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Abbreviations

A adenine

Ac acetyl

ADC antibody-drug conjugate

AGE agarose gel electrophoresis

Arg (R) arginine

bp base pair

BPB bromophenol blue

Bz benzoyl

C cytosine

CE cyanoethyl

CMV cytomegalovirus

CPG controlled pore glass

CuAAC copper-catalyzed azide-alkyne cycloaddition
Da dalton

DEAE  diethylaminoethy

DIPEA  N,N-diisopropylethylamine

DMEM Dulbecco’s modified Eagle’s medium
DMF N,N-dimethylformamide

DMTr dimethoxytrityl

DNA deoxyribonucleic acid

dNTP 2’-deoxynucleoside 5’-triphosphate
dSNTP  2’-deoxy-4’-thionucleoside 5’-triphosphate
DTT dithiothreitol

E. coli Escherichia coli

EDTA  ethylenediamine tetraacetic acid
EGFP enhanced green fluorescent protein
ELISA  enzyme-linked immunosorbent assay
EMA European medicines agency

ER endoplasmic reticulum

ESI electrospray ionization

exo exonuclease

FAB fast atom bombardment

FBS

fetal bovine serum



FDA
FITC
Fluc

GFP
His (H)
HIV
HPLC
HR

IL

Im

INF
IRK
iRed
IVIS
KF

LR

Lys (K)
MALDI
min
MMTr
MOE
MOPS
MPM
MS
MyD
Na

NC
NF-xB
NHS
NIS
NMR
ODN
PAGE

food and drug administration
fluorescein isothiocyanate

firefly luciferase

guanine

green fluorescent protein

histidine

human immunodeficiency virus
high performance liquid chromatography
high resolution

interleukin
imidazopyridopyrimidine
interferon

IL-1 receptor associated kinase
intelligent shRNA expression device
in vivo imaging system

Klenow fragment

Michaelis constant

low resolution

lysine

matrix assisted laser desorption / ionization
minute(s)

monomethoxytrityl

methoxyethyl
3-morpholinopropanesulfonic acid
malignant pleural mesothelioma
mass spectrometry

myeloid differentiation marker
naphthyridine

negative control

nuclear factor-kappa B
N-hydroxysuccinimide
N-iodosuccinimide

nuclear magnetic resonance
oligodeoxynucleotide

polyacrylamide gel electrophoresis



PBS phosphate-buffered saline
PCR polymerase chain reaction
pDNA  plasmid DNA

PEG polyethylene glycol

Ph phenyl

Phe (F)  phenylalanine

ppm parts per million

PRR pattern recognition receptors
iPr isopropyl

PS phosphorothioate

Pu purine

Py pyrimidine

RISC RNA-induced silencing complex
Rluc Renilla luciferase

RNAI RNA interference

RNase  ribonuclease

ROI region of interest

S second(s)

shRNA  short hairpin RNA

siRNA  small interfering RNA

SELEX systematic evolution of ligands by exponential enrichment
T thymine

TBAF tetra-n-butylammonium fluoride
TBDMS tert-butyldimethylsily

TBTA tris(benzyltriazolylmethyl)amine
TCA trichloroacetic acid

TEAA  triethylammonium acetate
TEAB triethylammonium bicarbonate
TFA trifluoroacetic acid

THF tetrahydrofuran

TIPS triisopropylsilyl

TLC thin layer chromatography

TLR Toll like receptor

T, melting temperature

TNF tumor necrosis factor



TOF
TRA
Tris
Tyr (Y)
VEGF
Vinax

time of flight

TNF receptor-associated factor
tris(hydroxymethyl)aminomethan
tyrosine

vascular endothelial growth factor

maximum velosity
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S

1897 4%, Friedrich Bayer & Co. (¥l /3o = L) @ Felix Hoffmann {Z & W Gk S/ 7 T4 U F
VIR (T A Y T2 5 LT AR FEIEIZ 100 4F L EO R =12 D KRR O LA R L TR,
LarU. BB OSSN & 720 | BHEOFIFRE O T L ITHFURERICREZ SN D A A EHE G
INERBITLODOH D (Figure la), Figure 1b 12, 2013 2T H R DEHKMLE EEGT X T ERL
7o EAL10GH D 55 6 5 B AHUKESRE (Fe a2 o7 BEE2ET) ThHY | EHFEELITD )3
ah BT &0, FUREST, IS L TEWREEAZ AT 52 8006, BEHODRWERRL E L
TR &V, L, ZOMHNGRBETEDOIRER (F—F7 v b)) BPROLATED FUREFRIZKS
RA MPURESK L LT, JiREYE S 1K (antibody-drug conjugate: ADC) D BFE > 0uEk 7 F K3, fllfa
BLOERREER EOWRMRBAA FEEGO=—ZXREE> TV D,

a 90,000 - — b - -
AEDD/NAFESE BRI S&mE —fix% &5 5EU EF (BARIL)

800001 gythpEsE 1 Humira adalimumab ik 11,024
~ 70,000 miESFEER 2 Remicade infliximab itk 9,727
< 60,000 3 Rituxan /Mab Thera rituximab ik 8,906
I'}E:[ 50,000 4 Enbrel etanercept FcR&E R VNV E 8,791
"i:: 40,000 5  Advair / Seretide fluticasone + salmeterol K5 FIL &Y 8,756
i_-i 30,000 6 Lantus insulin analogue ZOMD/NA FEE 7,867
1R 20,000 7 Avastin bevacizumab Hilk 7,023
10,000 8  Herceptin trastuzumab ik 6,827
9  Crestor rosuvastatin EDFILEY 6,718
0(@&%0&%@%@%@@@6\ RCRCIRCIROR 10 Januvia sitagliptin ESFan 6,263

Figure 1 RO EHEGE EEIZH O 2 34 FEELOFEIS () ROEIGNE L& X0 7 B 10 i ToEF2 Lt
® & DGR, (b) 2013 ﬂi@ﬁ‘ﬁ[:ﬁumukﬁ? X7 (BSR4 L0 E)

EZATITL i, IR O RATHKT D AN ZEIZ DN T, FEFITHBRIE VR L 23 72 S 4v7e (Figure
2y, EIGTE @O A HDHEEMICBN TS, MERRERS LD EFOFIGIT BT b
RNEWVNS D TH D, BIZIE, 2013 FFOMAEIEGTE LmT7 % 78 1 if4isk L72 [Humira] T
Sx., W RE/BONDIEZITAANC T ARETHD, Zhid, WHEREAA FEIELOHFICH
20, 7 AERICESN A =S — A FEREZET DLEREZREL TS, T E TOERM,
BIFIX, BB NIV RT D FMICNLET DX 7 EafEl e LCRENR RSN THREZ, ERo
PUREEICB N TH, TORBITIERB OB FIEHKLERETHD, LA ->T, BV IV KT <D

*

T2 F YU FAMBOIFA I, 185345, 7 T A DA HALYF Charles Frédéric Gerhardt 234 U F L8~ U o A &AL
TEFNATUHEL, HONTALAYMPHRYOF THD L EZ BN TWD !, 12, PFelix Hoffmann 52 X 0 SRIENHE Sh
EHME L COREREME I NI, 7 AU %, 1899 IR DA R EF L & L T Friedrich Bayer & Co. £V Eifi Sz,
FEIELB VNI RIROEIRG TH o723, %RICT AV IR OsER & LTha Bhé kb,

PO FEHESOEFRITEHCTH D0, R CIEPURESE, MIRTEEIE, HAERERS ., 7T REE, BRHIREER
FOREBRE IR, NA AT 7 /) aU—HIC L VAR ENDERLOZ L &R,

POERRC, HREIRLE ST % 7 EAL 10 SIS EO S PUEESK 6 D 5 B, 4o 3 1§ (Humira, Remicade 33 X U Enbrel)
VX[ — mﬂfE’J FLTNF-0) #H L, FIZV U=FipEEE LTHN LG TWD
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Humira (adalimumab) Remicade (infliximab) Advair diskus (fluticasone propionate)

YT TY Y EYYY

XX XX

kddd  KERRRRAAAA

(XXX TYXILL
For every person they do help ( 'k ), the ten highest-grossing drugs =
in the United States fail to improve the conditions of between 3 and 24 people ( 'H\ )

Figure 2 K[E|7E [ 0 AL & 5 2 R IR OFRAPRSZ IS T DM AZE (GIUHSCHRS KLV )

(XYY

Enbrel (etanecept) Crestor (rosuvastatin)

EHRICALE T D85 T (DNA X° RNA) O L0 TR & filH AT RE 7208 LW IR RIS o A 2 35BR 56
EE LT, BICERERIZIRE 2R FELONTVD

L L, THETIZ BTSN ZRBEIREGIZDO T2 3 LA LA TV, 1998 44, 7Ry 0
BlgEdESn & LT HIV BEDO A N AT a7 A /LA (cytomegalovirus: CMV) J&GL(Z I 2 MR &2 1R
T 57 Tt AEHK [Vitraven (fomivirsen)| (Figure 3a)° 7% US food and drug administration (FDA) (Z X
D FKER S VT2 eV N T 2004 4F | AN B BEZS PEAE D VR IR R T S Hri i N E R K- (vascular endothelial
growth factor: VEGF) 7 7% ~—" [Macugen (pegaptanib)J (Figure 3b)’ 23 FDA (2 &V 7KGR & = T 727,
Macugen /% 2008 £, HAFIOZIEER S & L THAR . BUEE TITHE— A AKREN CTREREE S
NIEEREELTH D, DR LIEL O, BZ% < ORKRBRNFER S5 — T LEHICEDERE
TR o T b DD 2012 45, HAH =3F B OMEIE M & U THEBEMS 2 L AT 12— VIUE Z 165
T 57 F ' AEHK [Kynamro (mipomersen)| (Figure 3c)’ 23RS STz, Z O 7 nFHlIx, g
EIEBIFE DR L & 2WE-> T\ D,
HERREFRARPNETH LML LT, RESUTD3IODBENER SN TS, £7° 1 DHDEE
X, B FOERNLZENDOZLSIZH D, BaEKLE L THET L7202, ARAREICE
WTHLEICHIE L, BERRRNRREZRET L2 08RO D, LA L, REMOZRRITARN
(I ENCHFIET DX 7 LT —BICEWRGITH SN0, FFECALZETHD, /-2 DHODEE
LT, TINY—DREINFET O D, EEILY By = 27 VI RS 2 A W 21l a5
FIEPEDMER, ETKBEVED R S W ZICEMME D B L. SRERIER A1 2 8% TR A~ et <
NHENHISMERBALTND, EHIC3HDHOEEL LT, BARMELEDIRIELIC X 5 EITERHFRELN

N

NS

© T TR A ST mRNA ICxF LARAIR 7S A A 55 DNA Z HiiaN~E A L T mRNA:DNA A Z JE &, mRNA
BT D2V R —LRORTTA VY =L EOFEGELET 5 L & $12 RNase H (DNA:RRNA AR Z 35 RNA % G
T LI R X7 L7 —8) {EMEZFIH L T mRNA O43fiF 4 5| g‘t:j—**ﬁﬁﬁu%q’:]f@ 3:0
FPr e BEON T ERRCEAT AR TOZ ETHY ., FURICO DDy TRBkEEE A LR E L LT
F 5T 5, Systematic evolution of ligands by exponential enrichment (SELEX) % & & FEI3H 5 %) ?JE{ LR FEIC X0 &S
b,
¥ Macugen |FHUTE, PH¥ EOBH CTIRGEH I L 7o > TWd, [A U VEGF Z4E0 & L7=HUAW i TLucentis) & Mk L TR RS
LHEHEI SN EREORERHEREEZ LN TND,
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Name a Vitraven (fomivirsen) b Macugen (pegaptanib) C Kynamro (mipomersen)

e
s o
Type Antisense Aptamer Antisense
Administration  Intraocular Intraocular Subcutaneous
Indication Retinopathy caused by Age-related macular degeneration Familial hypercholesterolemia
infection with CMV (ARMD)
Nucleoti
St‘;‘jjﬂﬁf © ’{0 Base ’fio Base s‘io Base
:0 :0 :0
/\/0
o o R (o] o ~
1 1 1
0=FI’—S- 0=I?-0- O=I?-S-
o o o
s + R=F OMe b
Phosphorothioate 2'-Modification (F, OMe) Phosphorothioate

2'-Modification (OMOE)

Figure 3 ZiUE TIZ bili SV EBE R 35 OFHH & i

ZFond, PUONOMIIBHEZ T NI TV TRV A NVAZ L DBIEO BB L > T D, T
TCRAEY DA HDORERE T 573, IR EFEFRIITEIZ W\ TE H ARG IS S < EE R EIE
MDA & 725, Z < HilE b Tkemira #1235 1 O TKM-ApoB (75 = L A7 12— VIILJE @ small interfering
RNA (siRNA) Va5 23, BHRGEISEIC X 2 BIEAFE 8L 2 B I BRI T IR IZBVIAE TR D |
H ARG IS E O S F - MBEEMARICB T OMBEOBRETH L L F X5,

INSDOMBEEMERT 200, ALFEMBRROME TH D, THE TORS FIEIEFMABEOREL LA
BEMREHME L LA FORE L L HIZH D, HRRMDOILFERERES [T AEY ) X, ¥
FORELY RWTESNTZPIRIENER T TH DT U FIOVERA L TV A BRI ER 2, 7
NARFVNEOT BT M EI DR LTS | B OB ERS L P EMZBOFERES LTE
DRI LG hoTe, T72bH, HAOBMREITH L [Vitravene] 1LY VBT = XA T VAL
B2 MR FICEE MR 7R AR F A= — | (phosphorothioate: PS) 1 DNA 73+ Th 5%
(Figure 3a), HftsqJid FIFAIZALAIC BV TIHBR TEfMiik L L THRbND " EIROSE, PSEOY >
ey T AT NFERETHZEICE D X7 LT —BIZkd 2 IPUERFH G S, MaNIcis i 2 2 EMEN
mED " ETREMEO N B IR D 7o oI iR iR e W E S D B, 2 @ PS AR OFIHIC K
v [Vitravene] DOBHFENAIRE L Ae o723, KR, 7 U AU —RRIER R BLOME % figd k47, IR
S R GICIRE STV,

WIZBHFE S 72 TMacugen] 1E 2°-(iLFAERT RNA 7 7% ~—Toh b, RNA BET D 2K
FEICH T HARLEMNE RIS D720, 2T V8 & A LI LERT RNA 2+ 03 S
(Figure 3b)’, Macugen (Z IV B a7z 22 - (AL HERE IR OB AN, T Jell <7z B ARG E S E D [alkE
CHANTHLZLBMBMNLERo>TWD P, T200 2L HEMBZIR ORI, AN EMED
R Cre < RRMEERE 3+ 3 E T 5B FMEOMRIZHE KRE L F 5 Lz, Lo L, [Macugen] %%
@ [Vitravene] & [FIEk, IRNTERIEE L TR EZHE TV D,
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—J. T &EAR Sz TKynamro) 1%, K THET bbb HREAOERMERNTHD, %
(ZHERIE ORI ESK S [Vitravene] DOBHFICHRIIL, 7o F v U AEFEBRIE DA A =7 & 7p o ToKkE
Isis Pharmaceuticals 1. (¥i Tonis Pharmaceuticals £f) 3. 20 430 O H % ) LB EE /5 % K
TIHNZBAFE L. £ O REMERCHENM S KOS ERE 2 MUSAICfiftT L7z, £ Of5 R, [Kynamro) D4y
HELT. Ty TFrAA4 ) I~—p i3 PSS DNA L& L i K % 2°-0-methoxyethyl (MOE)
RNA®? &4 5F v v F~v—E 28 L, RICHBINLT v F R AEHTH S [Vitraven] 73
PS 7! DNA DA THERK 45 DIZkF LT, [Kynamro] X 2-O-MOE ¥ ¥ v 7'~ — &2 AT 5 2 &
IRV ERREER SN Y X7 L7 —BIRGIEN RN L L, 2 RGN FTREIC/R o728 E
ZBHITWD % fKIK. TKynamro) OFEWERICKT 2EENRMEHIN TN D b0, &5 aliEl
BRBERMLORFERINCLY | 4% S SICERBERMLERIINET L LE20N15, 20X 512, b
ERIOBEAIZ LY RN ENR & TR R R 2 & O T R IE RS OB L. AIFEIFZEIC K& 72
WNIHA LT T Nebleb LoDob 5,

LIATERE, 7o F vV RERT 78~ =Tt < BTl 2 HERAIETE L LT RNA T3 (RNA
interference: RNAi) {EIZKEZ RN HFE LN TV S, 1998 4ED Fire & Mello 512 X 2 #HTdD RNAI
DI 213, YNSRI KR E RERZED LN, YAV LN TV RS A RNA (X0 7LE)
MCHEET DA =T x2n VKRB SR T2, RBCHEY 7 R E D EMTRIZ VT O H 8
BINDHBGTEE 2 LTz, LAL 2001 4F Elbashir & 13L2EMIC A L7284 21 mer @ siRNA
MHFLEMILIC SN TA v ¥ — 7 = v VB TR TR R 28 EFRBMEII R L =T 2
EEHAELEE, B MR LD ETAMLEMIZES T, MENICE YA E 7 siRNA 1X, Clip 112X
% 5KuD U &% T 72t **. RNA-induced silencing complex (RISC) #2935 (Figure 4a), & D
% ABENPEY BROANTEHREASEL RISC Lol tk, 7T F vy AHICE2MHNREINEHT 5
mRNA Z 38k U132 2 &2 L0 BB FHBUGIZ 5] i 23, siRNA [Z8H{EA) 21 mer O A #H{ RNA
THY, BBAFEEZ AV TEDIUEEARARTH L, Lo TEHEMOEA S EAES Th
e RN ENE & B ARG B RIRERE & He Al 2 7oL FHERT SIRNA D517 YA 0348 ) B9 hF
ZESNTE T B0, BUE, KEx 7200 5eRE RS © siRNA O ESRIS A MGE S, 2015 4 12 A BIfE,
40 1 b DGRBS HED H AL TU D7,

F 72, siRNA OftlZ RNAI Z#F L ATRE72 53 1 & LT shRNA HBLZ T A I R H LTV 5, siRNA
X RNA 3+ ThH o720, ZOBEFHEBMEIZDRIT—EBEICTERY, ZnE2MRkT D720,
Brummelkamp & (% U6 7' & &— 4 —7)> 5 short hairpin RNA (shRNA) Z G A[HE72 77 A X K DNA [T &

