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bstract

Besides the biological importance of DNA as genetic information storage and expression, DNA has great potential to act as a smart molecule

or programmable self-assembly of functional units since it is possible to encode molecular assembled systems using sequences of nucleobases in
designable fashion. Recently, we have reported a novel base-pairing motif in DNA duplex that is based on the replacement of hydrogen-bonded
ase pairs by metal-mediated base pairs. This review covers our recent approaches to precise programming of metal arrays by means of artificial
NA templates.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The ultimate goal of nanoscience and nanotechnology is to
rrange atoms and/or molecules precisely in three-dimensional
pace and to make it operate in a highly controlled way at the
tomic levels. In view of the efficient construction of high-
unctional nanostructures and nanospaces, the precise assembly
f metal complexes has been widely investigated. Approaches
or molecular assemblage of metal complexes are classified as
ollows: (1) crystallization [1], polymeric self-assembly [2],
nd coordination polymer synthesis [3] (Fig. 1a) and (2) dis-

rete self-assembly such as multinuclear metal complexes with
tiff multidentate ligands [4], step-by-step elongation of metal
omplexes or template ligands [5] (Fig. 1b). However, disper-
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ion of products in the number and the sequence of assembled
omplexes is inherent in the former approaches (1) that can
ssemble a large number of components at a time, and the
atter discrete self-assembly approaches (2) are still far from
xtension to treating a large number of components. On the
ther hand, biological system generates biopolymers such as
NA, protein, and polysaccharide without any dispersion in

number”, “composition”, “sequence”, and “direction”. These
olecules organize with highly “selective” and “specific” spatial

rrangement. Hence, the structural motifs of biopolymers, which
ave been optimized by evolution over several billion years,
ave great potential as functional templates for programmable
elf-assembly to generate well-defined molecular architectures.
specially, the double-helical DNA molecule is competent to
erve as a nanoscale material. The diameter of DNA is about

nm, its helix contains coaxially stacked base pairs separated
y 3.4 Å with each other, and its helical pitch is about 3.4 nm for
ypical right-handed B-DNA (Fig. 2a). Furthermore, automated
NA synthesis allows quick and easy access to any desired

mailto:kentaro@chem.nagoya-u.ac.jp
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dx.doi.org/10.1016/j.ccr.2007.08.018


K. Tanaka, M. Shionoya / Coordination Chemistry Reviews 251 (2007) 2732–2742 2733

: (a) p

s
t
f
(

2

D
o
a
t
s
s
i
b
s
s
a
b
d
g
c
m
l
b
p
p
A
t
t
b
a

a
o
m
i
t
o
t
s
a
n
a
r

p
t
a
p
h
o
a
t
s
s

a
p
s
m
c

Fig. 1. Molecular assemblage of metal complexes

equence of DNA. Herein, this review highlights precisely con-
rolled assembly of metal complexes on DNA templates towards
unctionalized materials including our recent research progress
Fig. 2b).

. Metal-mediated base pairing in DNA

In nature, most of the biological information is stored on
NA as base sequences consisting of only four kinds of nucle-
bases. The most important characteristic of DNA is sequence
rchitecture of nucleobases and its structural hierarchy. The syn-
hetic strategies for DNA strands have been established and
ophisticated for over 30 years [6]. Nowadays, automated DNA
ynthesizers can routinely make oligomers in length approach-
ng 100 nucleotides, and also enzymatic tools developed for
iotechnology can be employed to elongate and amplify DNA
trands without loss of programmed information recorded as
equences of nucleobases. Automated DNA synthesizers are
pplicable not only to natural nucleotides, but also to artificial
uilding blocks that have two hydroxy groups protected by a
imethoxytrityl (DMTr) group for one and a phosphoramidite
roup for the other (Fig. 3) to be incorporated into oligonu-
leotides with meaningful sequences. Thus, the basic structural
otifs of DNA have been extended to encode precise molecu-

ar assembled systems [7–13]. Recently, a few examples have
een reported for incorporation of dye molecules or metal com-
lexes into DNA scaffolds instead of hydrogen-bonded base
airs directed towards photonic or electronic wires [14–16].
lternative non-natural base pairs have been extensively studied
o expand genomic alphabets for extension of genomic informa-
ion [17]. Along this line, we have developed metal-mediated
ase pairing instead of hydrogen bonded one, thereby creating
novel base-pairing motif in duplex DNA (Fig. 4) [13,18]. The

