
UNIT 12.1Key Experimental Approaches in DNA
Nanotechnology

Nanotechnology is concerned with control-
ling the structure of matter on the nanometer
scale. There are many different chemistries that
can lead to this endpoint. One that has proved
to be very effective is DNA nanotechnology.
The chemical features of DNA that make it such
a successful molecule when functioning as the
genetic material of living organisms can be
exploited conveniently to produce a tractable
system for nanotechnology. Of course, double-
helical DNA is a linear molecule, and it would
be hard to produce interesting or useful struc-
tural species from it. However, it is possible to
design synthetic sequences that hybridize to
produce unusual motifs based on DNA branch-
ing. DNA nanotechnology is an endeavor that
combines these unusual DNA motifs with co-
hesive (sticky) ends to yield nanoscale struc-
tures (Seeman, 1982). These structures include
stick polyhedra (Chen and Seeman, 1991a;
Zhang and Seeman, 1994), knots (Mueller et
al., 1991; Du et al., 1995a), links (Mao et al.,
1997), molecular devices (Mao et al., 1999a;
Yurke et al., 2000), and both crystalline (Win-
free et al., 1998; Liu et al., 1999; Mao et al.,
1999b; LaBean et al., 2000; Sha et al., 2000a)
and aperiodic (Mao et al., 2000) arrays in one
and two dimensions.

DNA is clearly a nanometer-scale object. Its
diameter is ∼20 Å, and its helical repeat consists
of 10 to 10.5 nucleotide pairs spaced 3.4 Å
apart. It should be clear that this scale is roughly
an order of magnitude larger than the scale that
is exploited typically by synthetic organic
chemists. What purposes could be served by
construction on this scale? The key targets that
have been described so far utilize DNA as
architecturally robust and convenient scaffold-
ing for other species; the expectation is that this
system will be used in the crystallization of
biological molecules that cannot otherwise be
crystallized (Seeman, 1982) and in the con-
struction of extremely dense nanoelectronic
devices (Robinson and Seeman, 1987). Mo-
lecular devices are being developed from DNA
with the goal of nanorobotics, and aperiodic
assembly is likely to contribute to DNA-based
computation.

Figure 12.1.1 is a schematic illustrating a
branched DNA molecule, similar to a Holliday
(1964) junction in genetic recombination. The
methods currently used to select sequences to

produce stable branched molecules are de-
scribed below. The molecule is shown with four
sticky ends, and the right half of the diagram
illustrates four of these branched molecules
cohering to produce a quadrilateral. The quad-
rilateral contains sticky ends on its periphery,
so the quadrilateral could serve as the nucleus
of an infinite two-dimensional lattice. Most
readers of this series are familiar with the fact
that in appropriate conditions complementary
sticky ends will cohere to bring two DNA
molecules together. Less well appreciated is the
fact that sticky ends cohere to produce B-DNA
when they pair (Qiu et al., 1997). Thus, not only
does DNA generate motifs that can serve to
produce connected networks (Wells, 1977) and
objects with predictable topology, but sticky
ends lead to locally predictable geometry when
they cohere. The extent of predictability avail-
able from DNA is contrasted usefully with that
available from, for example, antibodies.
Although the structures of these proteins have
been well established, the relative orientations
of an antibody and its antigen cannot be pre-
dicted reliably and must be determined from
experiments such as X-ray crystallography.

In addition to the remarkable predictability
of the geometry of intermolecular interactions
available from DNA, these interactions have
numerous other advantages as a nanotech-
nological system. Prominent amongst these is
the ease with which DNA may be synthesized
using extremely robust chemistry (Caruthers,
1985); in addition to standard DNA, many
unusual bases and derivatized bases are readily
available for special purposes. It is easy to
purify targets and to troubleshoot experiments
using the DNA-modifying enzymes that are
also commercially available, including exonu-
cleases that digest all but cyclic molecules,
restriction enzymes that cleave at specific se-
quences, ligases that can cement sticky-ended
cohesion to covalency, and topoisomerases that
can solve linkage issues. The existence of these
enzymes makes it easy to troubleshoot experi-
ments. Other backbones, such as RNA or pep-
tide nucleic acids (PNAs; Neilsen, 1995; UNIT

4.11), may ultimately be superior for specific
applications, but the absence of similar en-
zymes for these systems militates at present for
concentrating on DNA. In addition, DNA is
locally a stiff molecule: its persistence length
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is ∼500 Å under standard conditions (Hager-
man, 1988), and the typical lengths used in
DNA nanotechnology are two to three turns
between branch points (∼70 to 100 Å). A further
feature of DNA is that it has an externally
readable code, even when its strands are
wrapped tightly into double helices (Seeman et
al., 1976).

