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Abstract: The i-motif is a four-stranded DNA structure formed from the cytosine (C)-rich ssDNA
sequence, which is stabilized in slightly acidic pH. Additionally, labeling of a cytosine-rich sequence
with a fluorescent molecule may constitute a way to construct a pH-sensitive biosensor. In this
paper, we report tC-modified fluorescent probes that contain RET-related sequence C4GC4GC4GC4A.
Results of the UV absorption melting experiments, circular dichroism (CD) spectra, and steady-state
fluorescence measurements of tC-modified i-motifs are presented and discussed here. Efficient
fluorescence quenching of tC fluorophore occurred upon lowering the pH from 8.0 to 5.5. Furthermore,
we present and discuss fluorescence spectra of systems containing tC-modified i-motifs and
complementary G-rich sequences in the ratios 1:1, 1:2, and 1:3 in response to pH changes.
The fluorescence anisotropy was proposed for the study of conformational switching of the i-motif
structure for tC-probes in the presence and absence of a complementary sequence. The possibility of
using of the sensor for monitoring pH changes was demonstrated.

Keywords: i-motif; fluorescent probe; fluorescent analogue tC; DNA; pH-probe

1. Introduction

In recent years, there is an increasing interest in developing new aptamers for the detection of any
kind of target (small molecules, proteins, cells), both for diagnostic and basic research applications.
DNA and RNA are attractive biomaterials for constructing self-secondary structures, such as aptamers
and biosensors [1]. The i-motif (iM) structure represents an example of the structural elements used in
biosensor construction [2-5]. I-tetraplexes are formed by C-rich sequences through intercalation of two
parallel duplexes with the hemi-protonated base pairs. The building component of the i-motif structure
is a base pair C-C* with one cytosine protonated at the N3 position, which is stabilized in slightly
acidic pH [6,7]. I-motif can be defined by the number of strands involved; an intermolecular i-motif
forms from the interactions of two or four DNA strands, while an intramolecular i-motif assembles by
folding of a single DNA strand [7,8]. Cytosine-rich tracts with the potential to form iMs are frequent in
the telomeric DNA sequences [7] and in the promoter regions of oncogene sequences, such as c-Myc [9],
Rb [10], RET [11], VEGF [12], and Bcl-2 [13]. The main factors affecting the structure and stability of
the i-motif structure beside pH are: temperature [8], ionic strength of the solution [8,14], presence of
molecular crowding agents [15,16], and composition of the oligomeric strands. The ability of C-rich
oligonucleotides to form i-motifs depends on the number of C-C* base pairs [17,18], the length and
nature of loops [19-21], the bases at the 5" and 3’ ends of C-rich sequences [22,23], etc. It is well known
that i-motif structures are predominant at acidic pH values with the conformational transition at
pH ~6.5. However, the transition midpoint can be shifted as it strictly depends on the sequence and
environmental conditions [24].
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Fluorescent labels are frequently used for the modification of i-motif DNA sequences for sensing
purposes [25]. Miscellaneous fluorescence parameters are exploited, for example quenching [26,27],
anisotropy change [28], FRET (fluorescence resonance energy transfer) signal [29,30], or excimer
emission signal [31,32]. In our approach reported already, the intramolecular i-tetraplex building
oligonucleotide is modified by substitution of one cytosine with the fluorescent analogue of
cytosine, tC [26]. The tricyclic family of cytosine analogues: tC (1,3-diaza-2-oxophenothiazine),
tCO (1,3-diaza-2-oxophenoxazine) and tCyitro (7-nitro-1,3-diaza-2-oxophenothiazine), are derivatives
of a phenothiazine or phenoxazine tricyclic framework [33]. The fluorescence quantum yield of tC
is essentially unchanged when incorporated in single- and double-stranded DNA (0.17-0.24 and
0.16-0.21, respectively) irrespective of the neighboring bases [34,35]. Furthermore, tC has been used as
a FRET-donor in a pair with thodamine in a PNA-DNA hybrid [34], and in a pair with Alexa-555 in
a study of conformational dynamics of DNA polymerase [36]. The 1,3-diaza-2-oxophenoxazine, tC°,
is the brightest fluorescent base analogue when incorporated into duplex DNA (0.22) [37]. In the case
of nitro-substitution, the tCy;ty, is virtually nonfluorescent in polar solvents at room temperature [33].
The red-shifted absorption of tCpj, has a considerable spectral overlap with the fluorescence spectra
of both tC and tC® and we can use the fluorescent analogues of cytosine as FRET pairs in nucleic acid
studies (tChpitro as a FRET acceptor and tC or tCO as a donor) [38].

Additionally, the synthetic analogues of cytosine are very similar in both size and shape to
the naturally occurring bases in DNA. Consequently, C-analogue incorporation into both single-
and double-stranded DNA induces minimal perturbation to the overall structure [37]. Moreover,
a characterization of the analogues showed that pH, salt, and temperature have very limited effects on
their photophysical properties under biological conditions [33]. Reilly and coworkers showed that
fluorescent 1,3-diaza-2-oxophenoxazine (tCO) analogue can be used to monitor individual substitution
positions in an i-motif structure [27]. They used a 20-mer mutant strand labeled at five positions
with individual tC® substitutions (in C-C* pair and in loop of i-motif). It has been demonstrated
that folding of i-motif structure provided quenching of tC® analogue fluorescence by hydrogen
bonding and stacking interactions. Recently, we have demonstrated a new i-motif-switching aptamer
containing a tricyclic cytosine analogue, 1,3-diaza-2-oxophenothiazine (tC) [26]. This sensor, based on
RET proto-oncogene sequence, was substituted with tC at the 1st, 3rd, and 6th position from the 5 end.
The data showed that tC emission band underwent quenching upon lowering pH from 8.00 to 5.50.
Moreover, the tC modifications of the i-motif structures show small differences in melting temperature
between tC containing probes and unlabeled sequence.

