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ABSTRACT: The DNA origami technique is a robust method for the ’ | Reconfigurable DNA u
design of DNA nanostructures with prescribed shapes, including complex \ / Mk /
curved geometries. In addition to static structures, dynamic DNA origami 2 \ / 500m

has been used to construct sophisticated nanomachines that can

reconfigure their shapes in response to external stimuli. Here, we report

a new method to design DNA origami structures that can transform , / \

between a noncurved conformation and curved conformation. The / t S :
reconfigurable structures are developed on the basis of dynamic DNA \ >
domino origami, which can transform in a cascading process initiated by — -
trigger DNA strands. The degree of curvature could be programmed by

tuning the sizes of DNA units within the origami.

KEYWORDS: DNA domino origami, dynamic DNA origami, conformation transformation, curved conformation

he programmable self-assembly of DNA has enabled the

construction of 1D, 2D,* '* and 3D structures.'**°
Importantly, the invention of the DNA origami technique,'' in
which a long single-stranded DNA scaffold is folded to custom-
designed shapes via hybridization with hundreds of short DNA
strands, dramatically facilitates the design of complex DNA
structures. Many interesting DNA structures with tailored
features have been designed using DNA origami and employed
in various applications.”' > DNA origami can be used to
construct not only nanostructures consisting of straight DNA
helices but also curved objects formed by bent DNA helices.
Currently, there are three general methods to design curved
DNA structures. The first one is to design noncurved DNA
origami and then generate curvatures by using deletions and
insertions of base pairs in the DNA structures.”® The second
one is to arrange the DNA scaffold based on the geometry of a
curved design and then generate corresponding DNA staples
subsequently.”” The third one is to bend the DNA helices by
mechanical tension.”””!

In addition to static DNA origami, many dynamic DNA
origami nanostructures have been developed, such as hinges,”
switches, walkers,>* and rotary devices.> Recently, it has
been demonstrated that DNA origami can undergo con-
formation change by shifting the base stacking at the junctions,
including transformation induced by external mechanical force
in DNA origami tubes,® and a cascade reaction in a DNA
domino array triggered by the DNA trigger strands.””** Here,
we demonstrate that a new dynamic DNA origami domino
array can be used as a general platform for generating tunable
curvatures in DNA origami nanostructures. The programmable
DNA domino array is formed by connecting many small
dynamic DNA units and can transform between two stable

© XXXX American Chemical Society

\ 4 ACS Publications

conformations in a step-by-step cascading process initiated by
the addition of trigger DNA strands (Figure 1A). The
canonical domino arrays do not contain engineered curvatures,
before or after transformation. In this work, we adjust the sizes
of DNA units to introduce a “unit size gradient” in the DNA
domino array and show that the curvature in a DNA domino
array can be controlled by adjusting the unit size gradient.
Design. The reconfigurable curved DNA origami is adapted
from the reconfigurable DNA domino array in a previous
publication.”” In the reconfigurable DNA origami array, the
DNA origami is composed of interconnected small dynamic
DNA units. A unit contains four DNA duplex domains with
equal length and four dynamic nicking points, which act as
hinges. The unit can switch between two stable conformations,
through the intermediate conformation. The transformation of
an individual unit in the presence of trigger DNA strands can
propagate to its neighbor units and eventually leads to global
structural transformation. In the canonical DNA domino array,
each DNA unit has the same size. The DNA helices in both
conformations have the same lengths, so both conformations
of the DNA structure are noncurved (Figure 1A). In the new
design, a DNA domino array consists of a gradient in terms of
the sizes of DNA units (Figure 1B). Before transformation, the
domino array retains a rectangular shape, because all DNA
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Figure 1. Schematic of reconfigurable domino origami arrays with
programmable curvatures. (A) A canonical four-by-three DNA
domino array is formed by interconnected dynamic DNA antijunction
units with uniform size. An array can switch between two stable
conformations with the help of trigger DNA strands. Strand diagrams
show the interactions between DNA strands corresponding to
structures in the red boxes. In the canonical design, both
conformations of DNA origami are noncurved. (B) In a DNA
domino array with a gradient distribution of unit sizes, the array can
switch between a noncurved rectangular conformation and a curved
conformation. In the rectangular conformation, the DNA helices have
equal lengths. In the curved conformation, the DNA helices have
different lengths, which lead to tunable curvatures. (C) The design
concept can be used to realize more complex transformation between
noncurved structures and curved structures. For example, a two-part
rectangle can transform to a ring-shaped structure. In addition, each
part of the structure can be transformed independently.

