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発展・応用領域、学際領域	

他分野へ影響を与えうる潜在的な力	
（分析法の開発が世の中を変えることも !?）	

分析化学とは？	

あらゆる学問領域の基礎分野	

♦ NMR	
♦  質量分析法・・・田中博士	
♦  PCR法	
♦  クラウンエーテル	
♦  緑色蛍光タンパク・・下村博士	
♦  ......	

分離・精製・検出法の開発	

全てノーベル賞 !! 

新規な分析装置 or 分子プローブを 
研究・開発する学問！	
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Trimethine cyanine dyes as deep-red fluorescent
indicators with high selectivity to the internal
loop of the bacterial A-site RNA†

Yusuke Sato, Sayaka Yajima, Akifumi Taguchi, Kyosuke Baba, Mayu Nakagomi,
Yuri Aiba and Seiichi Nishizawa *

We report that TO-PRO-3, a thiazole orange analoguewith a trimethine

bridge, functions as a deep-red fluorescent indicator for the internal

loop structure of the bacterial (Escherichia coli) ribosomal decoding

region of the aminoacyl-tRNA site (A-site), which enables the assess-

ment of A-site binding capability of various test compounds including

blue and even-green-emitting compounds.

With increasing knowledge about the diverse roles of RNAs within
the cells, targeting RNA structures with small ligands has received
considerable attention in drug discovery.1 Aminoacyl-tRNA site
(A-site) of the 16S RNA decoding region in the bacterial ribosome
represents one of themost validated RNA targets.1,2 Aminoglycosides
are well-characterized ligands that can strongly and selectively bind
to the asymmetric internal loop formed by three adenines in the
bacterial A-site (Fig. 1A).3 This causes mistranslation or premature
termination of protein synthesis,4 which ultimately results in the
bacterial cell death.5 Although aminoglycosides are widely used as
antibiotics in the treatment of the bacterial infections, they possess
several undesirable properties for clinical use, such as the emergence
of resistant bacterial strains and off-target effects.6 In order
to circumvent these concerns with aminoglycosides, it is of
great importance to develop new A-site-binding ligands whose
structures are distinct from the aminoglycosides.7,8

In this context, the fluorescence indicator displacement
(FID) assay has been useful for the screening of RNA-binding
ligands because neither covalent labeling nor immobilization
of RNAs and test compounds on the solid support is needed.9,10

This is based on the model in which a fluorescent indicator
bound to target RNA is displaced by a test compound in a
competitive manner (Fig. 1B). The binding of test compounds
can be evaluated by monitoring the fluorescence change of the
indicator in the displacement event.

Aminoglycosides tagged with a fluorophore (pyrene or
fluorescein)9a,b and TO-PRO-1 (Fig. 1)9c were employed as the
indicators in the FID assay targeting the bacterial A-site RNA.
However, the emission wavelengths of these indicators are in
the blue or green region (pyrene-tagged aminoglycoside: lem =
380 nm,9a fluorescein-tagged aminoglycoside: lem = 517 nm,9b

and TO-PRO-1: lem = 533 nm9c), which would suffer from the
‘‘compound optical interference’’ for high-throughput screening
(HTS) using chemical libraries.11 Chemical libraries often contain
innate fluorescent compounds in these spectral regions,12 by which
these compounds cannot be correctly evaluated in the FID assays
due to the emission overlap between the compounds and the
indicators. In fact, the assays using the previous indicators

Fig. 1 (A) Sequence of the bacterial (Escherichia coli) A-site-containing
RNA model used in this study. The sequence inside the box corresponds to
the decoding region of E. coli 16S A-site. The sequence numbers of the
E. coli 16S RNA are indicated in parentheses. Chemical structures of
TO-PRO-3, TO and TO-PRO-1 are also shown. (B) Schematic illustration
of a FID assay using TO-PRO-3 as a deep-red indicator for A-site RNA.
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Fluorescent Trimethylated
Naphthyridine Derivative with an
Aminoalkyl Side Chain as the Tightest
Non-aminoglycoside Ligand for the
Bacterial A-site RNA

