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D
NA is a very useful material for the
self-assembly of objects and arrays
with nanoscale dimensions.1�4 By

exploiting Watson�Crick base pairing rules,
oligonucleotides can be programmed to
assemble in a predefined fashion into com-
plex structures. The design of these struc-
tures often relies on the reciprocal exchange
of strands between adjacent helices, gener-
ating crossovers that act to weave them into
two- and three-dimensional layers. This con-
cept was first successfully employed using
double-crossover (DX) molecules (or tiles)
containing two crossovers connecting col-
linear duplexes.5 These tiles have been used
to assemble lattices with extensions of sev-
eral hundreds of nanometers by the inclu-
sion of complementary single-stranded
overhangs (sticky ends) at their duplex ter-
mini (Figure 1A).6 This approach has since
been extended using double�double-cross-
overmolecules,7 triple-crossovermolecules,8

and by usingmultiple crossovers to fold long
single-stranded DNA.9 An alternative strat-
egy that employs strand exchange between
helices arranged so they are no longer col-
linear has also proved successful.10�14 Both
periodic and aperiodic assemblies have
been generated in this manner, with a
diverse range of applications, including
structure determination,15�17 imaging,18,19

biosensing,20,21 electronics,22 computation,23�25

and as substrates for chemical and enzymatic
reactions.26,27

Most of the proposed applications of
DNA nanostructures rely on the incorpora-
tion of guest molecules into these struc-
tures, exploiting the DNA as a “scaffold” or
“template” to dictate their spatial position-
ing. Indeed, a diverse range of molecules,
including proteins,6,10,18�21,28�32 nucleic
acid enzymes,21,33�35 nanoparticles,6,36,37

and chemical groups,38 have been incorpo-
rated into nucleic acid nanostructures. In
each case, the component is chemically

attached to one of the template oligonu-
cleotides and added prior to structure as-
sembly or, where applicable, recruited to a
group incorporated in the same manner. A
limitation of this approach is that a slow
annealing step is often required for correct
nanostructure assembly, and some compo-
nents may not tolerate these conditions;
proteins for example are denatured at the
relatively high temperatures required for
annealing. Unwanted side interactions be-
tween the component and the assembly
might also influence the yield and/or purity
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ABSTRACT

DNA has been widely exploited for the self-assembly of nanosized objects and arrays that offer

the potential to act as scaffolds for the spatial positioning of molecular components with

nanometer precision. Methods that allow the targeting of components to specific locations

within these structures are therefore highly sought after. Here we report that the triplex

approach to DNA recognition, which relies on the specific binding of an oligonucleotide within

the major groove of double-helical DNA, can be exploited to recognize specific loci within a

DNA double-crossover tile and array, a nanostructure assembled by crossover strand exchange.

The oligonucleotide can be targeted to both crossover and non-crossover strands and,

surprisingly, across the region spanning the crossover junction itself. Moreover, by attaching

biotin to the end of the oligonucleotide, we show that streptavidin molecules can be recruited

to precise locations within a DX array, with an average spacing of 31.9 ((1.3) nm. This is a

promising approach that could be exploited to introduce other components compatible with

oligonucleotide synthesis into the wide variety of DNA nanostructures assembled by crossover

strand exchange, such as those generated by DNA origami.

KEYWORDS: DNA self-assembly . double-crossover molecule . DX tile . Holliday
junction . molecular recognition . triple helix formation
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of the final complex. An alternative approach would be
to target the component to a specific double-stranded
regionwithin a preassembled structure by conjugating
it to a DNA recognition agent (Figure 1B). This has so far
proved successful using DNA-binding polyamides.39

This is a useful advance, but it relies on the compat-
ibility of a particular component with polyamide
synthesis.
An alternative strategy is to exploit the triplex

approach to DNA recognition, which relies on the
specific binding of an oligonucleotide within themajor
groove of double-helical DNA.40�43 Triplex-forming
oligonucleotides (TFOs) bind in a sequence-specific
manner by generating base triplets; TFOs composed
of pyrimidine bases bind in a parallel orientation to the
central strand of the target duplex, generating Cþ.GC
and T.AT base triplets (Figure 2A). [The notation X.YZ
refers to a triplet in which the third-strand base X
interacts with the duplex base pair (bp) YZ, forming
Hoogsteen hydrogen bonds to base Y.] Using this

recognition code, it is possible to design a TFO to
recognize any oligopurine�oligopyrimidine target
site, which can be incorporated into a DNA nanostruc-
ture by appropriate sequence design. For example, the
sequences in Figure 2B show a TFO (in red) designed to
recognize a 13 bp region within a 15 bp duplex (in
black), positioning a functional group (X) at the 50-end
of the sequence. Unlike other methods of DNA recog-
nition, triplex formation has the advantage that the

