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ABSTRACT

We present a system for analyzing the assembly pathway of DNA nanostructures. This enables the identification, explanation, and avoidance
of obstacles to proper structure formation. Potential problems include strand end-pinning and misfolding caused by the structural bias of
nominally flexible junctions. We have used this system to guide the construction of parallel motifs that had previously, for unknown reasons,
resisted assembly.

Since Seeman first proposed structural DNA nanotechnol-
ogy,1 it has met with unprecedented success. Numerous
branched DNA nanostructures have been developed,2–31

which, in turn, have provided the foundation for mechani-
cal32–38 and enzymatic39,40 nanodevices, chemical computa-
tion,41–43 and the ordered assembly of nanoparticles,44–46

proteins,10,24,47,48 and other nanoscale guests.49 Structural
DNA nanotechnology derives much of its utility from the
broad acceptance that a simple, geometry-based model allows
the accurate prediction of what DNA structures can form.50–52

We may be surprised by the behavior of some novel junction,
base pairing, or reaction conditions, but within the realm of
the familiar, theoretically sound structures are expected to
assemble as planned. The archetypical DNA nanostructure
is the double-crossover (DX),4 consisting of two DNA
domains connected by two immobile Holliday junctions.53

Yet it is well-known within the field that of the five possible
types of DX, first identified by Fu and Seeman, only two
form well.4 What is less well-appreciated is that the
conventional theories provide no reason why. We present
here an explanation based on analyzing the assembly and
folding pathways of the DXs. We have used this analysis to
design and cleanly assemble representatives of all three of
the previously recalcitrant classes of DX.

Figure 1 shows the five classes of DX and explains the
nomenclature used to refer to them. Initial experiments in
the 5-10 µM range revealed that, of the five DXs, the DAEs
and DAOs (collectively DAs) form well, while the DPEs,
DPONs, and DPOWs (DPs) all assembled with substantial
fractions in more than one species as observed by polyacryl-
amide gel electrophoresis (PAGE).4 For systems with high-

mass malformations, the yield of target DPs was raised as
high as 90-95% by assembly at low concentrations (80-450
nM). No method was reported, however, for reducing the
occurrence of ill-formed structures of mass similar to the* Corresponding author. E-mail: wsherman@bnl.gov.

Figure 1. Five classes of DX isomer. The bases are represented
by horizontal struts, and the backbones are shown in color with
cones indicating the 3′ ends. The region between the junctions is
the core, and the outer regions are referred to as the “arms”. Each
major DX class is identified by three or four letters. The first letter
is always D for double-crossover. The second letter denotes the
polarity of the junctions: A for antiparallel or P for parallel. In the
antiparallel molecules, the red strands can be seen to progress down
the left domain to a junction and then reverse directions and travel
back up to the top of the right domain. In the parallel molecules,
the red strands start at the bottom and proceed continuously upward,
through one or two junctions, to the top of the molecule. The third
letter specifies whether there are an even E or odd O number of
strand crossings along one duplex domain in the core as viewed
normal to the plane of the molecule. For antiparallel DXs (DAs),
the inward grooves on the two duplexes are always opposite; for
the parallel DXs (DPs), the inward grooves are always the same,
either both major grooves inward or both minor grooves inward.
Thus, there are DPOs with more narrow, minor grooves between
junctions (DPONs) and DPOs with more wide, major grooves
between junctions (DPOWs). DNA models drawn with GIDEON.51
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target DPs. The study of DPs has been virtually abandoned
in nanoscience, though a few biology-oriented studies have
used ligation to assemble catenanes with DP crossover
patterns.54–62 The catenanes also form with an assortment of
side products, but the target molecules are more easily
purified and characterized than the standard DPs.54,56

The difficulties assembling DPs were not initially consid-
ered problematic for two main reasons. First, duplex domains
connected via parallel junctions would have segments of their
negatively charged phosphate backbones closely juxtaposed.4

Second, it was well-known that individual Holliday junctions,
while quite flexible, energetically favor an antiparallel
configuration.6,63,64 Either of these factors was thought an
adequate explanation for why DPs are energetically unfavor-
able, and so the matter was largely laid to rest. Over the
past decade, however, new experimental facts have arisen
that refute these explanations.

