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ABSTRACT: Pressure is the physical perturbation on
molecules that induces volumetric decrease of the system.
Biomolecules such as nucleic acids can change their structures
under high pressure, which shows a diﬀerent behavior from
that seen at atmospheric pressure. In this study, pressure
control of ﬂuorescence emission of thiazole orange (TO) on
human telomeric G-quadruplex DNA (h-telo) has been
demonstrated to develop a novel DNA nanotechnology. The
ﬂuorescence intensity of TO with h-telo can be signiﬁcantly
increased by the application of pressure up to 200 MPa, which indicated that excited state of TO was more favored than that at
the atmospheric pressure on the G-quadruplex DNA. This unique property enabled a novel technique for developing a new
logic gate system using pressure changes.

■

INTRODUCTION
Guanine nucleotides can interact with themselves via
Hoogsteen base pairings to form guanine (G)-tetrads, which
further stack on each other to form a noncanonical structure
termed G-quadruplex.1 It has been considered that Gquadruplex plays a role in regulating gene expression2−7 and
causes serious diseases such as cancer.8,9 Therefore, Gquadruplexes in telomere and various genes have been targeted
for cancer treatment and detection,10,11 because they possess a
large electron-rich pi-surface, which is favorable for the binding
of electron-poor small molecules, such as porphyrin and
pthalocyanine derivatives. Owing to the unique characteristics
of communication between G-quadruplex and the small
molecules, engineered G-quadruplexes can be used as drug
delivery vehicles,12 materials for nanodevices,13 support
catalysts,14 or even drugs for cancer, human immunodeﬁciency
virus, and other diseases.15 Thus, the regulation of the
interaction of the small molecules with G-quadruplex is
important for the development of nanotechnology-based
nucleic acids.
Several studies in the ﬁeld of DNA-based sensing typically
used labeled oligonucleotides that are covalently conjugated
with donor/acceptor or ﬂuorophore/quencher pairs.16,17 The
label-free strategy has emerged as a useful technique where the
ﬂuorescent probes interact noncovalently with DNA through a
number of modes, such as intercalation, groove binding, end
stacking, and electrostatic interaction.18 In recent years, a lot of
eﬀort has been devoted to investigate speciﬁc probes for
detecting and distinguishing G-quadruplexes from other DNA
conformations. The increase or decrease of the ﬂuorescence
© 2019 American Chemical Society