2
d
h
o

olymeric approaches and (b) discrete approaches.

rtificial DNA with metal ligands instead of canonical nucle-
bases was expected to form double helical structure through
etal-mediated base pairing in the presence of appropriate metal

ons. Actually, metal ions could be arrayed in the center of
he duplex site-selectively along with the designable sequences
f the ligand-type nucleotides. Also combinatorial optimiza-
ion with a metal ion and a metal ligand allows fine tuning of
electivity and characters of metal complexes in terms of (1)
variety of coordination number and geometry, (2) thermody-
amics and kinetics of binding and dissociation, and (3) physical
nd chemical properties such as redox-, magnetic-, optical-, and
adio-activities and Lewis acidity.

We have reported the first example of a metal-mediated base
air consisting of the artificial nucleosides 1 in which biden-
ate ligand, o-phenylenediamine, is introduced as a ligand for

2:1 planar complex with a Pd2+ ion. The resulting com-
lex is structurally analogous in shape and size with natural
ydrogen-bonded base pairs [19]. Since then, we [19–24] and
thers [25–30] have reported many examples of metal ligands
s DNA-base substitutes using a monodentate (5, 14), biden-
ate (1–4, 6–10), tridentate (11–13), hard-donor (3, 4, 11) or
oft-donor (13) ligand attached to a �-N- or a �-C-nucleoside
keleton (Fig. 5).

Appropriate combination of the artificial nucleosides with
metal ion allows formation of stable metal-mediated base

airs which could be incorporated into higher-order DNA
tructures at pre-determined positions (Fig. 6). Among these
etal-mediated base pairs, a square-planar or a linear metal

omplex, the abovementioned Pd2+-mediated base pairing with

-amino-phenol [21], Ag+-assisted base pairing with pyri-
ine (P–Ag+–P) [22], and Cu2+-mediated base pairing with
ydroxypyridone (H–Cu2+–H) [23], have a geometrically anal-
gous motif of H-bonded natural base pair. Alternatively,
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Fig. 2. (a) DNA structure and (b) prec

istorted non-planar base pairs such as a B3+-induced base
air with catechol [20] could be incorporated into DNA higher
rdered structures. Other groups have also reported metal-
ediated base pairs such as a Cu2+-mediated heterogeneous

1 + 3]-type base pair between pyridine and pyridine-2,6-
icarboxylate or pyridine-2,6-dicarboxamidate [25a,b and d],
n Ag+-mediated one with 2,6-bis(methylthiomethyl)pyridine
ases [25c], a Cu2+-mediated bipyridine-base pair [26], Ni2+-
ediated pyridylpurine- and pyridylpyrimidinone-base pairs

28], and an Ag+- or Hg2+-mediated imidazole-base pairs
30]. Salicylic aldehyde (S)-bearing oligonucleotides were also
eported which was tremendously stabilized by addition of

thylenediamine (en) and metal ions such as Cu2+, Mn2+, Fe2+

nd VO2+ which lead to the formation of an interstrand salen-
omplex like S–Cu2+(en)–S through a covalent cross linking
ith ethylenediamine [29] (Fig. 7). On the other hand, metal-

b
s
1
b

olecular assembly inspired by DNA.

ediated base pairing of a natural nucleobase has been reported.
wo thymine bases in the deprotonated form coordinate to an
g2+ ion to form a stable 2:1 complex [31,32]. The net charges

nd coordination geometries of the resulting metal complexes
re important factors determining distinctive property of each
etal array formed in DNA.

. Structural control of DNA by metal-mediated base
airing

Bond energy of metal coordination occupies an intermediate
osition between those of covalent bonding and non-covalent

onding such as H-bonding. Hydroxypyridone-bearing nucleo-
ide 4 forms a sufficiently stable base pair with a Cu2+ ion in a
0−5 M range at pH 7 (Scheme 1). Stability of a metal-mediated
ase pair is closely related to structural factors of DNA and
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Fig. 3. Solid-state DNA synthesis (phosphoramidite method).

