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Abstract: The synthesis of two 5′-end (4-dimethylamino)azobenzene conjugated G-quadruplex
forming aptamers, the thrombin binding aptamer (TBA) and the HIV-1 integrase aptamer (T30695),
was performed. Their structural behavior was investigated by means of UV, CD, fluorescence
spectroscopy, and gel electrophoresis techniques in K+-containing buffers and water-ethanol blends.
Particularly, we observed that the presence of the 5′-(4-dimethylamino)azobenzene moiety leads TBA
to form multimers instead of the typical monomolecular chair-like G-quadruplex and almost hampers
T30695 G-quadruplex monomers to dimerize. Fluorescence studies evidenced that both the conjugated
G-quadruplexes possess unique fluorescence features when excited at wavelengths corresponding
to the UV absorption of the conjugated moiety. Furthermore, a preliminary investigation of the
trans-cis conversion of the dye incorporated at the 5′-end of TBA and T30695 showed that, unlike the
free dye, in K+-containing water-ethanol-triethylamine blend the trans-to-cis conversion was almost
undetectable by means of a standard UV spectrophotometer.

Keywords: G-quadruplexes; conjugated aptamers; CD G-quadruplexes; fluorescence G-quadruplexes;
azobenzenes; trans-cis conversion; 5′-(4-dimethylamino)azobenzene phosphoramidite derivative

1. Introduction

Currently, the higher-order noncanonical G-quadruplex structures (Qs) arising from the reverse
Hoogsteen-like pairing of four guanines (G-tetrad) are the most frequently studied DNA structures.
Their involvement in important biological functions, such as telomere maintenance [1–3], DNA-protein
recognition [4,5] and protein inhibition [6,7] has been supposed. Moreover, the stability of Qs in a
large variety of experimental conditions has encouraged their exploitation in biotechnology, affording
a reliable scaffold for biosensors and nanomechanical devices [8–10] where they can also form hybrid
structures with novel two-dimensional materials [11,12].

Qs are often modified with suitable molecules in order to tune their stability or to provide them
with specific properties such as fluorescence, chemical resistance, etc. [13–16]. Among the great
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number of molecules potentially appropriate for oligonucleotide (ON) modification, azobenzene and
its derivatives, characterized by an extensive aromatic core, are of particular interest. Their introduction
into the ON structure, indeed, has the advantage of producing end-capping photoswitches, a type
of derivative whose structure and/or function can be modulated with a high spatial and temporal
resolution by using light at a specific wavelength [17].

Many studies have been performed on the azobenzene linked to ONs forming duplexes or
hairpins [17–19]; in contrast, few examples of Qs incorporating azobenzene have been reported.
Thevarpadam et al. developed a minimal light-switchable DNA module enabling the formation of
an intermolecular Q [20], and Mo et al. have replaced the thrombin binding aptamer (TBA) loop
with a photoactivatable azobenzene residue controlling the thrombin enzyme activity [21]. In both
cases, a 4,4′-bis(hydroxymethyl)azobenzene moiety was used as the scaffold to produce appropriate
derivatives useful for the modification of Qs through a backbone inclusion approach, with the
azobenzene moiety acting as a loop of the folded Q. To the best of our knowledge, no end capped
azobenzene G-rich oligonucleotide (GRO) has been reported to date. However, the exploration of
the structural properties of 5′-azobenzene conjugated Q-forming aptamers may be the crucial issue
for their potential use both in the regulation of the biomolecular processes in which aptamers are
involved and in the design of innovative nanotechnological applications (e.g., biosensors and drug
delivery) [22,23].

On this basis, we started to explore the structural properties of DNA Qs formed by
5′-(4-dimethylamino)azobenzene conjugating two well-known Q forming aptamers, T30695
(5′GGGTGGGTGGGTGGGT3′) and TBA (5′GGTTGGTGTGGTTGG3′). T30695 folds in very stable Q
dimers by means of the stacking of two parallel-stranded monomeric subunits (Figure 1A) at their
5′-end [24]. In each monomer, three double chain-reversal loops, formed by a single T residue, laterally
connect the four G3-tracts. TBA folds into a chair-like monomolecular Q (Figure 1B) having one TGT
and two TT lateral loops that connect the four G2 tracts. Some nucleobases from residues forming
the loops are involved in stacking interactions with both 5′- and 3′-end G-quartets. In particular,
G8 and T9 in the T7G8T9 loop stack on the G-quartet at the 5′-end whereas T4 and T13, in the T12T13

and T3T4 loops, stack on the G-quartet at the 3′-end. Structural studies, performed by means of both
X-ray and NMR techniques, showed that T4, G8, T9, and T13 have an important role in stabilizing the
TBA-Q [25–28].
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Figure 1. Schematic representation of T30695 (A) and TBA (B) Q structures. Red and blue balls
containing the letters G and T represent G and T residues, respectively. Gray rectangles schematize the
G-quartets, regardless the syn-anti orientation of each G residue.

Therefore, the G-quartet at the 5′-end makes important but very different stacking interactions
in T30695- and TBA-Qs. Indeed, in T30695-Q two G-quartets at the 5′-ends of the two monomers
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form the center of the Q dimer interacting with each other and with the adjacent G-quartets, whereas
the G-quartet at the 5′-end of TBA-Q is sandwiched between the G-quartet at the 3′-end and G8T9.
Another important difference between the two Qs relates to the orientation of the G nucleobase with
respect to 2′-deoxy-ribose moiety, deriving from the rotation around the N-glycosidic bond. Indeed,
all the G residues forming T30605-Qs are in an anti orientation, whereas the G residues forming each
G-quartet of TBA-Q alternate between syn and anti orientations.

Herein we report the synthesis of a conjugated 5′-(4-dimethylamino)azobenzene TBA and T30695
and provide an evaluation of the effects of the conjugation on the ability of each sequence to fold in the
corresponding Q. To achieve this purpose, an extensive UV, CD, fluorescence, and gel electrophoresis
analysis has been carried out on the resulting Q variants and, for comparison, on the unmodified Qs.
We have also monitored the cis-trans photoconversion under different solvent conditions of the free
4-(dimethylamino)azobenzene derivative and the corresponding end capping TBA and T30695 dye
by standard UV methods in order to assess their photoresponsive properties. In particular, we have
replaced the common buffered solutions used for the analyses of the structured nucleic acids with H2O:
EtOH blends due to the poor solubility of the free 4-(dimethylamino)azobenzene derivative.

Ultimately, the whole set of our results constitutes a solid basis of chemical and physical knowledge
about (i) the Q-folding capacity of the two sequences T30695 and TBA in comparison with those of
the corresponding (4-dimethylamino)azobenzene conjugated ones, about (ii) the structural behavior
of the unmodified Qs and their variants in solution with different solvents and, finally, on (iii)
their photoresponsive properties. This information may be useful in any future biological and
biotechnological application envisaged for these two aptamers, taking into account that both T30695
and TBA have an important biological activity, since T30695 binds to and inhibits the HIV-1 integrase
at nanomolar concentrations [24,29,30], whereas TBA [27,28,31–34] binds to and inhibits the thrombin,
causing an anticoagulant effect.

2. Results

2.1. Chemistry

The (R) 4-(dimethylamino)azobenzene glycerol derivative (DMAzo, 5, Scheme 1) was realized
according to our recently reported synthetic route adopted for the synthesis of some pyrrole
azobenzenes [35,36]. The two hydroxyl groups of the glycerol linker inserted on one benzene
ring are used to convert the azobenzene derivative into an appropriate phosphoramidite building
block by using the classic procedure (see the Materials and Methods section) [16]. The stability of the
new phosphoramidite found in each cycle of the automated solid-phase synthesis under standard
chemical conditions was verified before its incorporation at the 5′-end of the two selected aptamer
sequences, executing a coupling step with standard solid supports in CPG (controlled pore glass)
functionalized with G or T. T30695 and TBA were first synthesized by automated solid phase synthesis
and, still anchored to the solid support, coupled manually with compound 7 using two coupling cycles
(2 × 20 min).
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glycidol 574 µL (0.640 g, 8.6 mmol) in dry toluene (4.0 mL) at 90 °C; (b) 2 (0. 560 g, 2.6 mmol), Pd/C 

Scheme 1. Synthesis of the DMAzo moiety. (a) 1, (1.0 g, 7.2 mmol), KOH (2 mg, 3.6 × 10−2 mmol),
R-glycidol 574 µL (0.640 g, 8.6 mmol) in dry toluene (4.0 mL) at 90 ◦C; (b) 2 (0. 560 g, 2.6 mmol), Pd/C
(28 mg, 5% w/w with respect to 2) and EtOH (25 mL); (c) 3 (0.400 g, 2.2 mmol), 205 µL fluoroboric
acid (water solution, 48%, 3.3 mmol), EtOH (4.0 mL), −15 ◦C, isoamyl nitrite (0.258 g, 2.2 mmol);
(d) 4 (0.360 g, 1.8 mmol) acetic acid (10 mL, 14.0 g, 232 mmol), sodium acetate (4.0 g, 511 mmol)
and N,N-dimethylaniline (254 µL, 0.270 g, 2.2 mmol). (e) 5 (0.400 g, 1.3 mmol), 4,4-dimethoxytrityl
chloride (0.430 g, 1.3 mmol), 4-dimethylaminopyridine (0.0076 g, 0.062 mmol) dry Py (6.35 mL), 2.5 h
and (f) 6 (0.350 g, 0.57 mmol), β-cyanoethyl-N,N’-diisopropyl-chloro-phosphoramidite (0.190 mL,
0.85 mmol), DIPEA (0.296 mL, 1.7 mmol), dry DCM (3 mL), 1.0 h.

