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Research Highlights

e All the edges of a DNA tetrahedron melt at the same temperature.
e Hoechst 33258 stabilises a DNA tetrahedron by binding to its AATT recognition
sequence.

e Stabilisation propagates throughout the tetrahedron which melts as a single entity

ABSTRACT

DNA strands can be designed to assemble into stable three-dimensional
structures, based on Watson-Crick base pairing rules. The simplest of these is
the DNA tetrahedron that is composed of four oligonucleotides. We have re-
designed the sequence of a DNA tetrahedron so that it contains a single (AATT)
binding site for the minor groove binding ligand Hoechst 33258. We examined
the stability of this structure by placing fluorescent groups within each of its
edges and have shown that all the edges melt at the same temperature in the
absence of the ligand. The minor groove ligand still binds to its recognition
sequence within the tetrahedron and increases the melting temperature of the
folded complex. This ligand-induced stabilisation is propagated into the
adjacent helical arms and the tetrahedron melts as a single entity in a

cooperative fashion



1. Introduction.

Three-dimensional DNA nanostructures can be designed and assembled using
Watson-Crick base-pairing rules [1-5]. These folded nanostructures have a number of
potential applications such as drug delivery vehicles [6-12] and as tools for biosensing
[2, 13-16]. The simplest of these is the DNA tetrahedron, which can be formed from
four oligonucleotides that containing complementary regions that assemble to form the
six edges and four faces of the tetrahedron (Fig. 1A). The DNA tetrahedron, first
described by Goodman et al. [17, 18] is comprised of four oligonucleotide strands,
which, assemble to form a triangular based pyramid. In one design [18], each edge
of the tetrahedron is comprised of a 20 base pair duplex and unpaired adenosines are
placed at the corners, between the helical edges. Each corner contains a single
unpaired base (A) from each strand, and the ends of each strand come together to
generate a nick at the centre of each helical edge. The minor groove ligand Hoechst
33258 is known to bind to AT-tracts of at least four bases in length and it binds with
particularly high affinity to the sequence AATT [19-21]. We have re-designed the
sequence of this tetrahedron so that it contains a single AATT binding site in the centre
of one edge (as well as other unique sequences on the other edges) (Fig. 1A) and
have examined how ligand binding to this site affects the stability of each part of the

folded structure.
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Fig. 1. (A) A schematic of the four oligonucleotide strands which make up the
tetrahedron. Each strand is shown in a different colour. The AATT binding site for
Hoechst 33258 is boxed. (B) Sequence of the fluorescently labelled hairpin
oligonucleotides that correspond to each edge of the tetrahedron. HEG =
hexaethylene glycol, F = fluorescein, Q = dabcyl.



2. Materials and Methods
2.1 Oligonucleotides and Ligands

Oligonucleotides were obtained from ATDBIo Ltd. Their sequences are shown in Table
S1. Hoechst 33258 was purchased from Sigma-Aldrich (Poole, UK), dissolved in DMSO at a
stock concentration of 10 mM and diluted to working conditions in agueous buffers

immediately before use.

2.2 Radiolabelling

Oligonucleotides were 5'-end labelled with 32P using y-*2P-[ATP] and polynucleotide
kinase. The labelled oligonucleotides were purified on 9.6% denaturing polyacrylamide gels,
containing 8 M urea. The labelled bands were excised from the gel and eluted overnight into
10 mM Tris-HCI pH7.5 containing 10 mM EDTA. The eluted DNA was precipitated with
ethanol and dissolved in 10 mM Tris-HCI pH 7.5 containing 0.1 mM EDTA at a concentration

of about 10 counts per second per microlitre, as determined on a hand-held Geiger counter.

2.3 Tetrahedron and duplex assembly

The four oligonucleotides that make up the tetrahedron were mixed at a concentration of
1 uM each in 50 mM sodium phosphate buffer pH 7.4. The mixture was heated at 95 °C for 5
minutes then cooled quickly on ice. Duplexes corresponding to each of the four
oligonucleotide strands that make up the DNA tetrahedrons were annealed in the same
fashion. For experiments with radiolabelled oligonucleotides, the DNA tetrahedron mixture
was doped with the relevant 5’ end radiolabelled oligonucleotide before annealing.
Successful formation of the tetrahedron was confirmed by agarose gel electrophoresis of the
mixture alongside one, two and three stranded combinations of the constituent

oligonucleotides as shown in Fig. S1.

2.4 Reaction with diethylpyrocarbonate (DEPC)

5 ul DEPC was added to 10 ul of 1 uM annealed DNA tetrahedron or duplex DNA
samples in 50 mM sodium phosphate buffer (pH 7.4) and incubated for 20 minutes at room
temperature. The reaction was stopped by ethanol precipitation, followed by washing with 70
% ethanol and the DNA pellet was dried under vacuum. The DNA was re-dissolved in 20 pl
10 % (v/v) piperidine and heated at 95 °C for 30 minutes. The samples were then dried
under vacuum, washed twice with 20 pl water, re-dried and dissolved in 5 pl formamide,
containing 10 mM EDTA and bromophenol blue. The solution was heated at 95 °C for 5
minutes, crash cooled on wet ice and loaded onto a 40 cm 12 % denaturing polyacrylamide

gel.