Fig. 4. An artificial DNA which has metallo-base pairs instead of hydrogen-bonded pairs.
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Fig. 5. Examples of artificial l

h
t
b
i
[
s
t
t

3
w
t
b
t
b
o
m
i
a
w
a
s
o
s
m
t
c

Since the structural conversion of DNA is essentially rele-
Fig. 6. Metal-induced duplex formation.

ydrophobic environment in the duplex structure. To examine
he influence of metal-mediated base pairing on the thermal sta-
ility of a DNA double-stranded structure, an H–H pair was
ntroduced in the middle of a 15-nucleotide DNA duplex (15)

23]. DNA double-strands thermally dissociate into a couple of
ingle strands, and the melting temperature can be monitored by
he hyperchromic shift at 260 nm. In the absence of Cu2+ ions,
he duplex 15 showed a melting (denaturation) temperature of

v
s
m

Scheme 1
igand-type nucleosides.

7.0 ◦C (Fig. 8a), whereas a natural-type oligoduplex (16), in
hich the H–H base pair is replaced by an A–T base pair, dena-

ured at 44.2 ◦C (Fig. 8b). Thus, in the absence of Cu2+, the H–H
ase pair behaves as a mispair to destabilize the duplex. In con-
rast, addition of Cu2+ to the duplex 15 led to metal-mediated
ase pairing with higher thermal stability. Thermal denaturation
f 15 in the presence of equimolar Cu2+ resulted in a biphasic
elting curve with a melting point of 50.1 ◦C (Fig. 8c), which

s higher than that of 15 in the absence of Cu2+. Thus, the Cu2+-
ssisted base pair, H–Cu2+–H, stabilized the duplex by ca. 13 ◦C,
hereas the natural duplex 16 remained nearly unaffected by

ddition of Cu2+ (Fig. 8d). Hence, transition between single
trands and a double strand can be regulated by the formation
f metal-mediated base pairing (Scheme 2) [23]. In the case of
ingle-site incorporation of pyridine-bearing nucleosides in the
iddle of the sequence of oligo(dT·dA·dT) triple strand 17, the

hermal stability of triplex 17 was significantly increased by Ag+

omplexation to form a base triplet (Scheme 3) [22].
ant to duplication and transcription of genetic information, the
trategy of the metallo-DNA would be an efficacious tool for
anifestation of a gene.

.
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Fig. 7. Metal-mediated base pairs.

4
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f
t
p

Fig. 8. Melting curves of the duplexes 15 (a and c) and 16 (b and d).
[
[

Scheme 2.

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

t
o
f
i

15] = [16] = 2.0 �M in 10 mM Sodium phosphate buffer, 50 mM NaCl (pH 7.0).
CuSO4] = (a) and (b): 0 �M; (c) and (d): 2.0 �M.

o array functionalized building blocks without any distribution

f number and sequence, the artificial DNA could be a scaf-
old for one-dimensional arrays of a defined number of metal
ons.
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Scheme 3.
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Fig. 9. Discrete metal assembly into the artificial DNAs: (a) template DNA strands; (
25 ◦C. [21] = 2.0 �M in 10 mM HEPES (pH 7.0) and 50 mM NaCl. (c) Plot of absorb
istry Reviews 251 (2007) 2732–2742

To array a predetermined number of Cu2+ complexes, we
esigned a series of artificial oligonucleotides, d(5′-GHnC-
′) (n = 1–5), 18–22, using hydroxypyridone nucleobases (H)
s scaffolds of assemblage of Cu2+ (Fig. 9a) [33]. Fig. 9b
hows the changes in the UV spectra of d(5′-GH5C-3′)2, 22,
ith increasing amounts of Cu2+. The absorbance at 280 nm
erived from a hydroxypyridone moiety gradually decreased
hile a new peak at 307 nm appeared as the concentration of
u2+ increases. The absorption spectra changed continually