Fluorescence anisotropy measures the rotational mobility of the fluorophores that are excited with
polarized light (Equation (1)). Fluorescence anisotropy decay time constants are obtained by fitting the
induced orientational anisotropy decay function, calculated from the experimental polarized transients.
The anisotropy value is sensitive to the volume and structural changes of the fluorescent entity. Li and
co-workers first used fluorescence anisotropy to study the structural switch of the i-motif structure [28].
This study demonstrated that in the presence of mismatches, the initial double helix was destabilized
and an i-motif structure was observed accompanying the increase of the fluorescence anisotropy signal.

Very recently, Christ and co-workers provide evidence that i-motif structures are formed in
regulatory regions of the human genome [39]. The authors developed an antibody (iMab) that
recognizes i-motif structures with high selectivity and affinity, enabling the detection of i-motifs in
the nuclei of human cells. The latter group demonstrated that the iMab antibody binds different
well-defined i-motif structures while showing absence of binding to a wide range of control protein
and nucleic acid antigens, including double-stranded DNA, hairpin DNA, microRNA, streptavidin,
neutravidin, hen egg-white lysozyme, and neuropeptide Y (NPY). Moreover, using state-of-the-art
in-cell nmR spectroscopy, Trantirek et al. showed that i-motif in vivo stabilities were generally distinct
from those in vitro [40]. The data suggests that i-motif formation of DAP, PDGF-A, and JAZF1 takes
place at physiological conditions. The results from these two studies [39,40] prove the existence of
i-motif structures in vivo and indicate that i-motifs may have relevance in key biological processes.
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In the current research, we utilize the tC analogue as a fluorescent nucleobase to detect the i-motif
folding ability of a 20-mer RET-related sequence. We present here the spectral properties of these
fluorescent oligonucleotide probes containing tC at the 8th, 14th, 17th, and 19th positions from the
5" end. As reference we used a thymine-rich sequence with tC at 1st position. The UV-Vis, circular
dichroism, and fluorescence emission spectra are reported, and the temperature stability of the i-motif
structures adopted by probes (melting profiles) are discussed. To prove the sequence’s conformational
change upon pH change, measurement of the i-motif probes in pH range 5.50-8.00 solutions were
tested. Moreover, we discuss the pH effect on the fluorescence spectra of tC-modified i-motifs with
complementary G-rich sequences in the ratios 1:1, 1:2, and 1:3. The fluorescence anisotropy was
proposed for the study of conformational switching of the i-motif structure in the presence and absence
of a complementary sequence.

2. Results and Discussion

2.1. Design of tC Probes

The 20-mer fragment of the RET proto-oncogene was modified with fluorescent cytosine analogue
tC (1,3-diaza-2-oxophenothiazine) by substitution cytosine at various positions. We designed three
probes containing tC in the core of the i-motif (8th, 14th, or 17th position) and one probe with tC at the
terminal position of the i-motif structure (19th position) (Table 1 and Figure 1). The oligonucleotide
probes are named 8tC, 14tC, 17tC, and 19tC, respectively. As illustrated in Figure 1, tC in the 8th
position is involved in base-pairing with 18th of cytosine, the 14th position is involved in base-pairing
with 4th of cytosine, and the 17th position is involved in base-pairing with 7th of cytosine. However,
the substitution of tC at the 19th position locates the fluorescent tag outside the i-motif structure.
The reference sequence, TtC, contains the fluorescent cytosine analogue in 1st position and is composed
mostly of thymine nucleobases. The T-rich strand is unable to form i-motif structure. The presented
studies are a continuation of our research considering C4GC4GC4GC4A (RET20) substituted with the
cytosine fluorescent analogue tC [26].
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Figure 1. Structure of intramolecular i-motif formed by 8tC, 14tC, 17tC, and 19tC probes. The positions
of the single fluorescent cytosine analog substitutions are numbered and blue circles—cytosines, green
circles—guanines, and red circles—adenines.

Table 1. Oligonucleotides used in this study and their respective sequences.

Name Sequence 5’3’ Position of tC
(Complementary Sequence 3'-5') Analogue

RET20 CCCcGCLceceareeeeseececa -

8tC CCCCGCcecaeeeceaeecea 8

14tC CCCCGCCCCarreceeescecea 14

17tC CCCCGCCcCcCcarreeacctecea 17

19tC CCC CGC CCCGLreeaeectca 19

TtC tCCCTTITTTTTIT TITTITTIT 1

Complementary sequence to 8tC;
141C; 17tC; 19tC TGGG GCG GGG CGG GGC GGG G -

Complementary sequence to TtC AA AAA AAA AAA AAA AAA GGG -
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2.2. Thermal Stability of i-Motifs

Ultraviolet (UV) thermal melting was used to characterize the pH and thermal stability of the
RET20 i-motif (unmodified sequence) and to assess the effect of tC substitution position (modified
sequences). This method provided information about thermodynamic properties and different kinetics
of folding and unfolding of i-motif structures. The thermal stability of each sequence was assessed
in buffers with pH from 5.50 to 8.00. All Ty, values were calculated from the denaturation profiles
monitored at 300 nm and 260 nm. The obtained curves were Z-shaped at 300 nm and sigmoidal at
260 nm. Very similar results were obtained from the denaturation curves recorded at both wavelengths.
As shown in Figure 2a, the thermal stability of the unmodified and modified RET20 structures were
pH dependent. In the pH range 5.50-7.25, the Tm was a linear function of pH, as observed previously
for a d((C4G)3C4A) sequences modified with fluorescent cytosine analogue tC at the 1st, 3rd, and 6th
position from the 5’ end [26]. Decreasing the pH significantly increased the stabilization of the structure
of RET20 i-motif, i.e., the Ty, was 18 °C at pH 7.25, and increased to 63.4°C when the pH decreased to
5.50. At pH 7.50 and higher, RET20 as well as related probes can form lower-stability folded structures
with T, below 15 °C. The examples of thermal profiles are presented in Figure 2b for the 8tC probe
at pH 5.75, 6.25, and 6.75, which were generated by the normalized absorbance versus temperature
profiles. We evaluated the Ty, values by curve fitting, and the Tr, values for the presented melting
curves were 23.2 °C, 34.0 °C, and 49.0 °C, respectively.