2.2. UV and CD Spectroscopy

The effect of the DMAzo conjugation on the TBA and T30695 Qs, was explored by means of UV and
CD spectroscopy. The experiments were performed using different solvent conditions. Potassium ions
are commonly added to solutions to stabilize Q structures. The folding into a stable TBA-Q requires a
high concentration of potassium ions, usually 100 mM [32,33,37], whereas, due to the strong stability of
T30695-Q, the achievement of the corresponding CD melting curves in the selected temperature range
(10–100 ◦C) requires the reduction of the potassium ion concentration to 10 mM [24,29,30]. On this
basis, we used 10 mM of phosphate buffer containing 90 mM of KCl (100 K buffer, pH = 7.4) for the TBA
and 5′-DMAzo-TBA and 10 mM of potassium phosphate buffer (10 K buffer, pH = 7.4) for the T30695
and 5′-DMAzo-T30695. As mentioned above, all the sequences were also examined using a mixture of
EtOH: H2O 1:1 v/v containing 5 mM of KOH (5KEW). In all the explored conditions, in addition to the
typical UV band at about 260 nm due to the absorption of the ONs, the UV profiles of 5′-DMAzo-TBA
and 5′-DMAzo-T30695 contained a broad band at about 450 nm, attributable to the presence of the
DMAzo moiety at the 5′-end of the two ONs (Figure 2, Supplementary Figures S1 and S2).

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 4 of 20 

 

(28 mg, 5% w/w with respect to 2) and EtOH (25 mL); (c) 3 (0.400 g, 2.2 mmol), 205 µL fluoroboric acid 
(water solution, 48%, 3.3 mmol), EtOH (4.0 mL), −15 °C, isoamyl nitrite (0.258 g, 2.2 mmol); (d) 4 (0.360 
g, 1.8 mmol) acetic acid (10 mL, 14.0 g, 232 mmol), sodium acetate (4.0 g, 511 mmol) and N,N-
dimethylaniline (254 µL, 0.270 g, 2.2 mmol). (e) 5 (0.400 g, 1.3 mmol), 4,4-dimethoxytrityl chloride 
(0.430 g, 1.3 mmol), 4-dimethylaminopyridine (0.0076 g, 0.062 mmol) dry Py (6.35 mL), 2.5 h and (f) 6 
(0.350 g, 0.57 mmol), β-cyanoethyl-N,N’-diisopropyl-chloro-phosphoramidite (0.190 mL, 0.85 mmol), 
DIPEA (0.296 mL, 1.7 mmol), dry DCM (3 mL), 1.0 h. 

2.2. UV and CD Spectroscopy 

The effect of the DMAzo conjugation on the TBA and T30695 Qs, was explored by means of UV 
and CD spectroscopy. The experiments were performed using different solvent conditions. 
Potassium ions are commonly added to solutions to stabilize Q structures. The folding into a stable 
TBA-Q requires a high concentration of potassium ions, usually 100 mM [32,33,37], whereas, due to 
the strong stability of T30695-Q, the achievement of the corresponding CD melting curves in the 
selected temperature range (10–100 °C) requires the reduction of the potassium ion concentration to 
10 mM [24,29,30]. On this basis, we used 10 mM of phosphate buffer containing 90 mM of KCl (100 
K buffer, pH = 7.4) for the TBA and 5′-DMAzo-TBA and 10 mM of potassium phosphate buffer (10 K 
buffer, pH = 7.4) for the T30695 and 5′-DMAzo-T30695. As mentioned above, all the sequences were 
also examined using a mixture of EtOH: H2O 1:1 v/v containing 5 mM of KOH (5KEW). In all the 
explored conditions, in addition to the typical UV band at about 260 nm due to the absorption of the 
ONs, the UV profiles of 5′-DMAzo-TBA and 5′-DMAzo-T30695 contained a broad band at about 450 
nm, attributable to the presence of the DMAzo moiety at the 5′-end of the two ONs (Figure 2, 
Supplementary Figures S1 and S2).  

Figure 2. (A) UV spectra of TBA (black line) and 5’-DMAzo-TBA (fuchsia line) in 100 K buffer (pH = 
7.4) in the range 200–600 nm. (B) UV spectra of T30695 (black line) and 5’-DMAzo-T30695 (fuchsia 
line) in 10 K buffer (pH = 7.4), in the range 200–600 nm. The spectra were acquired at 10 °C using [ON] 
= 20 µM. cuvette o.l. 0.1 cm, V = 400 µL. 

Circular dichroism (CD) analyses performed on both the unmodified and conjugated sequences 
showed that the presence of the DMAzo moiety did not significantly affect the CD profiles of the two 
aptamers. Indeed, similarly to the unmodified TBA (Figure 3A, black line), the CD profile of 5′-
DMAzo-TBA is characterized by three positive bands at 212, 247, and 295 nm and a negative one 
around 270 nm. These bands can be attributed to the presence of an antiparallel Q in the given 
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Figure 2. (A) UV spectra of TBA (black line) and 5′-DMAzo-TBA (fuchsia line) in 100 K buffer (pH = 7.4)
in the range 200–600 nm. (B) UV spectra of T30695 (black line) and 5′-DMAzo-T30695 (fuchsia line) in
10 K buffer (pH = 7.4), in the range 200–600 nm. The spectra were acquired at 10 ◦C using [ON] = 20 µM.
cuvette o.l. 0.1 cm, V = 400 µL.
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Circular dichroism (CD) analyses performed on both the unmodified and conjugated sequences
showed that the presence of the DMAzo moiety did not significantly affect the CD profiles of the
two aptamers. Indeed, similarly to the unmodified TBA (Figure 3A, black line), the CD profile of
5′-DMAzo-TBA is characterized by three positive bands at 212, 247, and 295 nm and a negative one
around 270 nm. These bands can be attributed to the presence of an antiparallel Q in the given solutions
(Figure 3A fuchsia line) [32,33,37,38]. In 10 K buffer, the CD profiles of T30695 (Figure 3B black line)
and of 5′-DMAzo-T30695 (Figure 3B, fuchsia line) are both characterized by two positive CD bands at
about 209 and 262 nm and a negative one at 242 nm, thus suggesting that the conjugated sequence
preserved the same ability as T30695 to fold into parallel Qs. A weak positive CD band around 300 nm
appeared only in the CD profile of the unmodified T30695. Significantly, in the CD profiles of both
conjugated ONs, there were no significant bands correlated with the UV band at about 450 nm.
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A similar behavior was observed using the 5KEW blend, with the exception of slight redshifts of
the CD bands of 5′-DMAzo-T30695 (Supplementary Figure S3B′).

In order to quantify the effect of the DMAzo conjugation on the stability of the TBA- and T30695-Qs,
CD melting experiments were performed. Figure 4A shows the CD melting curves of TBA (black) and
of 5′-DMAzo-TBA (fuchsia), in the 100 K buffer, carried out by monitoring the amplitude of the CD
band at 295 nm, increasing the temperature from 10 to 90 ◦C.

The apparent melting temperature, evaluated from the minimum in the first derivative of each
melting curve, suggested that the conjugation with the DMAzo moiety significantly reduced the
thermal stability of the TBA Q structure (∆Tm∼−6 ◦C).

According to literature data, the CD melting curve of T30695 shows two inflection points
accounting for two unfolding events, 5′-5′ end-to-end stacked dimeric Qs→Qs monomers→ unfolded
single strands [24,29,30]. The melting curve of 5′-DMAzo-T30695 was very similar to that of T30695,
except for the second inflection point, which occurred at T higher than 90 ◦C (Figure 4B). Indeed,
the monitored CD band appeared to persist also at 100 ◦C suggesting that the source of this CD signal
was still in solution at the highest explored temperature whereas the CD band at 263 nm caused by
T30695-Q almost completely disappeared at T ~90 ◦C. The data obtained strongly suggested that
the conjugation of the DMAzo at the 5′-end of T30695-Q caused a strong stabilizing effect on the
monomolecular T30695-Q.
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Figure 4. CD melting profiles of TBA or T30695 and of the corresponding conjugated sequences in
different solvent conditions. (A) TBA (black line) and 5′-DMAzo-TBA (fuchsia line) in 100 K buffer
(pH=7.4). (B) T30695 (black line) and 5′-DMAzo-T30695 (fuchsia line), in 10 K buffer (pH = 7.4).
(C) TBA (black line) and 5′-DMAzo-TBA (fuchsia line) in 5KEW blend. (D) T30695 (black line) and
5′-DMAzo-T30695 (fuchsia line) in 5KEW blend. [ON] = 2.0 µM.

In agreement with the CD melting results in 100 K buffer, in the 5KEW blend, the introduction
of DMAzo at the 5′-end of TBA also appeared to negatively affect the stability of the folded Q(s)
(Figure 4C), while the 5′-DMAzo-T30695 seemed not to be affected by increasing the temperature up
to 90 ◦C (Figure 4D, fuchsia line). In the adopted condition, T30695-Q(s) also appeared to melt only
partially (Figure 4D, black line). Therefore, unlike for TBA, the T30695-Q(s) appeared to be stabilized by
introducing the DMAzo moiety at the 5′-end of the sequence. The CD spectra at different temperatures
in the range 20–60 ◦C for TBA and 5′-DMAzo-TBA and 20–90 ◦C for T30695 and 5′-DMAzo-T30695 were
also acquired using the 5KEW blend (Supplementary Figures S4 and S5A–D). As expected, with the
increase of the temperature from 20 to 60 ◦C the amplitude of the CD band at around 290 nm produced
by the 5′-DMAzo-TBA-Q(s) decreased more rapidly than that of TBA (Figure S5A,B). In agreement
with the CD melting results, the CD profiles of 5′-DMAzo-T30695 did not show any significant changes,
whereas the positive CD band at 263 nm produced by T30695 gradually decreased (by about 30%) with
an increase of the temperature from 20 to 90 ◦C (Supplementary Figures S4 and S5C,D).