THE GENERATION OF NEW DNA
MOTIFS

Branching of DNA Molecules
It was noted above that the DNA molecule

is inherently linear because its helix axis is
unbranched. However, it is easy to produce
DNA molecules branched at the level of their
secondary structures by performing reciprocal
cross-overs between two double helices. Figure
12.1.2A illustrates the nature of the reciprocal
cross-over operation that leads to DNA branch-
ing (Seeman, 2001). The effects of the recipro-
cal cross-over event between two duplex mole-
cules are shown in Figures 12.1.2B and
12.1.2C. The antiparallel orientation of the
DNA strands leads to two possible ways to
perform the operation: between strands of the
same polarity, leading to a parallel molecule
(panel B), and between strands of opposite
polarity, leading to an antiparallel molecule
(panel C). Parallel and antiparallel can be un-
derstood as terms that describe the phasing of
the connections between helices. In the case of
a single exchange event, the molecules in pan-

els B and C are identical. However, if one
performs the operation twice, five isomers are
formed, including features that distinguish the
fusion of parallel or antiparallel strands and the
separation of the cross-over points (Figure
12.1.3; see legend for abbreviations describing
cross-over events). Although the single-cross-
over molecules shown in Figures 12.1.1 and
12.1.2 are structurally flexible in the angles
around their branchpoints (Petrillo et al., 1988),
the double-cross-over (DX) molecules (Fu and
Seeman, 1993) shown in Figure 12.1.3 have
been shown to be quite stiff (Li et al., 1996).
The DAE+J species in Figure 12.1.3, which
contains an extra helical domain, is also stiff
and can be incorporated into periodic arrays
(Winfree et al., 1998) to produce patterns that
are visible by atomic force microscopy (AFM)
if its extra helix axis is directed normal to the
plane containing the other helices.

In addition to molecules containing double-
cross-overs, DNA motifs have been developed
with three co-planar helices, known as triple-
cross-over (TX) molecules (LaBean et al.,
2000), and even a six-helix bundle has been
reported (Mathieu et al., 2001). The antiparallel
molecules with short separations between their
cross-over points are much more robust than
parallel molecules (Fu and Seeman, 1993);
however, a parallel species in which every pos-
sible cross-over is present, known as paranemic
cross-over (PX) DNA (Seeman, 2001), is well
behaved. Paranemic DNA refers to the interac-
tion of DNA duplex molecules with single- or
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Figure 12.1.1 Formation of a two-dimensional lattice from a four-arm junction with sticky ends. A
sticky end and its complement are indicated by X and X′, respectively. The same relationship exists
between Y and Y′. Four of the monomeric junctions on the left are complexed in parallel orientation
to yield the structure on the right. DNA ligase can close the gaps left in the complex. Note that the
complex has maintained open valences, so that it could be extended by the addition of more
monomers.
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double-stranded molecules without strand ex-
change.

Sequence Selection
The concept of complementary DNA base

pairing—A with T and G with C—is a familiar
one. It is also well known that a strand with a
given sequence will pair with a strand that is
complementary to it to form a double helix.
How is a branch point formed? The procedure
is predicated on the assumption that DNA
molecules will form Watson-Crick base pairs
in double-helical structures in preference to all
other types of base pairing. However, the con-
cept of complementarity can be broadened to
include more than a single strand (Seeman,
2000). If the way that a strand can maximize its
Watson-Crick base pairing is to form a branch
point, it seems that it will do so (Kallenbach et
al., 1983; Wang et al., 1991).

Sequences are designed according to the
approach illustrated in Figure 12.1.4. Each

strand of the structure is broken up into a series
of overlapping elements. In Figure 12.1.4, each
of the 16-mer strands of the branched junction
shown is divided into thirteen elements of four
nucleotides (black boxes). Each element is re-
quired to be unique. In addition, no element that
is designated to go around a corner (e.g., the
boxed CTGA) is permitted to have its comple-
ment present. A further restriction is that two-
fold symmetry cannot flank the branch point of
a four-arm junction, so that branch migration
cannot occur (Seeman, 1982).

