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~The evolution story of cNDI~

Kyushu Institute of Technology
Tingting Zou
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Abstract: Based on the n-m stacking of Naphthalene diimide for G-quartet, our group has
designed cyclic naphthalene diimides (cNDIs) with significant enhanced specificity for G-
quadruplex. Here we summarized the recent progress of cNDI series. cNDI was conjugated to
ferrocene moiety, to obtain cFNDs as new G4 binder with electrochemical property, and cNDI
dimers were constructed for specifically recognizing dimeric G-quadruplex structure. We also
identified that cNDI derivatives could keep comparable G-quadruplex binding performance
under PEG mimicked molecular crowding condition, and might be potentially promising for

further in vivo application.

1. Introduction

As a non-canonical DNA structure, G-
quadruplex structure, which is commonly
formed in guanine rich sequence, has been
considered with important biological
function, such as regulating gene expression
and impacting the activity of telomerase'.
Multiple G-quadruplex units formed as G4
cluster also were supposed that may possess
distinct biological roles other than single G-
quadruplex®. Over the past two decades, a
variety of chemical molecules, also termed
as G4 ligands, which can recognize and
stabilize ~G-quadruplex structure, are
adopted to further involve into regulating G-
quadruplex’s biological function®.  Figure 1. (a) The concept of cyclic naphthalene diimide (cNDI)
Especially the activity for stabilizing With enhanced selectivity for recognizing G-quadruplex; (b) The

telomere G-quadruplex and inhibiting ~ construction of cNDI derivatives.
-3 -
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telomerase activity bring them high potentiality as new anti-cancer candidates®.

As one well-known group of G4 ligand, naphthalene diimide (NDI) can recognize G-quadruplex structure
through 7-m stacking with G-quartet, several NDI derivatives have been reported that could regulate gene
expression and induce cancer cell apoptosis’. However, since NDIs also work as an efficient DNA intercalating
agent, which would impair its specificity for targeting G-quadruplex. Based on the different binding model of
NDI for dsDNA and G-quadruplex, our group designed cyclic naphthalene diimide (cNDI)® to interrupt its
intercalation with dsDNA due to the steric hindrance, therefore induce an enhanced affinity of cNDI for G-
quadruplex (Figure 1). As the evolution of cNDI series, we constructed new cNDI derivatives, cNDI carrying
ferrocene moiety, and cNDI dimers, and also verified the binding property of cNDIs towards recognizing G-
quadruplex under in vitro molecular crowding condition. These research progress can enrich the study of NDI

group as G4 binder.

2. ¢cNDI derivatives as G4 binder with electrochemical property

Ferrocenylnaphthalene diimides (FNDs), have been developed for electrochemical detection of telomerase,
based on the recognition of NDI with G-quadruplex’. To improve FND’s selectivity, and with the inspiration
from cNDIs, we constructed three cyclic ferrocenylnaphthalene diimides (cFNDs) with different linker length
between ferrocene moiety and cNDI (Figure 2a). Interestingly, the Circular Dichroism (CD) spectra of cFND-
2 clearly showed new cotton effects around 320-380 nm and 240 nm, which could be considered as a direct
evidence to prove the intramolecular stacking between ferrocene and NDI (Figure 2b).

Isothermal Titration Calorimetry (ITC) was adopted to investigate the binding property of cFNDs with G-
quadruplex. For parallel c-myc G-quadruplex, cFND 2-4 all showed similar binding affinity around 10° M

Figure 2. (a) Chemical structures of cyclic ferrocenylnaphthalene diimides (cFNDs); (b) CD spectra of cFNDs;
(c) The binding affinity of cFNDs for telomere G1 and c-myc G-quadruplex determined by ITC measurement;
(d) Molecular modelling of cFND-2 with hybrid telomere G-quadruplex. PDB: 2gku.
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order (cFND-2 was slightly weaker). However, for hybrid Telomere G-quadruplex, although cFND-3 and 4
still displayed binding ability within 10° M order, whereas cFND-2 was only in 10° M order (Figure 2c).
Regarding the structure, Telomere G1 hybrid G-quadruplex contains a big loop part, which may interfere its
G-quartet interacting with rigid cFND-2, while, cFND-3 and 4 might be flexible to make some shift during the
interaction benefiting from longer linker lengths. According to the simulation modeling of cFNDs with G-
quadruplex, ferrocene of cFND-2 was more un-adjustable, and might cause some conformational strain during
binding (Figure 2d).

With adopting 6-Mercaptohexanol, single strand DNA (non-G4 formation) or G4 DNA immobilized gold
electrodes, cFND 2-4 was confirmed that could be concentrated to tetraplex DNA on the electrode, and
displayed redox activity. Comparing to non-cyclic FNDs, cFND 2-4 showed 2-2.7 folds higher selectivity for
G-quaduplex than for single strand DNA according to CC and SWV measurement, which suggested an
improved potentiality of cFNDs for G-quadruplex targeting-based electrochemical detection®. As new cNDI
derivatives, cFNDs showed comparable binding performance as cNDIs plus redox active property, the

availability of cFNDs for telomerase electrochemical detection is under investigation.

3. cNDI derivatives as G4 binder for multiple G-quadruplex structure specific targeting

The above mentioned cNDIs and cFNDs can work as promising G4 binders for mono G-quadruplex unit,
however, as the increasing evidence about G-quadruplex cluster existence in human genome, G4 ligands which
can selectively target multiple G4 repeats would be useful for exploring G4 cluster’s biological roles®. Besides,
telomere overhang preferring beads-on-a-string-like multiple G-quadruplex formation also encourage the
development of G4 cluster targeting-available G4 ligands’. Previously, some ligand dimers and tetramer have

been reported, such as dimeric berberine'® and L2H2-60TD tetramer'!, which supported that G4 ligand

Figure 3. (a) Chemical structures of alkyl-chain tethered cyclic naphthalene diimides dimers; (b) The melting
temperature enhancement of dimeric G-quadruplex with adding ¢cNDI monomer or cNDI dimers; (c) The

performance of cNDI monomer and cNDI dimer 2 for inhibiting telomerase activity.
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multimer might be a good model for stabilizing G-quadruplex repeats.

Therefore, here we adopted cNDI (1) to construct a group of cNDI dimers with different linker lengths of
alkyl chain, cNDI-ac (5) was adopted as monomer control (Figure 3a). Regarding the stabilization performance
for dimeric telomeric G-quadruplex (G2T1), 5 showed much weaker ability to stabilize G2T1 structure in 1:1
ratio with increasing the Tm only by 2.7 + 0.6°C; upon continuing to add 5 to G2T1 in 2:1 ratio, Tm was
increased by 8.8 + 1.1°C. In comparison, when adding cNDI-dimers to G2T1 in 1:1 ratio, Tm of G2T1 was
increased by 15.7-16.1°C, which is even higher than adding 5 in 2:1 ratio (Figure 3b). The result suggested
the enhanced ability of cNDI-dimers for stabilizing dimeric G-quadruplex. However, cNDI dimers exhibited
lower binding affinity towards recognizing dimeric G-quadruplex than 5. One possible reason was that, the
higher AS of 24 with dimeric intramolecular G-quadruplex (resulted in a higher A G) may partly reflect
inherent differences in hydration for DNA structure and/or binding-induced release of counterions. Then, a
PCR-free electrochemical telomerase assay was adopted to evaluate the ability of 2-5 for inhibiting telomerase
activity. In consistent with the result of Tm measurement, cNDI dimers showed stronger ability to inhibit the
elongation of telomeric DNA in lower concentration (Figure 3c)'%.

To improve the water solubility and flexibility of developed cNDI dimer, peptide also was introduced as
linker to connect cNDI monomer to construct new cNDI dimers. Interestingly, peptide tethered cNDI dimers
showed significantly enhanced binding affinity for c-myc G-quadruplex (up to 107 M™), and also stronger
ability to stabilize G-quadruplex structure. Using the peptide linker, cNDI trimers and tetramers are under

construction for creating new group of cNDI multimers with potentially interesting binding performance.

4. The binding performance of cNDI derivatives as G4 binder under molecular crowding condition

It’s considerable that highly crowded cellular milieu might impair the binding of some molecules for G-
quadruplex'®, however, few studies has been reported about G-quadruplex recognition under molecular
crowding condition. Although we developed many cNDI derivatives including the above cFNDs and cNDI
dimers, whether cNDIs could keep comparable binding ability in molecular crowding condition is still an
ambiguous question yet.

To clarify the above question, except previously reported cyclic naphthalene diimide with cyclohexane
substituent (cNDI-ch), we constructed another two new ¢cNDI derivatives, cNDI-mBen and cNDI-c3 (Figure
4a). Parallel c-myc G-quadruplex and hybrid telomere G-quadruplex were adopted for evaluation. Under K-
free polyethylene glycol (PEG) mimicked molecular crowding condition, a mixture of hybrid and parallel
telomere G-quadruplex was observed. With increasing the amounts of cNDIs, the cotton effect around 290 nm
increased gradually, especially with adding cNDI-mBen in 10 equivalents to telomere G-quadruplex, the CD
spectra transferred to quite hybrid-like (Figure 4b). This supposed that cNDIs prefer to induce telomere to form
a hybrid G-quadruplex under cation-free molecular crowding condition.

