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SUMMARY

Two-dimensional (2D) DNA origami that is capable of self-assembling into com-
plex 2D and 3D geometries pave the way for a bottom-up synthesis for various
applications in nano/biotechnology. Here, we directly visualized the aqueous
structure of 2D DNA origami cross-tiles and their assemblies using cryogenic elec-
tron microscopy. We uncovered flexible arms in cross-tile monomers and desig-
nated inter-tile folding. In addition, we observed the formation of clusters and
stacks of DNA cross-tiles in solution, which could potentially affect the interaction
and assembly of DNA origami. Finally, we quantitatively evaluated the flexibility
of DNA origami in solution using finite element analysis. Our discovery has laid
the foundation for investigating the dynamic structures of 2D DNA origami
assemblies in solution, providing insights regarding the self-assembly and self-
replication mechanisms of 2D DNA origami.

INTRODUCTION

Scaffolded DNA origami, the key development in DNA nanotechnology, can create arbitrarily shaped two-
dimensional (2D) and three-dimensional (3D) DNA nanostructures (Andersen et al., 2009; Bai et al., 2012;
Dietz et al., 2009; Gerling et al., 2015; Han et al., 2011; linuma et al., 2014; Ke et al., 2009a, 2009b; Marras
et al., 2015; Zhang et al., 2018a). It combines a long single-stranded scaffold DNA with a pool of short-
staple strands that fold it into a programmable nanostructure. By predesigning the monomeric DNA nano-
structures and precisely tuning the hybridization of single-stranded sticky ends, the self-assembly of DNA
origami could be specified to build gigadalton-scale structures (linuma et al., 2014; Liu et al., 2011; Zhang
et al., 2018a), engendering applications such as metamaterial (Lee et al., 2012; Tian et al., 2020) and
self-replication (He et al., 2017; Wang et al., 2011; Zhuo et al., 2019) devices. Specifically, 2D DNA origami
usually has a highly confined thickness compared with their in-plane dimensions. They have been used as
building blocks for 2D lattices both in solution (Liu et al., 2011) and on surfaces (Suzuki et al., 2015; Woo and
Rothemund, 2014), as well as a functioning platform for the programmable assembly of hybrid and recon-
figurable structures (Zhang et al., 2018b; Zion et al., 2017).

However, understanding the native shape of 2D DNA origami in solution still relies on theoretical predic-
tions (Castro etal., 2011; Kim et al., 2012; Lee et al., 2021; Maffeo and Aksimentiev, 2020). We postulate they
will be floppy in solution owing to their softness and flexibility, which may affect their intermolecular prop-
erties and interactions. Conventional imaging techniques, such as atomic force microscopy (AFM) and
negatively stained transmission electron microscopy (TEM), have been widely used to investigate DNA
origami (Douglas et al., 2009a; Han et al., 2011; Ke et al., 2012a, 2014, Liu et al., 2011; Rothemund, 2006;
Weietal., 2012; Woo and Rothemund, 2011; Yang et al., 2012; Zhou et al., 2021). However, these techniques
require the deposition of 2D origami tiles onto a flat surface. As 2D origami tightly stitches to the flat surface
owing to electrostatic interactions (Figures 1A and 1B), the genuine 3D structure of the aqueous 2D origami
(Figure 1C) cannot be determined through this process. Thus, the use of a method that can directly visualize
the 2D origami in solution is crucial for investigating the floppiness of 2D DNA origami.

Cryogenic electron microscopy (cryo-EM) directly satisfies these challenges. In this approach, samples are
immobilized in solution via vitrification (Dubochet, 2012), the rapid freezing of water into amorphous ice to
avoid crystallization and volume expansion, which guarantees that biomolecules are frozen in their original
states in solution. For several decades, cryo-EM has been widely used to investigate the 3D structure of
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Figure 1. Floppy 2D DNA origami cross-tiles in solution

(A) Schematic of a 2D origami cross-tile deposited on a flat surface.

(B) AFM image of 2D origami cross-tiles on a mica surface.

(C) Schematic of a 2D origami cross-tile in solution (scale bar: 100 nm).

