11934 SWILEY i

Communications

DNA Switch

DOI: 10.1002/anie.201105923

A Responsive Hidden Toehold To Enable Controllable DNA Strand

Displacement Reactions™*
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Over the past two decades, DNA nanotechnology!"! has
developed rapidly as an emerging research field. Through
rational sequence design and DNA self-assembly processes, a
series of dynamic DNA nanostructures,” for example,
molecular machines,”’ catalytic circuits,””! amplification reac-
tions,*! and logic gates,” have been successfully con-
structed, most of which are driven by toehold-mediated
DNA strand displacement reactions.”” However, it remains a
challenge to confer environmental responsiveness to the
DNA strand displacement reaction, which limits the versa-
tility of regulative methods towards the control of strand
displacement reactions and hinders their utilization in bio-
medical areas. Herein, in contrast to well-established over-
hanging-toehold systems, we develop a responsive “hidden
toehold” on a metastable DNA bulge-loop structure, which
allows regulation of a DNA strand displacement reaction with
environmental stimuli. This design will expand future appli-
cations of DNA nanotechnology.

Our strategy is illustrated in Scheme 1: Two single-
stranded DNA (ssDNA) strands, A and Q, both contain two
domains complementary to each other, and strand A also
contains an extra unpaired domain in between. After hybrid-
ization, the complementary parts form two arms, and the
unpaired domain forms a loop in the middle, which results in a
bulge-loop structure, denoted as AQ complex. The bulge-loop
structure has two arms of different lengths: a longer left arm
(15 bp) and a shorter right arm (10 bp). The hidden toehold
(green and red domains on strand Q, Scheme 1) is located on
the right arm. The structure is metastable, because the loop
domain has a constraint effect over the whole structure, and
the right arm is less stable and vulnerable to be dehybridized
at room temperature. An equilibrium exists between closed
and opened AQ complex, because a fraction of the AQ
complex can spontaneously open, while the exposed single
strands can hybridize back to the closed state. As a result, the
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Scheme 1. The DNA bulge-loop structure (AQ complex) and its
reaction pathways. The AQ complex is composed of two ssDNA
strands, A and Q. Both strands have two domains complementary to
each other that form a left arm (15 bp, black) and a right arm (10 bp,
green and red). For strand A, the loop domain (blue) and its adjacent
7 nt domain (green) on the right arm comprise an ATP aptamer
sequence, which can bind ATP molecules when the right arm gets
dehybridized. The additional 3 nt domain (red) at the end of the right
arm imparts the structure the appropriate stability. Three reaction
pathways exist: after adding a) strand Q’, b) ATP, or c) both to the AQ
complex solution. The reactions for pathways (a) and (b) are slow
(dashed arrows), while pathway (c) is fast (solid arrow). bp=base
pair, nt=nucleotide.

hidden toehold of an opened AQ complex can be exposed and
hybridize with its complementary strand Q' to initiate the
DNA strand displacement reaction (pathway a). A 27-mer
ATP aptamer (ATP = adenosine triphosphate)® is incorpo-
rated into the loop domain and the adjacent seven nucleotides
on the right arm of strand A (blue and green domains, Scheme
1), so it can bind ATP molecules when the complex is open
(pathway b). The binding event can keep the opened struc-
ture from restoring its closed state, thereby increasing the
availability of the toehold hidden inside the AQ complex.
When both strand Q’ and ATP are added, the strand
displacement reaction can be enhanced by the binding of
ATP (pathway c).

To verify whether the DNA assemblies can form and the
reaction can proceed as designed, a PAGE experiment was
carried out (Figure 1). Firstly, stoichiometric amounts of
strands A and Q were added to Tris-HCl (20 mm, pH 8.3,
Tris = tris(hydroxymethyl)aminomethane) buffer containing
MgCl, (5 mm) and NaCl (300 mm) to give a final concen-
tration of 20 uMm for each strand. The resulting solution was
heated to 95°C for five minutes and subsequently cooled to
room temperature in two hours. The single band with the
smallest shift in lane 4 (Figure 1) indicated that the AQ
complex was effectively formed as designed. The addition of
ATP (lane 5) did not cause an obvious change in band shift
compared to the AQ complex alone. However, after the
addition of strand Q' (lane 6), the band of the AQ complex
got weaker and the bands of QQ’ and A can be seen in the gel.
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Figure 1. Native PAGE (15%) analysis of the formation of the AQ
complex and its strand displacement reaction after adding either ATP,
strand Q', or both. In a typical experiment, AQ complex (6 um) was
mixed with ATP (1 mM), strand Q' (60 um), or both, and incubated at
room temperature for 30 min. Lane 1: strand A, lane 2: strand Q’,
lane 3: QQ’, lane 4: AQ complex, lane 5: AQ and ATP, lane 6: AQ and
Q’, lane 7: AQ, ATP, and Q'.

This finding suggests the existence of the equilibrium that
produces a fraction of opened AQ complex and further
suggests that the exposed “hidden toehold” indeed initiates
the DNA strand displacement reaction. In the presence of
both ATP and strand Q' (lane 7), the band of the AQ complex
almost completely disappeared, thus indicating that the
opening of the AQ complex can be enhanced by binding of
ATP molecules and the exposed toehold can initiate the
strand displacement reaction.

