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The progress of the scaffolded DNA origami e g g Multi-Reconfigurable
technology has enabled the construction of various dynamic JES RS R DNA Nanolattice
nanodevices imitating the shapes and motions of mechanical A RS ES)
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changes, the incorporation of multiple movable joints into a single = oy, e o =
DNA origami structure and their precise control are desired. Here, ; «¥
we propose a multi-reconfigurable 3 X 3 lattice structure consisting N
of nine frames with rigid four-helix struts connected with flexible il‘)ﬁv
10-nucleotide joints. The configuration of each frame is ?0,;,\
determined by the arbitrarily selected orthogonal pair of signal s

DNAs, resulting in the transformation of the lattice into various
shapes. We also demonstrated sequential reconfiguration of the Rhombus Zigzag
nanolattice and its assemblies from one into another via an

isothermal strand displacement reaction at physiological temperatures. Our modular and scalable design approach could serve as a
versatile platform for a variety of applications that require reversible and continuous shape control with nanoscale precision.

self-assembly, multi-responsivity, reconfiguration, nanodevice, DNA nanotechnology, DNA origami

enhance the complexity of achievable motions of DNA
nanodevices. For example, paper-folding-inspired motions
were realized by designing six hinges in a DNA origami
nanostructure,”® while kinematic motions were achieved by
linking eight-helix bundles with multiple joints.”” Propagation
of conformation change based on mechanical linkage was also
exhibited by controlling one of the angles in a rhombus-shaped
nanostructure.”” Besides these scaffolded DNA origami-based
nanodevices, reconfigurable grid-like crystalline structures were
successfully constructed using a scaffold-free approach by
dictating the branching orientations of their constituent multi-
way junctions—achieved via controlling the length of the inter-
edge duplexes.””*’ These pioneering studies opened the way
for DNA nanodevices exhibiting more complex and control-
lable motions, toward which operations of the distinct movable
joints in a combinatorial, sequential, and reversible manner are
further desired.

In this study, we designed multiple controllable links in a
single DNA origami to produce a multi-reconfigurable

Owing to the development of methods to fold DNA into
artificial nanostructures and evolution of the chemical synthesis
of custom oligonucleotides, DNA is now widely used as a
programmable nanomaterial."” The early stage of the field of
the structural DNA nanotechnology focused on the fabrication
of static nanostructures with high precision in a robust
manner.” > In addition to that methodology, a variety of
dynamic DNA nanodevices have been developed based on the
differences in physical properties between single-stranded
DNA (ssDNA) and double-stranded DNA (dsDNA).®”
ssDNA is often regarded as a flexible joint owing to its short
persistence length (~1.3 nm), whereas dsDNA has a
persistence length of ~50 nm®™'* and is further bundled
into rigid parts of the devices. Among the different types of
methods implemented in structural DNA nanotechnology,
scaffolded DNA origami is a powerful technique to obtain a
desired two-/three-dimensional shape''™"* and thus has been
employed to construct reconfigurable nanodevices imitating
normal-sized mechanical objects.">™"” Successful attempts are
represented by the development of DNA nanodevices and
nanorobots exhibiting open-close motion,"”'*™** sliding February 22, 2023
motion,">***” or rotary motion.”*"** April 1, 2023
One of the most popular strategies for constructing dynamic April 13, 2023
DNA nanodevices is to design flexible connections such as April 27, 2023
hinges and joints'® and install angle-adjustable mechanisms for
them.”**> Implementing multiple such connections can

nanolattice that can be transformed into a variety of different
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Figure 1. Design of a DNA origami nanolattice comprising shape-controllable nine frames. (a) Schematic representation of the DNA origami
nanolattice. The latch DNA incorporated into the bundle is shown in green. (b) Schematic representation of the transformation mechanism of a
frame [dashed box in (a)]. One pair of trigger DNAs is used to fix a 6 = 90° square. A trigger DNA specifically binds the exposed ends of the latch
DNA to face each other, acting as a sticking rod for the struts (dark gray strands). The other two pairs of trigger DNAs are used to fix a € < 90° or
>90° rhombus via specifically bringing the attached struts closer together (blue or red strands). (c) Transformation of the nanolattice from one

shape into another by switching the set of trigger/anti-trigger DNAs.

shapes in a programmable manner depending on the
combination of orthogonal input DNA signals. The modular
and scalable link design allowed not only reversible
reconfiguration but also sequential reconfiguration from one
shape into another via an isothermal toehold-mediated strand
displacement (TMSD) reaction.

