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Metal-mediated DNA base pairing of easily prepared
2-oxo-imidazole-4-carboxylate nucleotides

Metal-mediated DNA base pairing, consisting of two ligand-
type artificial nucleobases and a bridging metal ion, has
attracted increasing attention as an alternative base pairing
mode to natural base pairing. In this study, we showed that
a novel 2-oxo-imidazole-4-carboxylate (Im°%) nucleobase,
which can be easily derived from a commercially available
uridine analogue, forms stable Cu'"- and Hg'"-mediated base
pairs within DNA duplexes. Quantitative association of three
Cu'"ions was also demonstrated in a duplex containing
consecutive Im®c-Im°¢ pairs. This study will provide a new
design strategy for metal-responsive DNA materials.

ROYAL SOCIETY
PPN OF CHEMISTRY

As featured in:

Chemical
Science

&

Mitsuhiko Shionoya

<

See Yusuke Takezawa,

Chem. Sci., 2022,13, 3977.

etal,

rsc.li/chemical-science

Registered charity number: 207890



Open Access Article. Published on 23 March 2022. Downloaded on 3/13/2026 11:55:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Metal-mediated DNA base pairing of easily
prepared 2-oxo-imidazole-4-carboxylate
nucleotidesT

i ") Check for updates ‘

Cite this: Chem. Sci., 2022, 13, 3977

8 All publication charges for this article
have been paid for by the Royal Society

of Chernistry Lingyun Hu, © Yusuke Takezawa® * and Mitsuhiko Shionoya & *

Metal-mediated DNA base pairs, which consist of two ligand-type artificial nucleobases and a bridging
metal ion, have attracted increasing attention in recent years as a different base pairing mode from
natural base pairing. Metal-mediated base pairing has been extensively studied, not only for metal-
dependent thermal stabilisation of duplexes, but also for metal assembly by DNA templates and
construction of functional DNAs that can be controlled by metals. Here, we report the metal-mediated
base paring properties of a novel 2-oxo-imidazole-4-carboxylate (Im°€) nucleobase and a previously
reported 2-oxo-imidazole-4-carboxamide (Im®?) nucleobase, both of which can be easily derived from
a commercially available uridine analogue. The Im°© nucleobases were found to form stable Im°<-Cu''-
IM®€ and Im®“-Hg"-Im®€ base pairs in the presence of the corresponding metal ions, leading to an
increase in the duplex melting temperature by +20 °C and +11 °C, respectively. The Im°C bases did not
react with other divalent metal ions and showed superior metal selectivity compared to similar
nucleobase design reported so far. The Im®“-Cu'"-Im®C base pair was much more stable than
mismatch pairs with other natural nucleobases, confirming the base pair specificity in the presence of

Cu'". Furthermore, we demonstrated the quantitative assembly of three Cu" ions inside a DNA duplex
oc_y,oc
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with three consecutive Im pairs, showing great potential of DNA-template based Cu" nanoarray

DOI: 10.1035/d25c00926a construction. The study of easily-prepared Im©€ base pairs will provide a new design strategy for metal-

rsc.li/chemical-science responsive DNA materials.

duplexes, DNA-templated metal assembly,'®*>* modulation of
charge transfer,”** molecular sensing®?" and metal-
dependent control of DNAzymes and aptamers® ™’ have been
reported. Therefore, finding appropriate ligand-type nucleo-

Introduction

The high versatility and programming capabilities of DNA
structures have served as a bridge from fundamental concepts

to practicality in the field of DNA nanotechnology, which is
a successful example of molecule-based bottom-up self-
assembly processes.® Much attention has been focused on
the construction of modified DNA monomers to further enrich
the diversity of DNA structure and function.”” In particular,
a great deal of effort has been devoted to the development of
artificial nucleobase pairs, which are increasingly being recog-
nised as highly effective.'®'* Among them, metal-mediated base
pairing, which consists of two ligand-type artificial nucleobases
and a bridging metal ion, has attracted increasing interest due
to its unique coordination binding mode."*"” The newly intro-
duced metal-mediated base pairs impart unique properties to
the modified DNA, depending on the inherent nature of the
metal. In addition to metal-dependent thermal stabilisation of
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bases that can specifically and strongly bind to a certain metal
ion and form metal-mediated base pairs is important to achieve
these functions.