"Xy Ty EEIL T T AEICE A2 BN LTI S, RSy I PS T DNA A FLE L. W AR A L A
RNA & 55 FHE L8, T IRES O PS A DNA IZ X Y RNase H OFEN AR TH U | RIGE O(LFEHM RNA 0OEAIZ X
DEERICET DEMER M ET o L & hicaX Yy X7 LT —BIRPERUE S D,
T EEOMENRRE S, FDA TIX 2012 42 10 A 8 HIZERBENE R 2 SN72b DD, boxed warning vy & LTV T, 7KGEH
b4 OORBRERMPFE SN TWD, —TF7, BRMEIEST (Buropean medicines agency: EMA) TIEJFEMEICIN X TIHER#R D
AIER R E SRR S 4L, 201248 12 A 13 A, HGRIEIED BN S,
¥ Clinical Trial.gov (https:/clinicaltrials.gov) (Z33\ C search for studies [siRNA| TR L7-,
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(\/ﬂvmm
mRNA
a cleavage
siRNA / \
-um]m]m delivery |[ _ g clipt _P Pm
o B £ P cleavage by
DICER
b l]]II]II]I[IO
shRNA expression plasmid e
//-\ s 0 Oe_xbc_nr?iﬁ 5~
ShRNA . 1 :
coding region  PromOter  yejiyery |f transcription i
— i ) shRNAs |
! I
1

N R °

Figure 4 BL{EH\\ 541 CU % RNAI #HELYE (a) siRNA; (b) sSiRNA H 75 2 I K

LRt 72 RNAIL B dyE 2 @i L7c (Figure 4b)”, MIIREENICEIT L7 7 A X RIIWNEMED RNA
polymerase III |2 Y shRNA ZJEBL4 2, shRNA [38% — il e B il ok & (2 &0 i
(RN PPN éht”””\MmMLIUmWA%®:KﬁRNAAkﬂ%éh“RMM%aéﬁlﬁo7
Z A RIZEBRIRO DNA 3 7 CTH Y . ERNE NS, 6T, 2EZX 1T THLTTAI RN
HMIBEZNICBAT T 4UIE, BlEe I shRNA OFEAEZ I LR i) 2 B 5 F BB R 3 W k2, L
723> TshRNAFEHL 7 7 2 I FZ HWZRNAIGHEIEIZEICAA AT 7 /v V=0 TRCFH S
TV, L, 77 A RZZEOERRDFH A XD ZITHIIENA~OBARHE LY, SHITTT R
2 R, OB FRBEEIR LN KIS E N T 0 B Qg % B e R bh e PUAE W BT E =
FEa— RTAEEAEE L, THEhZ o 7 EORBICKESS HEERANBESNS, &bITTh
B O 2B TIEBAFET 5 CpG EF — 7 HTRKN T 2 ARGIEISE ORIEL b K& 2fEE 220 |
Z OEHIENER E e R EEE
TIAI RIZEDLLBIET (SRHEDNA) HAJEEL LTI, VA NVAXT Z—DFHANRET D,
Table 1 12, BIEAWVWOLNTVWETANART Z—BLOOT T AI ROFEEE LD, VA NVARY
X7 T AI REWIBR L TRERWEASELZHT 5600, Pt fiARIZ X2 BE AL RZSHUR
PEE VS TEREWERZME S, LIERoT, 77 AI RRUANART Z—IIRb Y | BRGEIGE % it
T 52 LR EWBEBEFEANRLBEEATRRT SA ZAOAIRIHF TN D
MR N T shRNA A3 BLATRE 72 BT BLBAR 8 AT /3 A & LTH Taki B, shRNA HH 7T XA I R
% PCR & #E OEEF NI £ 0 fig/ME L7= shRNA FEBLZ > NV RIANR 7 2 — %3822 1T % (Figure 5)™,

737 & exportin 5

IEIERIFEAC, Paddison © 2, Paul 5 %, Yu b *IZ & o> TENENFEEEOHWAE R 72 Sz,
T—f% = RRCGYY (where R and Y represent a purine and a pyrimidine, respectively) Tz S 15 ElF & 59, HELEHDO N
TEME DNA X CpG BdFIH D CH B L Y I VUV B SMLORBIR TN AT /L E N TN D, —J7, FRNEDNA LA F ka1
TWRNZ EMND, NTEMEDNA (B 2) &AM DNA GER ) DiBlic K& <57 5,
PEETEAZANE LT A ZOBRBEHZEIEN L O OMEFI N H 575, A TlE shRNA 2 5B A 272285 75 A
TNA ADHEIY % 5,

#[L
\-\
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REBR SR B E DBLK & IR L7208 RT3

X

Chromosomal  Expression Cell type
Vector integration time Diving  Non-diving Toxicity
Retrovirus O long O X gene insertion, CpG
Lentivirus O long O O gene insertion, CpG, Pathogenicity of HIV
Adenovirus A short @) O Antigenicity, CpG
Adeno-associated virus (AAV) A long (non-diving) O O CpG
Sendai virus X short O O Antigenicity, CpG
T Plasmd AT short ) AN coa T

Tablel VA NVARY X —BIXONTT A NE OB a -8 AE

ShRNA FEHLH L ANV Y 2 — 5 T 572 0121%, £, shRNA BB T A R 9 HLfifaNTo
shRNA FEEZ B/ NROfEE (71 & — # —+shRNA JHfE) %2 PCR 12X Y #EE9 % (Figure Sa:
step )0 ZOLEHNWDL T T ~v—HP~ =X T2 RX 7 LT —8 Bpu I) OFEFESZE A
T5 2 LT, HIREBEFRAEIZ LY . MR~ — AR B ST D (step 2), 4L D —ABHFEKD
WRRLA 2 W ONCERET T 2 2 & CTHRIH AT EELZ TR L T4 74 7 — AW T4 5 —
3N E Y F VAL ShRNA FBIA T X —PHEEERIEE L 72 D (step 3), T DIL. ZO X2 IZELNT
EGFP 2/ shRNA 8 HL & o RIS 2 — 37 5 2 X REEOBG T RBIIHI R 2 BT 5 2 & &2
Bz, EbiT, Fr- ARy 4 —1F, =Xy X7 L7 —BilitEs AT 57720, BEHEKRO AR
DNA LY BHE 2B E T RBMEINRE R SN E 2o TN D, L L, Bl O/ MEDS B IR G Z 5B F B

a b a) plasmid vector targeted against EGFP

Gb/® (®) a: none

la-c b: -NH;

Wmi ¢: -NHCO-flucrescein
e
i b) no vector {mock transfection)

transcription unit i
—— 3
) 2 w101 i
% i
a

o
o
&
cOMNA %
a,
I,
step 1: PCR €
(%) o
Bpuiol ]
DTHAGGAGTTTTCTCOTRAGE |\ e ionen (i 00 LHACCTCARARGACCTNA
antccrcaaaagaggantog  anscrphion un cgantccagttttotggancp
+ T
Spuwlll 2a-c
step 2: N.Bpu10| digestion, heat
d) dumbbell vector targeted against EGFP
THAGGAGTITTCTOCTHAGE oo oy f G0 = e
P = 7 wanseiplion unll cpantecagrertorggantn i
(anneal)

® Eo 4 *
L
T TCTCCTN&{}C pinaggtc .

transcription unii

TGAGGANTE cgantccag " t
+ &) linear vector targeted against EGFP
step 3: ligation using T4 DMA ligase
i
T Y
@"—r CTCCTNAGC R s Ctnaggte Tt
TTGAGGANT . transcrption unit cga‘ntggagt ' da-c

| lumbball vector

phase contrast GFP superposed

Figure 5 Taki 52 & 5 & L shRNA FEBLT /S A ZADBAFEMGE (a) & 2L shRNA FELT /S A 2D
HE4E1: (b) EGFP A 21 & L 7= shRNA FEHZ L 5 8 n -3 EMEID R (31 STk 34 L 0 k%)
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5a]
L [ SRBR 78 O BLIR & BB AR 08 7= T4
NEZ DB OWTIHER SN TE LT, 0 FOMEICEEROBER)GEVLEELETDHZ LD
b, BTLWERABKFEE LTAERHTH D S ITE W,

UED XS 72BEROG &, FEH MM EMZEIEZ RN U728 HL shRNA FEELT /31 2 DOBRFEMFZEIC
EFTHILE L, R | ETIIREMEMELR 4-F7 4 DNA ZFIH L7 shRNA JEILT /31 2
intelligent sShRNA expression device (iRed) DFEHE & RNAi ZHFEIZONWTHRARD ) £, K% 2 = TIX
W EEEME A ImNN:NaO® #2577 2RI H U725 2 HARBRIRA iRed DBRFMFITIZ DWW TR~ %,



1=
Intelligent RNA expression device (iRed) @ BHFEFSE

2/
i

% 1 F Intelligent RNA expression device (iRed) @ BiFEHF7E

FFamlz 8T, shRNA BT 7 X R& 7z RNAI FBiEiEIE, 72 2 1 0+ CTHMRBENA~T 7 A
I REEAT D EAHRIUE, Bim L, [EEAIC ShRNA AREL L, Freei 728 s 138 Bk 2 R A8
MRS =T 1) A AORERT T A I RITMIREN~DE AR, i) shRNA FEHL
(CAMLEEZR IR RIBEE N C 0 B IR 22 B2 4 BB A st o H LA W E PR AR 8 Bl (TR
PR L R ERE B X i) CpG T — 7 ITH KT D HARMEINEDEEL L Wo S %
BT 5 &2k 7z, Taki 512 X% % 2 ~ULR sShRNA BT /31 2 (Figure 5)* DOBIFEIL. AL D F/)s
fEIZ X W shRNARHL T T A ROKEEM O b D ThH DI KR, KRB DNA BLANIC L D kS b,
L7z o T, INE CTORMERFBEOBEE 2B E XD &, ARNLEMECHRIE IO R % ik H sk
TVWRNWEEZBND,

L Z AT Inoue, Minakawa HIXZ I E TIZ, TAF VX7 L AT NEE 4R 1 % [k
T HMER - IE# L 7= 4-F 4 DNA (Figure 6)°* ZBHRE L., ZOH 0N EW ARKEF A R D O
X7 LT —BIEHEEAT D L E2HE LTS Y9 4-F 74 DNA [ XK DNA & O EW 2S5k
ERE LTy THEE R AT D720, LREMBEBEOASRICIHA SN AR AT e T I 44 MEIZX B
B ORI ST VT HAX A TFAX T LAY K=Y VR (ASNTP) ZFIH L7iER G Y1k - T
LFHRAEETH D, I, LA TIZHE 50 mer L FO#EENAKIBR TH D DIk LT, DNA
RY AT =P E2RAWEEESKRTIZIL Y B8O DNA 2 f#RIAETHY . "M 4T 7/ uP—~DlEH
FPHDNAD Do FEERIZ, dSCTP & 5 WM& STTP Z & e PCR IZ KV R S 72 84R4 380 bp D 4°-F A
DNA 2HifaZEN CEEEHRE L THIET 22 b b T s P% I 5122 < Kif Kojima
(%, 4 FHJH (dSA. dSG. dSC. ST) &= TP dSNTP Z Z T RIZHBWVTH PCR BT T 5226 E L,

EEIEM SN TR 4-F 4 DNA OBERGRITKR L2 ¥, 2 4 FiEATO INTP &b Efi =

U UERRICERR L7285 AT b PCR 3T L7201 TOMERITH D,

Base

P
DMTrO [0} S fo) fo) 0
1] 1] 1]
g j Chemical synthesis g # Enzymatic synthesis HO _E' -0 ‘E' -0 ‘E' -0 s Base
o — P — o- O O k j

Base

o
J -P_0O- DNA polymerase
P. 0=P-0
NC \/\ o) s N'-Prz 6 HO
}r\‘
, e . 2'-Deoxy-4'-thionucleoside
2'-Deoxy-4'-thionucleoside 4'-ThioDNA 5'-triphoshate

3'-phosphoramidite derivatives

Figure 6 4’-F 74 DNA O & A4 U I X7 LA F KOG RITIE

©HATEIIZ I 100 mer FRE O DNA 88 B LA ATHE Tl d 5 23, R LFHEfiERE O A FEH LUV T 50 mer FE DAL
BRERBIONEDOHNS HLIBRATH D,
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¥1E
Intelligent RNA expression device (iRed) D BHIEMIZE

T TEHIT. 7T AI RO I H shRNA BEIC VL EHRIKROEE (U6 7' 2 —4% — + shRNA =
— RfElk) 27> 7L — k& L, dSNTP #& T PCR 217729 Z L2 L 0 L & % HH shRNA 3 HLT
734 A intelligent shRNA expression device (iRed) DBHFEIZHL Y #iie Z & & L7 (Figure 7). IZ. M
IZHBUWT 4-F 4 DNA 73 KA DNA ffiffk & U CHEEE L shRNA 238 BT T iRed 77 A I R b
Doy A ZMEW (R/Mb) & - FAHEFEMOEAICL Y, ARGBEISELZFET 22 &m0k
5128 BN 5 % 564 T AR 72 intelligent BEBE Sy 1- & 72 5 2 E BSHATF SN D, FlBITR_7Z XL 512 4-
F 4 DNA [Tm W ZAREHEEE L X 7 L7 — B2 7T 2L HEMBER TH 5720, iRed ITEVWVE
RNLENZ R D L& x T,

AREEH 1 HIClX. iRed DAELE & in vitro IZ31F 5 RNAI R OFHHIZ DV Tk %, 55 2 #i Tl in vitro
RIZBW TR S @ WWEMEZ 7R Lz dSCEAAL O iRed 12DV T in vivo (235 1) i s -5 BLENHIh 3 % 5F
fliL7=D T, TOMRIZHONTIERD, S HIZH 3 Hi Tl iRed DHIERPEIZ DN TIER D,

. ShRNA expression plasmid DNA
primer—— __’_
promoter }

? 2 9
HO-P-0-P-0-P-0 Base
step 1: PCR o o o l;Sj
dSNTPs

iRed (4’-thioDNA)
promoter

//fn;a.;as """""""""""""""""""""""""""" N
; step 3: l shRNA transcription i
- shanas M) ) Jmmr)) |
| Iy ) ;

Y
\, exportin 5 ~ A
cytoplasm

.[I]]]]II]]]]]O RISC

cleavage by
D'CE:‘/ /w?NAi
fomifi:on Tm%m‘ clrggv";‘g\e
k —2

Figure 7 Intelligent shRNA expression device (iRed) @ =2 &~ | Stepl: A region of plasmid DNA (pDNA) encoding the U6
promoter and a short hairpin RNA (shRNA) was amplified using PCR in the presence of one type of 2’-deoxy-4’-thionucleoside
triphosphate (ASNTP) and three other dNTPs to synthesize an iRed. Step 2: The iRed was delivered into the nucleus. Step 3: Numerous
shRNAs were transcribed from the iRed to possess a potent RNA interference (RNAI) activity. (5] H3Ciik 36 & 0 #i5#K)




WE B s
iRed DAEEE L in vitro (21T 5 s BLINHI 20 K O FFM

1 8 iRed DAEEE & in vitro |2 BT D B s ELINHIZh O FE

Figure 7 12" L7 K 91T, iRed (37T A FD H 5 shRNA FEEUZ LB RARROGERAZ T > 7 L —
F& L., dSNTP 5 3r PCR 217729 Z LIC X W HE S L D,

Kojima & 13, 104 bp OHEIEEY & 5-%2 5 FE T /L FRITFE VT ASNTP & U 72 PCR O f il St & PR R
L7=®, ZO/E. KISHF~ 10% DMSO % s/l L, KOD Dash DNA polymerase % i\ C 85 R IRF[H
Z 10 min [ZIERT L2 HGE10, & ORMITHIEED 2 525 2 L2 HMEL T\ D, REMETIE, 4
2T O dANTP (RAM) % dSNTP (FAEA) (ZE X HR 7256106 R & Hele LTI 43% T PCR
FEMERD ZENARETH Y | mEIE S - BELFHER DNA OYIOBESHKEITH 5,

Z @ PCR :EIZHEV Y, pGL2 firefly luciferase (Fluc) ##2f#) & L7= shRNA ¥BL7 7 A FD H 5 U6
TrE—F—FB LV shRNA =— Nkl 27 7L — e L, ETIERAA 4 FHO INTP ©H 5

RNAi -Ready pSIREN-Retro Q (6.4 kb)
5'-d(ttctctaggg¢gccggaattgaagatctggge) -3

[

‘ U6 promoter | shRNA for pGL2 }

3'-d(cgtgaaaaaatgcgcacttaagatggcccatccc) -5"
PCR | dSATP, dGTP, TTP and dCTP
dSA iRed (362 bp, 724 nt)

5'-d(ttctctaggcgccggaattgaagatct
-d (AAgAgAtccgcggccttAActtct AgA)

ttttAcgcgtgAAttctAccgggtAggg) -3

U6 promoter | shRNA for pGL2 aaaatgcgcacttaagatggcccatccce) -5"

sense: 5'-d(ttctctaggcgccggaattgaagatctgggcAggAAgAgggcctAtttcccAtgAtteccttcAtAtttgcAtAtAcgAt AcAAggctgtt AgAgAgAt AAttAgA
AttAAtttgActgt AAACACAAAgAt At t Agt AcAAAAt AcgtgAcgt AgAAAgt AAtAAtttcttgggtAgtttgcAgttttAAAAttatgttttAAAAtggActAtcA
tAtgcttAccgtAActtgAAAgtAtttcgAtttcttggctttAtAtAtcttgtggAAAggAcgAggAtccgtgegttgctAgtAccAActtcAAgAgAgttggtAct Age
AAcgcActtttttAcgcgtgAAttctAccgggtAggg) -3'

anti-sense: 5'-d(ccctacccggtagaattcacgecgtaaaaaagtgegttgectAgtAccAActctcttgAAgttggt Act AgcARcgcAcggAtectegtectttccAcAAGALt AL AL
AAAgccAAgAAAtcgAAAtActttcAAgttAcggt AAgcAtAtgAt AgtccAtttt AAAACAt AAtttt AAAActgcAAAct AcccAAgAAAttAttActttctAcgtcA
cgtAttttgtActAAtAtctttgtgtttAcAgtcAAAtt AAttctAAttAtctctctAAcAgeccttgtAtcgt AtAtgcAAAt AtgAAggAAtcAtgggAAAt Aggccct
cttcctgecccAgAtcttcAAttccggegect AGAgAR) -3

Type of modification  dSNTP  4%-S units/ 724 nt 10
dSA iRed dSATP 209 ‘\U; 80
dSG iRed dSGTP 13 S 60
ST iRed STTP 212 ;40 ] . I

dSC iRed dSCTP 118 8 20
T o

0 Q

&y\?‘ 6%0& «\Q 6608’

Figure 8 pGL2 #E£1Y shRNA % FHL 72 iRed DHEEE (a) Schematic of dSA iRed construction and its sequences. Lowercase letters
represents natural nucleotides, and bold, red uppercase letters represent 2’-deoxy-4’-thiodenosine residues. The template of the sequence
encoding the shRNA sequence is underlined. (b) The numbers of 2’-deoxy-4’-thionucleotide residues in each iRed. (c) Relative amounts of
amplified iReds. The y-axis indicates the replication yields relative to that in the presence of natural dNTPs using standard PCR conditions.

