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3,5-Bis(trifluoromethyl)benzene modified bisbenzimide H
33258 was synthesized as a 'F magnetic resonance-based
DNA detection probe. The chemical shift and fluorescence of
the probe were significantly changed by the addition of
hairpin DNAs having an AATT sequence. The probe enables
F NMR/fluorescence bimodal detection of the model DNA
double strands simultaneously.

The '°F magnetic resonance (MR)-based molecular probe has
many potential applications in biological analysis such as
imaging of biomolecules in vivo, in bio-organs and in crude
biological specimens. Because of the high sensitivity of '’"F MR
signals (approximately 83% of 'H), and the low background
signal from endogenous '°F atoms, the method is expected to be
a powerful tool for imaging biomolecules in vivo. To date,
various '’F MR-based molecular probes that can detect or
image biomolecules in vivo or in cells have been reported. For
example, Higuchi et al. successfully developed a molecular
probe for amyloid beta plaque in mouse brains;' Mizukami et
al. reported a peptide based probe that can detect protease
activity in a signal turn-on manner;> Hamachi et al. reported a
supramolecular disassembly driven signal turn-on probe that
can detect various proteins and enzymes in cells.” '°F MR-
based oligonucleotide probes for detecting nucleic acids have
also been developed.® These probes have opened the door to the
analysis of endogenous nucleic acids by '’F NMR/MRI;
however, there has been no report on probes that can detect
nucleic acids in living cells because of the low cell permeability
of the oligonucleotide based probe. Therefore, development of
a '°F NMR-based nucleic acids detection probe having high cell
permeability is required.

As another advantage of '°F NMR, the narrow '°F MR signal
is useful to discriminate different molecules or the states of a
molecule in a '"F NMR spectrum. This provides simultaneous
detection method for various nitrile compounds,’ different
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molecular probe for bimodal and simultaneous
detection of DNASs by ”F NMR and fluorescence

xa,b

ubiquitinDchains6 and various conformations of DNA.’
However, molecular probe that shows different F MR signal
dependent on the nucleic acids sequence, and that can
discriminate nucleic acids having different sequences on a '°F
NMR spectra has not been reported.
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Fig. 1. (a) Structure of fluorine labeled bisbenzimide H 33258 (1) and the
sequences of the ODNs used. (b) °F NMR, (c) fluorescence spectra and (d)
fluorescence image of 1 in the presence of hpODN-CG or hpODN-Ctl. [1] =
[hpODN] = 10 uM in 50 mM Tris-HCI (pH 7.6) containing 100 mM NaCl and 10%
(v/v) D,0. Measurements were performed at 27°C. Fluorescence image was
obtained under 365 nm irradiation with a transilluminator using the samples in
NMR tubes after the *°F NMR measurements.
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In this study, to obtain a '°’F MR-based DNA detection probe
having cell permeability and the ability for discriminating
sequences around the binding site of the probe, we designed a
novel probe molecule consisting of bisbenzimide H 33258 and
3,5-bis(trifluoromethyl)benzene as a DNA recognition moiety
and a "°F source, respectively (Fig. 1a). As the bisbenzimide H
33258, i.e. Hoechst 33258, is a general fluorescent probe for
DNA imaging in living cells and as a designed probe
(compound 1) has the positive net charge, 1 may have high cell
permeability similar to bisbenzimide H 33258. Furthermore,
fluorescence and '"F NMR bimodal detection of DNA is
expected using 1. Synthesis of 1 was performed using
commercially available bisbenzimide H 33258 and 3,5-
bis(trifluoromethyl)benzylbromide, and 1 was successfully
purified by high performance liquid chromatography (See
ESIY).
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Fig. 2. (a) F NMR and (b) fluorescence spectra of 1 in the presence of various
concentrations of hpODN-CG. (c) Titration curves derived from the ratio of the
peak shift in "F NMR and fluorescence enhancement at 460 nm. [1] = 10 uM in
50 mM Tris-HCl (pH 7.6) containing 100 mM NaCl and 10% (v/v) D,O.
Measurements were performed at 27°C.

