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INTRODUCTION

Worldwide research into the generation of novel, bio-
inspired molecular architectures has been growing
exponentially for more than a quarter of a century.
Motivation in this research field is based on the belief
that a “bottom—up” approach from the atomic or
molecular level to control or to renew basic building
blocks that have been embodied by Nature can lead
to an enormous range of possible structures and
functions within what are rationally designed
molecular structures. The self-assembly hierarchy,
which is natural in origin, has long been recognized
as a conceptually important, nonbiological approach
to the generation of self-assembled, nano-structured
molecules or materials, and a number of elegant
examples are now known [1]. However, the bio-
related aspects of molecular architecture as applied
in this way, although full of promise, are not as well
developed as various abiological ones. Although
biological systems contain only a limited number of
fundamental building blocks, such as nucleosides,
amino acids, lipids, and carbohydrates, these
molecules are chemically diverse and can be
polymerized or assembled in an almost infinite
number of ways. Further, owing to recent advances
in chemical synthesis and biotechnology, these
biomolecular building blocks can be arranged so as
to produce a whole range of bio-inspired products
that has not previously been possible to conceive. In
this regard, the incorporation of metal complexes
into biomolecules is recognized as being a key motif
in the design and synthesis of functionalized
biopolymers [2-18].

Among a variety of biomolecules, DNA molecules
with a variety of structures (e.g. single or double
helix, triplex, quadruplex, hairpin, circle, junction,
etc.) and the highly controlled functions have long
attracted many synthetic researchers. DNA is a
biopolymer consisting of four kinds of monomeric
nucleoside units with a distinct nucleobase (adenine
(A), thymine (T), guanine (G), or cytosine (C)), and
these building blocks are linked by phosphodiester
bonds in a specific order that reflects their ability to
encode genetic information. Despite the complexity
of the genetic code, the base pairing process between
two complementary DNA or RNA strands is rather
uncomplicated and predictable. Hydrogen-bonding
and aromatic stacking interactions between nucleo-
bases are the main non-covalent forces that stabilize
the complementary DNA strands. In particular,
hydrogen bonding is a key principle in highly
specific interstrand recognition.

So far, a number of strategies have been employed
for modifying the periphery of DNA with metal
complexes [19-22]. However, little has been done to
explore the DNA core. We have recently envisioned
that the natural hydrogen-bonded base pairs present
in natural DNA could be replaced by alternative base
pairing modes. Such strategy would lead not only to
an expansion of the genetic alphabet but also to novel
DNA structures and functions based on the
controlled and periodic spacing of the building
blocks along the helix axis. On the basis of this
concept, we and others have recently initiated the
study on the placement of charged or uncharged
metal complexes as the building blocks in the interior
of the DNA helix, thereby introducing a novel
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binding motif into duplex DNA (Chart 1) [23-31]. A
key principle of our approach is the direct
modification of a DNA base itself, turning it into a
metal-chelating nucleobase wherein two nucleobases
are paired through metal coordination.

As mentioned in the introduction, this paper
provides a summary of our recent progress devoted
to the introduction of metal-assisted base pairs into
the interior of the DNA helix. In particular, the
syntheses of artificial B-C-nucleosides bearing a
chelator nucleobase (o-phenylenediamine (1), cate-
chol (2), or 2-aminophenol (3)) (Chart 2), their metal
coordination properties with metal ions, and the
incorporation of these building blocks into DNA
oligomers are summarized. In the course of these
efforts, several novel synthetic strategies for the
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reconstruction of nucleic acids using metal com-
plexes have been developed. These results raise the
appealing possibility that this approach could
provide in due course a new approach to the nano-
assembly of metals.

METAL-ASSISTED BASE PAIRING OF
ARTIFICIAL NUCLEOSIDES

The molecules we have synthesized in this study are
B-C-nucleosides having an o-phenylenediamine (1),
catechol (2), or 2-aminophenol (3), as a metal-
chelating site. These were predicted to form
potentially a 2:1 square-planar or tetrahedral, or a
3:1 octahedral complex with a transition metal ion. It
should be noted that, when these nucleosides form a
2:1 complex with a divalent metal ion, the complexes
of 1, 2, and 3 have +2, —2, and 0 charges,
respectively. Therefore, these base pairs could be
incorporated into oligonucleotides at positions
adjacent to each other (Chart 3). In addition, these
nucleosides are designed so as to have geometrical
analogy with natural base pairs.