(BIHCHR 36 & 0 5

* Kojima 5D F% (£ T dNTP % dSNTP (2@ & #22 . 104 bp DIFMEY % 5 % % PCR) 128\ Tid 10% DMSO DRI A %)
Th 7M., iRed DIBEFLZ W TULIRMFFFERMEFIZ I W THEIERICZEN L D e oy 72728, DMSO OFINEAT7/2 > T
AN
TP ARRER X 30 sec FREICRTET 2 DON KK TH 5,
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H1E S
iRed DHEEE L in vitro \Z381T 2 AR FIFEBLMH 20 K O FEAT

dATP O A% dSATP'IZ{& X 2 2 PCR %1772 > 7= (Figure 8), 1% 5 #1172 dSA iRed D#H{ 13 362bp TH Y |
7T AR (6503bp) ELLEEL THTFH A X&) 4R E S D Z EostHskiz, £72. dSA iRed ~E A
ENT- dSA DFRIEELIL 200 TH Y 3 FEEDKI 29% MU FEM X 7 AT Rz X Wik &5 (Figure
8b), [AIERIZ, XI5 % ANTP % dSNTP ~ & j&#i L, dSG iRed. ST iRed 72 & ONZ dSC iRed A fH L7z,
% iRed ICHBWTEAINTZ 4-F A X7 LAF RTOFKIEI % Figure 8b IZ7x L7, iRed 28K DK 71%
U6 7' 1 —X —fEkA 5 572 HF dSA iRed 3 L UV dST iRed DA, xt/ind 5 dSNTP % & ¢e PCR
2KV 200 FKEELL ED 4-F A X7 UAF RPREAIND, —7F, dSGiRed 35 L TN dSC iRed DEEIEAK
100 ZZEETH Y | EMIRKDOENC L > TEAIND 4-F A LFEMOFEITRES LD, LirL,
WAL dSNTP & W72 5610 6 PCRIZZNIRAVICHETT L 15 DIV IR PEY & & dSNTP OB AR
FIBEI N BIER X 72 ny o 7= (Figure 8c), 9725, dSG iRed 3 L (M dSC iRed Z #9272 DI2iX, 1
ZHRHET % ASNTP OV ARG ANZIZ RSB & 7 28, 15 DT IR FEY) S 1T dSG iRed 73 fx
HARINETH 5 DI LT dSC iRed 1T FmmINFEZ b 2 72, V% dSNTP OFEFHIZ KL Y PCR #h=RDE
DAECTZERICOWTIL VFEMRRENSLELEEZEZ TS, LALETIEL, 1| BEOEEOLEZ 4-
FHX 7 LUAF RICEBB LT 25O iRed (22T, in vitro (28T 5 RNAI R 25552 & & L
7o

4% iRed 3 L OV 4: & LT shRNA 38177 2 2 R, A5k shRNA 72 5 TNT iRed & [7] U Hfd 51
A9 5 R T RKEH DNA (natural device) (final 1.0 nM each) % pGL2 Fluc 72 & NIHHEM & LT
Renilla luciferase (Rluc) # 2— R 25 2fD 77 A N& & (2 HeLa fila~HEA L, ZO#E s R
D 2822 L 7= (Figure 9a), ShRNA I 7 F 2 2 FiE 95%LL LD RNAI Zh R AR L. £ D)%

[
o

5120 < 035
) m24h m24h
o =
=100 n48h 2 0.3 1 2 48 h
§ {|@72h %gozs- B72h
g : 25
g | 55 o
T * / sE
v »< 0.15
3 / £
40 5
0] ’ o< 01
2 / =
2 20 5 o 0051
= V] 2
3 / S
0 , / e |
« S o P o & X
OQ * NIPR\ ’@ b@ %() &)
o P S F S ©
¥ TYEE
e’b’

Figure 9 pGL2 #£1 iRed ® RNAi 2h%: (a) RNAI activities of iReds compared with those of pDNA, shRNA, and dsDNA with the same
sequence as the iRed (natural device). HeLa cells were transfected with each construct at 1.0 nM. (b) The amounts of shRNAs transcribed
from iReds and the natural device. The shRNAs were extracted at the indicated times after transfection (1.0 nM, each construct). (5] F 3¢

ik 36 & v disdk)

FIZBW T dSNTP 13 Inoue 5 DA HEVY, BIBRILEFEARK LTz,
¥ EL< L 2-THAF L 4-THAX I VAT RERBLTRETHLN, KigTIL4-T4X 7 AT KEMT,
i e e — 2 fEEIC X, TATABox 72 8D AT _RT7TICEREAIN S BlE SN 5,
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B1E FHIH
iRed DORESE & invitro (BT 5 iﬁh%%ﬁfm?ﬁm%@ﬂﬁﬁ
X T2 BB LT D 2 EBRHAL MM E o, RIEARESM T, B shRNA X7 7 A KLV IE%
% b DO Fluc a1 ORBEAMG Lz, —F, 4-F4 DNAIZ X VS5 iRed 1%, EAfitk=IZ
CTHEENRRELRD OO, WO iRed b A shRNA EZIERIFEE O a1 BMENEHEZ2 695 2
ERHIBMNE IR oTz, iRed DEMIBERDEWIC L DIEMZEIZ, BASh £-FF X7 LAF NI
(Figure 7b) L BEW—E A /R LTz, T72b 6, 50 FHIZ200 DL LD 4-F A4 X7 vV AF N&HT 5 dSA
iRed ¥ X VST iRed TIEZ DIEMENFRETH HDIZH LT 4-F 4 X7 LAF ROGHRMNE dSG
iRed 3L dSCiRed TIXA ik shRNA LL EDE W RNAI R Z R LTz, £72, WT4LD iRed (2T
b, TOBMBTFREMB D RIIERBEICONTHBT LI LWL NLE RS,
L BIEEINBE T RBEME RN, MiEW < iRed (= 4-F 4 DNA) 725 @D shRNA pEAE

ERNLTILOTHD I EZMRT D720, MO shRNA R B &% 7l L 7= (Figure 9b), & DR,
shRNA & & B8 SN B FHEBMBIZRITFFEF TRV —EZ 7R L.dSC iRed 7> & DERGR R i b
NTWDLZERHLMNE -T2, Z DK, 4 iRed 7> HfiRE X }172 shRNA (L natural device & iz LT
FOLUTTHDHIZHEIPD 5T, dSC iRed & natural device 11 E X [F]ZE O & Ax - BLINHI 20 B 2 784 L 7= #
B & L C, FEAE &N 72 shRNA 2 Sk &5 RISC AMELHICHERET 2 Z L W B2 b D, Tihbb,
dSC iRed 75 FEAE S5 shRNA BT in vitro 2B W C RNAI W R 2G5 7200+ A= L TEY .,
—J7 natural device 2> 5 LB & D shRNA DBEAINTWND LB LT, LLEDORER XV 4-F4 DNA
IZE DR S 415 iRed 1 DNA R U A T —BIZ L 5 ERIED 770 & 3PN RNA polymerase 111 {2 X
HEAG RGBT b R DNA OFAfifA & L CTHRE L, BIcEHROER S JOMBELH S 2 L3
D& TeoTe, FEMITKRET T2 23, MFNIZI W TRIRA RNA 2§55 rTRE 72 b FHE i DNA O #is
B3t D T 7 < BEEMITERE TIIMID CORITH D, E7o. WEME RNA AU A7 —BIZ L ViR
W T D 7w — 2 — RS P~ O HE IR OB E G372 < L B RRAEW T O8RS b B
ROV A 5255 DTh D,

FeWN T, iRed Z R L7285 BUMBNED — M2 W83 572, 17212 pGL3 Flue ZEH) & L
7= iRed Z1ERL L., D RNAI B EWMGET D 2 & & LT,

Jg & [AARIZ, pGL3 Fluc ##E/) & L7= shRNA REL7' 7 XA I KD 9 H U6 7' v E— % —35 LU shRNA
a— REE 2T 7 L— & L1 O ANTP O % % %54 % dSNTP (ZE# L T PCR {772 > 7=,
YER% L7z pGL3 £ iRed DFLSIF L U iRed FIZHA ST 4-F A X7 AT NE% Table 2 128 L

Type of modification ~ dSNTP 4'-S units/ 730 nt

dSAiRed dSATP 211
dSG iRed dSGTP 123

ST iRed STTP 214
dSC iRed dSCTP 120

Table 2 % pGL3 MY iRed IZEFEND 4-FT 4 X7 L AT N
(B HISCHR 36 & v fnd)
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iRed DAEZE & invitro |2

15 51
b Sip)

1
BT D @A FEBLMH 0 R O F M

-
n
o

20.1 nM
7| @ 0.5 nM

1lo5.0nM

-
o
o
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[ ‘

40 1@ V)
[ /

g

/

/

U

Relative pGL3 Fluc/Rluc ratio (%)

Figure 10 pGL3 #5119 iRed ® RNAi 21 HeLa cells were transfected
with all samples at the indicated concentrations. (5| 3Cik 36 & U #5#L)

7=, pGL3 £ iRed DIZHICH N TS, iRed BEE DK 7T1%% U6 7' BT —F —fHIKN HD 572D, &
ik UTIS U CEA SN D 4 -F AL EM OFIA 1L pGL2 2 iRed DA & R OMM %2/~ L, dSA
iRed 33 L TN ST iRed IZEB W TE <, dSGiRed 38 L OV dSC iRed IZBWTIKL 72> T 5,

Figure 10 (27~ L7 X 9 (2, pGL3 #219 iRed % HeLa #IEIZ 30U T EERAFHI 72 RNAI B R 2 7R L7z,
Fio, FOIEPEIL pGL2 1Y iRed DIFE L RO ABIE S, Thbb 4-F AL AHEM OEIE
37V dSA iRed 35 KON ST iRed TIXTHREE DB FREMGIZNR LR LI LT 4-F A X7 LA
F ROEAEL DD 720 dSG iRed 33 L UV dSC iRed Tl pGL3 Fluc &6 B M &b Z & 38 &5
LTz, 51T, iRed DIEAFFEME A2 TR T 5720, Jiciffl L7z pGL2 #2AY iRed % pGL3 Fluc F& 5l
HeLa il ~E A L, %@ RNAi Zh R 250 L7z, ZO#EF., pGL3 Fluc Y OJFIIXIF & A CBIE S

n
o

B 0.1 nmol/l
L |2 0.5nmol/l
;Sfi: @ 5.0 nmol/l

o
o

o]
o

(2]
o

N
o

n
o

Relative pGL3 FLuc/Rluc ratio (%)

Figure 11 pGL2 £2ff] iRed ¢ pGL3 iRed (259" % i 5 FEELIMHI 2 5
HeLa cells were transfected with all samples at the indicated concentrations.

(BIRSCHR 36 X 0 fizd)
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%1E E
iRed DHEZE & in vitro (28T 5 B 1 FEBLINHIZh I O AT

Transcription
terminator

gguaaaguuguuccauuuuuuc g
uuccauuucaacaagguaaaaaag

Figure 12 Transcription terminator 459~ % pGL3 £/ shRNA D1 i

ol Eb | iRed & V2 RNALGFEIEILT X /7 BEFARIME D & O BAE TR0 T b m W EL SR
HBEEZBEL WD ENRHALMNE 72572 (Figure 11),

& Z AT, shRNA HHL 7 F 2 I R7)>5 D RNA polymerase 111 12 £ % shRNA #55(%, U6 7' 1 E—#
—IZ XV BHAA &AL, 5 5% FELL B D T @EfE (polyT transcription terminator) (2 & W #&f53 %, L7z - T,
i OBAR PR BN R R 3 el STV % shRNA FRFIC W TH . £ ORI 5 7D i %
poly-U s 2 H T 556, 77 A RO LOREIZ LY RNAI 25T 25 2 ik, EFIT, 4-
T4 DNA IZ LY HERK S 415 iRed 123V T d Z O termination rule 2347 S 4L 5 NZBLBE 2 FF D | MRFET
HZ el Lz, Tbb, EAIHIZ 6 8D poly-U BlF7 72705 transcription terminator % 41 9% pGL3
%7 shRNA (Figure 12) % =1 — N3 % iRed ZFp L. £ @ RNAIL R % %f )59 5 A FK shRNA 72 5 TNZ
ShRNA 877 A I RO D & it L7- (Figure 13), & 5% shRNA | transcription terminator D 5% % 57
F7Rn T BAIRR R 72 RNAL R 2R LTs, BFE/VIRIESRM T, iRed ZHALTZHE, WThOE
AERFUC BV T H BAZE 72 Flue {EMEDO G IIBIRE S ko7, §72 5, termination rule 28 1E L < /47
SNHZEBWLNERoT, —J5, shRNA BILT T 2 I Fid, B b, shRNA FEAEDEE Z 57202
H B84 59, pGL3 Fluc H YOI N BEE S 72, T4k, shRNA ORBIC L S 7V FERE B 7285 1
FEMEINRTHLEBEZLND, UEDZ &0 b iRed 1T 4-F AP EMOEANCHEAD LT, IE

-
n
o

m 1.0 nM

-
o
o

@
o

[o2]
o

N
o

n
o

Relative pGL3 Fluc/Rluc ratio (%)

’ 3 N (7]
(‘\\&0‘\ Q\e\?;o(\\\c Oe?‘ er ‘\Qseb‘ 06 ‘Qseb QQ\O
P e QX o &Y oY (O
Qo% bg b% % 69 \0“%
e‘b

Figure 13 Transcription terminator fit. 5] 4§~ % shRNA % =t — K4 % iRed OEA5 7-F BN 2h 5
(Bl 36 £V #i534)

" Figure 9-11 |27~ L7z RNAi Zh R OFHMIZ 35Tl control & L TAZ F -7 /L RNA Fid%l % = — K95 dSC iRed # il E A
L7234 @ Fluc/Rluc B % 7=,
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BT 1
iRed DS L in vitro \ZH31F % S5 FEBLINHI 2 5 0 M
L < shRNA fid%%Z 22— R L, EEFERM e RNAI 2T 5 2 & AR S iz,

PLERA~72 1912, iRed 1% 47-F AALAEM OB GBI ST, in vitro IZI W TELAIRFE A >D
BWRNAIIRZFEST 52 LB LNE ol £ EDOTEMHITASCiRed Z WG IR B & < .
A H% shRNA DL E OIS T-FBLNHIZh R A BIEE S 4172, iRed DEMFRARDE NI X DIEHE(LLT T X
X R & L C RNAL W R BB U2 K & LTk MIN T shRNA BHICK & < B5T 5
U6 7 ue—&—FSI~D £-F A4 X7 LAF ROBANIC K 528050+ 2RO MR I X 2 Mk
EENA~DE AR DO AR ZET HI D B3, %@%i%mi/a\?&mﬁ?ﬁ%%*@%éo

TU6 T rE—H— O, NEMED RNA RV AT —BISR#E %) 5 7 1T — % — B8] ~DLZ2E A O B TAR 723551 23
RV DOD, BB RNA G SIZ AN S TTRNA 71 E— X — (2B Tk RNA = — Rl & il L€ 7 & — 2 —fEl
OB OB AL RNA BHICKRE P EE 252 085N TW5D,

15



1R B2 i
Malignant pleural mesothelioma (MPM) mouse model (2331 % in vivo I8 Az 7-F8 BLIN I 2h F D FEAMh
%5 2 Hi Malignant pleural mesothelioma (MPM) mouse model (2337 % in vivo 1815 1-Z&BLHNH] 2h 5
DRl

21 HilZI T 4-F A DNA IZ X Y HERR S22 iRed [FFFLHIIZAN (in vitro) (2351 TR DNA
ERERICEAfE @ & L THEBE L. shRNA OEAEZ I L TRNAI 2§25 2 L 250 L, 552 &
|23\ TlE malignant pleural mesothelioma (MPM) mouse model (235317 % iRed @ in vivo 84z 1- 58 Bl %)
RIZHOWNWTHRR D,

BRRERBAFE BV TR, Ry DERNLEEDOZ L & XIZ, invitro TREWEARZ R LTZIC
LD invivo TIRIEDRIEENBR SN WEEPEREZ < H 5, TWALEBY (invivo) IZBWT
RIRE RNA Z 55 A RE7e (L BERT DNA IZ DWW TR RE G322 < . GRAEMFER OB D b iRed D
in vivo AR FFEBUNHID RAIZBIR DS b 7o D,

Ny T =T — BEE BB e M B E M /2 (human pleural mesothelioma  cells:
MSTO-211H-Luc) % MENIZFEAE L 7= BALB/c nu/nu mouse (MPM model mouse) (Zxf L C. MEEZEHL%
(Days 8 and 11), pGL3 £ dSC iRed 72 b N H#xf 5 & L T E /L& D shRNA, natural device, 3 X
negative control dsDNA (NC dsDNA) # N # 5- L™ Days 7,10 35 X O 13 |Z in vivo imaging system (IVIS)
Z T, RNAIL 2R 2 31l L 7= (Figures 14 and 15), 7235, A\ 7= pGL3 #£1Y dSC iRed, natural device
78 5 TNZ shRNA OFELSINITAFHE 1 F5 1 f#i Figure 10 IZB 752D LR T TH S,

HEALIERE (control) TiX, Day 13 IZHRRKDN V7 =7 —BRINEPBIE S v, BhE L7 B M a0 B
B IR R S ATz, RIRR DTS PEZS{KIZ NC dsDNA 721F T72 < shRNA # 5-HEIC BV T H Bl ST,
T 720 H RN shRNA 1F, 5B 1 Hi Tl ~7z in vitro FHBIZ B W TEH3eiEtE R LZIic b b 57
(Figure 10). in vivo (2B W T 53 728 n TR BUNHI R 2 R HR W2 & 23RS 472, —747.dSC iRed
¥ £ O natural device #5-HETIIBE RV 7 = 7 —BIEMEORI B BIZE S 7z, Z4iE. MPM model
mouse |2V VT H 4’-F 4 DNA 73 KA DNA FAfifk & L THEREL . RNAL 2B LR R TH D L E X
BILD, FLZORE, WTNOLERIZE W THBEEREREZENBIE I NR) -T2 &£ 6 (Figure
15¢), dSCiRed (IFEFRFRMLBIEM 27T Z L 2< MOWBLEFREAMBIDREREHELIZLE XD,

........................................................................

