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Nanowires with attractive properties such as high persistence
length and structural rigidity as well as with electrical,
photonic, and plasmonic properties can act as structural and
functional components in complex nanoscale devices. Nano-
wires have been fabricated by chemical reduction,!'! one-
dimensional self-assembly of DNA,? from proteins,”) and
even from viral particles.! The conductivity of such wires has
been enhanced by metalization, where metals have been
“coated” or “moulded” onto the outer or inner surfaces of
biomolecular templates.”! Bottom-up assembly of Watson—
Crick base-paired duplex DNA has been a powerful and
preferred approach thus far to fabricate scaffolds in the field
of structural DNA nanotechnology.!”! However, in this regard,
with a few exceptions, the potential of non-Watson—Crick
base-paired building blocks to yield DNA superstructures has
not been similarly exploited.”®) We have been interested in
developing new four-stranded building blocks® ! for appli-
cations in structural DNA nanotechnology. Herein we present
a strategy to build 1D scaffolds with highly desirable
characteristics by using a four-stranded DNA building block
called the i motif. The i motif, or i tetraplex, consists of two
parallel-stranded duplexes, each held together by C*"H—C
base pairs, intercalated in an antiparallel orientation."!! Given
that “slippage” in G quadruplexes can lead to formation of an
extended quadruplex,'” we reasoned that this property could
be exploited to achieve bidirectional extension in i motifs to
give 1D wirelike structures.

We used the poly-cytosine sequence *CCCCCCC? (d(C,))
to facilitate the formation of higher order structure (HOS).
These sequences excluded non-C bases at their termini, as
these have been shown to block HOS formation.['” Samples
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of 500 um d(C;) in 100 mm phosphate buffer at pH 5.5 were
annealed to promote formation of the i motif, incubated, and
checked for HOS formation by atomic force microscopy
(AFM). Figure 1 shows an AFM image from a typical sample
deposited on mica. Importantly, we observe a profusion of 1D
structures with lengths on the micrometer scale which we
refer to as / wires. The lengths of the I wires are polydisperse,
with average lengths of 0.5-0.6 um (see the Supporting
Information), and some reaching up to 3 um. Notably, all
the I wires showed highly uniform diameters ((2.6 £ 0.3) nm)
throughout the length of the wires (see the Supporting
Information),"” which were in good agreement with those of
i motifs, as obtained by X-ray crystallography™®! and solution
NMR spectroscopy.'¥ The uniformly high diameters of the
I wires suggest that they are not single-stranded or duplexed
DNA. The remarkable uniformity in the diameter also
suggests that the I wires could possibly be formed by the
ordered self-assembly of a given unit of d(C,) to yield a 1D
superstructure.

To establish the nature of the soluble oligomers that led to
the formation of the I wires, the self-assembly was followed as
a function of time by circular dichroism (CD) spectroscopy
(see the Supporting Information). These studies revealed that
the soluble oligomers showed molecular signatures corre-
sponding to i motifs. Two possible scenarios may be envisaged
for such soluble i-motif-like oligomers to propagate bidirec-
tionally into I wires. These would involve: 1) association of
“blunt-ended” i motifs stacked end to end, or 2) the forma-
tion of “slipped” or imperfectly formed i motifs that could
template the association of monomers through overhangs at
either end to give rise to an interlocked, extended i motif. The
first possibility is entropy disfavored and is less probable. In
the second case, the molecular arrangement in an i motif
would require the strand polarity to be maintained for further
extension. This would imply that the 5-PO, and 3'-OH
termini of the I wires generated from 5'-PO,-d(C,) (d(pC;))
would be positioned contiguously along the length of an
I'wire. Chemical ligation of these termini using N-cyano-
imidazole (NCI)!'!! should then lead to the continuous
phosphodiester segments with lengths representative of the
lengths of the parent I-wires. We carried out chemical ligation
of aliquots at different time points from a sample of 500 um
d(pC;) assembling into I wires. We then denatured the wires
into their component single strands and analyzed the frag-
ment sizes by gel electrophoresis (Figure 2). It was apparent
that the fragment sizes had vastly increased from the starting
monomer, thus suggesting that: a)there is an ordered
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lengths are consistent with
the micrometer-length wires
observed by AFM. The
growth of an Iwire is a
relatively slow but continu-
ous process, as revealed by
the increase in length over a
28-day period (see the Sup-

porting Information).

