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We have developed a new class of triplex-forming peptide nucleic acid-based
fluorogenic probes for sensing of the panhandle structure of the influenza A virus (I1AV) RNA
promoter region (Anal. Chem. 2022; Org. Biomol. Chem. 2023). Here, a small molecule (DPQ) capable of

selectively binding to the internal loop structure was conjugated with triplex-forming forced
intercalation of thiazole orange (tFIT) probe with natural PNA nucleobases. The resulting conjugate,
tFIT-DPQ, showed a significant light-up response (83-fold) upon strong binding (Kd = 107 nM), and
facilitated the sensitive and selective detection of 1AV RNA. tFIT-DPQ also worked as a sensitive
indicator for screening of test compounds targeting IAV RNA promoter region in FID assay.
Furthermore, we also developed a tFIT probe conjugated with a naphthyridine derivative that showed
high selectivity and strong binding for the bacterial rRNA A-site (Kd = 190 nM) for use in FID assay
(Chem. Commun. 2020).

RNA A-site A RNA  FID



Chain  Florey
RNA(rRNA) A-site
A-site (Nature
2000, 407, 340)
(Antimicrobial resistance, AMR) «“ ”
( 2019, 57, 416)
1990
2017 WHO
12
2050
AMR 1,000
2020 4 H—~2023 3
(CoVID-19)
RNA (
) RNA
RNA ( )
NMR
(Methods 2019, 167, 3) RNA RNA
(Fluorescence indicator displacement (FID) assay)
RNA 1
(FID ) RNA
RNA RNA
RNA
( W& HEa~fEEEEEZ RO b DA% < (. Biol.
Chem. 2021, 296, 100191)
Kq
Aem > 600 NnmM
(
) RNA
rRNA  A-site
RNA
RNA
A RNA
RNA
Fig. 1and 3 D
2
3 TO Nishizawaet a., J. Am.
Chem. Soc. 2016, 138, 9397 RNA



rRNA A-site
ATMND-C2-NHg: Chem. Eur. J. 2018, 24, 13862 A
RNA Varani DPQ: Chem.
Commun. 2014, 50, 368

rRNA A-site Chem. Commun.
2020; 2021; 2022
1950 DNA
A G
pKa = 4.5
2010 (PNA:
peptide nucleic acid) DNA RNA
Rozners J. Am. Chem. Soc. 2010, 132, 8676
PNA  DNA RNA
RNA
RNA
PNA
pH
PNA
rRNA  A-site PNA Rozners
Chem. Commun. 2011, 47, 11125 U
3-ox0-2,3-dihydropyridazine E Chen A
IAV RNA PNA Anal.
Chem. 2019, 91, 533 G thio-pseudoisocytosine L
C-G guanidine-modified 5-methylcytosine Q
5-benzothiophene
uracil U IAV RNA  (a) ATMAD-CHE,
rRNA A-site SO0 0 Q Fe LY
PNA ”ZNNTO“ON”\”??”OH“’Y“O“O u“ﬁi{iu“\ﬁoﬂ u“roﬁ uﬁ(nﬁ W

Jt

tFIT oligomer NHz
rRNA A-site Fig. 1 ,
(b) 5 3 5 3 5 3
| | | |
C—G C—G C—G
CcC—G CcC—G C—G
(1404) C—G (1497) (1705) C—G (1829) (848) C—G (923)
G—C G—C G—C
. u+u u+u u+u
rRNA A-site c-e, c—e E=a
ATMND-C,-NHy: Chem. Eur. J. 2018, 24, - Crn Ao Poa A
13862 6-mer PNA A—Ue U—A C+A
C—Ge A—U CcC—G
C U c—Ge c—G U—A
A*Ge U—A C—G
Uu~Ge A+*A C—G
G+U Cc—G (859) U—A (911)
TO (1416) G—C (1484) (717) €= (1816) c—G
PNA SPOC  small -3 -6 e
. . C—G U G
molecule-PNA oligomer conjugate U o U i
U C
SPOC Bacterial Cytoplasmic Mitochondrial
rRNA A-site rRNA A-site rRNA A-site

rRNA A-site
Fig. 1 (a) Chemica structure of the SPOC (small molecule-

PNA oligomer conjugate) probe and (b) sequences of the
model rRNAs used in this work.