hrough two isosbestic points until the ratio of [Cu2+]/[duplex]
eached 5.0 through (Fig. 9b). This result clearly indicates
ve Cu2+ ions are quantitatively assembled into the duplex
2 via H–Cu2+–H base pairing. Similar results were observed
ith the series of oligonucleotides, d(5′-GHnC-3′) (n = 1–4).
verall, the changes in absorbance at 307 nm, plotted as a

unction of the ratio of Cu2+ to d(5′-GHnC-3′)2 (n = 1–5)
Fig. 9c), strongly suggested the duplex formation of Cu-n
n = 1–5) [where Cu-n (n = 1–5) denotes nCu2+·d(5′-GHnC-3′)2
n = 1–5)] in which Cu2+-mediated base pairs are aligned quan-
itatively in a direct stacked manner. The discrete structures
ere confirmed by electrospray ionisation time-of-flight mass

pectrometry (ESI-TOF-MS). One to five Cu2+-mediated base
airs of hydroxypyridone nucleobases have been systematically
ncorporated into the middle of template DNA duplexes, d(5′-
HnC-3′)2 (n = 1–5), in which unpaired d electrons on the Cu2+

ons arrayed in each complex couple ferromagnetically with
ne another in the stacked motives. An outline of a proposed

ight-handed, double-stranded structure with the quantitative
ormation of a magnetic chain inside the DNA is drawn in
ig. 10, where the Cu2+–Cu2+ distance is 3.7 Å. This strategy

b) photometric titration experiments of 21 at various concentrations of Cu2+ at
ance at 307 nm against the ratio of Cu2+ to 17–21.
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Fig. 10. Discrete spin ar

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

. Programmable heterogeneous metal arrays on DNA
emplates

DNA acts as a smart molecule to assemble functional
nits since it is possible to use sequences of nucleobases to
ncode molecular assembled systems in a predetermined fash-
on. Sequencing of the ligand-type nucleotides on the artificial
NA strand would directly link to programmable arraying
f heterogeneous metal ions on a DNA template. In order

o investigate the possibility of stacking different metal ions
n top of each other, a pentanucleotide d(5′-GHPHC-3′) was
esigned to array heterogeneous metal ions in a double helix,
hich contains two hydroxypyridone-bearing nucleotides (H)

c
g
[
q

Scheme 4
nto the artificial DNAs.

nd one pyridine-bearing nucleotide (P) that prefers a linear
omplex with an Ag+ or an Hg2+ ion (Scheme 4) [34]. Photo-
etric titration experiments clearly demonstrated quantitative

nd site-selective formation of a trinuclear complex with two
u2+ ions and one Hg2+ ion in the order, Cu2+–Hg2+–Cu2+ as
rogrammed (Fig. 11). The pentanucleotide was found not to
orm duplex structures in the absence of Cu2+ or Hg2+ under
he operating conditions, whereas photometric titration experi-

ents using the pentanucleotide in the presence of Cu2+ clearly
emonstrated Cu2+-mediated duplex formation. As homoge-
eous metal arraying, the UV absorption around 278 nm arising
rom the hydroxypyridone moiety at 278 nm gradually decreased
ith increasing concentrations of Cu2+, while a new peak

ppeared at 310 nm with two isosbestic points in the range of
Cu2+]/[duplex] from 0.0 to 2.0 (Fig. 11a). The simultaneous

hange is ascribable to the deprotonation of phenolic hydroxy
roups of hydroxypyridone ligands upon Cu2+ complexation
23]. Two Cu2+ ions were thus assembled into a single duplex
uantitatively through formation of a couple of H–Cu2+–H

.
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Fig. 11. Assemblage of Cu2+ and Hg2+ ions through duplex formation of d(5′-GHPHC-3′) [34]. (a) UV absorption changes of d(5′-GHPHC-3′) at various concentra-
tions of CuSO4 at 25 ◦C. [d(5′-GHPHC-3′)] = 4.2 �M in 10 mM HEPES (pH 7.0) and 50 mM NaNO3 (inset: plot of absorbance changes at 310 nm against the ratio of
Cu2+ to d(5′-GHPHC-3′)2). (b) CD spectral changes of the duplex 2Cu2+·d(5′-GHPHC-3′)2 at various concentrations of Hg(NO3)2 at 25 ◦C. [2Cu2+·d(5′-GHPHC-
3 lar di
A .
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′)2] = 2.1 �M in 10 mM HEPES (pH 7.0) and 50 mM NaNO3 (inset: plot of circu
1-cm path length quartz cell was used for scans from 400 to 240 nm at 25 ◦C

