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Using  3,5-bis(trifluoromethyl)benzene-modified  bisbenzimide
H33258, bulged-out nucleobases on a DNA strand can be detected
by the chemical shift change in e NMR. Based on this technique,
single-nucleotide polymorphisms on a DNA sequence can be
analyzed simultaneously.

With their highly transparent signals, °F NMR-based molecular
probes have wide potential for detecting and/or imaging
biomolecules in cells and also in vivo. Various molecular
probes that can detect biomolecules, such as amyloid beta
plaque,1 enzymes,2 proteins,3 and nucleic acids,4 have been
reported, which has opened the door to the analysis of
endogenous biomolecules by F NMR/MRI. The narrow “°F
NMR signal is also an advantage of ®F NMR-based molecular
probes because different molecules or the states of a molecule
can be discriminated easily in a ¥F NMR spectrum. This
provides a simultaneous detection method for various nitrile
compounds,5 neutral and anionic species,6 different ubiquitin
chains’ and various structures of nucleic acids.® Further
development of these methods would enable us to analyze
simultaneously the disease-related biomarkers and the states
of cells. This might contribute largely to diagnosis and the basic
research of bioscience. Single-nucleotide polymorphism
(SNP(s)) is one of the effective biomarkers for evaluating
morbidity risk of various diseases, however, there is no report
that applying F NMR-based molecular probe for the
simultaneous analysis of SNPs. Here we describe a proof-of-
concept study on simultaneous detection of SNPs in DNA
strand by °E NMR.

In our previous work, we developed an F NMR-based
molecular probe consisting of bisbenzimide H33258 and 3,5-
bis(trifluoromethyl)benzyl group (Fig. 1a) for DNA detection,
which can detect double-stranded DNA (dsDNA) having AATT
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sequence in a — F NMR/fluorescence bimodal manner.” Since

the chemical shift of the probe that binds with dsDNA is
changed and the chemical shift change is characteristic of the
adjacent base-pair of the AATT binding site, the probe -»
clearly discriminate the DNA sequence around the AA™"
binding site and can detect simultaneously dsDNAs having
different sequences by °F NMR. The unique characteristics of
the probe might enable novel strategies for designing F Novi
based DNA probes. However, one problem remains; i.e. t. -
binding orientation cannot be regulated because of tbk

palindromicity of the probe-binding site (Fig. 1b). This prever <
the precise detection of the adjacent base pair of the bindi g
site in dsDNA.

/
),
zZ.
i
o
1]
pd
)
[y
»
B
Y
i

dsDNA

Figure 1. Structure of 3,5-bis(trifluoromethyl)benzene-modified bisbenzimide H33___
(a) and the predicted two binding models of the probe for AATT region in dsDNA. A<
the palindromicity of AATT binding site, the probe can bind with two dif ent
orientations.
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21
22 Figure 2. F NMR spectra of the probe in the presence of various hpODNSs. [probe] = [npODN] = 10 pM in 50 mM Tris-HCl (pH 7.6) containing 100 mM NaCl and 10% (v/v) C O.
23 Measurements were performed at 25°C. New peaks appeared by the addition of a bulge structure as marked with orange circles.
24 . - . -
25 Table 1. Dissociation constant (K;) of the interaction between the probe and hpODNs Firstly, to evaluate the ability for regulating the bindine
26 orientation of the probe, the F NMR of the probe
27 Ko / M hpODN(ggg/ich 5 hpODN(f'I';gicoc)l hPODN(gigfcoc)g measured with various hairpin oligodeoxyribonucleotides
28 o/ e e T (hpODN(s)) with or without a purine-bulge structure be '
29 Values of K, were determined by fluorescence titration analysis with nonlinear  the AATT binding site (Fig. 2). In most cases, the insertion ~f
30 least-squares curve-fitting (Fig. S1). the bulge structure caused a peak-shift in °F NMR (orange
31 circles), suggesting that these bulge structures can be detect d
32 3. 3. 3. clearly by the change in the E chemical shift. Two peaks
33 1.ge -* 1.ge " o L ge * appeared in the case of hpODN(aXa/tt), (aa/tXt), (cc/gu_,,
34 + + A . (tAt/aa) and (tt/aXa), and either one of the peaks was identir ..
35 5‘?0‘?0‘?}%'\T‘T‘<‘3<|3C|§!‘3TT FEGECCRRITG ?ﬁ?ﬁTT I ?f?fTT to the peaks that appeared in the case of non-bulge hpOD *
36 $CGCGCTTAACCGCG T (CGCGCTTAACCGCG [T 4CGCGCTTAACCECE T (gray circle), suggesting that two binding modes havir~
37 different orientations still remained. On the other hand, int e
38 case of hpODN(cXc/gg), (gXg/cc) and (tGt/aa), only one peak
39 appeared and the chemical shift differed from the case of nc -
40 bulge hpODN. These results suggest that the probe bound to
41 hpODN with only one orientation in which the 3 -
42 bis(trifluoromethyl)benzene moiety was close to the bulge
43 region. To prove this hypothesis, the binding affinity of *'
44 probe with hpODN(gg/cc), (gAg/cc) and (gGg/cc) w.
45 evaluated by fluorescence titration. As shown in Table 1, the
46 dissociation constant (Kp) of the probe with hpODN(gAg/cc) nr
47 (gGg/cc) was lower than that with hpODN(gg/cc), suggesu..g
48 strongl i i
y that the probe binds hpODN(gXg/cc) preferentia .y
49 with an orientation in which 3,5-bis(trifluoromethyl)benzer._
30 moiety was close to the bulge region.
o1 Figure 3. Energy minimized structure of the complex consisting of the probe and The chemical shift of the peaks shifted was differe
52 hpODN(gXg/cc) estimated by MacroModel ver. 8.1. Calculations were performed with  depending on the bulged-out base particularly in the cas
gi AMBER* force field and water as a solvent. hpODN(gXg/cc). To elucidate why this difference occurred, t*
energy minimized structures of the complex consisting of t. =
52 In this study, we focused on the binding orientation of 3,5- probe and hpODN(gXg/cc) were estimated by MacroModel v~
27 bis(trifluoromethyl)benzene-modified bisbenzimide H33258 8.1. As shown in Fig. 3, 3,5-bis(trifluoromethyl)benzene moie v
58 with dsDNA, a bulge structure was adopted for regulating the possesses nearby the bulged-out nucleobase, suggesting that
59 binding orientation. The feasibility of the probe for the the difference in the chemical shift was caused by *" _
60 simultaneous detection of bulged-out nucleobases and SNPs in  character of the bulged-out nucleobases, such .