Then the binding parameters of cNDIs for G-quadruplex were measured by ITC and UV-Vis-based
Scatchard plot analysis. When comparing to dilute condition, the ITC fitting curve’s saturation rates of cNDIs
with G-quadruplex under molecular crowding condition were slightly slower, which indicated a decreasing
binding ability. However, the decreasing of Ka for G-quadruplex were generally less than 3 folds, and still
could keep around 10° M order. Consistent results were acquired from both ITC and UV-Vis, and supported

that cNDIs recognizing G-quadruplex were not significantly interrupted under crowding condition (Figure 4c).
-6 -
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However, although cNDI-ch and cNDI-c3 showed various affinities for telomere G-quadruplex and c-myc
under dilute condition, in molecular crowding condition, similar affinities for both c-myc and telomere were
obtained. This might be attributed to that, telomere transformed from hybrid to parallel under molecular
crowding condition, then the structure derived binding difference might be diminished'*. This result pointed
out one important concern to G4 ligands designed for specific G-quadruplex structure recognition, whether
they are still able to discriminate the different structure under molecular crowding condition or in vivo complex

condition or not, is requiring more evaluation.

5. Summary and future perspective

In this study, we developed new group of cNDI derivatives, cFNDs for G-quadruplex-targeting-based
electrochemical detection and cNDI dimers for dimeric G-quadruplex recognition, and also identified that
cNDIs keep comparable ability towards binding to G-quadruplex under PEG mimicked molecular crowding
condition. Although we supposed that the big loop of hybrid telomere G-quadruplex may interfere its G-quartet
interacting with some cNDI derivatives, such interruption possibly could be weakened under molecular
crowding condition due to G-quadruplex transformation.

Although G4 cluster is attracting increasing attention, there are still some obstacles encountering for the
study of multiple G-quadruplex targeting-capable ligands. First, quite few structure information about dimeric
G-quadruplex or higher order G-quadruplex has been released based on NMR or crystallization, which limit

the binding model clarification of G4 ligands for multiple G4 repeats recognition; second, although many

Figure 4. (a) Chemical structures of ¢cNDI derivatives with varied cyclic substituents; (b) CD spectra of telomere
Glwith adding cNDI-mBen from 0 to 10 equivalents, under molecular crowding condition without K* (50 mM Tris-
HCI buffer (pH 7.4) and 40%(v/v) PEG 200); (c) The binding affinity of cNDI derivatives for G-quadruplex under

dilute condition and molecular crowding condition, with determination by UV-Vis and ITC.
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techniques have been employed for investigating the binding property of G4 ligand with G-quadruplex, when
towards elucidating the interaction process of G4 ligands for multiple G-quadruplex targeting, some techniques
may give ambiguous result or even not able to work for calculation. For these reasons, establishing a standard

and applicable evaluation system for multiple G-quadruplex targeting ligands is in demand.
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Development of artificial nucleosides for
CG base pair recognition in the triplex DNA

RIEXRZLSTYERFZARAR
R Fi
Institute of Multidisciplinary Research for Advanced
Materials, Tohoku University
Hidenori Okamura
(hidenori.okamura.b8@tohoku.ac.jp)

Abstract: The sequence-specific triplex DNA formation is a potential basis for gene-targeted
therapy and biotechnology. Its formation, however, is limited to homopurine-homopyrimidine
regions of duplex DNA. In this paper, we review our recent efforts to overcome such
limitations by developing isocytidine and pseudocytidine derivatives for the selective

recognition of CG base pairs in antiparallel triplex DNA.
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uuﬁ%ﬁﬁf%ékﬁzﬁﬁw_(lzc)
HEHE SO AR T DD
i @7k$ﬁé\'r$%?ﬁ&%%%)\bf:
isodC%ﬁ%%%ﬁ‘ﬂﬁL/\ﬁiTFO%/—\ﬁEL
R s s AT X | A R N
LlZL7=, isodCR ﬁf{ﬂg%ﬁHﬁL/wf_TFO
DA R E AR — LR T, IV
ZIEEIEL TERLIZBRR T IV IC=T
LU TRV ERIGSETZOL KT/
HAFmock CIR#ELT-, BN -4 —
VAR % TEVEICHE > TDNA G % A BR A &
L. ARARBT IF A MEFE G pliEZ T
FVT XTIV A F NI AIANTZ, Vo T1—
KUl T =V BETVARNEEEZR T5 M3 (a) isodC dFHERAHZALTS TFO Ok A R L (b) TAEGR M

Zx—2 1 isodC FHEREZFAAIAATE TFO DE AR
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PHERIL, DBUDTETE T, [H] l*ﬁ?H%L@DNA XL TR R T IAEMIEA LS DT LTIV AL
72o isodCH AR D MG B Z8RkRE I X, &35 TR Z ZIZHL 21 IA AV TZTFO S AR AU HE BL X (XY ) 23 SR 72 52 A 8
DNA@32&€EREX%’7»v7M’yt4 CTHIET DT LTI A L7z, BRAOHE B 228 2 T AT D2 K
FEDNAIZX T DK TFODFE A E A X 3al Rk T, FIVATATH R L WAt R34 L[F
H# « CGHEFERHZ L TH R DO BRI R T2 &0 b, — 17, KER G 2=y M FF2 72 VisodC
F. GCHEHE X ECGHEEEXT DOl F12x L CT-CG = EIE KL LRI E O BIFIMEZ R LT, ZNHIZRIL T,
1sodC0)2ﬂ77 2T LN T —" N LT T =0 H T L AR E %8 A L7~ Guanidino-isodCl, T-
CG = HIE L AN TLEMEIFRNS DD | CGHEIERHBIRM 723 ARBIE A E R LTz, T/ HAEY L T1— K
Uil 2 95 Amino-isodC ClECGH I Ikt T DB FED D 3562800, 77 =V 2 T L AR ELEG
DM DL FOKFAEEDBFMEIZTF 5L TV AZEpRIB S (K3b) , LL EDESIZ, isodCFEEARBCG
HEFEXIRRER B T DA ARG ThHHZEA LT, £Z2C, Guanidino-isodC% % &1 L7 A i
WALZATV, CGHEEE RN T A8t m A2 X5z Lz,

3. DOh—EBEDEREMEICEBLIAMVIFOUBREORERR

Guanidino-isodC |% CG HE HhBER A TIEH DAY, T-CG = EH LIV E BFMEIME W, ZOBEHEL T,
Vo B3 —OFiR D < ZEE BRI = bt — RN RENW L BROKERK G =y M)E
B EICEE S IV OV W EN TSN, £Z T VT =0 )T Vs 278UV ATFLELT
EHLLTZ AP-isodC ZERatL7= (X 4), 2-7I/E V3, HEfHE T e AbEnb2iicdk-T G @
Hoogsteen MiE/KFFEGTDEBZDID, Vo I —EHOFHMELHIRIND720, CG HEKRHIR3 281
Ttz ECEBEIIEF LT, SBIT. 2-T/ VD LN D BT I %38 AN U %A% O CE
FENRAEFIRDZLITEY, isodC FHERDFRFAR UL
THRERDIENTEDEE 272,

AP-isodC LZDFHIZAIT, FeFELFER, BRIRTF IV %
JEBEL TR TIVHERE RSS2 EIZEV A
AL, ARARE T 2 A NEFG BIEIZEY TFO (T AA A
72, % isodC FHERAALAIALTE TFO @ 3 zle;é:ffiﬁiﬁa
1%, BRI R e A12E 0 T o7 (K 5),
R AP-isodC [ CG Hg Heh® IR 7258 ﬁ%n‘?‘kﬂﬁ#
(2. T-CG — R REBADIMETERE R T ZEE ML 4 yo a0 ZHERHIRL 7 AP-isodC ORF
“o — T 2TV AR G TR HAKRFERE G R
ZROLIET =)0 BV NP BRI
TIE CG AT 2 BRI 23 KITE T Lz, e,
AP-isodC @ CG HHeH T34 Hab ka1 pH K F 2R
L. B TR W TR MO [ LR,
NMR B LD L= AP-isodC D 2-7 /B UV B D
pK. 23 6.5 THDHZELEEFE 2 D&, AP-isodC 1T FAE @Y, 7
R ALLUTRBE T 7 = M RS A AR+ A2 L8R
Sz, LED IS, 2-TI/V VDU AF AV EG TS
AP-isodC 73, T-CG —H# A HHMMET CG I M5 % isodC FHEkAHIALT TFO OfE S EH
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KA CELIEA LML O Lol ZOHFIMEX T-AT =S EIIIRIET . 3 RETEREIEHL
TR AR TR BT ~ LR B 3 572 IITS B R DB R B EELEE 2 b,

4, a—FOFOUBRADORET R REFT
isodC FHEMROMEREFMEY , 2-73/
BV UAEE DS CG L EE R RRRR A I C
HHZE F2 Vo — LD FedR M
HIBR T 22 ENBLAIPED M) 1227223
HIEMEBEZBNT, ZNHEEEER T,
TV VBREAY TV ERKIZE
WEERTAVYF VU HER ARG L
(X 6), ARk L RO 6 Ta—RIUF VU (VAC) ZEAF#IZHOYAC FFEAR DR G
mPEA A EL ., BREEE L OB IRz xS BB IR CEHEB 20T, L, AalER
HIZEZAH BIRTF IV AT T LG EFE BT IV OEBIENZEAEEITL RN LG, BET S
isodC FHEROEGNHREETHHZENHH LT, £ T, FHEET IV OEANEXIL AT RO R
TENEZ R AR 3572012, ¥ 2—RYF V0 (WAC) & FEAE I TH DWAC 8K A5 - 1SRG LT,
WdC &, isodC D C-XZVATRTF s THY, mvMbFRIZENZA T2, iz, EUIDURITR TS
B EWREEBSOGIZ RO T F R T IV A B ANTELIED D, BDOS FHEEEE TEHEE 2T,
WAC ZFLARIA AT TFO DA AR A AT — A 2 (2”7, £9°, Benner 5O TIZHE-> TARRLTIZY
a—RFIVE 44D AN N T LR, TBS tRELTZDODL | =TI LT, FE T, flEx O

