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Development of Highly Nuclease-resistant Chemically-modified Oligonucleotides
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Chemical modification of therapeutic oligodeoxyribonucleotides (ODNSs) 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
ODNs, but not by endonucleases. On the other hand, ODNs 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 (ClI-1-37) containing 4’-thiouridine and 4’-thiocytidine was obtained by SELEX with a Ky
value of 4.7 nM, while a previously known RNA aptamer (RNA-24) has a K, value of 85 nM. 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 (SMONSs) 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 «-Putrescinylthymidine
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Fig. 3. Sutructures of Various 5-Substituted Pyrimidine Nucleosides
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Fig. 4. Sutructures of Sugar-modified Nucleosides Having Aminoalkyl Linkers
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Fig. 5. Development of a New Radical Cyclization-ring-enlargement Reaction
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FEDT 3. 4-FABBROIFHRUBESREDRRL

CHINPREESR ST O — REERT EHEI—R
AFIUR (55) ZBAERIE (STHLT LRSS
AT 7 —RKE), T I vEBEAFNETEET
BMUEZEZIUE (56) REoiiz (Fig. 7). 0 KK
WEMFRAL TEDVEEERICRDX LA R
57,40 58,0 59 R EHT H I LM TER., FAKD
FRENS, TFZIVUIK (60) 2L TITN
VBRI E U TEGB 2R WABERICNERLSITF
DHNEEBEMICER IR TERTH I LD
BEETH o = 4 bhvbhid, Bic4-2F2)
Kk (63) #4-EROFITFINAEMSERL, H
HIVERO ZRT ZEE2W|E L T, 2D
FFRICK D ZOEMBIBRNES TR/ &z,
64 LEZREMT DI EMAETH ok, LD
£21Z, XZTPHNBIERRE, KEBEE2EZIILX
BILFoI)V U NI —FIURICEEL, BREALITK
AL &S ANE CREBEREAE A OBLIRETH
AT THLE2ENEFETHS. AkEFHLE

EE SRR

RNA THORRIEEZTHD, 7oF LR
DRIFEBIICIT E5E T > T RBE LRI
REBANNI MELEZ FIT, bhbiug,
B DL E R DAL 5 THESROEETICA
1, KA RNA E#EMNICRKRE RSN 4
FA RNA (SRNA) IZHEHUKZ. 9 FE &5 4-
FAURIXT LA FREHLSASNBLEWT
HY, MEBERLEWNETHFAELOHBETLDE
RENS. LML, [EREE, HEOMAERED
HBETWRLWRTESL LD TR RLo /.

— RIS RRIEE A AT 2B A, W24
TUNEI L OHERAESEFIRL T AEERER
BIZAERT S, LhL, FAEOREDREE TR I
LD s+ERNE <, BFHRGFHEORERBEEES
HEOBEREPBEESENSREBEI NG D F T,
D-UR—2Z (65) MS&ERLZFAFOD 2 (ki
BHE24-CARNFIRAIK (66) IZFELT
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=, (BugSn),
g-Ph ———
0" “ph
54

T
HOj 0 ’
HO

C
Ho’ki?' S
— HO 59 OH

57 HO 5¢
T : thymin-1-yl C : cytosin-1-yl U : uracil-1-yl
HR
// — — ==
"b / “__gj—Me B
~Si-Me (Slan 62 OH
60 Me Me

HO— . T Hb o v
%?z HO g4 \;\

Fig. 7. Development of New Radical Reactions through an Atom Transfer Reaction

VA Ak & LT TMSOTS %4E T iZ Pummerer &
ETok&EIA LEOMBEREZ—-KITMPEL, 45
BOL-FFUVRXT AT R (67) OIAREIRA
BRREYD TERTE /- (Fig. 8). 57

L& 67 & iR L THS NS 68 & HREEIC
LT, SRNALZEERDEHORAFTDTIFA
& (69),%0 BEBRDEZDHD 5-Z Y EK (70,
SNTP), 3 2°-0- A FJL-SRNA (SMRNA) Z&RT
5EHDT, RUOFORAFTITIFA MME
(19)0%&HR L. X 5IZ, 4-F4 DNA (SDNA)
EART 52D 68 2MIET 5 2-F4F 4K
() IZFEH, TOFRAFTOT IS A ME
(TP KRS -Z R (75, dSNTP)S T A # L
7.