Tight binding to bacterial A-site : 2-
Amino-5,6,7-trimethyl-1,8-naphthyridine
(ATMND) possessing an aminoethyl side
chain was developed as the strong and
selective binder to the internal loop of
the bacterial A-site. This ligand shows
the tightest binding reported to date
among non-aminoglycoside ligands.
Also, this ligand was demonstrated to
be applicable to the fluorescence indi-
cator displacement assay for assessing
ligand/A-site interactions.
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ペプチドプローブ・膜タンパク結合アプタマー�

　　私たちの研究室では、RNAや細胞外小胞の機能を解明するための分子プローブを創製し、	
これらに基づく検出・疾患診断・機能解析法や創薬の支援ツールを提案・開発することで、	

生命科学の発展に貢献することを目指しています！	
	



研究成果紹介	

　シアニン色素の構造を最適化することで、細胞中のRNA（核小体）を選
択的に染色できる蛍光色素BIQを開発しました。BIQは、「生きた細胞に
適用でき」、かつ「明瞭な発蛍光応答を示す」世界トップレベルの深赤色蛍
光RNAイメージング色素です。 
　近年、核小体は、ウイルス感染やオートファジー、細胞老化との関連が

注目されており、BIQは核小体の機能研究に役立つことが期待できます。
さらに、現在、BIQを応用することで、ウイルスRNA検出法や抗ウイルス
薬のスクリーニング法の開発を進めています。	BIQ	

生細胞RNAイメージングのための蛍光色素	

Hot topic！	

（図の解説）	
BIQによる生細胞（ヒト乳がん細胞）の
蛍光イメージング：核（青色）の中で、赤
く染まっている部分が核小体 	

2 min at room temperature. After rinsing with PBS twice, the
cells were incubated with 5 μM BIQ in PBS solution for 20
min at 37 °C in a 5% CO2 atmosphere, followed by washing
with PBS buffer twice. DNase (100 U/mL), RNase (20 μg/
mL), or PBS was added into each of the three cells, which was
then incubated at 37 °C in a 5% CO2 atmosphere for 3 h. Cells
were rinsed again by PBS buffer twice before imaging. The
fluorescent imaging pictures were obtained by using an equal
exposure time for control, DNase, and RNase experiments.
Cytotoxicity Test. BIQ stock solution was diluted by fresh

medium into three desired concentration (1, 5, or 10 μM).
MCF-7 cells were cultured in a 96-well plate for 18 h before
experiments. The cell medium was then exchanged by different
concentrations of BIQ-containing medium solutions. They
were incubated at 37 °C in 5% CO2 for 20 min before cell
viability was measured by the alamarBlue assay (Invitrogen,
Carlsbad, CA). The cell medium solutions were exchanged by
100 μL of fresh medium, followed by the addition of 10 μL of
alamarBlue solution to each well. After incubation for 3 h, the
fluorescence intensity of each cell plate at 580 nm (excitation
540 nm) was measured with a microplate reader (SpectraMax
M5, Molecular Devices, CA).

