JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

Communication

Aligning One-Dimensional DNA Duplexes into Two-Dimensional Crystals
Chuan Zhang, Yu He, Yi Chen, Alexander E. Ribbe, and Chengde Mao
J. Am. Chem. Soc., 2007, 129 (46), 14134-14135+ DOI: 10.1021/ja075791k « Publication Date (Web): 27 October 2007
Downloaded from http://pubs.acs.org on February 13, 2009

) —

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 1 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja075791k

JIAIC[S

COMMUNICATIONS

Published on Web 10/27/2007

Aligning One-Dimensional DNA Duplexes into Two-Dimensional Crystals

Chuan Zhang, Yu He, Yi Chen, Alexander E. Ribbe, and Chengde Mao*
Department of Chemistry, Purdue Ueisity, West Lafayette, Indiana 47907

Received August 2, 2007; E-mail: mao@purdue.edu

This paper reports a simple strategy for self-assembly of DNA
two-dimensional (2D) crystals that involves intermediates of
potentially long pseudo-continuous DNA duplexes. In the current _
work, high-density DNA 2D crystals have been produced, which Sedl—
contain rhombic pores. The repeating distance of the 2D crystals (R
is ~5.4 nm, the shortest among all reported DNA 2D crystals. l ]I
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DNA self-assembly is an effective way to generate nanopat-
terns!2 One important use of DNA self-assembly is the assembly

of DNA 2D crystals® DNA duplexes are one-dimensional structures - ]

and can be easily built up to many micrometers long. In principle, 5 CCATGG-ACTGOCCAGT-GGTTCGAACC-TGATCAS’

all.gnlng. DNA dUplexe§ in a plane V.W" resultin 2D periodic cr.ystals. Figure 1. Scheme of the assembly strategy. (a) Short single DNA strands
Itis a simple and stralghtfor\{\lgrd idea. Ho_wz_ever, such an idea hgs assemble into a pseudo-continuous DNA duplex with two single-stranded
never been tested. Instead, rigid and sophisticated DNA nanomotifsoverhangs every 10 base pairs along the duplex. Hybridization between
(tiles) have been develop@dyhich can effectively self-assemble  the overhangs brings the duplexes into two-dimensional (2D) arrays. In

; ; ; . the final 2D arrays, one duplex is colored for structural clarity. The red
into 2D crystals. The tiles consist of finite numbers of DNA strands, box indicates a double-crossover (DX)-like structure. (b) Sequence of the

