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Controlling the Chirality of DNA Nanocages**
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We report a rational approach for controlling the chirality of
self-assembled DNA nanocages at the nanoscale. Chirality on
the nanoscale originates from the asymmetric characteristics
of the component DNA building block (DNA nanomotif), but
is distinct from the intrinsic, molecular-level chirality of the
DNA duplex. By purposely removing two-dimensional (2D)
rotation symmetry from the DNA nanomotif, we can control
the three-dimensional (3D) chirality of the DNA nanocages.
Such chiral control would be useful for tuning the photonic/
optical properties of nanophotonic devices when DNA nano-
structures are used as structural scaffolds."!

Chirality is an important structural feature across all size
scales, from molecules to galaxies. Nanoscaled (1-100 nm)
chirality bridges between the intrinsic chirality of molecules
and the macroscale chirality of materials. Chemical synthesis
and stereo-selective separation readily allow preparation of
chiral molecules, and advanced fabrication methods can be
used to fabricate chiral structures at the micrometer scale.
However, there is a gap between these two approaches, how
to rationally design and prepare chiral objects at the nano-
meter scale (1-100 nm). Such nanoscaled chiral structures
have many technological applications, for example, chiral
plasmonic devices.**! Biomimetic, supramolecular DNA self-
assembly is a powerful technique for building nanostructures
because of its programmability and well-established secon-
dary structure.”™”)

[*] C. Zhang, X. Li, C. Tian, H. Qian, C. Mao
Department of Chemistry, Purdue University
West Lafayette, IN 47907 (USA)

E-mail: mao@purdue.edu

W. Wu, W. Jiang

Department of Biological Sciences, Purdue University (USA)

H. Qian

College of Chemistry and Chemical Engineering, Xiamen University
(China)

G. Wang

The Institute of Respiratory Diseases, Xingiao Hospital
Chonggqing 400037 (China)
E-mail: wanggs2003 @hotmail.com

[7‘: *

This work was supported by the Office of Naval Research and the
National Science Foundation of China (No. 81028001). DLS and
AFM studies were carried out in the Purdue Laboratory for Chemical
Nanotechnology (PLCN). The cryo-EM images were taken in the
Purdue Biological Electron Microscopy Facility and the Purdue
Rosen Center for Advanced Computing (RCAC) provided the
computational resource for the 3D reconstructions.

@ Supporting information for this article (experimental details) is
available on the WWW under http://dx.doi.org/10.1002/anie.
201203875.

Angew. Chem. Int. Ed. 2012, 51, 7999 —8002

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

DNA nanocages!'**? are intrinsically chiral at the molec-
ular level, because DNA duplexes are chiral. In addition, the
geometric folding, twisting, bending, and association of the
component DNA duplexes in DNA nanostructures could also
lead to nanoscaled chiral features."¥ Turberfield and co-
workers investigated the chiral property of a DNA tetrahe-
dron.™ Yan and co-workers used L-DNA, instead of D-DNA,
to change the chirality of DNA nanotubes.””! We have
previously assembled a DNA octahedron with chiral features
out of symmetric four-point-star motif.**! A cryogenic elec-
tron microscopy (cryoEM) image with 12 A resolution
revealed a chiral structure (strut twisting) of the octahedron.
Though being unambiguously observed, the degree of strut
twisting was small. It remains a challenge to rationally control
the extent and direction of the nanoscaled chirality in tile-
based DNA nanocages. Herein, we report a simple strategy to
overcome this problem and have demonstrated this through
the construction of a series of DNA triangular prisms with
different chiralities.

A triangular prism consists of six copies of identical
asymmetric three-point-star motifs (Figure 1) which are
related to one another by D; symmetry associated with the
prism; a threefold rotational axis goes through the centers of
the triangular faces, and three twofold rotational axes are
perpendicular to the threefold rotational axes and go through
the centers of vertical struts. The six horizontal struts of the
top and bottom triangular faces are related by the D;
symmetry and identical. The three vertical struts along the
side faces are related by the threefold rotational symmetry,
thus identical to each other. However, the horizontal struts
and the vertical struts are not related to each other by
symmetry, and are thus different. To satisfy the overall
symmetry, the three-point-star motif has no symmetry, and all
of its seven component strands have unique sequences. Two
branches of the motif have complementary sticky ends. Their
association (from two horizontally adjacent motifs) leads to
formation of the horizontal struts of the triangular faces. The
third branch has self-complementary sticky ends. Their
association (from two vertically adjacent motifs) forms
a vertical strut along the side face.

The asymmetric three-point-star motif, as shown in Fig-
ure 1a, contains seven strands: one long, central strand (C;
blue/red), three medium strands (M1, M2, and M3; green)
and three short strands (S1, S2, and S3; black). The three
single-stranded loops (L1, L2, and L3; red) of strand C at the
center of the motif have different lengths to create the desired
flexibility. In a triangular prism, the angle between two arms
in the triangular faces is 60°, much smaller than that in the
vertical, parallelogram face (approximately 90°). Thus the
branches in the triangular faces have to bend more than the
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Figure 1. Self-assembly of chiral DNA triangular prisms out of asym-
metric three-point-star motifs. a) Schematic representation of the
asymmetric three-point-star motifs. C=blue/red; M1, M2, and

M3 =green; S1, S2, and S3 =black; L1, L2, and L3 =red. For each
motif, the two top branches have complementary sticky ends (green
and yellow) and the bottom branch has self-complementary sticky
ends (cyan). b) Scheme of the resulting chiral triangular prisms. In
each prism, one component motif is highlighted. Note that the motifs
and their resulting prisms are designated by the loop lengths in
nucleotides.

branches in the parallelogram faces do. Because longer single-
stranded loops provide more flexibility and allow the two
embracing branches to bend more, the underlying geometric
requirements dictate the lengths of the central loops: L1
(seven nucleotides (nt)) has to be longer than L2 and L3 (2—
6 nt). L2 and L3 face toward the parallelogram faces and can
control the overall twist of the assembled prisms when their
lengths are varied. When L2 and L3 have the same length
(4 nt), both left and right sides of the motif bend equally,
leading to formation of an untwisted, achiral prism (7,4,4).
When L2 and L3 have different lengths, the two sides of the
motif will bend to different extents, leading to twisted, chiral
prisms. The larger the length difference between L2 and L3,
the stronger the chirality of the prism will be.