© Cell inoculation '
: (1X 1°S°e”’m°“se') @: VIS t: Administration !

intrapleurally

Figure 14 In vivo B T-FBUNHIFAG GRS 2 —L

“ JapENEE L, RSN TWD invivo HO T AT =7 L3 L FR3E [TurboFect Transfection Reagents | % F T3t L 7=,
Fio, 7T AI NIEFAEFEDBIT 5 in vivo TORMBBNEARREETH D720, HBSH RN BRI LT,
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B 2 Eﬁ
Malignant pleural mesothelioma (MPM) mouse model (2331 % in vivo I8 A5 7 BLIN I 2h F D FEAMh

a b
a) Control
( ,, : 10 ~. 300 —« Control
[}
= -e-Natural devi
£ 250 o-Natural device
2 -%-NC dsDNA
% 200 —e-dSC iRed
0.8
3 150 -+ shRNA
(b) Natural device S
’ o 5 100
<
[}
o 50
0.6 2
]
o 0
o
Days post cell implantation
0.4 130
Cc
— Control
120 -e-Natural device
-%=NC dsDNA
0.2 110 )
L —-dSC iRed
£ 100 =+ shRNA
©
=
& 90
) o
Radiance m
(p/seclcm?/sr)
Color scale 80
Min =1.00e*
Max = 1.00e® l l
70

6 7 8 9 10 11 12 13 14
Days post cell implantation

Figure 15 MPM mouse model 2331} % iRed @ in vivo i8R T-FBLINHIZHHE () IVISIZLE DL 7 = 7 —BREOBIZE (b) Ei
AU OFEA Data are expressed as the mean of relative photon counts to that of the initial (%) (¢) ¢ 5-RFIZE T HIKELE
{t. Data are represented as the mean of % initial body weight + standard deviation. The arrows indicate the administration of samples.
The error bars indicate the standard deviation of three or more independent experiments. (5] H 3Ciik 36 & ¥ i)

& Z AT, Escherichia coli (E. coli) (23T R DNA & [FIARISERTE®R & L THERET L&A
DNAZZNETIZOT RN OHENH D, Krueger H1F", KA L R CKBR/BEEXN LG T 2508,

N, ~J74H N H
Nr’ \‘f N-H---Q Nr’ 0--H-N
K \N---H—N>_\g A N—H-v--Nm
N=/ fr}, N=( )y Ne  clone into
o ,_,’N_H'"O GFP gene
xG-C
H bacterial

O--H-N N expression
N--H- N g Y 3
HN— 2 N-H--N ) Ny
N

0---H- N HN \=
H _40
xC-G xT-A

Figure 16 BRLERIE HHE A 75 2 3 NIC &k A8 s 3B (51 ik 46 X v fi5H)

T AR 2 E TR D Kool LD T N—TFIZ L DBMETH D,
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B 52
Malignant pleural mesothelioma (MPM) mouse model {23317 % in vivo T Ax 1 I8 BLIN ] 2 5 O FEAR

FEER 1 -2 [ o FREEDS RIR WC HHHT IR TR E < 72 D K 5 RBRIEIRAUE %t (xDNA) Z 41z
BT GFP B 7 A REEHR L, 2D DM E.coli DNTEYERNA R Y A 7 —BIZ XV | Eff
IZ mRNA ~CHRG S, GFP #5814 25 Z L 2B 60 & LT\ % (Figure 16)*,

F 72, Brown b O 7 /L— 7 [FXEFIHFIZ 1 EFT, FERARBDO MY 7 — UES (Figure 17) 2675
7T AI REMER L, Je L FEEIC E. coli 128\ T mRNA ~DEERHEITT 5 2 & 2| LT, L
2L, ARBFED X O 2@ EIEM 472 DNA AFLEMIC B W CEBIEHR E L THERE L 72 & v o il
720 ZHUE 4-F 4 DNA 3A T 54 FREMEO @ W 17 A VR ERICE WS RTH L B
2T 5D,

Figure 17 NV 7Y — /LG % H 9 2% DNA Ofis
(B STk 47 X 0 450

Z.z

PLb, RESF 1 Ei2DONIHE 2 #i Tk 4-F 4 DNA IZ L VR X35 iRed 28 in vitro 721F T/ < in
vivo IZBWTH EWBEE T HREMEIN R 2 RET L2 2o E Lz, 4-F4 DNA IEX, DNA R U £
7 —RIZ L D BERLUG7 B RITHIEAN RNA R Y 2 7 —FIZ X DG RIS TRAT DNA O Zfi{&
ELTHREL., BIREROMRLT - (mZELHH O Z LAVRIRI N,

“invitro ZTE® L, WHBMBICE O TLBEEERE L THEIET 2 ZERFILNEINTND ¥,
T in vitro GEESR) B X in vivo D1l FIZB W THAEFIL /20,
18



BT A3
iRed O F SRS 25 [RDBERE O R

55 3 i iRed O H ARSI G E [REERE O RFATh *°

Tex ORI AT T VTR AN A KL DEGHED GBI SN TE Y | HREHEHEIC L > Tik-> T
W5, ZIVUITCRAEMOAELFIZHHDOHEM T 57, BEEERBFR IV TIE A REEISEITEED < E
TERZBLOER L 705, HIRGIEINE % 7 2 AR O R ali#f X, 2 — ik L& 7% — (pattern
recognition receptors: PRRs) 23[HR Y | MO & DR e SR 2 585% T 5, RIS, SRVER I OFEFkIC
B854 % DX PRRs O—FE T 5 Toll #5ZFK (Toll like receptor: TLR) T&H ¥ . —AEH DNA DA
EIZ TLRI A Z DOFBFHICIRS BE- L T2 & B Z TV D Y Miflgshind “ABEH DNA AT B Y — A4
PIZELD IAE D &, /BIEIK (endoplasmic reticulum: ER) 725 TLRY 28— K Y — AJRFmEIZHE R S 4L
% (Figure 18), TLRY |Z, = RY — Al TT utv v Va5 -1, Akt AR DNA OIE A F 11k
CpG A% 23853 5, TLRY @ > 7 F /LR Tld, myeloid differentiation marker 8 (MyD8) % Hilx& LT,
IL-1 receptor associated kinase 1 (IRK1), IRAK4, TNF receptor-associated factor 6 (TRAF6) 5 & O IRF-7 73
BEOLHBEEGEREZIEM L, THROY 7 ZFNMeZaE T 58 EA 6 TS, L7ea3> T TLRY 1%
[ IFNs Z %8817 % IRF-7 £21% & RIEMEY A N1 A 70 E OFRBLZFHE 3 5 NF- kB (nuclear factor-kappa
B) #EED oD A & HITTEMAL L, AR ERGEISEDSI TR LR D,

Frim Calk~_ 7z & 912, B RGEISE ORRIEAITE K4 2 RIVE N FE 8L 2 a0 (2 [B18E9 2 2 (T RZ I 1R 41
PRFEDO R E 2B TH 5, iRed I3 sShRNA HHL 7T A X RO R/ME L 4-F ALREH OB AT L D Sy

TLR9 dependent | TLR9 independent

Plasma

1
Membrane :
Endosome |
) CpG DNA :
o o |
‘ " 1
) TLR9 \“W cleavage | |
—1 l
— _ o

/|
PP .
Plasma “ / /\w: I

v « v v
AP-1 NF-kB pro-inflammatory .
mlm-a JM cytokines 1RF3 )JO0 \IFN-y

Figure 18 #I3k1: DNA 12 K 5 H SR G0I% 1025 BipkA

Nucleus
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51 3
iRed 0 B AR50 125 [B1kERE OO REA

JFPEDIR T AR LT+ Ch D, £ 2 TAHEITIL, iRed DEEIC KV FFEIN L RIEWT A M A~
ROWCIHMA U F—T 2m 72 8O HRBEISEC O TRHM 21772 > 72,

dC H D WL THREEN 4-F A X7 LA F FIZEH S 1172 shGL2 3 8L iRed % PEG B F A= 7
A7 Vw7 AT L, BALB/c mouse ([ H-7 25 2 & C, ARGEISEFEEZFMLT-, £7. EkL
VART Vw7 2AOWEFHINMEE % [F'E 8O shRNA %8177 2 I K72 5 ONZ natural device @ & @ & Lk
L&A, BE—FEBA2 O CITHRLFARITIIRERIBVR RV & 23R S iz (Table 3),

Samples  Particle syze (hnm)  Zeta potential (mV)

pDNA 235.3 +£6.6 18.9 £0.3
Natural device  339.1 +27.4 35.1 +0.3
ST iRed 313.0+11.2 38.1 £ 0.6
dSC iRed 3225+45 37.7+04

Table 3 PEG {&ffi U AR 7" L v 7 2 O W BRIV Rl

Z Db D% BALB/c mouse ([ZBFFIRNEE G- L, 4 FFRIZOIMIGH DO 18 A > % —7 = v (INF-o)
K ORIEMEY A A & (IL-6, INF-y, TNF-a) % #FAili L 7= (Figure 19), £3°. 77 A X N-PEG &fifi &
FA=y 7 VRT Ly 7 R LG, WTNOFIIZB W T S22 B RGEISE DN H R S i,
—J7. FV A XD/ IMED I % fi L 7= natural device—PEG it F A= 7 VAKRT L v 7 ATliL, 7
TAI R L CHEROWIINMEL Sz, Table 4 (24 DNA (2B 50 FEOLEZ R LT,
Natural device |X shRNA ¥ H 77 A I LWL CTHFEN KRBT L TWAICHLEL LT, FiC
INF-0.0 PEAE TR E % Fo /3 IZBIEHI S TV 2Ry, 37 HELSI O fi/IME O A Tk A ARG IZ IR 5 % 52 42121
[EEEH SR 72N 2 E R B & e o T,

Samples Molecular size Nucleotide length
pDNA 2006041.7 6503
Natural device 112200.2 362
ST iRed 115607.0 362
dSC iRed 114096.5 362

Table 4 4% DNA H > 7L BT b0 F Rk

ZUCx LT 4-F A% 8 A L7z iRed TiE, BHiFERICELLT 1A ¥ —Txn B L
ORIEMEY A M A VIEE 2 2<HEE T, £ O MG REITHELER (non-treatment) & [F/% T > 7=,

"ORHRER 1 EH 1 IICE CHER L7 pGL2 ) iRed (Figure 8) IZF L,
¥ Hashimoto 35 & O Ishida 513, S0 U2 A L7229y -PEG EHi U F A4 = v 7 VRT Ly 7 ZDLEENE LM, 1 PEG §it
KPEEADB| XL/ D 2 L A5 LT g 3192,
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R 3
iRed O H 2RSS [A1RERE O FFAMh

a 7000 b o0
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g g
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“ ; *
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Figure 19 HAGI% AT EREDOFEM Levels of (a) TNF-a, (b) IL-6, (c) INF-y, and (d) INF-a induced by PEGylated
lipoplexes each containing 20 ug of the pDNA, natural device, ST iRed, or dSC iRed. Each sample was designed to transcribe a
shRNA targeting pGL2 Fluc. Four hours after intravenous injection, the serum level of each molecular was determined using an
enzyme-linked immunosorbent assay. Error bars indicate the standard deviations of three independent experiments. The p-values
indicate the statistical difference between the mice treated with pDNA and the mice treated with natural device, ST iRed or dSC
iRed. *p < 0.05, **p <0.01, *¥*p <0.001. (5[ ik 36 & v tizd)

ZORERIT. A A ADOEBE 4-F AP EROBEADBHREN D THDLEER DD,
Z < #iT, Ohto 35 X O Shimizu &%, TLRY (2 L % CpG DNA OFEBHAME 2 X St S s Mamic L v 8
EMELES, #ooRBFEICEDE, CpG ETF — 7 OFBFITEB W CTHILE & O AEEHOMIZ, Vv
i E8 28 TLRO @ Lys51 (K51), Arg74 (R74). His76 (H76), His77 (H77)& & EMAMERZHK L T 5D =

C10

““LRRNT "

Figure 20 CpG DNA & TLR9 O #H A {EF#E=C
(51 FSCHR 53 & 0 #5ifk)
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H1E 3l
iRed O B SRGIE )G E BIRERE O FFAM
EMH BN E Z T (Figure 20), X7 L AT NP & TLR9 OEEAIZFEAERIZZENIZERE <2
HLOD, ANRFFR T EMER FICERT D LIV AECT-ar 7+ A—v a3 V2L (Figure 21)* 3
U Vg & TLRY O E/ER~EEZ 5 2, BARGEILEOREEZRREL-EEZ 25,

4'-QRef.54 4'-SRef.54

+0.41 A° Bond lengths (A) and angles (deg)
/\ c1-c2' 1.52 1.568
. . Cc2-C3' 1.52 1.51
C1'-04'=1.43 A C1'-S4'=1.84 A C3-C4' 1.53 1.55

C1-02 1.43 1.84

S
< ° 7 :> < 7 C4'-02 1.46 1.83
C1'-C2-C3' 102.7 106.2

C4-0-C1'=110.1° C4'-S—C1'=94.0° C2C3-C4 1021 106.6
C3'-C4'-02 104.4 105.4

\_/ C4'-O-Ct'a 110.1 94.0

0O-C1'-C22a 106.5 105.9

-16.1°

20 represents S4'

Figure 21 4 (i AL AEM DB NI LD DO a7 + A —2 9 VL

TCICHEH AL, EREFHEMA L U TP AR SN 4-F 4 DNA [T R DNA &38R 0 A Bk
DO AREEEE LD 2 EEHE LTS (Figure 22)"%, iRed XL AHERGAL D 4-F 4 DNA I L Y
MR ENDZ 00T LE ARERO “KREMEL 2T 25 LIIRE20V Z20 CD A7 FVHIEL
natural device D H D L Lbig L7z & Z A, lFH ORMITII T SO EIREEEZEALNE LT TND Z DRI X
U7 (Figure 23)",

O KD RETEEZEACIZHE SN T 4-F 4 DNA 23HLIZ TLR9 OB A KALT= D, HDHWET 4
T= A MR AN DI ARATH 205, 4-MRRFRIF A O JE - ~DEHRIL, ~ 7 v 7251 ilik &
e O A @mIREEZ O D DNA (SRR 2 BARGEINE Z BT 2 Fik e LTl THD
ThdI BRI,

A-form B-form 4’-thioDNA
’ 5’
3 3
5/
A\
3 Y 3
\ 3’
5/

Figure 22 NMR f#HT1Z 50 < SE ET 4°-F 74 DNA O 1 6O H AM &
(Bl FASCHK 42 & 0 #x#)

T O CD AN MUVEIEL ZE b ay FURhRER LN, bEABEOEERTET D Z LIIRETH -7,
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R 3
iRed O F SRG0 P2 L2 [R1ERE O FFAll

30
25 ==== Natsural device »
J— - n
dSC iRed [
2 h
T [
S 15 [
£ [
T 10 ? 1
o II \
g 5 H '\‘
o 200 220 240 260 280 | 300/ 320 340
2 5
Z-10
-15
20
25

Figure 23 dSC iRed $ & U natural device @ CD A-<XZ /L The solution containing samples (1.5 uM each) in a buffer of 10 mM
Na cacodylate (pH 7.0) containing 100 mM NaCl was prepared, and the sample spectra were subtracted from the buffer spectrum.
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o
552 BRI iRed DB FEAIFSE

2 2 HARERIRAY iRed D BHIEIIZE

B 1 T, BETMEMRELRE 4-F 4 DNA 2RI U728l shRNA 5817 /31 R iRed D BAFEAF4EIC
DN Tal 7z,

iRed I%, shRNA %El7 7 2 I KD 9 H shRNA FBLUZ i/ MEO K (U6 7' 7 & — % —+shRNA 22—
REElR) 277 L— k& L., dSNTP # &% PCRIC L VL& N5, dSNTP W T oIz T
H DNA RU AT —BORIZIEE L 720 | ANTP (KA &bk U Tl 7e W3 TxHiE 95 iRed %
b 27, £ 547 iRed % HeLa fila~E A L7= & Z A, shRNA OFEAZ I L7 BlFIFE R 7¢ RNAI
RN I NIz, £, invitro lITBW T b BWIEPEZE 7R L7z dSC iRed (221 C MPM mouse model

BT 5 invivo B RGN EREZFMA L7 Z A, FEENLEOEK shRNA BFEE A EHREZRE
2o TeDITx L, dSC iRed (X MERNES FHIHNEMEZ R L7z, S B2, iRed 1TASN D “fe/Mb”
& W-TFAETHERT DEBEAIZ LY . mouse BFFIRNE GRFIZIH N TH R HARGEISEZTHE LRV
ZEPHIBMNE R ST,

PLED X 912.4-F 4 DNA IZ L D HERK X3 D iRed 135y 1 DIEFE 72 & N AR R BLMHNZ LZH D
£ THDDNARY AT —EBIURNA R U A7 —BIZITKIARE DNA ZAfifk & LGRS N D12
b o3, RO &L 75 TLRY OFRFEIZH W TIES KM DNA 771 & LTRSS zn

“intelligent” 72MEE A AT 5, L2 LIKIR, iRed 1T AEHD DNA 73 7128 X9, DNA 73 7D EF /255
fREFRCTHLTX Y X7 LT —BIC KD AR RIS O fRICK LTtz A/ LT
HETEVER, FZTH2ETIE, L OMEOMR LN 2 5 Eigieba BrY & L7258 2 i
RERTY iRed DBAFMFIEIZ OV TR D,
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B2 B2
TNV Uy IR 3 3% H O N TH IS ImNY:NaO®) DBissIF5E