With these constraints in place, competition
with the target octamer structures shown in
each of the arms of the junction in Figure 12.1.4
comes only from trimers or smaller, such as the
ATG sequences drawn in gray boxes. This ap-
proach is based on the cooperativity of DNA
hybridization, and it has a thermodynamic basis
(Seeman and Kallenbach, 1983). However, the
application of thermodynamic criteria has been
largely abandoned in recent years (Seeman,
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Figure 12.1.2 Reciprocal exchange between DNA strands. (A) Reciprocal exchange between two
juxtaposed helical half turns. A black and a gray hairpin are shown. The helix axis is horizontal in
this view and the dyad axis is vertical. Arrowheads on strands indicate the 3′ ends. A negative node
is formed in the rightward reaction, where the strands have retained their initial shading. (B,C)
Reciprocal exchange generates a four-arm junction from two double helices. Panel B shows
exchange between strands of the same polarity, and panel C shows exchange between strands of
opposite polarity. Symmetry elements are indicated by arrows in B.
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1990), because the systems used have been
sufficiently robust to sustain the numerological
approach described above. A program that ap-
plies this approach, SEQUIN, is available from
the author.

CONSTRUCTION METHODS

Synthesis and Purification
Solid-support methods for the synthesis of

DNA containing designated sequences
(Caruthers, 1985) are the central enabling
methodology for the pursuit of DNA nanotech-
nology. This field is still at the stage where the
key principles are being elucidated. Conse-
quently, it is both economical and convenient
to perform syntheses on relatively small scales
(e.g., 200 nM). On a well-tuned synthesizer,
one can achieve apparent trityl-based step
yields of ∼99.2%, leading to an ∼45% yield of

crude target product in the synthesis of a 100-
mer. Despite numerous attempts at alternative
approaches, purification by denaturing gel re-
mains the most reliable (and tedious) method
of separating target molecules from failure
products. It is worth pointing out that DNA of
this length is frequently damaged during the
synthesis, so reproducing (and amplifying) it
with PCR may be advisable in cases where high
chemical purity is an issue (Wang et al., 1998).
Future issues involving synthesis will likely
entail scaling up to larger quantities for specific
applications.

Hybridization
In the author’s experience, the design algo-

rithm is very reliable in producing unusual
DNA motifs. However, it is predicated on esti-
mates of equilibrium structures, and it is key
that kinetic traps be avoided. Consequently, all

DPE DPOW DPON

DAE DAO DAE+J

Figure 12.1.3 The structural isomers of DNA double-cross-over (DX) molecules. DPE, DPOW,
and DPON are the three parallel DX molecules. The DAE and DAO molecules are the antiparallel
isomers. Symmetry in DAO is between the thick and thin lines. DAE+J is a molecule in which the
cyclic strand of DAE is extended to form a three-arm bulged junction. Arrowheads indicate 3′ ends.
Symmetry elements are shown by arrows, and line thickness is related by symmetry in each
drawing. In abbreviations, A is antiparallel, P is parallel, E and O refer to even and odd numbers of
double-helical half turns between cross-overs, W and N indicate wide or narrow groove spacings
for the odd half turn, and J is junction.
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samples should be heated to 90°C for 5 min and
then cooled slowly. Relatively quick protocols
entail a number of stages in heating blocks, such
as 20 min at 65°, 45°, 37°C, room temperature,
and perhaps a lower temperature. To form sim-
pler arrays, the 90°C solution can be put in a
Styrofoam box and cooled to room temperature
over ∼40 hr. For more complex arrays, a ther-
mocycling protocol is often used with pre-
formed tiles. The presence of Mg2+ or other
multivalent cations in solution appears to be
required for the stability of small branched
molecules on gels (Seeman et al., 1985).

Phosphorylation and Ligation
Molecules that are to be ligated must contain

phosphates on their 5′ ends. Phosphates may be
added chemically as a final step in the synthesis
or enzymatically using polynucleotide kinase.
The author has found that phosphorylation of
unpurified DNA with 32P-labeled phosphate
may occasionally result in the labeling of a
failure sequence (i.e., one whose secondary
structure is more accessible to the enzyme than
the target strand). Neither chemical nor enzy-

matic phosphorylation produces completely
phosphorylated material. If this is critical to an
experiment, the most highly phosphorylated
strands can be produced by restricting a mole-
cule containing the sequence of interest
(Podtelezhnikov et al., 2000).

Ligation of DNA is central to many aspects
of DNA nanotechnology. The author has found
that enzymatic ligation is superior to chemical
ligation (Du et al., 1995b), but it is still not very
effective (Chen and Seeman, 1991a). Virtually
stoichiometric quantities of ligase are often
needed to produce relatively limited yields of
product. The origin of this problem is not well
understood and may arise from the presence of
unphosphorylated ends or branch points titrat-
ing out the ligase. Minimizing the number of
ligations of branched molecules in a prepara-
tive protocol is strongly advised.