31. 4-FAEBOLREREME XiCh
LEBRAROT A MK (69,72, 74) #HNWT
SRNA, SMRNA K UfSDNA % EMER L, kIEM
RNA XU DNA &R ¥R ERTX I LT —
TESMERELUAEZ RAURMNZREFD Smer2 &
BOBWEENE % T, (pH 7.0, 100 mM NaCl)
THET S &, SRNA : SRNA=SMRNA : SMRNA >

SRNA : RNA >>RNA : RNA >SDNA :SDNA >
DNA : DNA>SDNA : DNA & 7325 7,60 CD AR
27 B L4 5 SRNA e UFSMRNA 2 7 88 13 ok 45 fil
RNA LIFERU ABEER Lo TWHEELZ SN
7. —7, NMRITZ KB REEMERITY ORRE, KU
=T INA 25— DEEERDMNS, SDNA 24
I RIEEI DNA A E D B TIEA< A BIZIEW
BETh-o .

—7, 50% b bigEdCHRER 1 A8 RNA (15
mer) A% 10 B LUF TREITMAK SR %21 5 &
TT, 1A% SRNA ORI 3.1 BfE (1100 f£L4
LEE) Thol, I5IT, | A SMRNA OFh
13 27.2 BER (9800 fELl L&E) LMD THETH
D0 —RIZ, 2-0-AFINYRXZ LI R%E
EOUMRNARX VL7 —FICHLTEETH S &
EZONTWEY, B - EEZRUSLTEFOR
EWREFRBLEEZAERBMT TS BETHo /-,
L7278 5> T, MRNA [JREM D RNA £ D3 2700
fLl LR ETH DA, MRNA 12 MRNA £ 05X 5
W36 EEETHALIENPESNIIR . O 1K
B{SDNA DL KX 7 L7 —Fiox U TREE
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TIPDS: tetraisopropyl-
disiloxane-1,3-diy!

DMB: 2,4-dimethoxybenzoyl

DMTrO DMTrO
-
iProN 1Pr2N

P 69 OoTBS
NGCH,CH,0 /
0 O 0
1 1] i 2
"0-P-0-P-0-P—0— B
o o o % #
HO 70 OH
HO s
B: protected nuclecbases °
B?: unprotected nucleobases
B2: protected nucleobases HO  OCH,

71

NCCHQCHQO
e 9 @ 2
“0-P-0-P-0-P~0— B
o o o kj
HO

DIW“O B
S

iPrgN

P‘O OCH3
7
NCCH,CH,0 72

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

DNA £ D % 480 ERETH oz, @
RBOKRRE 4-F A EBOBE LOENI,
R DR NEBRERFORER FICEREINTY
LG THBIZHNNHET, BREIOLIITXY
L7 —EHEHi 2R O3S THEBRE N, BT,
4-FFURX I LA R, URXZ LA RE
FEIC 2’ fic/KBEEREDICHEMDLSTHED
HETHD., —BIZ, URXIZ LA R Cy-04-
Cl'ORT ZEMMITZ110°TH D, Cl-O4' K
CA-O4 TEDIEEEIMN 1.4A TH DA, 4-FF R
X7 LZATRTHE, C4-S4-Cl'Dad ZHdAl
95°TH Y, Cl-S4[ KT C4' -S4’ O #E#E T
1.8 A T3 5. RNA OHIKS#IC13 RNase 2355
T35, 2-KBEOEBEIZIEAFI O DAIFY —
WEBEMNEEL, 2 KBEEEEELTY VE
FEERBEES, LiEK-T, ERLEESEEOD
TORENWT/KBEOMBENRARZD, HEOCTI )
FRMIsH & OEEERY CETFANOKIGL B SR -
TLBEHRIND, 2-KBESAF LS NE
A1, RNase TIIMKS R TER VW0 IZ DNA
EMKGETALY RX L7 —EAMEd 5. L
ML, SMRNA & SDNA % DNA |Z—fEr97: B Bk
ETEHES, RNAR—BNBAMBEEE2E50DT

B ESNAKRSFOBREME D #<, BE-
CEIATIVEG BRI NEWEEZ L EX I L
TN <HHTES.