AX—A2 WAC FHEREHIAA T TFO DA AR

7 BRSO R DN BT D WAC FFE A LASA LTS TFO O 3 AR AE 8 MeAP-WAC O T AEGH A
- 12 -
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FEBT I HROGSEDHZEITIVYAC BERERE LI, £YIC FHEKRIL, EIEIZIE>T DNA & RKHT
BRIALL7-005 DNA HEh A pEEE & 72 B R A A EEIC LY TFO I ARIA AT,

WdC #FHEREFAAIAATE TFO (2D T, AR LR (XY) 2358705 2 AREH DNA 12k95 3 A
DNA FERA M L 72/ SR A X 7 ICEED D, K WYdC FFERIZHOWT, MR LA 2 7o 4 T ORI
B TREREEZ AN L 72, Z @ 3 A G, 5l A @ P GZATELFNZ I 1T B Hext 78k AE (X 7a)
T DL, TV sy b A T 5 MAP-WAC HL<IE AP-WdAC ZH A A TS TFO 73, T-AT =
B ILERSOBHMMET CG IR CTELIENDND, —F, T/ _XBra=yhat > AB-
WAC 13V T OISR L THERIMEE RS2 o7z, WAC DAV =ik ah ALz 7 /e
VUBRD, CG RO C & G DENENEKRFFREGIERTDIET, mWBIRMMEZ RLIZEE 2 BILD,
51T, BEEEE EE N B2 D0 =3I LD . MAP-WAC @ CG HiJEx78akaeI L, M ALALH| D 8%
ZAF7RNZEE R U2 (K 7b-d) o M EEBRLA IR A A 70 5 T 5 38R SR R Co o703 | R D
—EIR AL EITRGH LT AR T CHID CER TEX T2 O TH D, LLEOINT ATLEDOES|T CG K
KA TR AN E TR CEDIUAMED E D MAP-WAC DBIFEICRETHLZ (K 8)8, 2T, 5% H
BI DT TV E~DRERE RIEA T, CRETENREECTH 727 LB DR G L E 5
W Y Nl R B

5. "\TERT BIEFOTAE—2—EIEFRUELE=TOFO—U R OREE

B 7 wE—2— D 3 AREERIT, BF RS O ERCRIAT — B R OGS E L E 2
7o) | BB T HBLAMEITED, UL, 3 RETERECSIOHIRO7= | BERRTREZR 7/ ABLFIIXZ AV E T
fREN TV, 22T, MAP-WAC 2T, CG EEFN A HEEE T hTERT B O 7 mE—2—E 5
(2T DR B EAMRGEL 7o, F37, ARAIRLSINZ X925 TFO %G1, 3 ARSI RREZ AL 72 (X1 9a) .
ZOBERMESNE, O CG FEIHMNAL D7D | XL T HMEICT IV EfAIAATS TFO-TN Tl
RIETR 3 REETEATERV, — 7 WAP-WAC ZHAAIA/LTE TFO-ZN &, ARRIERS TR TR ER 3
KRBT RAE R LTz, BT 5 CG BEFHNL A DESINCKTT 5 3 RETERIXZ AV E TSRS
372K MAP-WdC DOILAHMED m &%
R EHEBERBEREEZOND, FHE
C. TFO-TN & TFO-ZN #ZhZh
Hela filIC T AT 2/ ar L, i
B RBPREFE R AV T LV Z AL RT-
PCR (2L Tl#ZL7= (K 9b), =D
i MAP-WdC ZHHAIAATS TFO-
ZN X, T Z/AIAATZ TFO-TN Lt
~T hTERT ® mRNA ¥HEZHE

(SIS LEHHNICLT, 9 (a)hTERT FLAUIZ 17 3 AGIHL (b) 825 BT O R

6. HBHYIC

AWFFE T, CG Hi k2RI IC 35 TX % isodC FHEA B L OWAC FHEAROBFREITO ALED
BEFEHE LD IFEAE FICBIT DB DL ETR CG W E 7R akI T Eh LI-, M AP-WdC FHiE A% W52
LTI PERER N Ch - T2 ISR X957 o F o — U 3 B RS, 3 ARBETERECS 2 Y50

- 13 -
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TEELDEZEZ TS, B, MAP-WAC FHERE L LI LT-E5R DM S Rl ° <0 TA He 5o 28k X7
LAV RDBAZRE Vit A TUWD, b2 ik b 92 3 KEH DNA T OMER, 7o FUo— &
HNICD LT DT ) DREH)THEC DR N D 2 e a2,

7. Bi%t

AR, DTN RSP R AR AEEE P2, JSPS HFBIIFZE BAEEhE OBz T
FL7z, THRETHIERZ 0 U N K IR EIFIERE e 2 ATEE iz (B R [E BE R P32 7 R
FERHE) . B OB HEBARZ I D52 BV L CLEVEH AL EFET,
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Small molecular ligands binding to the higher-order

structure or repeat sequence of nucleic acid
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Nagasaki International University
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Abstract: The nucleic acid has the various higher-order structures or particular sequences,
which can play important roles in the gene expression. Recently, the binding ligands for these
nucleic acids attract a great attention as a gene control methodology. In this manuscript, we
report two topics on the development of the small molecular ligands for RNA higher-order

structure and the evaluation of the multiple-binding to DNA repeat sequences.

1. [FL&HIC

BER D 2 K572 5 AR E O R R EC SN LB AR T O BL- I B A E K 7 THY | BI5 TR BLO
ON/OFF % 2ar ha—/L L CD, LI > TINL OB S ISR AT 50 i, A TIIGEE T
FEELA 2 5 ki e U TS D, AfRTlE, BEIBICHE G T D180 7427 — <12, DBl RNA Eik
HEERE A5y T DBA%E | ETDNA MK UELS~D YA NS AED R | 12 DUV CORFZERL A FEN 1D,

2. RNAGRIBEICHEE T S ES FILEYMDRSK

RNAIZ, DNADBIRIFHROM I 240913730 T72<, mRNAZRE O EHHRNADHEIEZE (LS, microRNA
72 E DFSHRNADAE T DM 2 Lo TR FRBLAHIEL TWD, T4, ZORNAZ FIT D HIHEE
REICKIL T, 7o T B AEEIIRNA THHED IR H WO TWDD, A ) T~ — DR EME
OM R BT 7 & DS E 72> TS, VSO A DR 3 I T e S0 CnD— 5 CL Bl
L U CRNAD S RS AR A & LT AR F B TFIENE B 2480 T D, RNAIIATE Y | N —
7. GAFE G L DORE & 72 @ RIS 2 T R LB AR - R BN RSB 5372720, 2o ook
BT DEDFUH R IR B E 5 2 B2 LN ATREL E 2 B ND, L L7223, RNADHEE %
ERMEIZRD | BlAIEIRAYRRNARE G 50 T2 BT HLBRFE T2 DITHEES FEE 3 im0, Bl 21T, RNARE G &L
THLNDT 7V NEIL, AR O AAER DN EMETHY | SIS LD R EUGE Ok
FLIpoTND, — 07 MR BI04y TaX 5T DAL LT, AP-site CHEIA vy T VLU
W72 E DOBUKBREE T2 DRNAM R ERIRAIOKFEFE G A TER T 250 F N E STV, bl

- 15 -
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DEINTH HZERNAKE B 53 FITW < ORI S AU TIEE 7223 DNAFE G 47 F D& i L T2 05
TEELDIRNONRBLRTHY , RNAFE G5 T OFTHBRE N E EIN TS,

FCARMETETIL, A 52 5B ITHEEFIRNAYE JE LK R G B 2 T Rk AT REZR BT B RNARS & 70 1 D%
Gt B AT o7, FAMEE L TId1,3-diazaphenoxazineE® (G-clamp) *Z£:H L7=, G-clampZA&4y 119
(ZRIA U728 &I 2 L C, 8-0xo0-guanine D Rk 73 7 23S S TDY, ARAFZE TIrEG-clampi# & AARNA
DEIRIEIER DT T = B2 ROKFERE ALK T 52 % W FFL | G-clamp-monomer & G-clamp-
dimer D2FEEI D5y F 4 G A LT-(Fig. 1),

oQo/m Fig. 1 Fig. 2
N NHz Guanine recognition sh(-XUY-) RNA Th
AN H. M g , AU sequences. The stem parts
R,N\n,NH_H 7 by G-clamp >"UAGUG A are represented by underlines.
o VU 3’AUCAC_ X
"Ho Ay A~ YU
A RNA Name Sequence
HoN"~0 H N0 O NH, sh(-GUG-) 5’ ~UAGUGAUAUGUGCACUA-3’
HNQ HN]@ @NH sh(-CUA-) 5/ ~UAGUGAUAUCUACACUA-3"
NSO N O OSSN sh(-CUG-) 57 ~-UAGUGAUAUCUGCACUA-3’
AWy o FWw L wwo sh(-GUA-) 5/ ~UAGUGAUAUGUACACUA- 3’
ng\/\/N\ Kfof T LI) ssRNA-5mer 5’ -AGUGA-3'
G-clamp-monomer G-clamp-dimer