The topological state of a ligation product
is often a key feature of a target molecule. If
the molecule contains unpaired segments, it can
be useful to employ topological protection
(Seeman, 1992; Fu et al., 1994a). This is a
technique whereby the single-stranded regions
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Figure 12.1.4 The design of a stable four-arm branched junction. The junction shown is composed
of four strands of DNA, as indicated by Arabic numerals. The 3′ end of each strand is indicated by
a half arrow. Each strand is paired with two other strands to form double-helical arms, labeled with
Roman numerals. There is no homologous two-fold sequence symmetry flanking the central branch
point, thereby stabilizing its position. Tetrameric elements are boxed in black; trimeric elements are
boxed in gray. The tetramers are all unique, and there is no complement to any tetramer flanking
the junction. Competition with the target octamers can only occur from trimers, such as the ATG
sequences.
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are paired temporarily with complements dur-
ing ligation, thus eliminating any braiding they
may undergo. This procedure has been success-
ful in the synthesis of specific catenanes, but
has not been as useful in the synthesis of knots
(Du and Seeman, 1994), because the single-
stranded segments consist of oligo(dT); the
addition of oligo(dA) leads to the formation of
DNA triplexes, whose rotation defeats the pur-
pose of topological protection.

Solid-Support Methodology
Control over the products of DNA ligation

is critical for the construction of complex mo-
tifs. Our initial complex object, a DNA cube,
was synthesized entirely in solution (Chen and
Seeman, 1991a). This approach afforded only
limited control over the edges that were de-
signed to ligate at any particular step: they could
be phosphorylated or not. After the first partial
products were obtained, even this level of con-
trol was lacking, because there was no control
over which 5′ ends were phosphorylated during
the second step. A solution to the lack of control
was the development of a solid-support meth-
odology, allowing successive double-helical
edges of the target molecule to be ligated indi-
vidually (Zhang and Seeman, 1992). The start-

ing unit was added to the solid support, with all
of its sticky ends protected as DNA hairpins.
These could be deprotected individually by
restriction enzymes and then ligated to another
molecule whose only unclosed helix contained
the complementary sticky end. Thus, every tar-
get intermediate is topologically closed, per-
mitting intermediate purification by exonu-
clease treatment.

One major advantage of the solid-support
approach is that intermolecular reactions can
be conducted at high concentrations, but cross-
linking between growing objects during intra-
molecular reactions can be minimized. It is
worth noting that sticky ends should not be
self-complementary, as this unacceptably de-
creases control. Figure 12.1.5 illustrates the
synthesis of a quadrilateral using this overall
approach, which has been utilized to construct
a truncated octahedron (Zhang and Seeman,
1994).

CHARACTERIZATION IN DNA
NANOTECHNOLOGY

Characterization of Motifs
DNA nanotechnology has produced a large

variety of complex motifs derived by merging

restrict 1

2
1

restrict 1

restrict 1

ligate

2

ligate

ligate ligate

21

1 1

2

11
1

2
restrict 1,2

2

1

Figure 12.1.5 Protocol for the solid-support synthesis of a quadrilateral. Beginning with the
support containing a closed strand, alternate cycles of restriction and ligation are performed, always
at the position indicated as site 1. Selection of the target product (e.g., triangle, quadrilateral,
pentalateral) is determined by the point at which one chooses to restrict at site 2, exposing a sticky
end complementary to that exposed by restriction at site 1. Note that the final closure converts a
simple cyclic molecule to a catenane.
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the notions of reciprocal exchange between
strands (Seeman, 2001) and the generalization
of complementarity (Seeman, 2000). If one
produces a set of strands designed to form such
a motif, one must demonstrate that the target
motif actually has been obtained. These species
are quite large and are not readily tractable to
techniques that produce unambiguous struc-
tural results, such as X-ray crystallography or
NMR. Consequently, a battery of analytical
procedures has been developed or adapted to
establish the features of these unusual DNA
motifs.

Partial-product gels
The very first thing to do with a new motif

is to demonstrate that it forms cleanly. A routine
way to do this is to prepare a nondenaturing gel
containing the stoichiometric complex and its
subcomplexes; for example, for a four-arm
junction, such a gel would have lanes contain-
ing each strand, plus each of the six strand pairs,
the four three-strand complexes, and the four-
strand target complex (Kallenbach et al., 1983).
It is important to work out the stoichiometry of
the strands first in a pairwise fashion. Titrating
each strand against one of its partial comple-
ments on gels is straightforward: the end point
is the ratio that shows no excess of either strand.
It is not uncommon for individual strands to
migrate as multimers, and this occurrence
should not be regarded as a problem. The SE-
QUIN algorithm is designed for the final com-
plex, not the partial products.