helices have equal lengths, regardless of the unit size gradients.
However, after transformation initiated by trigger DNA
strands, the directions of DNA helices reoriented, and the
array now contains DNA helices with different lengths, which
cause the DNA domino array to display a predesigned
curvature to compensate the local stress.”” The degree of
curvatures in the curved conformation can be tuned with the
unit size gradients. We also demonstrate more complex
transformations by using tube-shaped structures and DNA
domino arrays containing multiple parts that can be
independently transformed into curved shapes (Figure 1C).
Results. We designed four different two-dimensional DNA
origami arrays with the same overall dimensions but varied unit
size gradients (see Figure S1 for design schematics; see Figures
$23—S26 for the design diagram). The staple DNA strands
were classified into core strands, helper strands, and trigger
strands. Trigger strands were used for the transformation and
to stabilize the curved conformation, while the helper strands
can stabilize the rectangular conformation. The four arrays
were designed to exhibit various degrees of continuous
curvatures after transformation from rectangle shapes to
curved shapes (see Figure S2 for the schematics of four
curved conformations). To characterize the two conformations
of each DNA domino array, we assembled each of the four
structures with one-pot annealing using a p7560 DNA scaffold.

The four domino arrays were designed to have the same
dimensions but different unit size gradients (Figure 2A).
Before transformation, AFM imaging revealed that the
rectangular conformation (VIR, V2R, V3R, V4R) assembled
with core strands shared similar dimensions (Figure 2A and
Figure S3). After being converted to the curved trans-
formations, the curved domino arrays (V1C, V2C, V3C,
V4C) exhibited a varied degree of curvatures, in accordance
with their unit size gradients. The curvature of each version
was measured by calculating the central angles the structures in
AFM images (see Figure S3 for details). The central angles for
versions 1—4 were 44.3° + 0.9° (N = 50), 78.3° + 1.3° (N =
67), 174.1° + 1.2° (N = 84), and 232.9° + 1.9° (N = 56),
respectively (Figure 2B). The central angles were consistent
with the unit size gradients in the structures. With the steeper
unit size gradient, the central angle becomes bigger. The native
agarose gel electrophoresis further revealed the band mobilities
of the different conformations of the four structures without
purification (Figure S4). The curved conformations migrated
slower than the rectangular conformations for versions 2—4
because the curved geometries reduced the migration speed in
the agarose gel. However, the version 1 curved conformation
migrated faster than the rectangular conformation, likely due to
its relatively low level of curvature.

We investigated the transformation further by carefully
studying the conditions for the transformation with agarose gel
electrophoresis and AFM imaging (Figures SS and S6). The
domino origami transformation can be accelerated by adding
denaturation reagent formamide™*’ or incubation at higher
temperatures.’® After screening different conditions, we chose
to add the trigger strands to the rectangular conformation
samples, incubated with 20% formamide at different temper-
atures to achieve the desired transformation rate. No
transformation or uncompleted transformations were observed
in the samples at low temperatures of 30, 40, or 50 °C, while
most of the rectangular conformation could be transformed
into the curved conformation completely with the addition of
trigger strands with the 20% formamide and 55°C incubation
within 3 h (Figure 2A, Figures S6 and S7). Real-time AFM was
employed to study the in situ single-molecule transformation
using the version 1 structure (Figure 2C and Figure S8). We
observed multiple transformations from the rectangular
conformation to curved conformation within the 15 min
scan. Most of the transformations started from a corner and
propagated through a diagonal pathway. A few transformations
initiated from two corners and propagated from two opposite
directions. The in situ imaging revealed that the transformation
was a multistep process. It initiated from a starting point by the
trigger strands and propagated to the neighboring units and
finally to the entire structure. We also observed that the
transformations were faster when the sample was subjected to
the contact force from the AFM tip (Figure S9), a
phenomenon in agreement with our previous finding.