(D) Cryo-EM micrograph of a few 2D origami cross-tiles (pointed by red arrows) in vitrified ice, representing their native
morphology in solution (scale bar: 50 nm).

dynamic structures of DNA origami (Bai et al., 2012; Ke et al., 20093, 2012b; Lei et al., 2018; Liu et al., 2016),
they utilized single particle analysis to study the rigid 3D DNA origami structure by averaging images of
many particles. However, single particle analysis does not apply to floppy 2D DNA origami owing to their
distinct shapes. In addition, monolayer DNA origami is much harder to visualize than 3D DNA origami
because of the low signal. Here, we demonstrate the direct visualization of the genuine morphology of
2D origami in solution (Figure 1D) by optimizing imaging conditions. We utilized the most advanced
300 kV cryo-EM equipped with an energy filter and a direct electron detector. We observed as-synthesized
and non-stained DNA cross-tiles with flexible arms and further investigated their dimer and trimer assem-
blies in vitrified ice.

RESULTS

Synthesis of 2D DNA cross-tile

The 2D DNA origami design used in this investigation was previously reported by Liu et al., in 2011 (Liu
etal, 2011). The double-layer DNA origami cross-tile structure of this design was chosen for the propensity
of each origami cross-tile to potentially act as building blocks for larger modular 2D or 3D configurations,
whose properties and final anatomy can be customized through modifications in the sticky ends of individ-
ual flakes. In our study, we first used caDNAno (Douglas et al., 2009b), a computer-aided design software
for DNA origami, to generate the cross-tile shape following the original design by Liu et al. Next, a long
single-stranded DNA (ssDNA) sourced from the M13 bacteriophage (M13MP18), was utilized as the scaf-
fold DNA (Figure 2A) across the entire 2D DNA cross-tile. An additional ~250 short ssDNA staple strands
(Figure 2B) were utilized to establish the cross-tile shape of the 2D DNA origami by bridging regions of the
scaffold ssDNA. The scaffold DNA was combined with these staple strands by heat-annealing the mixture,
allowing the DNA origami cross-tiles to self-assemble. After synthesis, we purified the DNA cross tiles by
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Figure 2. Synthesis of 2D DNA cross-tiles

(A) Schematic of scaffold DNA in buffer solution.

(B) Adding staple strands into the scaffold DNA solution.

(C) Final product, where the scaffold DNA folds into a designated shape assisted by the staple strands.

(D) Zoomed-in illustration of the DNA cross-tile, where the blue ssDNA is part of the scaffold DNA and ssDNA of other
colors are individual staple strands.

filtering the solution to remove excess staple DNA strands. More details of the synthesis can be found in
STAR Methods. The ultimate result was a DNA cross-tile with 4 monolayer arms and a double-layered cen-
ter that resembled an equality symbol (Figure 2C), which was confirmed by the air-mode AFM (Figures 1B
and S1). The monolayer region adopted a chicken-wire-like structure (Figure 2D) owing to the arrange-
ments of scaffold and staple DNA strands. To prevent blunt-end stacking, the DNA cross-tiles were pro-
tected by poly-T sticky ends at their extruding edges on all four arms, which were implemented into the
design through the staple strands (Figure 2C).

Imaging 2D DNA cross-tiles in solution via cryo-EM

After producing the 2D DNA cross-tiles, they were directly deposited onto the carbon side of freshly
plasma-treated Quantifoil cryo-EM grids for cryo-sample preparation (More details in STAR Methods).
We allowed the sample to sit on the cryo-EM grid for 30 s in a humidity-controlled chamber and then per-
formed a short blotting process using two filter papers to reduce the sample to a thin layer of solution. Then
followed by a rapid plunge process, the sample was fast frozen in liquid ethane for vitrification.

Under the cryo-EM imaging, the DNA origami cross-tiles appeared to exist as individual flakes, diffuse clus-
ters, and dense stacks (Figure 3A). Individual flakes demonstrated uneven morphology (Figures 1D,3B, and

¢? CellPress

OPEN ACCESS

iScience 25, 104373, June 17, 2022 3




¢? CellPress

OPEN ACCESS

A
Individual flak Clusters Stacks
s -
Val
Solution

Figure 3. Cryo-EM investigation of 2D DNA origami’'s morphology and interactions

(A) Schematic of DNA cross-tiles and their interactions in solution.