RNARE G RN DTOIZ, V—T NI T = A DET VT a— AT EUESIsh(-XUY-) & i% 7
L7 (Fig.2), ZOEFIHEZ VT, £33 8 L HE I LY RNAKE & #Eli 41T -7, G-clamp-monomer
[FACRAREE 12 T360 nmD Y FRATIZEV450 T I FRRE O E R EZ R T, EZITEMRNAZ
TIN4 2 ERNAE FER RIS G-clamp FH SR DHOE D DO L Cvo 7= (Fig. 3A). ZOHEH ST

/150 1 monomer sh(-CUG-) 100 7" dimer sh(-GUG-)
£ (B) £ a0 -
&) 3100 1 Oeq. 8 16eq.
3 @ N g 60 1 N RNA
Q (7] .
$ 50 - 16 eq. < 40 Oeq.
S 3 20 A
s w
0 . . . 0 -
380 430 480 530 580 630 380 430 480 530 580 630
Wavelength (nm) Wavelength (nm)
0 50 100 150 RNA(nM) 7.5
s 1 : - = sSRNA-5 mer (-GUG-)
) ~ 6
£ (CUA) B
g 0.9 (-GUA) 5 4> (-CUG-)
£ 23 (-GUA-)
o 0.8 4
p =15 (-CUA-)
= (-GUG-) 0 4 . : — SSRNA-5 mer
w07 - (-CUG-) o

50 100 150 RNA(nM)

Fig. 3 Fluorescence emission spectra of 10 nM G-clamp ligands (A) monomer, (B) dimer excited by 360 nm
light in the presence of 0 to 160 nM sh(-XUY-) in the buffer containing 10 mM HEPES-NaOH (pH 7.4) and
100 mM NaCl at 20 °C . Relative fluorescence intensity (F/F0) at 450 nm (A lower) monomer, (B lower) dimer
(F: in presence of RNA, FO: in the absence of RNA).
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TT =R OFE B IO PeTIHIZ LD D TH H EHEES

N5, ZOEE T oy N\URBEEEL (Ko ZHEHLTIZEZA,

sh(-CUG-)C155 nM, sh(-GUG-)C202 nM &) 8RS LA

WEHTHIENDN-TZ, £, sh(-GUA-) TIHIFEAETHL

TALNTELT S 7= RO ERIRME S RS,

— T ANTEUCNENZY T =0 %h 72720 sh(-CUA- )R — A

$HRNA (5 mer, 5’-AGUGA-3") TIXEOEE IZ AL T,V

KR OE LS EIRIE L REER I EAS RS U, Fig. 4 One of the stable structures
G-clamp-monomer O u5 Y FFE LT H 720 | G-clamp-dimer of G-clamp-dimer in water.

TIE, BLREENZ ST, KRR CII 3 TR ag

725 CTED AZFIRNADTINZ LY G-clamp I KO HE HER R T HZ L0372 (Fig. 3B), ZOHEEHK

[T K THHIE THY, HEHED T oy hOFER, V—T NI T = i 55251 Osh(-GUG-)IZ R/ L

T, Kqa=9 nMEWVDIEFIZIR /1@ G D472, —J5 ., sh(-CUG-)&sh(-GUA-) TlE, EE 1Ky =27, 103

nM % RL, sh(-CUA-) &—ARERNATITITVEAELIT AN > T, ZOWEAHERDAT =K

IZOWTHLEDEZALL T DINTELEL TS, K TOG-clampr=y ML, 53 FHNAZ X 7R AAE

FCEVENTITBELTEY, S FAEEEZRILTWDEEZLND, 222, EHIRNABRINESNS LS

7 =B FE L G-clamp DK FEFE AT LV 5y FINAZ o U 7 MRS L, dE B EE T 5, FEEITHED

T = MHOPeTIHIED — i PARS DA, S RMENL THOREREL THEIEPE R T 5B 264

%, Figd 135 B 3R K 0ED N K T CORERED — D> THEN, HFHNOT7 = /%%

BRI OERET3.65A THY, ZIUIAX X 7 HHAEAER ORI D HEEECH D,

& IZ, UVATZ MLVRIEIZE > TG-clamp-dimer ODRNA#E 5 % 172, G-clamp-dimer(Z%f L CTHE
FIRNAZIRINLT2EZ A, G-clamp H R OW T TR BEAK AR 70 o R L o R T b Iz T2 7
ORI T BB HINT-ZE D, G-clamp-dimer F RNA L DO SEATE 23 B STz (Fig.5A), F72CDAN
ZVRIE T, BRIV L2, G-clamp-dimerORNAFE A 2L~ T, RNAD AT L)L—TREE R K &L
ZALL CWDZED MRS T (Fig.5B)e ZODE 735, G-clamp-dimer(. RNAREEZE (L2 FH RS DY
HURELT, NBRIZR BT ~DRERbHIfr SN,

G-clamp-dimer
(A) 0.2 - Oeq (B) 30 -+ 0 eq.
RNA 25 4 ] 0.5 eq.
0.15 -+ v

1.5 eq. 20 A
0.1 -

1.0 eq.
— 05 Wavelength (nm)
4
R A et
5 325 o a5 400/ 425 450
05 *
-1

230 280 330 380 430 480

Abs.

¢

0.05 -~

CD(mdeg)
S

5

0 T T T T 0
300 325 350 375 400 425 450 -5
0

Wavelength (nm) -1

Wavelength (nm)

Fig. 5 (A) UV-Vis spectrum of 10 uM G-clamp-dimer in the presence of 0 to 15 uM sh(-GUG-), (B) CD
spectrum of 10 uM sh(-GUG-) in the presence of 0, 5 or 10 uM G-clamp-dimer. The above titrations were
performed in the buffer containing 10 mM HEPES-NaOH (pH 7.4) and 500 mM NaCl at 25 °C.
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3. DNA#R YR LERFI~DEY A MEEHIZDOVLWTOMR

BAR T HICE ENHE0EUELSNE, BAR T RBE ST 2 EE R 1 Chd, ZOMEBITHR KL
DB IRBEIMMAEL DL IR EIZE > TALDRNAD B IEECFIR CHEASND R E R AT F Rl
MR LRV RBAE B ZHL T, ZNDORRADZUTEIEFEMEOBIGMERETHY, 572 BIEHRIEN
WMENLL TNV, L2235 T, RO K UBLS I ZAIFAZER L U CROES I, K53 70 U RO BFE 3
PAATOIVTND® T, LSRG, M0 IRUELS H OREED A M T 285 G 2T T 288, —Mi07eis
BRRNTIE (O T F1E, DNATZ Y NV T 4o 75 R T RE L, SR ER ) AR —
B2 L) T, ZOBEOFEA DB 2 D8 ETTUZ AMTEETHNDLDN, HDWEFR—#H Eo2fEAY
AMZERIFNZHE G L TODDNEENHDITIEE IR EETH D, B2 X DNATZ Y TV T4 ZHEIT T,
UH U RFE A KIS T C 7 MU RBLIIE I T | OO EE FTIZY T R TRIFRIZ A
ALTVHIEZLTLEEKRLARN, 22T, AMETIH. ETAMAEIT O REL T, RAY
Chromomycin Az (CRA3) % MV T, DNARLHIF O EED#E G ERALA~DV AT L R DA M & 2 it 3
BIFIERRIZ OV TRET LT, CRASIZGCEIRW e~ AT — T N —THEE 5 1 ThHY, Mgr &N Lz &R
HIEEARAIGC-richZeDNAELSNIZ S A5 (Fig.7)*,

(A) (B)

Fig. 7 (A) Chromomycin A; (CRA3). (B) The crystal structure of the Mg?*-(CRA3),-d(TTGGCCAA), complex
(PDB ID: 1VAQ®). CRA; in a stick model, DNA in a ribbon model, and Mg?" in a space-filling model.

T2 1 TE RO T ADNAKE BT T DU RO4Y A ME G REZ I3 -5 F kL L T
TR R E T v B A EE B RIS (Fig.8), il FREFEFR 134 E O BBl 5 4585k LR A I Bl 9~ 5 —
YRXILT —BTHY, BERYIBHAICY TR BFE G L T D ERR UM ESN D, AFERTIX
d(CGCG) AL % g I35l BREEFE Ace 11E, d(CGCG)HNL &2 #EH D FEDNA%L H T, CRAIC
LU EZ T Tz, VA RIAE T, HIBRBESE LRI L0 A U A DNAIKT R R &R 452 8 TR D
ZEDRDND, () VRPN 2R TA(CGCRINLIZ T & MIFEA L T A Tk, BERILY
W RFEG I T A 72 U I 252 1 5, — 07T UT VR MEA L TN d(CGCG) B I3 l% 35 C
GIWr SN 572D EEODNAKT i N AT S, (b) UH R 32d(CGCG )L EMLICHE & L CODIREE T, 4
d(CGCG )R THIKILE A2 T 5720 £RDNAWIEIFET D, 17205 DNASHAH|[REEE TRAT
MK GRS NADEAETIL, [F—8H LD TOICGCG)EBALIC[FIF YT RFEA L TNDEEITD I,
MK FRENIRNERDNANC RN AL D, LIZi3-> T, ZORREDNA/S RO REAPAGEIC CE &
INTTHIET, VA RO AMNEGEETHMET 528120z,