% 1ET H 2 HAY iRed DA SRS

FATIR AT XD ITAR K 0 B SAE NG 71, AR RN BICFEET 2 X7 LT —BIT &
VISR EZ T D, LTIER - T, By T OEERBE IS W T, AERNZEEOF 5235 T
BELBRFFRE CTH D, 4-F 4 DNA DX 57X 7 LAF K LUL TOALRER O ZE AT 72 iRk 5k
D1OTHDHN, TOMIZ, B3 FREDOESRBELEHIZEIY X7 L7 —BIEGUEE2 5T 2R A0 m 5
nTunp 30

DNA 5 & FIA LI2BEBRAIEFIED 1 D TH LT A EITBN T, ZORIFI O 1 D5 ZAEH
DNA OERIETH D, A DNA O RIFEZZEGET 22 LTIV ELRL X ~L (UARY) # DNA
(Figure 24) I WAV Z EME % /R T2 T/ <, DNA O TEHERNRHEHETH LI XY X7 LT —FI(Z
XL CHRD TRWIMEEZ B T2 ¥, 20X AT a4 5113 invivo IZEBWTHmWERMMEE ~T 2
EMHIBLNE INTEY EGK 1 NFkB 2 & LI X SV a4 ) G2FH LT be—
RIERIGHRILOBRFE MR HED S TN DT,

T T ’ TT

T ACA CAATA
T T T
ligation

T T
TGT%%'!. !iqq ! %é !E ! QSQGTTAT
T ACA CAATA

TT T T

Figure 24 %~ VB D& Depicts the structure and sequence of the oligonucleotides.
The position of the nickbeing indicated by 5°P. (5 3Tk 55 & 0 2 - 5#K)

— RN L ANV T AT T oA TX T VAF Fnb T4 A4 5 — A& W74 57—
g NCRVEEEND, L, 2OHECIVELNET a4 0F1E V=T EHolR—KEHEETH
H7DICEy R 7 L7 —RITHT 20 a% T TLE I, £ T L VARALER DNA DA RIS
[T CL ABFRITFIEIC &0 ZARSRE O BRIRIL 21772 5 BB ST 5 80

Z ®O—f5] & LT Nakane &3 Figure 25 (27”7 K 972 2 DO T 558K %Z T DNA ZAREH O [l R i
W7V RIEET VX &AL, copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction (Z & ¥ R
Ui e BR S T2 4 L~V DNA O G RE A LTe ¥, AFETER SIS b Y 7 — VB IX0R[E 72 4
BTHY ., BEISHERLHIZEITT 22 ERHLMNE SN TS, o, EORBRENFIEICLIVED

CERER 0GR DR E OIS A AT D AEDNA ZBED (= TaA4) ELTHWAZ EICLY, oA EIRET
DIERAISRTIED 1o,
T 7Y A2 MG LY 201545 3 A X0 ENE “MEKRBRAG SN TS, BAYOEEMEBRERRLE L TiFsn
W5,
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W2 E2H
TNV Uy IR 3 3 % H O NTH IS ImNY:NaO®) DBissiF5E

Cu(l)

Cu(ly

dsODN

Figure 25 CuAAC SUSIZHED < & ~L 8 DNA O & RiE
(SIHISCHK 58 X 0 &)

o H VI DNA L3RR ) —RSEE i/ MEHR D Z e bk Y/ RX 7 L7 —EB DM )5
(ZEWWIEZ A L7251 OREERTRE L 72 5,

Z 2 CTEAE T iRed Dl AGGHZ CUAACKISIZ KV AR E T 52 L Ty RX 7 L7 —BITxd
LEGUMEEZ O D L & BT, THERYS ) AFEAN ZEREHR D O TIERWNEE T2, L L iRed 1T
PCRICE W IESE SN D31 TH D72, Nakane H DLZEERIC & 5 & 2 ~ULBI DNA @ L 9 I24EE DAL
BTSRRI R OIS ERERE (7Y REL T VX)) OBEAZITRS Z XN THDL, T x FEH
T 57O, Figure26 12, U NV =27 U w 7SR # 3 & H O N THEIES AR L7282 AR
R iRed OOHEEEHEME 2 51l L 72,

ThbbET, PCRICHNWDI T 74 ~—L LT SERMIIT Y REEZAETHANTHES (22 TiE
X) ZEALTELOEZHW, ST 5Y =V VK AYTP) IC=F =V EZEAT L, ZhbDREA

Nj. RNAi -Ready pSIREN-Retro Q (6.4 kb)
5'-d (Xttctctaggcgecggaattgaagatctggge) -3

U6 promoter shRNA

3'-d (cgcattcaaaaaacttaagatggcccatcccX)\—S !
4 Ng
PCR | INTP+dYTP
N3, ///
5'-d (Xttctctaggcgccggaattgaagatcet ttttgaattctacc ta Y)-3"
. ( ggcgcegyg gaag U6 promoter shRNA 9 gggtaggg¥) X
3'-d(Yaagagatccgecggecttaacttctaga aaaacttaagatggcccatcch)\—5
7 Na
Crick chemistryi
N N\Xttctctaggcgccggaattgaagatct ttttgaattctaccgggtaggg¥ Z/ N
N/ Yaagagatccgcggecttaacttctaga U6 promoter shRNA aaaacttaagatggcccatcccX—N

Figure 26 5 2 AR iRed DL

C R TCIRAR X D ISR DORBE T EARY X —DOEIRIEHIZEB VT, A L2 DNA 25 T OY R ~DI Y SARIZ L 5 s T
ZERNMER SN TS, iRed DERILIZEY ., ¥/ LADNA EDTF—H—3 9 VEEE 725 ZARBIRIENRE SN D =0,
TR ) AEABIHEI S D RSN,
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Japse ETSY

2w 2
U~ =2y 2 TR 5 3 F B o N L EES ImNY:NaO®) DOBHIENFIE
FAWTPCR 217729 &, =ZF =V EKEFTHAYTP X7 7 A ~— LD X OFAALE I FFRAIZHLY A
ENDHEEZALND, ZHUTLY . iRed D AW RGNS RN SUSHEFRIE 2B AT 5 Z L 2 ol
D, FWNT, TORINERFRILZ B D & LT CuAAC IC L VB EZ1T70 5 2 & T, &/Me7e
HNIERRIBIZ XY @IS ZE b S5 2 BRI iRed ZAIBLHIKR D &5 2 T,
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W2 E2H
TNV Uy IR 3 3 % H O NTH IS ImNY:NaO®) DBissiF5E

Wi URNY =2 )y 2SR 3K H O AN TS ImNY:NaO®) o BRIHF5E

ARFEE 1B CIIATEAGZ 087000 & L7258 2 HABRIRTY iRed DREEERIS I DWW TR 72, K
BT, TNEZERTAHEDICEERBMOMATLTY Y- v 7EERNIE 6 3B H o N T
% (ImNM:NaO®) DRI OV TR 5D,

DNA —HE LB AUBEEICBW TEBIEETIZIA (T T =) T(FIV) BIOGI T =) : C (v
o) XRTPMWB75 T Y -7 Uy 7R Z R RAIZER L T 5 (Figure 27a), ZDY kY 2~
7V 7RG OREE LT, 1) B OKZR-E L 2) TROFHMMEO — > ond, 7742
bbb, AT HIENT A DKE/KED RS —, 7278 F%— (DA), THNT 78 F%—, FF— (AD) ®
MAEDENGR D ZARDKFERE ., £72 G:CHEIEXF T G 23 ADD. C 28 DAA DA GLENLR D =
AKOKFEREAICI D RTZERL TS, AT & GCHIENTIIAZHEADO RF— D) T 787 —
(A) DIVRHER->TEY, ZNHOMAEDLEEZANER D Z LITHRR W, Eo, BEAMILT R
TN YV (Pu) L/hSVWEY IV UER (Py) OMAGDLENLRY | ZHUERT 2T 5t
EH Lo oMM L MEEN TV 5 (Figure 27b),

D KD IRIKFREG DIMAE D L TEOMAPEIZ IS < R e S TE I KXY DNA X B Ao
“HEOEAME MR U, E RS O IEME IR RAT SARER FIRE L 72D, PCRIERE S Z D XL 5 el
AR ORRMEZ EARFIE LTBY, "M AT 7 /ay—0 ETHLRERBERLFFO,

T, DNA IZ N TSGR L7 B 7z 7t ekt 2 fl A te 2 & CRABRE B OIRIEEZ TV, Zha N
AFT 7 7= LE D ETHRAN SN TND P9,

A D /
N (oX ‘H=N
~ D A 7
/N 1 N—=H:m N \>
% N p o >‘N\
/N—H ‘‘‘‘‘‘‘‘ [0} ~
H
G:C
10.7-11.0 A

DNA duplex (B-form)
Figure 27 Watoson—-Crick ¥i 3%l (a) KFREAE (b) EoFEHINE

FO Ry )y SIS 1O N TR 2 AT Z & AN HSRAVE, FIH T E DR IEIT 6 FEEIC R B0, EinhE
FIIHAED 4264 Hy) 25 6’ 218 F) £ THRESN D,
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B2 B2
U N =7 Uy 7 HSHIHES B 3 3 B O N THIER (ImNY:NaO®) D BSEHFZE

Benner 5D 7L — 713 I OKFRGICEHDL 70 b Fh—eFm b7 727 S —0f
HEDER AT BLV GCHEMDONRY = LSMI ORI TH D Z LIZER L, flix O NTHEHE
K OFREE « AR EZAT o T D (Figure 28)%, il 21X, % 6 23E Y H L 7= isoG:isoC HE %t (Figure 28a) (%
GO2MDT I/ HEE 6 LDy NEEANKEZT 150G & CO2MDT MEE 4D T R Ha A
Z 72 isoC 725721 . DDA:AAD LD = ADKFE G OMAEDEIC LY FENF 2RSS P 20
isoG:isoC i xHI KIGE O T DNA R U A Z —8 T % Klenow fragment (exo-) (KF)IZ L > CTHAMHE L
E LTk SAL, DNASHICED IAEND Z EBRWALNERSTND *, I HITH LI, KBGO
NE2 D Xt Fxt (ADA:DAD) (Figure 28b)7 <° P:Z ¥iJixkl (AAD:DDA) (Figure 28¢)® (22T H 5T
R LT X IExH T 7 A /L A H D HIV-1 reverse transcriptase (Z, P:Z ¥i &%) |3 Deep Vent (exo")
RIAT =B Lo TENENMMEEE LTV IAEN HBENEZ L2 Z L 2WMELTWD, £,
2O LT SNTHHANTEESZ AL AT 7 ) ao—0HMMIFHT 2 A b ThitTnd, filx
(¥ Bain 5%, SEICZT T isoGiisoC HiAX 2R L, BBREND X X7 HEHGRICE W T, ERANH
T G-I RFrvy) BEALZENRTF FEHEGHKT D Z LITRIAILTND 9, o I< K
I, ATXTEBIPGC T N6 U NV 7 Uy 7RIS Pz 5%t % I 2 72 six-letters synthetic
genetic system* % FIJ ] L 7= cell SELEX 7£%Z & ¥ | HepG2 liver cancer cell (27 % @i{E1H:72 DNA 7 7 % <
—HBETHZ LI LTS (Figure 29)°, 1% 5 @ cell SELEX (ZHBWT, PHHWI Z EELE
F22V (WCHEREXHNZ X > TOHMERE4LD) DNA 7 7%~ — T+ G B2 B L o722
&b six-letters synthetic genetic system (2550 < G AR L DNA 7 7' % ~ — OBIGIZAFNTE 72
= A

a
\ H H
D N—H o 0 A Ay Quem N D A __ O D
D /N \ N=H N\ A D N‘Z/_(N_H ........... N/ \ A A N“(\ N H-N D
/ / /
%N >—N\ %Y N >={ % N
A Qi H-N ~D A Qi H-N Y D D N-Hun o A
H W H
isoG:isoC X:x P:z

Figure 28 Benner & ® 7' /L — 72 & 5 N LY 56 o B WF5E

—7. Kool &% DNA OMBLBFLIZ 513 2 F BRI A 1 = X MEYI % A L LC, M
HERFIN K FRE B 2 TEAR L7 B D A THIERH SV T 217> T 7,

IR DK FEREA E EAR L IET T, B L2 =8 @Y OKFEHE DM DR EEOEIEG T A T TV — ALk
Do
TCh Tag WY A7 —ER Vent(exo) RU AT —BREHEL ORI AT —BIZL > THAERE LGRS D,
f Benner 5DV /V—13 T Y =7 Uy ZEIFNT P2 IR AN 272 6 iR (A, T,G,C,Pand Z) 2O A& SN D N L&
W5y AT AEfRELTWND,
§ SELEX #:° & 13EEDS LIS AT ORI T 74 ~—% RWET o0 FE, RREN TR LM EZRE T %
2 EDRRERE NIRINYE (invitro selection) & ©F D, T U X LRGN EFFORIET A 77 U —ITx L THER & OBFECIG U
L7 va s EER L%, PCRIEICKDHEIEEZITRV, MEREOENL ORI ERE LRI T A 77 ) —%24%5, 2
NEBOVIRTZ ETEONERLRIEETIRRESNZRET DI ENTE D, R, FFEOMIBEZZEN E LTET D
SELEX %% cell SELEX % & FE5S,
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Japse

W2 E2H
TRV o=y 7RI 3 BFH O N TS (ImNY:NaO®) @ BAFsHIZ:

T \'U’i .\Aﬁ Trgt:ell ' i{f‘;}w\
A N . - o e DA
G ;’i;‘:}% ::I‘)-I::leill’:éarv {
T ——
€ T gynthesize sicletter “}Eﬁ g DNA ell complex
P‘ ssDNA library 5 }5"’ ) ﬁw
i B0, acels e
£ Sixletter PCR {7 cel I LIVE Extract bound DNA
\0
LR
Perform sclttr dég\:;{ ¥y Sunivo

. ..

. TGCPAZZGTC...
Scre characterize p sitive , m
pot u tial aptamers. deep sequencing (:

Negative selection -
&2’3@ Counter cells

Figure 29 Six-letters synthetic genetic system |Z & % cell SELEX V% (51 3Lk 70 X 0 #i5i#H)

Remove negatively (. s @
bound DNA & p(’d!;{gd/

WZﬁ\ﬁ%ﬁ%%bkZfﬁ%“%Qfﬁ%ﬁ”mAT%E%@%%@MLK%@T&éﬁ\m
FREAMEOEHILS R DR B0 FR)iL T2 (Figure 30), 7 51X 2405 O N THEHK 2 AGA AT
RIZBWT, DNA KUY AT —PICXHEUIS 2T LTS, ZORR, Z & FITAEWITHEAMEE
ELTRBSNDZEDBH LN E o7z, 61T, 707 LV—FDNA O ZITHLTTN, 77
— RFDNA EOFIZK L TADRRVIAENSD Z EZ2WMELTWD, T720bb, ZF HEHET AT Ikt
EHMBEMEN DV | HEIERI IR FR-EEE R LW AN TIEE T HHEMERLE LTIRVIAEND Z L2
binkilpol, ZOZ LI DNARY AT —BNKERHE LR < &S OFMIETS T TH AT

BT HTLTEY ., AR RESICBONTCEZEORX VAR LEX D,
H
a /N HHH F b r/N HHH . (/N \N_H IIIIIIIIII .
»,{E Q AN 7\ Q A [ H_N:__\g
- = N
F @ o\ @N o
AT

Figure 30 Kool & O 7 /L — 712 £ 2 N TR O PIFAFZE

T, KB 1 EHEIH THLIBAZ L ST, Kool 5D 7 /V—T7 13 HiT, xAT HHXF° A:xT ¥ Fxt
ERRIEIN B RIRME I & W CKERE AR A AT 25 23 BEES 1AL O BEEEDS KRBT LT IR TR & <
725 KO I BRPKBRAE FERT B L. 2 O ARSI RRECH O RE M 7 E OPEBIZ DWW TR 21T > TV
% (Figure 31)*77°, £72Z 095, xATHEXCE L CKFIC X2 EBRSDHmF SN TEBY, 77
L—hFEDOTIZHLTXAN, 707 —bFEDO XA IZK LT THAMEMERLE LTHRVAENLZ L%
WEL TS, LNLZEORYIAZDRITWVTNOLE D TR, ZOHEBIT XA & TIZL->TE
i S AL D ST OFEL UM OBEBEN LR T 5 Z LI L0 FBOMAINEDN AT HHxE & 1Tk & < &t

TSR BIEDNARY AT —BICLVIRVIAENDIEEFIZY VERIATH D720 dATP R TTP & KL T RETH DL, K
SCCIREIBAE L CARTD % 7T,
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O ]
TRV =2 Uy 7T 3R B O AT (ImNY:NaO®%) o BAFsF42

N 24A H H H

7 = N =H 0o N N =H o 0o N N =H e o

N s s
4 720 N H-N \; N 720 N H—N N 720 N H—N \;

N=/ N W N JNH N N
0 )& é 0 é 0
| xA:T | | A:xT | | AT |
alonger C1'-C1' distance alonger C1'-C1' distance 10.7-11.0 A

Figure 31 Kool & ®D 7' )L — 7|2 X - TR S N2 BRILER A T Hi

T 52 LICERT D L LI TV D

Kool & 23BH%E L 7o BUKME D N THE %} 2 58 & S, Romesberg & 13, Mk RIIC KB RE S &2 R 77,
SHITY AR IVUBRENG R DTEOMMAMEI S b R E it U 7c N LHE 2 #E#Er12
100 FEFALL EE%EH L, DNA AU 2 7 —BIZ X 2 EKISIT DWW TR A 1T > T % (Figure 32)77°, #i
AT 513 5SICS:NaM i FLRFIZ DWW THRET 21TV o N TH S 25 20 DNA RS, AT gt
ZEOHLOLD BBIIZZETHY ., S HICKFEZHAWCERKISIZE W CTHMAMICIRVIAENRS Z &
EWRE LT, E6i22 . ZOBEEXIEER L 2N AT BB SIRAE A AR L, K&
REHEEDT Y,

a\\ // b c O
N N N N
“{ 0 0 w/ s -0 » “/ s

—0 »
PICS : PICS 5SICS : NMO2 5SICS : NaM
Figure 32 Romesnberg © D 7 /L — 712 K 5 N THE I 5D BAFE SR