The unmodified RET20 oligonucleotide behaves very similar to the 17tC and 19tC probes. In the
pH range 5.50-7.25, the differences in melting temperature (ATy,) between RET20 and 17tC or 19tC
are (5.0; —0.6; 0; 3.1, 0; 0.6; —3.2; —1.8) and (7.5; 1.1, 0.2; 2.4; 1.0; 2.8; —1.3; 0.8), respectively (Table 2).
The trends in Ty, found for these oligos suggest that the substitution of tC at the 17th and 19th position
(at the 3" end) leads to more stable i-motifs structures. Modification at the C8 and C14 positions resulted
in lower stabilization of the structure compared to the other single tC-modified sequences. For example,
the Ty, of the 8tC probe is 9.3 °C and 9.9 °C degrees lower than in case of RET20 sequence in pH 5.50
and 6.25, respectively. Moreover, the same trend was observed in case of the 14tC, i.e., the Ty, values
were 10.0 °C and 12.3 °C degrees lower in pH 5.50 and 6.25 compared to those for the unmodified
sequence. Bielecka and Juskowiak previously showed similar changes for i-motif probes substituted
with tC at the 1st, 3rd, and 6th positions from the 5" end [26]. Reilly et al. reported similar observation
in thermal stability for the c-myc sequences substituted with the 1,3-diaza-2-oxophenoxazine (tC°)
analogue [27].

Table 2. The melting temperatures (Tn,) evaluated from denaturing profiles obtained at different pH
values. pHr determined from circular dichroism (CD) experiments.

pH pH pH pH pH pH pH pH pH
Name 5, 5.75 6.00 6.25 6.50 6.75 7.00 725 750 PHT
634+ 536+ 485+ 440+ 361+ 303+ 2154+ 180+ 71+
RET20 7 5 13 15 14 12 1.1 12 08 <P o2
g Okl 493+ 417+ 341+ 265+ 25+ 175+ 165+ o 68+
17 12 1.1 13 1.8 1.0 1.8 15 0.2
e 530+ 459+ 424+ 317+ 244+ 178+ 23+ 209+ o 67+
05 0.7 08 0.6 1.1 2.6 14 1.8 0.2
e 584+ 542E 485+ 409+ 361+ 2974 247+ 198+ o 67+
14 0.7 0.7 0.9 2.0 12 1.6 0.9 02
e 559+ 525+ 483+ 416+ 351+ 275+ 28+ 172+ o 69+

0.6 0.6 0.5 0.6 0.7 1.2 2.6 25 0.2
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Figure 2. (a) Thermal melting temperatures for tC-modified probes: 8tC (orange), 14tC (yellow), 17tC
(green), 19tC (blue), and unmodified 5'-(C4G)3;C4A-3 sequence (black) plotted against pH. All values
and standard errors are presented numerically in Table 2; (b) Denaturation normalized profiles of the
8tC probe recorded at 300 nm at three different pH values: pH 5.75 (green dash line); pH 6.25 (red dash
line); pH 6.75 (black dash line). The presented curves are obtained during heating.

2.3. CD Spectra

CD experiments were used to establish the presence of i-motif DNA structure in solution. In the
pH range 5.50-7.00, the CD spectra of tC-containing probes exhibit a very sharp positive band at
288 nm and a weak negative band at 262 nm that is consistent with the spectral characteristics of
the i-motif structure [9,11]. As an illustration, spectra for the 17tC probe are shown in Figure 3a.
Furthermore, at pH values around 7.0, the positive maximum shifted toward 280 nm indicating
partial unfolding of the i-motif structure. The positive peak at 280 nm sharply decreased with the
increase in pH of the solution, possibly due to the deprotonation of C at alkaline or neutral pH values.
Similar spectral signatures were observed for the unmodified structure (RET20) and other probes
(Figures S1-54 in Supplementary Materials). These results demonstrated that, after modification with
fluorescent cytosine analogue tC, the resulting i-motifs still responded to pH changes and were able to
perform conformational changes. CD spectra measured for the reference TtC probe (Figure 3b) indicate
the lack of the characteristic signals observed for 17tC (Figure 3a), confirming the absence of i-motif
formation for this reference sequence.

For each probe, CD signals observed at 288 nm were plotted against pH and fitted into a sigmoidal
function. The pH values of i-motif transition (pHr) for all sequences are given in Table 2 and the
representative graph is shown in Figure 3a (insert). For example, RET20 (unmodified) has a pHr of
7.1+0.2, while probes 8tC and 19tC have slightly lower pHr of 6.8 and 6.9, respectively. In the case of
the 14tC and 17tC probes, the pHr values are even lower (6.7).
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Figure 3. CD spectra of 17tC probe (a) and TtC probe (b) in the pH range of 5.50-8.00. Inserts show the
dependences of CD signal at 288 nm against the pH values.