have well-defined structures, and normally do not change their pya ysed. Note that it contains four palindromic segments. Two central
structures during self-assembly into 2D crystals. One unit cell in segments are 10 bases long, and the outer ones are 6 bases long.
the crystals contains one or several tiles. This strategy has been
proven to be very successful. However, it usually involves many 2p crystal sheets to curl up into nanotubes, which is similar to a
DNA strands and is sensitive to experimental parameters, including previously reported systefn.
molecular ratios and purities of DNA strands. For practical We followed a previously reported method to prepare DNA 2D
applications, it is highly desirable to develop strategies that can crystals? Briefly, the oligonucleotide was purified by denaturing
tolerate experimental variations, which prompts us to re-visit the polyacrylamide gel electrophoresis. The pure DNA was then
idea of aligning DNA duplex. dissolved in a Mg"-containing buffer and slowly cooled from 95
The aligning strategy requires only one 32-base-long DNA tg 25°C to allow DNA strands to self-assemble. To study the DNA
oligonucleotide (Figure 1), avoiding the DNA stoichiometry 2p crystals, we first investigated their thermal denaturing behavior
problem. For one strand to assemble into 2D crystals, its sequenceyy monitoring their optical absorption at 260 nm, the maximum
must contain a high degree of symmetry. The DNA strand contains apsorption wavelength of DNA. There are two phase transitions
four palindromic segments, which are 6, 10, 10, and 6 bases long,(see Supporting Information, Figure S1). One at-50 °C is
respectively. At a high temperature, all DNA secondary structures cooperative and corresponds to the denaturation of individual,
are denatured. As temperature slowly decreases, the componenpseudo-duplexes (containing many 10 bp segments; see Supporting
DNA strands recognize and base pair with each other at the centralinformation, Figure S2). Another transition is at-380 °C and is
two 10-base-long segments, resulting in long, pseudo-continuousattributed to the dissociation of the 2D arrays, which are mediated
duplexes with dangling, single-stranded, 6-base-long overhangsby the 6 bp short duplexes. It is non-cooperative and happens
every 10 base pairs (bp) along the DNA duplexes. All overhangs at a broad temperature range, presumably because of the complex
along a DNA duplex are on the same plane, but any two adjacent nature of the 2D arrays. In a control experiment, the DNA strand
overhangs are on the opposite sides of the duplex. When temper-without the 6-base-long segments has only a sharp transition at
ature further decreases, the single-stranded overhangs recognize and60 °C.
hybridize with each other, which bring the long DNA duplexes The structures of the DNA assemblies were investigated by
together to form 2D crystals. There are two new features with this atomic force microscopy (AFM). In the concentration range of
strategy. (1) The assembly intermediates are pseudo-continuousl—100xM, all DNA 2D crystals tend to curl up to nanotubes and
duplexes, which could be infinitely long and contain infinite copies aggregate together, but there are two morphological changes as the
of the component DNA strands. In previously reported 2D DNA concentration increases (see Supporting Information, Figure S3).
crystals, the intermediates always have finite sfz€) The First is the length of the nanotube. AtuM, there are only short
intermediates undergo a significant structural change when self- tube-like structures. The tube length increases dramatically when
assembled into 2D arrays. Before assembly, the intermediates areconcentration increases from 1 to 2. Further increasing the
duplexes and are very flexible because they are not composed ofDNA concentration does not significantly increase the nanotube
two continuous strands. After assembly, the intermediates becomelength. Second, more individual, nonaggregated nanotubes appear
well-defined zigzag structures. The final 2D crystals contain double at higher DNA concentrations. At 1QeM of DNA, some mono-
crossover (DX)-like motifs (see the boxed area), but two crossing layers of DNA 2D crystals and nanospiral structures exist. The spiral
strands are nicked at the crossover points. Those nicks introducestructures are likely to be the intermediates between the nanotubes
flexibilities to the DNA 2D crystals and in many cases promote and flat 2D crystals.
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Figure 2. Atomic force microscopy (AFM) analysis of DNA 2D crystals.
(a) An AFM image and its zoom-in view (b). (c, d) Section analysis of the
structures. In (c), a schematic drawing is superimposed onto the AFM image.

To obtain high-resolution images, we further performed AFM
imaging on the 10&M DNA sample in the assembling buffer. At
this DNA concentration, we can find flat DNA 2D crystals, which
allow structural characterization at the low nanometer regime.
Figure 2 shows the AFM images obtained in the buffer. A high-
density, rhombic DNA arrangement is clearly visible, which

In those systems, the individual DNA strands directly assemble
into the final assemblies without identifiable intermediates during
assembly process. We have also reported a one-strand system for
nanotube assembfyit goes through an intermediate, which has a
well-defined composition (homodimer). In the current work, the
intermediate is a pseudo-continuous duplex and could contain
arbitrarily many DNA strands.

In summary, we have tested a simple strategy for DNA self-
assembly: aligning DNA duplexes into 2D crystals. A direct result
of this approach is the preparation of high-density DNA 2D crystals
that only require one short DNA strand. Once large 2D crystals
form by complementary base pairing, they curl up into DNA
nanotubes. Often the tubes aggregate together, but individual tubes
and monolayer can be found when DNA concentration is high. The
transition state from monolayer to tube suggests the curling
mechanism for DNA nanotube formation. The feature size of the
resulted DNA assemblies is5 nm, comparable to the sizes of
most proteins. The DNA nanostructures might be useful for
templating proteins to assemble into high-density structures where
proteins can directly communicate with each other by physical
contacts.
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matches the designed structure very well. Section analysis showsReferences

that the edge of the rhombus-is5.4 nm, in good agreement with
the value (5.3 nm) calculated from the model shown in Figure 1.
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fluorescence intercalator (see Supporting Information, Figure S4).
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system, a 20-base-long DNA oligonucleotide can assemble into 1D
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