—J5, Hirao & ® 7 )L —"7" 1% Benner & & [Al#RIC DNA R Y A 7 —BIZ L5 ERZIT T <, RNA R
UAT—=BIZL DG, SHITZ NI E~ORENI B FINV R ~D—HO T nt A2
THERET 2 N TR OBIR 217> TV 5 &, 5 O IT, TO@MEZ2ED 5720, VikEED
BESZE D ANLTWDRICRERH 5, T7obb, #00% L sty HEExE ¥ 36 KO Ds:Pa HaExf ¥
REE, VXTI VFAVRTIRIOA Ty = =TI S EHVEREEZEAL, U IVUT
FTRITOAT =T N —T O IXEREEZERT 5 2 LI X0 R B2 ES L T\ % (Figure 33), 2
DE I LTSNz siy TEIHET, KFICK VFEMERE LTIRVIAEND Z En@ESNTWD
L LEIRFIZ s 1T 5 CR T OBV AA, yIlZxtT 2D A DIV IAHZDBHEE L, ORI A+ T
Hol ¥, T THELIL, EOICERMEZR LTS, B OKEFBAEMEOBEBRILCF T4 58
ANZHLY BRO 2 BUKYED N THEHS Ds:Pa o 2% L. DNA R U A 7 —BIZ X D2 BHEEUSIZ SN T
WFFEAHED TS, Z 0 DsiPa o3, HAXHICKER G 2R 220 E W) 21 T, @ED7
JUBREVBRES R DSIZK LT, PaZz Y IV UVRID/NIVS BREMESE 52 & TRHED

T ORRIIEZ MR 2 K O ICRE S TR D | EERIC sty HEF A~ TR E L, PCRIZE -
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B2 52
U rY =2 Uy 2 SR 5 3 F B o N LS ImNY:NaO®%) DOBHIENFIE

THEAA 7 NVOBEENARE TH D Z ENMEINTND 2 b D7 NV —71%, Ds:Pa HiRxS
& BICHE ST DsiPx Bkt e O ONT Px HiEE E~Flix OFBIELZEA LT e 2/ L, R
SR WC MG Lkt & B 72 R EB L OSEIRPEIC T 100 1 7 LD PCR #4795 Z LTI LT 5 8, &
512, Ds:dioll-Px ¥iJxf % & ¢e PCR % FJH L 72 SELEX {412 L 0 45 X iu7= VEGF 121 DNA 7 7' % ~
—I%, BLFIFIC 2-3 D Ds N E ENTWDHETICH b 53 KR & bl LT 100 {FLL L@
BRREEET L 2 EBRHE SN TN D Y,

N Px:R=H OH

v diol1-Px: R E_Q_
OH

Ds:Pa Ds:Px*

Figure 33 Hirao 5 0O 7' )V — 712 1 5 N TR OB AFSE

LIZAT, ZZETHRRTELANLERAGICET 287806, DNA KU A7 —BIC X 5 HERW
ITIRIERI DG OFAHPEZ 72 LTV D Z E B ThH D RRISHEH 107 o BEEEAS R ARBUH S 12 b
RTRELIDTHENR T DEHE, ZODRIEIREBEFTDEND 2NN D, o, HREHOK
FREEITBOUKMER AERIC X - TRABERD 23, KERFHEGET DD DI TRV IABDEMET TS
fEHzd 5,

—7J7. YHFJEE D Minakawa HIE, RS REE DL ENME AR E L TARDKEFEIZ L - TH
FERITE RS ATRE 720 N LHEEL k£ F— 7 OB JE 417 > TV % (Figure 34)*Y, Kojima &, Hikishima &
FonhETic, 7V UVEREOFEFREFLESEZZBRBEOX 7 LAV KT/ Thar A Ix Y
[5°4,:458) FR3AIEY IV X7 LAY R (Im X7 LAY F;Figure 34a) & vV IV UERROTH
REPRSETE_RBEDOX 7 VAT RT a7 Thon 18-FT7F VP C-X7 VAT R (Na X7 LA
2 R, Figure 34b) 72672 5 N LA 25851 - Gk L. 26 2L FRICHEA L7 DNA U F~—Dif
FERTERBEIZ OV TCRMEEZIT 72, 2D Im X7 LAY RE Na X7 LAY Rid, 2 1F ImN° 23 DADA
. NaON 73 ADAD BUD WA D KFEFE G Lo THAMIC T 2T 2 & B2 525 (ImN%NaO 1
Fxt), BRI ImON:NaN® Hi %t & DADA:ADAD DFAGOEN B 5 WARDKBFREEIZE YV XT 2%
T 5 EFEZ HILDH (Figure 34c), F72, ImNa HEEIHIRKZWERE/NSWVERNXXT 2T 5 VI
DOFEME B2 LT D SRS, & 5122 0 Im:Na HEE XKD KEHA EZTHRT 5 E 0572

O ZIE A THEEE ORI 23 93%HLEE T db B A 20 [Hl O BBLC X 0 B HINE 372 DNA HUCIEA THIHEA 0.93% x 100
=2343% LovEG R\, —J7, BIRED O8%FLE TH DA, 20 [AI DB G O BAKE EEH 21X 66.8% D N THEEE DN (7
HEEZOLND, ZTOXEIITPCRIZEBWTCIIEDDE WP F I M I N DD, L0 EVRIRENER SN S,
FTEBRMAIZYEY R IFZYEY R I VX LAY RIEET MMm), ZBYEF 7TV P 0-C-X 7 LAY i INaJ
LERFTEL, FERLEOBEBRILIC I > TEBIT 5, Fil 21X, Figure 34c ZZNIRT T X 7 B3 B, A AR=VERTFRICH 51k
H¥1% ImNC, Figure 34c ZEMNE R TG0 NaON & E£FLT 5,
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F2E 2
U~ =2y 2 TR 5 3 F B o N L EES ImNY:NaO®) DOBHIENFIE
FTRLS, HERDIEDVICEDAZ v % THROHERIZT L > T DNA KRG 2 B2 2 E i
kdrEEZOND, EBICZNBEZDNA LAY I~v—0 X, Y DALEIZE AL, DNA " AREDO R E
PEZ Tm i (S0%FRMREE) \Z X VEHE L7z & 2 A AT RS AY G:C iExt, 372 HKFERG 0N
CANG ERIZHEZ DI LI Ko TEDEMN 1.3°C EFH L7ZDIZ%f L, Im:Na HiHxF 238 A L7254 T
(X 7°CLLEZDEN EFTHZ ERH LN E ST (Table 5)Y,

NH,
a NH, o b
N N | N
=N NH
¢ | P < Z > NH
HO N NH HO N N N
o « N o o L HO Ho— o
N0 N~ NH,
HO HO HO HO
ImN© ImON NaON NaN©
Cc
H, A A bpH
=HwwwO N Qe H-N
=~ =
N— \Nﬁ ....... H?N A\ N— NEH ...... A 7\
W ON=(p A WON( A b )=
T N YL N H-N
\_<N H \ / \_/<N /
N A p NSp A
OumnH-N  \sS N=H:wm0
H H
ImON:NaN© ImNO:NaON

Figure 34 BRILETX 7 LA RO (@) Im X7 LA T R, (b)Na X7 LAY RE LD (¢) Im:Na H JLkt

X Y T,(C) AT,(C)
ImN© NaON 56.1 +7.5
5'-GCACCGAAXAAACCACG-3" 'Im"?l:l' ma(’\)‘g gg'g +’;Z'2
v e m a . .
3'-CGTGGCTTYTTTGGTGC-5 . : 401 3
A T 47.8 —

Buffer : 1 mM NaCl, 10 mM sodium cacodylate (pH 7.0)
Table 5 Im:Na Y S5 0 “ARSRIARR L (T, 1)

S 5 IZHUT Ogata BT, Z OBRYLEREEEEXT D DNA R Y 2 T —F |2 L D5 ERGIZ OV TORG
Z4T-> T % (Figure 35)%%,

ZORER, 77— b DNA LI ImN® 28 A L7263, RARBEATHD AL G, C. THE X
ONImNC HEH O LY GAAITEE Z 53 (Figure 35b; lanes 2-6), & OFH#HE I TH 5 NaON D HLY IAF D 13
B STz (Figure 35b;lane 7), — /. 77 L — Kk DNA EIZNaOYZEA L5 E5ICBWTH, 2D
MR I CTdH D ImNC OEIRA 72 BV A R D3ELEL X 3L7- (Figure 35b; lane 12), ImO™:NaN® 3Lt D54
WCBWTHRBEORERERNEGE LI TE Y (Figures 35¢), Im:Na HEFER N UARDKEREEGIZ K - TET15H)
ICREIRT 2T 5 Z L1 DNA A Y A7 —BIC L5 EHBICB O THANCE < Z LR Eh
Iz L2L, WTFROHBEHIIBNTHET 7= EONalZH L TRARDADI A a—KRLb—v
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W2 2
TNV Uy IR 3 3 % H O NTH IS ImNY:NaO®) DBissiF5E

a

dyTP

Primer : 5'-FITC-GTTCTGGATGGTCAGCGCAC /

Template : 3'-CAAGACCTACCAGTCGCGTG- X-GAACGGGTG-5'
b X =ImN°® X = NaON

dYTP A G C TImN°NaON A G C T ImN® NaON

21 mer- p— -

Nmer- D @ D DD ED - -

lane 1 2 3 4 5 6 7 8 9 10 11 12 13
c

X =ImoN X = NaN® X=dA

dYTP A G C TmOVHNan® A G € TImONwan® C T
21 mer- - =
ZOME N - e L e
lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 35 4 ROKFEFBEAITE O XT 2T HEBRIBER A TH LS OBERZER () 7o 7 L— =T T4 ~—
BAROES; (b) ImNO:NaON HE Kok OB FE785; (c) ImON:NaN© Hi Hof OBER R (51 A SCHR X XV Hoky)

3 VDL Z > TW 5 (Figure 35b; lane 8 and Figure 35c; lane 8), L 727235 T Z 4L 5 O ZFIH L,
Figure 26 (27~ L72HREEIC K 0 BRRAYEE AR iRed 2§22 2 DI TREETH D . S BIZEIRMED
BWATHESORBENRLETHD EB XTI,

Z 2T WARDKFERE S AT 2 BRILIRAE S (Im:Na i 5Ext) @ DNA RV 2 7 —BIC L2 HE
Wik OBRMEDOE L2 B L. KFBEEDO RF—LT7 78 7% =0 0% AN 2 72 ImNN:NaO° #g 3 %)
IZOWT I NEFNT 25 Z &2 L7 (Figure 36), ImN™:NaO®#i 5t X ImNN 7% DAAD, NaO°7% ADDA
B OMAEDOENL IR D MUARDKEFRESIZL > THMMIZXT 2K T D B 265,

T I, FH DT ImNY : NaOC i Fexl & &30 DNA " ARB{OBMZEENEE Tm fHIC X 0 3 L TV
% ¥, & OFER ImNN:NaO® Hi Foxkt 2 & de DNA ZARSHI3 561218~ 72 ImO™:NaN® i F55t 35 1 O ImN©:NaO™
EEEHLOLDLIBICEN TmEEZRL, WAL ENEEZATH 2 ENRH L E 72572 (Table
5)

H
a b c N ONRH A
i NH (/
/N =N | N 4 \N‘.o.‘ ....... HIZN A\
(N I Z>NH Nl p )=
N
HO X0 | L e _
o s HO— o N NeeHNC
N~ NH, N p A
N-Hw0 N
HO HO H
ImNN NaO© ImNN:NaO©

Figure 36 ImN™:NaOC 15 Jef oo it
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2w 2
U~ =2y 2 TR 5 3 F B o N L EES ImNY:NaO®) DOBHIENFIE

7. KFEREA OIS ADDA:DAAD 7572 5 Z O ImNN:NaO® M Foschid, RKIRH AL & o E P
Bca PERRT 5 & IR S 7z (Figure 37), 77206 JEIZZ81T 72 ImON:NaN® i Bkt O S IZ 350 TR
BEpole, 77 L—F DNA LD NaN® T+ A DI A v a—Rb—2 a3 JZONWTELETD
& Figure 37a 2R L2 K 972 2 KOKER G EIN LIZEERNERRZ 2 bvd, —F, SHEZICH
A9 %5 NaO® 1%, RARD AT L TKRFBRFOMFEELELDLZ LD, ZOLIRIAS a—RL—
va v EPERES & I L7z (Figure 37b), % 7=, ImNY:NaOC i Jak) % & T DNA —AEH N W VBV 22
EMEEZALTNDZEH  DNARY AT —BIZ X2 HERBRICBOTHLHEAICH LMD, £ 2
THEZITET . DNARY AT —BIZ LD — IR ATV T, ImNN:NaO® i FExt D@ IRUME 2 -l 35 =
LT,

H
a H-N
H p A Y
N SN —H N \
- A D/
i -
N =/ 7
“f N
o
A:NaNO©
b Ao
H b D A A
N—H 3 H-N Qi H=N
/N A — - / D
¢ ] N H-N N— N-H Y H-N
N / o
o N’J N p
A
o N=H
H
A:NaO© G:NaQ©

Figure 37 RIAAUIER & NatE i D I A~ v TR
(BIHISCHK 39 X 0 disdl)

35



2w 3
ImN™:NaO® i J5 56t D i 32 58 5%

53 ImNN:NaQ° ¥ el ol 32393

DNAR Y AT —BX . 77 L— MHELENT T4 ~v—8HIC L > T I LD DNA ZARHITKE L,
X7 VATV RS-ZV UBEEREE L TEHMERICEZ S 23, Lo o TRE Tl 5 EZRICHB W
THMETDWRMIEEIT O 7o OITITRILERIX 7 LAY RZ DNA A ) v —~EAT S5 L L b
ST 5 5-= U VR EFHET D SNERH S, ImNY = U UK AImNNTP) OA kI, £9°. BEICHEL
FEHDOIFUEBIZHENE R LT LB 1 OB 5 - KERSL % TBDMS 2 CTR#ET 2 Z LI X ki 2
AT, REWNT, B 3K EAE T B F LA THRE L, BNt E 3 % TBAF TREET 5 2 &
(ZED U LD IE 4 ~L e, BoNTAbEY 4 Z VT, Eckstein bOGIEXITL D =V
R EIToT2, Thbb, (bEha L) FLuhAtnrza ) F 4 R ERISESE, fit\CHEFZEL
feea ) U NY)TFAT RSy A CRFERAE LB Y VRS EHR LT, Zoboxa UE
fbtt, 7 =T KHPIZTATF — VEE R INBULEET 5 Z & Bk U R D INK o ik & AR
%%@%f%yﬁﬁﬁw\E%®ﬁé%f%éhﬁ%ﬂMﬂmmmm)%4I%W%®W$Téﬁbk
(Scheme 1),

NBz, NBz,
I <
HO— _ 3 _ TBDMSO o 7 /n‘\ LN TBDMSO
5 J ® s J NHBz J\NHBz
H H
1 2 3
NBz,
Ho—ﬁ—o—ﬁ—o—ﬁ—o % —9) HO <j
6Na 6Na 6Na & % J\NHBz
ImNNTP 4

Scheme 1 ImNNTP @ &%

Reagents and conditions: (a) TBDMSCI, imidazole, DMF; (b) Ac,0O, pyridine; (c) TBAF, THF; (d)
2-chloro-4H-1,3 2-benzodioxaphosphorin-4-one, pyridine, 1,4-dioxane; (e) bis(tri-n-butylammonium)pyrophosphate,
tributylamine, DMF; (f) 1% iodine in pyridine—H,O; (g) NH,OH, 55 °C; (h) DIAION PK212 and then WK20.

F72. NaO° FBHEARIZOW T [REEED FIEIC TS -Z U UK~ B4 25 2 L 3 Hk7~ (Scheme 2),
ThbblbEWm 57D 5 fiKBEEZ FIECHE STV A MR MU FAITRE L%, B 3 -AikEE
LT v FNVETRET DL ETIAEY 6 21872, Hl\WTINEFMKEK TUHET L LI2XD 5-
MOREEEZBREL, =V VBILORE T~ B W, ZOb0%, L RKOTEICTERRY VERK

CHE LRSI O T O ERIEEIE T 5,
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F2w E3H
ImN™:NaO® i F5 56t D i 32 58 5%

NEBW LT, SURBB IR =T KIS TNBLEET 5 Z L2 K D . NaO°TP (tri-sodium

salt) & 4 LTI 2%DIRTERK L1z, 728, &5 L72 IMNYTP 3 X O NaO°TP O 1L, 45 fignt il &
IS E DR LT,

OCONPh,
N NH
ZSNH %» 0 Z>NH
DMTrO HO o\ 0 HO-P-0-P-0-P-0 o\ )
ONa ONa ONa
Ac HO
7 NaOOTP
Al g R ke

Scheme 2 NaO°TP D £ j5%

Reagents and conditions: (a) Ac,0, pyridine; (b) 70% AcOH; (c) 2-chloro-4H-1,3,2-benzodioxaphosphorin-4-one,
pyridine, 1,4-dioxane; (d) bis(tri-n-butylammonium)pyrophosphate, tributylamine, DMF; (e) 1% iodine in pyridine—
H,0; (f) NH,OH, 55 °C; (g) DIAION PK212 and then WK20.

