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Specific interactions between silver(1) ions and cytosine—cytosine pairs

in DNA duplexes
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Very specific binding of the Ag(1) ion unexpectedly stabilized
DNA duplexes containing the naturally occurring cytosine—
cytosine (C-—C) mismatch-base pair; because the C—C pair
selectively binds to the Ag(1) ion, we developed a DNA-based
Ag(1) sensor that employed an oligodeoxyribonucleotide contain-
ing C—C pairs used for Ag(1) binding sites.

Recently, synthetic oligodeoxyribonucleotides containing arti-
ficial bases have been used to form metal-mediated base pairs
in which the hydrogen bonds of Watson—Crick (W-C)-type
base pairs in natural DNA were replaced by metal-base
bonds.! The artificial bases have been synthesized, incorpo-
rated into DNA strands, and used for capturing metal ions
such as Cu(),'> Ag(1),'# etc. In DNA duplexes, the metal
ions have been believed to be placed between the modified base
pairs, as indicated by a crystal structure of a metal-DNA
complex.'® We previously reported an alternative method for
generating metal-mediated base pairs in DNA duplexes using
only naturally occurring thymine—thymine (T-T) mismatched
base pairs. In DNA duplexes, T-T mismatches selectively
captured Hg(11) ions and the metal-mediated T-Hg(11)-T base
pairs stabilized the DNA duplex.? We report the formation of
a novel, metal-mediated base pair, and the selective capture of
Ag(1) ions by cytosine—cytosine (C—C) mismatches to form
C—Ag(1)-C base pairs in DNA duplexes.

Fig. 1a shows thermally induced transition profiles of DNA
duplexes (5'-(A)10C(A)o-3" and 5'(T);0C(T);0-3’) containing a
C—C mismatch in the presence of several metal ions. A
comparison of the melting temperature (T},)° for the duplex
containing the C—C mismatch in the presence of Ag(i) ions
(39 °C, — -O- - in Fig. la) with the T, of the duplex in the
absence of Ag(1) (31 °C) reveals that the Ag(1) ion efficiently
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stabilized duplex formation. Approximately one equivalent of
Ag(1) was sufficient to fully stabilize duplex formation under
these conditions (see ESIT).

Addition of Ag(r) ions did not alter the shape of the
transition profile for normal duplexes containing A-T and
G-C pairs. Other metals known to bind to nucleic acids,*?
such as Hg(n), Cu(m), Ni(r), Pd(m), Co(ir), Mn(11), Zn(1),
Pb(ir), Cd(1), Mg(1), Ca(n), Fe(ir), Fe(ur), and Ru(im) had
no notable effects on the thermal transition profiles (see ESIT).
Note that Hg(i1) ions, which exhibited significant stabilizing
effects in DNA duplexes containing T-T pairs,” showed no
effects on the denaturation profile (—HM- in Fig. 1a). Detailed
analysis revealed that Cu(m) slightly altered the transition
profile of duplexes containing the C—C mismatch, although
T, values in the presence and absence of Cu(i) were similar
(-A—1n Fig. 1a). The effects of Ag(1) on the C—C pairs surpassed
the effects of other metals and appeared to be highly specific.

The effect of solution pH on the metal-induced stabilization
of the duplexes was also examined. Shown in Fig. 1b, the
C-Ag—C mismatched duplex was stabilized considerably by
the presence of Ag(1) between pH 5 and 9, but was destabilized
outside of this range regardless of the Ag(1) content.

In the absence of Ag(r), the C—C mismatch duplex was parti-
cularly stable around pH 5, most likely caused by protonation of
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Fig. 1 (a) Relative absorbance, 4 = [(4, -c — A9 -c)/(Aso :c — A10 °C)]»
at 260 nm vs. temperature for a mixture of 5-d(A);oC(A);o-3’ and
5'~(T)10C(T);0-3". Each solution contained 1 uM of oligomer in 10 mM
Mops, 100 mM NaNOs;, pH 7.1. -O- in the absence of metal, — -[J— -
AgNO; (2 uM), —Hl— Hg(ClOy4), (2 uM), —A— CuCl, (2 uM). The T},
values of the 5'-(dA);(-3/5'-T,;-3" duplexes, and 5'-d(A);0G(A)0-3'/
5'-(T)10C(T)10-3" were 44 °C and 46 °C , and were not affected by the
addition of AgNO; (2 uM). (b) T},, at 260 nm vs. pH for the mixtures.
Each solution contained 1 uM of oligomer, 2 uM AgNO;, and 100 mM
NaNOj in the appropriate buffer (10 mM); @ acetate, B cacodylate,
A phosphate, & Mops, O borate in the absence (small size) or presence
of metal ions (large size).
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the cytosine bases® in acidic solution and the generation of positive
charges that thereby stabilized the duplex formation. In the
presence of Ag(i), this characteristic pH effect was diminished
due to C-Ag(1)-C complex formation.

