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Chemical modification of therapeutic oligodeoxyribonucleotides (ODNs) is necessary to avoid not only degrada-
tion by endo- and exo-nucleases but also recognition by sensors such as an innate immune system. We have been de-
veloping modified nucleosides having an aminoalky linker at the pyrimidine nucleobase or sugar moiety. ODNs contain-
ing 5-N-(6-aminohexyl) carbamoyl-2’-deoxyuridine (7) were thermally stabilized about 3°C per modification and were
about 160 times more stable to hydrolysis by snake venom phosphodiesterase (a 3’-exonuclease) than unmodified
ODNss, but not by endonucleases. On the other hand, ODNSs containing 4’ -C- (aminoethyl) thymidine (14b), which was
synthesized by a newly developed radical cyclization-ring-enlargement reaction by us, were 87 times more stable to
hydrolysis by DNase I (an endonuclease) and 133 times more stable in 50% human serum than unmodified ODNs. The
highly stereoselective synthesis of 4’-thioribonuclesides (SNs) was also developed using a Pummerer reaction. Human
thrombin RNA aptamer (CII-1-37) containing 4’-thiouridine and 4’-thiocytidine was obtained by SELEX with a K,
value of 4.7 nM, while a previously known RNA aptamer (RNA-24) has a K, value of 85 nMm. Studies of the modification
pattern-RNAI activity relationships by using SNs have been carried out against luciferase genes. We found that siRNAs,
which have 4 residues of SNs on both ends of the sense strand and 4 residues on the 3"-end of the antisense strand, were
the most effective. 4’-ThioRNA is about 1100 times more stable in 50% human plasma than unmodified RNA. However,
oligoribonucleotides (SMONs) containing 2’-O-methyl-4’-thioribonucleosides were 9800 times more stable in 50% hu-
man plasma than unmodified RNA. Since SMON duplexes were thermally more stable than unmodified ON duplexes,
therefore they would be quite suitable to use for oligonucleotide therapeutics.
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Fig. 1. Structures of Polyamines and a-Putrescinylthymidine
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Fig. 3. Sutructures of Various 5-Substituted Pyrimidine Nucleosides
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Table 1. Thermal Stability and Nuclease-resistance Proper-
ties of the ODNs Containing the Nucleoside Analogues with
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modified nucleosides

in ODNs 7 8 14b 15 16
Thermal Stability
DNA-DNA +++ ND + + -
DNA-RNA +  +++ - == ===

Nuclease Resistance
+++ +++ ++++ + +
++ ++++ + +

3’-exonuclease
endonuclease +

+: high, —: low, ND: not determined.
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Fig. 5. Development of a New Radical Cyclization-ring-enlargement Reaction
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O(CHZ)QCN O(CH,),CN

Fig. 6. Synthesis of 4’-C-branched Thymidines via Radical Reactions

IRERELMMNETHD. TIT, 407D h
IVEEROGZ, HRICAERT 2T DIV EET L
WE DTS (BusSn), TRIGZITW, £D T
DHOVHREEDR T oI — REEFIEHh&EI—R
AF UK (585) Z2AEE (SPHINT RALANT >
A7 7 =), FWTT7wEALTUETZEF
BL7zEZIVEK (56) WEo5hiz (Fig. 7).%0 Rk
INEFHL TEZ IV EEETICHEDOX 7 LA R
57,40 58,4D 599 2 H{ERTH T EMNTE . FKED
FAEN S, I?:»?U%%(m)”ﬁbfiyﬁ
IVEEEFIE UTEGB Z WA EICNERELS TF
ZIVEEBEREALL E@éﬁﬁﬁzpﬁmﬁé’t%
TEETH- 7.4 bhvbhid, Blics-=F=)b
K (63) Z4-tROF>TFIENSERL, i
HIVIEHO 2 RT T Ea2H|EL TV, RED
FFICK D ZDEMRN RS IR 7. £
64 BEZIERT HZENAHETHo 7=, LD
O, BT PIIVBRILRINE, KigHZE VX
WBIZF I UINTI—FIVRICHEE L, BEEALITK
e & o AR E CikFEBERIL T4 OELIKEE THE
ARBETHDENZHIETH D, AEEHFEHALZ