A variety of ligand-type artificial nucleobases have been
developed so far by modifying simple ligand scaffolds such as
pyridine,***® maltol*>** and pyrimidine.**** Among them, the
imidazole ligand is one of the smallest scaffolds. It has been
reported that most of the modified imidazole nucleobases form
Ag'-mediated base pairs by N-Ag'-N coordination.*=* This
metal binding property can be altered by introducing an addi-
tional coordination site.*»*® For example, imidazole-4-
carboxylate (Im“) nucleobases form a base pair via Cu"- and
Ag'-mediated coordination, and the negatively charged carbox-
ylates neutralise the positive charge of the bridging metal ion.>
The Im®-Cu"-ImC pair is one of the most stabilising artificial
base pairs developed so far,* but Im® retains its binding affinity
for other metals such as Ni" and Co". Furthermore, we have
successfully applied Im®-Cu"-Im® pairing to the metal-
dependent functional regulation of DNAzymes.>*

Chem. Sci., 2022,13, 3977-3983 | 3977
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Fig.1 (a) Schematic diagram of DNA duplexes with a metal-mediated
base pair. (b) Molecular structures of novel ligand-type nucleotides
bearing 2-oxo-imidazole-4-carboxylate (Im°€) or 2-oxo-imidazole-
4-carboxyamide (Im°) as a nucleobase. The expected structures of
metal-mediated base pairs are also shown.

With these examples as a starting point, we sought to expand
the structural diversity of imidazole-like scaffolds that can form
metal-mediated base pairs. Based on imidazole-4-carboxylate
(Im®), a novel ligand-type nucleobase, 2-oxo-imidazole-4-
carboxylate (Im°®®), was designed by modifying the C-2 posi-
tion (Fig. 1). Unlike conventional examples, Im°® nucleosides
can be easily derived from commercially available nucleo-
sides,** reducing the need for laborious synthesis. The Im°®
nucleobase was predicted to have the following characteristics:
(1) In contrast to the Im® nucleobase, the N3 atom of Im°° is
protonated under neutral conditions.*® Since metal coordina-
tion requires deprotonation or amide-iminol tautomerisation,
Im®C was expected to show a metal binding affinity different
from the Im® nucleobase. (2) As the Im® nucleoside has a 2-
carbonyl group, it preferentially adopts an anti-conformation
suitable for metal-mediated base pairing, as reported for the 2-
oxo-imidazole-4-carboxamide (Im®*) nucleoside.®® (3) The 2-
carbonyl group may also function as a hydrogen bond acceptor
for certain amino acids in DNA polymerases.>”*® Therefore, such
a structure may be advantageous for future polymerase incor-
poration studies.

In this study, DNA duplexes containing 2-oxo-imidazole-4-
carboxylate (Im°®) and 2-oxo-imidazole-4-carboxamide (Im®%)
were synthesised and their ability to form metal-mediated base
pairs was investigated. Heterologous base pairing of Im®€ with
other natural or unnatural nucleobases was also analysed in the
presence and absence of certain metal ions. Furthermore, we
investigated the construction of consecutive metal-mediated
base pairs and explored the possibility of one-dimensional
metal assembly inside DNA duplexes.