2.3. Fluorescence Results

It is well known that Qs produce a fluorescent emission band around 400 nm when excited with
wavelength in the range 255–265 nm [39–49]. Our fluorescence experiments revealed that both TBA
and 5′-DMAzo-TBA, annealed in 100 K buffer were unable to produce a significant emission band in
the range 300–460 nm (Figure 5A, black and red lines respectively). In agreement with the literature
data [47–49], the fluorescence spectra of T30695 excited at 255 nm showed two broad bands in the
wavelength range 300–460 nm (Figure 5B, black line). However, the conjugation of T30695 at the 5′-end



Int. J. Mol. Sci. 2020, 21, 7103 7 of 21

with the DMAzo moiety strongly reduced this emission (Figure 5B, red line). Moreover, the UV spectra
of both 5′-DMAzo-TBA and 5′-DMAzo-T30695 also showed an additional UV band around 450 nm
(Figure 2). We also excited the two conjugated ONs at 450 nm, acquiring the steady-state emission
spectra in the range of 480–650 nm. The fluorescence results showed emissions centered at 560 nm
(Figure 5C and Supplementary Figure S6, black and red lines), which are very different both in their
profile and intensity from those of the free DMAzo moiety (Figure 5C and Supplementary Figure S6,
blue line). It is noteworthy that, in both cases, an increase in the fluorescence of about seven-fold
was evidenced.
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Figure 5. The normalized fluorescence spectra of (A) TBA (black line) and 5′-DMAzo-TBA (red line)
in 100 K buffer excited at 255 nm and acquired in the range 300–460 nm. (B) T30695 (black line) and
5′-DMAzo-T30695 (red line) in 10 K buffer excited at 255 nm and acquired in the range 300–460 nm.
(C) 5′-DMAzo-TBA (100 K buffer, red line), 5′-DMAzo-T30695 (10K buffer, black line) and free DMAzo
(10 K buffer, blue line) excited at 450 nm and acquired in the range 480–650 nm.

Despite the fact that the UV and CD profiles of both the conjugated and unmodified ONs annealed
in 5KEW (Supplementary Figures S5 and S1) were very similar to those obtained in the phosphate
buffer solutions (Figures 2 and 3 and Supplementary Figure S3) important differences in the steady-state
emission spectra of the ONs were revealed depending on the solvent system used. Indeed, a new
band centered at about 310 nm appeared after excitation at 255 nm for all species (Figure 6 and
Supplementary Figure S7). Furthermore, in the case of T30695 this band was also accompanied by
two other broad fluorescence emissions at about 360 and 400 nm (Figure 6A and Supplementary
Figure S7). The fluorescence spectra were also acquired at different temperatures, from 25 to 95 ◦C
(∆T = 10 ◦C), after excitation at 255 nm. The fluorescence intensity of the bands produced by T30695 in
the range 340–460 nm decreased with an increase in the temperature, thus suggesting that the presence
of Qs in the solutions could affect the above-mentioned emissions. The fluorescence properties of
the conjugated dye were further explored by the excitation of the samples at 450 nm, acquiring the
fluorescence emission in the wavelength range 480–650 nm (Figure 7A). Similar to the results obtained
using phosphate buffer, in 5KEW, the DMAzo conjugating ONs also emitted more intensely than the
free DMAzo (Figure 5C and Supplementary Figure S6). Moreover, significant differences in the maxima
of the emission bands were also revealed between the two conjugated ONs. At 25 ◦C the fluorescence
profiles of 5′-DMAzo-TBA showed the main band centered at 397 nm and a shoulder at 530 nm
(Figure 7A, red line) whereas those of the free DMAzo (Figure 7A, blue line) and 5′-DMAzo-T30695
(Figure 7A, black line) showed two bands having the same intensity at 397 and 530 nm. A fluorescence
broadening in the wavelength range of 540 nm up to the fixed end-scale was observed in the case of the
5′-DMAzo-T30695. In order to acquire information about the behavior of the emitted fluorescence from
the free DMAzo and the DMAzo conjugating Qs, temperature-dependent fluorescence experiments
were also carried out by exciting the samples in 5KEW at 450 nm (Figure 7B, Supplementary Figures
S8 and S9). The intensity of fluorescence emission of the 5′-DMAzo-TBA and of the free DMAzo
(Supplementary Figure S8) decreased in the entire fixed spectral range as the temperature was
increased. In the case of 5′-DMAzo-T30695, a decrease in the intensity of the fluorescence at 530 nm
and a simultaneous increase at 500 nm caused an isofluorescent point at about 525 nm in the range
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25–75 ◦C (Figure 7B and Supplementary Figure S9). These data suggest that a transition between two
differently emitting states involving the conjugating ON dye followed the increase of the temperature
from 10 to 75 ◦C. Over 75 ◦C, the fluorescence behavior of the 5′-DMAzo-T30695 became similar to
that of the 5′-DMAzo-TBA (Supplementary Figures S8 and S9), and the increase in the temperature
only provoked a decrease in the fluorescence intensity.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 8 of 20 
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(lane 2), on cooled (8–10 °C), non-denaturing polyacrylamide gel containing 30 mM of KCl. The TBA 

Figure 6. (A,B) Fluorescence spectra at different temperatures (from 25 to 95 ◦C, ∆T = 10 ◦C) of T30695
and 5′-DMAzo-T30695 excited at 255 nm acquired in the region 300–460 nm. (C,D). Fluorescence
spectra at different temperatures (from 25 to 95 ◦C, ∆T = 10 ◦C) of TBA and 5′-DMAzo-TBA excited at
255 nm acquired in the region 300–460 nm. In all cases 5KWE was used as a solvent.
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Figure 7. (A) Fluorescence spectra of the free DMAzo (blue line), 5′-DMAzo-TBA (red line) and
5′-DMAzo-T30695 (black line) at 25 ◦C in the wavelength range 480–650 nm, after excitation at 450 nm.
(B) Temperature-dependent fluorescence spectra of the 5′-DMAzo-T30695, in the wavelength range
480–650 nm, after excitation at 450 nm. In all cases 5KWE was used as solvent.
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2.4. Native PAGE

In order to verify the ability of the conjugated TBA and T30695 to fold into the corresponding Q,
in the presence of K+ ions, a non-denaturing gel electrophoresis mobility shift assay was performed.
Figure 8 shows the electrophoretic mobilities of the TBA and T30695 (lane 1 and 5, respectively), of the
conjugated sequences 5′-DMAzo-TBA and 5′-DMAzo-T30695 (lanes 3 and 4), and of 5’TT-T30695
(lane 2), on cooled (8–10 ◦C), non-denaturing polyacrylamide gel containing 30 mM of KCl. The TBA and
5’TT-T30695 were used as internal references for the monomolecular Qs. As expected, the migrations of
the TBA and 5’TT-T30695 [24,29,30,35] were faster than the main band of T30695, thus confirming that
the folding of T30695 gives rise to dimeric Q. Besides the fastest main band, T30695 and 5′-TT-T30695
also show other electrophoretic bands; this phenomenon had already been observed and attributed to
the formation of another type of stacked dimer (i.e., 3′-3′-end-to-end and/or 5′-3′-end-to-end stacked
Q dimers) [24,29,30,35]. The 5′-DMAzo-T30695 (lane 5) migrated faster than the unmodified T30695,
but slower than 5’TT-T30695, thus suggesting that the presence of the DMAzo moiety at the 5′-end
modifies, at least in part, the ability of T30695 to form dimeric Qs [24,29,30,35]. Surprisingly, many
slow bands are present in lane 3, thus indicating that the 5′-DMAzo-TBA forms multimer species
having high molecular weights. Importantly, similar results were also obtained by annealing the ONs
in 5KEW and loading the samples on gel containing 5.0 mM of KCl (Supplementary Figure S10).
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Figure 8. Electrophoresis mobility shift assay of the conjugated and unmodified sequences. Lane 1:
TBA; lane 2: 5′-TT-T30695; lane 3: 5′-DMAzo-TBA; lane 4: 5′-DMAzo-T30695 and lane 5: T30695.

2.5. Spectroscopic Characterization of the Free and Conjugated DMAzo

Light-activated cis isomers of DMAzo analogues generally have very short half-lives in a wide
range of experimental conditions caused by acid-base equilibria involving the protonation of the
diazogroup [50–55]. However, in a mildly alkaline medium, irradiation with visible light causes the trans
to cis conversion of the DMAzo moieties incorporated within DNA double helix structures [17,56,57]
triggering significant changes in the stability of the duplex structures. Based on these results, with
the aim of verifying the effect of light irradiation on 5′-DMAzo conjugated ONs, we first explored
the trans-cis conversion of free DMAzo (5, Scheme 1) in different water-based blends. Specifically,
we performed a preliminary study on 5 in H2O: EtOH 50:50 containing 5 mM of KCl, varying the pH
of the solution by the addition of triethylamine (TEA). The choice of these operating conditions was
made according to certain important factors, namely the ability of G-rich strands to fold into Q(s) in
H2O: EtOH blends [58–60], thus allowing us to avoid using buffered solutions, such as 5 which has
limited solubility (<10 µM).

First, the UV spectra of 5 (20 µM) dissolved in 5KEW before and after the irradiation with LED
at 436 nm were monitored. After irradiation, the spectra did not show any change attributable to the
presence of the 5-cis isomer in the solution (Supplementary Figure S11A), thus suggesting that the
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cis to trans conversion could not be revealed by standard UV spectroscopy [36,51–55]. Similar results
were also obtained with the addition of TEA at a final concentration <0.05 mM. With an increase of
TEA up to 0.1 mM, the UV absorption bands of 5 maintained in the dark did not significantly change
(Supplementary Figure S11B). However, after the LED irradiation the intensity of the absorption bands
of 5 around 412 and 445 nm significantly decreased, their maxima moved at 394 and 450 nm and a new
weak broadened absorption at 525 nm appeared (Figure 9A). These results suggest that the increase
of the pH favored the photo-activation of 5-cis. A further increase in the TEA concentration (0.5 mM)
caused weak additional changes in the UV spectrum of 5 after irradiation (Figure 9B). The acquisition of
time dependent UV spectra confirmed the reversibility of the conversion (Supplementary Figure S12).
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Figure 9. (A) UV spectra of the free DMAzo in the 5KEW containing 0.1 mM of TEA before (green line)
and after (blue line) excitation with LED at 436 nm. (B) UV spectra of the free DMAzo in the 5KEW
containing 0.5 mM of TEA before (green line) and after (blue line) excitation with LED at 436 nm.