Our DNA origami nanolattice is folded from a single-stranded
M13mp18 scaffold DNA and is constructed as a 3 X 3 lattice
(Figure la, see also Figures S1 and S2). Each frame of the
nanolattice comprised four rigid four-helix bundles (4HBs),
four flexible 10 nt ssDNA joints connecting the rigid struts,
and four latch DNAs, each of which protruded from each 4HB.
Reconfiguration of the frame was achieved by dictating the
angle between the struts with a set of signal DNAs—termed
trigger DNAs. Each trigger DNA can bridge a pair of latch
DNAs to suppress the flexible motion of the joints and hold
the bundles at predetermined relative angles (6 in Figure 1b).
Three orthogonal pairs of trigger DNAs were designed for the
transformation of each frame into a right-angled rhombus (6 <
90°), left-angled rhombus (6 > 90°), or square (6 = 90°)
(Figure 1b). Each trigger DNA has a toehold sequence and
thus can be displaced from the frame by adding its fully
complementary ssDNA (anti-trigger DNA) (Figure S3).

1436

The shape of each of the nine frames was regulated by their
respective pairs of trigger DNASs, enabling reconfiguration of
the nanolattice into various shapes, the interconversions of
which were achieved by the TMSD reaction (Figure 1c).

Given that each strut (i.e., the 4HBs) of the frame has three
patterns of angular selectivity (6 < 90°, = 90°, or >90°) on the
two-dimensional (2D) plane, there was a large number of
possible configurations for the nanolattice. Exhaustive search
after imposing ¢ = 40, 90, or 140° on the frame of ith row and
jth column resulted in 87 possible configurations. These values
were estimated based on the length of one trigger DNA and
the distance between one latch DNA and one joint. By
excluding mirror-image configurations and rotationally sym-
metric configurations, there remained 17 types of config-
urations as apparently distinguishable on the 2D-plane (Figure
S4).

We first investigated whether these 17 variations could be
achieved by the addition of the corresponding set of trigger
DNAs (Figure 2a). For this objective, the unfixed, flexible
nanolattice was prepared by one-pot annealing of M13 scaffold
DNA and staple strands following the removal of excess
ssDNA strands (Figure SS). Aliquots of the purified sample
were then allowed to react with the respective sets of trigger
DNAs to produce the 17 different shapes (NL1—-NL17)
(Figure 2a, see also Figure S6). Atomic force microscopy
(AFM) images before and after the addition of trigger DNAs
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Figure 2. AFM analysis of the reconfiguration into 17 possible shapes using respective sets of trigger DNAs. (a) Schematic diagram of the
reconfiguration from an unfixed shape into various shapes. (b) Cropped AFM images and histograms of angler distributions. The positions of the
nine histograms correspond to the coordinates of each frame in the nanolattice. The background of the histograms was colored based on the
average value of 6 according to a blue-to-red color map. Scale bar: 100 nm. N > 100. See also Figures S7—S9 for details.

showed that the unfixed nanolattice adopted various shapes,
whereas those after the reaction exhibited one distinct shape
(Figure 2b, see also Figures S7 and S8).

To quantify whether the nanolattice underwent the signal-
set-specific transformation, 6; for individual nanolattices were
measured, and their distributions were summarized in nine (3
X 3) histograms according to their positions (Figure S7). The
orientation of the nanolattice on a substrate surface was
distinguished by decorating one of the struts of a specific frame
with streptavidin (Figures S1 and S7). Each frame of the
unfixed nanolattice had an average angle of approximately 90°,
yet exhibited wide angle distribution with a large standard
deviation, reflecting its flexible and polymorphic nature.
Following the reaction with trigger DNAs, the angle
distribution for each frame became sharper, and the average
angle matched with the target shape (Figure 2b, see also
Figures S8 and S9). This was applicable in all 17 cases,
demonstrating the selective transformation of our nanolattice
into the target shape using the specific set of trigger DNAs.