target DNA was also evaluated.
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hydrophobicity or dipole moment.
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Figure 4. SNPs detection on the bulged-out bases in dsDNA. (a) E NMR spectra of the probe in the presence of various dsDNA having X bulge structure. [probe] = 10 uM (or 26 uM
for dsDNA mix), [dsDNA] = 10 uM (or 5 uM each) in 50 mM Tris-HCI (pH 7.6) containing 100 mM NaCl and 10% (v/v) D,0. Measurements were performed at 25°C. (b) L..c. ,
minimized structure of the complex consisting of probe and dsDNA estimated by MacroModel ver. 8.1. Calculations were performed with AMBER* force field and water ¢ a

solvent.

If the chemical shift of the probe changes differently
depending on the bulged-out nucleobases, SNPs in DNA
sequence can be detected simultaneously in a ®r NMR
spectrum. To assess the concept, model target DNAs,
5'TGCTCAATTGXGCACGG3' (X = non, A, C, G, T), were designed
and °F NMR spectra of the probe with the target DNAs and
complementary DNA  (5’CCGTGCCAATTGAGCA3')
measured. As shown in Fig. 4a, the initial peak was changed
with the addition of five different DNAs and the chemical shifts
were completely different in all cases. These results suggest
that the chemical shift changed by the character of the bulged-
out nucleobases. The order of the chemical shifts; C, G, T, A
(lower to higher magnetic fields), was consistent with the
elution order of the corresponding 2’-deoxyribonucleoside in
the reversed-phase ultra-high performance liquid
chromatography (Fig. S2), suggesting strongly that the
hydrophobicity of the bulged-out nucleobases affects largely
the chemical shift of 3,5-bis(trifluoromethyl)benzene moiety
possessed nearby the bulged-out bases (Fig. 4b).The
significantly higher octanol-water partition coefficient (Pow) of
2'-deoxyadenosine compared to the other 2'-
deoxyribonucleoside (Table S1) explains the large difference in
the '°F chemical shift for bulged-out A from the hydrophobicity
of the nucleobases. Finally, to assess the feasibility of the
simultaneous detection of SNPs in the DNA sequence, five
target DNAs and complementary DNA were added to the
probe, and then the ®F NMR spectrum was measured. As
shown in the bottom of Fig. 4a, six peaks identical to the non-
bulged DNA, four bulge DNAs and the unbound probe were

were

This journal is © The Royal Society of Chemistry 20xx

observed, and these peaks were clearly distinguishable,
indicating that these four DNAs having different SNPs on « <
DNA bulge structure and the non-bulged DNA can be detect’ .
simultaneously on a F NMR spectrum. Since the probe a- '
complementary DNA are common to all cases, SNPs and 1 bas~
deletion in target DNA can be simultaneously detected by tl is
method.

