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Abstract

Besides the biological importance of DNA as genetic information storage and expression, DNA has great potential to act as a smart molecule
for programmable self-assembly of functional units since it is possible to encode molecular assembled systems using sequences of nucleobases in
a designable fashion. Recently, we have reported a novel base-pairing motif in DNA duplex that is based on the replacement of hydrogen-bonded
base pairs by metal-mediated base pairs. This review covers our recent approaches to precise programming of metal arrays by means of artificial

DNA templates.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The ultimate goal of nanoscience and nanotechnology is to
arrange atoms and/or molecules precisely in three-dimensional
space and to make it operate in a highly controlled way at the
atomic levels. In view of the efficient construction of high-
functional nanostructures and nanospaces, the precise assembly
of metal complexes has been widely investigated. Approaches
for molecular assemblage of metal complexes are classified as
follows: (1) crystallization [1], polymeric self-assembly [2],
and coordination polymer synthesis [3] (Fig. 1a) and (2) dis-
crete self-assembly such as multinuclear metal complexes with
stiff multidentate ligands [4], step-by-step elongation of metal
complexes or template ligands [5] (Fig. 1b). However, disper-
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sion of products in the number and the sequence of assembled
complexes is inherent in the former approaches (1) that can
assemble a large number of components at a time, and the
latter discrete self-assembly approaches (2) are still far from
extension to treating a large number of components. On the
other hand, biological system generates biopolymers such as
DNA, protein, and polysaccharide without any dispersion in
“number”, “composition”, “sequence”, and “direction”. These
molecules organize with highly “selective” and “specific” spatial
arrangement. Hence, the structural motifs of biopolymers, which
have been optimized by evolution over several billion years,
have great potential as functional templates for programmable
self-assembly to generate well-defined molecular architectures.
Especially, the double-helical DNA molecule is competent to
serve as a nanoscale material. The diameter of DNA is about
2 nm, its helix contains coaxially stacked base pairs separated
by 3.4 A with each other, and its helical pitch is about 3.4 nm for
typical right-handed B-DNA (Fig. 2a). Furthermore, automated
DNA synthesis allows quick and easy access to any desired
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Fig. 1. Molecular assemblage of metal complexes: (a) polymeric approaches and (b) discrete approaches.

sequence of DNA. Herein, this review highlights precisely con-
trolled assembly of metal complexes on DNA templates towards
functionalized materials including our recent research progress
(Fig. 2b).

2. Metal-mediated base pairing in DNA

In nature, most of the biological information is stored on
DNA as base sequences consisting of only four kinds of nucle-
obases. The most important characteristic of DNA is sequence
architecture of nucleobases and its structural hierarchy. The syn-
thetic strategies for DNA strands have been established and
sophisticated for over 30 years [6]. Nowadays, automated DNA
synthesizers can routinely make oligomers in length approach-
ing 100 nucleotides, and also enzymatic tools developed for
biotechnology can be employed to elongate and amplify DNA
strands without loss of programmed information recorded as
sequences of nucleobases. Automated DNA synthesizers are
applicable not only to natural nucleotides, but also to artificial
building blocks that have two hydroxy groups protected by a
dimethoxytrityl (DMTr) group for one and a phosphoramidite
group for the other (Fig. 3) to be incorporated into oligonu-
cleotides with meaningful sequences. Thus, the basic structural
motifs of DNA have been extended to encode precise molecu-
lar assembled systems [7—13]. Recently, a few examples have
been reported for incorporation of dye molecules or metal com-
plexes into DNA scaffolds instead of hydrogen-bonded base
pairs directed towards photonic or electronic wires [14—16].
Alternative non-natural base pairs have been extensively studied
to expand genomic alphabets for extension of genomic informa-
tion [17]. Along this line, we have developed metal-mediated
base pairing instead of hydrogen bonded one, thereby creating
a novel base-pairing motif in duplex DNA (Fig. 4) [13,18]. The

artificial DNA with metal ligands instead of canonical nucle-
obases was expected to form double helical structure through
metal-mediated base pairing in the presence of appropriate metal
ions. Actually, metal ions could be arrayed in the center of
the duplex site-selectively along with the designable sequences
of the ligand-type nucleotides. Also combinatorial optimiza-
tion with a metal ion and a metal ligand allows fine tuning of
selectivity and characters of metal complexes in terms of (1)
a variety of coordination number and geometry, (2) thermody-
namics and kinetics of binding and dissociation, and (3) physical
and chemical properties such as redox-, magnetic-, optical-, and
radio-activities and Lewis acidity.