2.5 UV melting

Equimolar amounts of the four oligonucleotides were diluted in 1 ml 50 mM sodium
phosphate buffer (pH 7.4) so that the sample had an ODzgo 0Of 0.5. The samples were
annealed by heating at 95 °C for 15 minutes, then crash cooled on wet ice. For samples with
Hoechst 33258, the ligand was added after annealing the DNA. Samples were transferred to
1 ml quartz cuvettes and loaded onto a Cary 4000 UV-Vis spectrophotometer (Agilent
Technologies). Experiments were repeated in duplicate or triplicate. Samples were first
heated to 80 °C at a rate of 1 °C/min followed by cooling to 20 °C, also at 1 °C/min. T

values were obtained from the first derivative of the melting curves.

2.6 Fluorescence melting

Oligonucleotides, modified with a 5’-carboxyfluorescein (FAM) and 3’-dabcyl, were used
to measure T values of the DNA tetrahedron and compared with labelled hairpin duplexes
corresponding to the same duplex edge (Fig. 1B). The oligonucleotides were diluted to 1 yM
in 50 mM sodium phosphate buffer (pH 7.4) and mixed in a total volume of 20 ul. The DNA
was annealed by heating to 95 °C for 5 minutes then crash cooled on wet ice. Hoechst
33258 was added to DNA after annealing. Fluorescence melting curves were determined
using a Roche LightCycler®. Samples were heated to 95 °C at a rate of 5 °C/min, held at 95
°C for 5 minutes, cooled to 30 °C at a rate of 5 °C/min, held at 30 °C for 5 minutes and the
heated to 95 °C again at a rate of 5 °C/min. We observed no differences between the

melting and annealing curves. All samples were run in triplicate.

3. Results and Discussion
3.1 Tetrahedron assembly and stability

We first demonstrated that this sequence, which is adapted from the one used by
Goodman et al., still folds to form a tetrahedron, by examining its retardation on
agarose gels (Fig. S1). As the different strands are combined, the mobility decreases
and the species with all four strands has the lowest mobility. We also examined the
reaction of the complete structure with diethylpyrocarbonate (DEPC) (Fig. S2). DEPC
reacts at N7 of exposed adenines [22, 23] and, as expected, it can be seen that this
is especially reactive at the unpaired adenines in the corners of the structure, as
indicated by the asterisks.

UV-melting experiments with the complete tetrahedron (Fig. 2A) show that this
melts with a Tm of about 46 °C (Table 1). This corresponds to the global melting of the

entire structure, but does not provide any information on the stability of the individual



edges. We therefore incorporated fluorescein and dabcyl at the 5’- and 3’-ends of each
oligonucleotide in turn, and compared their melting transitions with hairpin
oligonucleotides corresponding to the labelled edges, with fluorescein and dabcyl in
similar positions (Fig. 1B). When the complex is folded these groups are in close
proximity and the fluorescence is reduced by collisional quenching [24]; when the
strands melt these groups are separated and there is a large increase in fluorescence.
The results are shown in Fig. 2 B, C and Table 1. The melting profiles of the labelled
tetrahedrons are very similar (Fig. 2B), and their Tms are not affected by the edge on
which fluorophores are located. These also display similar Tms to that determined by
UV-melting for the entire structure. The hairpin oligonucleotides melt at much higher
temperatures than the tetrahedron, as expected, as they are intramolecular species.
However, more importantly, they each have different characteristic melting
temperatures; for example, hairpin 3 melts 12 °C lower than hairpin 1. It therefore
appears that, although each edge has its own characteristic melting temperature, in
the context of the complete structure, the stability of each of edge is determined by the
stability of the complete tetrahedron, and that each of the 20-mer duplex edges does

not behave independently.
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Fig. 2 Melting curves for the assembled tetrahedron. A) Melting curve of the
tetrahedron determined by changes in the absorbance at 260 nm in the presence and
absence of different concentrations of Hoechst 33258. B) Fluorescence melting curves
for the tetrahedrons that have been labelled with fluorescein and dabcyl on each of
the component strands in turn. C) Fluorescence melting curves for the hairpin
oligonucleotides that correspond to each of the edges of the tetrahedron.