To test the reconfigurability of the nanolattice, the unfixed
nanolattice was allowed to react with the specific set of trigger/
anti-trigger DNAs required to produce a square (NL1), cross
(NL3), zigzag (NL1S), or rhombus (NL17) shape. By
sequentially treating the sample with the same or different
set of trigger DNAs and their corresponding sets of anti-trigger

1437

DNAs in order, the transformation was cycled for two rounds.
We tested 4* = 16 possible pathways, 12 of which include
reconfiguration from a particular shape into others. A sample
solution of unfixed nanolattice was first prepared (stage 1) and
then allowed to react with the first set of trigger DNAs (stage
2), in the same manner as presented in Figure 2. Subsequently,
the corresponding set of anti-trigger DNAs against the first set
of trigger DNAs was added to induce the reverse trans-
formation (stage 3). After the reaction, the second set of
trigger DNAs was added to induce the second transformation
(stage 4), and finally, the second set of anti-trigger DNAs
(stage S) was added to unfix the nanolattice again. Reactions at
stages 2—4 were conducted at 37 °C for 6 h. After the reaction
at each stage, the nanolattice sample was imaged by AFM in
solution to analyze the changes in its apparent shape.

Figure 3 summarizes the representative AFM images after
each stage and the results of the statistical analysis of 6;. In all
pathways, the nanolattices after stages 2 and 4 assumed
expected configurations with average values of §; that matched
with the target shapes, whereas those after stages 1, 3, and 5
assumed indeterminate shapes with wide distributions of 6
(Figure 3, see also Figures S10 and S11), suggesting the
success of repeated transformation into a selected shape and
programmable reconfiguration from one shape to another.
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Figure 3. Repeated and sequential reconfiguration of the nanolattice by adding the corresponding set of trigger/anti-trigger DNAs in order. Flow of
the reconfiguration from stages 1 to S is summarized together with representative AFM images and histograms of angler distributions at each stage.
Unfixed nanolattice was reconfigured into NL1, NL3, NL1S, or NL17 (from top to bottom) at stage 2 and further reconfigured into NL1, NL3,
NL1S, and NL17 at stage 4. Scale bar: 100 nm. N > 90 for each stage. See also Figures S10 and S11 for details.

Hierarchical Self-Assembly into 7 x 7 Nanolattice and Its
Reconfiguration

Our design approach should, in principle, be scalable into
larger, higher-order structures. To test this idea, we redesigned
the nanolattice structure such that its heterotetramerization
results in the formation of a 7 X 7 lattice (Figure 4a, see also
Figure S12). Half-struts at the connection ends of each
monomer were designed to make complete struts upon the
multimerization, resulting in the additional frames. Each
monomer was first prepared as a 3 X 3 square lattice by
annealing scaffold DNA and staple strands with trigger DNAs
that were required to fix the angles @ between 4HBs at 90°.
Pairs of monomers (Al and Bl or A2 and B2) were then

1438

mixed at an equimolar ratio to produce 7 X 3 lattices, which
were further assembled into a 7 X 7 lattice (Figure 4a).

The formation of the target products in each step of the
hierarchical assembly was addressed by agarose gel electro-
phoresis (AGE). As shown in Figure 4b, two different hetero-
dimers (A1-B1 and A2-B2) were successfully prepared, as
evidenced by the decrease of monomer bands and clear band
shifts. Their assembly into the heterotetramer was also
evidenced by the disappearance of the Al-B1 and A2-B2
bands and further band shifts after the second step. AFM
images of the tetrameric sample revealed the successful
construction of the scaled-up, 7 X 7 lattice (Figure 4c, left).

The 7 X 7 lattice was then subjected to the reconfiguration.
The anti-trigger DNAs were first added to remove the pre-

https://doi.org/10.1021/jacsau.3c00091
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Figure 4. Hierarchical construction of the tetramer of the DNA origami nanolattice and its signal-dependent reconfiguration. (a) Schematic
illustration of the hierarchical assembly of the 7 X 7 nanolattice. (b) Agarose gel electrophoresis analysis of the 7 X 7 nanolattice assembly. Lane 1:
ladder maker, lane 2: scaffold DNA, lane 3: A1 3 X 3 nanolattice, lane 4: B1 3 X 3 nanolattice, lane 5: A2 3 X 3 nanolattice, lane 6: B2 3 X 3
nanolattice, lane 7: A1-B1 7 X 3 nanolattice, lane 8: A2-B2 7 X 3 nanolattice, and lane 9: 7 X 7 nanolattice consisting of two types of 7 X 3
nanolattices. (c) Schematic illustrations of signal DNA-induced reconfiguration of the 7 X 7 nanolattice. Representative AFM images at each stage

are shown. Scale bar: 100 nm.

incorporated trigger DNAs and make the lattice “unfixed”
(Figure 4c, middle). Next, the unfixed 7 X 7 lattice was
reversed into the 7 X 7 square lattice or reconfigured into the 7
X 7 rhombus by adding the corresponding set of trigger DNAs
(Figure 4c, right). Representative AFM images of the sample
after each step (Figure S13) revealed the transformation of the
7 X 7 lattice into the desired shape, which also demonstrates
the scalability of our design.