We have reported the first example of a metal-mediated base
pair consisting of the artificial nucleosides 1 in which biden-
tate ligand, o-phenylenediamine, is introduced as a ligand for
a 2:1 planar complex with a Pd** ion. The resulting com-
plex is structurally analogous in shape and size with natural
hydrogen-bonded base pairs [19]. Since then, we [19-24] and
others [25-30] have reported many examples of metal ligands
as DNA-base substitutes using a monodentate (5, 14), biden-
tate (1-4, 6-10), tridentate (11-13), hard-donor (3, 4, 11) or
soft-donor (13) ligand attached to a B-N- or a 3-C-nucleoside
skeleton (Fig. 5).

Appropriate combination of the artificial nucleosides with
a metal ion allows formation of stable metal-mediated base
pairs which could be incorporated into higher-order DNA
structures at pre-determined positions (Fig. 6). Among these
metal-mediated base pairs, a square-planar or a linear metal
complex, the abovementioned Pd**-mediated base pairing with
2-amino-phenol [21], Ag*-assisted base pairing with pyri-
dine (P-Ag*—P) [22], and Cu’*-mediated base pairing with
hydroxypyridone (H-Cu**—H) [23], have a geometrically anal-
ogous motif of H-bonded natural base pair. Alternatively,
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Fig. 2. (a) DNA structure and (b) precise molecular assembly inspired by DNA.

distorted non-planar base pairs such as a B3*-induced base
pair with catechol [20] could be incorporated into DNA higher
ordered structures. Other groups have also reported metal-
mediated base pairs such as a Cu**-mediated heterogeneous
[1+3]-type base pair between pyridine and pyridine-2,6-
dicarboxylate or pyridine-2,6-dicarboxamidate [25a,b and d],
an Ag*-mediated one with 2,6-bis(methylthiomethyl)pyridine
bases [25¢], a CuZ*-mediated bipyridine-base pair [26], NiZt-
mediated pyridylpurine- and pyridylpyrimidinone-base pairs
[28], and an Ag*- or Hg**-mediated imidazole-base pairs
[30]. Salicylic aldehyde (S)-bearing oligonucleotides were also
reported which was tremendously stabilized by addition of
ethylenediamine (en) and metal ions such as Cu®*, Mn?*, Fe?*
and VO?* which lead to the formation of an interstrand salen-
complex like S—-Cu?*(en)-S through a covalent cross linking
with ethylenediamine [29] (Fig. 7). On the other hand, metal-

mediated base pairing of a natural nucleobase has been reported.
Two thymine bases in the deprotonated form coordinate to an
Hg?* ion to form a stable 2:1 complex [31,32]. The net charges
and coordination geometries of the resulting metal complexes
are important factors determining distinctive property of each
metal array formed in DNA.

3. Structural control of DNA by metal-mediated base
pairing

Bond energy of metal coordination occupies an intermediate
position between those of covalent bonding and non-covalent
bonding such as H-bonding. Hydroxypyridone-bearing nucleo-
side 4 forms a sufficiently stable base pair with a Cu>* ion in a
107> M range at pH 7 (Scheme 1). Stability of a metal-mediated
base pair is closely related to structural factors of DNA and
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Fig. 6. Metal-induced duplex formation.

hydrophobic environment in the duplex structure. To examine
the influence of metal-mediated base pairing on the thermal sta-
bility of a DNA double-stranded structure, an H-H pair was
introduced in the middle of a 15-nucleotide DNA duplex (15)
[23]. DNA double-strands thermally dissociate into a couple of
single strands, and the melting temperature can be monitored by
the hyperchromic shift at 260 nm. In the absence of Cu* ions,
the duplex 15 showed a melting (denaturation) temperature of

