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The manifold faces of DNA
Lloyd M. Smith

When it comes to making shapes out of DNA, the material is there, and its properties are understood.
What was missing was a convincing, universal design scheme to allow our capabilities to unfold to the full.
As civilization has developed over the past
10,000 years, humankind has learned how to
build larger and larger structures; over the past
two decades, we have begun to learn how to
build smaller and smaller structures. On page
297 of this issue1, Paul Rothemund presents a
material step forward in this second arena: he
describes a stunningly simple and versatile
approach to the fabrication, by self-assembly,
of two-dimensional DNA nanostructures of
arbitrary shape.
DNA has emerged over recent years as the
molecule of choice for nanodesigners. There
are two reasons for this. First, in the 50 years
since the discovery of the DNA double helix2,
a detailed understanding of the energetics of
its formation has developed3. This allows one
to predict, with reasonable success, the shapes
into which a DNA molecule of a given
sequence will fold in solution4. Second, the
advent of automated chemistry for the rapid
synthesis of DNA molecules has made it
possible to easily obtain DNA molecules
of any desired sequence, of lengths up to
100 nucleotides or so. (A nucleotide is the
monomer unit of DNA.)
Longer molecules may also be obtained
using biological methods such as the
polymerase chain reaction or now-standard
molecular cloning approaches. The molecular
engineer is thus armed with two of the basic
elements needed to build structures of interest:
the materials for building and an understanding of their properties. The missing ingredient
has been a versatile design strategy.
The best-developed model for DNA design
is the ‘tile model’ developed in Ned Seeman’s
laboratory5. This uses as its basic buildingblock DNA in two-dimensional, rectangular
shapes. These tiles are designed to include
crossover points between DNA strands, so
imparting stiffness to the structure. Free single-stranded regions (‘sticky ends’ in the parlance of the molecular biologist) extrude from
each corner of the tile and permit tiles to selfassemble into larger, two-dimensional sheets.
This basic concept has been adapted and
extended many times, enabling demonstrations of, for instance, the templated selfassembly of protein arrays6, and the

Figure 1 | Give us a smile.
a, A folding path to make a
DNA ‘smiley’. An even
number of double helices is
filled into the desired shape
in the order of colours in
the spectrum from red
(start) to violet (end).
b, An atomic force
microscopy image of
the finished product.
(From Fig. 2 on page 299;
scale bar, 100 nm.)

fabrication of the fractal patterns known as
Sierpinski triangles7.
A second design theme was introduced by
William Shih and colleagues8 in 2004. They
showed that a single strand of DNA, 1,669
nucleotides long, could be driven to selfassemble into a nanoscale octahedron by the
addition of five short DNA strands complementary to selected regions of the original
strand. Again, structural rigidity was obtained
by means of crossover points. This work was
notable in two respects. First, it permitted
assembly of a three-dimensional structure,
rather than the two-dimensional sheets that
had been the primary focus of most previous
work. Second, it introduced the concept of
using short DNA strands to direct the folding
of a longer DNA strand.
Rothemund1 builds upon both these models, and expands their generality to permit the
fabrication in DNA of any two-dimensional
shape. Just as in the approach described by
Shih et al.8, he directs the folding of a long
single-stranded DNA molecule, in this case
the genome of the widely used cloning vector
M13 mp18. M13 is a bacteria-destroying virus
with a single-stranded DNA genome about
7,000 nucleotides in length; its known
sequence and ready availability make it convenient for this application.
The design process1 has five steps (see Fig. 1
on page 298). First, the desired shape is chosen and is filled from top to bottom by an even
number of parallel double helices. Second, a
single, long scaffold strand is folded back and
forth along the double helices, so introducing
periodic crossovers (again for rigidity)
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between parallel helices. Third, a computer
program generates the sequences of many
short ‘staple strands’. These bind to the DNA
scaffold strand — making it double-stranded
— and create crossovers between strands. In
the two final steps, the design is examined and
refined by computer to relieve strain and to
strengthen the structure at the nicks and
seams produced in the initial design process.
The results that emerge are stunning.
Rothemund shows the generality of the
approach with six different structures (Fig. 2
on page 299), notably a five-pointed star and a
smiley face — myriads of which are a disconcerting sight in an atomic force microscopy
image (Fig. 1, above). He further demonstrates
the assembly of the individual structures into
rather beautiful, higher-order patterns, reminiscent of the designs found in Persian carpets,
and shows the absence of any symmetry
requirement in the designs by fabricating a
map of the world (Fig. 3g on page 300).
Rothemund’s basic method is fairly straightforward, and ample experimental and design
details are provided in the many pages of supplementary material. He notes that there is a
plethora of widely available chemical modifications to DNA strands; this should make it
possible to incorporate, for example, dyes or
binding elements into these structures at any
desired position. The extension of this model
from two to three dimensions should not
prove too difficult either, given the threedimensional precedents8, opening up further
possibilities in the design and construction of
functional materials at the nanoscale.
Thus equipped not only with DNA building
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materials and an understanding of their structural and chemical properties, but also with a
versatile general approach to weaving them
together1, we are arriving at a new frontier in
our pursuit of ever-smaller structures. The
barrier we have to surmount next is to deploy
our knowledge to develop structures and
devices that are really useful. Happily, in that
endeavour we are now perhaps limited more
by our imagination than by our ability.
■

NATURE|Vol 440|16 March 2006

brain. It is therefore not surprising that it has
taken a while to determine which assembly is
most closely related to cognitive decline.
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a variety of experimental models in Figure 1 | The role of amyloid- (A ) in Alzheimer’s disease. A
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which A impairs neural functions4,5. peptides self-aggregate and form increasingly larger assemblies that
although the exact origin and atomic
structure of this assembly remain
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The early memory deficits in
A major source of confusion has detrimental than plaques. Lesne et al. show that A*56 is among
these stealthy moieties, and seems to have a key role in memory
APP mice, starting at 6 months,
been the propensity of A to exist in decline. Independent of neurofibrillary tangles — another
were negatively correlated with the
a variety of complexes that seem to pathological hallmark of the human condition — A oligomers may
level of A*56 found in their
differ not only in their number of pep- impair the junctions through which brain cells communicate (the
brains. In more direct support of a
tide building-blocks, but also in their synapses) or alter neurotransmission by other mechanisms. This
causal relationship, an A*56-conoverall conformation and biological would deplete signalling molecules that are dependent on synaptic
taining isolate from APP mouse
activity (Fig. 1). In increasing order of activity and are required for memory and other brain functions.
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A needle from the haystack
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