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ABSTRACT: A transcription regulation system initiated
by DNA nanostructure changes was designed and
constructed. Using the toehold system, specific DNA
strands induced the opening of the tubular structure. A
transcription product from the purified tube-attached
dsDNA template was observed by addition of DNA
strands that were specific for opening the tubular structure.

Gene expression is controlled precisely by transcription
factors that respond to ligands such as metabolically

active molecules.1 The dynamic reactions that occur during
transcription are regulated by the interaction between RNA
polymerase and DNA-binding proteins, which inhibits tran-
scription; a simple example is their regulation by suppressors.2

This means that the mechanical attachment and detachment of
a suppressor to the regulation sites controls the on−off
switching in the transcription system.
Mechanical control of DNA structural changes has been

widely investigated in the field of DNA nanotechnology using
DNA strand exchange, in which a target single-stranded DNA
with an extra sequence attached to the terminal (called a
toehold strand) is removed from the initial duplex by
hybridization of a fully matched complementary strand.3−5

The morphological change in the nanostructure can be
controlled by strand exchange of toehold-containing DNA
strands with specific fully matched complementary strands.6

Therefore, this method can be applied to the regulation of
transcription by controlling the 3D structural change that
occurs around the promoter region.
In this study, we designed a tubular DNA nanostructure and

introduced a double-stranded (ds) DNA template inside it, at
the promoter region, to control RNA polymerase binding
(Figure 1A). A tube-opening system using specific DNA
strands was preinstalled in this tubular nanostructure. The six-
helix bundled tubular structure was designed according to the
rules described previously.7,8 We used three scaffold strands
and eight staple strands to form the tubular structure. In the
geometry of the tube, the adjacent duplexes are connected at an
angle of 120°, at which crossovers are introduced every 7 bp
(Figure 1B).
The complex was formed by annealing the scaffold strands

and staple strands in a buffer containing 20 mM Tris-HCl (pH

8.0) and 100 mM MgCl2 from 85 to 15 °C at a rate of −1.0
°C/min. Formation of the complex was confirmed using gel

electrophoresis (Figure 2A, lane 1). We observed a single band

when all the strands were mixed in 1 equiv. AFM analysis

revealed that this structure was a tubular nanostructure with a
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Figure 1. Transcription regulation system initiated by the nanostruc-
ture change of a DNA tube into an open form. (A) The T7 promoter
region of the dsDNA template is wrapped by the tubular
nanostructure. Operation of the tube opening is controlled by the
toehold-containing strands (flags). (B) Design of the tubular structure
and the sequences. Flags show the positions of the toehold strands.
The numbers on the left side of the design represent the duplex
number. The numbers of staple strands 1−8 are represented as colored
letters. Addition of the four DNA stands complementary to the
toehold-containing strands (staples 1, 3, 6, and 7) causes tearing of the
tubular structure along the dotted line between the second and third
duplexes. The dsDNA template is introduced onto the center of the
third duplex (staple 5). For purification purposes, biotin with disulfide
linkage is attached on the 5′-side of the staple in the fourth duplex
(staple 2).
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length of 19.1 ± 1.2 nm (expected length, 19 nm) and a
diameter of ∼5 nm (Figure S2C).
Next, we examined the opening of the tubular structure using

the toehold system. The toehold-containing strands were
introduced into the terminal of the four staple strands. After
formation of the complex, four DNA strands complementary to
the toehold-containing strands were added to open the tubular
structure. Opening of the tube was confirmed using gel
electrophoresis and AFM analysis. As shown in the gel image
(Figure 2A), the smear band (lane 4) observed was retarded
compared with the band corresponding to the closed tube (lane
3). The unmodified tube did not respond to the addition of the
specific strands (lane 2). In solution, opened tubes should form
flexible curved structures; thus, the opened tubes exhibited
different sizes, resulting in smearing of the band in the gel.
AFM also demonstrated that this structure was a tubular
nanostructure that was opened to the single-layered structure
by addition of the specific strands (Figures 2B and S2D). These
results indicate that the formation and opening of the tube can
be controlled using this toehold system.
Subsequently, we examined the effect of tube opening on the

binding of RNA polymerase to the DNA tubular complex. A T7
promoter-containing dsDNA (40 bp) was attached to the DNA
tube. After annealing, binding of T7 RNA polymerase to the
closed and opened tubular structure was analyzed using native
PAGE (Figure S3). The closed tubular complex was not
affected by the addition of RNA polymerase. Conversely, the
bands corresponding to the opened tubular complex shifted
after addition of RNA polymerase at a concentration identical
to that used for the closed structure. These results show that
the closed tube prevents the binding of RNA polymerase to the
promoter site and that opening of the tube induces RNA
polymerase binding.
To construct a transcription-activation system, the PCR-

amplified dsDNA template (∼900 bp) was incorporated into

the tubular structure. A mixture of the scaffold strands, staple
strands, and dsDNA template with a staple strand sequence was
annealed from 85 to 60 °C for 50 min, and then from 60 to 15
°C for 4.5 h, to allow complex formation. Migration of the band
in the gel was slower than that of the dsDNA template (Figure

