
higher than that of traditional current-injection-based p–i–n diode
devices10,11.

We also investigated the data transmission performance of the
MZI modulator with a digital pulse drive voltage. We applied 3.5-V
digital pulse pattern with a d.c. bias of 3 V to the phase shifter. With
a pseudorandom electrical data input, we detected the correspond-
ing MZI optical output by using a high-frequency photoreceiver. In
Fig. 5 we show a 1 Gbit s21 pseudorandom electrical bit sequence
input and the corresponding optical output of our modulator. The
data show that the optical signal faithfully reproduces the 1 Gbit s21

electrical data stream.
As mentioned above, our current MZI modulator has an on-chip

loss of , 6.7 dB, which is primarily due to the doped and undoped
polysilicon regions in the waveguide. Because the polysilicon has a
much larger optical loss than single-crystal silicon18,19, we could
significantly reduce the present modulator loss by replacing the
polysilicon region with single-crystal silicon. For the device in Fig. 1,
modelling suggests that we could reduce the on-chip loss by ,5 dB
by this method. Using the epitaxial lateral overgrowth technique24,
single-crystal silicon can be fabricated over the gate oxide. Investi-
gation of the replacement of polysilicon by single-crystal silicon is
under way. Furthermore, because the phase shifter loss depends on
the device length, that is, Lp (the active waveguide length required
for p phase shift), increasing the phase modulation efficiency (or
decreasing the VpL product) by reducing the waveguide dimension
and making the gate oxide thinner not only reduces the device size
but also the optical loss. Scaling down the waveguide helps the high-
frequency operation, as the capacitance is reduced by the device size
shrinkage. In addition, reducing the gate oxide thickness and
commensurately reducing the drive voltage also reduces the high-
frequency power dissipation of the modulator, as with the conven-
tional CMOS circuits25. We could also design and fabricate a graded
doping profile in the y direction (Fig. 1) in the waveguide phase
shifter to further reduce the optical loss, while still maintaining the
device speed. For example, we could design a phase shifter with
higher doping densities in the areas close to the gate oxide and metal
contacts, but with lower doping concentrations in the rest of the
waveguide. A
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Molecular self-assembly offers a means of spontaneously forming
complex and well-defined structures from simple components.
The specific bonding between DNA base pairs has been used in
this way to create DNA-based nanostructures and to direct the
assembly of material on the subnanometre to micrometre scale1,2.
In principle, large-scale clonal production of suitable DNA
sequences and the directed evolution of sequence lineages

Figure 5 Pseudorandom bit sequence of a silicon Mach–Zehnder interferometer

modulator containing a single 2.5-mm-long MOS capacitor phase shifter in one arm at a

data bit rate of 1 Gbit s21.
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towards optimized behaviour3 can be realized through exponen-
tial DNA amplification by polymerases. But known examples of
three-dimensional geometric DNA objects4–6 are not amenable to
cloning because they contain topologies that prevent copying by
polymerases1,2,7. Here we report the design and synthesis of a
1,669-nucleotide, single-stranded DNA molecule that is readily
amplified by polymerases and that, in the presence of five 40-mer
synthetic oligodeoxynucleotides, folds into an octahedron struc-
ture by a simple denaturation–renaturation procedure. We use
cryo-electron microscopy to show that the DNA strands fold
successfully, with 12 struts or edges joined at six four-way
junctions to form hollow octahedra approximately 22 nano-
metres in diameter. Because the base-pair sequence of individual
struts is not repeated in a given octahedron8,9, each strut is
uniquely addressable by the appropriate sequence-specific DNA
binder.

Rigid DNA structures can be constructed from double-helical
struts that are linked at flexible joints (for example, branched
junctions) by arrangement of the struts in a continuously triangu-
lated frame2. DNA tetrahedra6 have an architecture that resists
deformation, whereas non-triangulated objects, such as DNA
cubes4 and truncated octahedra5, do not. A DNA regular octa-
hedron, also continuously triangulated, has been proposed pre-
viously10. Some viruses fold parts of their single-stranded RNA
genomes into triangulated (for example, icosahedral11) or untrian-
gulated (for example, dodecahedral12) geometric shapes, with
encapsulating protein shells enforcing these RNA structures.

The DNA octahedron reported here consists of five double-
crossover10 (DX) struts and seven paranemic-crossover13 (PX)
struts, joined at six four-way junctions (Fig. 1a). DX and PX motifs

have both been modelled as pairs of double helices that are arranged
in a side-by-side manner. Each of the twelve struts of the octahedron
contributes one double helix to a ‘core’ layer and the other to a
concentric ‘peripheral’ layer. The four-way junctions connect only
the core-layer double helices. Each four-way junction displays on its
concave face the minor grooves of its four proximally surrounding
base pairs. All four strands at all six junctions contain two unpaired
thymidine residues at the crossover point to allow some flexibility
for assembly.