Results and discussion

Synthesis of DNA strands containing Im°® or Im®*
nucleosides

The synthetic route for DNA strands containing Im® or Im®*

nucleosides is shown in Scheme 1. The 2-oxo-imidazole-4-
carboxlate nucleoside (2) was synthesised by ring contraction
of commercially available 5-bromo-2’-deoxyuridine (1).>* Its
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Scheme 1 Synthesis of DNA strands containing Im°< or Im°* nucle-
otides. The DMTr-modified nucleoside 3 was synthesised by the re-
ported procedure.®® (a) 2-Cyanoethyl N,N-
diisopropylchlorophosphoramidite, DIPEA, CH,Cly, rt, 0.5 h (78%); (b)
DNA synthesiser; (c) 0.3 M NaOH agq., 37 °C (for Im®) or 25% ammonia
aq., 55 °C (for Im®A). DMTr = 4,4’ -dimethoxytrityl.

protected derivative 3 was prepared by the reported procedure.>
Phosphoramidite 4 was then synthesised without the N3
protection because the 3’-NH group was found to be intact
during DNA synthesis just like thymidine. The resulting phos-
phoramidite was immediately used for solid-phase DNA
synthesis.

Since the 4’-substituent was protected as a methyl ester, the
nucleobase moiety can be converted to either a carboxylate
(Im®®) or a carboxamide (Im®*) depending on the deprotection
conditions. To confirm this, we synthesised a trimer DNA strand
with one unnatural nucleotide (5-TXT-3') and deprotected it
with sodium hydroxide or ammonia solution. The deprotected
products were analysed by HPLC (Fig. S1t) and ESI mass spec-
trometry (Fig. S21). When the trinucleotide was treated with
0.3 M NaOH agq. at 37 °C, an almost complete conversion to the
carboxylate Im®® was observed. When incubated in 25%
ammonia solution, the artificial nucleobase was converted to
the desired amide Im® in over 90% yield. The strands con-
taining Im°® and Im®* were easily isolated by reverse-phase
HPLC.

To investigate the metal-mediated base-pairing properties of
Im°® and Im®* nucleotides, 15-mer DNA strands containing
one or three Im®“/Im°* nucleotides in the central position were
synthesised (Table 1). All the strands were deprotected with
NaOH or ammonia solution to produce Im°® or Im®* nucleo-
bases, which were purified by HPLC (Fig. S31). The DNA

Table 1 Sequences of DNA strands used in this study

DNA Sequences (5 to 3')*
1 CAC ATT AIm°°T GTT GTA
2 TAC AAC AIm°“T AAT GTG

2N (N=A,T, G, C) TAC AAC ANT AAT GTG
CAC ATT AIm°*T GTT GTA

TAC AAC AIm®*T AAT GTG

CAC ATT Im°“Im°“Im®°® GTT GTA
TAC AAC Im°“Im®“Im®° AAT GTG
CAC ATT AIm®T GTT GTA

TAC AAC AIm®T AAT GTG

N U W

“ Im®: imidazole-4-carboxylate.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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oligomers with the desired artificial nucleotides were charac-
terised by ESI mass spectrometry (see ESIT).

Cu"-mediated base pairing of Im°“ nucleobases

Metal-mediated base pairing was first examined in a duplex
containing a single artificial base pair, Im®°-Im°® or Im®*-
Im®. Thermal melting analysis of duplexes 1-2 and 3-4 was
performed in the absence and presence of various metal ions
(1.0 equiv.), including first-row transition metal ions and
square-planar Pd" and Pt" ions (Fig. 2, S4, and Table S17). In the
absence of metal ions, the melting temperatures (Ty,) of the
Im°®“-modified duplex 1-2 and Im®*-modified duplex 3-4 were
23.0 °C and 34.5 °C, respectively. Both duplexes were signifi-
cantly less stable than a fully matched duplex containing an A-T
pair in the middle (T}, = 44.2 °C),* indicating that both Im°“~
Im°C and Im°*-Im®* behave as mismatch pairs. The T, value
of duplex 1-2 is about 12 °C lower than that of duplex 3-4. This
may be due to the coulombic repulsion between the negatively
charged carboxylates of the Im®“-Im®C base pair. A similar
phenomenon was also observed in the DNA duplex containing
a pair of imidazole-4-carboxylate nucleobases (Im®), which
showed a T, value (22.5 °C) similar to that of the Im°“-con-
taining duplex 1-2.3 Among the metal ions tested, only the Cu"
ion showed significant stabilisation of duplex 1-2 (T}, = 43.3 °C,
AT, = +20.3 °C). On the other hand, none of these metal ions
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Fig. 2 (a) Melting curves of a DNA duplex containing an Im©€-Im©¢
base pair (1-2) in the presence of various metal ions. [duplex] = 2.0 pM,
[metal ion]/[duplex] = O (dashed line) or 1 (solid lines) in 10 mM HEPES
buffer (pH 7.0), 100 mM NaCl, 0.2 °C min~™. (b) Melting temperatures.
N = 3. The error bars represent the standard errors.
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caused a significant change in the melting profile of duplex 3-4
(-1 °C = AT, = +1 °C). The Cu'-dependent stabilisation of
duplex 1-2 suggests the Cu"-mediated formation of the Im®®-
Cu"-Im®® base pair, which crosslinks the duplex via metal
coordination bonds.