In the late 1990s, paranemic crossovers (PXs) were
accidentally discovered.16,65 These structures are similar to
DPs except that they have more parallel junctions. In 2006,
triple crossover molecules with bow-tie junctions (TXBTs)
were successfully constructed.66 These structures have syn-
thetic DNA oligomers that switch polarity as they pass
between two of the duplexes. TXBTs have close backbone
juxtapositions similar to those in DPs. The clean formation
of PXs and the TXBTs demonstrated that both the parallel
junctions and the backbone juxtapositions are energetically
stable. While the significance of these developments went
largely unnoted, the field was left in the difficult situation
of not being able to explain why three of the five most
fundamental structures would not form properly. This failure
was particularly far reaching, since DXs are subcomponents
of most of the DNA nanostructures developed to date,
including such prominent examples as star motif arrays,10–13

DNA nanotubes,17–19,22–25,27,52 and DNA origami,31 all of
which were investigated solely using antiparallel junctions
because of the early failures at constructing DPs.

Figure 2 shows a set of experiments that illustrates two
different failure modes in the assembly of DPs, our analysis
of the failures, and then a successful assembly. On the left
side of the figure are sequence-structure diagrams of the three
target molecules used. As much as possible, the sequences
are identical; thus, the lower two molecules are truncated
versions of the top molecule. Each target molecule is equally
favorable according to geometrical modeling,51 but their
different assembly pathways ultimately dictate their success
or failure at clean formation. The molecules are assembled
by thermal annealing from 95 °C down to room temperature
over about 12 h. Thus, their assembly pathway is a function
of the thermal stability of the various sections of the
molecules. The segments that have the highest melting
temperatures are taken to hybridize first,67 and, if they are
not blocked, the segments with progressively lower melting
temperatures will hybridize in turn. Next to the sequence-
structure diagrams in Figure 2 are the melting temperatures
for the various arms as estimated by HyTherTM.68,69 These
indicate that the long, 12 base-pair (bp) arms have melting
temperatures 10-16 °C higher than the medium length (10

bp) core sections, which, in turn, have melting temperatures
7-18 °C higher than the short arms (8 bp).

The central section of Figure 2 shows simple models
illustrating, across each row, from left to right, the hypoth-
esized states of the strands at decreasing temperatures while
they are being annealed. In each case, the target molecule is
shown at the right side, with the lengths of the core and the
arms indicated as long (L), medium (M), or short (S), to
suggest the order of assembly. This style of analysis
highlights potential traps that the strands can fall into while
they are being annealed. Thus, in the first two rows, we see
on the right side possible misfolded structures as well as the
target molecules. In the third row, only the target molecule,
a DPE, is expected. The gel at the right confirms that the
failure products and target molecules are running as pre-
dicted.

The top row of Figure 2 shows an instance of strand end-
pinning.52 This occurs when the ends of strands get structur-
ally fixed, and block their middle sections from hybridizing
together properly. In this case, the long arms hybridize before
the medium length core sections as the system cools. This
prevents the core from hybridizing without disrupting all of
the base pairs in one of the arms. Some and possibly all of
the molecules never hybridize completely but are trapped
with a few bases topologically blocked from hybridizing. A
possible example of such a state is shown above the target
molecule in the top row of Figure 2. Such a misfolded
structure is expected to run on a gel near the target structure.
It remains unclear whether either of the split bands contains
the properly folded DPE, though they both run at ap-
proximately the expected position of the target.

The second row of Figure 2 shows an example of junction-
biased misfolding leading to multimerization. The target
structure has short arms and medium length core sections.
Thus, at the highest temperatures, the core sections hybridize.
As the temperature lowers, the short arms start to become
stable. However, as two such arms hybridize, a Holliday
junction is formed,53 which, under these conditions, favors
the 63° antiparallel configuration shown in the middle of
the row.6 This junction resists the folding of the molecule
into the target state. Two such Holliday junctions can join
together into the structure shown at the top, right of the row.
Larger chains of junctions can assemble, and that can explain
the ladders of multimers previously observed for DPOs,4 but
the DPEs seem to dominantly form dimers, presumably
because the structure shown cyclizes and thereby blocks the
formation of larger multimers. In the second lane of the gel,
we can see from the split upper band that runs at the same
speed as the 130 bp band of the reference ladder that the
DPE dimers can fold up at least two different ways. For such
a dimer to form a quadrilateral, it needs to have at least two
of its corners far from their 63° antiparallel relaxed state.
This suggests that the split bands correspond to different pairs
of strained junctions. The lower band of lane 2 runs at the
expected rate of the target molecule.