The same as the canonical domino array, the transformation
between the rectangular conformation and curved conforma-
tion in the curved domino array is reversible. We demonstrated
the reverse transformation from the curved conformation to
the rectangular conformation on the version 4 using toehold-
carrying trigger strands, corresponding releasing strands, and
reverse trigger strands. The releasing strands can displace the
toehold-carrying trigger strands by toehold-mediated strand
displacement.”" The reverse trigger strands were designed at
the same position as trigger strands, but they would stabilize
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Figure 2. Transformation of rectangular conformation to curved conformation. (A) Design and transformation of four DNA domino origami
arrays. The four DNA domino arrays were designed with various deletions and insertions of base pairs based on the standard S2BP antijunction
unit, indicated by the numbers above each origami, to generate different unit size gradients. Each small blue rectangle represents an antijunction
unit. The four rectangle-shaped DNA domino arrays (VIR—V4R) have identical dimensions before transformation. After transformation, the
domino arrays displayed different curvatures (V1C—V4C) according to their unit size gradients. The steeper the gradient, the more curvature the
origami exhibited. For transformation, rectangular-shaped DNA domino arrays were incubated with trigger strands and 20% formamide at 55 °C
for 3 h. Each structure before or after transformed was characterized by AFM imaging. Scale bars: 100 nm. (B) Histogram of central angle
distributions of the four curved DNA domino arrays. The central angles are 44.3° + 1.9° (N = 50), 78.3° + 1.3° (N = 67), 174.1° + 1.2° (N = 84),
and 232.9° + 1.9° (N = 56), respectively. (C) In situ AFM imaging shows the real-time transformation of the version 1 DNA domino array from
the rectangular conformation to the curved conformation in the presence of trigger strands at room temperature. The real-time transformation of
one DNA origami domino array indicated by an arrow is shown. The transformation initiated at a corner and propagated to neighboring regions.
Scale bars: 50 nm.
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Figure 3. Transformation of 3D tube structures. (A) Linker strands were included to form tube-shaped domino arrays with unit size gradients. The
tubes can transform into different ring-shaped conformations, depending on the unit size gradients. The rings were flattened on the mica surface
and exhibited overlapping regions during the AFM imaging. (B) Transformation of version 1—4 tube conformations to ring conformations. Trigger
strands were added to the tube samples with 20% formamide and SO °C incubation for 2 h. Scale bars: 100 nm.

V1Ri V2Ri V3Ri V4Ri

the rectangular conformation (see Figures S10 and S11 for the curved conformation back to the rectangle conformation
design details). Both AFM imaging and agarose gel electro- (Figure S11). However, adding the reverse trigger strands and
phoresis were used to characterize the reverse transformation. 20% formamide at 40°C transformed V4C into the rectangular
Releasing the trigger strands from V4C did not revert the conformation with the yield of 29%, while increasing the

C https://dx.doi.org/10.1021/acs.nanolett.0c03348

Nano Lett. XXXX, XXX, XXX=XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03348/suppl_file/nl0c03348_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03348/suppl_file/nl0c03348_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03348?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03348?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03348?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03348?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03348?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03348?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03348?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03348?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c03348?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

Figure 4. Modular design of curved DNA domino arrays. (A) Modular transformation from a two-part rectangular domino array to an O-shaped
structure. Each part can be independently transformed to a half-circle curved structure. (B) Modular transformation from a three-part domino array
to a clover-shaped structure. Each part can be selectively transformed into a curved structure. The transformation was performed by adding
selective trigger strands with 20% formamide and SO °C incubation for 2 h. Scale bars: 100 nm.

temperature to 50°C would further increase the reverse
transformation yield to 100% (Figure S11).