AREFRTIE, FREDNALL T, d(CGCG A MiZm, ¥ MHdA/T)Hi A nEL7-GC(m-n), X TVH
VRELTCRAE FAVWT, dec HFLET v A %1{To7= (Fig. 9A), GC(1)EGC(5-5)DfEF, W HCRA;
DR FEFENIN N R DNAD /S REREDOE NN A BT (Fig. 9B), KRICCRAZDIREZ10 uMIZ[E E
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L. CRA;DFEG DAFIL WG T COREE D ik a1T o7 (Fig. 9C), T DH5 R, d(CGCG).Hn3 17>
BSEFENINT D12 o2 EDNAFRAF SN 1T L OB T3 R S, ZOfE 3. d(CGCG),
FARD Y EHINZL S TCRADFE G L TWRWY AR, AR VUL ThHDH, — 5T,
FEHCHLIRRANZ LI, d(CGCG)DEMNFEIL (m=5) THDHIIH ST, VA R OA(A/T)EnH 5
T HICON, EEDNABGFERN EF-ITHZL08 oz, ZOfE I, FE VA M OdA/T)HIEE A D
7RVEERIDNAIZ KT L T, CRASDM RIS Y A ME B T HZ L2 REL TS, il E TSI 7-DNA-
(CRA;) Mg AR DOXHAE i A 1 Tl CRAMEE H D = FEHHIIDNA~ AT — 7 L —T 125 LA
%éhfio‘@ MEIDOGCHEA VA RDOILIZIMUD A/THIEFHZH IRV HHL T2 0305 (Fig. 7B)S,
DZEND, ACGCG) A MEBEDEWEFI T, 5253 HCRA ) [ COME-HEAH AAEHIC

=Er, ;c 1% 5 % % %

Accll

" -AGATACGEGATTTACGRGTTARMGCJATTCEEGARAR -3
3 - TCTATGOGCTAAATGCECAA gq,%c ATAAGCECTTTH ,eg,%

4 Partial protection4
@ Cleavage

—

(a

—Full protection—

DNA fragments
Full length DNA
5’ -AGATACG CGTTAAACGCGATATTCG-3’
3’ -TCTATGC GCAATTTGCGCTATAAGC-5’ 5’ -AGATACGCGATTTACGCGTTAAACGCGATATTCGCGAAAATCGCGATTTG3/
57 -AGATACGCGATTTACG CGAAAATCGCGATTTG-3' 3/ -TCTATGCGCTAAATGCGCAATTTGCGCTATAAGCGCTTTTAGCGCTAAAC-5'
3/ -TCTATGCGCTAAATGC GCTTTTAGCGCTARAC-5' )
5’ -AGATACGCGATTTACGCGTTAAACGCGATATTCG
3/ -TCTATGCGCTAAATGCGCAATTTGCGCTATAAGC .
Fig. 8
CGTTAAACGCGATATTCGCGAAAATCGCGATTTG-3" .. . e
\_ GCAATTTGCGCTATAAGCGCTTTTAGCGCTARAC-S! / The CODCCpt Of the restriction enzyme 1nh1b1t10n
57 57 -AGATACGCGATTTACGCGTTAAACGCGATATTCGCGAAAATCGCGATTTG
Gec(1) TCATTAATTTGCGCTAT GC(5-5) 37 —-TCTATGCGCTAAATGCGCAATTTGCGCTATAAGCGCT TTTAGCGCTAAAC
5 \TCGCGTTAAACGCGA 5’ - ATCGCGATACGCGAAACGCGATACGCGTAACGCGATAC G
GC(2-5) 37 GC(5-3) 37-TC TAGCGCTATGCGCT TTGCGCTATGCGCATTGCGCTATGATAAC
57 -1 TTTACGCGTTAAACGCGATATTCGCGAR 57 —AG! TTATTTCGCGACGCGACGCGACGCGACGCGAAATCTATATTTG
GC(3-5) 37 AAATGCGCAATTTGCGCTATAAGCGCTTTT GC(5-1) 37 -TCTATGTAATAAAGCGCTGCGCTGCGCTGCGCTGCGCTTTAGATATAAAC

(B) ©

Gc(1) CRAs GC(5-5) CRA3 100-
 ——E8 X

0 1 10 25 50uM 0 1 10 25 50uM g sgo-
®

[ . s s smms Full length e -—-—] -{é’ 60 -|
©

a_ = g 40 |
— G— — Fragments h=0

o 204
z

0

GC (1) (2-5) (3-5) (5 5) (5-3) (5- 1)

Increase of d(CGCG) Decrease of d(A/T)
bindina sites intervals

Fig. 9 (A) Model repeat DNA sequences, GC(m-n). (B) The gel results of Acc 11 inhibition assay for GC(1) and
GC(5-5). (C) The comparison of full-length band ratio at 10 uM CRAj3. Duplex (50 nM) was treated with Acc
II (0.25 U) for 120 min at 15 °C in the buffer containing 20 mM Tris-HCI and 20 mM MgCl. at pH 8.0 in the
presence of CRA3 (0, 1, 10, 25 or 50 pM). The reactions were analyzed by denaturing polyacrylamide gel and
SYBR® Gold.
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Lo TIEDOH R EIMIE , BV AMESHEZ RLIZbDEEZBND, T2 ZNHDEFTRIR A B35
PR T Ace NIk D EZEN R L ELZ T ETHHD ThDH,

CGGYE —MELHIIE, FMR1IE s F D5 FEFHER I ITFEIEL . £ OV — M 13 55 XUE e
(FXS) Mo XBETEIREL /A iRAEBERE (FXTAS) 251 S T ZENMONTWD, A lal, I PREE SR
ET veAEEEHAL, CGGUE —MLFI~DCRA;DFEEMEAFHITL 72, CGGYE —hEZ DM ThHD
CCGUE —hED “AREHIZITA(5-GCGGC/CGCCG-5") DA K L33 A5, 22T, ZOES [d(5°-GC
'GGC/CGC 1 CG-5")] % RKENDNLE CHIKr¢ 2 FrudH1Z AV CHIIREEE LE T v A 2Rt L=, CGG
VB — D 160130 3K LB A [CGG(16) 114051 D FrnudHIEIEi A S ELC D (Fig.10), 7> A DfE R,
10 uMEL F OCRAHAE T Tl CGG(16)IT5ERITTHLIALTHY |, FrudHILE R RIZ AL o7,
—J5C, 25 uMEL_EDRE SR TR, REDNAOERAF BB ICALIV, N TH 7l 5425 T 7]
Wi S RDNFEA L RBNIRNZEDD, CRADCGGY Y — NS 53250 A ME G TEARIE S
720 ZHUIZCRA;DFE AV AN THDHA(5-GGCG/CCGC-5") 7%, CGG(16)F 2 M IE TR L & £h b
=, GC(5-D)EFRIBRIT, BEEY R CIEOH AERADME =L D EE 2 Hivsh, CRADFES AR
7o 3 RO 2 — 25 DCGG(1) TOX TR T, MR B CRAEE T THUINPAE IXIZE AL
HHNTEL T CRA;DFE A ITHERES VRN -T2, LLEDORERND CGGE —MEFNI R4 HCRA;D
FEA U OWT, EEGERET 85 A A M R A ME S T2 WD FE T I BLBR I N L 215
HIEWTET,

CGG(1)
CGG(16) .-

- e O)Q FnudHI
EE“%?‘%?%:G sope gchggsgqcﬁg J 3 ISSE’ESIE?J

cea(1) CRAS __ caaie) CRAZ
0 1 10 25 50uM 0 1 10 25 50uM
Full length i o |

DNA

fragments

e cm— — -

Fig. 10 Fru4HI inhibition assay. The duplex (50 nM) was treated with Fnu4HI (5 U) for 60 min at 37 °C in
the buffer containing 20 mM Tris-acetate and 20 mM Mg acetate at pH 8.0 in the presence of CRA3 (0, 1, 10,
25 or 50 uM). The reactions were analyzed by denaturing polyacrylamide gel and SYBR® Gold.

4. BHYIC

AFETIE. RNA B RIS IS A 154 FG-clamp i AR D BRSOV THEAT LT, BIEIL, e
DORNAKEIEIT 0 U CRIPEZ R T DI RMEMRC, 7y L Dar v oy —a Al L HMRe A i
AL TS, F-DNAVE — M ~DFE G 53 FERFE D —ER L LT, DNAVE — NS ~DCRA; D4 Ak
FEBREOFHEIC DWW TR LY, 20 RAESEICL T, BAEXID VR EVEH &L CBUK PR A
TERSC& B AT E 2RI AL, VE — Ml AR 55 U R OB A RRET L TLa!,
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5. HBitE

AHFFEIL, ISPSEMIFE: (18K14330, 16K15099) DBk A2 1T 7-H DT, £-ZFITICHTZ0, HALK
FLZ U ERFIIEET KR SRR RS L UM R R ERT (Bl Rl EER R
TP TRL) xR EBIROTHRE, ZHEEWVELTL, ZO5EBEVL TEHH L RIFET,
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Abstract: As a new series of non-natural DNA and RNA, we have developed triazole-linked
analogs, ""DNA and ™RNA. Backed up by the robust synthesis utilizing efficient elongation
method with click chemistry, we achieved the synthesis of long oligonucleotides applicable to
the biological application. The sugar-mimicking unique structures with the non-degradable
linkers endowed their original functionalities, including excellent activities as substrates for

natural enzymes.