Our hypothesis, confirmed in the right lane of the gel, is
that a DPE will form cleanly if it avoids both the assembly
problems of strand end-pinning and those of junction-biased
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misfolding. Row 3 of Figure 2 shows an example of this.
The target structure has three long arms, medium length core
sections, and one short arm. As the system is annealed, the
three long arms hybridize first. The lower subcomplex, with
two long arms, is a cyclic structure that prevents junction-
biased multimer formation before the junctions have as-
sembled. The upper complex, with the 8 bp arm shorter than
the core sections, prevents strand end-pinning. As the system
cools, the two subcomplexes hybridize together as the core
assembles, and finally, the short arm hybridizes. As can be
seen from lane 3 of the gel, this assembly strategy works
quite well, with neither multimers nor band splitting visible
at the 1 µM concentrations that are typically used in the
field.5,10,70

The top of Figure 3 shows a sequence-structure diagram
of two DP tiles that have been designed to assemble into a
planar array. On the right is a DPON. On the left is a
DPOW* molecule, a DPOW that has a bulged hairpin loop
attached5 to one domain of its core. We have constructed

both of these tiles, as well as the DPOW, using the same
sequences but no hairpin loop. All of the DPO molecules
we have constructed have had two long arms diagonally
opposite each other to prevent junction-biased multimeriza-
tion, with the other two arms short to prevent end-pinning
and the core intermediate in length. The hairpin in the
DPOW* is longer than the 8 bases typically used for this
purpose. It has 11 bases, in the hopes that it will be very
stable and will encourage winding of the core before the
hybridization of the 10-base arms pin the strand ends. At
the right of Figure 3 is a scan of a gel displaying formation
of the DPON and DPOW molecules with neither multim-
erization nor band splitting. The right lane of the gel shows
the end-pinned DPE band splitting for comparison.

When the array is assembled with DPOW tiles, it is
relatively flat and featureless as seen in the lower left atomic
force micrograph of Figure 3. At the usual 10 mM concen-
tration of Mg2+ counterions, the starred array did not show
stripes (data not shown). When the concentration was

Figure 2. DP assembly success and failure. The three rows show three attempts to assemble DPE molecules. At the left side of each row
is a sequence-structure diagram of the target molecule, with the sequences typed 5′ to 3′ and the indicated melting temperature of each
segment as calculated by HyTher (version 1.0, Nicolas Peyret and John SantaLucia, Jr., Wayne State University).68,69 From left to right
across each row, structural models of the different states of the system are shown as it cools down while being annealed. At the right side
of each row is the target molecule, with the relative lengths of the sections indicated (12 bps is long (L), 10 bps is medium (M), and 8 bps
is short (S)). Above the targets in the first two rows is a possible failure product. The top row shows strand end-pinning, where the core
cannot properly wind up because the arms have all hybridized first. The middle row shows junction-biased multimerization, where the
preference of the Holliday junctions to form antiparallel structures resists proper folding to the target structure and promotes multimerization.
The bottom row shows a successful assembly, where a combination of long and short arms direct the assembly to avoid the problems
above. At right is a polyacrylamide gel of 20 pmoles of each tile, stained with ethidium bromide. The lowest band in each lane runs at
approximately the expected rate for the target molecule. The left lane is a 10 bp reference ladder with a darker 100 bp band.
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increased to 35 mM, the stripes could be seen, as shown in
the three panels on the lower right. As the sequence-structure
diagram of the array indicates, the perpendicular distance
between the stripes will depend both on the 105 base repeat
length of the system and the vertical spacing of the duplex
domains. If the domains were perfectly straight, the separa-
tion between stripes would be about 17 nm. However, the
domains of DX (and DX-like) arrays are known to bend,
presumably because of phosphate repulsion. Extrapolating
from Rothemund’s observations of domain separations31 to
our system with 8.5 turns of DNA between crossovers, we
expect neighboring DNA domains to be approximately 2.4
nm apart at their widest separation, which would give stripes
roughly 27.7 nm apart. We observed stripes 26.1 ( 0.8 nm
apart, which is in reasonable agreement with the simple
model.