Figure 2. Recognition of a DNA nanostructure by triplex
formation. (A) Binding of the TFO generates base triplets,
with protonated cytosine recognizing a GC base pair and
thymine recognizing an AT base pair. R represents the
deoxyribose phosphate backbone. Third strand bases are
shown in red and the duplex base pairs in black. (B) Triplex
used in this study. The 15 bp oligopurine�oligopyrimidine
sequence embedded within the DX-A tile is shown in black
and the TFO in red. The TFOwas unmodified or had biotin or
the fluorescence quencher dabcyl, conjugated at its 50-end
(at position X). (C) Sequences of the modified DX-A tiles
used in this study. In each case, the sequence shown in (B)
was embedded within the DX tile (shown in red). Two
variants of the DX-AC tile were generated containing either
T or FAM-C6-dT at position X within the tile (shown in blue).
The latter is referred to as DX-AC#. For each DX tile, the
arrows represent regions of the top strand that are suscep-
tible to DNase I cleavage in the presence of TFO and were
determined from the cleavage patterns shown in gels in
Figure 4B�D). Blue arrows represent cleavage, while black
arrows represent regions of enhanced DNase I cleavage at
the triplex�duplex junctions.

Figure 1. DX tiles and arrays. (A) DX-A tile (black) and DX-B
tile (blue) are programmed to contain complementary
sticky ends at each of their four duplex termini. The two
tiles can be mixed in equal amounts to generate an alter-
nating DX-AB-type array. The sequences of the two tiles are
included with the arrows denoting the polarity of the
oligonucleotides. (B) Subsequent DNA recognition of a
DX-A tile by a TFO conjugated to biotin would allow the
protein streptavidin to be recruited to every other tile in the
assembly, with a repeat spacing of 32 nm.
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TFO is compatible with a variety of modifications that
can be conjugated using standard methods of oligo-
nucleotide synthesis. Triplex formation has so far been
exploited to recognize a DNA structure containing
adjacent hexagonal units constructed using three-
way oligonucelotides.44 Since these structures are not
assembled using crossover strand exchange, it has yet
to be established whether a TFO has access to this
structural motif.
Here we examined the ability of a TFO to recognize

and incorporate functionality into aDNAnanostructure
assembled by crossover strand exchange, a double-
crossover (DX) tile and array. The DX tile (DX-A) is
composed of five oligonucleotides, with an antiparallel
arrangement of non-crossover strands, and an even
number of half-helical turns between crossovers
(21 bp). It therefore belongs to the DAE class of DX
molecules.5 The DX array is generated using a second
DX tile (DX-B) containing complementary sticky ends at
each of the four duplex termini, generating a DX-AB
array (Figure 1A). We have used DX sequences that are
similar to those used in the original DX study,6 but since
these lacked any oligopurine�oligopyrimidine sites,
the sequence shown in Figure 2B was embedded
within the DX-A tile (but not the DX-B tile). We chose
the DX motif as test system since it allowed us to
examine the interaction of a TFO with single DX tiles as
well as with DX tiles in the context of a fully formedDX-
AB array. The formation of both complexes was char-
acterized by biophysical methods and with the DX-AB
array by atomic force microscopy (AFM). Visualization
of the bound TFO was achieved by conjugating biotin
to the 50-end of the TFO, which allowed streptavidin
molecules to be recruited to precise locations within
the nanostructure (Figure 1B).

RESULTS AND DISCUSSION

Targeting of an Isolated DX Tile. Several DX tiles were
designed so that they included the 15 bp oligopurine�
oligopyrimidine sequence shown in Figure 2B. Initially,
this was introduced at a central region between cross-
overs, leaving at least 2 base pairs between each
end of the target sequence and the proximal cross-
over (Figure 2C). The sequence was introduced in
two orientations, with the oligopurine strand located
on either the crossover strand or the non-crossover
strand, generating DX-AC and DX-AN tiles, respectively
(Figure 2C). [The notation DX-AX is used here to refer to
each modified DX-A tile, where X refers to location of
the purine strand on the crossover (C) or non-crossover
(N) strands; the full sequences of all oligonucleotides
are shown in Supplementary Table 1 in Supporting
Information.] Formation of a triplex on either the DX-AC

or DX-AN tile positions the central portion of the TFO
facing either toward or away from the adjacent helix,
respectively.

Since the original DX-A tile was carefully designed
to minimize any sequence symmetry and promote
only intended Watson�Crick base pairing, the intro-
duction of the oligopurine sites might influence the
formation of the intended structures. The formation of
the two new DX-AC and DX-AN tiles was therefore
compared to the formation of the original DX-A tile
using an electrophoreticmobility shift assay (EMSA). All
five strands of each tile were labeled with 32P, mixed in
stoichiometric amounts, and slowly annealed. The
complexes were then subjected to nondenaturing
polyacrylamide gel electrophoresis (PAGE). All three
complexes generated a single band that ran with the
same mobility (Figure 3A; lanes 1, 3, and 5), and about
90% of the strands are incorporated into each tile. The
majority of the remaining 10% was traced to the
shortest crossover strand, presumably due to its lower
affinity for the complex (data not shown). To confirm
this, the same experiment was undertaken, but this
time, the shortest crossover strand was omitted from
the annealing step, generating complexes that con-
tained a single-crossover (SX-A, SX-AC, and SX-AN). This
time, at least two bands can be seen for each tile with a
different mobility to those seen for the full DX tiles
(Figure 3A; lanes 2, 4, and 6). The greater flexibility of
the two helices in the absence of the second crossover
is likely to account for their difference in mobility.
These results confirm that these oligonucleotides gen-
erate only their intended DX complexes.