BT, AR L7 =D VBB L OBLEAK LT v 7 L— hME B 2T, DNA AU X7 —8
(2 K D — 3 AR SR OB & R F L7z,

DNA RYU AT —VIZZDT7 I JEEEINC LV SNo07 7 I ) —ZpEEND, £ OH T Family A
\ZJ& 3 % Klenow fragment (exo") (KF)" 73 DNA 7R U A 7 — B OEEEMMTET /L & L THZEICHWLLT
W5, Filo, THVE TICHZ S 7okkx 22 N LIS O RERRICB W TR D L <R HM T 5 DNA
RIAT—=EBTHLZ b, T KFEHWE HEMRARICEIT) 2 & LT,

ERIZHWZ T T A ~— (20 mer) BL T > F L —k (30 mer) DELH|Z% Figure 38 IZx LTz, T
7 L— K DNA £ X TR UL B IZERIERE N TH L ImNY & 5 U % NaO%) ZEA LT, Z O fEfl
HHD =Y VERIR (NaO°TP & 5 UM % ImNNTP) & 72 (X KRR D =V V&R (dATP, dGTP, dCTP & %
WIE TTP) 212 CT—HESHFARIS ZITV, 2 OFRPEIZ DOV TEMIT L 72 (Figure 38b)F,

ZORER, T T L— b EOX OMEIZ ImNYN ZE A L7 a1E, RREEETHL A G C. T
DI AT AL L Z B (Figure 38b: lanes 2-5), DA IETH 5 NaO® DEL Y AT D 3 EIER &
M7= (Figure 38b: lane 7), £7-. 7> 7 L — bk DO ImNY 2% L CHEHIED INNYNOHY AR 4 <
BIXNRI-oT-Z &5 (Figure 38b: lane 6), 7 > 7 L — K DNA E® ImNY(Z5%F LTI NaO® Hi JE 3 fF
BINHASND ZEBRHA LN oT-, —F, 77 L— FO X OALEIZ NaO® Z Bl L7254 Tl
FEETH 2 INNY OBV IAZDBIE SN DD (Figure 38b: lane 12), KA A BL NG OHLY A
HHFRRICBIEZ S D Z E BB L 72 -7 (Figure 38b: lanes 8 and 9),

* Klenow fragment (exo”) (KF") & Escherichia coli. i} DNA R ) AT —F 11D 5=3BILN3I—>5Tx Y X7 LT —BiEHk
ERIESHEZDNARNI AT —ETH D,
T &R SRR O 7= DFEHMTEI =T 5,
FTI A~ —0 5K FITC (A, =495 nm, A, = 520 nm) Z 55 S, DNA ORHITEL F 2T —A A=Y vy —%H T
FITC O HMEZREST H 2 LTk Dﬁiﬁoto
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W2 E3H
ImN™:NaO® i J5 56t D i 32 58 5%

a dyYTP

Primer: 5'-FITC-GTTCTGGATGGTCAGCGCAC /

Template : 3'-CAAGACCTACCAGTCGCGTG-X-GAACGGGTG-5'
(ODNI and 2)

b a) X =ImNN b) X = NaO®

dYTP A G C T ImNNNaO®A G C T ImNNNaO©

21 mer —
20 mer —

- -
—
L T e pp————T
lane 1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 38 KF|Z L 5 —Hi 54 ALSUS O FET (a) Sequences of template and primer. (b) Denaturing gel image
of products. (b-a) Incorporation of dYTP against ImN™ in the template (dYTP = 20 uM). (b-b) Incorporation of
dYTP against NaO° in the template (dYTP =2 uM).

% Z T, Figure 38 IR L7c — MR AL ORERZ LV ERICE M T 2720, TNENDORISIZD
WT, I A=Y R AT U o T2 E F IR B EEFR AT (steady-state kinetics) Z 1TV, £ DN % b
g HZ Ll Lz, ZOEFREBEERMTOF L LT, 77 L— hO X OMEIZ ImNN 2 #E L7
& & D NaO°TP DEL Y SAHFUGIZ DWW T 2, RISIZH W 2D KF O X 0.0025 unit/ul & L, HE
T % NaO°TP DIEFE% 0220 mM & LT 37 CIZTRIGEFT - 72, SUSEIAA 1, 2, 5,20 B X TV60 4y
et DM AR 2 ZEER D 727 VLT I R VERVUKE) (20% polyacrylamide gel electrophoresis
(PAGE)) (2 Cfi#r L 7= (Figure 39),

[NaOOTP] (uM) @ 0.2 b 0.5 c 1.0
time (min) 1 25 @ 6 1 2 5 2 6 1 2 b 2 &
50 mer- L e S— G G e S S

20 mer- ~~-----—— e e S et
lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

[NaOOTP] (uM) d 1.5 e 2.0
time (min) 7 2 B 2 G 1 e e —w

21 MET— s st St S S — — G—
20 MOT— S ———— S— ——

lane 17 18 19 20 21 22 23 24 25 26
Figure39 7 7 L — b LD ImNNE LI %3 2 NaOOTP O —HE JLffi A S 2 331 2 38 B s i

EDd

WO T ~OVBREE ZFEAEIS . —H RS MRROS ST L7z 21 mer DA DT (%) ZH LT,
FOSHEN & OBfRE 7 7123 Lz (Figure 40a), £7=. 2000V 7V 7B D 1(%) OE % i
F] t (min) TR 25 2 LI L0 BHMRBUSEE V(% - min') ZHH L, Th 2 OIEERE [NaO°TP]
EOBBRE Ty LTS T 7 & Figure 40b IR LT, 2NHD T T 7 EHNTI A=Y ZAEK (K,) 78
O NTIRKBUSIRE (Vo) R LT, Zeds. REBRITIS WD THEGRIENT 21T 5 Bd . BUIMEZIER T (%)
DX 25%LL T2 Hfma Wb Z 2 Lz,

RIS, K, BEOV,, OEERD D L X OEEEET K, O 0520 [EOHIHICHRETIONRENE SRS,
P IR RS S LT L 72 21 mer DRI DR (1%) 1%, K SOSISHBT 2855 20 mer D3> RIS 58 EHE & 21
mer DR DN RaEREDOFIE 100 & L, ZAUZXT 2 21 mer O3 RIZBIF 2 ENBEOEIGEZRDDH Z LT
FOVEHLE,
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W2 E3H

ImN™:NaO® i F5 56t D i 32 58 5%
a (%) b (%-min)
25T
100 2.0 uM Y
80 15 uM 20 )2
1.0 M st
v 60 , .
B 0.5uM
40 I e 02,M 10
5k
0 N N 0 N N N N N
0 20 40 60 0 0.2 0.5 1.0 1.5 20

time (min) [NaO®TP] (uM)

Figure 40 7> 7L — b £ ImNMEIEIZR %5 NaOTP O —HEATASUSNZ I 207 ff (a) MERMRAT R 72 SO T 28 4L
(b) NaOOTP I £ D3E T K 2 HZIRE[ &> 72 0 o SOGHR L2 AL,

K, BEDR V MEOFHNZIZN L 20D FENRSH D (Figure 41), b OEERICES &, ERRIC
Xk /EEZ 77y L7z (Figure 42), 72y h LV RDONDELEHROXNLHEH L
K, BELD V fEIEZ. WTFho7my MEIZ XN L7256 12I13IE R CE4 7R L7z (Table 6), L7223
ST, UBOMHTIX, —MRICERBIEICED2EN K, BX OV, OEICEKETTREOR /SN E X
FU TV 2% Hanes-Woolf 7' 2 k% IV Figure 38 (27~ L7222 COFAA G HOHIZ I Tl FEFm b & 52
Jiti L 7=,

Km 1 1

(A) Lineweaver-Burk Plot : 1 —
V' Vmax [S] ¥ max

(B) Eadie-Hofstee Plot : V = —Km[g] +V/ max
1
S|+ Km
V max V max

(C) Hanes Woolf Plot : [5] =

Figure 41 {XFEMN7: K, B LV, AEOF A

O TR R & Table 7 1R LTc, K, (3EER-EROMBEERTH Y . ZOMEP/NSVIEERD A
FSNATEFNAB < o FT2 Vi TR -SLEEGEDERICOCT 2HELZRTMETHY . REWIZ
EW ABPOSIITAFNCH < . EBEROIV IALDRIL VoulKy OIEIZE > TEI L, ZOERKRE W
1E EH AARBUSITIEAFNCE L,

TP, 77— b EO X OALEIC InNY Z2 Bl L 72RO SRS OB (V,/Ky) 15, NaO® 23
B <, 2.8X10"%min' M~ Z 7% L7= (Table 7, entry 6), Z DOFf, T DO DOMEIED IV IALZIRITVT 1
HARW Vo EZ 7R L (entries 1-5, NaO°TP OHL Y jAZ & i LT 10°-10°LLF), 7~ 7' L — K DNA L

" Lineweaver-Burk 7' 7 v MIFERENMENE T, ZOREEZZITLT N E W) RANH 5, Eadie-Hofstee 7' 17 v kT FEERFA

RIS RIC L DB Z T T L, T X OREENRGE L RITIVTERMEN KDL D Z ERZ W, AN TR OBEREE Tl

WK TR AL RO ZENPRE L, ERICHWDOMRREST T4 ~—/7 07— MEAIRORRE %8 B IE 3 2 23

b, Lo T, ISOFRNTIZIE Hanes-Woolf 7' &2 v h 3% < HO LTS

AR OB IALZRIZIE U T, BRREERBIONT FA4~v—TFT 7 I/**T*%"/\ﬁ—‘@bi%fh%ﬁﬁ_gi%bt 7=77L., 27T

DI BT DERFIGEE (Vo) . 774~ =177 L— MEAROIRE 0.8 uM, BERIRE 0.025 U/uL (23517 2 Il
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52 B3

ImNN:NaO° g 5kt o 1% 32 3855
a b
1/V (% -min)) V (%-min’")
0.25 3B
30
02}
25 |
0.15 }

y =-1.0625x + 30.0762

01} y = 0.036x + 0.039 5r

2 0 2 4 6 0 5 10 15 20 25 30 35
1/(NaO®TP] (uM™) VI[NaOOTP] (%-min'! -uM-)

[NaOCTP] /V (uM-%1-min))
012

0.08 /
0.04 y =0.0315x + 0.0355

-3 / -1 0 1 2 3
1/ [NaO®TP] (uM"'
004 b [ 1 (uM)

Figure 42 — Y54 A KGO FERG AT (a) Linweaver-Burk plot; (b) Eadie-Hofstee plot; (c) Hanes-Woolf plot

Kin (UM) Vo (%eminIM-1)

Linweaver-Burk 1.08 29.5
Eadie-Hosfee 1.06 30.1
Hanes-Woolf 1.12 28.1

Table 6 — 5 5LA A SO 0 3 3 AT

O ImN™ {26 L TIE NaO® EHRIGICERE S TV D ZE R BN rote, —Ji, T 7L — bR
NaO® ZBLfE L 72 H BBV Th | L DML TH 5 ImNY 75 8.6X 10" %min ™M™ &g bW MEZ 7R L
7= (entry 12), F7c. Figure 38 |2/~ L7z —HEAF AL DO 7 VERKEIK NG, 77 L— bk £ NaO°
WL TRIBRDABLVOGCGDI AL va—RL—Ta UINRBEINEN, ORI NTNE ImNNIZ
%95 NaO® DHL Y A E G L T 100D 1 LR TH D Z EMA LM E 72> 7= (entries 7 and 8), LL LD
Z & X0 ImNYNaOHE FxHI ImNY 8 2 VM ENaO° D WF a7 > 7 L— MIEALZLAICBWNTH,
MR IR DI AL e bESE L THEIT L, £ OV IALKIEOBZIT, RO AT RGO L O L b
L TCTH#kE7en 2 &N HEGR S L7 (entries 6 and 11 vs. entries 13 and 14),

L AT, BlZik 7= X 9512, Ogata 5L 3 T2, ImO™M:NaN° 3 L O ImN2%:NaON HE JLxHlZ D\ T KF %
MW Te — SR ASE DT 21T > T D B, ZO/RREZERNT H L 7 ImNAENaOV Iz D0
T, ZNENOHMEEN —FRH VAR TIRVIAETND OO, ZOHY IALZNRIT KA WC
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B2 B3

ImN™:NaO® i F5 56t D i 32 58 5%
Kn V max V max/Km
entry X dYTP (M) (min-D (% min-- M)

1 ImNN  dATP  27(1.1)  0.13(0.48) 4.8 X108

2 dGTP  56(29) 0.11(0.037) 2.0Xx108
3 dCTP 160 (13) 0.060 (0.018) 3.8 X102
4 TTP 140 (23)  0.082(0.023) 5.6 X102
5 IMNNTP 190 (39) 0.053 (0.0061) 2.7 X102
6] N %Q‘?T_P_______(9_2_9)_________(___)_______2_{3?5]9_7____
7 "NaOO dATP 4.1 (0.85) 8 (1.6) 4.4%108
8 dGTP  35(062) 24(1.2) 6.8X108
9 dCTP 140 (35) 0.41(0.091) 2.9 X103
10 TTP 130 (14) 0. 43 (0.083) 3.3 %103
11 IMNNTP  0.56 (0.089) 48 (5.3) 8.6 X107
12 NaOOTP  29(2.8) O. 12 (0.019) 4.1 x103
13 A TTP  0.43(0.010) 26 (1.4) 6.0 X107
14 T  dATP 0.30(0.051) 27 (3.2) 9.0 X107

Table 7 ImN™:NaQ° ¥ J okt (235 1F B —HE Fofi A SRS O 38 FE i b
(51 H3CHk 39 L v #&f)

e & bl U TRV ME T d o 7= (Table S17, entries 18 and 23 vs. entries 37 and 38), — /7. ImO™:NaN° ¥ J&
FHZBWTIX, 7> 7 L — F DNA E® ImONZxf L Cik NaN 28 BINAJICH D IAE LD H DD (entry 30),
7 v 7 L — h DNA E® NaN® 2kt U Cid, FffiHE I TH 2 ImON L IZIFFFR LI KR A DOHLY JAZ 23
HITT D2 ENH BN EZ2 > TS (entries 31 vs. 35),

Al FE 72T InNVNaOC M Bakf 22 B8 U, — MBS A BSOS O E Rt 217> 72, 2 H 3
DOHHSHZ 1T D —H IR ASOS OGRS R % Figure 43 127 7 7 Tk &l £T. 77
— b B Im HERIZx LT WTNOGAIC B HMIERL TH D Na ORIV AL PR BT D 2 Ly
25 (Figure 43a), L72> L., Z OZhHE T ImNN:NaO® Hz K3t 23 [EAEI 2 & < | MR FEt O BV 22 7E M (Table 5)
ERW—EAER L, —H, 77— b EO NaiEIx LTI, MEETH D Im OELY AR TS
TR KRR Y VL DI A~ v FHEETERDEA T 25 (Figure 43b), FFIZ ImON:NaN° g 55t
Btv. 77 b— b Lo NaNCHE R 6h U CIIAEMIEAE TH D ImON 7217 T2 <. KRR A 2MZIEFRFE
EOMMFETIRYIAEND, — ., B-IZBF L7z InNY:NaOC ¥ EExt T, R Y VL DI 2~
» FHEKTE BTG TH 5 ImNY:NaO® St DR & i LT 1/10 A FThoTz, T72bbH
Im:Na ¥ EKRHZ 1T 5 WADKFEEHER OB VL, AR OV IAZTZT T, KRR Y
VL DI Ay FHRBEHTERIC O REREBELEZ D2 L1305, £, WTNOEEEZT 7
L— b BIZBWZSEICH . ImNY:NaO M it DY JAL D3 e b @ W ORI 2 5 5 2 & 3 5 5
kgl

INOORRITIUTOLIICERHRD, £3. %D ImN%:NaO" HiHsxt o B EFRRIZ B VW THRY
ABNRENPFIRT LB & Ui, HAMHICER SN KFEH/EGO NF—, 77872 —0i
OB DNA RY AT —BOREZFHIZBNTARTHL LW ZENBET LD, T78D05, DNARY
AT —BOEERBR NI, v ATV =T OTa "o T 787X —DFENRBEETHL L S

T ARSI,
" DNABLXORNA “ELBEABETIZIE, APy =NV —TBLO~ AT =T N—T LTINS 2 ODBENFEL, FDh
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W2 E3H

ImNN:NaO° ¥ Hsef OB 35385k
a
VmaX/Km e max/ m

(%minIM-1) (%min-IM-1) .

3x107 9x107 -

2x107 6x107

1x106 P g - X = InN]NN 3x107 - X = Nﬁoo

R - - - n. = - -
0 Py — Ndé o N.03  a— X :)I(m’\rgo - — e — X )l(\lag’\?o
dA dG d T Im Na dG T Na Im

Figure 43 Im:Na B B 6HZ 3510 2 — A6 A BSOS O3 JEGR f#HT D LLH# () Incorporation of dYTP against a series of
Im bases in the template. (b) Incorporation of dYTP against a series of Na bases in the template. “Not determined. (5| F3C

ik 39 X v #Rd#Y)

NTEL M2 RO R (A, G) FWTNbED 3T e N T 7T E—ThDERI
Tx#A L TW5 (Figure 44d), F7=, RARMOE Y I VU (C. T) iTWInbZzo 2 ficr e b
TR THE—ThHHr FNEEBFELTHDN, ImNENaOV RO I V7 Fa/ildhi-bd NaO¥ T
XENOITHY T HLE Q6D I b R —ThoH7 I/ HEEZAHL TS (Figure 4d4a), ZDZ &
25, ImN%:NaONHHAFZ BT DNA KU A T —BIC L DBV IAZIRNEZE K T LEFKNTH S &
EZTWD,

ImOM:NaN® it i, WIhotfkb~A F—r v —TicTa ho T 78 74— HFT 579
(Figure 44b), ImN%:NaO™HiFxt & bhig U CTHU D IAAZh N\ ELTnd, LarL, 77 L — K DNA

A &
é/:i A 7 N-wp A NN
A, PN

N-HD A o® Nt
ImNO:NaON ImON:NaN©
AT +7.5°C +7.8°C
c H
, N_,N-HD A
z%N {:ﬁ AY “DH-N N-HD, A O
°Q /Ns A, DHN A‘\\&’/’D H—N\>_\§
8N7/N_HD . O%N}f
H
ImNN:NaO© AT
ATy, +11.4°C

Figure 44 Im:Na AU X ICBIF 2~ A F—7 v—TM 7 v o7 787 % — D
(B H3CHR 39 & 0 #xi)

DRI ALE S 2 Bl b Bt TITRE TS~ A F— 27 —T M, FRIR A Y% — 27— T HIAE T D,
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W2 3
ImN™:NaO® H 5 st 0O i 4587
FEONaNCIZH L TR A DI AAS v a—RL—va UBEaLTLEY, ZoHEEE LT, Kk
R XD T NaNO B RIRD A L 2ARDKFEREG N LIS 2T 5 2 &8P 5% (Figure 37a),
Tebb, NaNC T RARD T LFLOKF AKX EZ L > TEBY, 2R T T Ir7E LTRBEINT
ZkicksrEEZOND,