First, to examine the '’F MR chemical shift change through
the binding with hairpin oligodeoxyribonucleotide (hpODN),
YF NMR of 1 was measured in the presence of hpODN-CG
(Fig. 1a) having an AATT sequence, which is the reported
binding site of bisbenzimide H 33258.% at the stem region. As
shown in Fig. 1b, the "’F MR chemical shift of 1 (-62.89 ppm)
was clearly shifted to a lower magnetic field (-62.44 ppm) by
the addition of hpODN-CG. The change in the chemical shift of
1 was not observed in the presence of hpODN-Ctl, which has a
GGCC sequence instead of AATT in hpODN-CG, indicating
that 1 bound to double stranded DNA with AATT selective
interaction, which is reported in the case of unmodified
bisbenzimide H 33258.% The shifted peak was reverted by the
addition of unmodified bisbenzimide H 33258 (Fig. Sl1),
suggesting that 1 bound the same binding site of unmodified
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bisbenzimide H 33258. Peak broadening was observed in the
case of the addition of hpODN-Ctl, suggesting that 1 interacts
non-specifically to hpODN-Ctl with a high chemical exchange
rate. The fluorescence spectra of the same samples as '°F NMR
experiments are shown in Fig. 1c. The fluorescence of 1 was
dramatically enhanced by the addition of hpODN-CG, although
the enhancement was not observed in the case of hpODN-Ctl.
Together with the results of the '’F NMR experiment, it is
strongly suggested that 1 can detect double-stranded DNA
having an AATT sequence with fluorescence and '’F MR
bimodality.

As the '°F MR peak shift and the fluorescence enhancement of
1 occurred in a hpODN-CG concentration dependent manner
(Fig. 2a,b), the quantitative detection of target double-stranded
DNA might be possible particularly in the case of '’F NMR
ratiometric detection. The titration curves of 1 versus hpODN-
CG derived from '°F NMR and fluorescence spectra are shown
in Fig. 2c. The fluorescence was linearly increased by the
addition of hpODN-CG and the change was saturated with the
addition of an equimolar amount of hpODN-CG, suggesting
that 1 and hpODN-CG form 1:1 complex the same as the case
of unmodified bisbenzimide H 33258.% Contrary to the case of
fluorescence enhancement, the yield of the '°F NMR peak shift
was higher than the molar equivalency of added hpODN. The
higher yield appears to be due to the broadening of the initial
peak (—62.89 ppm) induced by nonspecific interaction as
discussed above.

Table 1. Kp of 1 and bisbenzimide H 33258 toward various hpODNs
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Kp/ x10° M*
1 Bis-benzimide H

33258
hpODN-CG 1.6+0.16 1.9 +0.06
hpODN-TA 0.2 +0.04 0.2 +0.08
hpODN-GC 3.4+0.17 34+0.11
hpODN-AT 23+0.16 1.4 +0.09
hpODN-Ctl nd’ nd®

*Values of Kp were determined by fluorescence titration analysis with
nonlinear least-squares curve-fitting (Fig. S2 and Fig. S3). "This value of K,
cannot be determined because the small change in fluorescence intensity
occurred after the addition of hpODN-Ctl.

The binding affinity of 1 to various hpODNs was evaluated by
fluorescence titration experiments (Fig. S2 and S3). As shown
in Table 1, in all cases, dissociation constants (Kp) of 1 were
comparable to that of unmodified bisbenzimide H 33258,
suggesting that the group
scarcely affected the interaction between the bisbenzimide

3,5-bis(trifluoromethyl)benzyl

group and the minor groove in the AATT region of double-
stranded DNA.