2.4. Fluorescence Properties of the tC-Modified Probes

The fluorescence spectra of the modified probes were measured as a function of pH. The tC
fluorophore was excited at the maximum of absorption (395 nm). As shown on the example of 8tC
(Figure 4a), the fluorescence intensity decreased with pH lowering from 8.00 to 5.50 and the emission
band at 505 nm exhibited red shifting to ca. 540 nm. In all cases, lowering the pH caused substantial
quenching and red shift in the emission band for acidic solution of i-motif probes (Figures S5-57
in Supplementary Materials). In contrast, the reference TtC oligonucleotide at the same pH range
exhibited much smaller reduction of fluorescence without any red shift (Figure 4b). To determine the
changes in fluorescence intensity, we calculated AF (AF = (Int.F measured at pH 8.00 — Int.F measured
at pH 5.50) /Int.F measured at pH 8.00) for each oligonucleotide probe. Three of the tC substituted
probes (8tC, 14tC, and 17tC) exhibited very similar AF values: 0.954, 0.927, and 0.942, respectively.
The probe with terminal substitution (at the 19th position) had a slightly lower AF value of 0.908.
This result is consistent with the location of tC outside of the i-motif structure in the 19th position.
Furthermore, the reference sequence, TtC, exhibited only a small change in fluorescence intensity with
a AF value of 0.213 [26].

The pH working ranges for all probes were determined from the dependences of the fluorescence
measured at 505 nm versus pH (Figure 4c—f). For the 14tC probe, the pH working range covers the
widest range with a linear fluorescence variation between pH range from 6.50 to 7.75 (Figure 4d).
Moreover, we observed the pH working range from 6.50 to 7.50 for the 8tC probe (Figure 4c). As shown
in Figure 4e f, two of the tC substituted probes (17tC and 19tC) exhibited the narrowest pH working
ranges from pH 6.75 to 7.50 and 6.50 to 7.25, respectively. These results indicate that the position of
substitution has an influence on the obtained pH working range and thus the probe’s sensitivity. At
the same AF, a narrow pH working range gives the highest sensitivity.
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Figure 4. The emission spectra of the 8tC probe (a) and the TtC probe (b) in the pH range from 5.50 to
8.00. Panels (c—f) show pH working ranges for tC probes: 8tC (c), 14tC (d), 17tC (e), and 19tC (f). In all
cases, the excitation wavelength was set at 395 nm.

2.5. Experiments with Complementary Strand (DNA Duplex and i-Motif Equilibrium)

All presented tC-modified probes exploited a ssDNA /i-motif transformation, which generated an
analytical signal based on fluorescence quenching. The pH working range can be shifted through the
tC substitution position (see above) but the magnitude of shift is limited. An alternative approach that
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may affect the working range of the probe is to exploit duplex/i-motif transformation, for example, as
a Molecular Beacon platform. To characterize the fundamental processes in such systems, we tried to
study i-motif probes in the presence of their complementary strand. The presence of the complementary
strand to a C-rich sequence should affect i-motif folding, thus the fluorescence response of the probe
will change. Fluorescence spectra were collected for each tC-substituted C-rich strand duplexed with
the complementary G-rich strand in the pH range of 5.50-8.00. Additionally, we used different molar
ratios of C-rich probes to complementary G-rich strand—1:1, 1:2, or 1:3. In order to clearly identify
differences between particular systems, we plotted fluorescence intensity at 505 nm vs. pH and the
results are shown in Figure 5a,b. The fluorescence intensities at 505 nm measured for TtC probe
alone or with complementary A-rich strand (at 1:1 ratio) are very similar at all pH values (Figure 5a).
Representative results for the 17tC probe are shown in Figure 5b. As expected, the i-motif probe in the
absence of complementary strand exhibited a dramatic increase in quenching of fluorescence at pH
values below 7.0. For dsDNA-containing systems, the formation of the i-motif structure was gradually
reduced in the same pH range, as suggested by less efficient fluorescence quenching. The profiles
shown in Figure 5b indicate that tC embedded in the duplex exhibits fluorescence that is not quenched
in lower pH. The system responds to the pH variation as a result of competition between formation of
duplex and i-motif at lower pH (5.50-7.00).

To prove the assumption that observed fluorescence changes originated from duplex/i-motif
competition, we carried out anisotropy measurements for these systems. The fluorescence anisotropy
provides information on molecular orientation and mobility, and thus is sensitive to the volume and
structural changes of the fluorescent species. Figure 5¢c shows the anisotropy value change for the TtC
reference probe alone or with a complementary A-rich strand under the same conditions. As expected,
the fluorescence anisotropy values for the TtC probe are low (~0.1) in the studied pH range of 5.50-8.00.
However, the TtC oligo indicates a significant anisotropy increase upon addition of its complementary
sequence in the ratio 1:1. The presence of the complementary A-rich strand leads to duplex formation
with larger mass, which hindered the rotational diffusion rate of the macromolecule. As illustrated
in Figure 5d, higher fluorescence anisotropy values (r~0.25) were observed for the 17tC probe alone
in the slightly acidic pH, due to the folded i-motif structure and restricted rotation of tC. i-Motif
formation affects the shape of the oligonucleotide, and thus changes the rotational diffusion of the
macromolecule. At alkaline or neutral pH values, the probe exists mainly in the flexible ssDNA form
(tC free to rotate) with a decreased anisotropy signal comparable to that of TtC (r~0.1). Again, we have
observed higher anisotropy signals for duplexes compared with ssDNA. Next, the i-motif-forming
17tC probe was hybridized with its complementary strand, forming a rigid duplex (dsDNA). Upon
addition of acid, the solution pH decreased, leading to the folding of the i-motif structure and the
release of the G-rich complementary strand. As result, the fluorescence anisotropy signal increased
and can be successfully exploited as an indication of i-motif formation. However, in the presence of
the complementary oligonucleotide at a ratio of 1:2, we observed a less sensitive pH response than at
the ratio of 1:1 and a higher concentration of [H*] was required to force the formation of the i-motif
structure. Therefore, a lower fluorescence anisotropy value was observed for the 17tC probe in the
presence of its complementary strand (ratio 1:2) than for 17tC alone in solution pH 5.5 (Figure 5d). All
these results indicated that it is possible to design a pH probe with fluorescent tC analogue, which is
based on duplex/i-motif competition and enables programming of the pH working range.
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Figure 5. The dependence of fluorescence intensity at 505 nm vs. pH for: TtC (a) and 17tC (b) probes
alone or with their complementary strand. Panels (c) and (d) show the dependences of fluorescence
anisotropy vs. pH for TtC and 17tC, respectively, alone or with complementary strand.