(B and C) Cryo-EM micrograph of individual DNA cross-tile monomers. Individual flakes show both top view (B) and side
view (C). Scale bars for (B) and (C): 20 nm.

(D) Cryo-EM micrograph of DNA clusters. Figure S5 shows a comparison of top and side views with simulation results.
(E) Cryo-EM micrograph showing stacks of DNA cross-tiles formed in solution. White arrow indicates dark lines that
represent a side view. Scale bars for (D) and (E): 50 nm.

3C). The center squares appear more rigid owing to the double layer equal sign, while the four arms of the
cross-tile appear to possess additional flexibility. A gallery of the monomers shows that each of them
adopts a distinct shape, especially for the flexible arms (Figure S2). An electron tomogram containing a
3D structure of two monomers in solution (Figure S3, and Movies S1, S2) also confirmed the flexible
arms. This was attributed to the lower stiffness of the DNA monolayer region compared to the bilayer re-
gion at the equality symbol in the center square. As the four arms exhibited greater flexibility with their
edges exposed to the environment, we expect that this morphology of monomer cross-tiles in solution
may encourage intermolecular edge-to-edge contacts between different flakes to form larger, multiple
cross-tile assemblies upon design. However, owing to the limited dose put on the sample, we were not
able to unveil high-resolution 3D structure. The dose evaluation of the DNA origami by cryo-EM is dis-
cussed in Figure S4.

In addition, we observed that individual flakes tended to aggregate and form clusters (Figures 3D and S5).
In AFM, neither air nor liquid modes were able to show the native morphology of the clusters (Figure Sé), as
electrostatic forces collapsed the clusters onto the substrate, leaving their 3D structures unknown. In
contrast, cryo-EM records the projection images of the cross-tile clusters in solution, allowing us to observe
the natural orientation and morphology of cross-tiles in the cluster. As shown in Figure 3D, the cryo-EM
micrograph reveals that DNA cross-tiles randomly adhere and form multi-flake clusters, where the interac-
tion introduces additional twists in DNA cross-tiles. In our study, we also observed stacks, where individual
cross-tiles in the stacks aggregated along the entirety of their faces (Figure 3E), which might be the conse-
qguence of a continuous clustering and aggregation of cross-tiles in solution. The image contrast of the 2D
origami under cryo-EM also permitted additional insight into the morphology of the stacks, which do not
show completely random interactions. The dark lines (white arrows in Figure 3E) in the cryo-EM micrograph
are from center squares of the DNA cross-tiles and exist in an orientation parallel to the electron beam,
consistent with a side view of the monomer (Figures 3C and S7). This allowed us to conclude that the center
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Figure 4. Finite element analysis of 2D cross-tiles via CanDo

(A) Morphology of DNA cross-tile from CanDo. Color mapping refers to root mean square fluctuations (RMSFs), which
indicate the flexibility of the DNA cross-tiles.

(B) Histogram of the RMSFs in a single DNA cross-tile.

(C) lllustration of the cross-tile edges, where there is maximum flexibility.

squares of cross-tiles possessed a coherent orientation in the stacked superstructure. Additional investiga-
tion of the positively stained sample confirmed the existence of clusters and stacks with a clearer contrast
(Figure S8). Although it remains unclear precisely how the short-range attractive forces between individual
strands inform the observed interactions between cross-tiles, our observations of the monomeric 2D DNA
origami in solution have imparted insight into the agueous behavior and morphology of 2D DNA origami,
which is crucial for understanding the steric requirement for their self-assembly behavior for future appli-
cations of this technology.