The core-layer double helix of each of the twelve struts contains
40 base pairs, corresponding to roughly four turns of DNA and a
length of ,14 nm. For eleven of the struts, the peripheral-layer
double helix contains 30 or 32 base pairs and is capped at both
helical ends by a hairpin loop of four thymidine residues. The
twelfth strut is slightly longer, containing 35 base pairs, and is
capped at only one end. DX motifs have been shown to be about
twice as stiff as standard duplex DNA14. Assuming that PX motifs
have similar rigidity, each of the struts would be expected to have a
stiffness corresponding to a rod that is roughly one-eighth of a
persistence length. Thus the folded octahedron, in which all twelve
struts come together, is expected to be a highly rigid object.

Each DX motif contains 20 base pairs between the two crossover
junctions, where the strands exchange between the two component
double helices. The crossover junctions are flanked on the core-layer
helix by eight base pairs on one side and twelve base pairs on the
other side, and are flanked on the peripheral-layer helix by either
five or six base pairs on each side. Each PX motif contains six
crossover junctions separated by three major-groove spacings of six
base pairs alternating with two minor-groove spacings of four base
pairs. The outermost crossover junctions are flanked on the core-
layer helix by seven base pairs on either side, and are flanked on the
peripheral-layer helix by three base pairs on either side.

The DNA octahedron was folded from a mixture of a 1,669-
nucleotide ‘heavy chain’ and five 40-nucleotide ‘light chains’ by heat
denaturation followed by successive cooling steps. Folding was
designed to occur in two stages. First, the heavy chain and the five
light chains associate stoichiometrically and collapse into a
branched-tree structure (Fig. 1b). Binding of the heavy and light
chains forms double crossovers that provide five of the twelve struts
of the target structure. This intermediate state has fourteen terminal
branches, each corresponding to a half-strut. The terminal branches
are unique 76-nucleotide loops, each with sequence complemen-
tarity (in the PX sense) to one and only one other loop sequence
(Fig. 1c). In the second stage of folding, conjugate terminal branches
associate to form the remaining seven struts. The order of formation
of the struts should not make a difference in achieving the final
structure.

Figure 1 Design of the DNA octahedron. a, Three-dimensional structure involving twelve

struts (octahedron edges) connected by six flexible joints (octahedron vertices). Five of

the struts are DX motifs (cyan) and seven are PX motifs (rainbow colours). The joints are

four-way junctions that connect the core-layer double helices of each strut. b, Secondary

structure of the branched-tree folding intermediate. The structure consists of a single

heavy chain (black) and five unique light chains (cyan). Like colours indicate half-PX loops

whose sequence-specific cross-association generates a strut that serves as an edge of

the DNA octahedron. Coloured stripes coincide with strand crossover positions. Folding to

the structure in the upper left is complete when all seven PX struts have formed.

c, Schematic of a PX strut.

Figure 2 Gel-shift analysis of folding of the DNA octahedron. Lane M, marker lane with

DNA size standards (number of base pairs indicated at the left). Lane 1, heavy chain folded

in the absence of Mg2þ. Lane 2, heavy chain folded in the presence of Mg2þ. Lane 3,

heavy and light chains folded in the absence of Mg2þ. Lane 4, heavy and light chains

folded in the presence of Mg2þ. Samples were electrophoresed at 100 V at 4 8C in a 2%

agarose gel containing 2 mM MgCl2, 0.5 mg ml21 ethidium bromide, 45 mM Tris base,

and 45 mM boric acid (pH 8.0).
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The DNA octahedron reported here contains no catenations or
knots. Therefore no covalent bonds need to be formed or broken to
attain the final structure. It was suggested previously that catenated
DNA objects might be formed from a single DNA strand by
topoisomerization to establish the required knots followed by
restriction digestion and ligation to achieve conversion to a caten-
ane7, although this has not been demonstrated experimentally. An
uncatenated structure, as exemplified by the present study, may be
less robust because no covalent bonds need to be broken to sever the
edges. Yet this structure was preferred because it can be formed by a
simple folding protocol.