■ RESULTS AND DISCUSSION
Figure 1B shows the fluorescence response of BIQ (1.0 μM) to
1.0 mM (nucleotide) calf thymus DNA or E. coli total RNA,
measured at 25 °C in a 10 mM sodium phosphate buffer (pH
7.0). BIQ shows almost no emission in the absence of nucleic
acids (φfree < 0.0001) presumably due to the nonradiative
energy loss by free rotation around the monomethine bridge
between benzo[c,d]indole and quinoline rings, like many
monomethine cyanines.33 Absorption and emission spectra of
BIQ were not affected by pH between 5.8 and 8.0 (Figure S5).
The addition of RNA causes the significant increase in the
fluorescence intensity of BIQ in the deep-red spectral region
(λem = 657 nm), where the light-up factor (I/I0, where I and I0
denote the fluorescence intensities in the presence and absence
of a target, respectively) reached 105-fold. We observed
hyperchromicity and a red shift of the absorption band of BIQ
when binding to RNA (Figure S6), suggesting the intercalative
binding of BIQ.33,34 Thus, the observed light-up response
would arise from the restricted rotation of BIQ by intercalation
into the base pairs in the RNA. Significantly, the light-up factor
of BIQ for RNA is 2 orders of magnitude larger than to those
of CP (3-fold)13 and NBE (5-fold)14 that were previously
developed as deep-red probes (Figure 1A). This clearly shows
the significance of the present probe design based the
conformational restriction of BIQ in the complex with RNA.
The improved response of BIQ results from its negligible
emission in the free state compared to the previous probes
(CP: φfree = 0.01, NBE: φfree = 0.04).13,14 Meanwhile, the
emission of the bound state is relatively moderate (BIQ: φbound
= 0.0085, CP: φbound = 0.024).13,14 The response of BIQ for
RNA is found to be 6.3-times larger than that for DNA (I/I0 =
17), which indicates the selective response of BIQ toward
RNA. As for the photostability, BIQ was found to be much
superior to SYTO RNA select (Figure S7). The fluorescence
intensity of SYTO RNA select bound to RNA decreased as
much as 52% under continuous irradiation for 120 scans while
the fluorescence intensity of BIQ showed almost no changes.
These results indicate that BIQ is a promising candidate for the
robust and sensitive RNA analysis due to its remarkable light-
up property and photostability.

To gain further insights into BIQ binding to RNAs, we
investigated the fluorescence response for 13-mer synthetic
ssRNAs (rG, rC, rA, and rU) and dsRNAs (rG/rC and rA/
rU). Also, we examined the corresponding ssDNAs and
dsDNAs. The examination of synthetic RNAs showed that the
fluorescence intensity of BIQ was much enhanced for rG/rC
and rA/rU compared to rC, rA, and rU (Figure S8A). The
observed selectivity for dsRNAs is well consistent with the
intercalative binding mode of BIQ. On the other hand, BIQ
showed very small response for dA/dT while the response was
large for dG/dC (Figure S8B). Accordingly, BIQ is highly
likely to exhibit higher responsiveness for dsRNAs over the
corresponding dsDNAs, which would partly account for the
observed RNA selectivity (cf., Figure 1B). Note that BIQ
showed the pronounced light-up response for both rG and dG
that could adopt G-quadruplex structures (Figure S9). This
would result from BIQ binding to these G-quadruplex
structures, as observed for its analogous thiazole orange
(TO).35 In addition, BIQ showed almost no fluorescence
response for proteins and small biomolecule (Figure S10).
We examined the RNA staining ability of BIQ (5.0 μM) for

living MCF7 cells, along with the costaining with nuclear
selective Hoechst 33342, a blue-emissive DNA staining dye.
After incubation with BIQ for 20 min, the emission in the
deep-red region appeared in the cytoplasm and nucleolus
(Figure 2A). This indicates good cell plasma and nuclear

membrane permeability of BIQ in the living cells. The
colocalization experiments using organelle-selective fluorescent
probes revealed that the emission in the cytoplasm was due to
the accumulation of BIQ in the mitochondria (Figure S11).
Such a behavior was reported in other monomethine
cyanines.36,37 On the other hand, it is highly likely that the
nucleolar fluorescence signal arises from the binding of BIQ to

Figure 2. (A) Fluorescence images of living MCF7 cells stained by
BIQ (5.0 μM) with nuclear counterstaining with Hoechst 33342 (176
nM). (B) Fluorescence images of fixed-permeabilized MCF7 cells
stained by BIQ (5.0 μM) before (control) and after treatment of
RNase or DNase. Scale bar: 15 μm. Fluorescence intensity profiles
along the white line are also shown.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.9b01997
Anal. Chem. 2019, 91, 14254−14260