0
HO N/ i Cuso,
/ —_—
—kif OH pH 7.0
HO 4

37.0°C (Fig. 8a), whereas a natural-type oligoduplex (16), in
which the H-H base pair is replaced by an A-T base pair, dena-
tured at 44.2 °C (Fig. 8b). Thus, in the absence of Cu*, the H-H
base pair behaves as a mispair to destabilize the duplex. In con-
trast, addition of Cu”* to the duplex 15 led to metal-mediated
base pairing with higher thermal stability. Thermal denaturation
of 15 in the presence of equimolar Cu?* resulted in a biphasic
melting curve with a melting point of 50.1 °C (Fig. 8c), which
is higher than that of 15 in the absence of Cu®*. Thus, the Cu?*-
assisted base pair, H-Cu?*—H, stabilized the duplexbyca. 13°C,
whereas the natural duplex 16 remained nearly unaffected by
addition of Cu®* (Fig. 8d). Hence, transition between single
strands and a double strand can be regulated by the formation
of metal-mediated base pairing (Scheme 2) [23]. In the case of
single-site incorporation of pyridine-bearing nucleosides in the
middle of the sequence of oligo(dT-dA-dT) triple strand 17, the
thermal stability of triplex 17 was significantly increased by Ag*
complexation to form a base triplet (Scheme 3) [22].

Since the structural conversion of DNA is essentially rele-
vant to duplication and transcription of genetic information, the
strategy of the metallo-DNA would be an efficacious tool for
manifestation of a gene.

O, O,
= N VA
HO N >Cu\2+ N OH
}37’ St el
1
OH
HO

Scheme 1.
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4. Quantitative assembly of metal complexes into
artificial DNA

Although crystallization has been one of the most power-
ful methodologies to array metal complexes, this is not suited
to pre-design the number or the spatial arrangement of com-
ponents. On the other hand, since DNA has a structural basis

d(5'-CACATTAHTGTTGTA-3')
d(3'-GTGTAATHACAACAT-5"

d(5-CACATTAT TGTTGTA-3)

e d(3-GTGTAAT AACAACAT-5"
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Fig. 8. Melting curves of the duplexes 15 (a and c¢) and 16 (b and d).
[15]=[16] =2.0 wM in 10 mM Sodium phosphate buffer, 50 mM NaCl (pH 7.0).
[CuSO4]=(a) and (b): 0 wM; (c) and (d): 2.0 uM.

to array functionalized building blocks without any distribution
of number and sequence, the artificial DNA could be a scaf-
fold for one-dimensional arrays of a defined number of metal
ions.
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To array a predetermined number of Cu?* complexes, we
designed a series of artificial oligonucleotides, d(5'-GH,,C-
3) (n=1-5), 18-22, using hydroxypyridone nucleobases (H)
as scaffolds of assemblage of Cu?* (Fig. 9a) [33]. Fig. 9b
shows the changes in the UV spectra of d(5'-GHsC-3'),, 22,
with increasing amounts of Cu”*. The absorbance at 280 nm
derived from a hydroxypyridone moiety gradually decreased
while a new peak at 307 nm appeared as the concentration of
Cu?* increases. The absorption spectra changed continually
through two isosbestic points until the ratio of [CuZ*)/ [duplex]
reached 5.0 through (Fig. 9b). This result clearly indicates
five Cu®* ions are quantitatively assembled into the duplex
22 via H-Cu**—H base pairing. Similar results were observed
with the series of oligonucleotides, d(5'-GH,C-3") (n=1-4).
Overall, the changes in absorbance at 307 nm, plotted as a
function of the ratio of Cu®* to d(5-GH,C-3'), (n=1-5)
(Fig. 9c), strongly suggested the duplex formation of Cu-n
(n=1-5) [where Cu-n (n = 1-5) denotes nCu?*-d(5'-GH,,C-3"),
(n=1-5)] in which Cu**-mediated base pairs are aligned quan-
titatively in a direct stacked manner. The discrete structures
were confirmed by electrospray ionisation time-of-flight mass
spectrometry (ESI-TOF-MS). One to five Cu?*-mediated base
pairs of hydroxypyridone nucleobases have been systematically
incorporated into the middle of template DNA duplexes, d(5'-
GH,,C-3'); (n=1-5), in which unpaired d electrons on the Cu?*
ions arrayed in each complex couple ferromagnetically with
one another in the stacked motives. An outline of a proposed
right-handed, double-stranded structure with the quantitative
formation of a magnetic chain inside the DNA is drawn in
Fig. 10, where the Cu?*—Cu?* distance is 3.7 A. This strategy