To examine whether a TFO was capable of interact-
ing with the tiles, the 13-mer TFO shown in Figure 2B
was designed to recognize the 13 base region at the 50-
end of the embedded oligopurine tract. Experiments

Figure 3. EMSA of DX tiles. The oligonucleotides that made
up each DX tile were labeled at their 50-ends with 32P. These
were first annealed at a final concentration of 1 μM before
addition of the unlabeled TFO at a final concentration of
10 μM. The complexes were then left to equilibrate for >8 h
at 4 �C. Samples were run on a nondenaturing 8% PAGE gel
in TA-Mg buffer at 4 �C, and the gel was fixed, dried, and
subjected to phosphorimaging. (A) Comparison between
complexes containing double-crossovers (DX) and single-
crossovers (SX) to ascertain correct structure assembly. (B)
Comparison between DX tiles with and without TFO added
before1 or after2 complex assembly.
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were undertaken at pH 5.0 since the formation of a
triplex with pyrimidine-containing TFOs requires
slightly acid conditions (pH <6.0). An excess of the
TFO was added to each tile either before the annealing
step or after the formation of the DX tiles. In this way,
the accessibility of the TFO to its target site could be
compared. The gel in Figure 3B shows that in the
absence of TFO all three DX molecules ran with the
samemobility (lanes 1, 4, and 7), but in the presence of
TFO, a band with a slower mobility is observed for the
DX-AC and DX-AN tiles (lanes 5 and 8) but not for the
DX-A tile that lacks the target site (lane 2). This suggests
that the TFO is capable of interacting specifically with
its target site irrespective of the strand to which it is
targeted. Moreover, the order of TFO addition had no
influence on the ability of the TFO to bind, and addition
of the TFO after complex formation did not hinder its
ability to wrap around its target helix, despite the close
proximity of the adjacent helix (lanes 6 and 9). The
experiment was repeated with various concentrations
of TFO, and the binding was found to be concentra-
tion-dependent, as expected for a bimolecular inter-
action (Supplementary Figure 1).

Although it is clear that the TFO is interacting with
each of the DX tiles, the band shift experiments give
little information on the structure of the complex
formed. Does the TFO cover the entire oligopurine
tract? Does binding influence the underlying structure
of the DX molecule? To answer these questions, we
carried out a DNase I protection assay on the DX tiles in
the presence and absence of TFO. DNase I is a double-
strand specific endonuclease that generates single
strand nicks in the phosphodiester backbone by cleav-
ing the O30�P bond. Incubation of the enzyme with
each of the complexes containing a single 32P-labeled
strand (the non-crossover strand) generated labeled
fragments that once digested could be separated by
denaturing PAGE. Cleavage in the presence of TFO
resulted inmissing bands or a “footprint” on account of
the TFO occluding the action of the enzyme at these
positions. This technique therefore revealed regions
that had undergone triplex formation. For each com-
plex, a double-stranded (DS-A, DS-AC, or DS-AN)
equivalent, containing the radiolabeled non-crossover
and complementary central crossover strand, was
digested for comparison.

The cleavage patterns for the three DX tiles in
the presence and absence of various concentrations
of the 13-mer TFO are shown in Figure 4. Analysis of the
cleavage patterns for the DS and DX complexes in the
absence of TFO revealsmarkeddifferences (lanes 1 and
3 in each gel). In each case, the regions encompassing
the crossover points in the fully formed DX structures
(highlighted in bold in the adjacent sequence) are cut
poorly relative to the same regions of the DS duplexes.
The crossovers clearly occlude the binding and sub-
sequent cleavage by the enzyme. In contrast, there is

no difference in cleavage efficiency at the region mid-
way between crossovers, and the enzyme can access
these regions equally well. Further analysis of the
cleavage patterns reveals extra bands at the 30- and
50-ends of the sequences, suggesting that all of the
oligonucleotides are bound to their intended partners.
Taken together, these results again confirm successful
formation of the DX tiles.

