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With the advantages of conformational polymorphism and
programmable sequence recognition, DNA has now become
a powerful tool in nanostructure fabrication! and nanodevice
design.”®! In most reported cases, DNA-based nanodevices
are associated with a conformational switch driven by
external fuels, such as DNA/RNA strands,” acids/bases,!
enzymes,[s] or chemical oscillators,”! in contact mode. These
driving methods are still far different from the electrical/
optical signal that silicon-based microelectronic devices can
process and, as a result, limit the integration and further
applications of the DNA devices.

Thus, the regulation of DNA conformation by a non-
contact stimulator, like photo/electrical signals, has become
an important challenge in DNA-nanodevice design. Only a
few attempts have been reported, for example, the introduc-
tion of azobenzene substitution into DNA strands to serve as
a UV-sensitive artificial base pair and influence the strand
melting point® or remote electronic control over the hybrid-
ization behavior of DNA molecules by inductive coupling of a
radio-frequency magnetic field to a metal nanocrystal cova-
lently linked to DNA.®! Recently, a strategy involving
temporary masking of the Watson—Crick base pairing with a
photolabile protecting group, called “caging”, has been
developed.'” However, a photoinduced conformational
switch of natural DNA has not been achieved. Herein, we
present our approach for achieving a light-induced natural-
DNA conformational switch between close-packed quadru-
plex and random-coil structures with a reversible photo-
irradiated pH-jump system.'!!

The mechanism of our light-driven DNA conformational
switch system is illustrated in Figure 1. It comprises three
main components: 1) a 2lmer DNA X: 5-CCCTAACCC
TAACCCTAACCC-3; 2)a light-induced hydroxide ion
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Figure 1. Working mechanism of the light-induced conformational
switch of DNA X. Inner cycle: The DNA conformational switch between
the i-motif and random-coil structures. Outer cycle: The light-induced
malachite green based pH jump. The conformational switch of DNA X
was associated with the on and off phases of UV light through the
translation of photoinduced hydroxide-group release by MGCB.

emitter, molecular malachite green carbinol base (MGCB);
3) a surfactant, cetyltrimethylammonium bromide (CTAB),
that is used to improve the solubility of MGCB."!! Tt is well
known that DNA strands with stretches of cytosine bases can
form closely packed four-stranded structures called the
“i motif” through protonated cytosine—cytosine (C:C*) base-
pair formation under slightly acidic conditions.'” In our
design, the initial solution containing DNA X, MGCB, and
CTAB shows a slightly acidic pH value that facilitates the
formation of the i-motif structure by DNA X. In the presence
of 302-nm UV light, MGCB gives out OH ions, as well as
showing an obvious color change, and this leads to an increase
in the pH value.!""! Thus, the i-motif structure will deform into
random coils with deprotonation of the C:C* base pairs. After
the light is turned off, the malachite green (MG) cation will
recombine with the OH™ ions and return to the MGCB form
to complete the cycle. Consequently, the pH value decreases
and the DNA X switches back to the i-motif conformation
again. Accordingly, the conformational switch of DNA X
could be cycled by turning the UV light on and off alternately.

To verify that the designed system does work, circular
dichroism (CD) spectroscopy has been employed to study the
conformational changes of DNA during the cycling. As shown
in Figure 2, when the system is in its initial state where the pH
value is around 6.0, DNA X shows a positive peak near
285 nm, a crossover at around 270 nm, and a negative peak
near 260 nm, thereby indicating a typical i-motif conforma-
tion.!"¥) Control experiments showed that MGCB and CTAB
have no obvious CD signal in the measured range whether
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Figure 2. Measurements of DNA X conformations in the absence
(solid line) and presence (dashed line) of UV light. CD spectra were
recorded at 15°C with 5 um DNA in 50 mm CTAB, 200 mm NaCl, and
100 pm MGCB. Dotted line: Mutated DNA X in CTAB and MGCB
solution in the absence of UV light acts as a control that indicates no
i-motif structure forms.

