Communications

6820

DNA Junctions

DOI: 10.1002/anie.200902662

Substrate-Assisted Assembly of Interconnected Single-Duplex DNA

Nanostructures™®*
Shogo Hamada and Satoshi Murata*

A general methodology for the creation of arbitrary shapes
and patterns is one of the ultimate goals of nanostructural
studies. One approach to this goal is the formation of building
blocks that cover nearly all varieties of shapes. Recently,
DNA has become known as a new material for nanoscale
structures. By using the Watson—Crick complementarity of
the double helix, we can design 2D and 3D DNA nano-
structures and self-assemble them in solution. The basic
methodology of this structural DNA nanotechnology is to
design a rigid ‘motif’ that comprises several DNA junctions
and can be used as a building block. Although the variety of
motifs depends on the structural geometry of the junctions,
almost all the structures reported to date have been based on
a limited choice of crossover junctions. This restriction limits
the available shapes of DNA nanostructures, which are
mainly typified by parallel-packed duplexes. Herein, we
report a novel interconnected single-duplex-based T-shaped
junction and its use in the assembly of motifs, and therefore
show how various structures can be designed and created
without the use of conventional junctions. The use of these
motifs overcomes the limitations in the varieties of available
DNA nanostructures and provides a well-defined geometry
for these structures. We show that motifs with T-shaped
junctions are able to assemble into various structures in
solution, such as orthogonal coordinated ladders, lattices, and
polar coordinated wheels. Moreover, we also report that these
structures can grow dramatically over the whole substrate
surface in a new substrate-assisted assembly method.

The invention of DNA double-crossover molecules!'! has
allowed the creation of diverse DNA nanostructures, which
gave rise to a new field in which DNA is used as a nanoscale
building block. Immobilized stacked X formation of Holliday
(crossover) junctions!*! was used to create a molecule with
rigid parallel axes, thus defining a method to utilize the
rigidity of DNA to form structures in solution. The formation
of a rigid ‘motif’ with several combined crossover junctions
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and subsequent connection of the junctions with single-
stranded complementary sticky ends has become a generic
design principle of DNA nanostructures. Although many
other molecules™® and various structures®'”! with several
crossover junctions have been designed and self-assembled to
date, these examples are essentially based on the same
geometry. An alternative junction structure along with a new
method to enhance rigidity is therefore required for the
further development of DNA nanotechnology.

Herein, we report novel T-shaped junctions that provide a
right-angled geometry, overcome the current design limita-
tions, and expand the varieties of DNA nanostructures. ‘T-
shaped’ junctions consist of two single-duplex DNA helices.
One duplex has a single-stranded bulge section in the center,
and the second duplex has a ‘sticky end’ at the terminus. The
two single-stranded regions undergo Watson—Crick base
pairing to leave no unmatched bases. After hybridization,
the first duplex is bent perpendicularly and the second duplex
is inserted into the bend, thus resulting in an interconnection
comprising a branched T-shaped junction (Figure1 and
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Figure 1. A single-duplex-based T-junction. a) Helical representation.
The red and blue parts indicate the two double helices and the green
lines indicate the sticky end (5 bp in the figure). b) Schematic
representation of the motif. The arrows indicate the 5-3' direction.
The horizontal double helix is labeled ‘trunk’ and the vertical helix is
labeled ‘branch’.

Figure S8 in the Supporting Information). Thus, a motif
based on this junction is termed a “T-motif’. A branch can be
placed anywhere on the major groove of the trunk by using
five or six nucleotides as a single-stranded region. The length
of interconnection is derived from the distance between the
backbones of complementary bases and the axial length of the
base pairs (Figure 1 in the Supporting Information). Note that
the T-junction itself plays the roles of both junctions and
sticky ends, whereas the junctions and sticky ends are located
at different regions in conventional crossover-junction-based
motifs.