DNA <> RNA 72 EOERE X, Z OB ORISNZ I DN IETH72 00 iRk EE 12 D2 eh, Afn
R 5T JRPBVRL 272 8 TR AT RISy -V — L bl o TA, B IC, e A SRk 95 K IRBE S S
EDOMHE DN L DEAS TR - AT EATI, EOMEME - LD mENG, 5% ORISR R
FoTND. LinL, ZOBBEOMEEX, AROAERN TOBIGIEBRIZEDT-DIZ RS TVIEEE
Lo TEY, 2O FERNZEMEDOIRSPBEEERB D ML/ > TS, 22°C, BREHRT5 =2 (Y
R BE BRI IL) DTN T, S IREER TR DY R A FE S RSB RS I I A L D2, RIREEFE DR
PR LT DFERE G AAERF LT IR R - BEORAFAURZ IR | 37 H SHL TV, ZOMEIZBIT D GMED
ZLEMDESH TOEBLHILNR. D728 B DR 5y 70 X7 F R LR (PNA) 728 O UREHER: -
FEV U IIALEE | MRSV TOD DS, 2D RIREE LT BN TS D X I RIREER DELE L0 2 77,
V=)L ELTO AR RO TS, AWFFETIE, @RS AR SUR Th DT <~ R - 7 1%
APINERL (CuAAC) B Z Kk
MEOSITTER T 52 & T, o
fRYED R ) T — LE R A O

[FE Y M - BECRAFIUELE - T"DNA
JTRNA (1) ') Z2BAF L. &
filfi 72 & SRR 00 B B AR A il 5
RN EILEOR R L 2R
T, BIFORERFRA)T~—TD
AR RHO G A ER L. &6
2, IO RIEZE ~D @ H B 1. "DNA,/T-RNA DREELEE.
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FOEREZ L, O m b4 59 7 P’3 S"P’3 glylaga(ng 'P’B
F= ase
BHRL IR T DY — L e LT ° o MesSioTt
. T o) NaNg, T cbz: 23/39% Base
DR ETITH>TETNS, e S
N (a/B-isomer)
1. "DNA/T"RNA & Bk DB ona
o ’ \ . SiiPry 1;3‘5(’3 9557// SifPry sBinIatad SifPry
AR O 07 RBRERIC BN T D‘*: P 3) a0 CFCOA || MessOTt ||
X, HE#ZOFVT ~— 0 RIRBE HO‘L.IOH = (Oyg A0 DUAR Onc gb; 2% O_Base
Lo _BHHEFBRERIET DD OH S @) N OAc é(;pJaZ /71) % Ny A
Isomer) TL 1=
(o, RIBLFIRED 6 o8 i e o o oo
ECY NS . R 3 S N
BEHEL 7o, gefifize RO A BRI e TN G QO qmte e
N A oA * T H 'm H
BHEL T, flifl - mah R G pliit it 4 TR Vo) G Aoy oo I
FISUTUN, VY, T = v A e
N >N J— TL TL HE ANEGY
L IT LD A RO AF—L 1. ""DNA T'RNA HEEEHIE.
ENEHL TS (AF—L4 1) T'RNA HIH Lo
TBase

BIROEGRRICBWTEL, 207 B FEoE A
ZRDBNDELT, R L[EIREDBEM:ARZ 15
BARPIED FIEEMN LT, Wik 0T
Y, J TR — )L TOBMBBIEDOHENLET
[T TETCNA.

ZEBEOAN LEAE T 24V ~v—DHE
BT, POSER O TELZENE T2 THE
A A FTREL T DB A RIEATE - L7, RY
AF Ly BICHB S HERE HR RS, [H
FH EC CuAAC EFE LB VAL B2 5 2 TR

ZROIRTZET, 12 BERETORHOAVI~
—H AL (AF— 24 2)248, OGSO RAE

XY —RHT-D DF
SR 8%l E O Lﬁfme
B9 - R - 872
/N _
TLRNA

R#HA Y I~ —G ik
HHENLTE Tz,
N __~
%Base
\KQ,Base

TLDNA+

B TOEFEHZR T
—/WEE LA T~
—IZINZ T, KGEEED
N7 — VB Z AT AL
L7=hU 7 Uy SGE s
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BIDF ATGRIF ) T =810 BIRE L TG, 22T, T'RNA #E L KK RNA #2855 457200 5K
Ui,/ 3R E A F B2 7212 4 FOKBRE L TARL- (1K 2) . R A HEEARZE Tedt 12 O
BREBIEICHAGDEDLIET, Ho LRS- EAEAEE G ATREE L, 40 ERETHRE —fif
E®H120 92%LL EOBHFHFTERL TS, IHLIMIEEEDO A VT~ —I1Thix, BRREEEZD D c-di-
XMP™ (X = G, A) DBIFELIT- TS, KR c-di-XMP 2% 12 BB S U7 firs ettt 274
DIZXRIL, MBS a7 7 A E I H R L CEUEZ — R AICE E CEAIEE AL TnD

2. "DNA""RNA D ZE M
EMBBEADER
PR A S~ — D72 T,
CHEHE A EB LIRS
BHIL7e<, ZHEERIC DD
B S A VAR S OF I TN/
W Fx ik, AkLiz U T
Vo VEERI A ) I —3, RIR

BIRER & M0 CHEMR _H L X 3. (2) "DNA*DNA, "RNA-RNA — 8.
EFBRT B RHILT( (b) ""DNA-T"DNA /K#R2%H%H H O H .

3a) . DNA [d oo — H 8 1%,

20.0 °C TEBETHDITHIL, T"DNA LRI DNA L0 " HEHHIT 61.1 °C £ THEEEES, b T B
L EMZ R LT, ZO@mWEEMIL, T"DNA OBKMHF MO T EICL DA TR O RIRE R ~DFE
B O, A ORMIEMEIZL A= e — % GO E IZE> TRLNZHDEE 2 HLs. RNA
B T'RNA T KK RNA BLOKIR DNA & EHHA K CEHI LA AL Tna 2 b —HEH
1%, FERPALEREI A FF B0 b & R “HHH & BELIL I G2 3 28 btz 2, BEE
R LTS FHC SV TR Y, IS L 0 IRIE TR RS RIREER OB R IEE L L CORY
RS AIHELL TS, EBIZ, ™"DNA R+ “#EHH A ™DNAT'DNA 655 72 (X 3b) . ""DNA 3 &
KERW, KEBAF % “BHHOZRBHNLETHIET, BRI EHEOLTAZMA EIFHZENTE.

3 EREVIRIK DNA TlE, “HEERIIMR M TERWEZEDRITH-7273, ""DNA B DOIEHIZX
O _HPHEAERSELIENTE . 2o ZHSTHET 1.3 X102 em?/ Vs OB B EA /R, n BT}
{REL THM A R\ OV T RE A R L7 .

3. ""DNA/"™'RNA Q&£ @LE~DERM

'DNA_T'RNA OHEED IR KOFHEIL, T FRERE (PNA) 728 OREFOFEH A S 7720 N T4
ST HEI2 o T, RIRKEER & [F] UBEREIE 24707 L QWD EICHY, TO RO — BEEREEIL, KR
ANIARD THEEIL Q2. 272, s —EH A 585 2 RIRBESR I L - T ™"DNA,/T"RNA 7% ¥
FelE ) & L Th ik, BRSO ZBits - Rt T 2 8RetEab D22 R L. 2, BEES
ZHERRUTZBEAE O N TASFR DS EE 2 SUG LM EZ /R O L3 2 ORHREME THY, FERTFREEIZLVA)
HTEBFGELRST2bDTHS. "DNA /TRNA [EH D, R IEE eI ittt & D8R o
FPEZTE L, REEEECIERTO N TAEFR IR LOEAR T~ S B L 7=,
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[FErERRDBRHEAT L] RNA 28581 T DNA 248 AR5 1%, PCR AR E Ol
TR DT=OIZ, AN DOEES RNA (mRNA) DR TE#A 2272 DNA (cDNA) &L T 3 TRRIZ
WHSNTWD. UL, ZORIGKIZFIRHZAER T 5 /AKX DNA OIFEIZLD cDNA E O T 23
E7go Tz, T"DNA Z R T S OBMGEHEL THWAZET, 2O /AR E BRI CEH LA
HL7=. "DNA 1%§J‘<#@2«@‘.ﬂj‘b\fﬂﬁzﬁj‘z“bm)o:ab%, BAAAEHEL CTEWWEEE REA 7R L, DNA B4k
HD 1.5 558D cDNA ZFEALT (K 4) M. 22T, SRl ™™"DNA #i&%& e cDNA &, DNA 1%
EaEETet, D /(X DNA OIREHELTHE %zhu) JAZX DNA D&% 5TV 7L T —RIZL0 5 fiE
FTHIENTE. ™DNA H3kD cDNA (I SMNCALET D b U 7Y — Vs A R L & e > Thy
figZ 5179, /A4 X DNA

DIHBIRIEND Z & T, @) o (b)
cDNA ZEflEL T& T2, & Y mRNA PIZERNA sy | DNARIEER  DNARISEH
. " £RNA TETTerrr TETTTTTT U 4R SRI 2R Mk AR SRIK 1281
bz, ZORT Y — L ik l "",."" e ‘(t%v“-‘}f/»r;l‘lzDNA)
B ML, RS O Bl MR e
7R —E TETETTEY i-'r!a-::::s'
HELLTHERET A% l — ZNTT; TT GESRMEA)
. = = T
LT R g arToTIy,) TITIII]
VT ENT DT O DNA cDNA /4 ZDNA ¥
) s 4 X% v eI
HFR OB NT, —K lRNA?JEM(‘;J\gE +5-TH YR LT—E (Rec), %)
E T R )
GIDNADIKMOT U 1 Tl o=
s 2 82% 15155/ 18% 5 % 48%F5Ht/52% 3 B $EE5%DOCcDNA
L, Tx Bl E TcDNASHEL ) B /A X% v E/LIRDCDNA