5 x Cu2*

C 22 Cu-5

—_
2]
-~

0.10

0.08F
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0.04-

AAbs, at 307 nm
>
I
w

0.021
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Fig. 9. Discrete metal assembly into the artificial DNAs: (a) template DNA strands; (b) photometric titration experiments of 21 at various concentrations of Cu®* at
25°C. [21]=2.0 M in 10 mM HEPES (pH 7.0) and 50 mM NaCl. (c) Plot of absorbance at 307 nm against the ratio of Cu?* to 17-21.
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Cu-1: Cu-d(5-GHC-3)),

Cu-2: Cu,d(5-GHHC-3)),

Cu-3: Cuyd(5-GHHHC-3),

Cu-4: Cu,-d(5'-GHHHHC-3),

Cu-5: Cu;-d(5'-GHHHHHC-3'),

Fig. 10. Discrete spin arrays into the artificial DNAs.

represents a new method for metal arrays in solution in a
discrete and predictable fashion, and for precise control of
metal-metal electronic interactions, leading to the possibility of
metal-based molecular devices such as molecular magnets and
wires.

5. Programmable heterogeneous metal arrays on DNA
templates

DNA acts as a smart molecule to assemble functional
units since it is possible to use sequences of nucleobases to
encode molecular assembled systems in a predetermined fash-
ion. Sequencing of the ligand-type nucleotides on the artificial
DNA strand would directly link to programmable arraying
of heterogeneous metal ions on a DNA template. In order
to investigate the possibility of stacking different metal ions
on top of each other, a pentanucleotide d(5-GHPHC-3’) was
designed to array heterogeneous metal ions in a double helix,
which contains two hydroxypyridone-bearing nucleotides (H)

CG

G

and one pyridine-bearing nucleotide (P) that prefers a linear
complex with an Ag* or an Hg?* ion (Scheme 4) [34]. Photo-
metric titration experiments clearly demonstrated quantitative
and site-selective formation of a trinuclear complex with two
Cu?* jons and one Hg?* ion in the order, Cu’*—Hg?*—Cu?* as
programmed (Fig. 11). The pentanucleotide was found not to
form duplex structures in the absence of Cu?* or Hg?* under
the operating conditions, whereas photometric titration experi-
ments using the pentanucleotide in the presence of Cu* clearly
demonstrated Cu”*-mediated duplex formation. As homoge-
neous metal arraying, the UV absorption around 278 nm arising
from the hydroxypyridone moiety at 278 nm gradually decreased
with increasing concentrations of Cu®*, while a new peak
appeared at 310 nm with two isosbestic points in the range of
[Cu2+]/[duplex] from 0.0 to 2.0 (Fig. 11a). The simultaneous
change is ascribable to the deprotonation of phenolic hydroxy
groups of hydroxypyridone ligands upon Cu?* complexation
[23]. Two Cu?* ions were thus assembled into a single duplex
quantitatively through formation of a couple of H-Cu’**-H

s /0@0\ =
N~ o o N
Me Me
S/ \:N_@}N:’ \2
c /o@o\ =
AN grN
Me Me

Scheme 4.
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Fig. 11. Assemblage of Cu?* and Hg?* ions through duplex formation of d(5'-GHPHC-3") [34]. (a) UV absorption changes of d(5-GHPHC-3') at various concentra-
tions of CuSOy at 25 °C. [d(5’-GHPHC-3)] =4.2 uM in 10 mM HEPES (pH 7.0) and 50 mM NaNOj (inset: plot of absorbance changes at 310 nm against the ratio of
Cu?* to d(5'-GHPHC-3'),). (b) CD spectral changes of the duplex 2Cu?*-d(5'-GHPHC-3'), at various concentrations of Hg(NO3), at 25 °C. [2Cu®*-d(5'-GHPHC-
3'),]=2.1 .M in 10 mM HEPES (pH 7.0) and 50 mM NaNOj (inset: plot of circular dichroic changes at 302 nm against the ratio of Hg2+ to 2Cu?*.d(5-GHPHC-3'),).