C-7'Y a2 ROMAKRBIRERIETY ST L 2
DA DG LHIET 5,

3. 4-FARBEOIEFHRUOBREMEDRHRE L
EE{LFa9 R

RNA FHOFRIEZTHD, 7o F Ak
DAIFEEICIT 55 £ > TW KB R L #9512
RERA NV bEH A, £I7T, bbb,
BRI DAL F B R D A2 5 T EHEA R HEHEFICA
1, KK RNA EREEMNICRKES B oan 4'-
F 4 RNA (SRNA) IZEHLUZ. Y FER &S 4-
FFURX T LA RiFE<MhoHsN2LEYMT
HV, BEEREENETE2FAHEEOMEICLDE
RENS. UL, fEREIR, e O ARERED
ARSTNRHHETEEHHDOTIE RN 7.
—WITHE EERIEE A O T 2 EE, S 2 41
TIIVEIC X DR S ZFIH L T Rz #ER
FIZHERT 5. L, FAREOKISHREATII L
LD o+HWNE L, EBFHRGEOKREHEREES
HOBBEWENGHEALEN SR I NE. D 2T,
D-UR—RZ (65 MEEML T AHES D 2 ALKk
FE2,4-DARFINTAIVER (66) 1ITHFHEL T
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T C U
HO & H = HO gg OH

o, /

,Ph F-

Si, —_—
Ph

o %
o
56

O 58
T : thymin-1-yl C : cytosin-1-yl U : uracil-1-yl
HR
@—| Et3B y/aml F i
// — — —
—"O / % ‘Si/Me %
60 Me 61 =

HO— T HO— o U
P

Fig. 7.

VA A & LT TMSOTS /(£ FIZ Pummerer )i
1ok &EZA LROMEREZ —KICRIRL, 475
O 4-FAIVRXT AT R (67) OINAKRERIRM
BRLERIO CTER TE/ (Fig. 8). %7

L&y 67 ZHifR#E L TH SN 5 68 % HFEEEHC
LT, SRNALEARDEZDDRAROY 251
K (69),® BERGHRDZDD 5-=1 VEER (70,
SNTP), 5 2°-0- A F )L -SRNA (SMRNA) #&LT
50T, RUEZORAFOTY IH A1 MK
(712)0 & H/KR L. 51T, 4-FF DNA (SDNA)
EERT A0 68 &XINT B2 -F A4 F MK
(713)VIC#FE%, TOFRAKFOT IH A1 MR
(T4) D [ WX 57-= 1) ZFfR (75, dSNTP) 6 (244 L
7z,

31. 4-FARBOILFEREHE  kiCh
LzRAROY 251 MK (69, 72,74) ZHWT
SRNA, SMRNA & ) SDNA Z[EAHE L, A&
RNA O DNA EWBL AR E R X7 LT —
Ty Z L=, FUESZFED 15 mer 2 A&
OB ZEWNZ T, fE (pH 7.0, 100 mM NaCl)
TH#T % &, SRNA : SRNA=SMRNA : SMRNA >

Development of New Radical Reactions through an Atom Transfer Reaction

SRNA : RNA >RNA : RNA >SDNA : SDNA >
DNA : DNA>SDNA : DNA & 7257, 6 CD Z X
27 N )L 5 SRNA g TFVSMRNA 2 A $5 13 R & i
RNA LIFIEFU A BIMEZ Lo TWH EEZ LN
7z. —7, NMR T X2 HEEMRITY OFER, KUOT
W—TNA 25— L DREEFFED NG, SDNA 2 &
SHIZARMEHH DNA V& 5 B EITIE/Aa< A BTN
& Th o /.

—7, 50% t MIMAEHR TARERM 1 A8 RNA (15
mer) 7% 10 B DL TR ITMAK IR Z 21 2 504
T, 1A% SRNA O id 3.1 Kifd (1100 £5L4
bk#E) THholz. X561, 1 A SMRNA OFN
1 27.2 RERET (9800 f5 DL E2%27E) LMD THETH
2720 —RIZ, 2-0-AFIINURX I LA K%
BUOMRNAWRXZ7 L7 —VICRH L TRETHD &
ZALNTVBEN, B - HEZFRLUSLTZOR
MR L& 2AREME 7.5 KM Th - 7.
L 7zhi> T, MRNA [ZAREA D RNA K DX 2700
B L 22ETH 575, SMRNA I MRNA KD HE 5
W36 RETHHIENHSNITES . O 1A
BHSDNA & T2 RX 7 L7 —FIizx L TRERM
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]
HO o) B
O~ 0H ? 8 | 5
- TIPDS OMe — TIPDS
N N

