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ABSTRACT

Here, we present the formation of a fully addressable DNA nanostructure that shows the potential to be exploited as, for example, an information

storage device based on pH-driven triplex strand formation or nanoscale circuits based on electron transfer. The nanostructure is composed

of two adjacent hexagonal unit cells (analogous to naphthalene) in which each of the eleven edges has a unique double-stranded DNA
sequence, constructed using novel three-way oligonucleotides. This allows each ten base-pair side, just 3.4 nm in length, to be assigned a

specific address according to its sequence. Such constructs are therefore an ideal precursor to a nonrepetitive two-dimensional grid on which

the “addresses” are located at a precise and known position. Triplex recognition of these addresses could function as a simple yet efficient

means of information storage and retrieval. Future applications that may be envisaged include nanoscale circuits as well as subnanometer

precision in nanoparticle templating. Characterization of these precursor nanostructures and their reversible targeting by triplex strand forma tion
is shown here using gel electrophoresis, atomic force microscopy, and fluorescence resonance energy transfer (FRET) measurements. The
durability of the system to repeated cycling of pH switching is also confirmed by the FRET studies.

Introduction. The technological age calls for ever more construction using nucleic acids has not just been limited to
efficient and increasingly smaller structures on which ap- planar arrays but has also ventured into three-dimensional
plications can be based. This has meant that in recent yearstructures; ® DNA nanotubes;® and even the RNA world.
there is a marked shift from research in top-down approachesStojanovic et al. have employed DNA as a basis for
to bottom-up strategies within the field of nanotechnology molecular logic gates and used them to perform what are
with bottom-up being more genuinely “nanoscale”. It is relatively complex functions, proving the suitability of DNA
therefore imperative to find materials and substrates that areas a computational alternati¥éRecent advances have also
amenable to bottom-up nanoscale research. Self-assemblgeen the realization of smaller DNA nanostructures as a
is the key element to this design whereby molecules cometemplate for molecular lithograpHy:'2

together in a deliberate, predesigned fashion to construct the Two-dimensional (2D) arrays or networks of DNA nano-
specified nanostructure. DNA is an obvious candidate, structures are a potentially very exciting facet of nanotech-
efficiently used in nature for millions of years to encode nology because of their obvious compatibility with surface
information in an extremely densely packed fashion and with immobilization and ease of self-assembly. However, for their
an unrivalled fidelity to design and assembly. The exploita- potential to be fully exploited and indeed their functional-
tion of nucleic acids as a nanomaterial is a rapidly expanding ization to be nonredundant, it must be necessary to build
field, led by the pioneering work of the Seeman gréub.  and tune them in a nonrepetitive manieA nonperiodic
DNA is favored due to the inherent encodability afforded net infers that functionalities can be situated in specific
by the four-base alphabet (A, G, C, T) and the fact that (unambiguous) points and in a determined pattern, that is,
normal B-DNA duplexes are built up with a mere 3.4 A so that a circuit or pathway with known directionality can
between each base-pair, allowing subnanometer precision irbe constructed across the array. This is imperative if one is
functionalization provided one can manage to addressablyto use such networks for, for example, energy transport or
and specifically target this at the single base level. Nano- information storage and retention. It is therefore necessary
to devise a way to self-assemble these kinds of networks in

(O);fc;r;gzlgzqdigg aiTgr(-ol)Egﬁlay:? g?c’lgégn@chalmerss&Te|6ph®l46:- a facile, efficient, and predictable manner. The purpose of
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Figure 1. (a) Schematic graphic of the nanostructure, left. Each ten-mer side is composed of a unique sequence, orthogonal to all the other
sequences, as indicated by the color-coding. The arrowheads indicatetéei®us of each arm, and the three-way oligonucleotides are
numbered at their nodal points depicted as black circles. The side-arms form double-strands (dsDNA) with normal ten-mer oligos that can
be labeled with fluorophores, etc., but obviously more trigonal junctions can be used to build more extensive structures. The pH-dependent
binding of the triplex strand is shown to the right with the TFO shown as a dashed purple line; this is labeled-grinéends with a Cy3
fluorophore (pink), and for the FRET studies the peripheral arm at node 6 is labeled with Cy5 (blue). (b) The 1,3,5-trihex-1-ynylbenzene
based node. ()T-AT triplet (left) andMeP-GC triplet (right). The TFO bases are shown in blue and the duplex bases in black.

