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Abstract: Tile-based self-assembly is a powerful method in
DNA nanotechnology and has produced a wide range of well-
defined nanostructures. But the resulting structures are rela-
tively simple. Increasing the structural complexity and the
scope of the accessible structures is an outstanding challenge in
molecular self-assembly. A strategy to partially address this
problem by introducing flexibility into assembling DNA tiles
and employing directing agents to control the self-assembly
process is presented. To demonstrate this strategy, a range of
DNA nanocages have been rationally designed and con-
structed. Many of them can not be assembled otherwise. All of
the resulting structures have been thoroughly characterized by
gel electrophoresis and cryogenic electron microscopy. This
strategy greatly expands the scope of accessible DNA nano-
structures and would facilitate technological applications such
as nanoguest encapsulation, drug delivery, and nanoparticle
organization.

P rogrammed DNA self-assembly is a promising approach
for nanoconstruction.!'*! There are two general approaches:
1) tile-based assembly: the use of a small set of unique DNA
strands to assemble simple, repetitive, symmetric struc-
tures;**™ and 2) non-tile-based assembly: the use of
a large number of unique DNA strands to assemble complex
structures."*?Y However, it remains a great challenge to
assemble complex DNA nanostructures with a small set of
unique DNA strands. Algorithmic self-assembly is one
approach in this direction and has generated impressive
structures,™ " but its generality remains to be demonstrated.
Recently, carefully designed multitiles have been used to
assemble Archimedean 2D patterns.”®! Herein, we report
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Figure 1. Directed self-assembly of DNA tiles. a) A detailed structure
(prepared from Tiamat®™) of a 4-point-star motif (tile) that exemplifies
all of the tiles used. It consists of one L4 strand (blue/red), four M
strands (green), and four S strands (black). b) Simplified schemes of
the assembly tiles (A-tiles) and directing tiles (D-tiles). An n-point-star
tile for an A- or D-tile is termed An or Dn, respectively. For each tile,

a simple scheme indicating all of the component strands (lines with
the same color coding as in Figure 1a) and an even simpler ball and
stick scheme are shown. The Dn tile has an n-fold rotational symmetry
and is assembled from three types of unique DNA strands: L°n, MP,
and SP. The An tile has lower symmetry (an 3-fold rotational symmetry)
and is assembled from five types of DNA strands: L*n, M*', M"2, S*,
and S*2. The sticky ends a/a’ are self-complementary and b and b’ are
complementary to each other. c) A chart of the component tiles and
the resulting DNA cages.
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a directed DNA-tile self-assembly strategy to achieve mod-
erately complex, symmetric 3D DNA nanostructures.

The reported strategy (Figure 1) uses two different types
of DNA tiles: directing tiles (D-tiles) and assembly tiles (A-
tiles). D-tiles are designed to direct the self-assembly of A-
tiles and cannot associate with one another themselves. Each
A-tile has two sets of sticky ends: one set is self-complemen-
tary, which allows A-tiles to assemble into large structures;
the other set is complementary to the sticky ends of D-tiles
and allows A-tiles to interact with and take instructions from
D-tiles. A-tiles are intentionally introduced with sufficient
flexibility and can adopt different conformations. In the
absence of D-tiles, A-tiles will self-associate into a mixture of
homo-oligomeric complexes with different sizes. In the
presence of D-tiles, A-tiles are directed to form various
complexes by and with different D-tiles.

All of the tiles used in this work are star-shaped motifs
(tiles).B1239321 An p-point-star tile contains a central long
strand (LPn for D-tiles and L*# for A-tiles; blue/red), n copies
of the medium strands (M; green), and n copies of the short
strands (S; black). At the center of the tile, there are
n segments of single-stranded loops (red). The loop length
positively correlates with the tile flexibility.'>3? A D-tile with
n branches, dubbed a Dn-tile, has an n-fold rotational
symmetry. And an A-tile with n branches, dubbed an An-
tile, has a lower, 3-fold rotational symmetry. For any D-tile, all
M strands (MP) are the same and all S strands (SP) are the
same. Thus all branches, including the sticky ends (b’), are
identical to one another. For the A-tiles, half of the M strands
are M*! and the other are M*%. They alternate in the tile. The
same applies to S strands: half are S*! and half S*2
Consequently, two types of sticky ends appear alternately at
the branches of the A-tile: one (a/a’) is self-complementary
and the other (b) is complementary to the sticky-end b’ in the
D-tile.

The assembly was catried out in a neutral Mg?"-containing
aqueous buffer by a thermal cooling process. Upon the
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Figure 2. Analysis of directed DNA self-assembly by PAGE (a) and agarose gel electrophoresis (b). The
sample compositions for each lane, the chemical identity of each band, and the assembly yields are
shown above, beside, and below the gel images, respectively. The two images in Figure 2a are from one
gel (Figure S1 in the Supporting Information) and the two parts in Figure 2b are from another gel

(Figure S2).
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completion of self-assembly, all of the DNA samples were
initially analyzed directly by polyacrylamide gel electropho-
resis (PAGE) or agarose gel electrophoresis (Figure 2, and
Figures S1 and S2 in the Supporting Information). All of the
D-tiles migrated fast as individual tiles without self-associa-
tion; by contrast, the A-tiles formed a series of homo-
oligomers with different sizes. In the presence of D-tiles, the
A-tiles oligomerized into complexes with defined sizes
determined by the D-tiles, thereby leading to a dominant
sharp band in each lane with a high yield (estimated from the
band intensities). In structures [(A4),(D2),] or [(A6),(D2);],
the A-tiles were dramatically bent. Releasing such stresses
leads to large aggregates and the assembly yields of the target
structures became relatively low (68% and 58 %, respec-
tively). Complexes [(A6)g(D4)] and [(A6),(D5),,] were very
large objects and could not easily penetrate into the PAGE
matrix. They were trapped in the wells partially (for smaller
the [(A6)s(D4);] complex) or completely (for the larger
[(A6),)(D5);,] complex). When agarose gels (with larger
pores than the polyacrylamide gels) were used, both com-
plexes migrated into the gel matrix as single bands.

