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By attaching Eu(III)/�-diketone complex covalently to oli-
gonucleotide, microenvironments at a specific site in DNA have
been probed. The conjugate efficiently emits luminescence,
since coordination of water to the Eu(III) is competitively inhib-
ited by the internal phosphodiester groups. In the presence
of complementary DNA, however, this inhibition is diminished
because of rigidity of double-stranded DNA and the emission
becomes much weaker. The emission intensity is also affected
by other environmental changes.

Precise evaluation of the environments where biomolecules
are placed is very important so that the biological functions are
understood sufficiently. Until now, many methods for macro-
scopic analysis of the surrounding environments of biomolecules
have been developed. However, there are few methods for meas-
uring microenvironments at a specific site in biomolecules.

Luminescence of lanthanide compounds shows various fea-
tures such as long lifetime, large Stokes shift, and sharply-spiked
emission bands. Moreover, the intensity and the lifetime of the
emission can give information on both the coordination environ-
ments and degree of hydration of these ions.1–4 Lanthanide ions
can form complexes with many biological substances bearing
negatively charged donor groups (e.g., carboxylates or phos-
phates). Binding also occurs as a consequence of metal coordi-
nation to the oxygen of carbonyl or hydroxy groups (e.g., in sug-
ars or nucleotides). For these reasons, lanthanide ions have been
useful luminescent probes for the structure of biological macro-
molecules. In almost all previous researches, metal ions in bio-
molecules were replaced by lanthanide ions, and environments
around these ions (in particular, the presence or absence of the
coordinating functional groups) were analyzed. However, the
use of spontaneous substitution of metal ion limits the scope
of application. Therefore, chemical modifications of biomole-
cules to bind metal ligands should be useful for analyzing
microenvironments at desired site.5,6 Here, we have synthesized
an oligonucleotide-bound Eu(III) complex and developed a new
system for analyzing microenvironments at desired site in DNA.
The effect of duplex formation of the conjugate was investigated
to show the validity of this strategy. In the presence of fully com-
plementary DNA, the emission intensity of Eu(III) complex
greatly decreased compared to that in its absence. Furthermore,
the structural change of the complex upon the duplex formation
was confirmed by the analysis of emission lifetimes. The emis-
sion intensity from the conjugate was also notably affected
by one mismatch between the probe DNA and sample DNA.

The DNAs used in this study are summarized in Figure 1.
CDPP–DNA1 was prepared by conjugating amino-modified
DNA with 5-(4-chlorosulfonyl-1,10-biphenyl-40-yl)-1,1,1,2,2-
pentafluoro-3,5-pentanedione,6 and purified by both polyacryl-
amide gel electrophoresis and reversed-phase HPLC (MALDI-

TOF; see Supporting Figure 1).
The emission spectra of the solutions containing CDPP–

DNA1 (1mM) and Eu(III) ion (1mM) at pH 7.8 (50mM Tris-
HCl), in the presence and absence of fully complementary addi-
tive DNA2 (1mM), are shown in Figure 2. The excitation wave-
length is 340 nm which corresponds to the absorbance of the �-
diketone moiety. These solutions give the same emission maxi-
mum at 615 nm (corresponding to the Eu(III) emission of 5D0 !
7F2). These results indicate that the binary complex Eu(III)–
CDPP is satisfactorily formed and the energy transfer from the
�-diketone to the Eu(III) is efficient even in the absence of
DNA additive. When fully complementary DNA2 is added, the
emission intensity becomes much weaker (compare the dotted
line with the solid one). The ratio of the intensities in the pres-
ence and the absence of DNA2 is approximately 1:3. On the oth-
er hand, DNA3 (1mM), which has almost no complementarity to
DNA1, hardly affects the intensity of emission from the Eu(III)–
CDPP complex. Apparently, the Eu(III) complex of the CDPP-
modified oligonucleotide can act as a useful probe for DNA

CDPP−DNA1   5’- CCAAGTGTCGZAGTGCC -3’ 
  DNA2     3’- GGTTCACAGCATCACGG -5’
  DNA3     3’- TTTGGCATTGGTGGCAGACG -5’
  DNA4     3’- GGTTCACAGGATCACGG -5’ 
  DNA5     3’- GGTTCACACCATCACGG -5’ 
  DNA6     3’- GGTTCACAGCGTCACGG -5’ 
  DNA7     3’- GGTTCACAGCAACACGG -5’ 
  DNA8     3’- GGTTCACAGCATGACGG -5’ 
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Figure 1. DNA sequences used in this study and the structure of
CDPP-modified thymidine Z. The mismatching sites are desig-
nated in bold italics.
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Figure 2. Emission spectra of CDPP–DNA1/Eu(III) complex
(excitation at 340 nm) in the presence of complementary DNA2