Comparison between the lanes in the absence of
TFO and those where various concentrations of TFO
have been incubated with each DS and DX complex
shows clear footprints (underlined region) for the
complexes containing an oligopurine target site
(Figure 4B,C; lanes 2, 4�6) but not those that lack a
target site (Figure 4A; lanes 2, 4�9). The positions of
DNase I cleavage in the presence of TFO are shown for
each DX tile in Figure 2C (blue arrows). As expected,
this is the same for both the DS and DX structures. The
binding of the TFO to both DX-AC and DX-AN was
concentration-dependent, and at lower concentra-
tions, the missing bands reappear. In each case, the
size of the binding site is slightly overestimated due to
the large size of the enzyme, but the cleavage pattern
remains unaltered for the rest of complex, indicating
only specific binding of the TFO. A characteristic of
DNase I footprints generated by TFOs is hypersensitiv-
ity at the triplex�duplex duplex junction, most often
observed at the 30-end of the oligopurine target
strand.45 This is observed for the binding of the TFO
to the DX-AN tile (Figure 2C, black arrows, and
Figure 4C, marked by an asterisk) but not the DX-AC

tile (Figure 4B) since this is labeled on the pyrimidine-
containing strand.

To confirm that the entire oligopurine sequence is
required for binding and that the TFO is not simply
tethered to one end of the site, a further DX tile
containing only half of this sequence (DX-AH) was
designed. The tile was again based on the DX-A tile,
but this time, only the first 6 bp of the oligopurine�
oligopyrimidine site shown in Figure 2B was em-
bedded into the complex. Digestion of the complex
in the presence of the TFO revealed no change in
cleavage pattern, even at a 300-fold higher concentra-
tion (Supplementary Figure 2). The interaction of the
TFO with its full oligopurine target site is therefore
required for the interaction of the TFO with the DX tile.

We next examined whether longer TFOs could inter-
act with a DX tile in the samemanner. The incorporation
of the 15 bp oligopurine�oligopyrimidine target site
into DX-AN generated a 17 base oligopurine tract and
allowed two further TFOs to be designed: a 15-mer and
17-mer containing two or four further nucleotides at
their 50-ends (TFO2 and TFO3, respectively; Supplemen-
tary Table 1). The interaction of these two oligonucleo-
tides with the DX-AN tile was examined by DNase I
cleavage, and the digestion patterns for these com-
plexes are shown in Supplementary Figure 3A,B. Again,
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the cleavage patterns reveal footprints for the TFOs only
at their intended positions. As the proximity of the TFO
to the junction seemed to have little influence on triplex
formation, we also examined whether it was possible to
target a TFO to a region that spanned the crossover
itself, generating a three-way junction composedof four
strands. A DX tile was designed to contain the same 13
bp oligopurine tract as above but this time on the non-
crossover strand spanning the junction (Figure 2C; DX-AJ).
The gel in Figure 4D shows the cleavage pattern
from DNase I digestion of DX-AJ in the presence and
absence of the 13-mer TFO. A clear footprint is evident
that spans the full oligopurine target site, while the
remaining cleavage pattern remained unaffected.
DNase I hypersensitivity is also observed at the triplex�
duplex junction at the 50-end of the oligopurine target
site (marked by an asterisk). Surprisingly, the presence
of the crossover junctiondidnot stop theTFO interacting
with the non-crossover strand within the DX complex.

The pyrimidine triplex motif described here is not
the only motif capable of generating triplex structures.
Triplex formation with TFOs composed of purine bases
is also possible by generating G.GC and A.AT triplets.40

In this case, the TFO binds in an antiparallel orientation
relative to the central strand of the target duplex. We
therefore examined whether an appropriate purine-
containing oligonucleotide was capable of targeting a
DX tile in the same manner as before. However, these

experiments revealed that the TFO was not capable of
binding to the DX tile (Supplementary Figure 4). This is
not surprising since it is well-established that this motif
is intrinsically less stable that the pyrimidine binding
motif.40

We also examined the underlying structure of the
DX tiles in the presence or absence of TFO by circular
dichroism (Supplementary Figure 5). There was no
discernible difference between the spectra obtained
for the DX tiles alone or in the presence of the TFO,
suggesting no change to the underlying structure. In
some instances, triplexes have been shown to exhibit
an increased negative band at 220 nmcompared to the
equivalent duplex.46 It has been suggested that this is
due to changes in the sugar pucker (S-type >N-type) of
both duplex and triplex strands upon formation of the
complex. There are two possible reasonswhy this is not
observed here. First, the contribution of signal from the
region that has undergone triplex formation is much
smaller than that of the remainder of the DX molecule
and may therefore be masked. Alternatively, as the
formation of a DX tile requires an integer of half-helical
turns between crossovers, this may prevent any
changes to the sugar pucker; conversion to an N-type
configuration wouldmake the helix more A-like, result-
ing in an increase in the helical repeat.