In conclusion, we found that the binding orientation of t e
probe with dsDNA can be regulated by introducing a bulge
structure at the position adjacent to the AATT binding site a d
the bulged-out nucleobases were clearly detected by the
change in %F NMR chemical shift. Since the chemical shift<
the probe bound with non-bulged dsDNA and dsDNA hav.. _
four different bulged-out bases were completely different,
simultaneous detection of SNPs and 1 base deletion in the
target single-stranded DNA was clearly demonstrated. uur
unique and novel approach, which aims to read out the bas s
bulged-out in dsDNA, might contribute to realizing a nov..
design of F NMR-based probe for detecting target DI\.
structures and/or sequences including SNPs. Now we &
attempting to expand the method for the detection of
branched-out nucleobase of DNA and RNA. This wou'’
contribute to our method being applied to analyze SNPs « 0
cellular RNAs.

This study was supported by JSPS KAKENHI Grant Numb »r
15K16560 (Grant-in-Aid for Young Scientists (B) (T.S.)),
26288077 (Grant-in-Aid for Scientific Research (B) (K.F.)) - .
MEXT KAKENHI Grant Number 15H00808 (Grant-in-Aid .

J. Name., 2013, 00, 1-3 | 3

Page 4 of 5



Page 5 of 5

P OO~NOUILAWNPE

Scientific Research on Innovative Areas (Molecular Robotics)
(T.S.).

Notes and references

1

2

M. Higuchi, N. lwata, Y. Matsuba, K. Sato, K. Sasamoto, and T.
C. Saido, Nat. Neurosci., 2005, 8, 527.

S. Mizukami, R. Takikawa, F. Sugihara, Y. Hori, H. Tochio, M.
Wailchli, M. Shirakawa and K. Kikuchi, J. Am. Chem. Soc.,
2008, 130, 794; H. Nonaka, Q. An, F. Sugihara, T. Doura, A.
Tsuchiya, Y. Yoshioka and S. Sando, Anal. Sci., 2015, 31, 331.
Y. Takaoka, T. Sakamoto, S. Tsukiji, M. Narazaki, T. Matsuda,
H. Tochio, M. Shirakawa and |. Hamachi, Nat. Chem., 2009, 1,
557; Y. Takaoka, K. Kiminami, K. Mizusawa, K. Matsuo, M.
Narazaki, T. Matsuda and |. Hamachi, J. Am. Chem. Soc., 2011,
133, 11725; K. Matsuo, R. Kamada, K. Mizusawa, H. Imai, Y.
Takayama, M. Narazaki, T. Matsuda, Y. Takaoka, and I.
Hamachi, Chem. Eur. J., 2013, 19, 12875.

T. Sakamoto, Y. Shimizu, J. Sasaki, H. Hayakawa and K.
Fujimoto, Bioorg. Med. Chem. Lett., 2011, 21, 303; A. Kieger,
M. J. Wiester, D. Procissi, T. B. Parrish, C. A. Mirkin and C.
Shad Thaxton, Small, 2011, 7, 1977; J. Riedl, R. Pohl, L. Rulisék
and M. Hocek, J. Org. Chem., 2012, 77, 1026; S. Nakamura
and K. Fujimoto, Chem. Commun., 2015, 51, 11765.

Y. Zhao, G. Markopoulos and T. M. Swager, J. Am. Chem. Soc.,
2014, 136, 10683.

Y. Zhao, L. Chen and T. M. Swager, Angew. Chem. Int. Ed.,
2015, 54, 1.

S. S. Shekhawat, G. H. Pham, J. Prabakaran and E. R. Strieter,
ACS Chem. Biol., 2014, 9, 2229.

R. Moumné, M. Pasco, E. Prost, T. Lecourt, L. Micouin and C.
Tisné, J. Am. Chem. Soc., 2010, 132, 13111; T. Sakamoto, H.
Hayakawa and K. Fujimoto, Chem. Lett., 2011, 40, 720; K.
Tanabe, T. Tsuda, T. Ito and S. Nishimoto, Chem. Eur. J., 2013,
19, 15133; A. Kiviniemi, M. Murtola, P. Ingman and P. Virta, J.
Org. Chem., 2013, 78, 5153; L. Granqvist and P. Virta, J. Org.
Chem., 2014, 79, 3529; L. Grangvist and P. Virta, J. Org.
Chem., 2015, 80, 7961.

T. Sakamoto, D. Hasegawa and K. Fujimoto, Chem. Commun.,
2015, 51, 8749.

4 | J. Name., 2012, 00, 1-3

Analyst

This journal is © The Royal Society of Chemistry 20xx