ase pairs. Subsequent incorporation of an Hg+ ion into each
uplex was monitored by the circular dichroic (CD) analysis
f the duplex at different concentrations of Hg2+ ions to ver-
fy the P–Hg2+–P base pairing in the Cu2+-mediated duplex
Fig. 11b). With an increase in the Hg2+ concentration, the
ositive Cotton effect at 302 nm gradually decreased linearly
ith the ratio of [Hg2+]/[duplex] from 0.0 to 1.0. The heteroge-
eously metal-assembled structure was clearly demonstrated by
SI-MS measurements. This heterogeneous metal array is ther-
odynamically most stable and the complex structure consisting
f five components (two DNA strands and three metal ions)
pontaneously builds up in 100% yield. Similarly, an extended
etal array, Cu2+–Cu2+–Hg2+–Cu2+–Cu2+, was also success-

w
t
t

ig. 12. A plausible structure of Cu2+–Hg2+–Cu2+ and Cu2+–Cu2+–Hg2+–Cu2+–Cu2+
chroic changes at 302 nm against the ratio of Hg2+ to 2Cu2+·d(5′-GHPHC-3′)2).

ully formed in the center of the duplex, d(5′-GHHPHHC-3′)2
Fig. 12).

The strategy for programmable metal arrays can be fur-
her extended by diverse ligand-type nucleosides and their
equences. Carell et al. have developed heterogeneous arrays
f 5–10 metal ions of two different kinds by using combined
equences of salen (S)-nucleobases and thymines (T) which
orm ethylenediamine-cross-linked S–Cu2+(en)–S base pairs
nd T–Hg2+–T base pairs [31,32], respectively [34]. Site selec-
ive and quantitative arraying of Cu2+ and Hg2+ ions in the DNAs

ere drawn in Fig. 13. The strategy could be expanded to many

ypes of metal ions to develop novel meta-metal communica-
ions.

metal ion arrays in d(5′-GHPHC-3′)2 and d(5′-GHHPHHC-3′)2, respectively.
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ig. 13. Variation of metal arrays. Cu2+–Hg2+–Hg2+–Hg2+–Cu2+, Hg2+–Cu2+

nd Cu2+–Hg2+–Cu2+–Hg2+–Cu2+–Hg2+–Cu2+–Hg2+–Cu2+–Hg2+ metal ion a
TTTS, TSTST, STTTTSSSST, and STSTSTSTST, respectively.

. Conclusions

Precise assembly of metal complexes is becoming increas-
ngly important as a key strategy to develop functional materials,

olecular devices and catalysis. The strategies based on struc-
ure and the function of DNA are applicable to assembling
ide rage of metal complexes, because DNA contains pro-
rammable information in a simple and predictable manner.
oreover, chemists can design not only the sequences of nucle-

bases but also those of nucleotides, inter and intrastrand
nteractions, and interactions with matrices to give higher
nformation contents. Hence, the potential of DNA-based pro-
rammable assembly of functions of metal complexes is quite

igh.

Towards the next stage of the DNA-based nanotechnology,
pecific topics we find of particular importance and interest
nclude: (1) extension the strategy to more complex and larger
–Cu2+–Hg2+, Cu2+–Hg2+–Hg2+–Hg2+–Hg2+–Cu2+–Cu2+–Cu2+–Cu2+–Hg2+,
d(NNNNN*****NNNNN)2 (N = G or C). Sequences indicated as ***** are

ystems without any dispersion, (2) controlling electrical com-
unication between assembled metal complexes, (3) structural

nd functional switching at the right time, (4) conjugation with
ther materials on the DNA-templated assembly, and (5) manip-
lation of the discrete assembled molecular structure. This field
s still in its early stage, but will be quickly expanded to broad
esearch fields. We will soon see important applications of this
trategy both to material sciences and biotechnologies.
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