(dotted line) and non-complementary DNA3 (broken line). The
solid line shows the spectrum in the absence of DNA additive.
[CDPP–DNA1] = [DNA additive] = [Eu(III)] = 1mM.
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duplex formation.
In order to investigate the effect of a mismatch on the lumi-

nescence, the additive DNAs having one base mismatch toward
CDPP–DNA1 were used. Typical emission spectra of the solu-
tions are shown in Figure 3. Under the experimental conditions
used, DNA1 can form stable duplexes with both DNA4 and
DNA5, and the resultant duplexes contain one base mismatch.
Their emission intensities were far greater than that of fully
matched DNA duplex. When the other DNA additives (DNA6,
DNA7, and DNA8) were used, the emission intensities of the
resultant duplexes were somewhat weaker than those of both
DNA1/DNA4 and DNA1/DNA5 (see Supporting Figure 2).
The subtle structural differences between fully matching site
and mismatching site in duplexes were distinguished.

From these results, the mechanism for the change of emis-
sion intensity upon the duplex formation is proposed in
Scheme 1. The luminescence of Eu(III) is known to be remark-
ably quenched by its coordination water molecules.2,3 When the
CDPP–DNA1/Eu(III) complex is single-stranded, the phospho-
diesters of DNA1 and the �-diketone moiety of CDPP are coop-
eratively coordinated to the Eu(III) due to the flexibility of sin-
gle-stranded DNA. Therefore, the coordination of quenching
water molecules to Eu(III) is repressed. Upon hybridization of
the CDPP–DNA1 with DNA2, the backbone of DNA1 becomes
less flexible, and thus it is difficult for its phosphodiesters to bind
the Eu (III) in the CDPP complex cooperatively. As a conse-
quence, the number of coordinated water molecules increases
and the emission intensity is greatly decreased due to the
quenching by these water molecules. In the case of DNA duplex
including a mismatching base pair, the DNA backbone is more
flexible, and its phosphodiester linkages can weakly interact
with the Eu(III). Therefore, the intensity of luminescence is be-
tween the value in the presence of fully matched DNA and that

in its absence.
In order to confirm this hypothesis still more, the numbers of

coordinated water in the first coordination sphere of the Eu(III)
(q) were directly determined by using eq 1.2

q ¼ 1:05� ½�ðH2OÞ�1 � �ðD2OÞ�1�; ð1Þ

where �(H2O) and �(D2O) are the lifetimes for luminescence de-
cay of CDPP–DNA1/Eu(III) complex in H2O and D2O, respec-
tively. As summarized in Table 1, the number of coordination
water (q) of the Eu(III) in the complex is increased by 2 when
the DNA1 forms the duplex with DNA2. This result strongly in-
dicates that the number of water molecules coordinated to the
Eu(III)–CDPP complex is regulated by the fine conformational
change at the specific site of DNA. This Eu(III) complex conju-
gate also has a potential as bio-probes to investigate ternary
structures of RNA, single nucleotide polymorphisms (SNPs),
and protein–DNA interactions.

In conclusion, we found that the luminescence intensity
from oligonucleotide-bound CDPP–Eu(III) complex is very
sensitive to the change of microenvironments. Therefore, these
conjugates can be used for in situ analysis of interactions of
DNA with various biomolecules.
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Figure 3. Emission spectra of CDPP–DNA1/Eu(III) complex
(excitation at 340 nm) in the presence of DNA2 (solid line),
DNA4 (broken line), and DNA5 (dotted line). [CDPP–DNA1] =
[DNA additive] = [Eu(III)] = 1mM.
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Scheme 1. Proposed mechanism for the change of lumines-
cence intensity of CDPP–Eu(III) complex on DNA duplex for-
mation.

Table 1. Lifetime (�) and the number of coordinated water
molecules (q) of CDPP–DNA1/Eu(III) complex in H2O and
D2O

a

�/ms
�ðH2OÞ�1 � �ðD2OÞ�1 q

H2O D2O

CDPP–DNA1 93 190 5.5 5.8

CDPP–DNA1/DNA2 89 290 7.8 8.2

a[CDPP–DNA1] = [DNA2] = [Eu(III)] = 1mM.
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