In this study, we demonstrated the programmable reconfigura-
tion of a DNA origami nanolattice via a TMSD reaction.
Generally, the construction of multiple structural variations
from a single DNA origami design requires the replacement of
a large number of staple strands because even slight changes in
the path of the scaffold strand can cause the revision of almost
all staple sequences.'”*' This costly preparation has been
challenged by the “module-based” design approach, which
enables the construction of a series of DNA nanostructures
with different morphologies from a single DNA origami design
merely by replacing individual parts of staple strands.*”~*" In
our design, each frame can be regarded as a module, the
cumulative reconfiguration of which determines the overall
shape. This modular design enabled a variety of configurations
of the nanolattice by dictating a target shape with a
combination of 18 trigger DNAs, which corresponds to
approximately 8% of the total staple strands only. Furthermore,
by replacing the incorporated set of the trigger DNAs with
another via an isothermal TMSD reaction, the structural
shapes could be repeatedly and sequentially reconfigured.
Given that the properties and functions of material are
tightly dependent on its molecular composition as well as the
arrangement of its constituent molecules, a platform enabling
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manipulation of the relative positions and postures of multiple
molecules with nanoscale precision can be expected to lead to
the development of novel materials whose functions can be
switched arbitrarily on demand. Owing to their surface
addressability, DNA nanostructures have been utilized as
scaffolds for organizing a variety of molecules, such as
inorganic nanoparticles,**’ nucleic acids,’>>" and pro-
teins.>> ¢ Dynamic nanostructures, such as DNA tweezers,
capable of open/close motion have also been used to control
the distance between a pair of enzyme and its cofactor.”’
Modularity of the frame in our dynamic nanolattice should
allow its surface decoration with multiple, possibly even
different, molecules and their rearrangement along with the
reconfiguration of the lattice. In addition, the reconfiguration
could be operated at physiologically relevant temperatures (i.e.,
37 °C), ensuring protection of biomolecules from thermal
denaturation. Coupled with its scalability, our design approach
paves the way for constructing more complex nanosystems
whose properties and functions can be controlled in a
programmable manner.>®

All staple strands were purchased from Eurofins Genomics Tokyo
(Tokyo, Japan). Single-stranded M13mpl8 viral DNA and cyclic
ssDNA of 8064 nt (p8064) were purchased from Tilibit Nanosystems
(Garching, Germanzr). DNA origami structures were designed using
caDNAno software®® for strand routing. Assembly of the origami
structures was accomplished by mixing 10—40 nM scaffold DNA
(M13mp18 ssDNA or p8064) with staple strands in 20—100 uL of
the folding buffer containing S mM Tris—HCl (pH 8.0), 1 mM
EDTA, and 15 mM MgCl,. The mixture was incubated at 85 °C for §
min, annealed by sequentially reducing the temperature from 85 to 65

https://doi.org/10.1021/jacsau.3c00091
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°C at a rate of —1 °C/min, then incubated at 65 °C for 15 min,
reducing the temperature from 65 to 15 °C at a rate of —0.5 °C/min,
and finally incubated at 15 °C.

The assembled DNA origami structure was purified using a glycerol
gradient method.®° To prepare a linear glycerol gradient (5—45%, v/
v), nine layers (200 uL per layer) of glycerol solution in 1 X TE-Mg
buffer (S mM Tris—HCI [pH 8.0], 15 mM MgCl,, and 1 mM EDTA)
were carefully added into a 2.2 mL ultracentrifuge tube with 5%
concentration decrement per layer, starting with a 45% glycerol
solution at the bottom. The tube was incubated overnight at 25 °C to
prepare a glycerol gradient. A solution of DNA origami nanostruc-
tures (200 L) containing 5% glycerol was then loaded on top of the
glycerol gradient. The tube was then centrifuged at 50,000 rpm
(214,288g) for 1 h at 4 °C using an ultracentrifuge (himac
CS1S0GXII, Hitachi, Tokyo, Japan) equipped with a swing-rotor
(855S-2017, Hitachi, Tokyo, Japan). After centrifugation, 14 fractions
(750 uL x 1, 75 uL X 12, and 350 puL X 1) were collected
sequentially from the top to bottom of the tube. Aliquots of each
fraction were subjected to AGE (Figure S5a). The fractions exhibiting
the target bands were mixed and concentrated using Amicon Ultra-0.5
mL centrifugal filters (MWCO 100 kDa) (Merck KGaA, Darmstadt,
Germany). The glycerol-containing buffer was also replaced with
glycerol-free buffer during ultracentrifugation. The concentration of
the purified sample was determined by quantifying the band intensity
of the origami structures before and after purification by AGE (Figure
S5b).