Fig. 3a shows the melting curves of duplex 1-2 in the pres-
ence of various amounts of Cu" ions. In the presence of 0.5
equiv. of Cu" ions, a two-step transition was observed, indi-
cating the presence of both metal-free and Cu”™-bound DNA
duplexes. The addition of more than one equivalent of Cu" did
not cause any obvious change in the melting behaviour. In
addition, Cu"-dependent stabilisation was not observed in the
fully matched duplex or in the duplex containing a T-T
mismatch.***" These results proved that the metal-mediated
base pair was formed by the binding of a single Cu" ion, and
also indicated that there is a high binding affinity between Im®®
and Cu". The stoichiometry of the Im®“~-Cu"-Im®® base pair
was further confirmed by ESI-TOF mass spectrometry (found:
1838.41 (z = 5); caled. for [1-2 + Cu™ — 7H]"": 1838.47; Fig. 3b
and S57).

It is suggested that the Im®°~-Cu"-Im®® pair is formed by the
coordination of both the N3 atoms and the carboxylate groups
in a square planar geometry. Cu”-mediated base pairing with
similar coordination structures has been reported with
imidazole-4-carboxylate nucleobases (Im®)*> and with 6-car-
boxypurines.® The carboxylate group of the Im® nucleobases
not only coordinates with the Cu™ ion, but also neutralises the
positive charge of the metal, thus maintaining a neutral envi-
ronment within the DNA duplex. However, in the case of the
Im® nucleobase, the carboxamide group is a weak neutral
ligand and cannot neutralise the resulting complex. This is the
main reason why metal-mediated base pairing with Im®* is
unfavourable.

The circular dichroism (CD) spectra of duplex 1-2 were also
measured in the absence and presence of Cu" ions (Fig. 3¢). The
spectra showed Cotton effects characteristic of right-handed B-
DNA4, indicating that the introduction of the Im°®~Cu"-Im®®
base pair did not alter the typical duplex structure. Due to the
small size of the Im°© base, the -7 stacking interaction with
the neighbouring base pairs may be reduced, making the
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Fig. 3 (a) Melting curves of the DNA duplex 1-2 containing an Im
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©C base pair in the presence of different concentrations of Cu" ions.

[duplex] = 2.0 uM, [Cu"l/[duplex] = 0, 0.5, 1 (solid lines), 2, and 3 (dashed lines) in 10 mM HEPES buffer (pH 7.0), 100 mM NaCl, 0.2 °C min~* (b) ESI
mass spectrum of the duplex 1-2 with 1 equiv. of Cu'" (negative mode). Small signals were attributed to the sodium and potassium adducts. See
also Fig. S5.t (c) CD spectra of the duplex 1- 2 in the absence (dotted lines) and presence (solid lines) of 1 equiv. of Cu". [duplex] = 2.0 uM in 10 mM
HEPES buffer (pH 7.0), 100 mM NaCl, [ = 0.5 cm, 4 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2022, 13, 3977-3983 | 3979


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc00926a

Open Access Article. Published on 23 March 2022. Downloaded on 3/13/2026 11:55:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

duplex less stable. However, this destabilisation effect can be
compensated for by the coordination bonds of Im®®~-Cu"-Im®°.
Overall, the stability of the duplex containing an Im®®-Cu"-
Im®€ pair (1-2-Cu", T,,, = 43.3 °C) was completely comparable
to that of the natural DNA duplex (44.2 °C).