Synthesis and Metal-assisted Base Pairing Of
o-Phenylenediamine-bearing Nucleosides

The synthesis of the deoxy-B-C-nucleoside 1 started
from 4-bromo-o-phenylenediamine 4 and 2,3,5-tri-
O-benzyl-D-1,4-ribonolactone 5 and established a
route in C-glycoside synthesis (Scheme 1) [23].
Lithiation of N-protected 4 followed by addition of
5 resulted in the intermediate formation of the
corresponding hemiacetals, which upon reduction
with Et;SiH afforded selectively the B-isomeric
C-nucleoside 6.

After a series of typical transformations for
the selective removal of the 2-hydroxy group
[32,33], C-nucloside 1 was obtained. The anomeric
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SCHEME 1 A synthetic route for the deoxy-B-C-nucleoside
bearing o-phenylenediamine as the nucleobase, 1.

configuration of 1 was determined by 'H NOE
experiments of the intermediate 6 and by examining
the coupling constants between H-1' and H-2
resonances.

The formation of a 2:1 complex between nucleo-
side 1 and Pd*" ion was confirmed by 'H NMR
spectroscopy in D,O and ESI-TOF mass spec-
trometry (Figs. 1 and 2) [23]. Proton resonances in
the aromatic region were found to shift to lower field
almost in proportion to increasing concentrations of
Pd** ion, and full complexation was achieved when
the concentration of the Pd*" ion reached half that of
1. This observation indicates that 1 and Pd*" ion
form a stable 2:1 complex with a high binding
constant. Although there are two possible structures
(cis and trans) for the PA*" complex 7, we observed
only one set of signals in the NMR spectra. The mass
spectrum also provided clear evidence for the 2:1
complexation.

Synthesis and Metal-assisted Base Pairing of
Catechol-bearing Nucleosides

In the synthesis of catechol-bearing nucleoside 2
(Scheme 2) [26], a key step is the Friedel-Crafts
coupling reaction between O-protected catechol 8
and 1-O-methyl-3,5-protected 2-deoxy-D-ribofura-
nose 9 in the presence of SnCl, as a Lewis acid
promoter. The anomeric configuration for the
main product 10 was determined to be B by the 'H
NMR coupling constants between H-1' and H-2'
resonances. The removal of ethoxycarbonyl and
t-butyldimethylsilyl groups afforded nucleoside 2 in
high yield. Its phosphoramidite derivative 11 was
also synthesized with the aim of incorporating it into
DNA oligomers using a standard automated DNA
synthesizer [25].

1 + PdNOy), —»

HO o d\N o OH
H, H,
OH 7 HO
N
(b) ﬁ

(d)

:‘)r— ! M
)

FIGURE 1 'H NMR spectra of 1 with increasing amount of Pd**"
ion. [1] = 26 mM in D,O. [Pd**]/[1] = (a) 0.00, (b) 0.08, (c) 0.19, (d)
0.38, (e) 0.49, and (f) 0.57.

1 T T 1 T T 1
4 2
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The catechol-bearing B-C-nucleoside 2 was treated
with half amount of trimethyl borate in the presence
of trimethylamine in DMSO-d, at room temperature
to obtain a 2:1 complex 12 between nucleoside 2
and a boron ion (Scheme 2) [25]. '"H NMR resonances
of the aromatic protons of the complex 12 were
shifted upfield from those of the nucleoside 2 (Fig. 3).
The signals for catechol protons disappeared upon
complexation with a boron ion, whereas those for the
ribose moiety remained unchanged. The isotopically
resolved ESI-TOF mass spectrum of this solution in
the negative mode provided clear evidence for the
complex 12 (Fig. 4). The enlarged plot of the signal at
m/z 459.15 [12-Etz;NH']™ was in good agreement
with the theoretical isotopic distribution, indicating
the boron-assisted base pairing with 2 in the