To quantitatively evaluate the reaction and the properties
of the hidden toehold, fluorescence spectroscopy experiments
were performed by using fluorophore-labeled strands A and
Q. Left-arm-labeled AQ complex (AQ,) was obtained by
annealing 3’-6-FAM-labeled A (6-FAM = 6-carboxyfluores-
cein) and 5'-Dabcyl-labeled Q strands (Figure 2, inset) in
reaction buffer (20 mm Tris-HCl (pH 8.3), Smm MgCl,,
300 mm NaCl). Initially, when the AQ complex stayed
intact, the fluorophore 6-FAM (1.,,=518 nm and A=
494 nm) and the quencher Dabcyl were in proximity to each
other, so the fluorescence was quenched. However, when
strand A was released from strand Q, the quenching
interaction was eliminated and the fluorescence intensity
increased significantly. Time-dependent fluorescence spec-
troscopy tests were carried out, in which the excitation
wavelength was fixed at 494 nm and the emission passing
through a 515 nm filter was recorded by a fluorescence
detector.

Results showed that the AQ complex can react with
strand Q' (Figure 2), which indicates that a part of the AQ
complex can indeed spontaneously switch from the closed to
the opened state, and the hidden toehold of the opened AQ
complex hence becomes available to be anchored by strand
Q’. When the concentration of strand Q' was increased even
up to 20 times (1000 nm) that of the AQ complex, the
fluorescence signal was only enhanced less than 30% in
30 min, thus suggesting that the DNA strand displacement
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Figure 2. Fluorescence spectroscopy test of the reaction between left-
arm-labeled AQ complex (AQ,) and strand Q'. In a typical test, AQ_ in
buffer solution (400 pL, 50 nm) was placed in a cuvette, and strand Q’
(1 pL) was added and mixed quickly within 20 s to initiate the reaction.
The final concentration of strand Q' was increased from 50 nm to
1000 nm. The fluorescence signals were normalized using the equation
l¢=(F—Fy) [ (Fmax—Fo), Where F is the fluorescence intensity of each
sample, F, is the lowest fluorescence intensity for each sample in the
initial state, and F,,,, is the fluorescence intensity detected after
annealing the sample of AQ,_ complex with strand Q'(500 nm).

reaction between the AQ complex and strand Q’ is quite slow
when the reaction only depends on the spontaneous switching
of the AQ complex to expose the hidden toehold. Adjusting
only the concentration of strand Q' is not sufficient to
effectively regulate the reaction, and therefore we tried to
verify if the addition of ATP can function as an effective
regulator of the reaction.

Moreover, the right-arm-labeled AQ complex (AQg) was
also tested in a similar fluorescence spectroscopy experiment
as described for AQ, (Figure S1 in the Supporting Informa-
tion). Only 12% signal enhancement was observed when it
reacted with strand Q’ alone, showing a lower background
than AQ; (29 % ). However, after the addition of ATP (1 mm),
the fluorescence signal can be enhanced by 93% for AQy,
compared to only 43% of AQyg. Therefore, fluorescence of
AQ can be regulated over a wider window (64 %) than that
of AQg (31 %). The difference can be explained by the change
in stability of the AQ complex owing to the different positions
of the fluorophore pairs, which is supported by the fact that
the melting temperature of AQ; was 4°C lower than that of
AQy (Figure S2). These results show that the AQ; complex
was more sensitive under the same conditions than the AQg
complex, and we chose the AQ, complex for further experi-
ments. Considering that the stability of the right arm plays an
important role in the exposure of the toehold, we also tried
different sequences and lengths to demonstrate the effect of
different right arms on the performance of the AQ complex
(see Figure S3).

Finally, to investigate whether ATP can regulate the
reaction between the AQ complex and strand Q’, fluores-
cence spectroscopy experiments were performed after the
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addition of ATP with different concentrations. At a fixed
concentration of strand Q’ (500 nm), the strand displacement
reaction can be enhanced in an ATP-concentration-depen-
dent way (Figure 3). Also, the reaction showed a high
specificity for ATP, because the addition of 1 mm GTP
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ligands by exponential enrichment) technology,”) hundreds of
aptamer sequences!'”! that can bind specifically to different
ligands have been screened and applied in biosensing
systems."!! Therefore, by alternatively inserting other apta-
mer sequences and carefully tailoring the stability of the
bulge-loop structure, our system can be extended to couple
with a large number of other ligands and shows a great
potential to construct ligand-responsive dynamic molecular
systems.
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Figure 3. Fluorescence experiments with mixtures of AQ, complex with
strand Q' and ATP of different concentrations. In a typical test, AQ_
complex in buffer solution (400 puL, 50 nm) was placed in a cuvette,
and both strand Q' (1 pL, 200 uM) and ATP (1 pL at the proper
concentration) were added and mixed quickly within 20 s to initiate the
reaction. The concentration of strand Q' was fixed at 500 nm. The
fluorescence signals were normalized using the equation

le= (F—Fo) [ (Fmax—Fo), Where F is the fluorescence intensity of each
sample, F, is the lowest fluorescence intensity for each sample in the
initial state, and F,,,, is the fluorescence intensity detected after
annealing the sample of AQ,_ complex in the presence of both ATP

(1 mm) and strand Q'.

(guanosine triphosphate) only induced a negligible change of
the fluorescence signal (Figure S4). Therefore, it is demon-
strated that the presence of ATP can enhance the strand
displacement reaction between the AQ complex and the
complementary strand Q’, and the kinetics of the reaction can
be regulated by adjusting the addition of ATP molecules.

In conclusion, we have constructed a DNA bulge-loop
structure as a substrate for a DNA strand displacement
reaction, which is different from previously reported toehold
systems. We did not employ an overhanging toehold but
instead developed a hidden toehold, the activity of which is
firstly limited by the formation of a duplex in the metastable
structure and can then be adjusted by the addition of ATP.
The kinetics of the strand displacement reaction can be
regulated by tuning the concentration of ATP, thus allowing
ligand-responsive regulation. Furthermore, with over two
decades’ development of SELEX (systematic evolution of
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