A 1-cm path length quartz cell was used for scans from 400 to 240 nm at 25 °C.

base pairs. Subsequent incorporation of an Hg* ion into each
duplex was monitored by the circular dichroic (CD) analysis
of the duplex at different concentrations of Hg>* ions to ver-
ify the P—-Hg?*—P base pairing in the Cu>*-mediated duplex
(Fig. 11b). With an increase in the Hg?* concentration, the
positive Cotton effect at 302 nm gradually decreased linearly
with the ratio of [Hg2+]/ [duplex] from 0.0 to 1.0. The heteroge-
neously metal-assembled structure was clearly demonstrated by
ESI-MS measurements. This heterogeneous metal array is ther-
modynamically most stable and the complex structure consisting
of five components (two DNA strands and three metal ions)
spontaneously builds up in 100% yield. Similarly, an extended
metal array, Cu?*—Cu?*—Hg?*—Cu?*—Cu?*, was also success-

HPH

Fig. 12. A plausible structure of Cu?

fully formed in the center of the duplex, d(5’-GHHPHHC-3'),
(Fig. 12).

The strategy for programmable metal arrays can be fur-
ther extended by diverse ligand-type nucleosides and their
sequences. Carell et al. have developed heterogeneous arrays
of 5-10 metal ions of two different kinds by using combined
sequences of salen (S)-nucleobases and thymines (T) which
form ethylenediamine-cross-linked S—Cu®*(en)-S base pairs
and T-Hg?*—T base pairs [31,32], respectively [34]. Site selec-
tive and quantitative arraying of Cu?* and Hg?* ions in the DNAs
were drawn in Fig. 13. The strategy could be expanded to many
types of metal ions to develop novel meta-metal communica-
tions.

HHPHH
*_Hg?*~Cu** and Cu**—Cu?*-Hg?*—Cu?*—Cu?* metal ion arrays in d(5-GHPHC-3'), and d(5'-GHHPHHC-3'),, respectively.
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STTTTSSSST

TSTST

STSTSTSTSST

Fig. 13. Variation of metal arrays. Cu’*—Hg**—Hg?*-Hg?*—Cu?*, Hg?*—Cu?*-Hg**-Cu**-Hg?*, Cu’**-Hg>*-Hg?*-Hg**-Hg>*-Cu**-Cu**-Cu**-Cu?*-Hg?*,
and Cu?*-Hg?*—Cu?*-Hg?*-Cu?*-Hg?**—Cu**—Hg>*—Cu?*—Hg?* metal ion array in d(NNNNN*##**NNNNN), (N=G or C). Sequences indicated as ***¥* are

STTTS, TSTST, STTTTSSSST, and STSTSTSTST, respectively.

6. Conclusions

Precise assembly of metal complexes is becoming increas-
ingly important as a key strategy to develop functional materials,
molecular devices and catalysis. The strategies based on struc-
ture and the function of DNA are applicable to assembling
wide rage of metal complexes, because DNA contains pro-
grammable information in a simple and predictable manner.
Moreover, chemists can design not only the sequences of nucle-
obases but also those of nucleotides, inter and intrastrand
interactions, and interactions with matrices to give higher
information contents. Hence, the potential of DNA-based pro-
grammable assembly of functions of metal complexes is quite
high.

Towards the next stage of the DNA-based nanotechnology,
specific topics we find of particular importance and interest
include: (1) extension the strategy to more complex and larger

systems without any dispersion, (2) controlling electrical com-
munication between assembled metal complexes, (3) structural
and functional switching at the right time, (4) conjugation with
other materials on the DNA-templated assembly, and (5) manip-
ulation of the discrete assembled molecular structure. This field
is still in its early stage, but will be quickly expanded to broad
research fields. We will soon see important applications of this
strategy both to material sciences and biotechnologies.
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