inherent in such arrays. To this end we propose a fusedspecific interaction has recently been developed to provide
pseudebihexagonal structure; see Figut , which is referred  recognition of all four WatsonCrick base pairs, allowing
to as “naphthalene” and based on the previously reportedany sequence of double-stranded DNA to be addressed, and
“benzene™* (borrowing from the nomenclature first coined is therefore ideal for the current purpose. Very stable triplexes
by von Kiedrowski®). The nanoconstruct is built from ten can be formed between a pyrimidine-rich TFO and a DNA
different three-way DNA nodes (branched oligonucleotides, duplex with one polypurine strand and one polypyrimidine
Figure 1b), which provide rich information content. Each strand although this is not a prerequisite when using full-
ten-mer side is unique and is in principle selectively recognition TFO$® The TFO is oriented parallel to the
addressable by triplex formation with the structure also purine strand of the duplex to which it binds via Hoogsteen
bearing eight unique peripheral side-arms that can be usedbonding. Triplex binding is greatly enhanced if the TFO
to extend the network in a nonrepetitive manner. Alterna- contains units that are easily protonated at an acidic pH with
tively, these peripheral arms can themselves be addressethe positive charge reducing the destabilizing repulsion
by duplex formation with labeled complementary oligo- between the phosphate backbones of the three component
nucleotides. strands. In this work we ugel (2'-aminoethoxythymidine)

As one way of addressing our proposed nanostructures afto recognize AT base pafrsandMeP (3-methyl-2-aminopy-
specific loci, we have chosen to employ triplex recognition ridine) to recognize G&°(Figure 1c). The triplex-binding
to deliver one of the functionalities to the system. Triplex properties of strands containing these modifications have
strand addressability is an interesting concept for severalbeen well characterized. Because of the reliance on
reasons. First, it is an elegant and simple way to specifically protonation, binding of such TFOs is stabilized at low pH
target a defined sequence, and second it is easily controlledand reversed by increasing the pMl promotes triplex
by a change in pH of the system with the triplex being most stability by protonation of the'2amino group attached to
stable at low pH. This means that one has a system that carthe sugar, which forms a stable interaction with the anionic
be steered by temperature, pH, ionic strength, and evenphosphodiester groups of the duptédt high pH, the amine
photophysically by the use of fluorophores. The triplex- is deprotonated, and this enhances the effectiveness of the
forming oligonucleotide (TFO) can itself be labeled with a triplex pH switch.MéP forms two hydrogen bonds with the
variety of molecules (fluorophores, electron-transfer moieties, guanine base of a GC base pair, and one of these (N1H of
etc.), so this simple strategy can form the basis of many protonated'®P* to N7 of guanine, Figure 1c) is lost at high
applications while maintaining the simplicity and fidelity of pH and the triplex becomes unstable. Tlig pf N1 of MeP
the system. The triplex approach to DNA sequence recogni-is 6.1, so the contribution df¢P to the pH switch is most
tion has been studied for many years, and it is well effective just above pH 6. Because of the above factors,
established that a suitable third strand of DNA is known to triplex binding is very sensitive to small changes in pH that
be able to bind to a WatserCrick base-paired duplex via can bring about site-specific labeling or dissociation of
Hoogsteen base-paring in the major groove. A sequence-suitably designed DNA nanostructures.
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Triplex-binding strategies have been used before as adescribed previousif.?* The following TFO sequence was
means of labeling nanonetwofRswith, for example, gold chosen: 5Cy3-ATMePATATMepATATMepATMep._3-propanol
nanoparticleg? but this is the first time that triplex recogni-  whereMeP is 3-methyl-2aminopyridine=2leoxyribonucleo-
tion has been used to label and functionalize nanostructuressideé’® and AT is 2-aminoethoxythymidiné’ This parallel
with such a level of addressability and spatial precision. This TFO was designed to target the purine strand\GAA-
strategy is a simple model of a writeead-erase function GAAGAG-3 of the duplex on side 6-7 of the naphthalene
of an information-rich DNA nanostructure driven by changes construct (Figure 1a) at low pH by formation 6T+-AT
in pH. andMept-GC triplets (Figure 1c).