3. Materials and Methods

3.1. Materials

The DNA oligonucleotides modified with fluorescent cytosine analogue tC (1,3-diaza-2-
oxophenothiazine) (Figure 1 and Table 1) were purchased from Future Synthesis (Poznan, Poland). All
oligonucleotides were synthesized and purified by Future Synthesis using a high-performance liquid
chromatography (Prominence HPLC) (Shimadzu, Kyoto, Japan). Single-strand concentrations were
determined by measuring the absorbance (260 nm) at high temperature (85 °C), assuming the molar
extinction coefficients of 7400 M~lem ™! for cytosine, 15,400 M~lem~! for adenine, 11,500 M~ lem !
for guanine, and 4000 M~ em ! for analogue tC. Before spectral measurements, the DNA probes were
annealed by being heated to 90 °C and then slowly cooled to room temperature (RT). Each probe was
dissolved in 10 mM cacodylate buffer at concentration of 1.0 uM. For duplex formation, the mixture of
probe and complementary strand (at ratios 1:1, 1:2, 1:3) was incubated at 90 °C temperature for 10 min
and slowly cooling down to RT. All experiments were performed in 10 mM sodium cacodylate buffer
with pH ranging from 5.50 to 8.00. Spectroscopic measurements were done in triplicate.

3.2. DNA Melting Temperature (Ty,)

Melting profiles were recorded on a spectrophotometer model Carry 100 (Agilent Technologies,
Mulgrave, VIC, Australia) equipped with a Peltier temperature control accessory. UV melting
curves were measured by monitoring the absorbance at 260 nm and 300 nm while the temperature
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was increased at a rate of 1 °C/min. The melting temperatures (Tm) were determined as the
maximum of the first derivative of the melting curves. Each T, value was an average of three
independent measurements.

3.3. Circular Dichroism (CD)

Circular dichroism spectra were recorded at 25 °C on a Jasco J-715 spectropolarimeter (Jasco,
Tokyo, Japan) equipped with a Peltier temperature control accessory, typically using a scan rate of
200 nm/min over the wavelength range of 220-360 nm. The buffer spectrum was subtracted from the
sample spectra.

3.4. Fluorescence Emission Spectra

Steady-state fluorescence measurements were recorded by a Cary Eclipse spectrofluorometer
(Agilent Technologies, Mulgrave, VIC, Australia) at room temperature in the spectral range of
420-700 nm. All fluorescence measurements were performed under the same spectral conditions: the
slit width for excitation was 10 nm and that for emission was 5 nm, and the excitation wavelength was
set at 395 nm.

3.5. Fluorescence Anisotropy Measurements

Each sample solution was titrated with a solution of hydrochloric acid (0.5 M), followed by
stirring and thermal equilibration. Steady-state fluorescence anisotropy was measured using a Cary
Eclipse spectrofluorometer (Agilent Technologies, Mulgrave, VIC, Australia) with 395 nm excitation at
room temperature.

The anisotropy, r, of the tested solution was calculated using equation (1):

_ Uvvlnn — Ivelny) )
(IyyIgn + 2Iyalgy)

where I represents the intensity of the fluorescence signal and the subscript defines the orientation (H
for horizontal and V for vertical) of the excitation and emission polarizers, respectively.

4. Conclusions

We have designed four new pH-sensitive probes based on the d((C4G)3;C4A) sequence expected
to form i-motif structures. All cytosine-rich sequences contained the single cytosine fluorescent
analogue 1,3-diaza-2-oxophenothiazine (tC) substituted at 8th, 14th, 17th, or 19th position from the 5/
end. We showed that tC substitution in the 8th or 14th position of iM results in lower T, compared
with the unmodified sequence, RET20, especially in the pH range of 5.50-6.75. On the other hand,
the melting temperatures for 17tC and 19tC demonstrated that such modification did not affect the
thermal stability compared with the d((C4G)3C4A) sequence. The pHrt values determined using CD
spectroscopy suggest that the substitution of cytosine by fluorescent analogue at the chosen positions
has a significant impact on i-motif folding. The emission band underwent gradual quenching upon
lowering the pH from 8.0 to 5.5 in all cases. However, the pH working ranges determined for tC probes
depend on the location of 1,3-diaza-2-oxophenothiazine (tC) in the C-rich sequence. The fluorescence
anisotropy measurements demonstrated that destabilization of the initial i-motif structure at higher
pH resulted in the lower initial fluorescence anisotropy value. On the other hand, the anisotropy
studies upon duplex/i-motif competition revealed that iM exhibited a higher anisotropy signal than
dsDNA which can be attributed to the smaller rotational freedom of a compact i-motif structure. These
studies may be very useful in terms of designing molecular logic gates or more complicated biosensors,
i.e., molecular beacons integrated with i-motifs.