Based on the above described results we explored the behavior of both the 5′-DMAzo-TBA and
5′-DMAzo-T30695 in a 5KEW blend containing 0.1 mM of TEA (5KEW-TEA) before and after the LED
irradiation by means of standard UV spectroscopy. In order to assess the effect of the presence of
TEA in the blend on the 5′-DMAzo-TBA and 5′-DMAzo-T30695 Qs, preliminary CD and fluorescence
experiments were performed (Supplementary Figures S13 and S14). No significant changes were
observed when comparing the results obtained with those described above for 5′-DMAzo-TBA and
5′-DMAzo-T30695 dissolved in 5KEW (Figure 6 and Supplementary Figure S5), thus confirming that
the ability of the two sequences to fold into Qs was not significantly affected by the addition of TEA.

The UV spectra of 5′-DMAzo-TBA acquired before and after irradiation showed only weak
reversible changes in the absorption bands at 405 and 454 nm, while the UV band around 260 nm was
almost unchanged (Figure 10). Similar UV spectra acquired with the 5′-DMAzo-T30695 did not show
any change after irradiation (Supplementary Figure S15). Therefore, the chemical environment around
the DMAzo moiety (Figure 1) at the 5′-end of the two ONs could affect the acid–base equilibria of the
dye in a manner in which neither the trans-cis conversion nor the effect of this conversion on the Qs
were detectable with standard UV analyses, also using alkaline pH.
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Figure 10. (A) Time-dependent UV spectrum of the 5′-DMAzo-TBA in the 5KEW-TEA blend; after
irradiation at 436 nm. (B) The enlargement of the UV-vis region between 320–600 nm. The band
intensities around 440 nm attributable to the absorption of the conjugated 5′DMAB slightly decrease
after irradiation (blue line), and consecutively increases over time to reach the values observed before
irradiation (violet line) in dark. [ON] = 3.5 × 10−6 M.

3. Discussion

In this study, two new TBA and T30695 variants have been synthesized through the conjugation
at the 5′-end of each sequence of a DMAzo moiety. Our UV and CD studies showed that the new
synthesized 5′-DMAzo-T30695, similarly to T30695, is able to fold into parallel Q structures. CD melting
experiments conducted using both 10 K buffer and a 5KEW blend showed that the thermal stability
of 5′-DMAzo-T30695-Q is higher than that of T30695-Q, thus suggesting that the DMAzo moiety
has a favorable interaction with the Q structure. However, no further dichroic bands, besides those
attributable to the T30695-Q, appeared in the spectra. Thus, neither the chirality of the Q, nor the chiral
carbon in the glycerol linker on the DMAzo moiety caused a dichroic effect on the DMAzo absorption
(350–500 nm).

Fluorescence experiments performed with an excitation at 255 nm showed that the conjugation
partially suppressed the T30605-Q emission. It could speculate that this loss of fluorescence
intensity might be due to quenching events involving the conjugated DMAzo. However, native
PAGE experiments suggested that the presence of the DMAzo moiety at the 5’-end decreases the
ability of T30695-Q to dimerize through 5′-5′ end-to-end stacking. Thus, similarly to the results
obtained by adding a T residue at the 5′-end of T30695-Q [24,29,49], the partial suppression of the
5′-DMAzo-T30695-Q emitting properties with respect to those of T30695-Q could be attributable to the
partial loss of the excimers formed through 5′-5′-end-to-end interactions between the Q monomers in
the solution [49]. Significantly, in the 10 K buffer, irradiation at 450 nm of the 5′-DMAzo-T30695-Q
caused an intense broad band emission around 550 nm. It is noteworthy that the 5’-DMAzo-T30695-Q
emitted seven-fold more intensively than 5 dissolved in the same buffer. However, no fluorescence
resonance energy transfer (FRET) phenomenon occurred when irradiating the sample at 255 nm (data
not shown). Thus, the fluorescence features of the 5′-DMAzo-T30695-Q after irradiation at 450 nm
should be connected to the influence of the chemical environment on the emitting properties of the
conjugating dye.

The excitation at 255 nm of 5′-DMAzo-T30695 and T30695 annealed in the 5KEW blend caused an
emission band around 310 nm in the fluorescence spectra. This emitting band was always observed for
all the explored ONs and the increase in the temperature up to 95 ◦C caused only a partial suppression
of its intensity, also in the case of the TBA, where the Q is certainly destroyed at 95 ◦C. On this
basis, we hypothesized that the unstructured ONs in 5KEW may substantially contribute to this
fluorescent band.

In addition, only T30695-Q showed also two broad emission bands around 360 and 390 nm, which
were very similar to those produced by the same Qs in the 10 K buffer. CD melting experiments showed
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that increase of the temperature from 25 to 95 ◦C of the T30695-Q solution caused only a partial loss
(about 30%) in the intensity of the dichroic band at 263 nm. Furthermore, the acquired CD spectra in
the temperature range 20–70 ◦C showed an isoelliptic point around 273 nm, thus suggesting that a
transition between the two Q species, namely bimolecular→monomolecular Qs was occurring in the
solution [24,29]. The fact that the intensity of the positive dichroic band at 263 nm still appeared at
90 ◦C suggested that T30695-Q monomers were still in the solution while the corresponding dimers
were destroyed by heating up to 70 ◦C. Meanwhile, with an increase in the temperature from 25 to
65 ◦C the fluorescence intensity of the broad bands at 360 and 390 nm decreased. Based on these results,
it can be inferred that the T30695-Q dimers could be responsible for these emission bands.

Parallel CD and fluorescence spectral measurements performed on the 5’-DMAzo-T30695-Q
showed that the increase in the temperature from 20 to 90 ◦C did not significantly affect the CD
band at 263 nm whereas at 25 ◦C only weak emissions at 360 and 390 nm after excitation at 255 nm
were observed. These results suggested that similarly to the 10 K buffer, also in the 5KEW blend
the presence of DMAzo at the 5′-end of the T30695-Q could affect the ability of T30695 to form Q
dimers. Furthermore, with an irradiation of the 5′-DMAzo-T30695-Q in 5KEW at 450 nm and an
increase in the temperature from 25 to 75 ◦C the fluorescence spectra showed a significant change
in the emission bands, and an isofluorescent point at about 525 nm appeared. Considering that this
phenomenon is generally due to the transition between two differently emitting states of a given
molecule [61], the increase in the temperature could cause the loss of such interactions between the
dye and the T30695-Q.

More complex events govern the folding 5′-DMAzo-TBA into Qs. Indeed, the conjugation of dye at
the 5′-end of the TBA caused a significant change in the ability of the sequence to form a monomolecular
Q, as evidenced by electrophoresis experiments on non-denaturing gel. The 5′-DMAzo-TBA annealed
in the 100 K buffer or 5KEW blend always showed a high number of bands having low electrophoretic
mobilities, in addition to a weak band having the same electrophoretic mobility as the TBA. These data
indicated that the presence of the dye induced the shift of the TBA folding from a monomolecular- to
multimeric- Q. In line with these results, previously reported studies have demonstrated the sensitivity
of the TBA-Q typology to such specific modifications [62]. In order to obtain additional information
about the structural features of the 5′-DMAzo-TBA-Qs fluorescence experiments were also performed
irradiating at 255 nm the 5′-DMAzo-TBA or TBA in both the 100 K buffer and 5KEW. However,
the resulting spectra did not exhibit any significant differences. The overall results of the CD and
fluorescence experiments suggested that 5′-DMAzo-TBA-Q aggregates could preserve certain TBA-Q
features, such as the antiparallel orientation of the strands.

As had occurred in relation to the 5′-DMAzo-T30695, the excitation at 450 nm of the 5′-DMAzo-TBA
gave rise to different fluorescence features depending on the solvent conditions used. In the 100 K
buffer a broad fluorescent band emission centered at 545 nm appeared, whereas in the 5KEW blend
the maximum of the main band was around 497 nm with a shoulder at 530 nm. In both cases
the fluorescence intensity of the 5′-DMAzo-TBA was significantly higher than that of the free dye.
Furthermore, the substantial differences observed when comparing the fluorescence data acquired on
the 5′-DMAzo-TBA with those obtained for 5′-DMAzo-T30695 indicated that the conjugation to the Qs
always positively impacted on the fluorescence intensity acquired after excitation at 450 nm and that
the emitting profiles were related to the Q typology carrying the dye at the 5′-end as well as to the
solvent system used.

Finally, in order to explore the trans-cis conversion of the dye incorporated at the 5′-end of the
TBA and T30695, a preliminary investigation into the behavior of the free dye under irradiation by LED
436 nm was performed by means of UV spectroscopy. As a general rule, the trans-cis conversion of
diazobenzene and its analogues can be quickly proved through the acquisition of UV spectra before and
after irradiation at specific wavelengths [50]. The acquisition of time-dependent UV spectra provides
for the reversibility of the trans to cis diazobenzene conversions and for the kinetic parameters of the
reaction. Different phenomena can affect the kinetics of the trans-cis conversion and of the reverse
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reaction, such as the polarity of the solvents, the type and position of the functional groups on the
aromatic rings, and the presence of acid-base equilibria. Both theoretical and experimental studies
suggest that the protonation of the diazo-group of the free DMAzo analogues occurs also at neutral pH
in protic solvents, as it proceeds through tautomeric equilibria involving the dimethyl-amino group
on one phenyl ring [36,51–55]. Due to the reduction of the double bond degree in the protonated
diazo group, the thermal decay of the cis DMAzo analogues occurs from ns to s, depending on the
existence of further functional group on the benzene rings and on the solvent used. However, in line
with previously reported data [36,51–55], we evidenced that TEA is effective in inducing an increase in
the half-life of the free cis-dye in 5KEW, allowing us to obtain significant and reversible changes in the
standard UV spectra acquired before and after LED irradiation.

