21] and nanopores [22]. On the other hand, studies on fluorescent probes, based on secondary DNA structures (here: i-tetraplexes) [23,24,25,26,27], should bring information necessary to clarify their creation and role in cell biology.

The fluorescence decay curves in biological systems are often difficult to interpret due to factors such as the dynamics of the system in the ps–ns scale, many conformational states, relaxation processes or the heterogeneous environment. Moreover, in the case of biological systems, it seems most reasonable to perform the analysis of lifetime distributions and, especially, to calculate the amplitude-weighted average lifetime [28].

The pH-dependence architecture of i-motifs makes them a good foundation for designing simple fluorescent probes for pH monitoring. Therefore, we previously proved that pyrene-modified i-motifs folding c-myc-derived sequences emit fluorescence with intensity decreasing upon pH lowering [29]. In the latter case, we supposed that the long loop present in c-myc-based i-motif is somehow responsible for lack of excimer emission.

As an extension of this project, we performed steady-state fluorescence and lifetime emission studies of probes based on RET sequence: C4GC4GC4GC4TA (RET21), AC4GC4GC4GC4TA (RET21A) [30] and C4GC4GC4GC4T (RET20) [30]. Contrary to c-myc, RET sequence forming i-motif is classified to class I with short loop [9]. Comparative studies with single- and double-labeled i-motifs were carried out (Table 1). For each probe, we have measured fluorescence decays for emission wavelength of 390 nm over a wide range of pH (from 4.0 to 8.0). All decays of investigated systems were analyzed using multi-exponential model, and the amplitude-weighted as well as the fractional-weighted average lifetimes for every probe were calculated.

Table 1. Oligonucleotide probes.


	Probe
	Oligonucleotide
	5’ label
	3’ label





	Py-RET21A-Py
	d(ACCCCGCCCCGCCCCGCCCCTA)
	Pyrene
	Pyrene



	Py-RET21A
	d(ACCCCGCCCCGCCCCGCCCCTA)
	Pyrene
	--------



	Py-RET21-Py
	d(CCCCGCCCCGCCCCGCCCCTA)
	Pyrene
	Pyrene



	Py-RET21
	d(CCCCGCCCCGCCCCGCCCCTA)
	Pyrene
	--------



	RET21-Py
	d(CCCCGCCCCGCCCCGCCCCTA)
	--------
	Pyrene



	Py-RET20-Py
	d(CCCCGCCCCGCCCCGCCCCT)
	Pyrene
	Pyrene



	RET20-Py
	d(CCCCGCCCCGCCCCGCCCCT)
	--------
	Pyrene












2. Experimental Section


2.1. Materials

The oligonucleotides: d(C4GC4GC4GC4TA) (RET21), d(AC4GC4GC4GC4TA) (RET21A) and d(C4GC4GC4GC4T) (RET20) with modifications called 5′ C6-Aminolink and/or 3′ C7-Aminolink were purchased from Generi Biotech (Czech Republic). All oligonucleotides were purified by means of high performance liquid chromatography (HPLC). All probes (see Table 1) were synthesized according to the procedure described by Kierzek et al. [31] in the reaction of coupling between amino-functionalized DNA and pyrene activated ester. Each reaction was carried out overnight in NaHCO3, pH 8.5. All synthesized products were purified by means of high performance liquid chromatography (HPLC) on C18 reverse phase column. The identities of products were confirmed by Matrix Assisted Laser Desorption/Ionization Time of Flight Mass Spectrometry (MALDI-TOF MS) analysis performed in Centre of Molecular and Macromolecular Studies in Lodz, Poland. Other reagents were of analytical grade purity and were used as received. The buffer used in the work was 10 mM Tris adjusted to desired pH by acetic acid. High-purity water (Polwater, Poland) was used throughout. The concentrations of the strands were determined by UV absorbance at 260 nm, measured at a high temperature (above 85 °C), assuming the molar extinction coefficients of 7400 M−1cm−1 for cytosine; 15,400 M−1cm−1 for adenine; 8700 M−1cm−1 for thymine; 11,500 M−1cm−1 for guanine and 16,500 M−1cm−1 for pyrene [32]. Before the spectral measurements, the 1 μM solutions of every probe in appropriate buffers were annealed by being heated to 90 °C, then left to slowly cooling to room temperature and kept at 4 °C overnight.



2.2. Circular Dichroism (CD) Spectroscopy

CD spectra were recorded on a Jasco J-810 spectropolarimeter at room temperature. Each measurement was the average of four repeated scans recorded from 230 to 400 or 420 nm with a 10 mm quartz cell at a scan speed of 200 nm/min. The scan of the corresponding buffer solution was subtracted from the average scan for each sample.