Ag())-titration experiments were performed using 1D 'H
NMR spectroscopy (Fig. 2). New peaks were generated in the
imino-proton region following the addition of Ag(1) ions, and the
intensities of these features increased with Ag(r) ion concentra-
tion. The spectrum acquired in Ag(1)-saturated solution (1.2 eq)
(Fig. 2a, bottom) differed from that of the Ag(i)-free DNA
duplex (Fig. 2a, top). This spectrum was the result of Ag(i)-DNA
complex formation, and indicated that the stoichiometry of the
complex was 1 : 1. It was therefore reasonable to conclude that
one C—C mismatch captured one Ag(1) ion. Note that at lower
Ag(1) concentrations (0.4 eq), the imino-proton resonances from
Ag()-free and Ag(1)-complexed DNA duplexes were indepen-
dently observed (Fig. 2a, middle). This indicated that the proton
exchange rate between Ag(i)-free and Ag(1)-complexed DNA
duplexes was slow relative to the timescale of the NMR measure-
ment. Such slow exchange phenomena were also observed over
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Fig. 2 Imino-proton region (a) and methyl-proton region (b) of 1D
"H NMR spectra of a DNA duplex with a single C-C mismatch.
Molar ratios ([Ag(1)]/[duplex]) are indicated on the left side of each
spectrum. The sequence of the DNA duplex is indicated at the top of
the figure. Solution conditions are 2.0 mM DNA duplex, 100 mM
NaNOs;, | mM Na-cacodylate pH 6.0 and various concentrations of
Ag(1) in aqueous solution (D,O : H,O = 1:9). 1D 'H NMR spectra
were recorded on a JEOL ECA600 spectrometer at 23 °C with a
spectral width of 18 678 Hz digitized into 16 384 points, and 128 scans
were averaged. Each spectrum was processed with an exponential
window function to give a line-broadening of 1.0 Hz.

the entire range of the 1D '"H NMR spectra. For example, the
methyl-proton regions of the spectra are shown in Fig. 2b. In
general, exchange rates of metal association—dissociation pro-
cesses with DNA/RNA molecules are fast relative to the time-
scale of the NMR measurement.”? The slow exchange rate
observed in Fig. 2 therefore suggests that the Ag(l) ion binds
between the C-C base pair. A similar slow exchange was
observed in the NMR study of T-Hg(m)-T formation.>

The results of electrospray ionization mass spectroscopy
(ESI-MS) support the binding of a silver ion to a C—C pair in
the DNA duplex (see supporting informationt).

The interactions of metal ions with nucleic acids, nucleo-
sides, and nucleobases have been extensively investigated.'*>’
Ag(1), like Hg(mr), binds to base moieties selectively rather than
to the phosphate and sugar groups in nucleic acids.*> In the
metal-mediated T-Hg(11)-T pair, the mercury ion interposed
itself between the thymine residues by forming covalent bonds
with the N3 of each thymine residue.>’® Analogous to the
T-Hg(m)-T pair, Ag(1) may bind between the N3 nitrogen
atoms of cytosine in the C—-C mismatch pairs. A similar
binding mode was proposed for Ag(1) and artificial pyridine
nucleosides in DNA duplexes.'® Such linear coordination
geometries were observed in the monovalent metal-binding
sites of metalloregulatory proteins.”

Both thymine and cytosine have been shown to form specific
metal-mediated pairs. The formation of the metal ion-
mediated T-Hg(n)-T and C-Ag(1)-C base pairs in DNA
duplexes can be used to synthesize new materials, such as
DNA wires containing metal ions at desired sites,'” and
molecular sensors for detecting metal ions’ or redox environ-
ments.'® Similar to the development of mercury sensing using
T-T pair—Hg(m) binding, we constructed a DNA-based sensor
for Ag(1) ions, as shown in Fig. 3. The oligodeoxyribonucleo-
tide (ODN) based sensor, D-ODN-F, consists of an ODN
carrying a fluorescent moiety (fluorescein, F) and a quencher
(dabeyl, D) at the 3'- and 5’-ends, respectively.!! The ODN
sequence is divided into two parts: a cytosine-rich, silver-
binding sequence and the linker sequence. A proposed mecha-
nism for detecting Ag(1) ions using D-ODN-F is shown
schematically in Fig. 3. In the absence of Ag(1) ions, the
ODN exists as a random coil. In the presence of Ag(i) ions,
silver-mediated base pairs (C—Ag(1)-C) are formed between
C-residues in two Ag ion-binding sequences, leading to the
formation of a hairpin structure. In the hairpin structure, the
termini of the ODN are brought into close proximity to each
other, thereby enhancing the fluorescence resonance energy
transfer (FRET) between the F and D moieties and dramati-
cally quenching the fluorescence emission.