HO OH (0]

65 66
TIPDS: tetraisopropyl-

OMe (0] ODMB
67

DMB: 2,4-dimethoxybenzoyl

disiloxane-1,3-diyl

B3 Bz B2 BS
DMTrO S HO s HO S DMTrO S
. i — > — >
iProN iProN
P-O OTBS HO OH HO P—0O
/ 69 68 73 74
NCCH,CH,O ’// NCCH,CH,O
0] (0] (0] (0] O o
1 1} 1 2 1 1} 1 2
0-P-0-P-0-P—0— B “0-P-0-P-0-P—0— B
o O O % # o O O k‘ ;
HO 70 OH HO 75
HO— o pMTo— o B
B': protected nucleobases — PN k J
B2: unprotected nucleobases P2l
B3: protected nucleobases HO OCHg /P_O OCHs
[l NCCH,CH,O 72

Fig. 8. Synthesis of Various 4’-Thionucleosides and Nucleotides

DNA K0 % 480 fFLETH > /2.

RKARDKFE & 4 -F T DG L DEWIE,
Y 2 B ER NI I T 0V T ICE R S N TTW
LT THBHIChnb5T, REZDLDITXY
L7 — Yyt 2R3 O3 THEBRGEN, R,
A-FAYRXIZ LA RIF, VURXIZ LA RE
FRRIC 2 LI KBE R ZFE DI H MDD 5T N0
RETHD., —KIZ, URXZ L F T R CY-04~
ClUDART WAl 1100 TH D, Cl'-04' [ k0
CA-O4 MDIEEEIZK 1.4A TH DM, 4-FFUR
X7 LA RTIE, C4-S4-Cl' D73 XAl
95°TdH D, Cl'-S4'[i] KN C4’-S4"[H] D FE B 1349
1.8A TH 5. RNA OIN/KSEIZIE RNase 735 b
T3, 2 KBEOEEIEAFI DAL IV —
W ENHFEIEL, 2 KBREZESREL TY VR
FERBIES., LEN>T, EdlLzHELEDD
TNILENWTKBEOMEN RO, HEOT I/
FRMEE & DREBES U IR FADRINL 5 SN Rz -
TLBEHERINS. 2 KBEBENSAFILEIN-
%1%, RNase TIIMKD T Z /20 /29D DNA
EIARDRT DL RX L7 —ERMIET 5. L
ML, SMRNA % SDNA % DNA T —f&) 7z B Rk
ETIE7/2<, RNAIT—t7s A BIMEEZ2 & 5D T

EHEEINFZAKD TORBNEZD#HL, BER-U
CEBIATIVER BRI NEENEEZDEX L
7 —PHEFAMN L <FHHTE 3.

32. 4-FABBOBREMEX LT —EER
%7 74 < —RU shRNA FIH DNA TN ZAD
ISR 7T —IIEE O 0 P TS A
IZEDWT (SELEX %) G I N5 0 Fadadfl T
bo REEYIA EBIRINDZENH D, FikE
HIIEMMTH O, TOEEEbESKZWV, bL, i
RFEDOPURIC KT T 2 HFIREZ I M ERIND DT
bIUF BEET, PURDEE DPURMMETE M 2
TEMES KRS 2 R DY 7 < —Id
HonTwiawy), £ G L TRET S
77— ENES> TETHD, XV LFFR
FOH S Z 0 iU A Rt & 0l & B AR EEDY A BE
ThO, ZMIHEHDH TEL20THAORD DI
D55,