Our previous work demonstrates the principle of addres-  Nanoconstruct PreparationAll oligonucleotides were
sability by the selective labeling of a single nanostructure prepared as M solutions in phosphate buffer (200 mM
by fluorophores? Here, we further explore this concept by Na*, pH 7.5) using their Ag values except for the Cy3
constructing the first in a new generation of extended, |apeled strands where theirs# values were used instead.
information-rich nonrepetitive nanostructures. This nano- The pseudo-hexagonal nanostructures were then prepared by
structure now contains two nonidentical pseudo-hexagonal mixing equal volumes of each component oligonucleotide,
unit cells where each edge is unique. Thus, while geo- heating to 8°C, and allowing to cool to room temperature
metrically identical and symmetrical, the subunits of the oyeright. Final concentration was approximately 100 nM
nanoconstruct are individually distinct and addressable at|naphthalene-construct]. This is a simple and efficient means
each specific point. of self-assembly and has previously given extremely high

Method. DNA Sequence Desigitach 10-mer sequence vyields1 The triplex-addressed structures were assembled in
was designed to be sequence orthogonal to all others withthe same way but using a phosphate/citrate buffer at pH 6.3
the requirements that no more than four consecutive base3(200 mM Na) and 1.25 equiv. of the triplex-forming strand
of any sequence are complementary to any part of any otherang a total construct concentration of 50 nM.
sequence. Where possible, the number of GC base pairs was Gel ElectrophoresisTo confirm the formation of the
increased to ensure high-melting temperatures. The SeqUeNCes, . constructs they were subjected to submerged gel
were assigngd to eaqh T‘Ode with the criterion that there beelectrophoresis’using 4.5% MetaPhor agarose &€ 4or
little possibility for hairpin structures between arms on the 3—4h at a field strength of 4.3 V crin the same phosphate

same node where directionality and close proximity might or phosphate/citrate buffers, respectively. Imaging was

favor the formation of such structures. One 10-mer sequence _ . .
. . . carried out on a Fluorimager 595 (Molecular Dynamics) via
was designed to be a polypurine, and its complementary

sequence a polypyrimidine to be suitable for triplex targetin detection of the emission from the Cy3 labels,(= 514
q . P ypy i . P g g nm, 570+ 15 nm band-pass filter). Emission from Cy5 was
Synthesis of Oligonucleotideshe detailed synthesis of

, i . ; i imaged on a Storm scanner (Molecular Dynamics) with red
the trigonal oligonucleotides has been described prewouslyﬂuorescence detectionid, = 635 nm). The gels for the

(Suppor?ing Information in r.eference 14). Brie_:fly, synthesis triplex-targeting experiments were cast as 4.5% MetaPhor
of the trigonal ollgonucleoyde constructs (Figure 1b) was in the pH 7.5 buffer and then steeped overnight in the pH
carried out by stan_dard solld.—phase methods on an ABI'3’946.3 buffer before being subjected to electrophoresis in this
automated synthesizer. The first arm was assembled, and thepoWer pH buffer for 3 h. This was to ensure comparability
the nodal 1,3,5-tri(hex-1-ynyl)benzene phosphoramidite mono- , 4 consistency with Irespect to pore size. After initial
mer was incorporated. Standard synthesis was continued from i

. . ; .. scanning, this gel was then reimmersed in the pH 7.5
this point to grow the second arm, which was capped at its . :

. . . .~ phosphate buffer to destabilize the triplex strand but not the
5'-end to prevent further extension. The levulinoyl protecting

group on the remaining unextended side arm of the nodenanostructures themselves and subjected to electrophoresis

was then removed by treatment of the DNA synthesis column for a further 2 h. _Fluorescehce intensities over the band
with hydrazine in pyridine/acetic acid, and the third arm was volumes were est|_mated using the _ImageQuar']t software
assembled by automated synthesis. The fully formed branche Molecular Dynamics) and subtracting the gel's natural
oligomer was then cleaved from the column and deprotected ackground.