As shown in Fig. 3a, the fluorescence emission intensity of
D-ODN-F decreased linearly with increasing Ag(1) concentra-
tion around 50 nM (Fig. 3b). Since the fluorescence emission
of ODN-F, which did not carry the quencher, only slightly
decreased upon addition of Ag(1) ions (see ESIY), the flores-
cence emission was quenched by the proposed mechanism in
the presence of Ag(r). In addition to high sensitivity, the
system boasts high selectivity for Ag(i) ions. Fluorescence
spectra of D-ODN-F in the absence and presence of other
heavy metal ions are shown in Fig. 3c. Since the presence of
each heavy metal ion did not greatly alter the emission of
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Fig. 3 Upper: structures of the ODN-based silver molecular sensor
D-ODN-F and a schematic representation of the hairpin structure
induced in D-ODN-F by Ag(1) ion-mediated C—Ag—C pair formation,
which quenches the fluorescence. (a) Fluorescence spectra of
D-ODN-F (10 nM) upon the addition of 0, 10, 20, 30, 40, 50, 60,
80, 100, 150, and 200 nM AgNOs;. The intensity of the fluorescence
emission decreased as the Ag' ion concentration increased. (b) Fluor-
escence emission intensity vs. Ag' concentration. (c) A solution con-
taining D-ODN-F (10 nM) in the absence or presence of metal ions.
—in the absence of metal ions, —O— in the presence of 60 nM metals
(Mix = Zn(u), Fe(ir), Cu(m), Ni(11), Cd(i1), Mn(11), Co(11), and Pb(r)),
—@®— 120 nM Mix, —[— 120 nM Mix + 60 nM Ag(1). A buffer
solution of 3-(N-morpholino)propanesulfonic acid (10 mM, pH 7.0)
50 mM NaNO; was used.

D-ODN-F, a mixture of metal ions was used to estimate the
effect of background metals. Upon adding a mixture contain-
ing 120 nM Zn(m1), Fe(11), Cu(1), Ni(1r), Cd(1r), Mn(11), Co(1),
and Pb(i), the emission intensity decreased (—@— in
Fig. 3c). However, upon adding 60 nM Ag(1), the emission
intensity decreased further (—O— in Fig. 3c). Thus, the
sensor exhibited more sensitivity toward Ag(i) ions than
toward the other metal ions (see ESIT)."

In conclusion, much like the previously reported mercury-
mediated thymine pairs,”> cytosine—cytosine base pair mis-
matches bind Ag(i) ions with high specificity in DNA
duplexes. These results indicate that Ag(r) ions may accumu-
late in DNA duplexes composed of commercially available
oligonucleotides with natural base residues. This phenomenon

can be applied to a variety of scientific fields, including metal
ion sensing, silver-coated DNA fabrication, DNA-templated
Ag cluster formation, and the development of DNA nano-
architectures. '

A.O. thanks Prof. W. S. Price and Prof. H. Torigoe for
discussion. This work was supported in part by the grants-in-
aids for Scientific Research (B) (16350090), and the “‘Scientific
Frontier” Project (2006-2011) from MEXT, Japan.

Notes and references

1 (a) G. H. Clever, C. Kaul and T. Carell, Angew. Chem., Int. Ed.,
2007, 46, 6226-6236, and references therein; (b) E. Meggers, P. L.
Holland, W. B. Tolman, F. E. Romesberg and P. G. Schultz,
J. Am. Chem. Soc., 2000, 122, 10714-10715; (¢) S. Atwell, E.
Meggers, G. Spraggon and P. G. Schultz, J. A4m. Chem. Soc.,
2001, 123, 12364-12367; (d) N. Zimmermann, E. Meggers and P.
G. Schultz, J. Am. Chem. Soc., 2002, 124, 13684-13685; (e) K.
Tanaka, Y. Yamada and M. Shionoya, J. Am. Chem. Soc., 2002,
124, 8802-8803; (f) F.-A. Polonius and J. Muller, Angew. Chem.,
Int. Ed., 2007, 46, 5602-5604; (g) B. D. Heuberger, D. Shin and C.
Switzer, Org. Lett., 2008, 10, 1091-1094.

