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Structural DNA nanotechnology uses sequence minimization
rules to construct micrometer scale objects with nanometer scale
features.1 This is a “bottom-up” approach to nanotechnology
that relies on Watson-Crick base pairing to assemble DNA
motifs into different geometric shapes and patterns.2 While
substantial effort has been devoted to expanding the program-
mability of standard B-form DNA,3 considerably less attention
has been given to the development of unnatural DNA nano-
structures.4 By expanding DNA nanotechnology to include
alternative polymers, it should be possible to create nanostruc-
tures with chemical and physical properties not found in natural
DNA.5 Toward this goal, it would be useful to have a genetic
system that was capable of forming nanostructures independent
of DNA or RNA hybridization. Of the known orthogonal genetic
systems,6 only glycerol nucleic acid (GNA) provides easy access
to both left- and right-handed helical geometries.7 This unusual
feature suggests that GNA could be used to construct nano-
structures with unique topologies. Here, we wish to report the
first synthesis of a nanostructure (Figure 1) based entirely on
GNA self-pairing—two 4-helix junctions (4HJ) with mirror
image symmetry.

Using established methodology,7,8 we synthesized all four
phosphoramidite monomers of (R)- and (S)-GNA. The mono-
mers were used as building blocks to construct mixed sequence
olignonucleotides of (R)- and (S)-GNA. To prevent unwanted
base-catalyzed decomposition during the deprotection step, we
capped each GNA strand at both ends with a single deoxyribo-
nucleotide.9 The sequence for each strand (Figure 2A) was
chosen based on a previous design by Seeman and co-workers,
where DNA was used to assemble a synthetic 4HJ.10 In contrast
to natural 4HJs, which undergo branch migration due to regions
of symmetry within their sequence, synthetic 4HJs are designed
to be immobile structures.11 Using our GNA oligonucleotides,
we aimed to determine how well the sequence optimization
strategies used for DNA nanotechnology would apply to GNA,
and whether GNA could be used as a molecular scaffold for
assembling nanostructures with left- and right-handed helical
geometries.

We began using nondenaturing gel electrophoresis to study
the propensity for GNA to self-assemble into an immobile
4HJ. In this assay, DNA complexes are separated based on size
and charge, with higher molecular weight complexes having a
slower electrophoretic mobility than smaller complexes. On the
basis of the design (Figure 2A), the desired 4HJ should result
when GNA strands 1-4 are present in equimolar ratios in
solution. To identify the intermediate forms of the 4HJ, we
separately annealed strand 1 with strands 2, 2 + 3, and 2 + 3
+ 4 and analyzed the samples by nondenaturing gel electro-
phoresis. Our initial attempt at visualizing the gel by ethidium

bromide or SYBR-Gold staining methods failed to detect the
presence of any GNA. Since this limitation could be due to
structural differences between GNA and natural DNA and RNA,
we decided to enzymatically radiolabel the DNA residue at the
3′-end of each GNA strand with P32-ATP. To our surprise, the
chimeric GNA strands proved to be remarkably good substrates
for T4 polynucleotide kinase. Using P32-labeled GNA, we then
repeated the strand-mixing assay and imaged the gel by
phosphorimaging. The resulting image (Figure 2A) shows that
when adjacent strands are added to the mixture higher order
complexes emerge that exhibit mobility shifts consistent with
the formation of the dimer and trimer intermediates and final
tetramer product of the 4HJ. The same result was observed using
(R)- and (S)-GNA and natural DNA (Supporting Information).
We verified that all four strands associate in the 4HJ by
comparing the gel mobility of each monomer, dimer, and trimer
strand combination (Supporting Information).10 Complete for-
mation of the tetramer structure demonstrates that GNA is
capable of forming simple nucleic acid nanostructures.

Next, we used circular dichroism (CD) spectroscopy to examine
the structural properties of our GNA nanostructures. The CD
spectra of both 4HJs are given in Figure 2B. The two nanostructures
exhibit mirror image symmetry with strong CD signals at 224 and
280 nm. This result is consistent with previous CD data collected
on double-stranded GNA duplexes7a and supports the formation

Figure 1. An immobile 4-helix junction composed of glycerol nucleic acid.
(A) Chemical structure of (R)- and (S)-GNA. (B) Cartoon image of left-
and right-handed 4-helix junctions.
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of short helices in each arm of the 4HJ. The CD spectra for both
GNA nanostructures differ considerably from natural DNA and
RNA, indicating that GNA likely adopts a unique helical structure.
This hypothesis is supported by the observation that GNA cross-
pairs weakly with RNA but not all with DNA.7 Analysis of the
CD spectra at different temperatures revealed a Cotton effect that
decreases with increasing temperature, as expected for a self-
assembled complex with a melting transition.

Last, we examined the thermal stability of the GNA 4HJ using
temperature-dependent spectroscopy. Quantitative values for the
thermal stability of the 4HJs were obtained by monitoring the
change in the CD signal at 280 nm as a function of increasing
temperature. As illustrated in Figure 2C, 4HJs constructed from
(R)- and (S)-GNA gave nearly identical curves with a single
transition between the folded and denatured states. The data from

both melting experiments were fit to a standard sigmoidal curve,
which gave a Tm of 76 °C for the two GNA structures. Comparison
of the hyperchromicity (Figure 2D) obtained for UV melts on
strands 1, 1 + 2, 1 + 2 + 3, and 1 + 2 + 3 + 4 reveals a stepwise
increase in absorbance consistent with a closed 4HJ.10

To compare the thermal stability of a 4HJ constructed of GNA
to one constructed of DNA, we repeated the thermal denatur-
ation experiment using DNA oligonucleotides of identical
sequence. As expected, the DNA version of the 4HJ (Figure
2C) gave a melting transition of 37 °C, which is consistent with
the denaturing plot given in the original description of the 4HJ
by Seeman.10 On the basis of these data, it appears that the
GNA 4HJ is significantly more stable than the DNA 4HJ. This
is a remarkable achievement given that the GNA backbone is
acyclic and one atom shorter than the backbone found in DNA
and RNA. In the absence of detailed structural information, it
is difficult to rationalize the extreme thermal stability of GNA.
One possibility is that the flexible nature of the acyclic backbone
allows GNA to access base pairing and base stacking interac-
tions that are optimal for two complementary strands. DNA and
RNA, though optimal in many other ways, would then have
pairing interactions that are weaker due to structural constraints
imposed by the furanose ring.

In summary, we describe the use of glycerol nucleic acid as
a simple building block for assembling nucleic acid nanostruc-
tures with left- and right-handed helical geometries. We suggest
that GNA could be used as a general method for constructing
chiral nanostructures with unique topologies and extreme
thermal stabilities. Once the helical dimensions of GNA are
known, we predict that the sequence optimization methods used
to program DNA will also apply to GNA since both polymers
self-assemble using the same Watson-Crick base pairing rules.
The current study therefore represents a first step toward the
development of unnatural nucleic acid nanostructures.
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Figure 2. Characterization of two GNA 4-helix junctions. (A) The design
used to assemble the GNA 4HJ (left). Nondenaturing gel electrophoresis
mobility shift assays showing the monomer, dimer, trimer, and tetramer
forms of the 4HJ (right). Drawn above each lane is a schematic view of
the resulting complex. (B) CD analysis of the 4HJs derived from (R)- and
(S)-GNA. (C and D) Thermal denaturing curves obtained from temperature-
dependent CD and UV absorbance indicate that GNA forms a closed 4HJ
that is thermally superior to the analogous DNA nanostructure.
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