It should be emphasised that Im°® showed better metal
selectivity for Cu" compared to the structurally relevant
imidazole-4-carboxylate (Im®) nucleobase.’®*> A DNA duplex
with an Im“~ImC base pair was stabilised by the addition of not
only Cu" (AT, = +35.2 °C) but also many transition metal ions
such as Ni"" and Co™ (+14.0 °C and + 11.3 °C, respectively).* In
contrast to Im® the N3 atom of Im°“ needs to be deprotonated
for metal complexation. Thus, Im®® showed excellent metal
selectivity in that it forms metal-mediated base pairs with only
the most suitable Cu".

°¢/Im®* nucleobases

Hg"-mediated base pairing of Im'

Hg" and Ag' ions are often involved in metal-mediated base
pairing in two-coordinate geometry, such as the classical T-
Hg"-T°**! and C-Ag'-C® base pairs. Since the 2-oxo-imidazole
ring is derived from uridine/thymine nucleobases, Im°® and
Im®* were expected to form a metal-mediated base pair similar
to T-Hg"'-T. To investigate this, we conducted melting analysis
of duplexes 1-2 and 3-4 in the presence of Hg" or Ag' ions
(Fig. 4, S6 and Table S2t). In these measurements, sodium
chloride in the buffer solution was replaced by sodium nitrate to
prevent precipitation of metal chlorides.

The addition of one equivalent of Hg" ions markedly
increased the stability of both Im°S- and Im®*-containing
duplexes (AT, = +11.4 °C and +6.2 °C for duplexes 1-2 and 3-4,
respectively). The addition of excess Hg" did not stabilise the
duplexes anymore (Fig. S71). This suggests that the formation of
Im?“-Hg"-Im°° and Im®*-Hg"-Im®* base pairs is mediated by
a single Hg" ion. The Hg"™-mediated base pairing was further
confirmed by ESI-MS measurements of the Im®C-containing
duplex (found: 2342.26 (z = 4); caled for [1-2 + Hg" + K" — 7H]*":
2342.11; Fig. $8%) and the Im®*-containing one (found: 2332.08
(z = 4); caled. for [3-4 + Hg" — 6H]"": 2332.13; Fig. $91). Im°€
and Im® are thought to form a linear complex with Hg" via
coordination of the deprotonated N3 atom, similar to the T-
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Fig. 4 (a) Melting curves of a DNA duplex containing an Im®€-Im°¢

base pair (1-2) in the presence of Hg'" and Ag' ions. [duplex] = 2.0 pM,
[metal ion]/[duplex] = O (dashed line) or 1 (solid lines) in 10 mM HEPES
buffer (pH 7.0), 100 mM NaNOs, 0.2 °C min~. (b) Melting tempera-
tures. N = 3. The error bars represent the standard errors. The melting
temperature in the same buffer in the presence of Cu'" is also shown.
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Hg"-T base pair.®** It is noteworthy that in the case of Im°C
the degree of Hg"-dependent duplex stabilisation is comparable
to that observed for the T-Hg"-T base pair (AT, = +10.9 °C)
under the same conditions.?

Notably, the addition of Ag" did not stabilise the duplexes
containing Im®® and Im®*, On the other hand, previous studies
have shown that the duplex with an imidazole-4-carboxylate
base pair (Im®-Im°®) is stabilised by both Hg" and Ag' ions,
with a slightly higher preference for Ag' over Hg".**5* These
results indicate that Im®© and Im®* nucleobases improve the
metal selectivity, which can be attributed to the protonated N3
atoms. Therefore, Im®® and Im®* bases are more suitable for
the construction of complex molecular systems using multiple
types of metal ions.