An initial test for proper folding was provided by a gel mobility-
shift assay (Fig. 2). During folding in the absence of Mg2þ, the half-
PX terminal branches should be unable to associate, leaving the
DNA object with the extended branched-tree structure. During
folding in the presence of Mg2þ, the terminal branches should
associate to form PX struts, resulting in a more compact structure.
Consistent with these expectations, the DNA exhibited an increased
gel mobility when folded in the presence of Mg2þcompared to its
absence. If any of the fourteen half-PX loops had not been satisfied
by an intramolecular partner, then they would have been available
for pairing with a separate molecule. About half of the material was
observed to be monomeric after folding in the presence of Mg2þ

(Fig. 2, lane 4), suggesting that most of the half-PX loops were
satisfied intramolecularly or were otherwise unavailable for inter-
molecular pairing.

The overall structure of the DNA octahedron was revealed using
cryo-electron microscopy and single-particle reconstruction tech-
niques15–17. Figure 3a shows a representative cryo-electron micro-
graph, demonstrating numerous octahedral-shaped objects of the

expected size. Some particles in the micrographs do not appear to be
properly folded, although the low signal-to-noise ratio of the images
makes it difficult to determine what fraction of the particles have
adopted the target structure. Distorted particles in the image field
could be the result either of misfolding or of rearrangement during
preparation for cryo-freezing, perhaps induced by adhesion to the
supporting carbon substrate. The best estimate for the fraction of
properly folded particles comes from the gel mobility-shift data
(Fig. 2), which suggests that about half of the material is properly
folded.

Figure 3b shows a three-dimensional map of the structure of the
DNA octahedron, reconstructed from 961 particles. The signal-to-
noise ratio was too low to allow meaningful reconstruction without
imposing some form of symmetry. Initially, four-fold rotational
symmetry was imposed, which produced a map with an octahedral
shape. Then a second reconstruction was performed imposing
octahedral symmetry, resulting in a better-defined structure.
Decoy reconstructions were performed imposing other symmetries
(for example, D3, C5, D5, C6), but all of these produced a map
whose projections match poorly with the corresponding class
averages, whereas there is a close match for the octahedral map
(see Supplementary Information). The folded object has the overall
shape of an octahedron, but at a fine level it is not perfectly regular
because each strut has a different DNA sequence.

Figure 3c shows raw images of representative particles, each
accompanied by a corresponding projection of the computed
map. The density along the struts in this map demonstrates a
paddle shape that is consistent in dimensions with two adjacent
double helices having an overall cross-section of about
2 nm £ 4 nm. The struts appear to be pinned at four-way joints
connected on the inside corners of each strut, consistent with the
designed structure of four-way junctions that join core-layer double
helices and peripheral-layer double helices that lie outside the
framework defined by the core layer. The cavity enclosed by the
struts is large enough to accommodate a sphere having a diameter
up to 14 nm, while the triangular opening on each face is large
enough to allow passage of a sphere having a diameter of up to 8 nm.

Formation of an octahedron structure from the branched-tree
intermediate could in principle follow an erroneous course, in
which the four-way junctions fold with the major instead of
minor grooves of the surrounding base pairs on the concave face
of each junction. In this misfolded isomer, the double helices that
are not connected by four-way junctions (corresponding to the
peripheral-layer helices of the correct isomer) would lie on the
inside of the octahedron. Severe steric clashes seem to prevent this
alternative isomer from forming.

The assembly strategy presented here could be modified to
produce catenated structures, such as the DNA cube4 reported
previously, by substituting hairpin loops that encode restriction
sites for the half-PX loops. Cleavage of the restriction sites would
produce sticky ends that could be ligated to their appropriate
partners. The requirement for light chains could be eliminated by
replacing DX struts with simple duplex struts. DX struts were
preferred here to produce an octahedron with greater rigidity and
pseudosymmetry.

This study has demonstrated that a long single-stranded DNA,
accompanied by five synthetic 40-mer oligodeoxynucleotides, can
fold without knotting into a DNA cage having the form of an
octahedron. The heavy-chain DNA can be amplified in the context
of a bacterial plasmid and later excised, allowing its clonal pro-
duction. The DNA octahedron can be modified in a modular
fashion by extending the ends of any of the peripheral double
helices or by making insertions into the struts. Sequence variants,
perhaps displaying variable loops at multiple locations on the DNA
scaffold, could be used to initiate directed evolution studies.

Manipulation of the basic octahedron structure could produce a
family of scaffold variants whose function is to position other

Figure 3 Visualization of the DNA octahedron structure by cryo-electron microscopy.

a, Representative cryo-electron micrograph, with 25 individual DNA particles boxed.