To evaluate the cell permeability of 1, HeLa cells were treated
with a solution of 1 or bisbenzimide H 33258, and then directly
observed under a fluorescence microscope. As shown in Fig. 3,
bright fluorescence spots were observed in cells in both cases.
The fluorescence intensity of the spots in the case of 1 was
higher than that in the case of bisbenzimide H 33258. This
result suggests that the cell permeability of 1 is comparable or
greater than that of bisbenzimide H 33258. As bisbenzimide H
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33342, which has a methoxy group instead of a hydroxy group
of bisbenzimide H 33258, and which has a higher net positive
charge than bisbenzimide H 33258, has higher cell permeability
compared to bisbenzimide H 33258,° the enhanced cell
permeability of 1 might be caused by the increased net positive
charge of 1.

Phase Fluorescence
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Untreated

Fig. 3. Fluorescence microscopic analysis of the cell permeability of 1. Hela cells
plated on glass-bottom dishes were treated with bisbenzimide H 33258 (10 uM)
or 1 (10 uM) in FluoroBrite™ DMEM (37°C, 10 min), and then directly observed
by a fluorescence microscope. Scale bar: 25 um.

Finally, we measured the '"F NMR spectra of 1 in the
presence of various hpODNs. As shown in Fig. 4a, the
chemical shift on the "’F NMR spectra differed depending on
the base pairs neighboring AATT binding site of bisbenzimide
moiety, suggesting that the environment, such as the local
dielectric constant, around the CF; group on 1 differed quite
markedly among the four base pairs. The two peaks observed in
the case of hpODN-TA, GC and AT indicate that there are two
different binding modes between 1 and these hpODNs. As the
stem regions around the AATT binding sites have palindromic
sequence, 1 can bind in two different directions; 3,5-
bis(trifluoromethyl)benzene moiety possessed at the blunt end
side or at the T4 loop side. The difference in the environment
between these two sides might affect the chemical shift of 1
bound to these hpODNs. Indeed, the '’F NMR spectrum of 1
bound with hpODN having a longer stem region, which has an
additional 3 base pairs at the blunt end of hpODN-TA, gave a
single peak at —62.36 ppm (Fig. S4), suggesting that the
relatively flexible structure of the blunt end affected the
chemical shift of 1 bound in the direction that the
bis(trifluoromethyl)benzene moiety possessed at the blunt end
side of these hpODNs. As the sequence of double-stranded
DNA around AATT can be determined from the chemical shift
of 1 on a '’F NMR spectrum, sequences of the double-stranded
DNA mixture in a solution might be analyzed on a '’F NMR
spectrum using 1. Indeed, the '"F NMR spectrum of the
solution including various hpODNs shows various peaks that
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are identical to the MR signal from 1 bound to each of the
hpODNs (Fig. 4b). With further development, this type of
probe could become useful for analyzing DNA in living cells,
and also for simultaneous detection of DNAs having different
sequences on a F NMR spectrum.
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Fig. 4. F NMR spectra of 1 in the presence of various hairpin ODNs. (a) 1:1
mixture of 1 and hairpin ODNs having different sequences. [1] = [hpODN] = 10
UM in uM in 50 mM Tris-HCI (pH 7.6) containing 100 mM NaCl and 10 % (v/v)
D,0. (b) In the presence of hairpin ODN mixture. [1] = 25 uM, [hpODN] = 5 uM
each in 50 mM Tris-HCI (pH 7.6) containing 100 mM NacCl and 10% (v/v) D,0.
Measurements were performed at 27°C.

Conclusions

In conclusion, the '"F NMR/fluorescence bimodal probe for
DNA detection was successfully developed using the
bisbenzimide skeleton as a double-stranded DNA recognizing
motif. Surprisingly, the probe can discriminate the sequence
neighbouring AATT binding site by the '’F MR chemical shift.
This unique characteristic of the probe enables simultaneous
detection of double-stranded DNAs having different sequences
on a "F NMR spectrum, and provides a novel concept for
designing the molecular probe for DNA detection and imaging.
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