Prism assembly was performed according to previously
reported methods.” Briefly, all component DNA strands
were mixed at an equal molar ratio in a Mg*"-containing,
aqueous buffer with a neutral pH value. The mixture was
heated and then slowly cooled from 95°C to 25°C over
48 hours. The assembled products were first examined by
native polyacrylamide gel electrophoresis (PAGE). Bands
corresponding to a molecular weight that was expected for
triangular and tetragonal prisms were observed (see Support-
ing Information, Figure S1). When the DNA concentration
was decreased to 100 nm or below, the triangular prism
became the dominant assembly product (greater than 75%).
Although all the triangular prisms, twisted or untwisted, have
the same molecular weight and strut length, they have
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different volumes because of the twisting. The untwisted,
achiral prism (7,4,4) has the largest volume and was expected
to have the slowest electrophoretic mobility. Twisted, chiral
prisms (7,3,5) and (7,5,3) have smaller volumes and therefore,
would have faster mobilities. The most twisted, chiral prisms
(7,2,6) and (7,6,2) have the smallest volume and therefore,
would have the fastest electrophoretic mobilities. The mobi-
lity difference was small, but was consistently and unambig-
uously observed in the native PAGE (Figure 2a) over multi-
ple experiments. This mobility pattern was strongly correlated
with the chiral characteristics of the DNA prisms.
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Figure 2. Characterization of the self-assembled DNA prisms by

a) native polyacrylamide gel electrophoresis (PAGE), b) atomic force
microscopy (AFM) on prism (7,4,4), and c) dynamic light scattering
(DLS) on prism (7,4,4).

We further characterized all DNA triangular prisms by
atomic force microscopy (AFM) and dynamic light scattering
(DLS). AFM imaging confirmed that all DNA prisms were
uniform in size (Figure 2b and Figure S2). Y-shaped motifs
(arrows) were occasionally observed in the AFM images
where the prisms disassembled during washing of the imaging
sample, this result demonstrated that the nanoparticles were
assembled out of three-point-star motifs. DLS was used to
measure the hydrodynamic radii (R,) of the assembled DNA
prisms in solution. The R, of the achiral prism (7,4,4) was
approximately 10.46 +0.42 nm (Figure 2¢), consistent with
the theoretical radius (10.6 nm) calculated from the structural
model assuming a pitch of 3.3 nm per turn and a diameter of
2 nm for DNA duplexes. The measured R;, of all the twisted,
chiral triangular prisms (Table S1) were roughly the same as
the R, of the achiral prism, because the twisting only creates
a small decrease in volume and DLS measurement is not
sensitive enough to detect such subtle changes.
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To clearly demonstrate the chiral characteristics of the
assembled DNA triangular prisms, we used cryogenic elec-
tron microscopy (cryoEM) imaging in conjunction with
a single-particle 3D reconstruction technique (Figure 3 and
Figure S3-S7). In raw cryoEM micrographs, individual DNA

Prism(7,2,6)

Prism(7,4,4)

Prism(7,6,2)

Figure 3. CryoEM characterization of the self-assembled DNA prisms.
a) A raw cryoEM image of prism (7,4,4) and individual raw particles
selected from the image (white boxes). b) The reconstructed 3D maps
of DNA prisms. c) Comparison of cryoEM images of selected parti-
cles (left) and 2D projections from the reconstructed structural mod-
el (right) for prism (7,4,4).

particles showing the expected sizes were clearly visible.
Projections of triangular shapes and tetragonal shapes could
be easily found, which were consistent with the formation of
triangular prisms. The prism edges appeared to be approx-
imately 15 nm, as expected. From the randomly oriented,
individual DNA particles observed in the cryoEM images, we
reconstructed the native structures of the DNA complexes by
single-particle 3D reconstruction, a well-developed technique
in structural biology.® Triangular prism structures were
revealed at resolutions of 24-30 A. The 2D projections of the
structural models matched very well with the raw cryoEM
images, confirming that the reconstructed models were
correct.

The chiralities of the DNA prisms are clearly shown in the
reconstructed structural models (Figure 3b). First, both
prisms (7,6,2) and (7,2,6) are strongly twisted, but in opposite
directions. This result confirms our hypothesis that varying
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the lengths of the central loops can control the chirality of the
resulting DNA prism. Second, the prism (7,4,4) also exhibits
slight chirality. This is not surprising as a similar feature has
been observed in a previous report.**! Such subtle chirality is
attributed to the intrinsic structure of the three-point-motif
and cannot be easily altered.

In conclusion, chiral DNA triangular prisms were success-
fully constructed using asymmetric DNA three-point-star
motifs. During assembly, the free loops in the central strand
not only provide flexibility for the bending of the branches
but also control the chirality (extent and direction) of the final
structure. These asymmetric motifs allow fabrication of more
complex nanocages than did previous symmetric motifs.?*%
We expect that the resulting chiral structures will provide
useful architectures for nanodevices such as chiral metama-
terials.l'"®)
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