The successful assembly of a motif is char-
acterized by a single band of roughly the ex-
pected molecular weight. Migration under non-
denaturing conditions is a function of many
factors, including surface area, molecular
weight, and shape. Nevertheless, target motifs
tend to migrate roughly in the vicinity of linear
duplex markers of similar molecular weight.
Ferguson analysis (see discussion of shape
analysis, below) should always be performed
to ensure that the results are not affected by the
choice of gel percentage.

There are three ways that a motif can fail
this analysis. (1) It can be unstable, producing
bands that migrate more rapidly than the target
band. (2) It can produce bands that correspond
to multimers of the target complex. Multimers
can arise from a system that is stressed by
torsional or electrostatic features of the molecu-
lar design; for example, parallel DX molecules
generate eight-strand dimers, twelve-strand
trimers, and sixteen-strand tetramers at high
concentrations (Fu and Seeman, 1993). Mul-

timers can be avoided at high concentrations if
the target complex is converted to a topologi-
cally closed form (Fu et al., 1994b). Sticky ends
can be an artificial source of multimer bands
(Li et al., 1996). In this case a new motif with
blunt ends should be assayed, or the gels used
for analysis should be run at temperatures that
preclude intermotif cohesion. (3) A third form
of failure is a smear, resulting from the forma-
tion of an open complex (i .e., strand
1:2:3:4:1:2:3...) rather than a closed complex
(i.e., strand 1:2:3:4). This behavior was seen
with the four-strand antijunction complex at
high concentrations (Du et al., 1992).

In addition to knowing the constituents of a
new motif, it is also important to establish the
stoichiometry of the complex. This is easily
done for an n-strand complex by titrating an
(n−1)-strand stoichiometric complex with the
missing strand. For example, in a four-strand
motif, a 1:1:1 three-strand complex can be
titrated with the fourth strand (Kallenbach et
al., 1983). The titration process is monitored
readily on a nondenaturing gel. Assuming
1:1:1:1 stoichiometry, a 1:1:1:0.5 mixture will
show bands for both the partial complex and
the target motif. A 1:1:1:1 mixture should show
a band containing only the target motif, and a
1:1:1:2 mixture should show bands corre-
sponding both to the target motif and to the
excess single strand.

Shape analysis
The qualitative shape of a DNA motif can

be compared usefully and conveniently with
standards by means of a Ferguson plot (Rod-
bard and Chrambach, 1971). This is a plot of
log(mobility) versus acrylamide concentration,
and its slope is proportional to the friction
constant of the molecule. Ferguson analysis has
been used to characterize the stacked character
of four-arm junctions in comparison to three-,
five-, and six-arm junctions (Wang et al., 1991)
and to demonstrate that the addition of helices
to linear duplex and DX molecules results in
similar changes in the friction constant (La-
Bean et al., 2000). Likewise, the qualitative
structure of PX DNA has been compared use-
fully to that of DX molecules to establish their
similar shapes. Both denaturing and nonde-
naturing Ferguson analyses have been applied
to a DNA cube-like molecule and its sub-
catenanes (Chen and Seeman, 1991b).

Cooper and Hagerman (1987) have devel-
oped a method for the analysis of DNA
branched junctions. By adding long reporter
double helices pairwise to the arms of four-arm
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junctions, they established the basic structural
features of DNA branched junctions. Their re-
sults suggest that gel mobility is a monotoni-
cally increasing function of the angle between
the two extended arms. This approach was
modified by Lilley and colleagues (Duckett et
al., 1988) for the conventional Holliday junc-
tion, and was utilized effectively as well for
Bowtie junctions containing 3′,3′ and 5′,5′ link-
ages in the cross-over strands of the branched
species (Sha et al., 1999). The same pairwise
approach has been applied to junctions using

transient electric birefringence (Cooper and
Hagerman, 1989) and fluorescence resonance
energy transfer (FRET) to establish details of
the branched-junction structure and dynamics
(Murchie et al., 1989; Eis and Millar, 1993).