BAEZTITMimE SR EMERBEREL T
VEGF 12449 % Macugen 2SEEICERREMFEH SN T
W2H, Wk T 25X 7 LAF RiL2-OMe (kxR
VFRIZEBHRINTROHIEEOX LT —F
BN EEINTWS, ZOBE, RIIRE
RNA 7 79X —%2ETho, BMfiX7L4AF KD
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BAMEBEZRLUZOTHREBIZEEDESETIIE
HoOWFEMMEELZ. LirL, RAONMSERMX Y
LAF RNSka7 Ty —2EET 2T, b
BHiLZX7 LA RS-Z1U 2 ((d)NTPs) 7
DNA I RNA RY AT —FDXNWHEIZ/R D
FINHER TEHENMG SN ST EHWEI ALK S
2, TTIRNARU AT —EZ2MEHT 2551,
BHO T 7 LAF ROMEEE (1=Z>1—3
371 —X) NEETHD I ZITHERARDEMMX
JUFAF RPBMOAEND EBEENIEED Z &
M <, RORELHEMENKEZ 58K (To>
F—iarJ7rz—X) TBITLEW, 4HED
SNTPs 2l &1 =23 T —3 3> 71— ATl
BRINMNIEE B0, BUIP X LAFRE
& 4-FFK (SUTP, SCTP) 12L& 5,
513 T7 RNA fux5~t“®otmﬁ;§£&f;© 59
mer O SRNA NPRE XL HEENZ. D F, 0
SRNA [T 4})t39" % DNA cmu%l:iﬁjﬁiﬁémn L
Mo T, F£9, 30mer DT > LRV EET 1
A4 DNA # (L% & L PCR T 2 A4 DNA %1%
2. TN %ET 271 —HFIZLUTTIRNA R Y A
7 —¥ 2 & 0 SUTP, SCTP K& N AR & ffi ATP, GTP
ZRNTT ¥ LS 23T 1 A SRNA [THRE
USRNA 77— V&L L. ToHns, ERB
OYE IR LUTHAETZSRNA 28R, I
TR G R 3% T DNA 1 ABICAEH L 7=, DlED#
EE2 1Y 7)) ELTE N NOCE VICHGREE R
DSRNANEEHEINDIETHROE LT /2. &
SNZTTIR—ZF2 o0 -7 LT, TOHhnh5
3AZZERL TN 5% DNA/RNA At TERLL
TehbhOYEICHT S K EEHIEL, BEAIO
DNA KU RNA 7 7y —& kgL iz, 774
XY—CI-1-37 0t b bOYEITHT % K fEIX
47nM TH D, BEHID RNA-24 (K4=85nM) LD
bEfsaTHo- (Fig. 9). 7B, CIH-1-37 13K
BT RO 50 (EEER D RICIRPIL /2.5 —7, 4%
KD SNTPs IZ RIEH D ATP O GTP Z/A % &
TIRNARY AT —FPTREOEEIZA-FF XD
L FF RICEBRLUZSRNADGKR TE2Z 2 H
WH L., ZOHEEHESTIRTA-FAXV L
FFRICEMLEZSRNAE N NOES Y S
R—ZRETHILEHTER®

—7, dSCTP, dSTTP |3 KOD dash DNA 7R 1) A

o Ye
u U
a-U
c-U G
U-c AA UUA
¢ U G %
C
G—CA U A
C-c A G
G A G G
G A G—C
G G c-G
C-G
Fe
C-c 5/1 \31
a-U
N RNA-24
5 3!
Cll-1-37

Fig. 9. Posturated Secondary Structures of Human Throm-
bin Aptamer (Bold in CII-1-37; 4’-Thioribonucleoside)

77—V THBEMNHRI<IMOAENE (FHr D
DNA RU AT —t &ML 7zh 4 FE¥E O dSNTP
ENRL<SBDADRZEADITSETIZIEIE > TW
72, AJETIEELL /= SDNA % &1 shRNA FH
FTNAZ OV 7 2T —VBERTFOFKENGZT 5
shRNA %z 789 2 El 5% 5 8) Z NIH3T3 fifuic
FS>ZX7x73 3> RNAIIRZHFHN-ZEZ
A, RABDNAMNWSRDTIAIRERNT AT
1793>LEEAiU%ﬁﬁﬁT%D,$%M%
72 RNAI BIZED B LG IC I 2 n]REMEDN 5. 69
3-3. 4-F74 siRNA FEAED RNAIEE  RNA
Tk RNAD JFaiR LY > F 2> XELD S
BE-HTEOEETEET /v 5D D INARET
HBEZEMOENAF Y=L EL TOATIIR < K
BEEDORERBHED 1 DEL THRNICHEHZED T
W5, RN RZE ST, siRNA O EMIX
1) MERSEERUZER 0 K6 SNz Ik B R AR © 3k
N30, £/2, 2) X7 L7 —FEIMETHE
DM 2 IEE T 2 -0 ETH S, koL
912 SRNA 13 AR EHi RNA KDL ETH 72D
T, ¥7, 2EOIN YT 5 —VELETZENC
9% siRNA 25k L, 4-FFURXI LA RO
BRI E-RNAL G AR 2 X7z (Fig. 10). £ ®
R B EH EREM SIRNA A3 &I M 72 B 5 0 5
B, TNXDBHISITHENZE LTS Z &I3E L,
o728, RIEHH siRNA MG % T dH o 7= siRNA3
DB, EH siRNA4 TH 2 {51215 PR @A A
HETHo. 00 iz, X7 L7 —BRIENZ S
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sequences