The samples were loaded for electrophoresis on a 1.5% agarose gel
containing S mM MgCl, in a 0.5X Tris-borate-EDTA buffer solution
under 100 V at 4 °C. The gels were then imaged with ChemiDOC
MP (Bio-Rad Laboratories, Inc. Hercules, CA) using SYBR Gold
Nucleic Acid Gel Stain (Thermo Fisher Scientific, Waltham, MA) as
the staining dye.

AFM imaging was performed using tip scan high-speed AFM
(BIXAM, Olympus, Tokyo, Japan), which was improved based on a
previously developed prototype AFM®' in a solution of observation
buffer containing S mM Tris—HCI (pH 8.0), 15 mM MgCl,, and 1
mM EDTA. A 2 uL drop of the 1—3 nM sample in the observation
buffer was deposited onto a freshly cleaved mica surface (¢ 3.0 mm)
and incubated for 1 min, followed by a 1 uL drop of 0.1% 3-
aminopropyltriethoxysilane and incubated for 3 min. Small cantilevers
(9 pm long, 2 pm wide, and 130 nm thick) with a spring constant of
0.1 N/m (USC—F0.8-k0.1-T12; Nanoworld, Neuchatel, Switzerland)
were used to scan the sample surface. The 320 X 240 pixel images
were collected at a scan line rate of 0.5 frames per sec. The imaged
sequences were analyzed using Image] software (http://imagej.nih.
gov/ij/). The broken or aggregated structures were not used in
analysis.

A sample solution of the purified unfixed nanolattice was first
prepared (stage 1) and then allowed to react with first trigger DNAs
at the molar ratio of nanolattice/each first trigger DNA = 1:2 (stage
2). Next, a set of first anti-trigger DNAs was added at the molar ratio
of nanolattice/each first anti-trigger DNA = 1:4, to remove the
corresponding trigger DNAs (stage 3). Subsequently, six-folds of
second trigger DNAs were added to induce second transformation
(stage 4), and finally eight-folds of second anti-trigger DNAs (stage S)
were added to unfix the nanolattice again. The concentrations of the
nanolattice at stages 1, 2, 3, 4, and S were ~20, ~15, ~12, ~10, and
~§ nM, respectively. Reactions at stages 2—4 were conducted at 37
°C for 6 h. Before AFM observation, the lattice was allowed to react
with 100 equimolar concentration of streptavidin (FUJIFILM Wako
Pure Chemical, Osaka, Japan) for specific labeling as an orientation
marker.

1440

Four types of 3 X 3 nanolattices with extended terminal edges were
designed (Al, A2, Bl, and B2) to construct a 7 X 7 nanolattice
through the heterotetramerization. Each 3 X 3 nanolattice was
assembled by mixing and annealing the scaffold strand (p8064), staple
strand, and a set of trigger DNAs that fixes all frames in a square.
Next, 7 X 3 nanolattices were constructed by mixing purified Al and
B1 (or A2 and B2) at the same molar ratio (final concentration of
~20 nM). Finally, a 7 X 7 nanolattice was constructed by mixing Al-
B1 and A2-B2 7 X 3 nanolattices (final concentration of ~10 nM) at
the same molar ratio. To make the 7 X 7 nanolattice transformable,
anti-trigger DNAs were first added at the molar ratio of nanolattice/
each anti-trigger DNA = 1:2, to remove the pre-incorporated trigger
DNAs (final concentration of ~15 nM). After that, a set of trigger
DNAs was added at the molar ratio of nanolattice/each trigger DNA
= 1:4, to induce the transformation (final concentration of ~10 nM).
Each reaction was carried out at 37 °C for 6 h.
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