The use of T-motifs brings several favorable properties,
which are derived from the structural characteristics of T-
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shaped junctions, to DNA nanostructures. The first and most
obvious property is that a T-shaped junction can provide
geometries from which a wide variety of DNA nanostructures
can be created. The basic principle for creating shapes and
patterns with DNA is the use of motifs as units that define the
final appearance of the structure. Although some shapes are
well approximated by the use of motifs comprising helices
with parallel axes, many other shapes, such as porous lattices
and polar coordinated structures, are difficult to realize
because of the lack of available geometrical variation.
Moreover, the previously reported bulged three-arm junc-
tions do not provide fixed arm angles,“g] therefore it is
difficult to define a fixed geometry with these junctions alone.
By combining several T-shaped, right-angled junctions to
form a motif that can be found in RNA nanostructures,'” we
were able to design and create various new shapes and
patterns, which is difficult to accomplish by using motifs with
conventional geometries. The second property is an improve-
ment in structural resolution. The junction can define the
position of the branch itself because of its rigidity; therefore,
if we define the structural resolution as the length (number of
base pairs, bp) of a minimal fixed structure, the spatial
resolution of a T-motif would be /+1 (6 or 7 bp), where [ is
the length of the interconnection. On the other hand,
crossover-based motifs generally need more than two junc-
tions to fix their conformation, and therefore require at least
one full turn (10.5 bp) as a minimum. The higher resolution of
T-motifs allows the formation of smaller, ‘nanoscopic’ details
by DNA nanostructures to be advanced. The third advantage
is the rigidity and flexibility of the structure. Generally, it is
difficult to form structures from single-duplex-based
branched motifs® without using non-DNA components
because of their lack of structural integrity."®*!! Consequently,
the current basic strategy to build such structures is to
combine several duplexes® as a rigid motif, or to directly
design rigid crystalline tubes with single strands.”™! On the
other hand, the provision of some degree of flexibility at the
expense of maintaining rigidity is effective in avoiding stress
inside the structures.”” These requirements can be satisfied to
some extent with T-motifs because the absence of unpaired
bases at the T-junction provides rigidity and the single-duplex
section between junctions ensures flexibility. The fourth
property is the avoidance of electrostatic repulsion among
DNA backbones. T-motif-based nanostructures consist of a
branched single duplex; thus, in principle, there is clearance
between helices, and the resulting nanostructure can avoid the
distortion that arises from helices aligned in paralle].l'-*2°]

T-motif-based nanostructures were designed by two-
dimensional graphical abstraction (see the Supporting Infor-
mation for details). Two types of ‘track’ (ladder), two types of
orthogonal coordinate porous 2D lattice’, and a polar
coordinate ‘wheel’ structure were designed using this
method and self-assembled. Firstly, two types of track
structures were designed to show configurational control by
the T-motifs (Figure 2a,b, rows 1 and 2). The connection was
based on T-shaped junctions, although the ladders’ opposite
‘handrail’ directions were inverted in two designs. The ‘rung’
length of a ladder determined this inversion adjustment.
Secondly, two types of two-dimensional lattice structures
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were designed to examine base-pair parameters (Figure 2¢,d,
rows 1 and 2). These designs showed that even a small change
in duplex length can lead to drastic structural differences. The
‘brick-wall’ type was obtained by changing the helix length
(half-turn difference) of the track structures’ ‘handrail’. This
planar structure was designed to provide a resolution that was
more than three times higher in area than in crossover-based
porous structures.”) The ‘windmill’ type is another pattern
with two sizes of pores that show different combinations of
junctions, in which motifs were connected to each other with a
90° rotation. The wheel structure utilized the flexibility of the
T-motif’s single duplex-based structure (Figure 2e, rows 1 and
2). Compared with the ladder design, one side of the
‘handrail’ was shortened and the other was extended; thus,
this length difference determined the curvature of the
assembled ring structure (Figure S2 in the Supporting Infor-
mation).