Targeting of a DX-ACB Array. We next examined whether
a TFOcanaccess its binding site onaDX tile incorporated

Figure 4. DNase I footprinting of DX tiles. DNase I cleavage patterns for the DX-A (A), DX-AC (B), DX-AN (C), and DX-AJ (D) tiles
in the presence and absence of TFO. The non-crossover strand of the DX tile (sequence shown on the right of each gel) was
labeled at its 50-end with 32P and annealed with the remaining strands at a final concentration of 0.1 μM. The TFO was then
added to a final concentration of 0.1, 0.3, 1, 3, 10, and 30 μM(lanes 3�9) and left to equilibrate for >8 h at 4 �Cbefore digestion
with DNase I. Samples were run on a denaturing 14% PAGE gel, and the gel was fixed, dried, and subjected to
phosphorimaging. An additional duplex control containing the labeled non-crossover strand and its complementary
crossover strand (DS-AX) was also digested in the presence and absence of TFO (lanes 1 and 2). Underlined regions denote
the triplex target site, and the bold letters in the sequence on the right of each gel reflect the bases flanking each side of the
two crossover points. The asterisk denotes regions of DNase I hypersensitivity.
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into a repeating DX-ACB array. The DX-ACB array was
generated using the sameDX-AC tile as examined above
and a new DX tile (DX-B) containing complementary
sticky ends at each of its four duplex termini (Figure 1A).
The DX-B tile did not include a binding site for the TFO,
and experiments revealed that the TFO was incapable of
interacting with this tile, even at a 300-fold higher con-
centration (Supplementary Figure 6). Triplex formation at
every other tile within the DX-ACB array positions the TFO
with a repeat spacing of 32 nm (94 nucleotides apart).

To examine the ability of the TFO to interact with
the DX-AC tile in the context of a DX-ACB array, the DX-
AC tilewas first annealed in the presence of a single

32P-
labeled strand, then mixed and annealed with the
unlabeled DX-B tile. The final complex was then sub-
jected to DNase I digestion in the presence and
absence of various concentrations of TFO. The dou-
ble-stranded (DS-AC) and double-crossover (DX-AC)
complexes examined above were also digested and
run on the same gel for comparison. The DNase I
cleavage patterns for these structures are shown in

Figure 5. Comparing the digestion pattern in the
absence of TFO (lanes 1�3) again reveals differences
in the cutting pattern between the DS-AC and DX-AC

complexes but no difference between DX-AC tile and
the DX-ACB array. This is not surprising since the
structure of the DX-AC tile is unlikely to change in the
presence of the DX-B tile. Further analysis of the
digestion pattern in the presence of TFO (lanes 4�9)
reveals a clear footprint at the same position to that
observed for the isolated DX-AC complex above
(Figure 4B). The footprints again disappear at lower
concentrations of TFO. The data therefore suggest that
the access of the TFO to DX-AC is not hindered by the
adjacent DX-B tile in the context of the DX-ACB array.

To examine the thermal stability of the triplex
formed on both the DX tile and DX array and to
compare these with the thermal stability of the under-
lying DX tiles, the complexes were appropriately la-
beled with fluorophores and examined in a Roche
LightCycler.47 An oligonucleotide with the same se-
quence as the crossover strand of DX-AC was synthe-
sizedwith a fluorophore attached to a T at the 50-end of
the oligopurine target site (Figure 2C). This strand was
then incorporated in adouble-stranded (DS-AC#), double-
crossover tile (DX-AC#), and array (DX-AC#B). After
annealing, the complexes were heated at a sufficiently

Figure 5. DNase I footprinting of a DX array. DNase I
cleavage patterns for the DX-AC tile assembled with DX-B
in the presence and absence of TFO. The non-crossover
strand of the DX-AC tile (sequence shown on the right of the
gel) was labeled at its 50-end with 32P and annealedwith the
remaining strands at afinal concentrationof 0.1μM. This tile
was mixed with an equimolar concentration of the DX-B
tile and slowly annealed. The TFO was then added to a final
concentration of 0.3, 1, 3, 10, and 30 μM (lanes 3�9) and left
to equilibrate for >8 h at 4 �C before digestion with DNase I.
Samples were run on a denaturing 14% PAGE gel, and the
gel was fixed, dried, and subjected to phosphorimaging.
Two additional controls were also run on the gel: a duplex
containing the labeled non-crossover and complementary
crossover strand (DS-AC) and a DX-AC tile (lanes 1 and 2).
Underlined regions denote the triplex target site, and the
bold letters in the sequence on the right of each gel reflect
the bases flanking each side of the two crossover points.

Figure 6. Fluorescence melting of the DX-AC# tile and DX-
AC#B array. The crossover strand of the DX-AC# tile was
labeled internally with FAM-C6-dT and assembled into the
DS-AC# duplex, DX-AC# tile, and DX-AC#B array. The com-
plexes were heated and cooled in a Roche LightCycler at a
final concentration of 1 μM in the absence (A) or presence of
the dabcyl-labeled TFO (B) at a final concentration of 10 μM.
The samples were excited at 488 nm, and the subsequent
fluorescence emission was recorded at 520 nm.
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slow rate and a decrease in fluorescence was observed
as the complex dissociated (Figure 6A). A decrease in
fluorescence occurs because FAM exhibits a higher
fluorescence when associated with double-stranded
DNA.44 A single melting transition was observed for all
complexes with an almost identical melting tempera-
ture of 60 �C. It is important to note that only the
melting of the underlying helix is observed, not the
melting of the full tile or array, which presumably
occurs at a lower temperature.