After demonstrating the transformation from noncurved
arrays to curved arrays with programmable curvatures, we
expanded the curvature transformation from 2D to 3D by
using tube structures. Linker strands were used to connect the
edges of the version 1—4 domino arrays to form reconfigurable
tubes (Figure 3A, see Figures $S28—S31 for design diagram).
The structures assembled with the linkers resulted in tube
conformations with various unit size gradients (VIT, V2T,
V3T, V4T), which were then transformed to ring conforma-
tions (V1Ri, V2Ri, V3Ri, V4Ri) with different geometries after
the addition of trigger strands (Figure 3B and Figure S12).
Instead of a flat two-dimensional disc, the ring conformations
were three-dimensional. Thus, overlapping regions on the ring
conformations were observed during the AFM imaging
process, presumably because the rings were flattened on the
mica surface (Figure 3A,B). The number of overlapping
regions varied, depending on the specific geometries of the ring
conformations. The ring conformation under AFM imaging
exhibited round or eclipse shapes. The diameter of the round
shape or the short axis of the eclipse shape were measured to
reflect the roundness of the shapes (Figure S13).

The native agarose gel electrophoresis in Figure S4 revealed
that the tube conformation migrated faster than the ring
conformation in four structures, probably due to the more
compact shapes of the tube conformations. The trans-
formations were also investigated by using 20% formamide
and 50 or 60 °C incubation (Figures S14—S17). We found that
the tube structures could be successfully converted to ring
structures in 20% formamide with 60 °C incubation (Figure
3B). We also noticed that increasing the incubation temper-
ature to 50 or 60 °C would open a few tubes, likely due to the
dehybridization of linkers.

The transformation between the tube conformation and the
ring conformation was also reversible. We evaluated the reverse
transformation of V4Ri to V4T by using toehold-carrying
trigger strands, releasing strands, and reverse strands (Figure
S10). First, the V4Ri was assembled with toehold-carrying
trigger strands. Then, the trigger strands were removed from

V4Ri by adding releasing strands. Upon the addition of reverse
strands, the V4Ri was transformed to V4T with ~100% yield
with 20% formamide and 50 °C incubation (Figure S18).

We then demonstrated more complex transformations
between noncurved domino arrays and curved domino arrays
by designing domino arrays containing multiple intercon-
nected but independent reconfigurable modules. Two modular
domino structures were constructed. The first one is a two-part
rectangle domino array that could be transformed to an O-
shaped structure (Figure 4A, see Figure S33 for the design
diagram). Each part of it has its own trigger strands and could
be independently transformed from a rectangular conformation
into a curved conformation. After successful assembly of the
rectangular conformation (Figure S19), we selectively added
trigger strands to transform either the left part or the right part
to the curved conformation. When both parts were trans-
formed to the curved conformation at the same time, the
overall structure exhibited a ring shape as we designed (Figure
4A and Figure S20). We then designed and tested a three-part
clover-shaped modular domino array (Figure 4B). The clover
structure has three parts connected by the DNA scaffold (see
Figure S34 for strand diagram). Like the O-shaped structure,
each part in the clover-shaped structure has its independent
trigger strands and can be transformed from a rectangular
conformation to a curved conformation selectively. We
successfully assembled the clover-shaped domino array without
curvature (Figure S21) and then performed a modular
transformation to curved conformations by selectively adding
trigger strands (Figure 4B and Figure S22).

In summary, we demonstrated a method for the design and
construction of sophisticated dynamic DNA arrays that can be
controllably reconfigured between the noncurved conforma-
tion and curved conformations. The new method is fully
programmable. In the dynamic DNA array consisting of
interconnected DNA units, each DNA unit experiences the
reconfiguration during the conformation transformation and
can propagate to the neighboring units, leading to continuous
curvature in the curved conformation. The curvature of the
structure after transformation could be programmed by
adjusting the gradient DNA unit size, generating a variety of
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curved conformations from the rectangular conformation. The
modular reconfiguration allows the creation of a dynamic
molecular machine containing hybrid reconfigurable curved
modules. Each module can independently respond to external
stimuli and changes to the curved conformation. The
transformation between the noncurved conformation and
curved conformation expands the scope of shape changes in
dynamic DNA nanostructures, allowing the creation of more
sophisticated dynamic molecular machines.
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