On the left of Figure 4 is a sequence-structure diagram of
a DPE array, with the arm lengths indicated. Tile A has a
10 base core; tile B an 11 base core, and both form cleanly,
as can be seen on the gel at the right. Because there is not

exactly one turn of DNA in the core of either of these tiles,
they develop strain when forced into a planar array.51 The
micrographs in Figure 4 show that patches roughly 10 tiles
wide form reasonably well, but the larger assemblies are
somewhat wavy and prone to having numerous gaps. Note
that this system has no hairpin star. The stripes in the
micrographs appear to be lines of DXs. Attempts at forming
starred arrays by adding a hairpin to an arm of tile B
produced qualitatively similar arrays, with the hairpins not
visible (data not shown).

It might seem an unwarranted approximation that the
various sections of a DNA nanostructure will assemble at
the same temperatures they would if they were hybridized
disconnected from each other. Consider, for example, the
green and purple strands in Figure 2, molecule 3. Once the
12 bp segment hybridizes, the 8 bp segment might be
expected to seal up as well and create end-pinning problems.
Yet no end-pinning is observed for this system. Fu and
Seeman observed strong end-pinning effects when the outer
arms and core of a DPE were all 10 bps but observed no

Figure 3. DPO tiles. At the top is a sequence-structure diagram of DPOW* and DPON tiles designed to form the array shown below. The
sequences are typed 5′ to 3′, and the number of base pairs in each duplex domain is indicated. In the array diagram, the hairpin has been
compressed and marked with a black oval. The stripes seen in the atomic force micrographs of the starred arrays are from the lines of black
ovals slanting down to the right. The slopes and thus the distance between the lines are a function of the 105 bps between hairpins (35.7
nm) and the maximum separation between neighboring duplex domains (∼2.4 nm).31 At the right is a nondenaturing polyacrylamide gel
showing 20 pmoles each of a DPOW (without the hairpin), a DPON, a 10 bp marker ladder with the 100 bp band darkened, and the
end-pinned DPE from Figure 2 for comparison. The lowest band in each lane runs at approximately the speed of the target molecule. Along
the bottom are micrographs of arrays taken in tapping mode in buffer with 4 nm z scales. At the left is a flat array of DPON and DPOW
tiles. To the right are three starred arrays of DPON and DPOW* tiles, annealed in a 35 mM, concentration of Mg2+ counterions. All scale
bars are 100 nm. The stripes on the starred arrays are expected roughly 27.7 nm apart but are observed 26.1 ( 0.8 nm apart.
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end-pinning when the outer arms were even 1 base shorter.4

So it appears that the effects of cooperativity are smaller
than we might expect. Nevertheless, for intricate struc-
tures,14,25,28,31,42 even assuming that the sections hybridize in
a predictable order, we find it is not always possible to
determine whether there will be end-pinning. Thus, there is
no completely general algorithm that guarantees well-formed
nanostructures in all cases. The best we can do is to provide
some guidelines that, when they can be applied, should yield
good structures: (1) Each element (arm or junction) that is
going to be stressed during or after the assembly of a system
should have at least one strand firmly fixed running through
that element before the stress arises. (2)Structures should

assemble in such a way that, as each section hybridizes, at
least one end of one strand in that section is free to wind
around the other strand.

Rule 1 avoids multimerization, which is a natural way for
a system to avoid assembling into a stressed configuration.
Note that in this context “firmly” refers to segments that are
able to maintain their connections under the stress of the
system. Rule 1 includes, as a special case, parallel Holliday
junctions as stressed components in a system. For example,
the core and junctions in a DPE molecule are stressed
because they maintain the parallel state of the junctions. The
blue and orange complex in Figure 2, molecule 3, has the
strand ends fixed and at least one strand running through
each section of the core and each of the junctions. This
complex thus resists multimerization as the stress develops
in the system when the green and purple complex hybridizes
with it.

