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Fluorescent sensor for redox environment: a redox controlled
molecular device based on the reversible mercury mediated
folded structure formation of oligothymidylate
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Abstract—We report the synthesis of a novel molecular sensor that changes fluorescence emission intensity according to redox envi-
ronments. The sensor is based on the reversible mercury mediated folded structure formation of oligothymidylates.

© 2005 Elsevier Ltd. All rights reserved.

The design and synthesis of organic derivatives for
molecular devices such as sensors, switches, electrical
conductors, ferromagnets, electronic circuits, and non-
linear optical materials has been actively pursued in re-
cent years.! DNA has a wire-like structure composed of
repeatedly connected structural units such as nucleo-
bases, deoxyriboses, and phosphodiesters.”> Thus, func-
tional groups can be arrayed along DNA strands by
attaching them to the structural units.> Recently, syn-
thetic oligodeoxyribonucleotides containing artificial
bases have been used for forming metal-mediated base
pairs in which hydrogen bonds in Watson—Crick (W—
C) type base pairs in natural DNA are replaced by
metal-base bonds.* We reported the alternative method
for generating metal-mediated base pairs in DNA
duplexes using only naturally occurring pyrimidine
bases.® Namely, thymine-thymine (T-T) miss pairs in
DNA duplexes selectively capture Hg'' ion and the me-
tal mediated base pairs, T-Hg-T, are formed in DNA
duplexes (Fig. 1a). Furthermore, Hg" mediated double
helical structure formation of two DNA sequences
which containing several T residues (Fig. 1b) has been
used for developing DNA-based sensors seclectively
detecting Hg'" ions in solutions.® This report describes
a novel DNA based fluorescent sensor for redox
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environment which is based on the reversible mercury
mediated folded structure formation (Fig. 1c) (supple-
mentary data).

The structure of a redox sensor is shown in Figure 2.
The sensor, D—(T);—F, consists of 21-mer thymidylate
carrying a fluorescent residue (fluorescein, F) and a
quencher (Dabcyl, D) at the 3’- and the 5’-ends, respec-
tively.® Both residues are available commercially and are
stable under the reaction conditions used for the chem-
ical synthesis and deprotection of oligodeoxyribonucleo-
tides.” The hairpin structure forming oligonucleotides
containing thymine, guanine, and cytosine bases, which
were used for developing the Hg" sensor,® was not used
for redox sensors since it is well known that guanine resi-
dues are easily degraded in oxidative environments.>® A
mechanism for detecting redox environment using D—
(T)21—F is shown schematically in Figure 2, lower. In
the presence of Hg' ion, Hg'"-mediated T-Hg-T pairs
are formed between T-residues in the (T),; sequence of
D—(T),,—F, which causes the formation of folded struc-
tures. Both termini of the D—(T),—F are brought close
to each other on formation of the folded structures in
the presence of Hg" ions which enhances fluorescence
resonance energy transfer (FRET) between the F and
D residues and results in significant quenching of the
fluorescent emissions. At the concentrations of the sen-
sor used in the experiments in this article, an intermole-
cular double helical structure formation may not be a
major cause of the quenching of the fluorescence inten-
sities (see supplementary data). In a reductive environ-
ment (in the presence of Na,SO;), Hg" is converted
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Figure 1. Schematic representations of the interaction modes of DNA and Hg': (a) T-T miss pairs in DNA duplexes selectively capture Hg' ion and
the metal mediated base pairs, T-Hg-T, are formed in DNA duplexes; (b) a double helical structure consisting of Hg"' and the two DNA strands
which containing several T residues; (c) Hg" mediated folded structure consisting of an oligothymidylate and Hg" ions; (d) an expected structure of

the T-Hg-T pair.>®
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Figure 2. Upper: structure of the fluorescent sensor for redox environment. Lower: a schematic representation of the folded structure and the
extended structure conversion induced by Hg'" — Hg' conversion in oxidative and reductive environments.

into Hg', which cannot form T-Hg'-T pairs, thus the
folded structure is converted into the extended struc-
tures. Both termini of the D—(T),;—F are moved far from
each other on formation of the extended structure in the
presence of Hg' ions (i.e., in the absence of Hg' ion),
which reduces FRET between the F and D residues
and results in significant enhancement of the fluorescent
emissions.

As shown in Figure 3, the fluorescence emission inten-
sity of a solution containing D—(T),;—F decreased by
adding Hg" ion into the solution (arrow a).° The de-
creased emission intensity was recovered by adding a
Na,SOj; solution (arrow b). Again, the emission inten-
sity decreased by adding KMnO, solution (arrow c).
Except for the significant changes in their intensities,
the shapes of the fluorescence spectra were identical
(see supplementary data). The emission intensity of a
solution containing D—(T),,—F in the absence of Hg ions
was insensitive to the addition of the Na,SO; and
KMnOy solutions (see supplementary data).

Molecular devices that use different chelating properties
of a certain metal ion in different redox states have been
reported.!® To the best of the author’s knowledge, syn-
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Figure 3. A fluorescence-redox diagram. To a solution containing D—
(T)2:-F (0.5x 1073 OD at 260 nm), 20 mM NaCl, and 10 mM Mops
(pH 7.06) (2 mL) was added following solutions, (a) 1 mM Hg(ClO,),
solution, 2 puL; (b) 1 mM Na,SO; solution, 7 puL; (¢) 1 mM KMnOy,
solution, 7 uL; (d) 1 mM Na,SO; solution, 8 uL; (¢) 1 mM KMnOy,
solution, 8 pL; (f) 1 mM Na,SOj; solution, 9 pL; (g) 1 mM KMnO,
solution, 9 pL; (h) 1 mM Na,SOj3 solution, 10 puL; (i) |l mM KMnO,
solution, 10 pL.

thetic molecules and proteins but not nucleic acids have
been used for developing such redox sensors. Similar to
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these pre-existing devices, the redox sensor, D—(T),;-F,
has the properties of a molecular device! as it is sensitive
to energy input (redox change) with its components
reproducibly transforming between the folded struc-
ture < the extended structure and the consequent change
in fluorescence emission intensity performing the role of
an output. Hence these results demonstrate the utility
of nucleic acid structures as the bases of molecular
devices.
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