[Chem. Commun. 2020, 56, 14976-14979] -Reproduced by
permission of The Royal Society of Chemistry.



sPoC pH 5.5

Soc. 2016, 138, 9397

Keg=190£72nM pH 7.0, 25°C Fig. 2 Rozners
9-mer PNA Lys-NH-CCCCECTTC- -CONH> Kg =190 nM, pH 6.25, 25°C
rRNA A-site
rRNA A-site
Kd
/InM: cytoplasmic rRNA A-site, 1400 + 550, 20 250
mitochondrial rRNA A-site, 1500 + 160 ) s 200 c
off-on - With Bac  E 15
Aem = 537 nm, I/l = 68-fold  FID =15 rRNA &5 ol
(2] ©
PNA 8 Z 50
=10 0
8 0 400 800 1200
c [Bac rRNA] / nM
TO 8 —pH55
Nishizawaet a., J. Am. Chem.  § S —=pH7.0
>
L

off-on bt s
550 600 650 700
Wavelength / nm

rRNA Fig. 2 Fluorescence spectra of the SPOC probe with
A-site A bacterial rRNA A-site at pH 5.5 and pH 7.0. [Probe] =
RNA [FRNA] = 50 nM. Inset: Fluorescence response of the
SPOC probe (250 nM) with bacterial rRNA at 25°C (pH
7.0). Excitation wavelength: 515 nm, 10 mM phosphate
buffer (pH 7.0) or acetate buffer (pH 5.5) containing 100
mM NaCl and 1.0 mM EDTA. Incubation: 30 min.

BIQ [Chem. Commun. 2020, 56, 14976-14979] -Reproduced by

Anal. Chem. 2019, 91, 14254 permission of The Royal Society of Chemistry.
A IAV  RNA
Anal. Chem. 2022; Org. Biomol. Chem. 2023; 2020-129884
A RNA
PNA Chen Anal. Chem. 2019, 91,533  IR-1X
RNA Ka=0.7 uM, Aem = 466 Nm,
I/lo=4-fold AV RNA 3600 ng/mL
IAV RNA
Fig. 3 DPQ Fig.3 4,279
NMR
Chem. Commun. 2014, 50, 368-370: Kg = 50.5 uM, 1Csp = 435 uM
DPQ
Fig. 3  8-mer PNA C T U
TO PNA
tFIT (triplex-forming forced intercalation of thiazole orange)-DPQ
tFIT-DPQ IR-1X
tFIT-DPQ RNA
Kqg=107+9.4nM pH 7.0, 25°C off-on Aem
=534 nm, l/lo=83-fold FID IAV RNA
60 ng/mL 1AV RNA
2020-129884
tFIT-DPQ DPQ
DPQ C
9-mer PNA cytosine content: 66%
pH 7.0 RNA Tm=48.5°C
[Na'] = 100 mM: Biopolymers 2021, e23474 PKa
tFIT-DPQ

Org. Biomol. Chem. 2023, 21, 3402  SPOC



TO

RNA Watson—Crick
Fig. 1and 3
tFIT-DPQ SPOC
PNA
pH
PNA
(A) (B)
CigUy7 ©PQ) CigUyy AN T\
_ Gig Uss Gio Uss O)\N N0
Proximal Gy~ Cis Gy~ Cys b
Stem Cy— Gy T C,;— Gy, H ~ H
L | Cn—Gy3 T Cp— G1/3\ E’N N—Hun o\
Internal A T+ 12 I h?—’\}
U 12 u N AN H
loop L[ * A C 23/\11 VL"L \® JI
[| Gae= Cio T Gay= Cyo W
Cos* Ao Cops* Age T~ [E—
Uz~ Ag CH Ug—Age T WC
Uy~ A, T4 Uy, — Aye T ’JJJ\N S
Terminal Uy * Gg ————— >  Uy* Gge C— )\61 .
Stem Uy~ As tFIT-DPQ Up— Age T — / 0P NN
Gyo* U, conjugate Gyox U, o [TOH «od H H H ;
831 /(33 831_ fs' '(I?_ rfi /b --------- H-N
= 32" "2 2 Aye - z
G1 G1 ._‘{N\{ag%—H ......... @
3 5 =~ i
—Hin -~
Target RNA H
| S
(©) wC