Molecules 2019, 24, 952 11 of 13

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1420-3049/24/5/952 /51,
Figure S1: CD spectra of RET20 sequences in the pH range of 5.50-8.00, Figure S2: CD spectra of 8tC probe in the
pH range of 5.50-8.00, Figure S3: CD spectra of 14tC probe in the pH range of 5.50-8.00, Figure S4: CD spectra of
19tC probe in the pH range of 5.50-8.00, Figure S5: The emission spectra of 14tC probe at the pH range from 5.50
to 8.00, Figure S6: The emission spectra of 17tC probe at the pH range from 5.50 to 8.00, Figure S7: The emission
spectra of 19tC probe at the pH range from 5.50 to 8.00.

Author Contributions: P.B. and B.J. conceived and designed the study. P.B. carried out all experiments. All
authors analyzed the data. P.B. drafted the manuscript, which was revised and edited by A.D. and B.J. All authors
read, commented on, and approved the final version of the manuscript.

Funding: This research was funded by the Research Grant No. 2014/15/N/ST4/03032 from National Science
Center, Poland.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Song, S.; Wang, L.; Li, J.; Fan, C.; Zhao, J. Aptamer-based biosensors. TrAC Trends Anal. Chem. 2008, 27,
108-117. [CrossRef]

2. Surana, S.; Bhatia, D.; Krishnan, Y. a method to study in vivo stability of DNA nanostructures. Methods 2013,
64,94-100. [CrossRef] [PubMed]

3. Zeng,S,;Liu, D, Li, C; Yu, E; Fan, L.; Lei, C.; Huang, Y.; Nie, Z.; Yao, S. Cell-Surface-Anchored Ratiometric
DNA Tweezer for Real-Time Monitoring of Extracellular and Apoplastic pH. Anal. Chem. 2018, 90,
13459-13466. [CrossRef] [PubMed]

4. Gao, X,; Li, X.; Xiong, W.; Huang, H.; Lin, Z; Qiu, B.; Chen, G. i-Motif based pH induced electroChem.
switches. Electrochem. Commun. 2012, 24, 9-12. [CrossRef]

5. Sharma, J.; Chhabra, R,; Yan, H.; Liu, Y. pH-driven conformational switch of “i-motif” DNA for the reversible
assembly of gold nanoparticles. Chem. Commun. 2007, 477-479. [CrossRef] [PubMed]

6. Gehring, K,; Leroy, ].-L.; Gueron, M. a tetrameric DNA structure with protonated cytosine-cytosine base
pairs. Nature 1993, 363, 561-565. [CrossRef] [PubMed]

7.  Leroy, J.-L.; Guéron, M.; Mergny, J.-L.; Héléne, C. Intramolecular folding of a fragment of the cytosine-rich
strand of telomeric DNA into an i-motif. Nucleic Acids Res. 1994, 22, 1600-1606. [CrossRef]

8.  Mergny, J.-L.; Lacroix, L.; Han, X.; Leroy, J.-L.; Helene, C. Intramolecular Folding of Pyrimidine
Oligodeoxynucleotides into an i-DNA Motif. J. Am. Chem. Soc. 1995, 117, 8887-8898. [CrossRef]

9. Simonsson, T.; Pribylova, M.; Vorlickova, M. a Nuclease Hypersensitive Element in the Human c-myc
Promoter Adopts Several Distinct i-Tetraplex Structures. Biochem. Biophys. Res. Commun. 2000, 278, 158-166.
[CrossRef]

10. Xu, Y. Formation of the G-quadruplex and i-motif structures in retinoblastoma susceptibility genes (Rb).
Nucleic Acids Res. 2006, 34, 949-954. [CrossRef]

11.  Guo, K,; Pourpak, A.; Beetz-Rogers, K.; Gokhale, V.; Sun, D.; Hurley, L.H. Formation of Pseudosymmetrical
G-Quadruplex and i-Motif Structures in the Proximal Promoter Region of the RET Oncogene. |. Am.
Chem. Soc. 2007, 129, 10220-10228. [CrossRef] [PubMed]

12. Guo, K,; Gokhale, V,; Hurley, L.H.; Sun, D. Intramolecularly folded G-quadruplex and i-motif structures in
the proximal promoter of the vascular endothelial growth factor gene. Nucleic Acids Res. 2008, 36, 4598—-4608.
[CrossRef] [PubMed]

13. Kendrick, S.; Akiyama, Y.; Hecht, SM.; Hurley, L.H. The i-Motif in the bcl-2 P1 Promoter Forms an
Unexpectedly Stable Structure with a Unique 8:5:7 Loop Folding Pattern. J. Am. Chem. Soc. 2009, 131,
17667-17676. [CrossRef] [PubMed]

14. Kumar, P; Verma, A.; Maiti, S.; Gargallo, R.; Chowdhury, S. Tetraplex DNA Transitions within the Human
c-myc Promoter Detected by Multivariate Curve Resolution of Fluorescence Resonance Energy Transfer.
Biochemistry 2005, 44, 16426-16434. [CrossRef] [PubMed]

15. Bhavsar-Jog, Y.P.; Van Dornshuld, E.; Brooks, T.A.; Tschumper, G.S.; Wadkins, R.M. Epigenetic Modification,
Dehydration, and Molecular Crowding Effects on the Thermodynamics of i-Motif Structure Formation from
C-Rich DNA. Biochemistry 2014, 53, 1586—1594. [CrossRef] [PubMed]