Heterologous base pairing of Im°C with other natural and
unnatural nucleobases

Apart from the homologous base pairing, base pairing between
Im°C and other nucleobases was also examined to clarify the
specificity. First, mismatch base pairing with four natural
nucleobases was evaluated by duplex melting analysis (Fig. 5a
and Table $37). The T, values of the duplexes with an Im°“-N
pair (N = A, T, C and G) were different, and the pyrimidine
mismatches (Im®°-T and Im®“~C) were found to be less stable
than the purine mismatches (Im®“~-A and Im®®-G). This trend
can be well explained by the fact that the size of the Im®°-
purine pairs is comparable to that of the natural base pairs.
Similar results were also obtained in previous studies exam-
ining Im®*-N base pairing.*® The addition of one equivalent of
Cu" ions did not cause an obvious T}, change, indicating that
Im°C does not form Cu"-mediated base pairs with natural
nucleobases. It is important to note that the T, value of the
duplex containing Im®®-Cu"-Im®® is higher than all other
duplexes with an Im®°~N pair. This result shows the specificity
of the Im®®~Cu"-Im°® base pairing over pairing with natural
nucleobases in the presence of Cu" ions.

Next, we investigated the possibility of heterologous base
pairing between Im® and Im®C in relation to the previously
studied Im®~Cu"-Im® base pair (Fig. 5b, $10 and Table S4t). As
expected, the duplex melting analysis showed that the Im®°-
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Fig. 5 Melting temperatures of duplexes containing an Im®=N base
pair (1-2N; N = A, T, C, G) in the absence and presence of 1 equiv. of
Cu". (b) Melting temperatures of duplexes containing an Im°€-1m°<
(1-2), an Im°—Im® (1-8), or an Im“~Im base pair (7-8) in the absence
and presence of 1 equiv. of Cu". [duplex] = 2.0 uM and [Cu"]/[duplex] =
0 or 1in 10 mM HEPES buffer (pH 7.0) and 100 mM NaCl. N = 3. The
error bars represent the standard errors.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3.

Cu"-ImC heterologous base pair was formed in the presence of
Cu" ions (AT, = +26.1 °C). The AT, value was intermediate
between those of the duplexes containing the Im®®~Cu"-Im®®
and Im®-Cu"-Im® pairs. This result reflects the Cu" binding
affinity of Im®® and Im® described above.

DNA-templated metal assembly using Im°® nucleobases

The construction of one-dimensional metal arrays using DNA as
a template is one of the promising applications of metal-
mediated base pairing.’*** To investigate the possibility of
DNA-templated metal assembly using Im° nucleobases, a 15-
mer duplex with three consecutive Im®“~Im®C base pairs in the
centre (duplex 5-6) was prepared.

Duplex melting experiments were conducted in the presence
of different amounts of Cu™ ions (Fig. 6a). In the absence of Cu™
ions, duplex 5-6 was highly unstable, and the T, value could
not be determined. As the amount of Cu" ions increased, the
melting curves gradually shifted. When 3 equiv. of Cu" ions
were added, the T, value was almost at its maximum (7, = 51.7
°C). The melting curves were hardly changed by the addition of
excess Cu'. These results show that three base pairs of Im®°-
Cu"-Im®C were quantitatively formed in duplex 5-6. The Tj,
value of duplex 5-6 with 3 equiv. of Cu" is about 10 °C higher
than that of duplex 1-2 with equimolar Cu". This indicates that
the incorporation of multiple Im°“-Cu"-Im° base pairs
enhances the duplex stability more efficiently.