2.3. Fluorescence Spectroscopy

Steady-state fluorescence measurements were carried out on a Cary Eclipse spectrofluorimeter (Agilent Technologies) with 5 nm excitation and 10 nm emission slits and were carried out using 0.2 × 1 cm quartz cuvettes, containing 1 mL of solution. Fluorescence emission spectra were collected from 370 to 620 nm with excitation at 340 nm. All emission spectra were uncorrected.

Fluorescence lifetime measurements were done using a time correlated single photon counting (TCSPC) by means of Fluo-time 300 fluorometer (PicoQuant, Germany). The samples were excited at 330 nm using PLS(330) LED diode and the photons were counting until at least 10,000 counts were collected at the maxima of the fluorescence decay histograms. The fluorescence intensity was monitored at 390 nm characteristic of pyrene monomer emission unless otherwise stated. The raw data were analyzed by a multi-exponential model with reconvolution of the instrument response function (IRF) with using FluoFit v4.5 software (PicoQuant). The software automatically calculated the amplitude-weighted as well as the fractional-weighted average lifetimes. The quality of the fit was judged from the χ2 values (χ2 ≤ 1.5) and random distribution of weighted residuals.




3. Results and Discussion


3.1. Design of Pyrene-Modified i-Motifs Based on RET Sequence

The modified oligonucleotides used in presented studies are collected in Table 1. All sequences contain 20-mer part being, indeed, found in RET proto-oncogene and proved to self-assemble into intramolecular i-motif in acidic pH [8].

The working principle of dual-pyrenyl-end-labeled i-motifs is shown in Figure 1. The proposed i-motif based sensors would give analytical response to pH lowering in monomer/excimer mode (EMS). Pyrene and its derivatives are known to exhibit excimer fluorescence induced by stacking interactions between at least two aromatic rings [33,34]. In our case, the formation of i-motif should bring on stacking interactions between fluorophores (pyrene/pyrene) and produce excimer emission with maximum around 480 nm. One of our concerns was that the difference in the length of free ends hanging after i-motif formation could stand in the way of pyrene residues meeting in the desired orientation. Therefore, we designed three probes possessing different amount of flanking bases (Figure 2).

Figure 1. The assumed working idea of the pH-sensitive probe based on i-motif forming oligonucleotide double labeled with pyrene.
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Figure 2. The schematic representation of i-motifs formed by C-rich sequences: (a) AC4GC4GC4GC4TA (RET21A); (b) C4GC4GC4GC4TA (RET21); and (c) C4GC4GC4GC4T (RET20).
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3.2. Formation of i-Motifs by Pyrene-Modified RET Sequences

Circular dichrosim (CD) spectra of nucleic acids in solution provide reliable information on their conformations [35]. For all probes, we obtained CD spectra in the wavelength region 220–400 nm. Examples of experimental curves for Py-RET21A-Py, Py-RET20-Py and Py-RET21-Py in acidic, neutral and slightly basic pH are shown in Figure 3 and Figure S1 (in Supplementary material). In acidic pH, all the spectra exhibited positive Cotton effect with peak at 288 and negative Cotton effect with weak peak at 262 nm. These two bands are characteristic for an i-motif secondary structure, however the exact position of these bands is dependent on the nature of bases located at the loops [12]. Furthermore, we could not detect an induced CD signal at 340 nm in any case. These results suggest that pyrene residues do not strongly interact with the i-motif. CD spectra proved that attaching pyrene tags did not affect folding properties of i-motif-forming oligonucleotides. This conclusion is supported by UV absorption spectra of analyzed systems measured in wide range pH (from pH 4.0 till 8.0) as well as temperatures (from 20 °C till 85 °C) (data not shown).

Figure 3. The circular dichrosim (CD) spectra of probes double labeled with pyrene recorded at different pH values: (a) Py-RET21A-Py and (b) Py-RET20-Py.
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There is almost no change in the localization of the CD minima and maxima up to pH 7.0 for Py-RET20-Py and to pH 8.0 for Py-RET21A-Py. For the latter, we were not able to indicate pH-transition midpoint. The transitional pH for Py-RET20-Py is located between 7.0 and 7.5 as the positive maximum begins to shift toward 277 nm at pH 7.0 (Figure 3b). I-motifs formed by dual-pyrene functionalized C-rich oligonucleotides are more stable than unlabeled ones, which is in good agreement with our previous work [29].