16. Cui, J.; Waltman, P;; Le, V.; Lewis, E. The Effect of Molecular Crowding on the Stability of Human c-MYC
Promoter Sequence I-Motif at Neutral pH. Molecules 2013, 18, 12751-12767. [CrossRef] [PubMed]


http://www.mdpi.com/1420-3049/24/5/952/s1
http://dx.doi.org/10.1016/j.trac.2007.12.004
http://dx.doi.org/10.1016/j.ymeth.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/23623822
http://dx.doi.org/10.1021/acs.analchem.8b03299
http://www.ncbi.nlm.nih.gov/pubmed/30345746
http://dx.doi.org/10.1016/j.elecom.2012.06.039
http://dx.doi.org/10.1039/B612707J
http://www.ncbi.nlm.nih.gov/pubmed/17252100
http://dx.doi.org/10.1038/363561a0
http://www.ncbi.nlm.nih.gov/pubmed/8389423
http://dx.doi.org/10.1093/nar/22.9.1600
http://dx.doi.org/10.1021/ja00140a001
http://dx.doi.org/10.1006/bbrc.2000.3783
http://dx.doi.org/10.1093/nar/gkj485
http://dx.doi.org/10.1021/ja072185g
http://www.ncbi.nlm.nih.gov/pubmed/17672459
http://dx.doi.org/10.1093/nar/gkn380
http://www.ncbi.nlm.nih.gov/pubmed/18614607
http://dx.doi.org/10.1021/ja9076292
http://www.ncbi.nlm.nih.gov/pubmed/19908860
http://dx.doi.org/10.1021/bi051452x
http://www.ncbi.nlm.nih.gov/pubmed/16342935
http://dx.doi.org/10.1021/bi401523b
http://www.ncbi.nlm.nih.gov/pubmed/24564458
http://dx.doi.org/10.3390/molecules181012751
http://www.ncbi.nlm.nih.gov/pubmed/24132198

Molecules 2019, 24, 952 12 of 13

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Fojtik, P. The fragile X chromosome (GCC) repeat folds into a DNA tetraplex at neutral pH. Nucleic Acids Res.
2001, 29, 4684-4690. [CrossRef]

Li, T.; Famulok, M. I-Motif-Programmed Functionalization of DNA Nanocircles. ]. Am. Chem. Soc. 2013, 135,
1593-1599. [CrossRef]

Brooks, T.A.; Kendrick, S.; Hurley, L. Making sense of G-quadruplex and i-motif functions in oncogene
promoters: G-quadruplex and i-motif in oncogene promoters. FEBS J. 2010, 277, 3459-3469. [CrossRef]
Reilly, S.M.; Morgan, RK.; Brooks, T.A.; Wadkins, R.M. Effect of Interior Loop Length on the Thermal
Stability and p K, of i-Motif DNA. Biochemistry 2015, 54, 1364-1370. [CrossRef]

Gurung, S.; Schwartz, C.; Hall, ].P,; Cardin, C.J.; Brazier, A. The importance of loop length on the stability of
i-motif structures. Chem. Commun. 2015, 51, 5630-5632. [CrossRef] [PubMed]

Kaushik, M.; Prasad, M.; Kaushik, S.; Singh, A.; Kukreti, S. Structural transition from dimeric to tetrameric
i-motif, caused by the presence of TAA at the 3/-end of human telomeric C-rich sequence. Biopolymers 2010,
93, 150-160. [CrossRef] [PubMed]

Weil, J.; Min, T.; Yang, C.; Wang, S.; Sutherland, C.; Sinha, N.; Kang, C. Stabilization of the i-motif by
intramolecular adenine-adenine—thymine base triple in the structure of d(ACCCT). Acta Crystallogr. Sect. D
Biol. Crystallogr. 1999, 55, 422-429. [CrossRef]

Volker, J.; Klump, H.H.; Breslauer, K.J. The energetics of i-DNA tetraplex structures formed intermolecularly
by d(TC5) and intramolecularly by d[(C5T3)3C5]. Biopolymers 2007, 86, 136—-147. [CrossRef] [PubMed]
Dembska, A.; Bielecka, P.; Juskowiak, B. pH-Sensing fluorescence oligonucleotide probes based on an i-motif
scaffold: a review. Anal. Methods 2017, 9, 6092-6106. [CrossRef]

Bielecka, P; Juskowiak, B. Fluorescent Sensor for PH Monitoring Based on an i-Motif—Switching Aptamer
Containing a Tricyclic Cytosine Analogue (tC). Molecules 2015, 20, 18511-18525. [CrossRef] [PubMed]
Reilly, S.M.; Lyons, D.E; Wingate, S.E.; Wright, R.T.; Correia, ].J.; Jameson, D.M.; Wadkins, R.M. Folding and
Hydrodynamics of a DNA i-Motif from the c-MYC Promoter Determined by Fluorescent Cytidine Analogs.
Biophys. |. 2014, 107, 1703-1711. [CrossRef] [PubMed]

Huang, H.; Hong, X.; Liu, F; Li, N. a simple approach to study the conformational switching of i-motif DNA
by fluorescence anisotropy. Analyst 2015, 140, 5987-5991. [CrossRef]

Mergny, J.-L. Fluorescence Energy Transfer as a Probe for Tetraplex Formation: The i-Motif. Biochemistry
1999, 38, 1573-1581. [CrossRef]

Modji, S.; Swetha, M.G.; Goswami, D.; Gupta, G.D.; Mayor, S.; Krishnan, Y. a DNA nanomachine that maps
spatial and temporal pH changes inside living cells. Nat. Nanotechnol. 2009, 4, 325-330. [CrossRef]
Dembska, A.; Juskowiak, B. Pyrene functionalized molecular beacon with pH-sensitive i-motif in a loop.
Spectrochim. Acta Part a Mol. Biomol. Spectrosc. 2015, 150, 928-933. [CrossRef] [PubMed]