32, 4-FABMOBREREX VL7 —HER
W7 75w —RU shRNA £ DNA /84 ZAD
vy T T E I D 5 T TSR 2
IKHEITWT (SELEX &) #EIN 25 TREHT
HY THBHE EBIRINE 2055, HKRE
HEIEMThY, ToEEEbE<RN, HL, Hi
B DRI 5P MEEZ T NEREINEOT
HIUL FEEET, HiERSE O EEEMEEE
EHE iR E R EEEE 2R D7 Sy v —13
HonTwiaw), £l () L TEET %
T3 HBRIMESFRTHY, X LFFR
BEHIE 2 AU B RRERIC & DB DB AEPEN T H
THY, ZMICEMEHTELDOTHADRDD I/
D

HREETCMHBEEREHERBEELL T
VEGF IZ# &9 % Macugen MEFIZEERFEH N T
WaBN, BETAXZ7LFF R 2-OMe AR T
VFERIZBYRINTHBOHI2EEOR VLT —1F
EFENEEINTWS, Z0EE, BIICHRE
RNA 7 7H < —%EThe, BHiXILAFRD
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BAEEZRLEZOTEREBICEEDELS ETIZE
MOWEHEEELE. L, BUMSEHXY
VAF RNORBY Sy —28ET T, %
Bl =X 7LV FTRS-Z1 B ((dNTPs) 73
DNA XiZ RNA RYU AT —F DI WEEIZADE
FINTER TEZ2ENEONSIZEHBEIRERS
R, TTRNARY AS—ERHEHT2E5EE13,
BUOTEX 7L AF ROHERERE (1=>1—3
a7 x—X) BEETHD I ZITERARDEELX
ZLZFEARDAEND EBERIENILEESZE
MNEL, ROKELHEBENEZDERE (To
F—arlZ7rx—X) TBFLEL, 4HFED
SNTPs ZFlWA A 23T —3 37— ATl
BRENEEBEDIZ, BUIP XTI LEFRE
& 4-F A (SUTP,SCTP) L& 5, &
NS TIRNARY AT —EDIWHE LD 59
mer O SRNA DI B LS BEONLE. D ERZ, 20
SRNA 33595 DNA KEEIETREa N, L
T, ET, 0mer DT LA ARMESE 1
A 4§ DNA Z{L%¥ & L PCR T 2 &% DNA %&
. TNEF>TL—hMIZLUTTIRNA RY X
5 — ¥z &k U SUTP, SCTP K UfR{EHi ATP, GTP
ERWTT ¥ LEHIEET 1 A8 SRNA [Ziz5
USRNA 7— )V EREHE L. T0odhhs, Bk
OE L TRHREYT S SRNA 238 IRL, Zh
EWIRERE T DNA I ASICER Lz Do
fEZ I YT 7NV ELTE MR OY VICHAGHER
DSRNA AN EBBEEINBETHVR LT 2. &
ST SIR—E s 0— T UT, F0HEMS
3A&EZEINL FN 5% DNA/RNA S CER L
Te bbb E TS K ERZBEL, BHAO
DNA KU RNA 7 7 — Ll L. 774
T—CH-1-37 e b b2 EZHT S K i
47oM TH Y, BEHID RNA-24 (Ky=85nM) LD
HEREAHETH o~ (Fig. 9). 728, CII-1-37 133k
EET KD 50 REEFE S MICIEPI L. —05, 418
D SNTPs (2K EH D ATP RIXGTP 2 MA B &
TIRNARY AS—ETEEDOEEIZ 4-FF X7
LA F RICEBRLZSRNA AR TED 2 LR
WHIL7E, COFBEf->TIRTA-F4II L
FFRICBHWLAEZSRNAE N DO E LT TS
R—aWETHIEHTER. &

—7, dSCTP, dSTTP {3 KOD dash DNA 7R 1J A

UA UG
u U
a-U
c-U G
U-¢ AA UUA
¢ U G %
Co-& S A
C-c A G
G A G G
G A G—-C
lGJ G c-G
GG_.CA c-¢
a-U U2
C-c 5/1 \3r
a-U RNA-24
5t 3
cll-1-37

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

G~V THBNYDRI<WOAENSE (HLOD
DNA R U AT —EEMRFL =2 4 FEED SNTP
EHRISWDADRERDITZETICEE > T
2. EETIEEL /- SDNA &% shRNA FH
FINAZ OV 7z 7 —HBEFORBENHETS
shRNA ZRB T 5552 &8) % NIH3T3 fiftic
RS 272273 a> L RNAIIREFREED
A, RAEDNANSGRATSAIRENS AT
72 a>UiEBELI0BERETHY, AEEH
72 RNAIL BIZEED HERICR DS NH 5.