90



Fluorescence Tm (°C)

UV Tnm (°C) Binding Edge Adjacent 1 Adjacent 2 Opposite
Hoechst - - - -
(LM) Tetrahedron| Hairpin Tetrahedron| Hairpin Tetrahedron| Hairpin Tetrahedron| Hairpin Tetrahedron
0 46.3x0.0 [59.1+0.3 44.3#0.1 [71.1+0.2 46.1+0.6 [69.7x1.2 45.0+0.1 [66.3x0.2 45.9+0.1
5 49.3+0.0 [65.7+0.2 46.9+0.1 [71.2+0.4 46.7+0.1 [69.2+0.8 47.4+0.1 [66.2+0.1 46.2+0.3
20 52.6+0.1 [67.2+0.2 50.60.3 |71.7+0.3 49.0+0.3 |69.6+0.8 50.6%x0.2 |66.5+t0.4 48.3+0.6

Table 1. Melting temperatures (Tm, °C) of the tetrahedron and hairpin oligonucleotides with
varying concentrations of Hoechst 33258, determined by UV and fluorescence melting
experiments.

3.2 Interaction with Hoechst 33258

We were interested to discover whether DNA-binding agents are still able to interact
with the constrained three-dimensional shape of the tetrahedron, and to examine their
effect on the stability of the folded complex. This sequence was designed to contain a
single Hoechst 33258 binding site (AATT) in the centre of one of the edges. Band-shift
experiments demonstrated that 50 UM Hoechst 33258 did not affect assembly of the
tetrahedron, whether added before or after annealing of the four DNA strands (not
shown). DNase | footprinting experiments, comparing the interaction of Hoechst 33258
with a tetrahedron containing *2P-labelled oligol and a duplex with its complementary
strand, are shown in Fig. 3. These show clear footprints at the AATT binding site on
both the simple duplex and the tetrahedron, with a similar concentration dependence.
As expected, no clear footprints are evident on any of the other strands, as these do
not contain Hoechst 33258 binding sites. The highest ligand concentration generates
weak attenuations in the oligopyrimidine tracts of oligo 4, which are evident on both the
duplex and tetrahedron. These experiments confirm that the interaction of Hoechst
33258 with its AT-rich binding site is not affected by assembling this within a

tetrahedron.
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Fig. 3. DNase | footprinting gels for the interaction of Hoechst 33258 with the folded
tetrahedron that was labelled on each of the strands in turn or with a fully
complementary duplex generated with the labelled strand. The ligand binding site
(AATT) is indicated by the filled bar alongside the labelled sequence 1. Hoechst
concentrations (UM) are shown at the top of each gel lane. Tracks labelled ‘GA’ are
markers specific for purines

UV thermal melting curves on the complete tetrahedron in the presence and absence
of Hoechst 33258 are shown in Fig. 2A and the Ty, values are presented in Table 1.
These show clear stabilisation of the DNA tetrahedron with an increase of 6 °C in the
presence of 20 uM ligand. However, these results do not provide any information on
how the ligand affects specific regions of the tetrahedron. By placing fluorescein and
dabcyl pairs on each edge of the tetrahedron in turn, we assessed how binding to the
AATT site on one edge affects the stability of the other edges. In each case we
compared the effect of Hoechst 33258 on a labelled tetrahedron with its effect on the
hairpin oligonucleotide corresponding to the sequence of the same edge. The results
are shown in Fig. 4 and are summarised in Table 1. The results with the hairpin
sequences clearly show that only the one containing the ligand binding site (AATT)
shows any significant changes in the presence of the ligand. In contrast, when the
different edges of the tetrahedron were studied, all the beacon edges showed some
stabilisation, with the greatest effect seen with the one containing the AATT site. Note



that the T, values of the differently labelled tetrahedrons are similar, even though their
constituent duplexes show different melting properties. It therefore appears that
interaction of the ligand with one edge of the tetrahedron increases the stability of the

other edges, and that the complex melts in a cooperative fashion as a single unit.
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Fig. 4. Fluorescence melting curves for the assembled tetrahedron and the hairpin
oligonucleotides in the presence of Hoechst 33258.

4. Conclusions
By using fluorescently-labelled oligonucleotides we have been able to assess the

stability of different regions of a folded DNA nanostructure. As far as we are aware this



is the first time that this method has been used to assess stability at specific locations
within a DNA nanostructure. The results demonstrate that the tetrahedron melts as a
single structure and that the stability of each vertex is determined by the entire
structure and not just be the local sequence. We have also investigated the interaction
of the sequence-specific minor groove binding ligand Hoechst 33258 with a DNA
tetrahedron that contains a single AATT binding site on one of its edges. DNase |
footprinting confirmed that this ligand can still access its binding site within the
assembled tetrahedron, with no significant changes in affinity. UV melting studies
showed that the ligand can globally stabilise this nanostructure, while the use of
fluorescent beacons strategically placed throughout the structure has demonstrated
ligand-induced stability across the entire structure, which melts cooperatively with a
single transition. This type of behaviour, in which ligand binding to one region affects
the stability of adjacent (non-bound) regions has been previously reported for simple
linear duplexes, based on blocks of repeating nucleotides [25], but this is the first report
of this effect for a DNA nanostructure in which an increase in stability is extended
across DNA junctions. Since ligand binding can affect adjacent areas across DNA
junctions, these observations suggest that nanostructures will not necessarily behave

in the same manner as linear DNA when interacting with small molecules or proteins.
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