Thermal analysis
The relative stabilities of new motifs are

often usefully analyzed by melting them while
monitoring a feature such as OD260 (Kallen-
bach et al., 1983) or circular dichroism (Seeman
et al., 1985). Melting a complex DNA motif
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Figure 12.1.6 The hydroxyl radical autofootprinting pattern of a DNA triple-cross-over (TX)
molecule. The top portion of the figure contains densitometer scans of autoradiograms for each
strand of the TX molecule. The data for each strand are shown twice, once for its 5′ end and once
for its 3′ end, as indicated above the appropriate panel. Susceptibility to hydroxyl radical attack is
compared for each strand when incorporated into the TX molecule (TX) and when paired with its
traditional Watson-Crick complement (DS). Nucleotide numbers are indicated above every tenth
nucleotide. The two nucleotides flanking expected cross-over positions are indicated by two Js. Note
the correlation between the Js and protection in all cases. Additional protection is seen at further
locations (arrows), indicating occlusion a turn away from the cross-over points on the cross-over
strands, and about four nucleotides 3′ to the cross-overs on the helical strands, as noted previously.
The data are summarized on a molecular drawing below the scans. Sites of protection are indicated
by triangles pointing towards the protected nucleotide; the extent of protection is indicated qualita-
tively by the sizes of the triangles. Asterisks indicate labeled strands.
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often reveals features that are more charac-
teristic of the compositions of individual helical
domains than of the complex itself. It is often
useful to pay particular attention to premelting
transitions, because they may be more diagnos-
tic of features of the complex that differentiate
it from linear duplex DNA or other topologies
of the same composition. Another technique of
great value is analysis of the motif on a perpen-
dicular denaturing gradient gel (Fischer and
Lerman, 1979). This method enables one to see
parts of the complex fall apart, rather than
monitoring the details of the intradomain des-
tacking transition. Calorimetry has also been
applied usefully to DNA motifs (Marky et al.,
1987).

Hydroxyl radical autofootprinting
The highest-resolution technique that is

used conveniently to characterize the structures
of unusual DNA motifs is hydroxyl radical
autofootprinting. Hydroxyl radical autofoot-
printing (Churchill et al., 1988) is a variation
on the technique of hydroxyl radical footprint-
ing, which is used to establish the binding sites
of proteins on DNA. Branched junctions (Chur-
chill et al., 1988; Wang et al., 1991), tethered
junctions (Kimball et al., 1990), antijunctions
and mesojunctions (Du et al., 1992), and DX
(Fu and Seeman, 1993) and TX (LaBean et al.,
2000) molecules have all been analyzed by this

method. The analysis is performed by labeling
a component strand of the complex and expos-
ing it to hydroxyl radicals.

The key feature noted at cross-over sites in
these analyses is decreased susceptibility to
attack when comparing the pattern of the strand
as part of the complex relative to the pattern of
the strand derived from linear duplex DNA.
Decreased susceptibility is interpreted to sug-
gest that access of the hydroxyl radical may be
limited by steric factors at the sites where it is
detected (Balasubramanian et al., 1998). Like-
wise, similarity to the duplex pattern at points
of potential flexure is assumed to indicate that
the strand has adopted a conventional helical
structure in the complex, whether or not it is
required by the secondary structure.

In studies of junctions, DX molecules, and
mesojunctions, protection has been seen par-
ticularly at the cross-over sites, but also at
non-cross-over sites where strands from two
adjacent parallel or antiparallel domains appear
to occlude each other’s surfaces, thereby pre-
venting access by hydroxyl radicals (Kimball
et al., 1990; Fu and Seeman, 1993; LaBean et
al., 2000). Thus, cross-over sites can be located
reliably by hydroxyl radical autofootprinting
analysis, but it is not always possible to distin-
guish them unambiguously from juxtapositions
of backbone strands. The technique is particu-
larly powerful as a method to establish whether

ligated DAO

ligated DAE

ligated DAE+J

Figure 12.1.7 Ligation products of antiparallel double-cross-over molecules DAE, DAO, and
DAE+J. One domain has been capped by hairpins. Ligation of the DAE molecule leads to a reporter
strand, which is drawn more darkly. Ligation of the DAE+J molecule also leads to a reporter strand,
similar to the one in DAE. However, ligation of the DAO molecule produces a polycatenated
structure.
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cross-overs occur where they are expected to
occur. Those who wish to construct new motifs
are advised strongly to ascertain by hydroxyl
radical autofootprinting that they have formed
the molecular topologies that they have de-
signed. An example of the hydroxyl radical
protection pattern of a DNA TX molecule is
shown in Figure 12.1.6.