Shape and flexibility of 2D DNA cross-tiles using finite element analysis

In order to confirm our observations made through cryo-EM and further quantitatively elucidate the
flexibility of the 2D DNA flakes in solution, we used CanDo (Castro et al.,, 2011; Kim et al., 2012) to
perform finite element analysis (More details in STAR Methods). By treating dsDNA as elastic rods,
energy minimized conformations of DNA origami structures can be predicted from the initial caDNAno
design. The predictions directly visualized the aqueous geometry of the DNA origami in 3D (Figure 4A)
and quantified the regional flexibilities of the cross-tile through root-mean square fluctuations (RMSFs)
(Figure 4B), which are widely used to describe deformed 3D structures in thermal equilibrium
(McQuarrie, 1975).

From the calculation, we identified the twisted morphology of the origami cross-tile (Figure 4A). The de-
viations from a purely flat, undistorted structure appear in both half tiles and are caused by the supercoiling
in dsDNA strands within the origami. In the square design, 2D origami uses ~10.7 base pairs for every turn
in the crossover strands between helices, while natural B-DNA has around 10.5 base pairs per turn. The 0.2
base pair per turn difference leads to a dramatic change in geometry for DNA origami cross-tiles owing to
the large number of base pairs included in the sample (~288 bps in one helix in our design), causing the
observed twisting deformation (Baker et al., 2018). The linking staple strands that connect the two tiles
assert further strain to the 2D origami flake, leading to non-symmetric distortion between the two tiles.
Although this bend and twist in 2D cross-tiles is well understood and can be removed via proper design,
we did not clearly observe the distortion in cryo-EM images owing to the diverse shapes found in solution.
We believe the shape of 2D DNA origami is dominated by its flexibility in solution.

iScience 25, 104373, June 17, 2022 5



¢? CellPress

OPEN ACCESS

A
\\ Hori/zontal sticky ends s
S
(o

Figure 5. Self-assembled 2D DNA cross-tile dimers

(A) Design of a flat 2D DNA origami dimer, which may form via horizontal sticky ends to crosslink flakes. Inset: AFM image
of synthesized flat dimers (scale bar: 100 nm).

(B) Cryo-EM micrograph of synthesized flat DNA dimers (scale bar: 50 nm).

(C) Design of a folded 2D DNA origami dimer by adding additional folding stands. Inset: AFM image of synthesized
folded dimers (scale bar: 100 nm).

(D) Cryo-EM micrograph of folded dimers, including a fold between two monomers (scale bar: 50 nm).

We further characterized the flexibility of the cross-tile using CanDo through RMSF, illustrated via color map-
ping on the predicted energy-minimized conformation in Figure 4A. Lower and higher RMSF corresponded to
smaller and greater flexibility, respectively. In our work, lower flexibility was expected in the center square of
the cross-tile as it is a region where two sheets of DNA origami overlap. In contrast, the four arms possessed
greater flexibility because they were single-layered. We also performed a statistical study on the distribution of
RMSF on the predicted cross-tile structure (Figure 4B). In the histogram, the number of base pairs peak at
around 1.5 nm. This corresponds to the center square of the cross-tile and adjoining nucleotides on the
four outer arms (blue region in Figure 4A), which comprises a majority of the total nucleotides in the design.
The cross-tile increases in flexibility as the outer edges are approached, corresponding to a continuous tail in
the histogram, and attains maximum RMSF at the terminus of each of the four extruding arms. These maxima
may be attributed to the loose staple strands designed for the edges of DNA cross-tiles (Figure 4C). In contrast
to conventional designs where neighboring helices are linked by one crossover staple strand for every 32 nu-
cleotides, we have adopted 16 leftover nucleotides with no securing crossover staple strand. Therefore, the
most flexible regions in the entire structure are located at the ends of helices. Additional simulation results
(Figure S9 and supplementary file 2) from SNUPI (Lee et al., 2021) provide consistent results with the
CanDo method. We postulate this may make them more active to bind to each other and assemble into large
complexes, but additional experiments are required to back it up.