14256

2 min at room temperature. After rinsing with PBS twice, the
cells were incubated with 5 μM BIQ in PBS solution for 20
min at 37 °C in a 5% CO2 atmosphere, followed by washing
with PBS buffer twice. DNase (100 U/mL), RNase (20 μg/
mL), or PBS was added into each of the three cells, which was
then incubated at 37 °C in a 5% CO2 atmosphere for 3 h. Cells
were rinsed again by PBS buffer twice before imaging. The
fluorescent imaging pictures were obtained by using an equal
exposure time for control, DNase, and RNase experiments.
Cytotoxicity Test. BIQ stock solution was diluted by fresh

medium into three desired concentration (1, 5, or 10 μM).
MCF-7 cells were cultured in a 96-well plate for 18 h before
experiments. The cell medium was then exchanged by different
concentrations of BIQ-containing medium solutions. They
were incubated at 37 °C in 5% CO2 for 20 min before cell
viability was measured by the alamarBlue assay (Invitrogen,
Carlsbad, CA). The cell medium solutions were exchanged by
100 μL of fresh medium, followed by the addition of 10 μL of
alamarBlue solution to each well. After incubation for 3 h, the
fluorescence intensity of each cell plate at 580 nm (excitation
540 nm) was measured with a microplate reader (SpectraMax
M5, Molecular Devices, CA).

■ RESULTS AND DISCUSSION
Figure 1B shows the fluorescence response of BIQ (1.0 μM) to
1.0 mM (nucleotide) calf thymus DNA or E. coli total RNA,
measured at 25 °C in a 10 mM sodium phosphate buffer (pH
7.0). BIQ shows almost no emission in the absence of nucleic
acids (φfree < 0.0001) presumably due to the nonradiative
energy loss by free rotation around the monomethine bridge
between benzo[c,d]indole and quinoline rings, like many
monomethine cyanines.33 Absorption and emission spectra of
BIQ were not affected by pH between 5.8 and 8.0 (Figure S5).
The addition of RNA causes the significant increase in the
fluorescence intensity of BIQ in the deep-red spectral region
(λem = 657 nm), where the light-up factor (I/I0, where I and I0
denote the fluorescence intensities in the presence and absence
of a target, respectively) reached 105-fold. We observed
hyperchromicity and a red shift of the absorption band of BIQ
when binding to RNA (Figure S6), suggesting the intercalative
binding of BIQ.33,34 Thus, the observed light-up response
would arise from the restricted rotation of BIQ by intercalation
into the base pairs in the RNA. Significantly, the light-up factor
of BIQ for RNA is 2 orders of magnitude larger than to those
of CP (3-fold)13 and NBE (5-fold)14 that were previously
developed as deep-red probes (Figure 1A). This clearly shows
the significance of the present probe design based the
conformational restriction of BIQ in the complex with RNA.
The improved response of BIQ results from its negligible
emission in the free state compared to the previous probes
(CP: φfree = 0.01, NBE: φfree = 0.04).13,14 Meanwhile, the
emission of the bound state is relatively moderate (BIQ: φbound
= 0.0085, CP: φbound = 0.024).13,14 The response of BIQ for
RNA is found to be 6.3-times larger than that for DNA (I/I0 =
17), which indicates the selective response of BIQ toward
RNA. As for the photostability, BIQ was found to be much
superior to SYTO RNA select (Figure S7). The fluorescence
intensity of SYTO RNA select bound to RNA decreased as
much as 52% under continuous irradiation for 120 scans while
the fluorescence intensity of BIQ showed almost no changes.
These results indicate that BIQ is a promising candidate for the
robust and sensitive RNA analysis due to its remarkable light-
up property and photostability.