The same experiments were repeated in the pres-
ence of a 13-mer TFO labeled at its 50-end with the
fluorescence quencher dabcyl. Upon triplex formation,
the quencher is positioned in close proximity to the
fluorophore within the DS-AC#, DX-AC#, and DX-AC#B
complexes, and the fluorescence is quenched. There-
fore, heating the samples resulted in an increase in
fluorescence as the third strand dissociated. A single
melting transition was again observed, with an iden-
tical melting temperature of 65 �C for all three com-
plexes (Figure 6B). This confirms that the TFO can
interact equally well with its duplex target irrespective
of whether it is located in a DX tile or array. Surprisingly,
it also suggests that the affinity of the TFO for its target
on the DX tile is greater than that of the underlying
duplex at the same region.

Further melting experiments were undertaken with
different concentrations of the TFO and showed that
the melting temperature of the triplex was concentra-
tion-dependent (Supplementary Figure 7A). The influ-
ence of pH on the binding of the TFO was also
examined, and the melting temperature of the triplex
decreased as the pH of the solution was increased
(Supplementary Figure 7B). This is as expected since
binding of the TFO is dependent on protonation of
third strand cytosine bases.

Recruitment of Streptavidin to a DX Tile and Array. In the
experiments described above, the assembly of the DX
array in the presence and absence of TFO was not
observed directly. We therefore examinedwhether the
binding of the TFO to the DX-ACB array could be
visualized by AFM. A sample of the DX-ACB array in
the presence and absence of TFO was spotted onto
freshly cleaved mica, dried, and imaged by tapping
mode AFM in air. However, the resulting images re-
vealed no difference between the complexes (data not
shown). This is not surprising since binding of a TFO
occurs within the duplex major groove and leads to
only a slight increase in helical dimensions. We there-
fore chose to target the DX-ACB array with an oligo-
nucleotide conjugated to biotin and to recruit strepta-
vidin to these positions to act as a visual marker. Before
undertaking the AFM experiments, we first determined
whether the addition of biotin influenced the binding
of the TFO to an individual DX-AC tile using the DNase I
protection assay. These experiments revealed no dif-
ference in either the position or the affinity of TFO

binding (Supplementary Figure 8). We also con-
firmed that streptavidin could be recruited to the
TFOwhile attached to the tile by using an EMSA (data
not shown).

To ascertain whether the streptavidin molecules
can interact with the DX-ACB array in the absence of
the biotin-TFO, a sample was prepared and imaged on
mica (Figure 7A). The resulting image reveals clear
patches on the mica surface that can be attributed to
DNA lattices of various sizes. Section analysis of these
patches reveals a height of 1.8 ((0.4) nm, which is in
good accordancewith amonolayer of DNA.6Moreover,
no additional peaks are observed that suggest strep-
tavidin is associated with either the DNA or the mica
surface. We next examined whether the TFO was
capable of recruiting streptavidin to the DX array. An
image of a sample containing the DX-ACB array, the
biotin-TFO, and an excess of streptavidin is shown in
Figure 7B. Unlike the previous image, several addi-
tional blobs are observed corresponding to a strepta-
vidin molecule bound to the biotin-TFO associated
with the array. In places, this is seen as a string of
adjacent streptavidin molecules and can be attributed
to regions where these molecules have been recruited
to every other DX tile. Section analysis through one
of these regions reveals an average spacing of
31.9 ((1.3) nm between streptavidin molecules
(Figure 7D), in good agreement with the calculated
distance between TFOs bound to every other DX tile.
Further analysis of other adjacent streptavidin mol-
ecules reveals an overall average spacing of 31.5 (
3.2 nm (Supplementary Figure 9). The recruitment of
streptavidin was also dependent on the concentration
of the added streptavidin; as expected, a concentration
that was lower than that of the TFO resulted in fewer
molecules being recruited (Figure 7C). Taken together,
these results demonstrate successful targeting of a
protein to specific locations within a DX array.

