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Chirality is an essential aspect in nature.!! Most biomolecules,
such as amino acids, sugars, RNA, DNA, and proteins, are
chiral, as are the large entities assembled from these
molecules. The ability of enzymes and cell receptors to
readily distinguish different stereoisomers (enantiomers) of
chiral substrates leads to highly efficient and stereoselective
reactions and binding. An understanding of and ability to
control chirality is of crucial importance for organic syn-
thesis,” molecular separation,” guest encapsulation,* drug
design,” and other endeavors. In recent years, the exploration
of biomimetic supramolecular self-assembly has provided a
means to study the formation of chiral objects. This approach
suggests a way to understand and control chirality at the
molecular level. Previous studies mostly focused on the
asymmetric assembly of nonbiological organic molecules
through noncovalent interactions®® such as hydrogen
bonds, metal coordination, or m—m interactions. Herein, we
report a well-defined chiral nanooctahedron structure which
is exclusively composed of DNA molecules. The construction
of the DNA octahedron involves a rather simple one-pot
process involving only three unique synthetic DNA single
strands. Cryogenic electron microscopy (cryoEM) revealed a
three-dimensional (3D) structural map with a resolution of
12 A, from which the chiral features of the DNA octahedron
could be identified clearly.

DNA is a superb nanoscale building material owing to its
excellent molecular-recognition capability and well-defined
double-helical structure.”) A variety of DNA nanostruc-
tures'*"% have been engineered from synthetic DNA mole-
cules. Since natural B-form DNA adopts a stereoisomerically
pure right-handed double-helical structure, large DNA nano-
structures can presumably also adopt chiral conformations.
However, the chirality of DNA assemblies at the nanoscale
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has rarely been investigated.'*'") The chirality of DNA
nanostructures arises from two aspects: 1)the intrinsic
chirality of the DNA double helix and 2) overall geometric
folding and association. Although the chirality of DNA
duplexes is widely recognized, the geometric folding and
association of component DNA molecules are not well-
appreciated for their contribution to the chirality of the
overall assemblies. One exception is a chiral DNA tetrahe-
dron" reported by Turberfield and co-workers. The tetrahe-
dral structure is composed of four unique single DNA strands,
and each of its edges is a DNA duplex. Such DNA tetrahedra
are stereoisomerically pure, presumably because the major
grooves of the DNA tend to face inward at each vertex to
minimize electrostatic interactions between the negatively
charged DNA backbones. However, it remains a challenge to
predict the chirality of DNA nanostructures. Herein, we
report a well-defined 3D chiral DNA nanoobject, a DNA
octahedron, whose chirality was clearly identified and can be
explained by simple structural modeling.

A general strategy has recently been developed for the
assembly of 3D DNA polyhedra.l'! This strategy relies on the
self-limiting association of finite numbers of identical sym-
metrical DNA star motifs (tiles) and produces well-defined
DNA tetrahedra, hexahedra (cubes), dodecahedra, icosahe-
dra, and buckyballs. In such 3D assemblies, DNA tiles are
bent from the tile plane. Bending in the two possible opposite
directions results in pairs of enantiomers at the nanoscale. It is
not clear whether these DNA polyhedra exist as equal
mixtures of both enantiomers or are formed stereoselectively.
In our previous study, we neglected this important question.
In the current study, we used DNA octahedra to investigate
this problem. Because they only contain triangular faces,
octahedra are architecturally rigid and robust owing to the
tensegrity principle. Such structural rigidity would greatly
facilitate structural characterization and chirality investiga-
tions.