signal of the probes binding with G-quadruplex structures has
already become a useful strategy for detection purposes.18 To
enhance the ﬂuorescence of the ligand, tuning the binding of
the ligand on G-quadruplex structure is important, because the
ﬂuorescence intensity of the ligand varies upon binding on
diﬀerent G-quadruplex topologies, such as antiparallel, mixed,
and parallel structures. The modiﬁcation of the chemical
structure of the ligand can contribute to improve the
ﬂuorescent property of the ligand, although it requires a lot
of eﬀorts to design and synthesize a new compound on the
basis of the ligand structural analysis. Another approach that is
more realistic is to induce structural changes in the ligand and/
or G-quadruplex by external perturbation. One of the possible
methodologies is pressure change. Pressure control is a
physical treatment, which does not need to add and remove
chemical compounds to control the structures of ligand and Gquadruplex.19−22 Increasing pressure decreases the volume of
molecules represented as partial molar volumetric change ΔV
(cm3 mol−1). We have reported that ΔV of hemin binding to
human telomeric G-quadruplex DNA (termed h-telo here)
having a mixed topology showed a smaller value than the value
of that binding to the antiparallel h-telo.22 Since the oxidizing
activity of hemin with the h-telo of mixed topology was higher
than that with h-telo of antiparallel topology, the ﬁtness
between hemin and the h-telo of mixed topology could be
better than that of antiparallel topology.22 This result suggests
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used 0.5 μM TO and 0.25 μM h-telo and determined the
ﬂuorescence spectrum of TO by choosing the excitation at 501
nm and emission range from 510 to 650 nm at normal
atmospheric pressure (0.1 MPa). We have analyzed all our
experiments in K+ buﬀer condition (100 mM KCl, 10 mM
KH2PO4, and 1 mM K2EDTA, pH = 7.0). In this condition, htelo forms the mixed topology of G-quadruplex.22 When we
applied high hydrostatic pressure, we found that the
ﬂuorescence of TO in the presence of h-telo increased with
increasing pressure (Figure 2a). Compared with the result at
0.1 MPa, a ﬂuorescence intensity of about 4.5-fold was
observed at 200 MPa. On the other hand, the ﬂuorescence of
TO without h-telo was unchanged and almost negligible with
increasing pressure (Figure 2b). We also tested the behavior of
the ﬂuorescence of TO in the presence of double-stranded
DNA (dx) with the same concentrations (Figure 2c). The
ﬂuorescence increase of TO in the presence of h-telo with
increasing pressure was much higher than the ﬂuorescence
increment of TO in the presence of dx (Figure 2a,c). Thus,
pressure enhanced speciﬁcally the ﬂuorescence of TO binding
to h-telo.
Because of the mechanism for the increment of ﬂuorescence
of TO in the presence of h-telo with increasing pressure, we
considered that the binding of TO was facilitated by pressure
increase. The spectroﬂuorimetric titration of TO with h-telo
was performed at 0.1 and 200 MPa. We chose 0.5 μM TO and
titrated with 0−7 μM h-telo at 25 °C (Figure 3). The
calculated binding constant (Ka) of TO for h-telo was 5.3 ×
105 M−1 at 0.1 MPa and 1.0 × 106 M−1 at 200 MPa. These
results suggest that high pressure promotes the binding of TO
but the slight increase of Ka value was not enough to explain
the large increase of the ﬂuorescent signal at 200 MPa. We also
checked the pH dependency of TO, since pH is also aﬀected

that it is possible to enhance the ﬂuorescence signal of Gquadruplex ligand if pressure induces structural changes to
promote the interaction between ligand and G-quadruplex. To
develop a novel strategy using pressure increase for the
purpose of enhancing ﬂuorescent property of G-quadruplex
ligand, we investigated how the ﬂuorescence emission of
thiazole orange (TO) binding with h-telo is aﬀected by the
application of high hydrostatic pressure (Figure 1).

Figure 1. Structures of the interacting components: thiazole orange
(TO) and human telomeric G-quadruplex DNA (h-telo).

■

RESULTS AND DISCUSSION
We used TO as a ﬂuorescent ligand, which increased its
ﬂuorescence on binding with h-telo ((5′-dAGGGTTAGGGTTAGGGTTAGGG)-3′) (Figure 1).23 TO is one of the wellknown ﬂuorescent probes for G-quadruplex. This type of
ligand, including thioﬂavin T and its derivatives, has a rotating
ﬂuorescent moiety, which emits ﬂuorescence when the planar
conformation is ﬁxed on binding to G-quadruplex DNA. We