Self-assembled dimers and trimers in solution

Before investigating the complete scope of possibilities for large, highly ordered, modular DNA origami
superstructures, the adjustments in the properties and morphology of 2D DNA origami monomers once
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they are coupled together must be understood. To this end, we combined two monomeric flakes into a
dimer design with six 11-nucleotide horizontal sticky ends (Figures 5A, S10, and Table S1). We subsequently
investigated the design under AFM and cryo-EM (Figure 5B). We designed two types of dimers, with and
without folding strands on the adjacent planes. The folding strands are strut-like double-stranded DNA on
the adjacent planes that can hybridize and help the dimer to fold into a 3D structure (Figure 5C). The length
of the DNA strut was determined by the location of the strut on the origami plate, the linker length, and the
angle between the two origami plates. The AFM images (insets of Figures 5A, 5C, and S11) show that mica
substrates disrupt the 3D structure and flatten most of the dimers owing to the strong electrostatic inter-
action between the two. In contrast, cryo-EM micrographs uncover a folding trend for most folded dimers
(Figures 5B, 5D). However, owing to the flexibility of native dimers, we observed an over-fold in the cryo-
sample, possibly introduced by the ice thickness confinement. We did not observe a 90-degree folding as
shown in the schematic (Figure 5C). In addition, the dimers also demonstrate floppy free arms in solution
(Figures 5B, 5D, and S12), which do not appear in AFM images. The connected arms become less flexible
owing to the hybridization of horizontal sticky ends.

We also designed and synthesized a trimer complex with a folding strand (Figure S13). However, as trimers
cannot be concentrated to the ideal concentration for cryo-EM sample preparation, none of the trimers
was observed during sample searching. Therefore, we utilize a graphene cryo-EM grid (Han et al., 2019) to in-
crease the adsorption of trimers (More details in STAR Methods). However, graphene surfaces to some extent
disrupt the 3D trimer structure, making them flat in cryo-EM micrographs (Figure S14). Therefore, we utilized
uranyl acetate to strain the DNA trimers to increase their strength. In the cryo-EM imaging, we observed the
folding in the trimer, which was intentionally designed and realized by the folding strands (Figure S15). In order
to better view the folds, we tilted our sample from —20° to 20° (Figure S16). Although electron beam damage
on the sample was observed during the cryo-micrograph acquisition, we were able to distinguish different pro-
jection images and confirm the bend we observed is a 3D fold in the DNA origami trimer.

Owing to the challenging preparation of trimer samples, the observed trimers were limited. Accordingly,
we utilized an SNUPI finite element analysis to predict the natural shape of the trimer. The predicted struc-
ture (Figures S17 and S18) shows a similar 90° folding intentionally introduced by the designed folding
strand, supporting the observation in cryo-EM. Additionally, the trimer exhibited remarkably higher
RMSF than the monomer as the comprising monomers could fluctuate around sticky ends that served as
flexible joints between monomers.

DISCUSSION

We have used cryo-EM to directly observe the morphology of 2D DNA origami in solution. The results show
flexible arms in 2D DNA cross-tiles, leading to a floppy shape rather than a rigid structure with inner torsion.
The experiments also reveal the presence of clustered and stacked superstructures. In addition, our results
also present the folding of dimers and trimers controlled by the design of folding sticky ends. Finally, finite
element analysis corroborates the observations made under cryo-EM and provides quantitative insights
into the flexibility of both monomers and dimer and trimer assemblies. The research paves the way for a
better understanding of floppiness of 2D DNA origami in solution.

Limitations of study

Although we observed the floppiness of 2D DNA origami, we have not shown a high-resolution 3D structure
from cryo-EM owing to the low signal and electron dose limit. Our 3D reconstruction from a cross-tile mono-
mer (shown in Figure S3 and Movies S1 and S2) provides limited information to determine the 3D structure.
Future technique advancements that can provide high-resolution 3D cryo-EM structure of individual 2D
DNA origami will lead to a better understanding of the flexibility and dynamics of 2D DNA origami.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Staple strands DNA Integrated DNA Technologies Custom DNA oligos

Recombinant DNA

M13mp18 single stranded phage DNA Bayou Biolabs Cat# P-107

Software and algorithms

Cadnano Douglas et al., 2009a https://cadnano.org/

CanDo Kim et al., 2012 https://cando-dna-origami.org/

SNUPI Lee et al., 2021 https://github.com/SSDL-SNU/SNUPI
EMAN2 Tang et al., 2007 https://blake.bcm.edu/emanwiki/EMAN2
Relion Scheres, 2012 https://github.com/3dem/relion.git
IMOD Kremer et al., 1996 https://bio3d.colorado.edu/imod/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to Yimo Han (yimo.han@
rice.edu).