3.3. Fluorescence Properties of Pyrene-Modified i-Motifs Based on RET Sequence

Figure 4 shows fluorescence emission spectra of Py-RET21A-Py, Py-RET21-Py and Py-RET20-Py in buffers at pH range 4.0–8.0 (with excitation at 340 nm). In all cases, only single emission band at ca. 390 nm with vibrational structure characteristic of the pyrene monomer fluorescence is observed [36]. The absence of excimer emission for i-motif forming oligonucleotides double labeled with pyrene probe was not due to the lack of i-motif architecture since attachment of pyrene moieties does not affect formation of i-motif structure as it was evidenced by CD measurements (Figure 3 and Figure S1 in Supplementary material).

Figure 4. The fluorescence spectra of probes double labeled with pyrene measured at different pH values (1 μM probe in 10 mM Tris-acetate buffers; excited at 340 nm) with insert showing changes in fluorescence intensity at 400 nm versus pH: (a) Py-RET21A-Py; (b) Py-RET20-Py; and (c) Py-RET21-Py.
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The presence of flanking bases not engaged into i-motif core was insufficient to help pyrene tags to create fluorescent dimer. These results are consistent with the focus of our previous studies on attempts to examine the capability of c-myc derived sequences double-labeled with pyrene [29]. In the latter case, we supposed that the long loop present in c-myc based i-motif is somehow responsible for lack of excimer emission. However, this hypothesis can be excluded in case of RET sequence forming i-motif, which is classified to class I with short loop [9].

Interestingly, mono-pyrene labeled systems show much less pronounced effect of pH on fluorescence intensities comparing with double-pyrene labeled systems (compare inserts in Figure 4 with inserts in Figure S2 in Supplementary material). For example, intensity of monomer fluorescence band at 400 nm decreased almost by 40% upon pH lowering from 8.0 till 4.5 for Py-RET20-Py, whereas it was reduced only by 5% in the case of RET20-Py. These results may indicate that even if we do not observe pyrene excimer fluorescence in the case of dual-pyrene labeled i-motifs, the pyrene tags interact with one another forming non-fluorescent pyrene dimers (GSD—Ground State Dimer). To understand the lack of long-wave emission in spectra of dual-pyrenyl-end-labeled i-motifs, a comparative fluorescence lifetime study with single-labeled i-motifs were carried out.



3.4. Lifetime Study of Pyrene-Modified i-Motifs Based on RET Sequence

Excitation wavelength in lifetime experiments was set at 330 nm (pyrene absorption band) and the excited state kinetics was monitored at 390 nm (pyrene monomer fluorescence). The background emission was significantly lower than emission arising from the pyrene-labeled probes and was neglected in further study. We also measured time profiles for Py-RET21A-Py, Py-RET21-Py and Py-RET20-Py at 480 nm (pyrene excimer fluorescence). Similarity between decay traces recorded at 390 and 480 nm suggested that an additional long-wavelength emission was absent here, in good agreement with the lack of excimer emission band in their steady-state fluorescence spectra. Moreover, results obtained for 390 nm appeared to be more reliable due to the higher signal-to-noise ratio at this wavelength.

Examples of experimental decays collected at 390 nm for Py-RET21A-Py, Py-RET21-Py and Py-RET20-Py and at 480 nm for Py-RET21-Py in acidic, neutral and slightly basic pH are shown in Figure 5. For the analysis of decay curves of i-motif forming oligonucleotides single and double labeled with pyrene, we used multi-exponential model even though the systems contain only one type of fluorescent tag (here: pyrene). All decays of investigated systems could be characterized by a di-exponential rate provided that the amplitude of the scattered light contribution is taken into account. Considering the fact that the traditional multi-exponential model is actually not proper for interpretation decays of fluorescence intensity in biological systems [37], in our discussion we focus on average lifetimes calculated for each probe (Figure 6 and Table S1 in Supplementary material). Unfortunately, we did not observed any linear relationship between pH and average lifetimes calculated for probes double labeled with pyrene as we expected on the basis on their steady-states spectra (Figure 4). The values of the amplitude-weighted average lifetimes obtained for Py-RET21A-Py (ca. 10 ns) are about twice times shorter than for Py-RET21-Py and Py-RET20-Py (ca. 20–35 ns). What is more, the average lifetimes calculated for Py-RET21A-Py are almost the same in the whole range of pH (from 4.0 to 8.0). These results are consistent with CD spectra measurements showing that i-motif formed by Py-RET21A-Py is stabilized in the same way at pH 4.0 and pH 8.0.