CuAAC H LS B

; N P P X 4. (a) ""DNA BRGSO =@ HE cDNA Gkik.
%@?Hﬂ KT ATTA~ (b) JARF o LI Fi DR T REY.
THEWAZBR L TETWD

10

BEFFSA7ILT/ — FOZHRESIRNA EEF L] 713/ — 3713, mRNA OALERRAYIC
G328 5 7+ FUREICILHS I TS, ZOFPRETIE, #0737% mRNA OYIEi&E T HE 350
ARG REHEL T 21 \ARFEEE D ZAEH RNA (siRNA) 28

HWHIDA, siRNA B & ORI EDIRSIZ L0472 —7

VNN RO FEFE ARRHe 2R E OREN DY, HAEE A~ Db

Efi~OWFENRE E-TND. Fox L, FEDRIEDONI T —

JEAEE AT E O EITE AL AN T siRNA 747 7V %

FEL, siRNA BLFE S~ FAE G O N7 B A e FF A A R

AN E R L7 (X 5)°. K5I, X" TIZL Dm0
%@%&%&Wsﬁaa%aaﬁﬂﬁﬁ%%*ﬁénﬂ\f:ﬁw‘f‘é HCo

R A EERIICHT AL, ST RGE 0 O > — R R A T

(8-9 fir) ICBWTh, TV — VRSN — EICFRSINDZ

EERHLE. 2Bz, AT siRNA BEZE D=0 Db3E

B EHE IR T D2 LA TET, [ 5. E65 SIRNA Ot 7 T 117,
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[BRERA U AR Y —LDEHE mRNA 2E1L] AERNICHITRLEHE - SELWZAFFRIZEN TS,
T'RNA S TFFASNOHZ L2 AL, A1 TOIEV U RlaR A5 N L mRNA 2328 L7, #ER
R, ERVRYFALTHD T0SVRY — LS LAk e

FESEHEDNRIE T DEHMEIR L AT LTHY, ZDRMT,

mRNA (352 /R7 - XTFROT I/ FEEL S % 45 1 58

[ZHR T 28 E L CTHERET 5. T"RNA HENH 725

a RUEE H O AT mRNA X, Z OBEHERFIER S A

TAIEBW LRI N, ToEERY|ELTRIRL

727 BRI DT F RO LA R T HAZEMN

T2 (X 6)°. ZOEMEITRAE mRNA % 1.8 {5

W LT-— 5T, T BA~OERIEIIE T LIZ, 2o
CITIERRIN B WD ZE OO E R RIS S T

BRI REL I D LA IR L TR, L& Ry 2

BB E AL T-RTFRITAT TV OGS
TL Sinl =Wy
G2 AREL LT X 6. TURNA ® mRNA #75 HZ 1.

ULk, CuAAC FUGETERLTEHTLWIEY 8 - BECRAF N LAV A~ —&BAFE LTz, ZHL7=A V=
~—I, BEER KRG E L THIFFES N2 BH & OB E 1IN HIXTE0 > TETD, A
FACTEDRPAVT v — G A FEELL, ZOMRERMAFTREL LIz, FFIZ, FERITESICID RN
Pl “HEEARBLL 28T, RARBERZTEML CE O R E R 2 &AL, ZhICIDTnETIC
IRNBART-ARNT - B E AT A B R L CE TV DL 2O LB SEIRAI 2 I BV T, AL FrO LS00
DOFEREVEIRAE - NTED LR O BAFRILIZE D W e TR~ DT 4 — R Ry 7 B L 72> TETERY, 4
BbIHUTMF TR (2L, R MREME 1 M B FHEBIL THETEWNEB X T,

BiEE AW ZITTDOX T, ISEROBEIICHOIVBH I THEL IS ST R RSP
SRUFFERE B E 2 AT, ZOWEED TOIVEH L B ET. Ei, PRERAIZ A AR B R
OPIREBUCHR A, F IR E 5 2 e T TV BT S O 2 A4 - LR JE B O BFEK, Zeb NI
FELU TSN 2 <O L RFFEE IESB LR L EFET. ZnoO5Eo —5IT R #ir e
WBhE:, EA R LM TR E A T AT T NED TR I K0 TSN H DT,
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Abstract: RNA interference (RNAi), which is mediated by 20-23 base pairs of double-
stranded RNA (siRNA), is widely used for target-specific gene suppression and in therapeutic
applications. However, standard siRNAs cause undesired immune responses and exhibit
instability and off-target effects in vivo. Various RNA molecular designs have been reported
to solve these problems based on chemical modification of nucleotides and the nanostructure
design of RNA oligomers. In this study, we developed an intracellular build-up reaction for
siRNA assembly, in which circular precursor RNAs form siRNA in cells. Here, two circular
single-stranded RNAs with an environmental responsive linker (nitrobenzyl-type or disulfide
linker) were converted into the corresponding linear RNAs in the cell, and this process was
triggered by light irradiation or by a GSH-mediated reductive reaction. Subsequently, they
formed double-stranded RNA, namely active siRNA, thereby exhibiting an RNAi effect. The
circular RNAs showed comparable RNAI activity to that of normal siRNA, indicating that
these precursor RNAs can be converted into active siRNA in cells in response to an external
stimulus (photoirradiation) or the intracellular environment (GSH). When administrated to the
cells without lipofection, the circular RNAs showed higher RNA1 activity than normal siRNAs,
suggesting that the circular RNAs had higher cellular uptake than normal siRNAs. These

results demonstrated the effectiveness of the circular structure format siRNA precursors.

1. [FCHIC

RNA T (RNAQ) I &, sIRNAEPETI0520~ 2388 5okt 0 “ARBIRIRRNAIZ LD, BERY R BRI 72385 1
OFBINHNETHY' | T TIEERIERIELL THIR SN TS5, L, @5 OsiRNAIL, ZERN
THEEL W BN EERBEL, REEMEA T X —F Y N E R, ZNDORBEE R 572012
it )~ — DAL FHERI . RNAD T I HEE R FHIEE DU\ bk 2 ZRRNAD 43 T3 FH MR RS T
S, = E & X, BT/ RNAID FIEE L TSHRNADOHIBNE VR T v 7 R E D TS LTz, 207 7'm
—F Tl WAL L7 8HRNAZ W TN TIEMERLSIRNADIEEE 75 (KA (1)) . T 72 bl
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GSHIZE > THESNDTINNTAT —a IOGIZE> T, W LL7TERNADGIEHESIRNADEL D, Z
D53 F-H A XD /NSTRFTEEAR DAL N TIEPERISIRNAZAE LT 5 | LV E LR Ty 7 T 7 a—F
RNAID [EHIS B TSIRNAD 73 TR 2 BG4 5720 O e FETH S, EERICH Afbahr
RNAZRIEMAL L THWAZ LT, &G
B DORME/LARIAL A ATREL 72721,
ZOMIE CEIESNIE VR T v 7k
DA MEE B EZ | BRATERARNA A
AHRLN TSIRNAZ TE AT DR & H 7= IZ5%
L2 (1A Gi)) s T2 B HMTH
AAER L2020 DBK—ARE{RNAD,
AR N T FR ST £/ 12 GSHIZ L0 B g7
RNAIZZEH#E I IEPERISIRNAZ TR L
RNAIZY BAERTHEDOLMFF L, 22T
FAWHERRSIRNARTBE AL, S5 IR K
7RISR OGS E I M b BRI L~ T
@5@:@@3{@‘5?%5 (H1B). . B 1 MENEL Ry FEOa 7 N (A) EVRET v
ZOTFEZRRFETDICHIZN ETBR o h=x20  (B) BIKRNA EAWIEL U o — 0k
RNA 7S B S{RNA & bL g U C o %8 16 & %
Kb CTEL0EF T, TISGHEMLIZ2S
HERE O ZARERNA, SO X R CELS D2
AROLIRRNAZE AL | S E DR T
& DIFN-B mRNADFE B 4 iE #RT-PCR T
AT L7 (I 2) , ZORE R, BRIRRNAIZ X
ZIFN-B mRNADIEHL &3, EHIKRNAIZ
FBHDE0E50% LA B IR LS BN
IRole, ZOME RN, BRIRAEE IS LY e
JRE = AR DIE AL Z Bl T X H T LR
STz, LA EDO TARRIMEHIIE D, HLWE VR T FIEOFIBRA L L CERIREE A RINT 52 Lzl
77