Rule 2 addresses the problem of end-pinning. One way to
satisfy rule 2 is by designing the strands to hybridize
sequentially either from one end to the other, or from the
center out to the ends. In fact, not all strands need to follow
this algorithm for a structure to satisfy rule 2. For example,
the blue and orange strands in Figure 2, molecule 3, have
their ends pinned before their central sections have hybrid-
ized. Nevertheless, the system satisfies rule 2 since the other
strands in the core are unpinned when the core assembles.52

There are several lessons to be learned from the problems
that stunted the development of DPs for the last fifteen years.
Junction-biased misfolding arises when, at some temperature
encountered during assembly, the difference in free energy
between the correctly and the incorrectly folded states is
small enough that a seemingly small bias can irreversibly
shift a significant fraction of the molecular population into
the wrong state. These problems can be minimized by careful
design of assembly paths and the characterization of any
system elements, such as novel junctions, DNAzymes,
surfaces, nanoparticles, peptides, or other non-DNA elements
that might bias the folding process.

Strand end-pinning is a deceptive problem that could
potentially affect virtually any type of DNA nanostructure,
including DAs. It should be noted that the end-pinned DPE
in Figure 2 is virtually the smallest and simplest system
where end-pinning is possible, and thus, the PAGE separation
of the target and misfolded structures is at its largest. Yet
these two bands are barely resolved. For a larger system with
a similar problem, the target and misfolded states may not
be distinguishable via conventional PAGE techniques. Fur-
ther, hydroxyl radical autofootprinting may only be margin-
ally useful in this regard for two reasons. First, it is likely
that, for any given ensemble of test molecules, some will
fold properly in spite of end-pinning, and thus, junction
protection will be observed as expected. Second, end-pinned
structures can misfold in a variety of ways, so even if no
molecules fold properly, each junction may well show
significant protection. Mismatch binding proteins71 or potas-
sium permanganate, which selectively reacts with unstacked
thymine bases,56,72 may be able to distinguish between the
correctly and the incorrectly folded structures and provide

Figure 4. DPE arrays. At the left is a sequence-structure diagram
of two DPE tiles that are designed to assemble into a planar array.
The sequences are typed 5′ to 3′, and the number of base pairs in
each duplex domain is indicated. Top, right is a nondenaturing
polyacrylamide gel showing clean formation of the two tiles and a
10 bp marker ladder with the 100 bp band darkened. Below that
are two atomic force micrographs of the assembled array taken in
tapping mode in buffer with 4 nm z scales. The arrays were annealed
in buffers with the indicated concentrations of Mg2+ counterions.
Scale bars are 100 nm. The lines in the array appear to be rows of
DX tiles, approximately 5.8 ( 0.7 nm apart.

Nano Lett., Vol. 8, No. 7, 2008 1975



an important evaluation tool for suspect motifs. Fortunately,
for the same reasons that end-pinning problems are hard to
detect, they may make minimal disruptions in systems. There
are likely some systems already in the literature that have
end-pinning misfolds but function well regardless.

The clean assembly of DPs opens up possibilities for the
rational design of numerous other DNA motifs. It should be
possible to construct not just DPs but parallel triple-,
quadruple-, and other crossovers just as their antiparallel
versions were built.8,25,30 It should also be possible to make
numerous hybrids of DPs and DAs, just as DAs have been
combined with PXs.38,73 Construction of such a hybrid was
reported as this manuscript was being written (for an
application where a DP was desired, but deemed problem-
atic).73 DP-like elements can also be introduced into star
motifs,10–13 DNA origami,31 DNA tubes,17–19,22–25,27,52 and a
host of other structures that have been based on
DAs.7–9,15,19,28–30

In summary, we have presented an assembly pathway
analysis for the design of DNA nanostructures that will join
geometric modeling and sequence optimization as a basic design
strategy for nucleic acid nanostructures. The key features of
this approach are the consideration of end-pinning and junction-
biasing effects on assembly. We have used this approach and
knowledge of the structural bias of Holliday junctions to
understand previously unexplained failures in DP assembly and
to develop new designs that successfully formed representatives
of all major classes of DP.
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