To gain further insights into BIQ binding to RNAs, we
investigated the fluorescence response for 13-mer synthetic
ssRNAs (rG, rC, rA, and rU) and dsRNAs (rG/rC and rA/
rU). Also, we examined the corresponding ssDNAs and
dsDNAs. The examination of synthetic RNAs showed that the
fluorescence intensity of BIQ was much enhanced for rG/rC
and rA/rU compared to rC, rA, and rU (Figure S8A). The
observed selectivity for dsRNAs is well consistent with the
intercalative binding mode of BIQ. On the other hand, BIQ
showed very small response for dA/dT while the response was
large for dG/dC (Figure S8B). Accordingly, BIQ is highly
likely to exhibit higher responsiveness for dsRNAs over the
corresponding dsDNAs, which would partly account for the
observed RNA selectivity (cf., Figure 1B). Note that BIQ
showed the pronounced light-up response for both rG and dG
that could adopt G-quadruplex structures (Figure S9). This
would result from BIQ binding to these G-quadruplex
structures, as observed for its analogous thiazole orange
(TO).35 In addition, BIQ showed almost no fluorescence
response for proteins and small biomolecule (Figure S10).
We examined the RNA staining ability of BIQ (5.0 μM) for

living MCF7 cells, along with the costaining with nuclear
selective Hoechst 33342, a blue-emissive DNA staining dye.
After incubation with BIQ for 20 min, the emission in the
deep-red region appeared in the cytoplasm and nucleolus
(Figure 2A). This indicates good cell plasma and nuclear

membrane permeability of BIQ in the living cells. The
colocalization experiments using organelle-selective fluorescent
probes revealed that the emission in the cytoplasm was due to
the accumulation of BIQ in the mitochondria (Figure S11).
Such a behavior was reported in other monomethine
cyanines.36,37 On the other hand, it is highly likely that the
nucleolar fluorescence signal arises from the binding of BIQ to

Figure 2. (A) Fluorescence images of living MCF7 cells stained by
BIQ (5.0 μM) with nuclear counterstaining with Hoechst 33342 (176
nM). (B) Fluorescence images of fixed-permeabilized MCF7 cells
stained by BIQ (5.0 μM) before (control) and after treatment of
RNase or DNase. Scale bar: 15 μm. Fluorescence intensity profiles
along the white line are also shown.
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2 min at room temperature. After rinsing with PBS twice, the
cells were incubated with 5 μM BIQ in PBS solution for 20
min at 37 °C in a 5% CO2 atmosphere, followed by washing
with PBS buffer twice. DNase (100 U/mL), RNase (20 μg/
mL), or PBS was added into each of the three cells, which was
then incubated at 37 °C in a 5% CO2 atmosphere for 3 h. Cells
were rinsed again by PBS buffer twice before imaging. The
fluorescent imaging pictures were obtained by using an equal
exposure time for control, DNase, and RNase experiments.
Cytotoxicity Test. BIQ stock solution was diluted by fresh

medium into three desired concentration (1, 5, or 10 μM).
MCF-7 cells were cultured in a 96-well plate for 18 h before
experiments. The cell medium was then exchanged by different
concentrations of BIQ-containing medium solutions. They
were incubated at 37 °C in 5% CO2 for 20 min before cell
viability was measured by the alamarBlue assay (Invitrogen,
Carlsbad, CA). The cell medium solutions were exchanged by
100 μL of fresh medium, followed by the addition of 10 μL of
alamarBlue solution to each well. After incubation for 3 h, the
fluorescence intensity of each cell plate at 580 nm (excitation
540 nm) was measured with a microplate reader (SpectraMax
M5, Molecular Devices, CA).