2 (a) Y. Miyake, H. Togashi, M. Tashiro, H. Yamaguchi, S. Oda, M.

Kudo, Y. Tanaka, Y. Kondo, R. Sawa, T. Fujimoto, T. Machinami

and A. Ono, J. Am. Chem. Soc., 2006, 128, 2172-2173; (b) Y.

Tanaka, S. Oda, H. Yamaguchi, Y. Kondo, C. Kojima and A. Ono,

J. Am. Chem. Soc., 2007, 129, 244-245.

Thermally induced dissociation and association processes are

shown in the ESIf.

4 Principles of Nucleic Acid Structure, ed. W. Saenger, Springer-

Verlag, New York, NY, 1984.

V. A. Bloomfield, D. M. Crothers and I. Tinoco, Jr, Nucleic Acids,

Structures, Properties, and Functions, University Science Books,

Sausalito, CA, 2000.

6 J.S. Lee, M. L. Woodsworth, L. J. P. Latimer and A. R. Morgan,

Nucleic Acids Res., 1984, 12, 6603-6613.

(a) S. Katz, Biochim. Biophys. Acta, 1963, 68, 240-253; (b) R. M.

Izatt, J. J. Christensen and J. J. Rytting, Chem. Rev., 1971, 71,

439-481; (¢) A. R. Navarro and B. Lippert, Coord. Chem. Rev.,

1999, 185-186, 653-667; (d) Y. Tanaka, C. Kojima, E. H. Morita,

Y. Kasai, K. Yamasaki, A. Ono, M. Kainosho and K. Taira, J.

Am. Chem. Soc., 2002, 124, 4595-4601; (¢) B. Knobloch, C. P. Da

Costa, W. Linert and H. Sigel, Inorg. Chem. Commun., 2003, 6,

90-93.

8 A. Changela, K. Chen, Y. Xue, J. Holschen, C. E. Outten, T. V.
O’Halloran and A. Mondragon, Science, 2003, 301, 1383-1387.

9 (a) A. Ono and H. Togashi, Angew. Chem., Int. Ed., 2004, 43,
4300-4302; (b) J.-S. Lee, M. S. Han and C. A. Mirkin, Angew.
Chem., Int. Ed., 2007, 46, 4093-4096; (¢) J. Liu and Y. Lu, Angew.
Chem., Int. Ed., 2007, 46, 7587-7590; (d) X. Liu, Y. Tang, L.
Wang, J. Zhang, S. Song, C. Fan and S. Wang, Adv. Mater., 2007,
19, 1471-1474; (e) X. Xue, F. Wang and X. Liu, J. Am. Chem. Soc.,
2008, 130, 3244-3245; (f) D. Li, A. Wieckowska and I. Willner,
Angew. Chem., Int. Ed., 2008, 47, 3927-3931.

10 Y. Miyake and A. Ono, Tetrahedron Lett., 2005, 46, 2441-2443.

11 M. N. Stojanovic, P. de Prada and D. W. Landry, J. Am. Chem.

Soc., 2001, 123, 4928-4931.

12 Some interactions between the metal ions and the fluorescent
residue may cause the reduction in the fluorescence intensity. In
a buffer containing more concentrated salts such as 500 mM
NaNO;, D-ODN-F did not respond to the addition of the other
metal ions; thus D-ODN-F was highly selective for Ag(1) ions.

However, sensitivities to Ag(1) decreased as the salt concentration
increased.

13 (a) J. T. Petty, J. Zheng, N. V. Hud and R. M. Dickson, J. Am.

Chem. Soc., 2004, 126, 5207-5212; (b) L. Berti, A. Alessandrini and
P. Facci, J. Am. Chem. Soc., 2005, 127, 11216-11217; (¢) G. A.
Burley, J. Gierlich, M. R. Mofid, H. Nir, S. Tai, Y. Eichen and T.
Carell, J. Am. Chem. Soc., 2006, 128, 1398-1399; (d) U. Feldkamp
and C. M. Niemeyer, Angew. Chem., Int. Ed., 2006, 45, 1856-1876.

W

W

~

This journal is © The Royal Society of Chemistry 2008

Chem. Commun., 2008, 4825-4827 | 4827