by heating in concentrated aqueous ammonia &5r 5 Fluorescence Resonance Energy Transféuorescence

h. All oligonucleotides were purified by reversed-phase high- spectra were recorded on a Spex Fluorolog 3 spectrofluo-
performance liquid chromatography. Branched oligonucle- fimeter (JY Horiba) at 7C. Cy3 was excited at 510 nm
otides assembled in this way have two of the arms attachedand the direct excitation spectra of Cy5 (see Supporting
to the nodal derivative at theif 8rmini and the third atthe ~ Information) at 610 nm. The naphthalene construct bearing
5' terminus. Other strand orientations are possible if one or the Cy3-labeled TFO on side 6-7 (Figures 1 and 3) and the
more of the arms is synthesized in the opposite direction Cy5-labeled 10-mer on peripheral arm 6 is referred to as
using reverse amidites (Link Technologies Ltd, Glasgow, T6. The sampler6, which is the same as in the electro-
UK). Standard 10-mer sequences, complementary to thephoresis measurements (Figure 3), was taken, and the pH
exterior arms of the structures were also synthesized asthen switched between 6 and 8 by addition of aithd M
normal oligonucleotides and/or as a®y3 or Cy5-labeled  NaOH a 5 M HCI solution (1uL aliquots to an initial
oligonucleotides by the standard automated solid-phasevolume of 60uL). Initial concentration was approximately
phosphoramidite method. Synthesis of TFOs has been50 nM [naphthalene-construct]. This switching was cycled
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Figure 2. (a) The stepwise construction of a double-pseudo-hexagon. Strué&urdsare indicated in the schematic on the left. Gel
electrophoresis was performed in 4.5% MetaPhor agarose in a phosphate buffer (pH 7.5, 200" mWhBlaed dots indicate the position
of the Cy3 fluorophore label, which was used for imaging. (b) Duplex addressability of the naphthalene construct. Each lane shows the

same construct;, labeled with Cy3 but with this fluorophore sited at a different sidearm in each case, as indicated by the numbers in the
schematicG.
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a - e only minor changes in geometry and increasing charge. One
can clearly see the formation of structures composed of six
(benzene, nodek-4, 9, 10, numbering as in Figure 1), seven

m." . (nodesl—5, 9, 10), eight, nine and ten nodes (naphthalene,

e
ABCEFG6T6 G 6T6
d -

nodesl—10) in the bands of the gel. This confirms that it is
; possible to build on from the initial structure and that all
b| e nodes are contained within the same structure. The question
. might remain as to if the new naphthalene structure is really
. composed of two ring-closed pseudo-hexagons or if only one
3 of them is closed. Looking at lan&sandF in the gel, we
a“ see that even building on from the original construct in either
the clockwise or counter-clockwise direction to form a nine-
node structure yields the same result that is different from
those containing only eight of the nod€s&ndD). Therefore
nodes5 and 8 must be entirely double-stranded and con-

Figure 3. Gel electrophoresis shows the selective binding of a nected to node$s and 7 leaving the middle sequence

TFO at pH 6.3. LaneA—G correspond to the same structures as connecting node6 and7 (purple in Figure 1a) as the only

in Figure 2. (a) After electrophoresis at pH 6.5 for 3 h. The same possible link in the chain that may not be double-stranded.
gel iSt imt%g((eldbfcir dCVSth ?;hogwn ||Eﬁtan%)f0g(lc}k’)5,l Zhoan fi%ht- Now, it is reasonable to assume that this is also double-

onstructG (labeled with Cy3 only at arrt), 6 (labeled at arm i e ciqifi

by Cy5). andT6 (same as but with the Cy3 labeled TFO) all s'Franded because the mobility in the gel- is significantly
correspond to the naphthalene construct. Laeshows that the different to the other structures and there is only one band
naphthalene containing band has fluorescence from both Cy3 andpresent, which excludes an equilibrium of open and closed
Cy5 and therefore the TFO must be bound to the correct structure. structures, but conveniently this is also the proposed target
Excess TFO appears as the diffuse, slow-migrating band of lanesite of the triplex-strand, consisting of one all-purine and