Each set of equimolar strands was mixed in buffer
solution and slowly annealed from 95 °C to room temperature
or 4°Cin order to self-assemble the nanostructures (Figure S4
in the Supporting Information). Besides ordinary annealing in
solution, we examined a new method: substrate-assisted self-
assembly. A substrate that binds to DNA was annealed
together with the strands, and was expected to function as a
2D planar template for maintaining DNA motifs near the
surface, and to assist the self-assembly of DNA into the
desired 1D or 2D structures. A freshly cleaved mica fragment
was chosen as the substrate material because it is well known
for the binding of divalent cations, and was also used for DNA
observation by atomic force microscopy (AFM) because of its
atomic flatness. Solution and mica-assisted self-assembly were
both carried out under the same conditions, except the mica-
assisted assembly method was performed at a lower final
DNA concentrations (0.5 puM for solution assembly, 0.1 um for
mica-assisted assembly).

The annealed solutions were observed on the mica surface
by AFM imaging. All designs formed the expected structures
upon annealing in solution (Figure 2a—e, row 3; Figure
S6a,c,g in the Supporting Information). Both the 1D tracks
were well formed (Figure S5e,f in the Supporting Informa-
tion), although their length was restricted to about several
hundred nanometers. The 2D brick-wall lattice was also
formed with a preference for the growth direction. This
directed growth could have been caused by the motif’s
flexibility, which led to tubular structures as the lattice grew
until a particular size was reached, because the kinetic effect
results in the preferential formation of a tube rather than a
planar structure in solution. On the other hand, the windmill,
which is another type of 2D lattice, failed to form large
structures in solution. We successfully observed a closed
wheel structure, although its yield was not high (Figure S3 in
the Supporting Information).

The results of the substrate-assisted self-assembly were
qualitatively different compared to those obtained in solution
(Figure 2 a—e, rows 4 and 5 and Figure 6b-h in the Supporting
Information). The track ladders were much longer (up to the
micrometer scale), and, in addition, the ladder structures were
aligned in a particular direction on the mica surface.
Furthermore, although some gaps were found, almost the
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Figure 2. T-motif-based nanostructures and their lengths (bp).
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a) 1D ladder 15-15-15, b) 1D ladder 15-20-15, c) 2D brick-wall lattice, d) 2D windmill lattice,

and e) wheel. Row 1: schematic representation of the motif. The red and green bases correspond to complementary sticky ends. Note that some crossed
sequences are drawn in such a way as to show the arrangement of the sticky-end positions. Row 2: schematic representation. Row 3: solution self-assembly
results (AFM images). Rows 4, 5: mica-assisted self-assembly results (AFM images). Scale bars: row 2=10 nm, rows 3,4=100 nm, row 5=1 pum.
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entire substrate surface was covered by the structure. Two
types of 2D lattices were also successfully formed (Figure 5a—
d in the Supporting Information). A flat planar structure
comprising a number of a few micrometer-sized monocrystals
that were connected to each other was obtained in both cases
(Figure S9 in the Supporting Information). In addition, the
monocrystal size was enlarged by a cyclic annealing protocol
(Figure S7 in the Supporting Information). The structures
were also observed to exist without any gaps over the entire
mica surface. We propose that these monocrystals grow
independently on the surface until they meet each other,
subsequently, parts of the growth fronts are connected and
form a patchwork-like appearance. Although some of the
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wheels had defects, most of them were successfully formed by
mica-assisted self-assembly. In addition, the wheels on the
surface were aligned in hexagonal-close-packed formation.
These results imply that substrate assistance stabilizes a T-
motif self-assembly and leads the structure to align in a
packed formation.

The results for the T-motifs and the substrate-assisted
assembly method suggest that several important possibilities
are made available by these nanostuctures. The first possi-
bility is that the number of DNA nanostructure varieties are
widened by using this new junction. The ability to design and
self-assemble orthogonal and polar coordinate structures
implies that varieties of porous shapes and patterns can be
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designed from this motif, including 3D structures such as
periodic crystals and spheres, and algorithmic self-assem-
blies.?! Drug-delivery cages, nanofilters, and nanopores are
some examples of the applications that can be realized by this
new junction. Secondly, the substrate-assisted assembly can
be readily utilized for large-scale DNA self-assembly. The
binding of DNA to substrates in order to enhance their
rigidity can be used in addition to the rigidity of the motif
itself. Large-scale DNA nanostructure assembly on the
substrate will provide new aspects and practical examples of
assemblies for various fields, such as supramolecular chemis-
try, crystallography, and molecular nanotechnology. In addi-
tion, this new assembly method will also open up possibilities
for various future applications that use DNA nanostructures
as templates, including bottom-up and top-down hybrid
devices, such as nanocircuits, high-density memories, meta-
materials, and protein arrays for nanoreactors.