TO base surrogate

NH,

< & ?u@ o B e o e .
% S 5 S S 5 5 5

HN~ \)LH/\/N\)LH \)k /\/N\)k \)k /\/N\)k /\/N\)kN DrHJK/N\)

NH, DPQ unit

>z

tFIT unit

Fig. 3 (A) Sequence of target RNA containing the panhandle structure of 1AV RNA promoter region
indicated in the box, used in this study. Schematic illustration of fluorescence sensing by tFIT-DPQ
conjugates is also shown. (B) Hoogsteen base pairing (H) between PNA pyrimidines and purines in the
Watson-Crick (WC) base-paired  dsRNA. © Chemical structure of  tFIT-DPQ
(NH2-TC(TO)TCTTT-Lys-Dap-DPQ).

Reproduced with permission from Anal. Chem. 2022, 94, 7814-7822. Copyright 2022 American Chemical
Society.

Biopolymers 2021
HIV TAR RNA Trans-activation responsive region RNA
2021 RNA RSC Adv. 2021,
Analyst 2023; ACS Omega 2023; 7029841 DNA
Chem. Commun. 2023



12 11 0 7

, , LEE En Ting Tabitha, , , , , , n
RNA 2022
133-144
DOl
10.2116/bunsekikagaku.71.133
Yusuke Sato, Hiromasa Miura, Takaaki Tanabe, Chioma Uche Okeke, Akiko Kikuchi, Seiichi 94
Nishizawa
Fluorescence sensing of the panhandle structure of the influenza A virus RNA promoter by 2022
thiazole orange base surrogate-carrying PNA conjugated with small molecule
Anal. Chem. 7814-7822
DOl
10.1021/acs.analchem.1c05488
Mengmeng He, Yusuke Sato, Seiichi Nishizawa 148
Classical thiazole orange and its regioisomer as fluorogenic probes for nucleolar RNA imaging 2023
in living cells
Analyst 636-642
DOl
10.1039/D2AN01804G
Michiyuki Suzuki, Yusuke Sato, Nao Togashi, Seiichi Nishizawa 8
Cationic oligopeptides with amino groups as synthetic nuclear localization signal (NoLS) for 2023
the rational design of nucleolus-staining probes
ACS Omega 9592 9596
DOl

10.1021/acsomega.3c00116




Chioma Uche Okeke, Hiromasa Miura, Yusuke Sato, Seiichi Nishizawa

Kinetic analysis for highly effective triplex formation between small molecule-peptide nucleic 2023
acid conjugate probe and Influenza A virus RNA promoter region at neutral pH
Org. Biomol. Chem.
DOl
10.1039/d30b00262d
, LEE En Ting Tabitha, , , , 70
rRNA FID 2021
703-714
DOl
10.2116/bunsekikagaku.70.703
Takaya Sato, Yusuke Sato, Seiichi Nishizawa 113
Spectroscopic, Thermodynamic and Kinetic Analysis of Selective Triplex Formation by Peptide 2021
Nucleic Acid with Double-stranded RNA over its DNA Counterpart
Biopolymers 23474
DOl
10.1002/bip.23474
Yusuke Sato, Yugo lgarashi, Michiyuki Suzuki, Kei Higuchi, Seiichi Nishizawa 11
Deep-red fluorogenic cyanine dyes carrying amino group-terminated side chain for the improved 2021

RNA detection and nucleolar RNA imaging

RSC Adv.