Characterization of Ligation Targets

Denaturing gels
Ligated species are extremely difficult to

analyze. The simplest ligated species are linear
multimers of a given motif. Junctions (Ma et
al., 1986; Petrillo et al., 1988), DX molecules
(Li et al., 1996; Winfree et al., 1998), and DNA
triangles (Yang et al., 1998) are all examples of
unusual DNA motifs that have been oligomer-
ized in one dimension. The trick to analyzing
these systems is for them to contain a reporter
strand whose fate reports the fate of the com-
plex. Examples of reporter strands are shown
in Figure 12.1.7, where the ligation products of
DAE, DAE+J, and DAO molecules are shown.
The thick strand in the DAE and DAE+J liga-
tions is a reporter strand, but there is no reporter
strand in the DAO ligation. It is important to
extract the reporter strands from other strands
in the ligation product to which they might be
catenated; this is usually done by restriction.
The reporter strand can be sized in comparison
with linear and cyclic markers (e.g., Li et al.,

1996). In addition to providing an estimate of
the products, ligation experiments can be used
to estimate the stiffness of a given motif, either
qualitatively (Ma et al., 1986; Petrillo et al.,
1988; Li et al., 1996) or quantitatively
(Podtelezhnikov et al., 2000).

More complex target ligation products are
likely to be catenanes or perhaps knots. This is
a consequence of the plectonemic (interwound)
nature of the DNA strands; indeed, DNA is
almost the ideal synthon for topological con-
struction. Catenanes are usually separable on
denaturing gels of one (Chen and Seeman,
1991a,b) or two (Wang, et al., 1998) dimen-
sions. Catenanes of greater linking number mi-
grate more rapidly on denaturing gels than
similar catenanes of lower linking number. This
seems to be true of knots as well, although it is
key to ensure that a fortuitous acrylamide per-
centage has not been selected for the analysis.
A reliable way to ensure independence from gel
artifacts is to perform a denaturing sedimenta-
tion analysis in comparison with markers. If
material appears to behave anomalously on
denaturing gels, it is useful to check that the
sample is completely denatured. The Fischer-
Lerman 100% denaturing conditions (7 M urea
and 40% formamide; Fischer and Lerman,
1979) often denature samples that misbehave
on conventional denaturing gels.

− =

Figure 12.1.8 Restriction analysis of a DNA cube. The cube is drawn with strands of three different
thicknesses, with the darkest in front and the lightest at the rear. The linear triple catenane shown
at the center was the starting material for the last step of the construction. It corresponds to the left,
front, and right sides of the cube. Its removal from the cube by restricting at the left-front and
right-front edges leaves the top-back-bottom linear triple catenane as a product. Each edge of the
cube contains a unique restriction site.
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Restriction analysis
Complex constructions, such as DNA poly-

hedra (Chen and Seeman, 1991a; Zhang and
Seeman, 1994) or Borromean rings (Mao et al.,
1997), must be designed carefully from the
start, so that proof of construction can be ob-
tained. As noted above, crystallography is not
readily available to characterize these species,
and molecular weights of 150 to 800 kDa are
beyond the range of current NMR capabilities.
At present, the best characterizations of these
systems are topological rather than structural.
The analysis entails the judicious insertion of
restriction sites in the molecules. These sites
are utilized to break the products down to
smaller catenanes that can be synthesized inde-
pendently and used for comparison. Thus, the
DNA cube, a hexacatenane (Chen and Seeman,
1991a), was built from a linear triple catenane
corresponding to the ultimate left-front-right
faces of the target. Figure 12.1.8 shows that
cleavage of the left-front and right-front edges
of the cube leads to the top-back-bottom linear
triple catenane. Likewise, the cleavage of any
of the strands of the Borromean rings leads to
two single strands (Mao et al., 1997).

Characterization of Devices
DNA nanomechanical devices hold great

promise in the developing field of
nanorobotics. Devices may consist of ligated
(Mao et al., 1999a) or annealed (Yurke et al.,
2000; Yan et al., 2002) components. The re-
quirements for characterization of the system
are no less stringent for a device than for a static
target. In addition, one must demonstrate that
the device responds to the triggers for which it
has been designed. Mechanical motion is the
hallmark of a device, and this intramolecular
motion leads to a change in some distance
within the molecule that can be monitored by
FRET. FRET has been used successfully to
demonstrate the action of devices predicated on
the B-Z transition (Mao et al., 1999a) and on
the binding and removal of a specific strand
(Yurke et al., 2000). A sequence-specific device
based on hybridization topology has also been
demonstrated recently by AFM. An edge-shar-
ing half hexagon attached roughly perpendicu-
lar to the device provides a 17-nm lever arm
whose repositioning is readily visible at the 7-
to 10-nm resolution of the AFM (Yan et al.,
2002).