DNA octahedra were self-assembled from a previously
developed symmetrical cross motif (four-point star; Figure 1).
The basic DNA motif (tile), which has fourfold rotational
symmetry, contains nine DNA strands but only three unique
sequences.'” The four component branches are identical and
have pairs of complementary sticky ends at the peripheral
termini. Each branch consists of two antiparallel pseudocon-
tinuous DNA duplexes that are linked together by strand
crossovers. With four five-base-long single-stranded loops at
the center, the DNA tile is rather flexible; thus, the four
branches can readily bend away from the tile plane. Through
sticky-end association, DNA cross tiles can associate with
each other and finally form closed polyhedral structures.
Among such potential closed structures, an octahedron is the
smallest stable structure that does not require bending of the
rigid DNA duplexes. In each DNA octahedron, six identical
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Figure 1. DNA octahedra. a) Schematic representation of the cooling-induced one-pot
self-assembly of DNA octahedra from three unique DNA single strands: L, M, and S.
Four short segments (red) in the L strand, which contains a sequence repeated four
times, remain single-stranded at the center of the four-point-star intermediate tiles and
in the final DNA octahedron. A four-point-star tile is highlighted in orange in the final
octahedral structure. b) Two views of the central cavity of the four-point-star tile (from
above and beneath the plane of the paper). The tile exposes its front or back face
depending on whether the tile bends inward or outward, respectively. Note that the
cavity is skewed in opposite directions in these two nanoscale isomers. The dashed

boxes approximately delineate the central cavity as a guide to the eye.

symmetrical cross tiles are located at the vertices, and each
edge is composed of two associated branches from two
adjacent tiles.

The chirality of the DNA octahedra originates from out-
of-plane bending (ca. 45°) by the component DNA tiles.
Bending inward or outward from the plane results in pairs of
isomeric, chiral octahedra (Figure 1b). The two possible
isomers are mirror images at the nanometer scale if the DNA
duplexes are considered as smooth rods. To distinguish the
two possible conformations, we introduced a small geometric
feature at the center of the tiles by purposely using slightly
different strand lengths (10 and 11 base pairs) for the two
component duplexes of each branch of the tile from the tile
center to the crossover point. This length difference causes a
relative skew between the square central cavity and the
overall tetragonal geometry of the tile. Bending in opposite
directions would position different faces (front or back) of the
tiles to the outside of the octahedra and result in opposite
skews as viewed from outside of the octahedra. Thus, the tile
bending direction correlates with the relative skewing direc-
tion, which is observable experimentally by cryoEM imaging
at a sufficiently high resolution. Note that the length differ-
ence between the two component duplexes generates an
experimentally observable reporter for the octahedral chir-
ality but is not the reason for the rise of chirality.

The DNA octahedra were assembled by previously
reported methods.'" Briefly, the three component DNA
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single strands were mixed in the stoichiometric
ratio (1:4:4) in a Tris-acetic acid-EDTA-Mg**
buffer (Tris = 2-amino-2-hydroxymethylpro-
pane-1,3-diol, EDTA = ethylenediaminetetra-
acetic acid), and the mixture was slowly cooled
from 95 to 25°C over 1 h. The assembled DNA
structures were characterized by a number of
techniques, including nondenaturing polyacryl-
amide gel electrophoresis (PAGE), dynamic
light scattering (DLS), atomic force microscopy
(AFM), and cryoEM. Nondenaturing PAGE
(see Figure S1 in the Supporting Information)
indicated that the major assembly products
contained six copies of the DNA four-point-
star tile, a result consistent with an octahedral
structure. By using ImageJ (an image-processing
software developed by the National Institutes of
Health), we estimated from the band intensity in
the PAGE graph that the assembly yield was
higher than 90% when the DNA-tile concen-
tration was 150 nM or lower. DLS studies (see
Figure S2 in the Supporting Information)
revealed that the apparent hydrodynamic
radius of the DNA complexes was (13.8+
1.9) nm, which agrees well with the radius of
the circumscribed sphere of the expected DNA
octahedron model (13.6 nm), if the standard B-
DNA conformation is used (diameter: 2 nm;
pitch: 0.33 nm per base pair). To visualize the
assembled products, we used tapping-mode
AFM imaging in air. Nearly uniform sized
particles were distributed randomly on mica
surfaces (see Figure S3 in the Supporting Information). The
particles had lateral dimensions of approximately 28-30 nm
and a height of approximately 2.5 nm. These values are
reasonable for the dehydrated and collapsed DNA octahedra.
All of the above data suggested the formation of DNA
octahedra with a high assembly yield.