Experimental Section

Oligonucleotides: All DNA sequences were designed using DNA
Design software, developed by Winfree Lab at Caltech (Pasadena,
CA; see the Supporting Information for specific sequences). Oligo-
nucleotides were synthesized and purified by HPLC by Sigma-
Aldrich Japan K.K.

Formation: DNA strands were mixed in an equimolar ratio with
tris-acetate-EDTA/Mg?" (TAE/Mg*", 12.5 mm tris = tris(hydroxyme-
thyl)aminomethane, =~ EDTA = ethylenediaminetetraacetic  acid)
buffer. Mixed samples were gradually annealed from 95°C to room
temperature or 4°C over 2 days in solution or on mica. The mica-
assisted self-assembly method was performed under the same
conditions except the mica substrate was annealed with all DNA
samples. Samples were then directly observed by AFM.

AFM Imaging: Observations were carried out in tapping mode
on a Multimode AFM with Nanoscope IIIa controller (Veeco) using
NP-S cantilevers.

Received: May 19, 2009
Published online: August 17, 2009

Keywords: DNA structures - nanostructures - nanotechnology -
self-assembly - supramolecular chemistry

[1] T.-J. Fu, N. C. Seeman, Biochemistry 1993, 32, 3211 -3220.
[2] Z.Shen, H. Yan, T. Wang, N. C. Seeman, J. Am. Chem. Soc. 2004,
126, 1666 -1674.

Angewandte

[3] H. Yan, X. Zhang, Z. Shen, N. C. Seeman, Nature 2002, 415, 62—
65.

[4] R.M. Clegg, A.1. Murchie, D. M. Lilley, Biophys. J. 1994, 66,
99-1009.

[5] D.R. Duckett, A.I. Murchie, S. Diekmann, E. von Kitzing, B.
Kemper, D. M. Lilley, Cell 1988, 55, 79 —89.

[6] E. Winfree, F. Liu, L. A. Wenzler, N. C. Seeman, Nature 1998,
394 539-544.

[7] T. H. LaBean, H. Yan, J. Kopatsch, F. Liu, E. Winfree, J. H. Reif,
N. C. Seeman, J. Am. Chem. Soc. 2000, 122, 1848 —-1860.

[8] P. W. K. Rothemund, Nature 2006, 440, 297 —302.

[9] H. Yan, S. H. Park, G. Finkelstein, J. H. Reif, T. H. LaBean,
Science 2003, 301, 1882 -1884.

[10] Y. He, Y. Chen, H. Liu, A. E. Ribbe, C. Mao, J. Am. Chem. Soc.
2005, 127, 12202 -12203.

[11] S.H. Park, R. Barish, H. Li, J. H. Reif, G. Finkelstein, H. Yan,
T. H. Labean, Nano Lett. 2005, 5, 693 —696.

[12] F. Mathieu, S. Liao, J. Kopatsch, T. Wang, C. Mao, N. C. Seeman,
Nano Lett. 2005, 5, 661 —-665.

[13] P. W. K. Rothemund, A. Ekani-Nkodo, N. Papadakis, A. Kumar,
D. K. Fygenson, E. Winfree, J. Am. Chem. Soc. 2004, 126, 16344 —
16352.

[14] B. Wei, Y. Mi, Biomacromolecules 2005, 6, 2528 -2532.

[15] J. Malo, J. C. Mitchell, C. Vénien-Bryan, J. R. Harris, H. Wille,
D. J. Sherratt, A. J. Turberfield, Angew. Chem. 2005, 117, 3117 -
3121; Angew. Chem. Int. Ed. 2005, 44, 3057 -3061.