Despite this, LED irradiation did not affect the UV spectrum of 5′-DMAzo-T30695, and only small
reversible changes in that of the 5′-DMAzo-TBA were noticeable. As a consequence of the presence of a
sufficiently extended aromatic core in the dye, we speculated that the thermodynamically stable trans
geometry of the dye was further stabilized by stacking interactions with the neighboring G-quartet,
thus affecting the energetic gap between trans-cis isomers. However, differently from typical Q ligands
having large aromatic ring systems, such as BRACO-19 [63] or pyridostatin [64], the conjugated
dye was not able to stack on all four guanine bases of the G-tetrad, thus allowing limited stacking
interactions. As a consequence, in alkaline medium, the trans-to-cis conversion should be detectable,
as had occurred for double helices incorporating DMAzo analogues [17,56,57]. In addition, the dye
was not functionalized with specific substituents able to support the stacking on the G-quartet by
additional interactions [65–70]. Based on these observations, we hypothesized that such interactions
between the dye and the Qs can stabilize a specific tautomer of the protonated dye, thus accelerating
or hampering the trans-cis conversion also using alkaline pH [51–55]. Further detailed studies are
currently in progress to corroborate our hypothesis. The characterization of the structural behavior of
the DMAzo conjugating Qs will be useful in order to obtain new insights concerning the conditions
that govern the fluorescence enhancement of the DMAzo conjugating Qs.

4. Materials and Methods

4.1. General

Commercial reagents, all organic solvents and water (HPLC grade) were purchased from
Merck (Kenilworth, NJ, USA). Silica gel chromatography was performed using Merck silica gel
60 (0.063–0.200 mm). TLCs were run on Merck silica gel 60 F254 plates (Kenilworth, NJ, USA)
and the spots were visualized by means of an UV lamp (Vilber Lourmat VL-4LC, 365 and 254 nm).
CD experiments were performed on a JASCO 715 spectropolarimeter equipped with a PTC-348
temperature controller. ON syntheses were performed on a PerSeptive Biosystem Expedite DNA
synthesizer. HPLC purifications and analyses were carried out using a JASCO PU-2089 Plus HPLC
pump equipped with a JASCO BS-997-01 UV detector. UV experiments were performed on a JASCO
V-530 spectrophotometer, equipped with a PTC-348 temperature controller. 1H (500 MHz and 700 MHz)
and 13C (125 MHz). NMR spectra were recorded on an Agilent INOVA spectrometer (Agilent
Technology, Cernusco sul Naviglio, Italy); chemical shifts were referenced to the residual solvent signal
(CD3OD: δH = 3.31, δC = 49.0 ppm; DMSO-d6: δH = 2.50, δC = 39.5 ppm). For an accurate measurement
of the coupling constants, the one-dimensional 1H NMR spectra were transformed at 64 K points
(digital resolution: 0.09 Hz). HRMS (ESI positive mode) was performed with a Thermo LTQ Orbitrap
XL mass spectrometer (Thermo-Fisher, San Josè, CA, USA). The spectra were recorded by infusion into
the ESI source using MeOH as solvent.

4.2. Chemistry

Compounds 2 and 3 were synthesized and characterized according to previously reported
procedures [35].
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(R, E)-3-(4-((4-(dimethylamino)phenyl)diazenyl)phenoxy)propane-1,2-diol (5). A mixture of 3 (0.400 g,
2.2 mmol), 205 µL fluoroboric acid (water solution, 48%, 3.3 mmol) and 4 mL of EtOH was cooled to
−15 ◦C under argon and then 224 µL of isoamyl nitrite (0.258 g, 2.2 mmol) were added. After 12h under
stirring, the produced diazonium salt was first precipitated by diluting the mixture with n-hexane,
and then further washed with n-hexane (three times). The solid residue was dried under vacuum to
give 4, which was used in the next step without further treatment. Compound 4 (0.360 g, 1.8 mmol)
was dissolved in 10 mL of acetic acid (14.0 g, 232 mmol), under magnetic stirring. Sodium acetate
(4.0 g, 511 mmol) and dimethylaminoaniline were consecutively added to the solution. After 15 min
at r.t., the formation of a gel-like mixture was observed. The reaction time was further prolonged
up to 1 h, under slow stirring. The final mixture was diluted with water and extracted with DCM
(4–5 times). The collected organic layers were dried under vacuum and the residue re-dissolved
in MeOH. The obtained solution was embedded on silica and then rotary evaporated to dryness.
The resulting powder was applied on a DCM: propan-2-ol 90:10 (v/v) packed silica gel column and
then chromatographed using isocratic conditions. The collected fractions, dried under vacuum (TLC
90:10 DCM:MeOH, v/v, Rf = 0.6), were further purified on HPLC RP-18 column (H2O:CH3CN, 80:20
v/v, tR = 12 min), to get 5 (69% yields).

1H NMR (500 MHz, CD3OD) δ: 3.06 (s, 6H, N(CH3)2), 3.67 (m, 2H, CH2OH), 4.00 (m, 1H, CHOH),
4.04 (dd, J = 4.2, 9.6 Hz, 1H, OCH2), 4.14 (dd, J = 6.0, 9.6 Hz, 1H, OCH2), 6.82 (d, J = 9.1 Hz, 2H,
C3,5

ArH), 7.06 (d, J = 8.9 Hz, 2H, C2,6
ArH), 7.77 (d, J = 9.1 Hz, 2H, C2,6

ArH), 7.77 (d, J = 8.9 Hz, 2H,
C3,5

ArH). 13C NMR (125 MHz, CD3OD) δ: 39.3 (N(CH3)2), 62.9 (CH2OH), 70.6 (CHOH), 69.4 (OCH2),
111.5 (C3,5

Ar), 114.6 (C2,6
Ar), 123.8 (C3,5

Ar), 124.3 (C2,6
Ar), 143.7 (C1

Ar), 147.7 (C4
Ar), 152.5 (C4

Ar), 160.7
(C1

Ar). [α]25= -21.5 [c= 21,6 mg/mL; EtOH]
Synthesis of phosphoramidite building blocks (7): Compound 5, (0.400 g, 1.3 mmol),

4,4-dimethoxytrityl chloride (0.430 g, 1.3 mmol) and 4-dimethylaminopyridine (0.0076 g, 0.062 mmol)
were dissolved in dry pyridine (6.35 mL). The resulting solution was stirred at room temperature (r.t.)
under argon for 3 h. The solution was concentrated under reduced pressure and the residue purified
by column chromatography on silica gel (eluted with 50:50:0.1 N hexane/ethyl acetate /Et3N) to give
mono-dimethoxytritylated 6 as a clear orange solid (yields 44%).

Compound 6 (0.350 g, 0.57 mmol), β-cyanoethyl-N,N’-diisopropylchlorophosphoramidite
(0.190 mL, 0.85 mmol) and DIPEA (0.296 mL, 1.7 mmol) were dissolved in dry DCM (3 mL), 1.0 h.
After 60 min, the reaction was diluted with ethyl acetate (15 mL), and finally washed with sodium
carbonate solution (10%, 15 mL) and brine (15 mL). The organic layer was dried on magnesium
sulphate and concentrated in vacuo. The residue was purified by silica gel chromatography eluted
with hexane/ethyl acetate and triethylamine (80:10:10). The fractions containing the product were
collected and concentrated under vacuum, yielding 7 as an orange foam (85% yield). 1H, 13C, 31P
NMR and HRMS of the final product are reported in the supplementary material (Supplementary
Figures S16–S19).

Synthesis of conjugated aptamers: The TBA and T30695 were synthesized using standard solid
phase DNA chemistry on a controlled pore glass (CPG) support 3′-bounded to the first nucleotide of
the sequence, following the β-cyanoethyl phosphoramidite method. The corresponding conjugated
sequences were obtained by adding a manual coupling stage with the phosphoramidite building
block 7 at the end of the synthesis of the TBA and T30695 sequences. The coupling time of the final
two coupling steps was extended from 2 to 20 min. The resulting DMAzo 5’-end conjugated TBA
and T30695 sequences were finally detached from the solid support by treatment with 20% aqueous
ammonia at rt for 18 h. The combined filtrates and washings were concentrated under reduced
pressure, dissolved in H2O, and purified by HPLC using an anionic exchange column (Nucleogel
SAX, Macherey-Nagel) eluted with a linear gradient (from 0 to 80% B in 30 min) of phosphate
buffer at pH 7.4 (A:20 mM NaH2PO4 aqueous solution containing 20% CH3CN; B: 1.0 M NaCl,
20 mM NaH2PO4 aqueous solution containing 20% CH3CN. Elution times: 19.0 min T30695; 22.0 min
5′-DMazo-T30695; 16.5 min TBA; 18.0 min 5′-DMazoTBA). The oligomers were successively desalted
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by molecular exclusion chromatography on Biogel P-2 Fine. The purity (95%) was checked by HPLC
on an RP-18 column (Merk Purosphere-Star) eluted with a linear gradient of CH3CN (from 0 to 30%
B in 40 min) in triethylammonium acetate (TEAA) buffers (Elution times: 9.0 min T30695; 11.0 min
5′-DMazo-T30695; 6.0 min TBA; 9.0 min 5′-DMazoTBA). The concentrations of the samples were
determined by measuring the absorbance at 260 nm at 90 ◦C and using the open access program
available on http://basic.northwestern.edu/biotools/OligoCalc.html.