RNAi activity (%)

siRNA1 3'-ttgcaugcgccuuaugaagcu-5"'

. 5'-CGUAcgcggaauacuUCGAtt-3'
siRNA2 3'-ttGCAUgcgccuuaugaagcu-5"'

" 5'-aaacaugcagaaaaugcugtt-3'
SiRNA3 3'-ttuuuguacgucuuuuacgac-5"

. 5'-AAACaugcagaaaauGCUGtt-3"'
siRNA4 3'-ttUUUGuacgucuuuuacgac-5"'

5'-cguacgcggaauacuucgatt-3"'

0 100 (%)

Fig. 10. Sequence and RNAi Activity of siRNA That Was Modified with 4’-thioribonucleosides (bold) Directed against Photinous
Luciferase (siRNAs 1, 2) and Renilla Luciferase (siRNAs 3, 4) When NIH/3T3 Cells Were Treated with 25 nm Modified siRNAs

IZE W SMRNA Z HHW TR O ER Z 17> 255
1%, KIS BIEHOREENBER SN, —F, Z
NSO RNA IV X7 L7 —EBl|biERm N E
WoTH, WTRINKESNS. LEN-T,
ZTOBEITERT 2EHX 7 LA ROBFENME
225, X7 LAY RIE—BIIREESE (&
Y BRI NX 7 LA F RiTiang) =227
LDT, BixXT LAY RMMREINDHEEICI3HE
& DREEAHEESE O EIC DR MlHENE 2R
nHEEAYD 5. SMRNA DK X7 LA R ThH 2
4FEIHD 2'-O-Me-4-F AU RX 7 LA Rignhd
NH 100 um OPEETH AN (CCRF-CEM i,
X7 LA RAREETANEZED &) 12
MlasEEz RSB Mhok. Lid> T, SMRNA
W, BBAKOMBIEL THEATHDEEZS
N, BUE, invivo il =BT TH 5.

4. HHYIC

7 > F k2 ZAAIER O S RNAIL BRI
FTobhbhd X7 L7 —EKFTERRE A O
HIZDNWTERT R TNz, 4-C-7 2/ 7IVFIb
{t.L7= DNA % 2'-O-Me-4'-F# RNA [3% < DHT
BENEMEZRE O ENHSNIR >, T2 F
> AREERERICIIAHTH o 2 < OEEREY
g RFICEHRRZICBET 2HAE) EFEMHED N
TWaZ &, KU, EBILFEOFEIZKD HME
(off-target ) 7% [ml58E U 7= K48 AISE v EIC 72 %
RARICRAL TWa, 5%, BEREVEREE DM g
B R O - A B 7 R O NLETH
M, TNSOMESNRVERLDDODH S, Kk
AT RAF—THENPOARLTF ¥ LT TH

L. WS TE, THTI v CHEBIEZEMT
LEWND D, 7 Ft 2 ARAEERRIZIE, HED
MOFDIITHRNLSINTZNA TR F v —0, &
BEMRTHKRBRZR CfTWERER T, L
ML, RNAIBERMCTIX, KFEEENS 15
I3 BB EEN 2 Z T T R RIERICK N A F X F v —
MRTTICULNDERICHEZEDDDH D, HAIZL
PUKESEF RS S TRCKICRE < BNz Zoz
TEEEELRVWEDIZ, EFREKEL THAME D
BBAEZ P LU @m0 TRIEZED WD DT
b5,

HEE KDODICEA, AUFEEEIHR TR
DL DEEHE - HEOEHOBTHD Z0H%
B CTE<EGHL 7.
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