Scale bar, 20 nm. b, Three views of the three-dimensional map generated from single-

particle reconstruction of the DNA octahedron. c, Raw images of individual particles and

corresponding projections of the three-dimensional map.
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material at uniquely defined locations. Just as messenger RNAs
encode the one-dimensional positioning of transfer-RNA adaptors
along their lengths, rigid DNA nanostructures could encode the
positioning of sequence-specific DNA binders along their three-
dimensional frameworks. DNA nanostructures, therefore, can be
regarded as devices that use molecular recognition to translate
sequence information into three-dimensional positions. The
demonstration of a clonable DNA octahedron is a step towards
making the translation of DNA sequence information into position
more practical and more versatile. A

Methods
Design of sequences
PX sequences were chosen as will be described elsewhere (W.M.S. & G.F.J., manuscript in
preparation). DX sequences were chosen arbitrarily, using the model junction J118 for the
crossover junctions. The DX sequences were examined to eliminate any seven-nucleotide
repeats. Folding of the assembled heavy chain was analysed using MFOLD19. Iterative
changes were made to the sequence until the target branched-tree structure was achieved
as the lowest-energy output.

Folding conditions
Folding was achieved by incubation at 90 8C for 5 min, 65 8C for 20 min, 55 8C for 20 min,
45 8C for 20 min, and 37 8C for 30 min. The folding mixture contained 100 nM heavy
chain, 400 nM each of the five light chains, 10 mM MgCl2, 50 mM NaCl, and 40 mM EPPS
(pH 7.5).

Synthesis, cloning, and purification of single-stranded DNA
The 1,669-nucleotide heavy chain was constructed by polymerase chain reaction
(PCR)-based assembly20, using synthetic oligodeoxynucleotides prepared by standard
phosphoramidite chemistry on a PerSeptive Biosystems Expedite 8900 automated DNA
synthesizer. The PCR products were gel purified and ligated into pBS II KSþ plasmids,
which were transformed into Escherichia coli (see Supplementary Information for
additional details). Multiple clones were selected and sequenced to identify error-free
clones. An EcoR V site was placed upstream and an N.BbvC IA (nicking endonuclease) site
was placed downstream of the heavy-chain sequence using the Stratagene Quikchange
cloning kit. The plasmid was amplified in E. coli and purified using the QIAGEN QiaQuick
ion-exchange chromatography system. The desired single strand was obtained by excision
with EcoR Vand N.BbvC IA, then purified by electrophoresis in a 1.5% alkaline agarose gel,
and further purified by electrophoresis in a 1.5% native agarose gel. The light chains were
prepared by chemical synthesis. The sequences of all oligodeoxynucleotides used in this
study are provided in the Supplementary Information.

Electron microscopy
Cryo-electron microscopy was performed as described15. A 4-ml drop of folded DNA,
concentrated to 500 nM by microdialysis, was placed on a 300-mesh copper grid covered
with a continuous carbon substrate and glow-discharged in amyl amine. The grid was
blotted for ,2 s with Whatman filter paper no. 1 and plunge-frozen into liquid ethane.
The specimen was observed at 2176 8C using a Gatan 626 cryo-stage on a Philips Tecnai
F20 FEG operating at 120 kV. Paired images at approximately 0.6 and 2.0 mm defocus were
recorded on a Tietz 2k £ 2k charge-coupled device (CCD) camera under low-dose
conditions using the Leginon21 automated data collection software system. The
magnification was £62,000, resulting in a pixel size of 2.24 Å. The best 961 images of boxed
particles at 2.0-mm defocus were used for three-dimensional reconstruction using the
program EMAN22. For verification, a second set of paired images was collected and used to
carry out an independent reconstruction (see Supplementary Information).

An initial model was generated using 120 particles and the EMAN program ‘startoct’.
This model was used to produce a set of projections with an angular interval of 38. The
images were aligned with these reference projections to determine the origins and
orientations, and a three-dimensional reconstruction was calculated. Cycles of angular
refinement were performed with an angular interval of 38 until convergence, with a total of
665 particles contributing to the final average map. Full octahedral symmetry was imposed
during the reconstruction. To evaluate the quality of the reconstruction, the data were
divided into two groups, and two independent reconstructions were calculated. The
resolution of the final reconstruction was estimated as 32 Å, where the Fourier shell
correlation between the two independent reconstructions started to fall below 0.5. Maps
were rendered using the UCSF Chimera package23.
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The permanent and dynamic (transient) stress changes inferred
to trigger earthquakes are usually orders of magnitude smaller
than the stresses relaxed by the earthquakes themselves, implying
that triggering occurs on critically stressed faults1–4. Triggered
seismicity rate increases may therefore be most likely to occur in
areas where loading rates are highest and elevated pore pressures,
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