Figure 7. AFM of a DX-ACB array. (A) Image of a sample
containing the DX array and an excess of streptavidin (SA).
(B) Image of a sample containing the DX array, the biotin-
TFO, and an excess of SA. (C) Image of a sample containing
the DX array, the biotin-TFO, and a lower concentration of
SA. (D) Section analysis of the region representing the
dotted white line in image shown in (B). All images are of
a 300 � 300 nm section of the mica.
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CONCLUSIONS

Here we have demonstrated that the triplex ap-
proach to DNA recognition can be successfully
exploited to recognize specific loci within a DX tile
and array. Before this study, we were concerned that
access of an oligonucleotide to a duplex target site
embedded between two crossover junctions might be
difficult or impossible. The closely packed nature of the
helices and the close proximity of the crossovers to
the oligonucleotide target sequencemight have occluded
binding of the oligonucleotide. These concerns were
clearly unfounded since target sites placed in different
orientations and locations along the DXmolecule were
accessible to the binding of TFOs of various lengths
and sequences. The dimensions of the interhelical gap
in double- and multi-crossover molecules had pre-
viously been estimated to be between 1 and 2 nm
depending on the distance between adjacent cross-
overs (1.5 to 2.5 helical turns).9 These dimensions
evidently allow an oligonucleotide to wrap around its
target helix and generate a triple-stranded structure.
Interestingly, an oligopurine site positioned on the

non-crossover strand of the helix, at a region that
spanned the crossover junction, could also be targeted
by a TFO. This is possible since binding of the oligonu-
cleotide within the major groove is asymmetric, with
the oligonucleotide recognizing only the purine-con-
taining strand of the duplex. To our knowledge, this is
the first example of a triple-helical crossover junction
and gives rise to the possibility of designing structures
based on this motif. In the past, the ability to generate
two-dimensional arrays from single-crossover junc-
tions has been hampered by their lack of rigidity and
the tendency of the two helical domains to stack on
one another. It would therefore be interesting to
examine whether a triple-helical junction exhibits the
same properties or whether it can act to make the
junction more rigid and/or prevent helical stacking. It
would also be interesting to examine whether the
binding of an oligonucleotide could halt branch mi-
gration at crossovers generated between homologous
duplexes.
The results presented here also demonstrate that, by

conjugating biotin to the end of the oligonucleotide,
streptavidin molecules can be recruited to precise
locations within the DX array, with an average spacing
of 31.9 ((1.3) nm. In this study, this was simply to aid in
the visualization of the bound TFO, but this has sig-
nificant implications for the ability to introduce com-
ponents at precise locations within a DNA nano-
structure. A variety of other chemical modifications
compatible with oligonucleotide synthesis could be
incorporated in a similar manner. These modifications
could either be incorporated directly (i.e., cross-linking
agents, fluorophores, quenchers, etc.) or be used to
bind or recruit other molecules, such as proteins and

nanoparticles (i.e., thiols, amines, alkyne carboxylic acids,
etc.). Furthermore, the pH dependence of triplex forma-
tion could be exploited as ameans to reverse the binding
of the oligonucleotide at a later stageby adjusting thepH
conditions. This would introduce read-write-erase func-
tionality into a DNA nanostructure.
The approach described in this paper could be

usefully applied to the wide variety of DNA nanostruc-
tures assembled by crossover strand exchange, such as
those generated using double�double7 and triple-
crossover tiles,8 as well as those that employ tiles in
which the helices are not collinear.10�14 In each case,
this would require a simple modification to tile design
so as to include an oligopurine target sequence ne-
cessary for triplex formation. However, in some cases,
the choice of the embedded sequence may have to
obey more stringent design rules that minimize se-
quence symmetry and promote the correct assembly
of the structure. Most tile structures are designed so
that a sequence of 6 consecutive base pairs occurs only
once throughout the complex. Since an oligopurine
target site only contains 2 different bases, this gives rise
to 26 possible 6 bp combinations that could be incor-
porated. Furthermore, to generate the most stable
triplexes, the oligopurine sequence should be asym-
metric and avoid any repeating tracts, especially con-
tiguous guanines, and the ratio of AT and GC base pairs
kept roughly equal.
The design of some DNA nanostructures might not

be amenable to the introduction of oligopurine target
sequences, most notably, structures generated by DNA
origami since these rely on the folding of the single-
stranded M13mp18 DNA using short oligonucleotides
and are therefore restricted to oligopurine sites already
present within this sequence. At first sight, this might
seem like a significant drawback of this approach, but
simple analysis of the M13mp18 sequence reveals at
least three oligopurine sites of >10 nucleotides that are
compatiblewith triplex formation, the longest of which
contains a run of 20 purines. There are also 10 oligo-
purine tracts that contain a single pyrimidine base
within the tract and a further 3 that contain 2 pyrimidine
bases. Since it has been shown that triplexes can be
generated with one or two pyrimidines within the oligo-
purine sequence, these could also be targeted by appro-
priate TFO design. For example, guanine and thymine
can be used to recognize TA and CG base pairs, generat-
ing G.TA and T.CG triplets, respectively.40 Alternatively,
the desired oliogpurine�oligopyrimidine target site
could be incorporated into the M13mp18 DNA scaffold
by simple mutagenesis.
This sequence restriction is only a problem when

using unmodified TFOs, and in recent years, a signifi-
cant research effort has gone into extending triplex
formation to mixed sequences by using TFOs contain-
ing nucleoside analogues. We and others have char-
acterized a variety of these analogues and have shown
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that it is possible to extend triplex formation to mixed
sequence targets.48�50 It is likely that these will be

useful in the recognition of unique sequences within
extended DNA nanostructures.