Figure 2. Fluorescence spectra: (a) 0.5 μM TO and 0.25 μM h-telo, (b) 0.5 μM TO, and (c) 0.5 μM TO and 0.25 μM of duplex, in K+ buﬀer at 25
°C with increasing pressure from 0.1 to 200 MPa.
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To investigate whether the pressure response of TO
occurred because of the unique mechanism of the ﬂuorescence
emission of TO, we evaluated the eﬀect of the dye and
quadruplex sequence. For the dye, we tested tetrakis-(Nmethyl-4-pyridyl)-porphyrin (TMPyP4). TMPyP4 is a wellknown ligand for G-quadruplex DNA and emits ﬂuorescence
upon its binding to G-quadruplex but does not require changes
in its chemical structure to emit ﬂuorescence.26 As shown in
the Supporting Information (Figure S1), the ﬂuorescence
decreased under high pressure, which is opposite to that
observed for thiazole orange (TO). As TMPyP4 shares the
same characteristics in its chemical structure as TO (planner
structure and positive charges), the driving force of these dyes
for binding to G-quadruplex DNAs is the same. Therefore, the
ﬂuorescence response of TO to pressure changes is not
because of enhanced binding of the dyes to G-quadruplex but
rather structural reﬁnement of TO for emission of
ﬂuorescence.27 For the quadruplex, we used G-quadruplex
DNA from the VEGF gene, which showed a parallel topology
for G-quadruplex, as solved by NMR. As shown in Figure S2,
the ﬂuorescence of TO increased with increasing pressure, as
observed in the case of h-telo DNA forming the mixed
topology of G-quadruplex. Thus, the ﬂuorescence increases in
TO do not depend on the G-quadruplex structure. Therefore,
these control experiments indicate that the ﬂuorescence
increase in TO following the pressure increase occurred
speciﬁcally because of the structural change in TO on the Gquartet surface.
On the basis of the results above, we tried to construct a Gquadruplex-based logic gate system. Immense importance has
been given for developing a biomolecular logic gate system in
research ﬁeld in past decades.28 Presently, the practical
application of a biomolecular logic gate is much minimized
due to its limited usage. A logic gate system can be designed on
the basis of noncovalent interaction of 1 μM TO with 10 μM
h-telo at diﬀerent pressures. Hence, the h-telo G-quadruplex
and the external pressure are taken as the inputs whereas the
intensity of the ﬂuorescence emission of TO at 540 nm is
chosen as the output. In the absence of h-telo and normal
atmospheric pressure [input (0, 0)], TO has a very low
ﬂuorescence signal at 540 nm [output 0]. When h-telo was
added to the solution [input (1, 0)], the ﬂuorescence intensity
of TO slightly increased [output 0]. In another case, when
pressure is applied (200 MPa) to the solution [input (0, 1)],

Figure 3. Fluorometric titration of 0.5 μM TO with increasing
concentration of h-telo (0−7 μM) in K+ buﬀer at 25 °C at 0.1 and
200 MPa.

by pressure, although the pH of the phosphate solution slightly
decreased with increasing pressure at −0.65/200 MPa.24 The
ﬂuorescence intensity of 0.5 μM TO in the presence of 0.25
μM h-telo was analyzed with the change of pH from 3.2 to 9.0.
We found that the ﬂuorescence intensity of the solution (pH =
7.1) containing TO with h-telo increased with increasing pH
(pH 3.2−9.0) (Figure 4a), whereas the ﬂuorescence of
solution containing only 0.5 μM TO was unchanged with
increasing or decreasing pH (Figure 4b). These results suggest
that the ﬂuorescence increase with increasing pressure was
opposite to the results of that with increasing pH. Thus, pH
has no eﬀect on the ﬂuorescence increment of TO in the
presence of h-telo under high pressure.
The plausible mechanism for ﬂuorescent increase of TO by
high pressure is that the excited structure of TO was easily
formed by pressure increase than at atmospheric pressure. The
TO ﬂuorescence depends on the angle formed between its two
planar aromatic rings, which is supported by the planar surface
of a G-quartet of G-quadruplex. At high pressure, it is possible
that the structure of h-telo is perturbed to decrease its volume,
resulting in a more suitable platform for the excited structure of
TO. Indeed, in the case of protein, there have been various
reports about protein enzymes, in which those activities are
accelerated by pressure due to stabilization of the transient
structure of enzymatic reactions.25