To study the native 3D structures of the assembled DNA
complexes, we applied cryogenic electron microscopy
(cryoEM) to all of the DNA samples (Figures 3 and 4, and
Figures S3-S17). Figure 3 and Figure S3 show the detailed
cryoEM study of complex [(A4)s(D5),], a pentagonal bipyr-
amid, and Figure 4 summarizes all of the assembled com-
plexes. In the raw cryoEM image (Figure 3a), individual
framework particles (indicated by white boxes) with the
expected size are randomly distributed in the viewing field.
From the observed individual particles, we have applied
a technique of single-particle 3D reconstruction®** to reveal
the 3D structures of the DNA complexes. This technique
revealed the structure of the expected pentagonal bipyramid
at a resolution of 3.3nm (Figure3b). We have further
compared the 2D projections calculated from the recon-
structed model with 1) raw images of individual particles
(Figure 3c) and 2)the class
averages of raw particles at the
same orientation (Figure S3).
Clear similarity in the pairwise
comparisons confirms that the
reconstructed model truly rep-
resents the 3D structure of the
self-assembled DNA complex.
All of the other designs have
also been confirmed by cryoEM
studies with a moderate resolu-
tion (3.2-4.0 nm; Figure 4 and
Figures S4-S17). The central
cavities in 2- and 3-point star
tiles are quite small and are not
visible in the final structural
models. By contrast, the 4-, 5-,
and 6-point star tiles have larger
cavities, which could be clearly
seen.

Some previously reported
DNA polyhedra, particularly
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Figure 3. CryoEM study of pentagonal bipyramid [(A4)s(D5),]. a) A
representative cryoEM image. White boxes indicate the DNA com-
plexes. b) Four views of the reconstructed structural model of the DNA
pentagonal bipyramid. c) Pairwise comparison between raw cryoEM
images of individual particles (left) and the corresponding projections
(right) of the reconstructed structural model. The raw particles were
selected from different image frames to represent views at different
orientations.

the large ones such as dodecahedron and buckyball,"” have
non-triangular faces. This feature makes these polyhedra
deformable. In the current study, all of the objects have
triangular faces. Such geometry introduces rigidity to the
polyhedra and makes them nondeformable.

The reported polyhedra can be classified into two families.
1) Simple bipyramids resulting from the A4 tile. The A4 tile
by itself will assemble into circular oligomers. In the presence
of D-tiles, those circular oligomers will be capped by the D-
tiles from both the top and bottom and become the pyramid
bases. 2) Complex polyhedra (Kleetopes of polyhedra)
assembled from the A6 tile. This family of polyhedra can be
viewed as face-capped regular polyhedra. Each object has
a central, simple polyhedron, the face of which serves as the
bottom of a pyramid.

In summary, we have demonstrated a directed self-
assembly strategy to assemble large complex 3D structures,
many of which have not been accessible before. For example,
complex [(A6),,(D5),] consists of twenty A6 tiles and twelve
D5 tiles, totaling 16,020 bases. It has a molecular weight of
approximately 5 megadaltons (MDa; Table 1), larger than
a ribosome (ca. 2.8-4.0 MDa),"* one of the most complicated
biological machineries. It has a diameter of ~80 nm, com-

Table 1: Summary of the assembled DNA complexes: number of
nucleotides, molecular weight, and overall dimensions.

Complex Number of Molecular Circumsphere
Nucleotides Weight [Da] Diameter [nm]
[(A4),(D2),] 1068 327857.6 32.2
[(A4);(D3),] 1602 491848.3 30.2
[(A4),(D4),] 2136 655715.2 27.2
[(A4)5(D5).] 2670 819705.9 31.3
[(A6),(D2)3] 1602 491910.3 33.9
[(A6),(D3),] 3204 983944.4 40.8
[(A6)s(D4)¢] 6408 1967641.2 47.7
[(A6),0(D5)4] 16020 49194744 76.8
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Figure 4. Reconstructed 3D structural models of the DNA complexes
that resulted from directed self-assembly. For each structure, four
views at different orientations are shown. The corresponding designs
are shown on the left. See Figures S4-S17 for details.

parable to most viruses (20-200 nm).® It is amazing that such
a well-defined, large DNA complex can be readily assembled
from only eight unique component sequences (475 bases in
total). The current strategy mimics a natural biological
process: the scaffolding-protein-assisted assembly of viral
procapsids.””*) In many cases (e.g. bacteriophage P22), viral
coat protein can correctly assemble into functional viral
procapsids only in the presence of scaffolding proteins.
Otherwise, they assemble into aberrant, smaller-than-
normal cages. Such regulated molecular self-assembly offers
a general approach for the precise construction of large,
complex supramolecular structures. This work is also of
interest for the study of molecular self-assembly and 3D
nanofabrication, and for the preparation of nanodevices for
biomedical and physical applications.
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