224.0
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FIGURE 2 ESI mass spectrum of the Pd+ complex 7: 553.2
(IML,-HI*; caled. 553.13), 330.0 (IML]"; caled. 330.02), 276.8
(IML,]*"; caled. 277.07), 224.0 ([L]"; caled. 224.12), where
M = Pd?", L = nucleoside 1.
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SCHEME 2 A schematic representation of a synthetic route for catechol-nucleoside 2 and its borane complex 12.

deprotonated form. These results also indicate that
the boron complex 12 exists as a stable negatively
charged complex in solution. Although there are two
possible diastereomeric structures for the complex 12
arising from chiral centers on both the D-ribose
skeleton and the boron center, we observed only one
set of proton signals for the complex 12 in the
spectrum. The boron complex is assumed to adopt a
tetrahedral geometry. Although we tried using other
transition metal ions to affect the metal-induced base
pairing of 2, complex formation was often
accompanied by redox reactions that afforded
unidentified products.

Synthesis and Metal-assisted Base Pairing of
2-aminophenol-bearing Nucleosides

Scheme 3 depicts a schematic representation of a
synthetic route for the B-C-nucleoside which has a
2-aminophenol as the nucleobase [26]. A Friedel-
Crafts approach, proceeding via electrophilic aro-
matic substitution, was used to build up the carbon
skeleton of the nucleoside 3. The reaction of
O-benzyloxy-trifluroacetanilide 13 with
1-O-methyl-3,5-O-ditoluoyl-2-deoxy-D-ribofuranose
14 in CHyCl, in the presence of SnCl, produced B-
C-nucleoside 15  with  high  selectivity
(a-16 : B—15=1:10). The B configuration of the
epimer 15 was clearly determined by X-ray analysis

and the coupling constant trend between H-1" and
H-2' in its '"H NMR spectrum in CDCl; [26,27]. 'H
NOE differentiation experiments also provided clear
evidence for the anomeric configuration of 15.
Removal of the protecting groups present in 15 in
three steps afforded the desired B-C-nucleoside 3.
Pd** ion-assisted base pairing with 3 was
examined by 'H NMR spectroscopy. Proton reson-
ances of 3 in the presence of an equimolar amount of
NaHCO; were compared with those of a mixture of 3
and K,PdCl, at a ratio of 2:1 in D,O-CD;OD (4:1). As
shown in Fig. 5, significant changes in the chemical
shifts were observed in the aromatic region upon
complexation with Pd*" ion. Two sets of signals for
H-3 and H-5 appeared at significantly lower field
with an increased intensity in proportion to increas-

ppm

FIGURE 3 'H NMR spectra of (a) nucleoside 2 and (b) 2-borate
(2:1) complex, 12, in DMSO-dg. [2] = 44 mM. [B(OMe);] = (a) 0 and
(b) 22 mM. [Et;N] = 22 mM.
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FIGURE 4 ESI-TOF mass spectrum of complex 12 in the negative
mode: (a) m/z 100-1000, (b) the theoretical isotopic distribution
and (c) the experimental isotopic distribution at m/z 459.15
([12-Et;NH] ™ caled. 459.15).

ing concentration of Pd*" ion, whereas the two sets

of signals for H-6 appeared at higher field, compared
with those for the nucleoside 3. Complexation was
deemed complete when the concentration of Pd**
ion reached almost half the concentration of 3
(Fig. 5(b)). Although there are two possible struc-
tures, cis or trans, for the square-planar Pd*"
complex, in light of the trans-effect that should
occur between the two phenolates bound to the Pd*"
center at the trans positions, the set of H-6 signals
appearing at higher field (6.62 ppm) are assigned to
the H-6 protons of the trans-complex with higher
electron density. The ratio of cis to trans was
approximately 1:1. In addition to the result of the
"H NMR titration supporting the formation of a 2:1
complex between 3 and Pd**, the ESI-TOF mass
spectrum of the complex in the positive mode

provided clearer evidence for the ligand-metal ratio
as shown in Fig. 6. The signals centered at mm/z 555.09
(Fig. 6(a)) correspond to the +1 charged cationic
species, [Pd(3-H), + H]*, which is in good agree-
ment with the theoretical isotopic distribution
(Fig. 6(b)). These results establish that the nucleoside
3 forms a stable 2:1 complex 18 with Pd*" ion with
concomitant deprotonation of the phenolic proton
originally present in 18. Nucleoside 3 also forms 2:1
complexes with a Zn*" or Cd*" ion in a manner
similar to complex 18, and this was evidenced by
ESI-TOF mass spectrometry (Fig. 7).