Figure 4. Fluorescence spectra of (a) 0.5 μM TO and 0.25 μM h-telo and (b) 0.5 μM TO in K+ buﬀer at 25 °C with change in pH from 3.2 to 9.0.
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Figure 5. (a) Fluorescence spectra of 1 μM TO with 10 μM h-telo at atmospheric pressure (0.1 MPa) and 200 MPa, with only TO at 0.1 MPa
(black line), TO and h-telo at 0.1 MPa (red line), TO at 200 MPa (green line), and TO with h-telo at 200 MPa (blue line). (b) Logic behaviors of
TO as a substrate and h-telo and pressure as inputs. The ﬂuorescence intensity of TO at 540 nm was normalized, and the output was 1/0 with a
threshold of 0.5. (c) Truth table for the interaction of TO with h-telo at diﬀerent pressures of 0.1 and 200 MPa. (d) Representation of a Gquadruplex-based logic gate system AND.

the ﬂuorescence intensity of TO was unchanged like the
ﬂuorescence of only TO at normal atmospheric pressure
[output 0]. However, both input systems, h-telo and pressure
(200 MPa) (1, 1), give rise to a high ﬂuorescence signal of TO,
meaning that the output should become 1 (Figure 5). Out of
the four cases, since input system (1, 1) gives rise to the
highest ﬂuorescence intensity signal (Figure 5a), it is taken as 1
and all other intensities are normalized with respect to it
(Figure 5b). Subsequent analysis of the normalized ﬂuorescence of all cases according to Boolean logic leads to an
AND logic gate system (Figure 5c,d). This approach using
pressure is beneﬁcial to construct the G-quadruplex-based logic
gate system, because no chemical input and removal are
needed as previous techniques were triggered by salt and pH.29
The logic gate G-quadruplex is simple, and therefore the
versatility of its pressure technique has a high impact on the
chemistry and technology of using structures of noncanonical
nucleic acids.

can be useful in vast areas of research, like DNA-based sensor,
detection, and preparation of DNA-based nanomachines and
logic gates.

■

EXPERIMENTAL SECTION
Materials. TO was purchased from Sigma-Aldrich Japan
(Tokyo, Japan), dissolved in MilliQ water, and stored at −30
°C until use. Oligonucleotide h-telo was purchased from Japan
Bio Service (Saitama, Japan) as HPLC grade and used without
further puriﬁcation. All other chemicals were purchased from
Wako Pure Chemical Industries Ltd (Osaka, Japan).
Pressure System. The system for controlling pressure
(maximum, 400 MPa), which was connected to a PCI-500
optical unit, was built by Syn Corporation (Kyoto, Japan) and
was installed in a JASCO FP-6500 ﬂuorescence spectrometer.
The temperature inside the optical unit was controlled using a
F-25-ME refrigerator and heater circulator from Julabo
(Seelbach, Germany). MilliQ water was used as the hydraulic
liquid. The temperature of the hydraulic liquid in the optical
unit, assumed to be the temperature of the sample, was
measured using a thermocouple.
Fluorescence Measurement. Before ﬂuorescence measurement, h-telo was annealed in K+ buﬀer condition (100 mM
KCl, 10 mM KH2PO4, 1 mM K2EDTA, pH = 7.0) by heating
at 95 °C for 5 min, followed by cooling to 25 °C at the rate of
−1 °C min−1. The solution mixed with TO was added to a
quartz cuvette, which was then capped with a Karlez tube to
control the shrinkage under high pressure and placed in the
PCI-500 unit. The ﬂuorescence spectra were recorded at 25 °C
under 0.1 and 200 MPa. To stabilize the temperature,

■

CONCLUSIONS
In summary, a high-pressure-based strategy to amplify the
ﬂuorescence signal of thiazole orange (TO) binding with
human G-quadruplex DNA has been established. This strategy
is based on the physical perturbation of the ﬂuorescence signal
of TO; there is no need to add and remove any chemicals like
in various chemistry-based techniques. Manipulation of a
physical parameter such as high pressure without perturbing
the chemical components of the sample is a novel approach
and may be used as a tuning element to modify the
biomolecular interactions externally. This new methodology
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ﬂuorescence spectra were observed 5 min after setting each
pressure.
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