Characterization of DNA Arrays

Periodic arrays
The use of reporter strands to establish the

extent that a system has ligated in one dimen-
sion was described above. However, such an
approach is of less utility in two dimensions (or
three), because it will not reveal the nature or
extent of faults very well. Direct observation of
the array is necessary. The technique used to
date is AFM. Periodic arrays of DX molecules
(Winfree et al., 1998), TX molecules (LaBean
et al., 2000), and conventional (Mao et al.,
1999b) and Bowtie (Sha et al., 2000a) DNA
parallelograms have all been characterized by
this method. As with all microscopy, the inves-
tigator can usually find the structure that is
sought; consequently, any observations must be
challenged by making a molecular-level
change that leads to a predictable change in the
AFM pattern. For example, DAE molecules can
be interspersed with DAE+J molecules (Figure
12.1.3) whose extra helical domain is oriented
out of the plane of the array. For DAE molecules
of dimensions 4 × 16 nm, alternating DAE
molecules with DAE+J molecules leads to a
striped feature every 32 nm; if there is only a
single DAE+J molecule in every four mole-
cules, then the stripes will be separated by 64
nm. Likewise, differently shaped cavities can
be designed for arrays made up of DNA paral-
lelograms. To ensure reliable results, changes
in molecular design must lead to predictable
changes in AFM patterns.

Studies of periodic DNA arrays using other
microscopic techniques such as transmission
electron microscopy, scanning transmission
electron microscopy, or near-field scanning op-
tical microscopy are ongoing, but no data have
yet emerged in the literature. Similarly, at-
tempts are going forward to produce three-di-
mensional crystalline materials, but no suc-
cesses have been reported. X-ray diffraction
clearly will be required to characterize three-
dimensional periodic DNA constructions.

Aperiodic arrays
The founding of experimental DNA-based

computation by Adleman (1994) has led to an
interest in other types of DNA self-assembly.
Winfree (1996) pointed out that branched DNA
motifs could be used to do logical computation.
The idea is that sticky ends can be assigned a
logical value, and that their assembly can then
be used to perform the computation. This sug-
gestion has been implemented successfully in
one dimension, where a reporter strand ap-
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proach was used to extract the answer to the
computation (Mao et al., 2000). Algorithmic
assembly can also be used to program patterns
in two or three dimensions, but patterns of this
complexity have not yet been obtained. Char-
acterization in two dimensions may be amena-
ble to AFM analysis, but new methods, beyond
AFM and diffraction, will be needed in three
dimensions to confirm the presence of designed
aperiodic patterns.

DNA NANOTECHNOLOGY AS A
TOOL IN BIOCHEMISTRY

The applications of DNA nanotechnology
are certainly not limited to technological goals
like solution of the macromolecular crystal-
lization problem or the facilitation of nanoelec-
tronics or nanorobotics. DNA nanotechnology
has already served as a valuable tool in the
characterization of components of biological
systems. DX molecules have been used to es-
tablish the thermodynamics of Holliday junc-
tion cross-over isomers (Zhang and Seeman,
1994) and branch migratory isomers (Sun et al.,
1998). They have also been used to establish
Holliday junction cross-over topology (Fu et
al., 1994a), the cutting sites of resolvases (Sha
et al., 2000c), and the spontaneity of both Hol-
liday cross-over isomerization (Li et al., 1997)
and antiparallel branch migration (Sha et al.,
2000b). Two-dimensional parallelogram arrays
have been used to measure the interdomain
angles in Holliday (Mao et al., 1999b) and
Bowtie (Sha et al., 2000a) junctions; V-shaped
parallelogram arrays were used to confirm the
parallel orientation of Bowtie junction domains
(Sha et al., 2000a). Similarly, an RNA knot was
used to demonstrate that E. coli DNA topoi-
somerase III is an RNA topoisomerase, al-
though topoisomerase I is not (Wang et al.,
1996, 1998). Other applications certainly exist
and are not just limited to the analysis of Hol-
liday junctions; they are limited only by the
imagination.

CONCLUSIONS
This unit is intended to give a sense of the

nature, goals, and experimental techniques that
characterize DNA nanotechnology. DNA
nanotechnology that utilizes the detailed ge-
ometry that results from the predictable mo-
lecular structures formed by sticky-ended co-
hesion has been emphasized. Other approaches
to nanotechnology using DNA have been per-
formed utilizing only the complementarity as-
pects of DNA, without the concomitant struc-
tural features inherent in sticky-ended interac-

tions (e.g., Niemeyer et al., 1994; Alivisatos et
al., 1996; Mirkin et al., 1996; Shi and
Bergstrom, 1997). However, these investiga-
tors have brought an important new component
to DNA nanotechnology: the combination of
DNA and heteromolecules, such as proteins
and nanocrystals. It is likely that as more inves-
tigators enter this field, heteromolecules will
be added to geometrically precise DNA con-
structs in a way that will incorporate the func-
tionality that this system requires if it is to have
a major impact.
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