■ RESULTS AND DISCUSSION
Figure 1B shows the fluorescence response of BIQ (1.0 μM) to
1.0 mM (nucleotide) calf thymus DNA or E. coli total RNA,
measured at 25 °C in a 10 mM sodium phosphate buffer (pH
7.0). BIQ shows almost no emission in the absence of nucleic
acids (φfree < 0.0001) presumably due to the nonradiative
energy loss by free rotation around the monomethine bridge
between benzo[c,d]indole and quinoline rings, like many
monomethine cyanines.33 Absorption and emission spectra of
BIQ were not affected by pH between 5.8 and 8.0 (Figure S5).
The addition of RNA causes the significant increase in the
fluorescence intensity of BIQ in the deep-red spectral region
(λem = 657 nm), where the light-up factor (I/I0, where I and I0
denote the fluorescence intensities in the presence and absence
of a target, respectively) reached 105-fold. We observed
hyperchromicity and a red shift of the absorption band of BIQ
when binding to RNA (Figure S6), suggesting the intercalative
binding of BIQ.33,34 Thus, the observed light-up response
would arise from the restricted rotation of BIQ by intercalation
into the base pairs in the RNA. Significantly, the light-up factor
of BIQ for RNA is 2 orders of magnitude larger than to those
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RNA is found to be 6.3-times larger than that for DNA (I/I0 =
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RNA. As for the photostability, BIQ was found to be much
superior to SYTO RNA select (Figure S7). The fluorescence
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much as 52% under continuous irradiation for 120 scans while
the fluorescence intensity of BIQ showed almost no changes.
These results indicate that BIQ is a promising candidate for the
robust and sensitive RNA analysis due to its remarkable light-
up property and photostability.
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ssRNAs (rG, rC, rA, and rU) and dsRNAs (rG/rC and rA/
rU). Also, we examined the corresponding ssDNAs and
dsDNAs. The examination of synthetic RNAs showed that the
fluorescence intensity of BIQ was much enhanced for rG/rC
and rA/rU compared to rC, rA, and rU (Figure S8A). The
observed selectivity for dsRNAs is well consistent with the
intercalative binding mode of BIQ. On the other hand, BIQ
showed very small response for dA/dT while the response was
large for dG/dC (Figure S8B). Accordingly, BIQ is highly
likely to exhibit higher responsiveness for dsRNAs over the
corresponding dsDNAs, which would partly account for the
observed RNA selectivity (cf., Figure 1B). Note that BIQ
showed the pronounced light-up response for both rG and dG
that could adopt G-quadruplex structures (Figure S9). This
would result from BIQ binding to these G-quadruplex
structures, as observed for its analogous thiazole orange
(TO).35 In addition, BIQ showed almost no fluorescence
response for proteins and small biomolecule (Figure S10).
We examined the RNA staining ability of BIQ (5.0 μM) for

living MCF7 cells, along with the costaining with nuclear
selective Hoechst 33342, a blue-emissive DNA staining dye.
After incubation with BIQ for 20 min, the emission in the
deep-red region appeared in the cytoplasm and nucleolus
(Figure 2A). This indicates good cell plasma and nuclear

membrane permeability of BIQ in the living cells. The
colocalization experiments using organelle-selective fluorescent
probes revealed that the emission in the cytoplasm was due to
the accumulation of BIQ in the mitochondria (Figure S11).
Such a behavior was reported in other monomethine
cyanines.36,37 On the other hand, it is highly likely that the
nucleolar fluorescence signal arises from the binding of BIQ to

Figure 2. (A) Fluorescence images of living MCF7 cells stained by
BIQ (5.0 μM) with nuclear counterstaining with Hoechst 33342 (176
nM). (B) Fluorescence images of fixed-permeabilized MCF7 cells
stained by BIQ (5.0 μM) before (control) and after treatment of
RNase or DNase. Scale bar: 15 μm. Fluorescence intensity profiles
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　詳しくは、研究室HPをご覧ください！	
　	

http://www.anal.chem.tohoku.ac.jp/index.html	

東北大学大学院理学研究科化学専攻	
分析化学研究室	