Figure 1. a) and b) Tapping mode AFM images of 500 um d(C;) pH 5.5 deposited on mica. Scale bar:
a) 1 um; b) 0.5 um. c) Histogram showing the height of a sample with 85 distinct wires.
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Figure 2. Denaturing polyacrylamide gel electrophoresis (PAGE) analy-
sis of chemically ligated | wires as a function of incubation time. The

I wires were incubated, sampled at various incubation times (t),
chemically ligated with NCI, denatured by heating for 3 h at pH 8.0,
run on 4% denaturing PAGE for 2.5 h at 400 V, and stained with SYBR
Green. Lane 1: Novagen 0.05-10 Kbp marker; lane 2: t=3 days;

lane 3: t=>5 days; lane 4: t=7 days; lane 6: t=9 days; lane 8:

t=12 days; lane 10: t=15 days; lanes 5, 7, and 9 were not loaded with
sample.

arrangement of strands on the /wire, and b)the strand
polarities are preserved in this arrangement. The average
length of a sample examined after 15 and 21 days correspond
to approximately 1.5 kb and 2 kb of duplex DNA, respectively
(see Figure2 and the Supporting Information).'”) These

° 25 4 We investigated these
) 7 wires using surface-

- enhanced Raman spectros-
§ 15+ 7 7 copy (SERS) to confirm that
§ 10, 7 the local structure along the
I 7 length of the I wire is indeed
5 an i tetraplex. Raman spec-

" A troscopy is a diagnostic tool

20 24 28 30 36 that has been used to char-

Height / nm acterize i-motifs,"¥ and in

the presence of gold nano-
particles, molecules show
unusually large Raman sig-
nals, widely referred to as
SERS.["! Transmission elec-
tron microscopy (see the Supporting Information for details)
revealed that when gold nanoparticles were added to a
solution of I wires, the latter were templated uniformly and
preferentially along the I wire (Figure 3). Thus, [ wires in the
presence of gold nanoparticles® showed an increase in the
Raman signal in the modes of vibration characteristic of the
DNA, imotif as a result of surface-enhanced resonance
(Figure 4). The peaks at 1385 and 1542 cm ™" are characteristic
of hemiprotonation of cytosine residues, as in C-H*-C base
pairs. The peaks at 804, 852, 888, and 972 cm ™' are character-
istic Raman markers of the unique DNA backbone arrange-
ment found only in i motifs."®! These results confirm that the
local structure along the length of the I wire is indeed an
i motif. The enhancement in the relevant modes of vibration
in SERS reaffirms that the I wire is structurally intact, despite
association with inorganic substrates such as gold, thus
demonstrating its robustness for use as a scaffold to immo-
bilize metal nanoparticles in a 1D arrangement through
electrostatic interactions. The free energies of stabilization for
every four cytosine and guanidine residues in an i motif and
G quadruplex, respectively, are comparable.?"*?! Given that
G quadruplexes are not denatured on mica through the
pinning effect, it is not surprising that i motifs also retain their
structural integrity.