35436-35439

DOl
10.1039/d1ra05872j




70

HIV-1 TAR RNA 2021
FID
149-157
DOl
10.2116/bunsekikagaku.70.149
En Ting Tabitha Lee, Yusuke Sato, Seiichi Nishizawa 56
Small Molecule-PNA Oligomer Conjugates for rRNA A-site at neutral pH for FID Assays 2020

Chemical Communications

14976-14979

DOl
10.1039/D0CC06084D

11
RNA 2020
450-454
DOl
Yusuke Sato, Yoshihide Takaku, Toshiaki Nakano, Ken Akamatsu, Dai Inamura, Seiichi Nishizawa 59
Synthetic DNA binders for fluorescence sensing of thymine glycol-containing DNA duplexes and 2023
inhibition of endonuclease activity of endonuclease activity
Chemical Communications 6088-6091

DOl
10.1039/d3cc01501g




18 3 7

RNA

39

2022

Chioma Uche Okeke, Hiromasa Miura, Yuki Sato, Yusuke Sato, Seiichi Nishizawa

Design of Thiazole Orange Base Surrogate- carrying PNA conjugate with Small Molecule for Strong Binding towards the Promoter
Region of Influenza A Virus (I1AV) RNA

2022

RNA

2022

He Mengmeng, Yusuke Sato, Seiichi Nishizawa

Synthesis and Evaluation of Thiazole Orange Derivatives for Nucleolar RNA Imaging in Living Cells

2022




A RNA

PNA

2022

RNA

2022

RNA

71

2022

2022




Lee En Ting Tabitha

Designing Probes for Fluorescent Indicator Displacement Assays Targeting RNA

38
2021
RNA
70
2021
RNA
70
2021

Chioma Uche Okeke, Hiromasa Miura, Yusuke Sato, Seiichi Nishizawa

Design of Thiazole Orange Base Surrogate-carrying PNA Conjugated with Small Molecule for Strong Binding toward the Promoter
Region of Influenza A Virus (I1AV) RNA

ASIAN CONFERENCE ON ANALYTICAL SCIENCES 2021 (ASIANALYSIS XV)

2021




En Ting Tabitha Lee, Yusuke Sato, Seiichi Nishizawa

Small Molecule-PNA Oligomer Conjugates for rRNA A-site at Neutral pH for FID Assays

ASIAN CONFERENCE ON ANALYTICAL SCIENCES 2021 (ASIANALYSIS XV)

2021

Chioma Uche Okeke, Hiromasa Miura, Yusuke Sato, Seiichi Nishizawa

Effect of the linker length of Thiazole Orange Base Surrogate in the Peptide Nucleic Acid-DPQ Conjugate on the Binding and
Fluorescence Sensing of the Promoter Region of Influenza A Virus RNA

The 5th Symposium for the Core Research Clusters for Material Science and Spintronics and The 4th Symposium on International
Joint Graduated Program in Materials Science

2021

Chioma Uche Okeke, Hiromasa Miura, Yusuke Sato, Seiichi Nishizawa

Design of Binder with Enhanced Binding Affinity for the Promoter Region of Influenza A Virus (I1AV) RNA

The 5th Symposium for the Core Research Clusters for Material Science and Spintronics and The 4th Symposium on International
Joint Graduated Program in Materials Science

2021

En Ting Tabitha Lee, Yusuke Sato, Seiichi Nishizawa

Small molecule-PNA oligomer conjugates for rRNA A-site at neutral pH for FID assays

ISNAC2021 48 5

2021




Kei Higuchi, Yusuke Sato, Seiichi Nishizawa

Design of bright yellow fluorogenic probes based on benzo[c,d]indole-containing cyanine dyes for RNA imaging in living cells

ISNAC2021 48 5

2021

Hiromasa Miura, Takaaki Tanabe, Yusuke Sato, Seiichi Nishizawa

Fluorescence sensing of influenza A virus RNA promoter by thiazole orange base surrogate-carrying PNA conjugated with small
molecule

ISNAC2021 48 5
2021
0
1
RNA , ,
2020-129884 2020
1
RNA , ,
7029841 2022