4.3. UV Experiments

The UV spectra of the free DMAzo, T30695, 5′-DMAzo-T30695, TBA and 5′-DMAzo-TBA, in 10K
(5 mM potassium phosphate, 5 mM KCl, pH = 7.4) or 100 K (10 mM potassium phosphate,90 mM
KCl, pH = 7.4) buffers or in H2O/EtOH (1:1,v:v) containing 5.0 mM KCl (5KEW) were acquired at
ON concentrations of 20 or 2.0 µM, respectively, using cuvette o.l. 0.5 cm Vol. 1400 µL or 0.1 cm Vol.
400 µL. All samples were annealed by heating the solution at 90 ◦C for 10 min and then gently cooling
the solutions at room temperature. Finally, the UV spectra were also acquired by adding to the samples
in 5KEW blend triethylamine (TEA) at a final concentration of 100 µM. LED (Roithner-Laser Tech) at
436 nm (three LED on electronic place, Power 12 mV, I = 12 mA) was used to irradiate the samples put
in the UV cuvette, o.l. 0.5 cm, Vol = 1400 µL). The time-dependent UV spectra of the free DMAzo,
5′-DMAzo-T30695 and 5′-DMAzo-TBA in the 5KEW-TEA blend were obtained by acquiring the UV
spectrum of the irradiated samples immediately after the LED irradiation and, successively, at a time
interval of 2 min.

4.4. CD and CD Melting Experiments

The CD spectra of T30695, 5′-DMAzo-T30695, TBA and 5′-DMAzo-TBA were acquired at ON
concentrations of 20 or 2.0 µM on samples obtained as above described for the UV experiments. Cuvette
o.l. 0.5 cm Vol. 1400 µL All the samples were annealed by heating at 90 ◦C for 10 min and then gently
cooling the solutions at room temperature. The temperature-dependent CD spectra of the ONs were
acquired in the range 20–60 ◦C for TBA and 5′-DMAzo-TBA (T = 20, 30, 40, 50, 55, 60 ◦C) and in the
range 20–90 ◦C for T30695 and 5′-DMAzo-T30695. (T = 20, 30, 40, 50, 60, 70, 80, 90 ◦C). Each sample
was equilibrated for 30 min at the specific temperature inside the thermal cell of the instrument before
starting the scan; at each temperature, the spectrum was the result of the average of three acquisitions.
CD melting experiments were performed monitoring the change of the intensity of the band at 263
(T30695 and 5′-DMAzo-T30695) or 295 nm (TBA and 5′-DMAzo-TBA) increasing the temperature from
10 to 100 ◦C or from 10 to 90 ◦C. For each sample, the ON concentration was 20 µM. The temperature
scan speed was 0.1 ◦C/min.

4.5. Fluorescence Spectroscopy

The steady-state fluorescence measurements were performed on a PC1 Fluorometer (ISS,
Champaign, IL, USA) equipped with a 2-cell temperature-controlled sample holder. The ON samples
and 5 (Scheme 1) were dissolved, in 10 K or 100 K buffers, 5 KEW or 5 KEW-TEA blends at the same
concentration as for the UV experiments (for details see the corresponding section) and diluted at the
final values of 0.1 OD at the maximum value of the excitation wavelength. The temperature of the
samples was measured directly in the cuvette with an accuracy of 0.2 ◦C. The normalized data were
obtained by dividing the relative fluorescence intensity at each wavelength by the relative fluorescence
intensity at the peak wavelength.

Intrinsic fluorescence emission of conjugated aptamers: In order to study the intrinsic fluorescence
emission of the synthesized molecules, steady-state fluorescence measurements were performed.
The excitation wavelength was stetted at 255 nm and the emission spectra were recorded in the range
300–460 nm. A total volume of 400 µL was used and the excitation and emission slit widths were set at
1.0 and 0.5 nm respectively.

http://basic.northwestern.edu/biotools/OligoCalc.html
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Un-conjugated and conjugated DMAzo fluorescence intensity characterization: The fluorescence
characterization of un-conjugated and conjugated DMAzo compound was performed. For this purpose,
steady state measurements were executed on the samples prepared in the 10 K, 100 K or 5KEW blends.
The excitation wavelength was stetted at 450 nm and the emission spectra were recorded in the range
480–650 nm.

TEA effect on the fluorescence emission: The TEA effect on the 5′-DMAzo-T30695, 5′-DMAzo-TBA
and DMAzo fluorescence emission was evaluated. The samples diluted in the 5KEW-TEA blend were
excited at 255 and 450 nm respectively. The spectra were recorded at 25 ◦C.

Fluorescence emission melting experiments: Fluorescence emission melting experiments were
performed to monitor the change in the fluorescence intensity when the T30695, TBA, 5′-DMAzo-T30695,
5′-DMAzo-TBA and DMAzo were excited at 255 and 450 nm respectively. The range of temperatures
investigated was from 25 to 95 ◦C in the 5KEW or the 5KEW-TEA blends.

Before each measurement the sample was incubated for 10 min at the single temperature value
and the spectra were acquired three times.

4.6. Electrophoresis Gel Shift Assay

The oligonucleotides were annealed in the 10 K (T30695, 5′-DMAzo-T30695, T30695-TT) or 100 K
(TBA and 5′-DMAzo-TBA) buffer or the 5KEW blend. The samples, with a total strand concentration
of 0.1 O.D. × µL (100 µL), were heated to 90 ◦C, gently cooled at r.t., then incubated at 20 ◦C for
two days. Subsequently, 5.0 µL of each oligonucleotide were mixed with 5.0 µL of glycerol and the
resulting solutions were loaded on 12% non-denaturing polyacrylamide gels and run in 1× TBE buffer
containing 30 or 5.0 mM of KCl, at 5 ◦C for 5 h at 120 V. The gel was visualized by means of a UV lamp.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/19/
7103/s1.
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Abbreviations

Q Guanine Quadruplex
GRO G-quadruplex rich oligonucleotide
CPG Controlled pore glass
ON oligonucleotide
DMAzo (R) 4-(dimethylamino)azobenzene glycerol derivative
DMT 4,4′-dimethoxytrityl protecting group
TBA thrombin binding aptamer
TEA triethylamine
Py pyridine
10 K 10 mM of potassium phosphate at pH = 7.4
100 K 10 mM of phosphate containing 90 mM of KCl at pH = 7.4
5KEW EtOH: H2O 1:1 v/v containing 5 mM of KOH
5KEW-TEA 5KEW blend containing 0.1 mM of TEA
TEAA triethylammonium acetate
DIPEA N,N-Diisopropylethylamine
DCM dichloromethane
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Hu, T.; Bileck, A.; et al. iTAP, a novel iRhom interactor, controls TNF secretion by policing the stability of
iRhom/TACE. In Structural Features of Nucleoprotein CST/Shelterin Complex Involved in the Telomere Maintenance
and Its Association with Disease Mutations. Cells 2020; Cold Spring Harbor Laboratory: Cold Spring Harbor,
NY, USA, 2018; Volume 9, p. e35032.

3. Wang, Q.; Liu, J.-Q.; Chen, Z.; Zheng, K.-W.; Chen, C.-Y.; Hao, Y.-H.; Tan, Z. G-Quadruplex Formation at
the 3′ End of Telomere DNA Inhibits Its Extension by Telomerase, Polymerase and Unwinding by Helicase.
Nucleic Acids Res. 2011, 39, 6229–6237. [CrossRef] [PubMed]

4. Mishra, S.K.; Tawani, A.; Mishra, A.; Kumar, A. G4IPDB: A database for G-quadruplex structure forming
nucleic acid interacting proteins. Sci. Rep. 2016, 6, 38144. [CrossRef]

5. Varshney, D.; Spiegel, J.; Zyner, K.; Tannahill, D.; Balasubramanian, S. The regulation and functions of DNA
and RNA G-quadruplexes. Nat. Rev. Mol. Cell Boil. 2020, 21, 459–474. [CrossRef] [PubMed]

6. Sun, Z.-Y.; Wang, X.-N.; Cheng, S.-Q.; Su, X.-X.; Ou, T.-M. Developing Novel G-Quadruplex Ligands: From
Interaction with Nucleic Acids to Interfering with Nucleic Acid–Protein Interaction. Molecules 2019, 24, 396.
[CrossRef] [PubMed]

7. Asamitsu, S.; Obata, S.; Yu, Z.; Bando, T.; Sugiyama, H. Recent Progress of Targeted G-Quadruplex-Preferred
Ligands Toward Cancer Therapy. Molecules 2019, 24, 429. [CrossRef] [PubMed]

8. Asamitsu, S.; Takeuchi, M.; Ikenoshita, S.; Imai, Y.; Kashiwagi, H.; Shioda, N. Perspectives for Applying
G-Quadruplex Structures in Neurobiology and Neuropharmacology. Int. J. Mol. Sci. 2019, 20, 2884.
[CrossRef] [PubMed]

9. Ma, D.-L.; Wang, W.; Mao, Z.; Kang, T.-S.; Han, Q.-B.; Chan, P.W.H.; Leung, C.-H. Utilization of
G-Quadruplex-Forming Aptamers for the Construction of Luminescence Sensing Platforms. ChemPlusChem
2016, 82, 8–17. [CrossRef]

10. Stefan, L.; Monchaud, D. Applications of guanine quartets in nanotechnology and chemical biology. Nat. Rev.
Chem. 2019, 3, 650–668. [CrossRef]

11. Kaur, J.; Vergara, A.; Rossi, M.; Gravagnuolo, A.M.; Valadan, M.; Corrado, F.; Conte, M.; Gesuele, F.;
Giardina, P.; Altucci, C. Electrostatically driven scalable synthesis of MoS2–graphene hybrid films assisted
by hydrophobins. RSC Adv. 2017, 7, 50166–50175. [CrossRef]