X2 [ESLIR RNA & EIR RNA |2 K D% inis

2. RGEMIRIRRNAZ B V=RNAT 5%

BORRNAIZEAE LR T v P ROSE Tl EART Y P RSHNZ2 O DERRNAD A A TE R T, K
JEDSEAT U2 I ESHRNAD ZARSHRNAZ T T 280100 FiREH T 22N EE ThH D, BRIRRNAD
DT PARNPRELIRDE, BRROIRIETH AR OI B ZDEE 2 DD, DT A TG
VA= L TCo-=ha XU DN T v a— L EAGAATE2], 23, 278 R OBRIRRNAZ R EHL7Z (X3),
RNAFCHN IR NN T 2T —P2fEEE UIZsiRNAIC EE S &R E LT, 5T AT IRO B AR 7 I A
Rk 3E% IV T, 21 mer (21LS, 21LA), 23 mer (23LS, 23LA), 27 mer (27LS, 27LA) D3 h®DsiRNAF(]
BRIAZ SRR LTz, SRIRICY R EEA A 4 HEIRRNAL , T4 RNAUG — B CALERL | D ERIRRNA
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(nCS, nCA; n = 21, 23, 27) Z7HHL
7o Z BRI B A I3 57291,
RNAEE X1 pMOAK I FEICR EL
7= R D B RRNAIZIPAGEIZ &
09.1%-15% DI THLEES 172,

RNAIJE M2 G 2 a0, BRIk
RNAD 5y TR DRI M 21T~ 72, %
PN, BRIRRNAD — AR e R Ik
EVEPAGEIZ Ko THRAT L7, IESIR
FIXBRIRRNA % 5 54 2 FE 1
RNASHER AL IREWZE ST LIZEZA (BM4A) | EEHIRRNANRT TIZARNAT T7 A MO/ RHD
FELVNNUR YT M FF OB —0 /R (ZARSHITHIR) AMBLHIS L2, — T BRIRRNART TIF2-2DRNA
TI T A NIRRT 20D/ KRB
77, ZAuiE, 21 merdDE IR RNA 2 FH 4/ i
H & FEOBIRRNA L AR Z K TE720
ZERRELTWD, FIEROME NI, 23 mer
BLU27 merOERIKRNATHEI RS T,

WIZ, BRRRNAD YR 32 RO E R

in vitro CREfliL 72, RNAE #2365 nm D

UVIta —ERERH (5~15%0) FRETL7=% . ¥

» 7V EdPAGETAHTLI (BI4B) . CORT [ 3 Stttk RNA DI (A) “AGURAGEOFHE (B)
BREBERASERDICHONT, Bk EREIC X5 ESEE

RNAD /N RIER 2 IZiH L, B IRRNA

DISURIBFTAAE U Tz, UV IZHT LIRS ILIZ2 DD N RIT, S-UV R IC =y B
G2 THEBIRRNAL, TNEA SR WESIRRNALHEESND, ZOfE R, BRIRRNASUV IR
IZ LRI E SURRNAIC SN T LA TR L TS,

I DsiIRNARTEEIRD FARR 7257 F Rt A a8 L7214 . HeLaffiilZ 3517 Hdual luciferase assaylZJY)
RNAIEMEZFHLL7Z, RNAV TN ZVRT =7 a A KM & 5L, F 2L s 7 =7 —Pig
PAFHIL 72 (KI5A) . RNABRG-O4RF % ICUVIE 21TV by 7 =7 — B2 O RS D205 1%
(ZFHM L 72, 18 % DsiRNA (NS + NA) O5A Bin - RBELIH 2 FIZUV RS BER72<90% L T
olz, A777 )LRNA (serRNA) D56 . UVIRET OF HEIZ) ) h LT B in TR B HI 2 R84S
N7enoTz, 21 mer®siRNARTEEAR (21CS + 21CA) Ti, i - I BLINHIZh I TUV IR S I C K&K AF
LCWe, 77220 LUV T Tl OsiRNAIZILHETT 2B s R EIGI 2 R Bl I =Dl L,
UVIERRH T i, B5 FRBMGI RIXIE LA EBIIS e o T, — T BRI LA EDofflon
JEEREIL, BBV A XD RELRDIFETAE Tl o72, 27 mer® BRIKSiRNARTBR{A (27CS + 27CA) O
B4 UVIERRST FCH54% DRNAIZ RN BIEZSNTZ, ZhUE, FARXDRERBERRNAR TR X7
T =B OB Z TR, SRS KA E SFURRNATI S 0T W o EHEIE NS, F7
BAROT T AEH (21CA) D A& B LT8G  BioFRBIMHID RIIBEIN T DB 1%
BN IR ST o F 2 ARIAT =X NZE Db D THH FIREMEI IS E ST, SHIZ, ZOHFIEIFNTENE

X 4 SIS ZMEEIR RNA OIS & S RiE
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BIR - THDApoB T H Al HE
ThHY, KRR 2 BT
FEELINHI R Bl ST,

W T IR 7= arzfi
I ~DO 5 21T\,
dual luciferase assay (2 &V Bg Ik
RNADHI I N EY A B A 2L B 5 JCEEVEBIK RNA O siRNA fEE (A) VAT =27 v g ik
fo, TGl HeLafiluz s () R
DORNAY TV TUER LU 7=t |, B RIS K Z D12 72 (B15B) 1 1, @ & D siRNAIL, UV IR HIZBIfR72<
9% ~34% DBAR T-FEBLIMHIZN R A R LT=DIZX L, sIRNARTBRAIZUVIRS N TO A LR EE T
FEBLNHIZNF (60%) 2R LTz, ZORNANEMED 7L, 1@ F OsiRNAL LI L T, BRIKsiRNARTBRAR LD
ORI IA B h SR A RF O Z IR IR T 20 O EHERIS D,

3. GSHIG &4 IRIRRNAZ FLV-RNAF 5%

MR N IR FIC R DR CE VR T > 7 ROGET 3256 IERISHIZB W TRV ERRES 2 5D,
ZZCHIIEANIZE & IZFEAE T AGSHIZL - TUIMIE NS B X HNDRARI N F A G A% | IR E
MU —E LU TER LI (K6A) . RNABLAIX EFEOBDERIC T, 3RS T /v F 4 — VI 5K b
(ZARAR BT A = — MEZ RO ESRRNAZ L EE H &) 4 5ii# (PS-LS, PS-LA) TH kLT, TifRi#EIL IO
CPGHLD U, ANV T A RRE L TIRES T3 Rz DORNAWN LI, ZORNAZ Y FF AL
A= L (DTT) TRELL TRV T A RFEEZGIRIL, IRIZ2,2-DF APV T L TRI{LAE T o 72,
FEERIDERIKRNA (PS-CS, PS-CA) 13, dPAGEEEAUTHES 7 VAl 248 TRIT % D BLBEIN R TR B AT,

B 6 GSHGZEVEERRNA  (A) HiE L Akt (B) EIoAEIC & 2 ESLMUE

ZOINILTELNIZY AL T A RRIBRIRRNAZ 10 mM DTTE721XGSH T30 MALELL | SSIRAY)
ZdPAGE T/ #TL7= ([M6B) , ZALHDTF A — /LRI ICHNC LD MERIZ I | BRIRRNAIT SIS T2 ELHLIR
RNAIZH RIS AT, AN GSHIE EEITIEE 1~10 mM ThHH72D . ZOFRERITT AL T AR —
AZDBELRRNADHIL N TR RN BHER SO Z R 2 U B SR I CE SN D 282 RIE L TVND,

f5t\ v Cdual luciferase assaylZEVsiRNATEEZFHIILTZ, VA7 =7 a A& TRIRIZE G- L2354 .
H DSIRNA & IZIT [ OB AR FIBLINHEI B R BRI 2 (KTA) YR T =72 312K B2V dual
luciferase assay® 1772 (KI7B) £Z2A, BRIRsIRNARTERA (50%) 1%, 1% DsiRNA (43%) KOEN-E IS
TRBMBN R R U, EH00%EE . RNAZNRIZAMTRITH ST HEELR THY . 2O FIETEHR M
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WIZHEL TCWBENR D, BIZHNTE

PED ApoBZIENIELT-5 6 Th,

HHE DsiRNAE | AT ¢ R ER

IRRNAD M TR OERF 5B

MR BEI NIz, £z

I T — e O 2RV T 4R T

TEATORRRNALL EED g0 e pyimomsmit RNA 0 SRNATEHE (A) U K7 =7 5 2 i
SIRNA L i U T R MK (B) i 51k

W Eb RS,

4.FE®H

ARFFECIE, JEOIBTY L I —do DU NI AL 7 AR A — %A DB R sIRNABTER (A& 3287 LU
EVLRT 7 RIRNATHEZBAF Lo, ZIVHORIBEIRIL, in vitro CUVIRG E7 135538 B OGSH, DTTAL
FRIZ LD | s T D ESLIRRNAIZE A I A S 72, HeLaffifid 5% D dual luciferase assay Tl Bk
siRNA T3 % DsiRNA L[ ORNATE 2 7R L, 2D DO BLIRRNAA M H% Of FRE) S/ 13
BREE (GSH) IZJREL T, AN CIEMESIRNAIZ MRS N D ZEDVRIBS LT, URT7 =7 al K TFIIC
AT 5 58 BRIRRNAITE H DOsiRNAL DS & ORNAGEMEZ R L, BRRRNAIE Y &0 vl N B
VIAFN AT T HIELRBINTZ, ZOTFIEX, NEMEDApoBE A 1-IZh i A fHETHY, FiEDO—
M7 AN E L MRS VT2, BilEin vivols IS L 7= 5y T REPE S REZ 1 5352 L& B fRL . BRIRRNA
Doy FREF OB R BT TV,

5. HiiE

AWFIE IR A FE BB & DB I L DV ZITESNFE L2, BRI WTZiHRE - ZHSExEL
-4 W BRSSPSR TERTE 2. B8 X OVFEBR 2024 L TIEV V- BF22 28 00 B4R L agt
L EF £,
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