T6 in the Cy3 scans. (b) After reimmersion in pH 7.5 buffer and vy S .
2 subsequent hours of electrophoresis. The naphthalene band i?"€ all-pyrimidine strand. Superficial inspection of these

lane T6 now only shows fluorescence from Cy5 indicating that Sédquences might i-ndicate that it iS. less stable QUe to lower
the TFO has been detached, and the unbound TFO appears streakd@C content so it is important to confirm that the triplex strand

in the Cy3 image after detachment. can bind in order to know that all sides really are double-
3 times with approximate half hour intervals between stranded and that the proposed structure is the correct one
switching steps. (see below).

Results.The gel electrophoresis results in Figure 2a show  The second gel, Figure 2b, shows the same naphthalene
the stepwise construction of the naphthalene nanostructurestructure,G, in all lanes but where each lane contains the
Starting from the left, the lanes contain the original pseudo- construct labeled at a different position with a Cy3 fluoro-
hexagonal structured(),** and then a subsequent three-way phore. This gel therefore shows the selective labeling of eight
oligonucleotide is added progressively in each laBe ) specific addresses (duplex addressability) on the construct.
until the naphthalene structur&) is completed. As more  All constructs are labeled at thé-&rminus of the 10-mer
trigonal nodes are added, the mobility in the gel decreases,sequence with Cy3. Itis clearly seen that the same construct
and we see clear separation between all these bands despits formed in each case, corresponding to a characteristic band
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in the lanes and that the yield is relatively high in all cases. 350000
It is interesting to note the slight difference in intensity
between the first set of label&{4) where the 5labeling ]
places the fluorophore near the tri-hex-1-ynyl-benzene nodal 250000 -
point and the second sed8) where the directionality of
the oligonucleotide arms has been reversed and'ti@y5
label now sits on the exterior at the terminus of each arm
(indicated by the arrowheads Figure 1b). This may be
due to a change in fluorescence quantum yield depending
on the environment of the fluorophore, which obviously is
quite different in these two situations.

. . Wi,
The result of the electrophoresis experiment to explore o1 M,", i
triplex addressability can be seen in Figure 3a where a similar 560 580 600 620 640 660 680 700
pattern is obtained for all construc&{E, G) as in Figure Wavelength /nm
2a. The triplex strand, TFO, labeled with Cy3 migrates with
the naphthalene construé, which is only labeled by Cy5,  Figure 4. Recovered acceptor (Cy5) emission spectra (see text
when combined in lan&6 which shows a band with equal and Supporting Information for details about the recovery) for

s sampleT6 as in Figure 3. The initial fluorescence intensity is given
mobility to that known to be the naphthalene struct@e, as pH6A (black line) and subsequent pH switching to pH 8 (red

indicating that they must definitely form part of the same |ine), switching back to pH 6 (blue line) and an additional cycle of
structure and that the targeting strand has bound. Emissionthe system to pH 8 (green line) and back to pH 6 (pink line). There

from Cy5 is also seen from the same band in |@6ethus is a clear on/off effect of pH switching on FRET despite some loss
confirming that it is one single band corresponding to one " total intensity due to loss of material.

single structure and that this structure is the naphthaleneg fitting a standard, measured, Cy3 emission spectrum to
construct. This is indeed proof that the triplex binds to the a part of the measured emission spectrum where only Cy3
constructs as desired and that all sides of the “naphthalene’y iscion is present, which in our case is between 560 and
construct are actu_ally close_d. The intensity over the volume g4 nm, and then numerically subtracting it (see Supporting
of this band inT6 is approximately 20% of that in lar@, Information for details). This leaves only the Cy5 emission
indicating a high yield of triplex formation even though only - yog1ting from FRET and a minute effect of direct excitation
a slight excess of TFO was used and that fluorescenceqs cys af this excitation wavelength, 510 nm. The contribu-
intensity in the band is greatly reduced because of the o of the latter is of very small amplitude (see green and
occurrence of FRET. It is interesting to note that in this case (g4 |ines in Figure 4). The construct used corresponds to
the very short tr.iplex-binding strand migrates. much slower e hand in land6, Figure 3a, where the TFO is Cy3 labeled
than thel appreciably Iarggr nanostructures with many more 5,4 naphthalene is Cy5 labeled at positoas indicated in
base-pairs and that there is no overlap betwe_en the TFO bang,e graphic in Figure 1. Cy3 and Cy5 were chosen as they
and the naphthalene-bound TFO band@ This is because 46 known to be relatively pH insensitive in the pH range
the protonation of the bases greatly reduces the overall charge; 10, and control experiments on the TFO strand confirmed