Figure 5. The fluorescence intensity decays for probes double labeled with pyrene; collected at 390 nm (a–c) and 480 nm (d) in different pH values (10 mM Tris-acetate buffers): (a) Py-RET21A-Py; (b) Py-RET20-Py; and (c,d) Py-RET21-Py.
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Figure 6. The diagrams illustrating distribution of intensity weighted and amplitude weighted lifetimes of dual- and mono-pyrene labeled probes: (a) Py-RET21A-Py; (b) Py-RET20-Py; (c) Py-RET21A; (d) RET20-Py (e) Py-RET21-Py; (f) RET21-Py; and (g) Py-RET21.
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In all cases, the calculated amplitude-weighted pyrene fluorescence average lifetimes, <τ> (Figure 6 and Table S1 in Supplementary material) are quenched in comparison with free pyrenebutanoic acid (PBA). The PBA lifetime amounts 90 ns in non-deaereted Tris-acetate buffer measured by us in the same experimental conditions. The observed quenching can be caused by pyrene/nucleobase stacking interactions and/or by electron transfer. It is known that attachment of the pyrene moiety to DNA oligonucleotide probe results in substantial decrease in fluorescence quantum yield, which is ascribed to the electron transfer (ET) between pyrene and DNA nucleobases (except for adenine [38]). Recently, Majima et al. proved that electron transfer in i-motif DNA is even more efficient than in the duplex DNA due to the compact structure of i-motif [39].





The calculated amplitude-weighted pyrene fluorescence average lifetimes, <τ>, values for Py-RET21A (ca. 40 ns) are about 75% higher than those calculated for Py-RET21A-Py. The additional adenine at 5′ end of RET21A contributed to increasing of <τ> in case of Py-RET21A and decreasing of <τ> in case of Py-RET21A-Py. It seems probable that the dramatic shortening of <τ> for Py-RET21A-Py is caused by forming GSD, which is excluded in the case of Py-RETA21. The question is why amplitude average lifetimes of Py-RET21A are 2–4 times longer than those for other investigated mono-pyrene labeled systems (Figure 6 and Table S1 in Supplementary material). Considering topology of RET21A (Figure 2), one can easily find out that pyrene residue at the 5′end of Py-RET21A has adenine as a neighbor and A is an opposite base. Adenine can be considered a “safe” neighbor in terms of ET between pyrene and nucleobase [38]. Contrary to RET21A, pyrene residues attached to 5′ end of RET21 or 3′end of RET20 as well as RET21 are expected to interact with cytosine not involved in forming i-motif skeleton, as cytosine is next to or opposite to pyrene, respectively. Cytosine as well as thymine bases are acceptors for ET from pyrene [38]. It is worth noting that the calculated amplitude-weighted average lifetimes for Py-RET21-Py and Py-RET20-Py and their mono-labeled analogues (Py-RET21, RET21-Py and RET20-Py) are almost identical (ca. 20–35 ns), indicating that similar mechanism is involved in quenching pyrene monomer fluorescence of these probes.

Summarizing, additional flanking bases in designed dual-pyrene functionalized i-motif forming probes not engaged in the i-motif core were not sufficient to help pyrene tags to create fluorescent dimer (excimer) and to prevent them from efficient electron transfer quenching.




4. Conclusions

We assumed that the i-motif architecture would be suitable to help pyrene tags, attached to both ends of C-rich oligomers, to form sandwich structure emitting excimer fluorescence. However, the steady-state fluorescent measurements indicate that designed probes based on RET sequence exhibited only pyrene monomer fluorescence in the “open” state (intense pyrene monomer fluorescence) at alkaline pH as well as in the folded conformation—“closed” state (quenched pyrene monomer fluorescence)—at acidic pH. Additional flanking bases not engaged into i-motif core were also not enough to help pyrene tags to form fluorescent dimer. The time profiles obtained for probes mono as well double labeled with pyrene were fitted to di-exponential decays when amplitude of the scattered light contribution was taken into account. Moreover, we did not observe any linear relationship between pH and average lifetimes calculated for all samples. The analysis of monomer emission data indicated that quenching of pyrene excited state could be attributed to interactions with nucleobases and/or with second pyrene molecule. The more detailed studies, such us nanosecond time-resolved laser flash photolysis and/or transient absorption measurements, are needed to fully explain and understand the mechanism of fluorescence quenching of pyrene emission by i-motif forming oligonucleotides.

The presented results confirmed our earlier studies [29] with different intramolecular i-motif sequences labeled with pyrene devoted to develop pH indicators working in an excimer/monomer-switching mode. The final conclusion is that elongation of i-motifs ends leading to formation a duplex blunt end should enable arrangement of pyrene moieties that promote formation of fluorescent excimer. This idea has been further developed by us [40].
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