under UV light or in the dark (data not shown), a fact that
further verifies the formation of the i-motif structure by DNA
X. By studying the temperature dependence at 285 nm, any
influence of MGCB and CTAB on the stability of the i-motif
structure formed by DNA X has been ruled out (see the
Supporting Information). According to the thermal dynamic
data achieved, 15°C was chosen as the working temperature
in this experiment to achieve a higher switch efficiency. After
exposure to 302-nm UV light for 5 minutes, the pH value of
the system could be raised to around 6.5 and an obvious
change in the CD spectrum could be observed, which
indicates the deformation of the i-motif structure at the
higher pH value. During the cycling, the amplitude of pH
change in the system gradually decreased (see the Supporting
Information). In accordance with Porter’s report,'l we
propose that this might be due to the complex photodegra-
dation of MGCB in an aqueous environment.

Multiple cycling of DNA conformation has been achieved
by turning the UV light on and off alternately. The CD signals
were monitored at 285 nm to reflect the conformational
change of DNA X (Figure 3). During each cycle, the time for
the dissociation and formation of i motif is not the same:
5 minutes with the light on is enough to open the i-motif
structure, but a much longer period of 55 minutes is necessary
to complete the reverse process. The variation in time may be

Figure 3. Monitoring of the cycling of the conformational switch of
DNA X through measurement of the circular dichroism signals at

285 nm. The control experiment in the absence of MGCB shows slight
photodegradation of the DNA after each cycle of UV irradiation. The
average value of the CD signals at 285 nm for each cycle in the dark
state (solid line) shows the stepwise manner of the DNA degradation.
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ascribed to the difference in the dissociation and recovery
rates of MGCB, which is in agreement with literature data.!"
From the eight cycles shown in Figure 3, we found that the
amplitude of the switches decreases slowly with cycling. In the
control experiment without MGCB, DNA X keeps the i-motif
structure but the intensity of the CD signal at 285 nm slightly
decreases along with the cycling (see the Supporting Infor-
mation and Figure 3). The HPLC experiments (see the
Supporting Information) further proved the gradual degra-
dation of DNA X during cycling. Thus, we could attribute the
decrease in the CD signal intensity to complex DNA damage
by direct UV irradiation.!"

In summary, we present herein the conformational switch-
ing of i-motif DNA by a coupled light-induced OH™ emitter
system in noncontact mode. To the best of our knowledge, this
is the first example of controlling the conformation of natural
DNA with light. As the i-motif structure has been used as an
important component in DNA-nanomachine design that has
been demonstrated to facilitate microdevices® and drive
microcantilever movement,['”l we can therefore expect that
this noncontact driving method will promote the application
of DNA nanodevices and their integration with microelec-
trical/optical devices.

Experimental Section

Oligonucleotide X with the sequence 5-CCCTAACCCTAACCC
TAACCC-3" and mutated X with the sequence 5-CTCTAACCC
TAACCCTAACCC-3" were purchased from SBS Genetech and
purified by denaturing polyacrylamide gel electrophoresis. MGCB
was bought from Sigma—Aldrich.

CD spectra were collected on a JASCO J-810 CD spectrometer.
UV/Vis studies were performed on a Varian Cary 100 spectrometer.
All CD and UV/Vis spectra were measured at 15°C as maintained by
the temperature-control units affiliated to the spectrometers. To
minimize any influence on the sample solution by the spectrometer’s
UV source during the course of the CD or UV/Vis measurement, the
scan rate used was 1000 nmmin~' and a shutter was added between
the sample cell and the UV source for time-course studies. The pH
value was recorded with a commercial pH meter (Sanxin, Shanghai).
An 8-W UV lamp with single-wavelength output at 302 nm was used
as the UV light source (Amersham, USA).

In a typical procedure, stock solutions of DNA X (200 um),
CTAB (200 mm), NaCl (4m), and MGCB (100 mMm in dimethylsulf-
oxide) were mixed and diluted with water to give final concentrations
of 5 um X, 50 mm CTAB, 200 mm NaCl, and 100 um MGCB. The pH
value of this solution was slightly acidic. The cycles of switching were
accomplished by alternately irradiating this solution under UV light
for Smin and then leaving it in dark for 55 min. The solution
temperature was kept at 15°C with a cold-water bath.
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