We used cryoEM imaging followed by a single-particle
3D-reconstruction technique to investigate whether or not the
DNA octahedra were chiral objects. This powerful technique
in structural biology can be used to determine biomacromo-
lecular structures under near-native conditions. For example,
we used this technique previously to solve the structure of an
icosahedral virus at near-atomic resolution."*! In our previous
studies, the best resolution was 25 A for self-assembled DNA
polyhedra (tetrahedra, cubes, dodecahedra, icosahedra, and
buckyballs).'! In the current study, we optimized the
experimental conditions for the characterization of the
DNA octahedra (Figure 2). In raw cryoEM micrographs of
the DNA sample, many octahedral particles with the
expected size (ca. 27 nm) were clearly visible. The application
of the single-particle 3D-reconstruction technique to the
observed particles gave an octahedral map at a resolution of
12 A. This is among the highest reported resolution for
rationally designed DNA nanostructures,’ and a number of
detailed features were revealed. First, each vertex of the
octahedron contains a big cavity corresponding to the central
cavity of the DNA tile. Each strut of the octahedron was
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Figure 2. Analysis of the self-assembled DNA octahedra by cryogenic electron microscopy (cryoEM). a) A raw
cryoEM image. b) Three views of the DNA octahedron reconstructed from DNA particles observed by
cryoEM. The color gradient indicates the distance (radius) from the geometric center of the octahedron.

c) Comparison of the raw images of an individual particle (top) with computer-generated 2D projections of
the octahedral model (bottom) at similar orientations. d) View of a strut of the experimentally generated
octahedral map superimposed on the structural model. e) Close-up view of a vertex of the DNA octahedral
map. The dashed line approximately delineates the central cavity as a guide to the eye. The density maps in

(b), (d), and (e) are from the reconstructed model.

shown as two parallel rods interconnected at two crossover
points. The rods correspond to the two pseudocontinuous
duplexes. The structural map obtained also hinted at right-
handed helical conformations of the DNA duplexes in the
central regions of the struts. The observation of a right-
handed helical conformation could reasonably be expected
for two-turn B-form DNA duplexes at 12 A resolution. The
intrinsic handedness of DNA helices served as an intrinsic
reference for the overall chirality of the DNA octahedra.
Second, the 3D structural map, as expected, showed a small
shift in the positions of the parallel duplexes in each strut.
When viewed from the outside of the DNA octahedra, the
duplex that protrudes into the center is located on the right.

a) 90° ¢

front face
back face

Figure 3. Detailed view of the two faces (front and back) of the four-
point-star motif. For clarity, only one asymmetric segment is shown,
and the middle three bases of the central, single-stranded loop are
omitted. a) The DNA cross motif. b) Asymmetric segment of the cross
tile (central region). c) The difference at the center between the two
faces is responsible for the bending of the tile only towards the
bottom face (inward).
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The cavity square is skewed
relative to the struts, and
the skews can be observed
easily in the structural
model. This observation
indicates that the DNA
tiles bend inward. Thus,
the self-assembly of the
DNA octahedra is stereo-
selective. It may be possible
to use an electrophoresis-
based method® that ena-
bles the quantitative analy-
sis of bulk materials to
determine the absolute
ratio of the two isomers in
a future study.

Why do the DNA tiles
prefer to bend inward
during  assembly?  To
address this question, we
carefully examined the
structural model of the
DNA Cross motif
(Figure 3). It is likely that
only the central portion of
the DNA tile influences the
bending significantly. Thus,
we focused our attention on
that region. Figure 3b
shows the asymmetric seg-
ment of the cross tile (only the central region). For clarity, the
middle three bases of the central single-stranded loop are not
shown. When this minimal structure is rotated by 90°, it
becomes clear that the two faces of the structure are quite
different in the central region. There is much more space at
the back face than at the front face; thus, it is not surprising
that the tile bends inward more readily than in the opposite
direction. The same structural features are observed in other
star-motif models (three-, five-, and six-point-star
motifs).'*2!) This observation prompts us to believe that
the property of chirality is a general feature of all DNA
polyhedra assembled by this strategy. However, this notion
remains to be tested experimentally.

In summary, we have designed and assembled a chiral
DNA octahedron. The assembly is rather straightforward and
only involves three different synthetic DNA strands. A 3D
structural map at 12 A resolution helped to visualize the
chirality features of the DNA octahedron. The chirality of
DNA nanostructures is an important feature of well-defined
DNA assemblies. We believe that DNA-templated nano-
organization,”? encapsulation,® and organic synthesis?®!
could be controlled more precisely by taking advantage of
the chirality of the DNA templates.”!
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