of the triplex single-strand, and it therefore has a greatly 5t in the pH range 68 there is no visible effect on its
retarded mobility in the gel. When reimmersed in a pH 7.5 f,0rescence intensity.

buffer and subjected to further electrophoresis, it can be seen |, Figure 4, the black line, pHBA, clearly shows energy

that afte 2 h the Cy3 band in lan&6, which appears faint  {ansfer between Cy3 and Cy5 at pH 6 where the triplex-
and streaked behind the construct band, no longer has thqargeting strand is bound to the naphthalene construct,
same mobility as the naphthalene constréictnor as the  positioning the FRET chromophores in close proximity to
Cy5 band because the triplex formation is hindered at this gne another. FRET can only take place when the TFO is
more basic pH and the triplex addressability has been poynd to the naphthalene structure in which Cy3 and Cy5
deliberately removed. Running the same gel entirely at pH gre positioned close enough for energy transfer to occur.
7.5 proves that the triplex-strand does not bind at higher pH Changing the pH to 8 (red line) causes a significant decrease
since we see the presence of a band in the gel corresponding, the acceptor intensity; in fact, the intensity is similar to
to the individual triplex-forming strand and no construct- \hat is expected to arise from direct excitation of Cy5. There
bound TFO band (data not shown). is no doubt that the energy transfer is absent at this pH,
Association and dissociation of the triplex-forming strand proving that the TFO does not bind to the nanostructure.
to its target address on the naphthalene construct was alsaWhen reversing the pH to 6 again (blue line), the FRET
monitored in solution by fluorescence resonance energysignal returns indicating that the TFO again binds to the
transfer measurements. The comparison of the energy transfenaphthalene structure. The obvious loss of intensity when
at low pH (triplex formed) and high pH (triplex-forming comparing pH6A and pH6B is also seen in the spectra
strand dissociates from naphthalene) is shown in terms ofobtained when exciting Cy5 directly at 610 nm (where Cy3
acceptor fluorescence intensity in Figure 4. The spectra showdoes not absorb, see Supporting Information). This indicates
the acceptor (Cy5) emission upon direct excitation of the aloss of DNA material in the pH cycling. We will return to
donor (Cy3) in sampld6. These spectra are obtained by this in the discussion. Nevertheless, the data show a
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stranded with the exception of the addition of the final three-
way oligonucleotide &) whose closure is evidenced by the
binding of the TFO. The selective duplex addressability of
each of the peripheral ten-mer arms is confirmed by the
electrophoresis experiment in Figure 2b where eight indi-
vidual addresses on the nanostructure can be individually
targeted. This implies that eight specific addresses are
distinguishable and most importantly available in an area
just 10 x 20 nm giving rise to an extremely dense
information content packing. In all cases, the yield is high,
and differences in fluorescence intensity may be due to a
change in environment and thus quantum vyield of the
fluorophore between the first four addresses and the final
four addresses. The traces of other products are partly due
to stoichiometric errors and partly due to a thermodynami-
cally and kinetically governed distribution of species.
Optimization of annealing procedure has previously shown
Figure 5. AFM images show the topography of these nanostruc- the importance of kinetics in determining the yield of
tures in a buffer solution on mica. In the enlarged area, naphthalenenanoconstruct! The vyield here is estimated from the
con§truct G) appears as an oblong structure (like a filled-in figure  flyorescence intensity in the gel volume as being-86%,

of eight) approximately 10« 20 nm. which regarding the number of building blocks (18) corre-
sponds to a hybridization efficiency of 989% in each step.