Dembska, A.; Rzepecka, P.; Juskowiak, B. Spectroscopic Characterization of i-motif Forming c-myc Derived
Sequences Double-Labeled with Pyrene. J. Fluoresc. 2013, 23, 807-812. [CrossRef] [PubMed]

Preus, S.; Kilsa, K.; Wilhelmsson, L.M.; Albinsson, B. Photophysical and structural properties of the
fluorescent nucleobase analogues of the tricyclic cytosine (tC) family. Phys. Chem. Chem. Phys. 2010,
12, 8881. [CrossRef] [PubMed]

Wilhelmsson, L.M.; Holmén, A.; Lincoln, P.; Nielsen, P.E.; Nordén, B. a Highly Fluorescent DNA Base
Analogue that Forms Watson—Crick Base Pairs with Guanine. J. Am. Chem. Soc. 2001, 123, 2434-2435.
[CrossRef] [PubMed]

Sandin, P. Fluorescent properties of DNA base analogue tC upon incorporation into DNA—Negligible
influence of neighbouring bases on fluorescence quantum yield. Nucleic Acids Res. 2005, 33, 5019-5025.
[CrossRef] [PubMed]

Stengel, G.; Gill, ].P; Sandin, P.; Wilhelmsson, L.M.; Albinsson, B.; Nordén, B.; Millar, D. Conformational
Dynamics of DNA Polymerase Probed with a Novel Fluorescent DNA Base Analogue. Biochemistry 2007, 46,
12289-12297. [CrossRef] [PubMed]

Sandin, P; Borjesson, K.; Li, H.; Mértensson, J.; Brown, T.; Wilhelmsson, L.M.; Albinsson, B. Characterization
and use of an unprecedentedly bright and structurally non-perturbing fluorescent DNA base analogue.
Nucleic Acids Res. 2008, 36, 157-167. [CrossRef] [PubMed]

Preus, S.; Borjesson, K.; Kilsd, K.; Albinsson, B.; Wilhelmsson, L.M. Characterization of Nucleobase Analogue
FRET Acceptor tCpitro. J. Phys. Chem. B 2010, 114, 1050-1056. [CrossRef]


http://dx.doi.org/10.1093/nar/29.22.4684
http://dx.doi.org/10.1021/ja3118224
http://dx.doi.org/10.1111/j.1742-4658.2010.07759.x
http://dx.doi.org/10.1021/bi5014722
http://dx.doi.org/10.1039/C4CC07279K
http://www.ncbi.nlm.nih.gov/pubmed/25686374
http://dx.doi.org/10.1002/bip.21313
http://www.ncbi.nlm.nih.gov/pubmed/19780129
http://dx.doi.org/10.1107/S0907444998012529
http://dx.doi.org/10.1002/bip.20712
http://www.ncbi.nlm.nih.gov/pubmed/17330895
http://dx.doi.org/10.1039/C7AY01942D
http://dx.doi.org/10.3390/molecules201018511
http://www.ncbi.nlm.nih.gov/pubmed/26473815
http://dx.doi.org/10.1016/j.bpj.2014.08.014
http://www.ncbi.nlm.nih.gov/pubmed/25296324
http://dx.doi.org/10.1039/C5AN01011J
http://dx.doi.org/10.1021/bi982208r
http://dx.doi.org/10.1038/nnano.2009.83
http://dx.doi.org/10.1016/j.saa.2015.06.041
http://www.ncbi.nlm.nih.gov/pubmed/26123509
http://dx.doi.org/10.1007/s10895-013-1184-z
http://www.ncbi.nlm.nih.gov/pubmed/23519528
http://dx.doi.org/10.1039/c000625d
http://www.ncbi.nlm.nih.gov/pubmed/20532361
http://dx.doi.org/10.1021/ja0025797
http://www.ncbi.nlm.nih.gov/pubmed/11456897
http://dx.doi.org/10.1093/nar/gki790
http://www.ncbi.nlm.nih.gov/pubmed/16147985
http://dx.doi.org/10.1021/bi700755m
http://www.ncbi.nlm.nih.gov/pubmed/17915941
http://dx.doi.org/10.1093/nar/gkm1006
http://www.ncbi.nlm.nih.gov/pubmed/18003656
http://dx.doi.org/10.1021/jp909471b

Molecules 2019, 24, 952 13 of 13

39. Zeraati, M.; Langley, D.B.; Schofield, P.; Moye, A.L.; Rouet, R.; Hughes, WE.; Bryan, T.M.; Dinger, M.E;
Christ, D. I-motif DNA structures are formed in the nuclei of human cells. Nat. Chem. 2018, 10, 631-637.
[CrossRef]

40. Dzatko, S.; Krafcikova, M.; Hansel-Hertsch, R.; Fessl, T.; Fiala, R.; Loja, T.; Krafcik, D.; Mergny, J.-L.;
Foldynova-Trantirkova, S.; Trantirek, L. Evaluation of the Stability of DNA i-Motifs in the Nuclei of Living
Mammalian Cells. Angew. Chem. 2018, 130, 2187-2191. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors, but can be synthesized by
Future Synthesis, Poznan, Poland.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1038/s41557-018-0046-3
http://dx.doi.org/10.1002/ange.201712284
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Design of tC Probes 
	Thermal Stability of i-Motifs 
	CD Spectra 
	Fluorescence Properties of the tC-Modified Probes 
	Experiments with Complementary Strand (DNA Duplex and i-Motif Equilibrium) 

	Materials and Methods 
	Materials 
	DNA Melting Temperature (Tm) 
	Circular Dichroism (CD) 
	Fluorescence Emission Spectra 
	Fluorescence Anisotropy Measurements 

	Conclusions 
	References