The protected B-C-nucleoside-15 was converted to
phosphoramidite 17 so as to allow its incorporation
into oligonucleotides by automated solid-phase
methods (Scheme 3). This was done using standard
coupling chemistry to give 21-mer sequences (Chart
4). After cleavage from the resin and subsequent
deprotection, the structural integrity of these
oligomers was analyzed by matrix-assisted laser
desorption ionization-time of flight (MALDI-TOF)
mass spectroscopy.

To examine the effect of Cu®* ion on the thermal
stability of the base pair of O-Bn-2-aminophenol-
bearing nucleotides (X) in DNA, the melting
temperature (T,) was determined by thermal
denaturation monitored on UV absorption at
260nm (Fig. 8). In the absence of Cu®** ion, a 1:1
mixture of oligonucleotides, containing X,
(dA)10X(dA)1p and (dT)1oX(dT )19, melts as 42.5°C
(Fig. 8(a)). For comparison, the duplex where the
artificial base pair is replaced by dA — dT pair melts
at 46.5°C (Fig. 8(b)). Therefore, incorporation of the X
base pair destabilizes the duplex structure, because it

OBn H
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SCHEME 3 A synthetic route for thedeoxy-B-C-nucleoside bearing 2-aminophenol as the nucleobase, 3.
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FIGURE 5 'H NMR spectra of nucleoside 3 in the absence or
presence of K,PdCly; [3] = 2.0mM, [Pd*'] = (a) 0 and (b) 1.0mM,
[NaHCOj3] = 2.0 mM in D,O-CD;OD (4:1) at room temperature.
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FIGURE 6 ESI-TOF mass spectrum in the positive mode for
the 2:1 complex between 3 and Pd*" ion (m/z 530-600); (a) the
experimental isotopic distribution; (b) theoretical isotopic
distribution for [M + H]", and (c) theoretical isotopic
distribution for [M + Na]*, where M = Pd(3-H),.
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FIGURE 7 ESI-TOF mass spectra in the positive mode for
the 2:1 complex between 3 and a Zn>' or a Cd*" ion; (a)
the theoretical isotopic distribution for [Zn(3-H), + H]* (b) the
experimental isotopic distribution for the Zn*" complex, (c)
the theoretical isotopic distribution for [Cd(3-H), + H]*, and (d)
the experimental isotopic distribution for the Cd** complex.
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FIGURE 8 Normalized UV-melting curves at 260nm
([duplex] = 1.19 uM in 10mM Mops, 0.1M NaCl (pH 7.0)). (a)
(dA)10X(dT )10(dT )10X(dT )10, and (b) (dA)21X(dT)z1, and (c)
(dA )10X(dT )1g(dT)10X(dT )10, with Cu2+ ion (119 }LM)

behaves as a mismatch pair in the absence of Cu**
ion. Addition of 1 equivalent of Cu®* ion slightly
lowered the T,, for the duplex (dA);0X(dT )10
(dT)10X(dT )10 (Fig. 8(c)). Studies on artificial
oligonucleotides including several types of other
metal-assisted base pairs are now underway and the
results will be reported elsewhere.

SUMMARY

This paper described the synthesis of three types of
artificial B-C-nucleosides with a metal coordination
site as new letters in an extended genetic alphabet.
The structure, thermodynamically, and the kinetic
behavior of double-stranded DNAs including these
nucleosides could be controlled by the sequence and
size of each strand, the coordination geometry,
oxidation state, and ligand exchange rate of the metal
ions lying at the center of base pairs. The methods
developed in this study should lead to novel DNA or
RNA molecules with unique binding and catalytic
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properties not only for artificial gene control but also
for DNA-based nano-technology. The site-specific
incorporation of other artificial nucleotides into
oligonucleotides will be reported elsewhere.
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