3-3. 4'-F4 siRNA FEHAED RNAIEE RNA
F¥iE RNAD BRidL=7 oFE 2 2BEL0H
B EOEETEET /) v 75T N T
HEZENOENAF Y=L E L TOA TR R
BIEEORERHED 1 D& U THRAMIZER 28D T
Wa, BEIIBEX DT, siRNA O{LSEHMT,
D) MRERICED K S 3N/ EH TR 5%
NaEHIT, £, 2) XL 7 —-VYEAETHE
DRI 2 EET 52D ETH S, fibD L
512 SRNA 1T RIERT RNA I DREBEEFETH 720
T, 7, 2HEOINY 75— PREFEENIZ
T 5 siRNA ZERL, 4-FFURIXI LA RO
{EEAIE-RNAITEEMIRE 2~z (Fig. 10). O
EE, B &b ERER SIRNA S EER RS OB
B, ThEDbIoicEs kiFa 2 & 3L,
D728, EMEH sIRNA HYEJEHE TdH o /= siRNA3
DA I, EH siRNAL TH 2 {5 1CIE R A A]
BETHo/. 660 T X7 —FEFEIES
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sequences

RNAi activity (%)

SiRNA1 3'~ttgcaugcgccuuaugaagcu-5'

IRNA2 5'~-CGUAcgcggaauacuUCGAtE-3"
st 3'-ttGCAUgcgccuuaugaagen-5"

. 5'-aaacaugcagaaaaugcugtt-3"
SIRNA3 3'-ttuuuguacgucuuunacgac-5"

. 5'~AAACaugcagaaaauGCUGtt-3"
SIRNA4 3. _{tyyuGuacgucuuunacgac-5"

5'-cguacgecggaauvacuucgatt-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

K WSMRNA 2 W THBEOERZT o5&
W, MISFEAOEENERINE. —F, &
NHEDRNA BV B X L7 —-FEFITEFEVE
Wo TH, WTFNIEMKIMREENS. Lo T,
FOHEITERT HEBEX 0 LA ROBHESHE
I272%. X LAY RiZ—Benc i3 Raisiti (=
WU B b 7 LAF RIcREENn5) 23207
L5DT, BHiX7 AT RRAR#HINBZEEITIE
2 DB EOEEC DA Dl 2R T
TREHEAIH B, SMRNA O X7 LA RTH B
4 HED 2-O-Me-4-FFUYRX 7 LA T RiIZWg
% 100 um OPFETH AMNE (CCRF-CEM #ifig
7 LA RRREMETRNCEZ ESE WHlE) 12
Mgt EsRIBLo/m. Lids-> T, SMRNA
13, ERAEOME L THRETHIEEAD
n, BE, invivo B EHRE T THS.

4. FHYIC

7 2 F o ARIEEAR N S RNAL BIEEEL 12,
TTObNONDOX T L7 —CEF R AHE O
BIZDWTEHIT R TR/, 4-C-7T3I )7 I+
L 7= DNA % 2-OMe-4-FF RNA IIL < OET
ENEHEERDODIEBHOMI RS . T T L
CABIERRICEITHTH > 2 < DEER AW
BORR FICERARZICET SR MIEHEDON
TWasZ &, RU, EBEEORREI LY HHE
(off-target Z5R) % [ELEE L /=M BISE vl E 1272 %
RRICEALTVWS, 4%, Hatksodizng
B RO - MRS AR RO RSRETH
OM, TNOOMASLNRVERLDDH S, B
BIERBIAF—THI2BVIZTFY LI TH

L, EWNSIE, THFI v CHBHIEEREMT
BEUND D, T oF T ABIFEREARICE, WHEO
HTOTDEDITRILENIZNA IR F v —, #%
BHEME CHlRRR 250 T TRl ERD . L
ML, RNAIBIEER T, KFHESHMNS T4
T2 B SERN %= 2T R RIBENCR N A A R F v —
PRETTIUABHEERICFHEZEDDDH D, AEIT
PURESEMR S TRCRICKZ <Bh. Zol%E
TEIBERWEDIC, EFEEKE L THRAMEO
BRIz P LM L@ o FRIEEED Z0WH DT
H5,

#EE RODITERS, AWFSERSHRSUCREE
DE L OEEREE - BEOBHOBTHY Z0H%E
HD TRSBH#LET.
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