It is from these eight peripheral arms that the nanostructure
will be extended to form a nonrepetitive network, and
therefore it is important to note that this also proves that
at?xtension of the addressable system is possible.

100 x 100 nm

significant on/off change in FRET when switching between
pH 6 and 8 demonstrating successful binding and unbinding
of the TFO to the nanostructure. The cycle is repeated one
more time (pH6B to pH8B and back to pH6C), and once
again the FRET signal disappears at pH 8 and reappears . i
pH 6 as the TFO dissociates and associates to the nano- BY lowering the pH of the buffered solution to 6.3, a
structure. The data in the graph show that the system can bdfiPlex-forming strand composed of easily protonated bases
switched three times between the off and on FRET states€@n now add across a specific double-stranded sequence and

be repeated an even greater number of times. illustrated in these studies by addressing the edge formed

The rough topology of the nanostructu®, is revealed between node8 and?7, although full-recognition TFOs make
by the AFM images in Figure 5b where they appear as a it Possible to selectively target any ten-mer duplex sequence
sort of filled-in figure-of-eight shape. The dimensions are in the construct® This interaction can clearly be seen in
approximately 10x 20 nm as expected and the height is Figure 3 where the triplex-forming strand, labeled by Cy3,
~1.8 nm as is Comm0n|y observed for DNA dup]exes in migrates with the naphthalene Constru'EBX labeled with
AFM. A significant proportion of the individual constructs ~ Cy5. The nonbound triplex-forming strand appears as a much
on the mica surface (Figure 5a) displayed this naphthalene-slower moving diffuse band. There can be no doubt that there
like topology, and one of these is shown at higher resolution iS triplex formation at this pH and that the interaction can
in Figure 5b. Given that the size of the hole in the middle of be terminated by increasing the pH to 7.5 where the triplex
these structures should be arounes4nm and that they are strand is now destabilized and comes apart from the structure.
indeed dynamic structures, it is not surprising that the hole This is confirmed by the FRET results presented in Figure

is not evident in the images; tip convolution and the soft 4 where the TFO is seen to bind to its target on the
nature of DNA makes it rather difficult to obtain real nanostructure. Furthermore, it is possible to associate and

nanometer lateral resolution in this case. dissociate the TFO repeatedly by switching the pH between

Discussion.The gel electrophoresis studies in Figure 2 6 and 8. Thus, we have qualitatively shown that we can bind
conclusively prove the self-assembly of the nanostructuresa TFO to its target site in our nanoconstruct. At this point,
as designed. This fidelity to the self-assembly process with our goal is to show that TFO technology can be used to
fast and efficient formation is imperative if the nanocon- selectively address nonrepetitive small unit cell size DNA
structs are to serve any useful purpose. The steplikenanonetworks and that pH can be used as a way of
retardation of the bands in the gel upon addition of each controlling this rather than to have a quantitative binding.
new three-way node clearly indicates the binding of subse- However, it is worth mentioning that we only use a 25%
guent oligonucleotides and that all component strands areexcess of TFO strand, while it is common to use a much
present in the final structure. Comparison to the faster- larger excess for TFO-binding (up to 1000%) to ensure
migrating band in lané&l where one of the central node3 ( quantitative labeling® Consequently, we do not expect to
is removed also indicates that the central “strut” between have quantitative labeling although allowing for the reduction
nodes9 and 10 in the structure is double-stranded and that in the intensity of the band due to FRET and comparison of
all peripheral edges of the construct are closed and double-the intensities of the bands & andT6 would suggest that
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a large proportion is bound. In Figure 4, one can see thatfor example, gold or nanofabricated surfe€dsit even by

the intensity of the FRET signal decreases after each cycletethering to lipid bilayers via hydrophobic linket®?’
(compare pH6A, pH6B, and pHEC). A similar decrease in Exploration of their reinforcement via chemical cross-linking
Cy5 intensity can be observed when selectively exciting only may also prove usefdf. Work is currently underway to
Cy5 in the same samples (see Supporting Information). Thisdeliver such systems where simple energy transfer circuits
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