We thus propose that the formation of 7 wires could occur
in two stages: nucleation followed by growth. Nucleation
involves the possible formation of a nucleus or “slipped”
i motif,”! with imperfect C-H*-C base pairing and/or incom-
plete intercalation. Thus the nucleus could have unpaired
cytosine residues and/or non-intercalated sites projecting at
opposite ends of the i motif core (Figure 3d), which function
as “sticky ends”. Growth would involve an increase in the
length of the nucleus by the templated and sequential
assembly of monomer sequences onto both ends of the
nucleus to form a highly extended i motif and, eventually, an
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Figure 3. a—c) Transmission electron micrographs showing gold nanoparticles templated on: a) unligated

and b), c) chemically ligated I wires. d) Schematic representation of the hypothetica
illustrating up to three different types of sites indicated by the different arrowheads: circle: base-pairing
present but no intercalation; triangle: intercalation present but no base pairing; diamond: No base
pairing or intercalation present. Monomer sequences can assemble on these sites sequentially thereby
allowing extension of the nucleus in the direction indicated by the horizontal arrows.
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Figure 4. Surface enhanced Raman spectrum of I wires in the presence
of 30-50 nm gold nanoparticles. Bands characteristic of the DNA,

i motifs formed from poly-C sequences and corresponding to hemi-
protonated cytosines are labeled. The inset shows bands (£3 cm™)
arising from the unique sugar—phosphate arrangement seen only in
DNA, i motifs.

I wire. By using a cytosine-rich heptanucleotide and a ration-
ally designed self-propagation strategy based on non-Watson—
Crick base pairing, we have formed a structurally unique

www.angewandte.org
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supramolecular scaffold, the

I wire. Detailed structural char-
- acterization of these wires using
o AFM, CD, SERS, and chemical
ligation followed by gel electro-
phoresis reveal that this scaffold
is made up of interlocked and
extended i motifs. The structure
of the I wire is not disrupted on
mica surfaces and the [ wires
have aspect ratios ranging from
1000 to 1500. This building
block is amenable to external
control, which has been demon-
strated by controlling the wire
lengths through a combination
of chemical ligation followed by
dilution. This control is aided by
its slow and templated growth,
which may be locked in place
and extension stopped at any
time. As the [ wires retain their
structural integrity on surfaces
they are ideal for surface appli-
cations. Their resistance to ther-
mal denaturation makes them
ideally suited for applications at
| “nucleating species” ~ temperatures greater than the
melting point of duplex DNA.
Furthermore, 1) the I wire has a
continuous core of protons in a
linear arrangement, and 2) an
inter-nucleobase  spacing  of
about 1.5 A as a result of inter-
calation—which is not found in any other secondary structure
adopted by DNA. These features could potentially endow
very different properties for both electron and hole transport
along DNA. This is a new design strategy, which uses a
rational, non-Watson—Crick self-assembly route to create
high quality 1D DNA scaffolds with tetraplex building blocks,
thereby illustrating the untapped potential of alternative
building blocks in structural DNA nanotechnology.

100 nm -

Experimental Section

Sample preparation for AFM: Sample solution (3 uL) was allowed to
adsorb onto a freshly cleaved mica surface for 1 min. The sample was
then washed with MilliQ water and rapidly dried under a stream of
nitrogen (2 min) and under vacuum (20-60 min). A PicoPlus AFM
system (Molecular Imaging, Tempe, Arizona) with a multipurpose
scanner was used for imaging in air. Silicon nitride (Molecular
Imaging) cantilevers with spring constants of 42 Nm™' and a resonant
frequency of 320 KHz were used for intermittent contact imaging
(Acoustic AC mode). Contact mode imaging was carried out using
cantilevers (Molecular Imaging) with a spring constant of 0.07 Nm ™.
All heights were measured using PicoScan software.

SERS measurements: Raman spectra were recorded in solution
by depositing the sample in a depression slide. For SERS, citrate-
reduced Au nanoparticles (30-50 nm), prepared by a standard
protocol,®! were added to a solution of the I wires in a 95:5 ratio
(v/v) to achieve a sample volume of 100 pL. The spectral accumu-
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lation time was 180s (see the Supporting Information for set-up

details). The spectral resolution for this experiment was 3 cm ™.
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