EXPERIMENTAL METHODS
Oligonucleotides and Synthesis. All oligonucleotides were

synthesized on an Applied Biosystems ABI 394 automated
DNA/RNA synthesizer on the 0.2 or 1 μM scale using standard
methods. Phosphoramidite monomers and other reagents
were purchased from Applied Biosystems or Link Technologies.
The oligonucleotides for each DX tile were unmodified, except
for DX-AC#, which contained an internal FAM-C6-dT (Glen
Research). Triplex-forming oligonucleotides were either unmo-
dified or contained a 50-biotin or 50-dabcyl (Link Technologies).
The full sequences of the oligonucleotides used in this study are
shown in Supplementary Table 1.

Annealing of Oligonucleotides. The oligonucleotides of each DX
tile (or relevant control complex) were mixed stoichiometrically
at an appropriate concentration (0.1�1 μM) in TA-Mg buffer (pH
5.0 40 mM Tris-acetate containing 15 mM magnesium acetate)
and annealed at a rate of 0.5 �C min�1 in a thermocycler from
100 to 5 �C. For the formation of the DX array, equal amounts of
the appropriate assembled DX tiles weremixed and annealed at
a slower rate of 0.25 �C min�1 from 50 to 5 �C.

Electrophoretic Mobility Shift Assay. Each oligonucleotide was
phosphorylated at its 50-end with γ-32P[ATP] using T4 polynu-
cleotide kinase (New England Biolabs), purified by denaturing
PAGE, and mixed with an excess of unlabeled oligonucleotide
(1 μM). The unlabeled TFO (0.3�30 μM) was added either before
or after the annealing of theDX tile and left to equilibrate for >8 h
at 4 �C. The complexes were run on a nondenaturing 8% PAGE
gel in TA-Mg buffer at 4 �C, and the gel was fixed, dried, and
subjected to phosphorimaging.

DNase I Protection Assay. The non-crossover oligonucleotide of
each DX tile (or relevant control complex) was phosphorylated
at its 50-end with γ-32P[ATP] using T4 polynucleotide kinase
(New England Biolabs) and purified by denaturing PAGE. It was
then combined with the remaining oligonucleotides (0.1 μM)
and annealed as before. The TFO (0.03�1 μM) was added either
before or after the annealing of the DX tile and left to equilibrate
for >8 h at 4 �C. The resulting complexesweremixedwith 2μL of
DNase I (typically 0.01 units/mL) dissolved in 20 mM NaCl
containing 2 mM MgCl2 and 2 mM MnCl2. The reaction was
stopped after 1 min by adding 4 μL of DNase I stop solution
[80% formamide, 10 mM EDTA, 10 mM NaOH, and 0.1% (w/v)
bromophenol blue]. The products of digestion were separated
on a denaturing 14% PAGE gel, and the gel was fixed, dried, and
subjected to phosphorimaging. Samples were heated to 100 �C
for 3 min before loading onto the gel.

Fluorescence Melting. Fluorescence melting with the com-
plexes was carried out using a Roche LightCycler as previously
described.44 In these experiments, the TFO was labeled at its 50-
end with a quencher (dabcyl), while the purine-containing
strand of the DX tile (or relevant control) was labeled at an
internal position with FAM-C6-dT. The complexes were first
denatured by rapidly heating to 95 �C and left to equilibrate for
10 min. The complexes were then cooled to 30 �C at a rate of
0.2 �Cmin�1 to eliminate hysteresis. After 5 min, the complexes
were heated to 95 �C at the same temperature gradient.
Although the slowest rate of continuous temperature change
in the LightCycler is 0.1 �C s�1, slower melting profiles were
obtained by increasing the temperature in 1 �C steps, leaving
the samples to equilibrate for a set amount of time. Recordings
were taken during both the heating and cooling steps to check
for hysteresis. Tm values were determined from the first deriva-
tives of the melting profiles using the software provided with
the machine and usually differed by less than 0.5 �C.

Atomic Force Microscopy. Samples were prepared with various
combinations of DX-ACB array (0.1 μM), TFO (1 μM), and
streptavidin (0.2 or 2 μM). These were then spotted onto freshly
cleaved mica and allowed to adsorb for 5 min. Buffer salts were

removed by addition of 5�10 drops of ultrapure water from
an Elga UHQ-II water purification system with a resistivity of
18 MΩ 3 cm; the drop was shaken off and the sample dried using
compressed air. Imaging was undertaken by tapping mode in
air on a Multimode AFM equipped with a Nanoscope III con-
troller using silicon nitride cantilever tips (Nanoworld Pointp-
robes, k = 2.8 N/m).
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