3C, lane 1). Analysis of the mixture using AFM showed that the
tubular structure appeared at the terminal of the dsDNA
template (Figure S4E). Gel electrophoresis showed that the
dsDNA template was incorporated into the tubular structure at
a yield of 50−60%.
Construction of a gene expression system required the

assembly and purification of the tube−dsDNA template
conjugate. We introduced a biotin-labeled staple strand into
the tubular structure (Figure 3A). After structure formation, the
conjugate was incubated with streptavidin-conjugated magnetic
beads, and the unattached dsDNA template was removed by
washing (Figure 3B). The target structure was recovered by
cleavage of the disulfide bond using DTT reduction. Gel
electrophoresis showed that the target structure was purified
and separated from the unincorporated dsDNA template
(Figure 3C, lane 3). The recovered product was observed

Figure 2. Complex formation and morphological change of the tubular
DNA nanostructure to an open form. (A) Analysis using 4% native
polyacrylamide gel electrophoresis (PAGE). Lane 1, assembly of a
tubular structure; lane 2, addition of specific DNA strands to the
tubular structure; lane 3, assembly of a tubular structure with toehold-
containing strands; lane 4, addition of specific DNA strands to the
toehold-containing tube. (B) AFM images of the closed form (left)
and opened form (right) after addition of specific DNA strands that
were complementary to the toehold-containing strands.

Figure 3. Preparation and purification of the tube−dsDNA template
conjugate. (A) Scheme for assembling the DNA strands to prepare the
tube−dsDNA template conjugate. (B) Scheme for purifying the tube−
dsDNA template conjugate, which has a biotin and disulfide linker.
(C) Native PAGE (4%) of the tube−dsDNA template conjugate. Lane
1, mixture; lane 2, supernatant after washing; lane 3, recovery after
DTT reduction. (D) AFM image of the purified tube−dsDNA
template conjugate and sectional analysis of the nanostructures along
the green line in the AFM image. The illustration on the right is a
sectional view of a nanostructure where a dsDNA template (blue) is
included in the six-helix bundled tube (green).
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using AFM, and all dsDNA templates had the tubular structure
at their terminal (Figure 3D). Sectional analysis showed that
the amount of tubular structure was 3 times higher than that of
the duplex structure, indicating that the six-helix-bundled tube
wrapped the dsDNA template.
The tubular structure attached to the dsDNA template was

opened using specific DNA strands that were complementary
to the toehold-containing strands. The opened form was
retarded in gel electrophoresis (Figure 4A). Sectional analysis

showed that the amount of conjugate in the tube region was
twice that of the usual duplex, indicating that the tubular
structure was changed to an open form (Figure 4B).
Finally, we examined in vitro transcription using T7 RNA

polymerase. The dsDNA template comprised ∼900 bp; thus,
when transcription occurs, the switching can be monitored by
the expression level of the RNA transcript. Before transcription,
the tube−dsDNA template conjugate was incubated with DNA
strands that were complementary to the toehold-containing
strands at 30 °C for 15 min, followed by addition of T7 RNA
polymerase. The reaction was performed at 34 and 37 °C for 5
min, after which the transcription level was analyzed using

agarose gel electrophoresis. After the completion of the
reaction at 34 °C, the transcription level of the sample to
which the complementary strands were added was 5.5 times
higher than that of the closed-tube structure (Figure 4C). The
low-level transcription activity observed for the closed form
may be attributed to imperfect prevention of RNA polymerase
binding. The experiment of DNase cleavage of the tube
conjugate revealed that the dsDNA template was slightly
cleaved in the closed form (Figure S5). Therefore, the tube
conjugate permitted partial access of RNA polymerase to the
dsDNA template in the closed form, because the initial
structure may contain a small portion in which the dsDNA
template may be unwrapped by the tubular structure. The
relative transcription levels of the closed and opened tube−
dsDNA template conjugates were also dependent on temper-
ature. Suppression of transcription by tube wrapping was more
efficient at 34 °C than at 37 °C (Figure 4D). Although the
suppression of transcription using the closed-tube structure was
not still complete, transcription was controlled and recovered
via the mechanical operation of the 3D structural change, by
addition of specific DNA strands.
In conclusion, we have designed and prepared a tube-

attached dsDNA and have controlled the mechanical opening
of the tube using the toehold system. Transcription was
controlled using this opening system. Basically, this system uses
standard oligonucleotides and a PCR-amplified dsDNA
template, thus differing from photocontrolled transcription,
which uses photoresponsive synthetic oligonucleotides.9,10

Specific DNA strands induced the 3D structural change and
subsequent transcription. This method can be applied to
mechanical switches for controlling the expression of various
biological reactions.
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