12. Kaur, J.; Singh, M.; Dell’Aversana, C.; Benedetti, R.; Giardina, P.; Rossi, M.; Valadan, M.; Vergara, A.;
Cutarelli, A.; Montone, A.M.I.; et al. Biological interactions of biocompatible and water-dispersed MoS2
nanosheets with bacteria and human cells. Sci. Rep. 2018, 8, 16386. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.trechm.2019.07.002
http://www.ncbi.nlm.nih.gov/pubmed/32923997
http://dx.doi.org/10.1093/nar/gkr164
http://www.ncbi.nlm.nih.gov/pubmed/21441540
http://dx.doi.org/10.1038/srep38144
http://dx.doi.org/10.1038/s41580-020-0236-x
http://www.ncbi.nlm.nih.gov/pubmed/32313204
http://dx.doi.org/10.3390/molecules24030396
http://www.ncbi.nlm.nih.gov/pubmed/30678288
http://dx.doi.org/10.3390/molecules24030429
http://www.ncbi.nlm.nih.gov/pubmed/30682877
http://dx.doi.org/10.3390/ijms20122884
http://www.ncbi.nlm.nih.gov/pubmed/31200506
http://dx.doi.org/10.1002/cplu.201600036
http://dx.doi.org/10.1038/s41570-019-0132-0
http://dx.doi.org/10.1039/C7RA09878B
http://dx.doi.org/10.1038/s41598-018-34679-y
http://www.ncbi.nlm.nih.gov/pubmed/30401943


Int. J. Mol. Sci. 2020, 21, 7103 18 of 21

13. Koutsoudakis, G.; De León, A.P.; Herrera, C.; Dorner, M.; Pérez-Vilaró, G.; Lyonnais, S.; Grijalvo, S.; Eritja, R.;
Meyerhans, A.; Mirambeau, G.; et al. Oligonucleotide-Lipid Conjugates Forming G-Quadruplex Structures
Are Potent and Pangenotypic Hepatitis C Virus Entry Inhibitors In Vitro and Ex Vivo. Antimicrob. Agents
Chemother. 2017, 61, e02354-16. [CrossRef] [PubMed]

14. Xie, X.; Reznichenko, O.; Chaput, L.; Martin, P.; Teulade-Fichou, M.-P.; Granzhan, A. Topology-Selective,
Fluorescent “Light-Up” Probes for G-Quadruplex DNA Based on Photoinduced Electron Transfer. Chem. Eur. J.
2018, 24, 12638–12651. [CrossRef] [PubMed]

15. Umar, M.I.; Ji, D.-Y.; Chan, C.-Y.; Kwok, C.K. G-Quadruplex-Based Fluorescent Turn-On Ligands and
Aptamers: From Development to Applications. Molecules 2019, 24, 2416. [CrossRef] [PubMed]

16. Franceschin, M.; Borbone, N.; Oliviero, G.; Casagrande, V.; Scuotto, M.; Coppola, T.; Borioni, S.; Mayol, L.;
Ortaggi, G.; Bianco, A.; et al. Synthesis of a Dibromoperylene Phosphoramidite Building Block and Its
Incorporation at the 5′ End of a G-Quadruplex Forming Oligonucleotide: Spectroscopic Properties and
Structural Studies of the Resulting Dibromoperylene Conjugate. Bioconjug. Chem. 2011, 22, 1309–1319.
[CrossRef]

17. Lubbe, A.S.; Szymanski, W.; Feringa, B.L. Recent Developments in Reversible Photoregulation of
Oligonucleotide Structure and Function. Chem. Soc. Rev. 2017, 46, 1052–1079. [CrossRef]

18. Wu, L.; Koumoto, K.; Sugimoto, N. Reversible stability switching of a hairpin DNA via a photo-responsive
linker unit. Chem. Commun. 2009, 14, 1915–1917. [CrossRef]

19. Mondal, P.; Granucci, G.; Rastädter, D.; Persico, M.; Burghardt, I. Azobenzene as a photoregulator covalently
attached to RNA: A quantum mechanics/molecular mechanics-surface hopping dynamics study† †Electronic
supplementary information (ESI) available. Chem. Sci. 2018, 9, 4671–4681. [CrossRef]

20. Thevarpadam, J.; Bessi, I.; Binas, O.; Goncalves, D.P.N.; Slavov, C.; Jonker, H.R.A.; Richter, C.; Wachtveitl, J.;
Schwalbe, H.; Heckel, A. Photoresponsive Formation of an Intermolecular Minimal G-Quadruplex Motif.
Angew. Chem. Int. Ed. 2016, 55, 2738–2742. [CrossRef]

21. Mo, M.; Kong, D.; Ji, H.; Lin, D.; Tang, X.; Yang, Z.-J.; He, Y.; Wu, L. Reversible Photocontrol of Thrombin
Activity by Replacing Loops of Thrombin Binding Aptamer using Azobenzene Derivatives. Bioconjug. Chem.
2018, 30, 231–241. [CrossRef]

22. Kedar, U.; Phutane, P.; Shidhaye, S.; Kadam, V. Advances in polymeric micelles for drug delivery and tumor
targeting. Nanomed. Nanotech. Boil. Med. 2010, 6, 714–729. [CrossRef] [PubMed]

23. Gu, X.; Wang, H.; Camden, J.P. Utilizing light-triggered plasmon-driven catalysis reactions as a template for
molecular delivery and release. Chem. Sci. 2017, 8, 5902–5908. [CrossRef] [PubMed]

24. Do, N.Q.; Lim, K.W.; Teo, M.H.; Heddi, B.; Phan, A.T. Stacking of G-quadruplexes: NMR structure of a
G-rich oligonucleotide with potential anti-HIV and anticancer activity. Nucleic Acids Res. 2011, 39, 9448–9457.
[CrossRef] [PubMed]

25. Krauss, I.R.; Merlino, A.; Randazzo, A.; Novellino, E.; Mazzarella, L.; Sica, F. High-resolution structures of
two complexes between thrombin and thrombin-binding aptamer shed light on the role of cations in the
aptamer inhibitory activity. Nucleic Acids Res. 2012, 40, 8119–8128. [CrossRef]

26. Padmanabhan, K.; Tulinsky, A. An Ambiguous Structure of a DNA 15-mer Thrombin Complex.
Acta Crystallogr. Sect. D Boil. Crystallogr. 1996, 52, 272–282. [CrossRef]

27. Scuotto, M.; Rivieccio, E.; Varone, A.; Corda, D.; Bucci, M.; Vellecco, V.; Cirino, G.; Virgilio, A.; Esposito, V.;
Galeone, A.; et al. Site specific replacements of a single loop nucleoside with a dibenzyl linker may switch
the activity of TBA from anticoagulant to antiproliferative. Nucleic Acids Res. 2015, 43, 7702–7716. [CrossRef]

28. Virgilio, A.; Petraccone, L.; Vellecco, V.; Bucci, M.; Varra, M.; Irace, C.; Santamaria, R.; Pepe, A.; Mayol, L.;
Esposito, V.; et al. Site-specific replacement of the thymine methyl group by fluorine in thrombin binding
aptamer significantly improves structural stability and anticoagulant activity. Nucleic Acids Res. 2015,
43, 10602–10611. [CrossRef]

29. Mukundan, V.T.; Do, N.Q.; Phan, A.T. HIV-1 integrase inhibitor T30177 forms a stacked dimeric G-quadruplex
structure containing bulges. Nucleic Acids Res. 2011, 39, 8984–8991. [CrossRef]

30. Rivieccio, E.; Tartaglione, L.; Esposito, V.; Dell’Aversano, C.; Koneru, P.; Scuotto, M.; Virgilio, A.; Mayol, L.;
Kvaratskhelia, M.; Varra, M. Structural studies and biological evaluation of T30695 variants modified with
single chiral glycerol-T reveal the importance of LEDGF/p75 for the aptamer anti-HIV-integrase activities.
Biochim. Biophys. Acta (BBA) Gen. Subj. 2019, 1863, 351–361. [CrossRef]

http://dx.doi.org/10.1128/AAC.02354-16
http://www.ncbi.nlm.nih.gov/pubmed/28193659
http://dx.doi.org/10.1002/chem.201801701
http://www.ncbi.nlm.nih.gov/pubmed/29878408
http://dx.doi.org/10.3390/molecules24132416
http://www.ncbi.nlm.nih.gov/pubmed/31262059
http://dx.doi.org/10.1021/bc100526q
http://dx.doi.org/10.1039/C6CS00461J
http://dx.doi.org/10.1039/b819643e
http://dx.doi.org/10.1039/C8SC00072G
http://dx.doi.org/10.1002/anie.201510269
http://dx.doi.org/10.1021/acs.bioconjchem.8b00848
http://dx.doi.org/10.1016/j.nano.2010.05.005
http://www.ncbi.nlm.nih.gov/pubmed/20542144
http://dx.doi.org/10.1039/C7SC02089A
http://www.ncbi.nlm.nih.gov/pubmed/28989621
http://dx.doi.org/10.1093/nar/gkr539
http://www.ncbi.nlm.nih.gov/pubmed/21840903
http://dx.doi.org/10.1093/nar/gks512
http://dx.doi.org/10.1107/S0907444995013977
http://dx.doi.org/10.1093/nar/gkv789
http://dx.doi.org/10.1093/nar/gkv1224
http://dx.doi.org/10.1093/nar/gkr540
http://dx.doi.org/10.1016/j.bbagen.2018.11.001


Int. J. Mol. Sci. 2020, 21, 7103 19 of 21

31. Li, W.-X.; Kaplan, A.V.; Grant, G.W.; Toole, J.J.; Leun, L.L.K. A Novel Nucleotide-Based Thrombin Inhibitor
Inhibits Clot-Bound Thrombin and Reduces Arterial Platelet Thrombus Formation. Blood 1994, 83, 677–682.
[CrossRef]

32. Coppola, T.; Varra, M.; Oliviero, G.; Galeone, A.; D’Isa, G.; Mayol, L.; Morelli, E.; Bucci, M.; Vellecco, V.;
Cirino, G.; et al. Synthesis, structural studies and biological properties of new TBA analogues containing an
acyclic nucleotide. Bioorganic Med. Chem. 2008, 16, 8244–8253. [CrossRef] [PubMed]