[16] D.Liu, M. Wang, Z. Deng, R. Walulu, C. Mao, J. Am. Chem. Soc.
2004, 126, 2324 -2325.

[17] B. Ding, R. Sha, N. C. Seeman, J. Am. Chem. Soc. 2004, 126,
10230-10231.

[18] B. Liu, N. B. Leontis, N. C. Seeman, Nanobiology. 1994, 3, 177 -
188.

[19] A. Chworos, 1. Severcan, A.Y. Koyfman, P. Weinkam, E.
Oroudjev, H. G. Hansma, L. Jaeger, Science 2004, 306, 2068 —
2072.

[20] F. A. Aldaye, P. K. Lo, P. Karam, C. K. McLaughlin, G. Cosa,
H. F. Sleiman, Nat. Nanotechnol. 2009, 4, 349 —352.

[21] X. Yang, L. A. Wenzler, J. Qi, X. Li, N. C. Seeman, J. Am. Chem.
Soc. 1998, 120, 9779-9786.

[22] P. Sa-Ardyen, A. V. Vologodskii, N. C. Seeman, Biophys. J. 2003,
84, 3829-3837.

[23] P. Yin, R. F. Hariadi, S. Sahu, H. M. T. Choi, S. H. Park, T. H.
LaBean, J. H. Reif, Science 2008, 321, 824 —826.

[24] Y. He, C. Mao, Chem. Commun. 2006, 968 —969.

[25] R.F. Hariadi, http://www.rpgroup.caltech.edu/courses/aph161/
Lecture/Poster% 20RH.pdf (accessed on 16 December 2008).

[26] H. Liu, Y. He, A. E. Ribbe, C. Mao, Biomacromolecules 2005, 6,
2943 -2945.

[27] P. W. K. Rothemund, N. Papadakis, E. Winfree, PLoS Biol. 2004,
2, ed24.

Angew. Chem. Int. Ed. 2009, 48, 68206823

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

Chemie

6823


http://dx.doi.org/10.1021/bi00064a003
http://dx.doi.org/10.1021/ja038381e
http://dx.doi.org/10.1021/ja038381e
http://dx.doi.org/10.1038/415062a
http://dx.doi.org/10.1038/415062a
http://dx.doi.org/10.1016/S0006-3495(94)80765-9
http://dx.doi.org/10.1016/S0006-3495(94)80765-9
http://dx.doi.org/10.1016/0092-8674(88)90011-6
http://dx.doi.org/10.1021/ja993393e
http://dx.doi.org/10.1038/nature04586
http://dx.doi.org/10.1126/science.1089389
http://dx.doi.org/10.1021/ja0541938
http://dx.doi.org/10.1021/ja0541938
http://dx.doi.org/10.1021/nl050108i
http://dx.doi.org/10.1021/nl050084f
http://dx.doi.org/10.1021/ja044319l
http://dx.doi.org/10.1021/ja044319l
http://dx.doi.org/10.1021/bm050230b
http://dx.doi.org/10.1002/ange.200463027
http://dx.doi.org/10.1002/ange.200463027
http://dx.doi.org/10.1002/anie.200463027
http://dx.doi.org/10.1021/ja031754r
http://dx.doi.org/10.1021/ja031754r
http://dx.doi.org/10.1021/ja047486u
http://dx.doi.org/10.1021/ja047486u
http://dx.doi.org/10.1126/science.1104686
http://dx.doi.org/10.1126/science.1104686
http://dx.doi.org/10.1038/nnano.2009.72
http://dx.doi.org/10.1021/ja9817601
http://dx.doi.org/10.1021/ja9817601
http://dx.doi.org/10.1126/science.1157312
http://dx.doi.org/10.1039/b513962g
http://dx.doi.org/10.1021/bm050632j
http://dx.doi.org/10.1021/bm050632j
http://dx.doi.org/10.1371/journal.pbio.0020424
http://dx.doi.org/10.1371/journal.pbio.0020424
http://www.angewandte.org