The stoichiometric formation of the Im®“~Cu"-Im®® base
pairs was further examined by circular dichroism (CD)
measurements at 4 °C (Fig. 6b). In contrast to the CD spectra of
duplexes 1-2 and 3-4, the CD spectrum of duplex 5-6 showed
a dramatic change upon Cu" addition. As the amount of Cu"
ions increased, the CD intensity at 275 nm gradually decreased.
The spectra changed linearly in the range of [Cu™]/[5-6] = 0 to 3
and did not change with the addition of more than 3 equiv. of
Cu". The result of the CD measurements were in excellent
agreement with the behaviours of the melting curves, indicating
that three Cu" ions were bound within duplex 5-6. Such stoi-
chiometry was also confirmed by ESI-MS measurements, where
a duplex containing three Cu™ ions was mainly observed (found:
1860.92 (z = 5); caled. for [5-6 + 3Cu™ — 11H]’": 1860.84; Fig. 6¢

© 2022 The Author(s). Published by the Royal Society of Chemistry

and $111). These results suggest that the three Cu" ions were
quantitatively assembled inside the duplex due to the formation
of the Im®°~Cu"-Im°C base pairs. Thus, it was shown that
a certain number of Cu" ions can be aligned according to the
number of Im®© bases in the template DNA duplex.

Conclusions

In this study, we have shown that a novel 2-oxo-imidazole-4-
carboxylate (Im®®) nucleobase undergoes metal-mediated base
pairing in DNA duplexes. The previously reported synthetic
route for the corresponding phosphoramidite® was shortened
by removing one unnecessary protection step. The protected
artificial nucleobase(s) in DNA oligomers can be easily con-
verted to two types of nucleobases, Im®® and the previously
reported carboxamide (Im®?), depending on the deprotection
conditions. Other than the natural T and C bases, Im®® and
Im®* are among the most easily prepared nucleobases that can
form metal-mediated base pairs.

The metal-mediated base pairing of both nucleobases was
studied by duplex melting analysis, CD spectrometry and mass
spectrometry. It was found that the Im®© homologous base pair
forms stable metal-mediated base pairs with both Cu™ and Hg"
(ie., Im°“~Cu"-Im°® and Im°“-Hg"-Im°‘), and AT, was
+20.0 °C and +11.4 °C, respectively. In contrast, Im®* showed
only a slight increase in T}, in the presence of Hg" (AT, = +6.2
°C) due to the formation of the Im®*~Hg"-Im®* pair. This
difference in metal ion affinity is mainly due to the substituent
at the 4-position, since the negative carboxylate group can form
a stronger coordination bond with Cu". Probably due to the
protonated N3 atom, Im®® was found to exhibit superior metal
selectivity compared to the structurally related imidazole-4-
carboxylate (Im€) nucleobase.?*

Further investigation of the possibility of heterologous base
pairing in the absence and presence of metal ions revealed that
the Im°“~Cu"™-Im®® base pair was more stable than heterolo-
gous base pairing with natural nucleobases (i.e. Im°°-N), sug-
gesting the specificity of metal-mediated homologous base
pairing among the possible base pairing patterns. When paired
with the previously reported Im€, the resulting Im®®-Cu"-Im®
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heterologous base pair showed intermediate stability (AT, =
+26.1 °C) between Im®®-Cu"-Im®® (+20.3 °C) and Im®-Cu"-
Im® (+35.2 °C). This result indicates that the metal-mediated
base pair stabilisation effect can be rationally tuned by replac-
ing the ligand-type nucleobases.

The stable Im®°~Cu™-Im®C base pairing is expected to have
applications such as the construction of DNA-templated metal
arrays. In the preliminary experiments using a duplex contain-
ing three Im®°-Im°€ base pairs, we succeeded in quantitatively
assembling three Cu" ions. Since the Im®® nucleoside can be
prepared from a commercially available nucleoside by a short-
step synthesis, Im°® oligomers are considered suitable for
constructing one dimensional metal wires. In addition, the
significant increase in duplex stability and high metal selectivity
brought by the formation of the Im®°-Cu"-Im®C base pair
makes it a promising candidate for constructing metal-
responsive DNA nanodevices and nanomachines. The newly
introduced 2-oxo functional group is expected to play an
important role in recognition by DNA polymerases. Applications
such as enzymatic synthesis®*® and PCR amplification® are
highly promising and will be probed in the future. Thus, metal-
mediated base pairing with Im®C is believed to have high
potential applications in DNA supramolecular chemistry and
nanotechnology.
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