Materials availability

Materials generated in this study are available from the lead contact upon request.

Data and code availability

All data reported in the paper are available from the lead contact upon request. This paper does not report
original code.

METHOD DETAILS

Synthesis of DNA origami

The DNA origami flakes are synthesized using a combination of a long single stranded DNA scaffold
with about 250 staple strands to define a cross-tile shape of the 2D DNA flake (Liu et al., 2011). In
order to prevent aggregation due to blunt-end stacking at high concentration, the DNA flake was
protected by poly-T sticky ends at the extruding edges on all 4 arms. The synthesis details are shown
as follows: the long single-stranded scaffold DNA (M13MP18), was mixed with the short staple
strands in 1X 'I'AE/Mg2+ buffer (40 mM Tris«HCI, 20 mM acetic acid, 2.5 mM EDTA, 125 mM
magnesium acetate, pH 8.0). The mixture was annealed at 70°C for 20 minutes and cooled to 20°C
at a rate of -7°C/h in a thermocycling incubator. The final concentration of the scaffold DNA was
10 nM while that of the staple strands was 80 nM. After synthesis, the excess staple DNA strands
were removed by filtering the resulting solution in a 100K Millipore Amicon Ultra 0.5 mL centrifugal
filter. The yield was 42% according to UV-Vis measurement. The final product was characterized by air
mode AFM (Figure S1).

Cryo-sample preparation

The 2D DNA monomers were concentrated to 18 nM by multi-cycle centrifuge using 100K Millipore Amicon
filters. DNA origami dimers were concentrated to 7 nM. Trimers were concentrated to 1 nM. 4 pL of the
DNA origami solution was deposited on Quantifoil cryo-EM grid. We used gold grid with holey carbon sup-
port (Quantifoil AuR1.2/1.3, 300 mesh). The wait time is 0.5 minute before the blotting step in Vitrobot. The
blotting time ranges from 3 seconds to 5 seconds.
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Cryo-EM

CryoEM images were collected on a 300 kV Cs-corrected Titan Krios using a K2 Summit detector (with GIF
Bio-Quantum Energy Filters, Gatan). We collected the raw movies in K2 super-resolution mode at 105,000 x
magnification in EFTEM mode, spot size 6, C2 aperture 70 um. The total exposure time was set to 5.6 s with
a0.175 s frame time to generate 32-frame gain normalized mrc stacks with a nominated pixel size 0.557 A.
The total dose for a stack is 50 e /A%

Computational predictions

We used CanDo (Castro et al., 2011; Kim et al., 2012) and SNUPI (Lee et al., 2021) modeling methods to
predict the structure and flexibility of the cross-tile DNA origami. By referring to the method described
in the supplementary information of work by Wenyan Liu et al.’, we plotted the origami design in caDNAno
(Douglas et al., 2009b) and input it into the CanDo website, as well as the SNUPI software. The coordinates
and RMSF of nucleotides were then calculated using CanDo and SNUPI methods, indicating the structure
and flexibility of the cross-tile DNA origami. The computational results show great consistency with our
experimental observation by cryo-EM.

Sample preparation for trimers

First, we positively stained DNA trimers using uranyl acetate. 1 L of the 1.65 nM DNA flake solution was
mixed with 2 plL of 1% uranyl acetate solution (in 1X TAE/ Mgz+ buffer, freshly filtered) for 3 minutes,
then deposited on the graphene cryo-EM grid (Han et al., 2019) for 1 minute before fast freezing using
Vitrobot. The monolayer graphene grids were made through a wet transfer process, followed by UV ozone
treatment to reduce the hydrophobicity of the graphene and encourage sample adsorption. We allowed
the sample to sit on the functionalized graphene for 60 seconds for better surface adsorption. Afterward,
we performed the same blotting process using two filter papers to reduce the sample to a thin water layer
before vitrification.
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