33. Borbone, N.; Bucci, M.; Oliviero, G.; Morelli, E.; Amato, J.; D’Atri, V.; D’Errico, S.; Vellecco, V.; Cirino, G.;
Piccialli, G.; et al. Investigating the Role of T7 and T12 Residues on the Biological Properties of
Thrombin-Binding Aptamer: Enhancement of Anticoagulant Activity by a Single Nucleobase Modification.
J. Med. Chem. 2012, 55, 10716–10728. [CrossRef] [PubMed]

34. Petrera, N.S.; Stafford, A.R.; Leslie, B.A.; Kretz, C.A.; Fredenburgh, J.C.; Weitz, J.I. Long Range Communication
between Exosites 1 and 2 Modulates Thrombin Function. J. Boil. Chem. 2009, 284, 25620–25629. [CrossRef]

35. Imperatore, C.; Scuotto, M.; Valadan, M.; Rivieccio, E.; Saide, A.; Russo, A.; Altucci, C.; Menna, M.;
Ramunno, A.; Mayol, L.; et al. Photo-control of cancer cell growth by benzodiazo N-substituted pyrrole
derivatives. J. Photochem. Photobiol. Chem. 2019, 377, 109–118. [CrossRef]

36. Imperatore, C.; Valadan, M.; Tartaglione, L.; Persico, M.; Ramunno, A.; Menna, M.; Casertano, M.;
Dell’Aversano, C.; Singh, M.; Garigliota, M.L.D.; et al. Exploring the Photodynamic Properties of Two
Antiproliferative Benzodiazopyrrole Derivatives. Int. J. Mol. Sci. 2020, 21, 1246. [CrossRef] [PubMed]

37. Scuotto, M.; Persico, M.; Bucci, M.; Vellecco, V.; Borbone, N.; Morelli, E.; Oliviero, G.; Novellino, E.; Piccialli, G.;
Cirino, G.; et al. Outstanding effects on antithrombin activity of modified TBA diastereomers containing an
optically pure acyclic nucleotide analogue. Org. Biomol. Chem. 2014, 12, 5235–5242. [CrossRef]

38. Del Villar-Guerra, R.; Trent, J.O.; Chaires, J.B. G-Quadruplex Secondary Structure Obtained from Circular
Dichroism Spectroscopy. Angew. Chem. Int. Ed. 2018, 57, 7171–7175. [CrossRef] [PubMed]

39. Kwok, C.K.; Sherlock, M.E.; Bevilacqua, P.C. Effect of Loop Sequence and Loop Length on the Intrinsic
Fluorescence of G-Quadruplexes. Biochemistry 2013, 52, 3019–3021. [CrossRef]

40. Chan, C.-Y.; Umar, M.I.; Kwok, C.K. Spectroscopic analysis reveals the effect of a single nucleotide bulge on
G-quadruplex structures. Chem. Commun. 2019, 55, 2616–2619. [CrossRef]

41. Jia, X.-Q.; Li, Y.; Zhang, C.-X.; Gao, Y.-C.; Wu, Y. Supramolecular clusters clarification in ethanol-water
mixture by using fluorescence spectroscopy and 2D correlation analysis. J. Mol. Struct. 2020, 1219, 128569.
[CrossRef]

42. Changenet-Barret, P.; Emanuele, E.; Gustavsson, T.; Improta, R.; Kotlyar, A.; Markovitsi, D.; Vayá, I.;
Zakrzewska, K.; Zikich, D. Optical Properties of Guanine Nanowires: Experimental and Theoretical Study.
J. Phys. Chem. 2010, 114, 14339–14346. [CrossRef]

43. Majerová, E.; Streckerová, T.; Bednárová, L.; Curtis, E.A. Sequence Requirements of Intrinsically Fluorescent
G-Quadruplexes. Biochemistry 2018, 57, 4052–4062. [CrossRef] [PubMed]

44. Onidas, D.; Markovitsi, D.; Marguet, S.; Sharonov, A.; Gustavsson, T. Fluorescence Properties of DNA
Nucleosides and Nucleotides: A Refined Steady-State and Femtosecond Investigation. J. Phys. Chem. 2002,
106, 11367–11374. [CrossRef]

45. Sherlock, M.E.; Rumble, C.; Kwok, C.K.; Breffke, J.; Maroncelli, M.; Bevilacqua, P.C. Steady-State and
Time-Resolved Studies into the Origin of the Intrinsic Fluorescence of G-Quadruplexes. J. Phys. Chem. 2016,
120, 5146–5158. [CrossRef] [PubMed]

46. Zuffo, M.; Gandolfini, A.; Heddi, B.; Granzhan, A. Harnessing intrinsic fluorescence for typing of secondary
structures of DNA. Nucleic Acids Res. 2020, 48, e61. [CrossRef] [PubMed]

47. Dao, N.T.; Haselsberger, R.; Michel-Beyerle, M.-E.; Phan, A.T. Following G-quadruplex formation by its
intrinsic fluorescence. FEBS Lett. 2011, 585, 3969–3977. [CrossRef]

48. Méndez, M.A.; Szalai, V.A. Fluorescence of unmodified oligonucleotides: A tool to probe G-quadruplex
DNA structure. Biopolymers 2009, 91, 841–850. [CrossRef]

49. Dao, N.T.; Haselsberger, R.; Michel-Beyerle, M.; Phan, A.T. Excimer Formation by Stacking G-Quadruplex
Blocks. ChemPhysChem 2013, 14, 2667–2671. [CrossRef]

50. Marturano, V.; Ambrogi, V.; Bandeira, N.A.G.; Tylkowski, B.; Giamberini, M.; Cerruti, P. Modeling of
Azobenzene-Based Compounds. Phys. Sci. Rev. 2017, 2, 2. [CrossRef]

51. Sánchez, A.; De Rossi, R.H. Strong inhibition of cis-trans isomerization of azo compounds by hydroxide ion.
J. Org. Chem. 1993, 58, 2094–2096. [CrossRef]

http://dx.doi.org/10.1182/blood.V83.3.677.677
http://dx.doi.org/10.1016/j.bmc.2008.07.040
http://www.ncbi.nlm.nih.gov/pubmed/18752966
http://dx.doi.org/10.1021/jm301414f
http://www.ncbi.nlm.nih.gov/pubmed/23126678
http://dx.doi.org/10.1074/jbc.M109.000042
http://dx.doi.org/10.1016/j.jphotochem.2019.03.042
http://dx.doi.org/10.3390/ijms21041246
http://www.ncbi.nlm.nih.gov/pubmed/32069905
http://dx.doi.org/10.1039/C4OB00149D
http://dx.doi.org/10.1002/anie.201709184
http://www.ncbi.nlm.nih.gov/pubmed/29076232
http://dx.doi.org/10.1021/bi400139e
http://dx.doi.org/10.1039/C8CC09929D
http://dx.doi.org/10.1016/j.molstruc.2020.128569
http://dx.doi.org/10.1021/jp102106d
http://dx.doi.org/10.1021/acs.biochem.8b00252
http://www.ncbi.nlm.nih.gov/pubmed/29898365
http://dx.doi.org/10.1021/jp026063g
http://dx.doi.org/10.1021/acs.jpcb.6b03790
http://www.ncbi.nlm.nih.gov/pubmed/27267433
http://dx.doi.org/10.1093/nar/gkaa257
http://www.ncbi.nlm.nih.gov/pubmed/32313962
http://dx.doi.org/10.1016/j.febslet.2011.11.004
http://dx.doi.org/10.1002/bip.21268
http://dx.doi.org/10.1002/cphc.201300481
http://dx.doi.org/10.1515/psr-2017-0138
http://dx.doi.org/10.1021/jo00060a026


Int. J. Mol. Sci. 2020, 21, 7103 20 of 21

52. Sanchez, A.M.; Barra, M.; De Rossi, R.H. On the Mechanism of the Acid/Base-Catalyzed
ThermalCis−TransIsomerization of Methyl Orange. J. Org. Chem. 1999, 64, 1604–1609. [CrossRef]
[PubMed]

53. Azuki, M.; Morihashi, K.; Watanabe, T.; Takahashi, O.; Kikuchi, O. Ab Initio GB Study of the Acid-Catalyzed
Cis Trans Isomerization of Methyl Yellow and Methyl Orange in Aqueous Solution. J. Mol. Struc-Theochem.
2001, 542, 255–262. [CrossRef]

54. Sanchez, A.M.; Rossi, R.H. Effect of Hydroxide Ion on the Cis-Trans Thermal Isomerization of Azobenzene
Derivatives. J. Org. Chem. 1995, 60, 2974–2976. [CrossRef]

55. Dunn, N.J.; Humphries, W.H.; Offenbacher, A.R.; King, T.L.; Gray, J.A. PH-Dependent Cis-Trans Isomerization
Rates for Azobenzene Dyes in Aqueous Solution. J. Phys. Chem. A 2009, 113, 13144–13151. [CrossRef]

56. Kamei, T.; Kudo, M.; Akiyama, H.; Wada, M.; Nagasawa, J.; Funahashi, M.; Tamaoki, N.; Uyeda, T.Q.P.
Visible-Light Photoresponsivity of a 4-(Dimethylamino)Azobenzene Unit Incorporated into Single-Stranded
DNA: Demonstration of a Large Spectral Change Accompanying Isomerization in DMSO and Detection of
Rapid (Z ) to (E) Isomerization in Aqueous Solution. Eur. J. Org. Chem. 2007, 11, 1846–1853. [CrossRef]

57. Kamei, T.; Akiyama, H.; Morii, H.; Tamaoki, N.; Uyeda, T.Q.P. Visible-Light Photocontrol of (E)/(Z)
Isomerization of the 4-(Dimethylamino)Azobenzene Pseudo-Nucleotide Unit Incorporated Into an
Oligonucleotide and DNA Hybridization in Aqueous Media. Nucleos. Nucleot. Nucl. 2009, 28, 12–28.
[CrossRef]
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