—J7. ImNNM:NaO® #a A%t i%, el L7z 3 oD Im:Na HEX O F TH Y AR N K EN-> T,
ImN™:NaO® Mg Jixt & ImO™M:NaN® $iiixf & FfkIc~ A F— 7 v —T o7 v o7 772 —L LT
ImNN ClE 8 fLDEFF 1 NaO® IZEBWTIX 2D MEEAH LT % (Figure 44¢), & 512, ImNN:NaOQP
HEFH MO Im : Na HEHxt & bl U CEVIC Z B 2 i ik CTo ¥ (Figure 44 and Table 5), Z D Z &3
DNA R U A 7 —BOREERIZIK T 2 IALL RIS LARICE WL Z 2 6D, & BIZFam Tl
A7z E 91T NaO® 1T FEITiR 7z NaN® D56 L IT R ) RO 7Y UHiHE (AL G) 1Tx L TKERF D
KFEEE T D EWIFE L T (Figure 37), EEEIZ, 77 L— k DNA LD NaO®\lZxl4 27U U HEFED
IAAf vy a—FRb—a 0, NaNC R OGA LR TZOHENMETLTEY, 20O L9 72KHED
RENZOHBETH D EEZTVD, EEEIZ, ImNYH 5\ NaO° ik & RABAEILD I 2~ » FHF I
KIERIZ I 5 DNA ZABHOBMWLENZFM LI Z A, 2TOXRTIZBWT Tm EOK T 238142
S 7z (Table 8),

X Y  Tp(C) AT, (C)
ImNN A 53.1 -7.4
ImNN G 587  -1.8
ImNN c 59.7 0.8
N T 570 -85
5'-GCACCGAAXAAACCACG-3" 'mkl T 60.5 -
3'-CGTGGCTTYTTTGGTGC-5" 00 ™ A sas a2
NaO© G 56.0 -2.8
NaO© C 57.2 -1.6
NaO© T 520 6.8
T A 58.8 -

Buffer : 1 mM NaCl, 10 mM sodium cacodylate (pH 7.0)

Table 8 ImN~ & 5 M I NaO i & RARGF & D I A~ v FHIEFERICB T 5
DNA R OB 2 e b

PLERRTERZ L ST, ARFEHENZE L2 InNY:NaO® M1, BN -8 Bk L muvEY
ABENRERTZEPRALNE RoTe, ZORERIT, HEGE TER SN KIEHE N F—LT7 787
X — DR G D7 b NI OB EMEDN DNA R U A 7 —FORERHRICB W TRE g Es
HBZH5Z R To60THDLEBZZTND,
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o2 53

ImN™:NaO® Hi 5kt oD [ 5 38 5%

nucleoside .
entry template (X) triphosphate (dYTP) Kpn (uM) V max (Min) Vg /K (% min'= M) figelity
1 ImNN dATP 27 (1.1)a 0.13(0.48) 4.8 X103 0.00017
2 dGTP 56 (2.9) 0.11 (0.037) 2.0 X103 0.000071
3 dCTP 160 (13) 0.060 (0.018) 3.8 X102 0.000014
4 TTP 140 (23) 0.082 (0.023) 5.6 X102 0.00020
5 IMNNTP 190 (39) 0.053 (0.0061) 2.7 X102 0.000096
S NaOOTP  11(029) 3127 28X107 1
7 NaQ© dATP 4.1 (0.85) 18 (1.6) 4.4%x106 0.052
8 dGTP 3.5(0.62) 24 (1.2) 6.8x106 0.079
9 dCcTP 140 (35) 0.41 (0.091) 2.9 X108 0.000034
10 TP 130 (14) 0.43 (0.083) 3.3 %108 0.000038
11 IMNNTP 0.56 (0.089) 48 (5.3) 8.6 X107 1
12 NaOO°TP 29 (2.8) 0.12 (0.019) 4.1 X103 0.000048
13b ImNO dATP 120 (6.4) 0.65 (0.047) 5.4 X103 0.023
140 dGTP 43 (10) 0.095 (0.0070) 2.2 X103 0.0096
1506 dCTP n.d. n.d. n.d. n.d.
165 TTP 16 (4.6) 0.12(0.019) 7.5 %108 0.034
170 ImNOTP n.d.c n.d.c n.d.c n.d.
8 _NaONTP_ 57(41) . 13(1.8) ... 23x10% 1
190 NaON dATP 25(3.1) 16 (2.1) 6.4 X105 0.18
200 dGTP 33(7.7) 0.15 (0.027) 4.5 %108 0.0013
21b dCcTP 71 (31) 0.25 (0.051) 3.5 %1083 0.0097
22b TTP 20 (2.5) 0.13(0.012) 6.5 X103 0.0018
23b ImNOTP 8.3 (2.5) 27 (4.7) 3.6 X106 1
24b NaONTP 29 (2.9) 2.4 (0.56) 8.3 X104 0.023
250 ImON dATP 19 (10) 0.43 (0.033) 2.3 X104 0.0027
26° dGTP 34 (2.6) 0.18 (0.0071) 5.3 X103 0.00062
27b dCTP 51 (13) 0.44 (0.044) 8.6 X103 0.0010
28b TTP 54 (18) 0.28 (0.034) 5.1 X103 0.00060
29b ImONTP n.d.c n.d.c n.d.c n.d.
80P NaNOTP_ 26(049) _ 22(096) 85x10° 1
310 NaN© dATP 0.69 (0.22) 20 (3.4) 2.9 X107 1.2
320 dGTP 17 (1.8) 9.4 (1.5) 5.5 X105 0.022
330 dCcTP 25 (5.5) 0.12(0.010) 4.8 108 0.00019
340 TTP 19 (0.14) 0.11 (0.015) 5.8 X103 0.00023
350 ImONTP 0.83 (0.23) 21(5.3) 2.5 X107 1
360 NaNOTP 14 (3.8) 0.32(0.019) 2.3 X104 0.00092
37 A TTP 0.30 (0.051) 27 (3.2) 9.0 X107 -
38 T dATP 0.43 (0.010) 26 (1.4) 6.0 X107 —

Table S1 —¥EIEAF A LG R IT 2 3 EE AT oo £ & “Standard deviations are given in parentheses. "These parameters
p

were referred from J. Am. Chem. Soc., 2009, 131, 1644—1645. (5] FI 3Tk 88) ‘Not determined.
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B2 B4
ImN™:NaO° g 5556t % & Lo SHH 9R SO O Rl

25 4 #i ImNY:NaO° Ha Fokh 2 & F o 5 3R 5Ot 0 FFAM *°

F3EI TR X D1, ImNN:NaO® ¥ Skt id KF % V72— BB A S IZ RV T @OV R M 7
SNSRI RE R T Z ERH BN E R o7, ARE T, ImNYNaO® M 5t DIV IA LSS ZIT S 572
B IRSOG SEAT T 2 008 -l L 7o, REF 2 H TR L 512, THETIZHEE < o N TN
B ST E 7208, £ b OPITIT N T ES TR RE OB RLOSBEIT LW OB L & 5 77,
L7z o T, N RS TR th 0 S8 3R SOG ORI E IR,

AREHEIHTHWE LD LRKOES 2T DT T L— b=TTF A4 ~—BEEERICH LT, *fisd
% NaTP {71E T8 L OFEFAE T I CHMIERIG 2177 o 7= (Figure 45) , 7235, $HERISOBGFHIIHB W
TiX, BAOIEHEZED D720, 3=>52F Y X7 LT —8iE%EE2 A3 5 KE, +72bb KF %MW T
O A FE i L7,

FP. KRBT 7L — b (X=A) X LT 4FD INTP 1778 FEHMBERS 21T > 25, 58
BITHHR RS EIT L7 30 mer OAERM) BB S (lane2), — . 77 L— bk LD X OALEIC
ImN® & 7213 ImON NFFET D54, I3 25 NaONTP & 5 \ M NaNOTP O A 82 B do & 3 S5 (iR 2L iy
T SN2 72" (lanes 3-6), — 5, ImNNZ &7 7 L— FEHWEEAIL, ®HET 5 NaO°TP
FEAFLE T TIFBAM RIS OEIT N 2 BB S 72V D% LT (lane 7), NaO°TP 777E F Tl RIAREL D

a dYTP

Primer: 5'-FITC-GTTCTGGATGGTCAGCGCAC v/
Template : 3'-CAAGACCTACCAGTCGCGTG-X-GAACGGGTG-5'

bX=A ¢X=ImN° dX=ImON e X=ImNN

A é A A A A A
_ G G G G G G
dNTPs ¢ ¢ ¢c ¢ ¢ ¢ ¢
T T T T T T T
dYTP - NaON NaN© NaOQ©
= -

-
20 mer— - -----.-

lane {1 2 3 4 5 6 7 8

Figure 45 Tm:Na i %t % 5 Ee 88 IR S DR (a) Sequences of template and primer. (X = A,
ImN©®, ImO™ or ImN"). The reactions were carried out in the presence or absence of dYTP (NaONTP,
NaN°TP or NaO®TP) along with dNTPs. (b) The control reactions indicating the initial primer length
(lane 1) and the fully elongated length (lane 2). (c) The reactions involving the ImN°:NaOY, (d)
ImO™:NaN°®, and (e) ImnN™:NaO® base pairs.

" Ogata B, KFZHAWEEAILH, 2 b O 2 S Tes RIS HEIT L2V 2 L 23 LT g 8%,
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H2E A
ImN™:NaO 55 £t 4 & e A 3R SO O FHAM

AL FEROBMEERDE 5252 EBH BN LR oT- (lane 8), ZOFERIZ, 77 L—k EX DO
& C ImNY:NaO® Hi Jext W S 7ok, S B2 2 8MIRSUS S HEIT L2 Z L 2R LT 5,

F9. ImNO:NaO" M FxH T B W CTEHMIRSUS S HEEIT L7220 7o IR & L TR, AES 3EITHIRA
72 KO NTIEES OV AFZNEORENET bivd, —FH ., NLHEERF O Y IAZ =N SE &
A7z ImOM:NaN® Mg Bz W T b SRR B BIEE S N> Te DX, 7 7 b — b EORIRIFIIC
FHLTNaNC DI A v a—RLb—va BT LD ThHLEEXLND, T72b5H, DNAKRY X
T —RBICL DMWY IAAIZ LY ImONM:NaN® i HS IR S 7%, £ DB OFMERIS, 3725 WC H
Hf DIERAZ T NaN® DD A B gEA L ® HREDRPME T L2720 TH 5 2, — 757 . ImNM:NaO®
HHRSHTIB W T, FERHE R OV IAZNERNEN 2 LI A, NaO® & RIRAUFI L DI A~ v F
RS A R E R L TW D720, BeEHRAERMPBESNIZLEZEZX TV D,

LA B & 912 ImNY:NaO® Hi Badt A 9~ D K B ek, —HEHRABUS 720 TR <, £ D% D
FHHIERNIZB N THAFNTH < Z LR b N E o7,

© PR AR B 1 D HE AR A IEMEME I IR O R A SR TS TS O W TR ENS TR T 5,
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B2 S
ImN™:NaO° i &t 2 & 40 PCR Ot

2 5 8 ImNY:NaOC ¥ Eoxt 25 e PCR Ofaat ¥

% 4 BT, ImNN:NaO° g S % O SRS IZ D W Tl 72, ARE I, — O SRS
ZHHEER Y K3 PCR OREHESIC SO\ TR 3B,

DNA R U AT —FIZ L Vil <5 PCRICEBWT, T 7L —k DNA D X (2% LTHIRT S
X7 LAY R=EU VEBIR (AYTP) 28 99.0% DR TRV IAEND EAET D & (FED O 1%IF KR
WS TRV IAENTZHE). 15 D PCR A 7 /LIZ &LV HElE S 47z DNA 2F fFI2H#8iE) FIZiEA
THiHES (XY) 28 86% RFSNLTWVWD Z LT D, T7205 1 MOBERISIZI T 21EIED 99.0%
Thot2 LTh, DTN 10%D I AL a—RL— a UREHBEENICERESND PCR ICEWT
(TR L IXE 2720, R WC 086, DNA AU A7 —BORBICHIRFT 208, £
DFEEEIX 99.9999% Th 5 E EbNTE Y, BIZIEKF DA, 77 L — | DNA LDz L TH
EoTHEEEE 1 HENS 1 EFREEE LR IAE W, L7z > T, PCRIZ X Y g T RE 72 N THE Katic
(X, B3O TERWVIEEBRIRMER RO DD,

Hirao & DFEBRFGIE R 25512, POMFITICIMNNZ AT 577 L — b (55mer) BEXO2ED T
T A ~—8 (40 mer 3 L N 24 mer) &AL L7 (Figure 46a)*, Z 12 L V55N 25 BEIEFEY O8E 75 bp
s, £, HWHINDENME: DNA AR Y A Z—8 Toh D Tag DNA polymerase % VT 15 %1 7 1
® PCR #1772 >7-& Z A, ImN'TP, NaO°TP 3 LN ANTP f#7E F. HIOMEIEEY 2155 2 L ITkY)
L 7= (Figure 46b, lane 4), L7>L. NaO°TP JEfF(E FIZHB W T H[AEEED PCR EEW N BIZL S 7= (lane 3),
ZHUEEIE OBFE T, T 7 L — FHO ImNN 23 LT NaQP A D A E N8, HRlEn T LT v

a
5'-primer:
(40-mer)
5! 3 ] 5PCR| 5' ATANaOCGAT 3
Template: 3' TATIMNYCTA 5 (15 cycles) _ TATImNYCTA 5
(ODN3 55-mer) 5' 3' naturl dNTPs (75-bp)
- 3\-primer ImMNNTP + Gel electrophoresis
(24-mer) NaOOTP + Sequencing
b c d e
Taq Deep Vent exo™ Deep Vent exot Pix50
lane 1 2 3 4 lane 1 2 3 4 lane 1 2 3 4 lane 1 2 3 4
dNTPs + 4+ + dNTPs + + + + dNTPs + + + + dNTPs + + + +
ImNNTP -+ -+ ImNNTP -+ -+ IMNNTP — 4+ - 4+  ImNNTP - 4+ - 4+
NaOOTP - - + + NaOTP - - + 4+  NaOOTP - - + + NaOOTP - - + +

Figure 46 InN™:NaO° # 5%} 2 & ¢ PCR O 27} (a) Schematic representation of template and primers, and the resulting amplified
product. Gel electrophoresis of PCR products obtained by using (b) Tag DNA polymerase, (c) 3’5’ exonuclease-deficient Deep Vent
(Deep Vent exo”) DNA polymerase, (d) 3°—5’ exonuclease-proficient Deep Vent (Deep Vent exo*) DNA polymerase, and (¢) Pfx*’
DNA polymerase under various dNTP conditions. (5| FSCiik 39 L ) #ixi)
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ImN™:NaO° i &t & 5 40 PCR Ot

3'-CAGTATCGACAAAGGACACACTTT-5"
3'-CTATTATGCTGAGTGAATATCCCTAT-ImNN-CTAGGCAGTATCGACAAAGGACACACTTT-5"
5'-CGTTGTAAAACGACGGCCAGGATAATACGACTCACTTATAG-3"

ﬂ 1st cycle

3'-CAGTATCGACAAAGGACACACTTT-5"
5'-CGTTGTAAAACGACGGCCAGGATAATACGACTCACTTATAGGGATA- NaO®-GATCCGTCATAGCTGTTTCCTGTGTGAAA-3"

3" -GCAACATTTTGCTGCCGGTCCTATTATGCTGAGTGAATATCCCTAT- ImNN-CTAGGCAGTATCGACAAAGGACACACTTT-5"
5'-CGTTGTAAAACGACGGCCAGGATAATACGACTCACTTATAG-3"
2nd cycle

3'-GCAACATTTTGCTGCCGGTCCTATTATGCTGAGTGAATATCCCTAT - NP- CTAGGCAGTATCGACAAAGGACACACTTT-3"
5'-CGTTGTAAAACGACGGCCAGGATAATACGACTCACTTATAGGGATA- NaO®-GATCCGTCATAGCTGTTTCCTGTGTGAAA-5"

3'-GCAACATTTTGCTGCCGGTCCTATTATGCTGAGTGAATATCCCTAT - ImNN-CTAGGCAGTATCGACAAAGGACACACTTT-5"
5'-CGTTGTARAACGACGGCCAGGATAATACGACTCACTTATAGGGATA-NaO®-GATCCGTCATAGCTGTTTCCTGTGTGARA-5"

ﬂ Next cycles

Figure 47 InNNTP JE1F/E FIZ4 T PCR FEWA3 15 5405 EEH “N indicates natural nucleoside unit.

7 L— b HO NaO® 2 L TR (N)D3bE > THRVIAE N D Z 12 &0 LA O HIEUS AN T
LIEfRTHD B2 HLD (Figure 47),

BLBI OO LMt 2 fEFF L 72 & % PCR 2347 L7 & | ImNYTP, NaO°TP 35 L U8 ANTP D& THMFAE
T % lane 4 DRIMFITB VT OLEEEMPBILRE SN D L FRIND, TR EHIREIC, B 2 BAmME DNA
RV ATZ—BORAZ Y —= 7 %EHi LIz (Figure S29), it L7z 13 FEOEE DNA KU A7 —ED
26, REMLFE R % Figure 46c—€ 2R Lo, —MIC, AN LHIEROEY IAZ KIS IZ I TlE family B
B L, o 3>5TxY X7 LT —BIHMEERTZ220 DNA AU A F—8 & HW i a RGO
N\ ETHHEAEICH D B, 2 TET, 35X Y X T LT — B EZ K4 L7z exonuclease
deficient Deep Vent DNA polymerase (Deep Vent) Z VT PCR 21772 o7& 2 A, EHET 5 lane 4 D
M T OMIZ lane 3 (TR TS FITIRB W T H IR EY 23 BLEE S L7 (Figure 46¢), § 7206 BB IEREME
DHBT R N oo, —F, FAOBERETHY 2L 3>5=% Y X7 L7 —EBiEZ A L7 Deep
Vent DNA polymerase (Deep Vent") & H\W\ /28551213, lane 4 DSEMIZIB W TO AR IREEEEY 2 5 %
DGR &g o7 (Figure 46d), FEEDBANL, 3—>5 =% Y X7 L7 —EEEEF T 5 R TOMRICTL
THIZL S 4L (Figure S2j-m), fix b IEFE/RMEEY) & 5 % 5 EHEE Sz DL, Pf’’ DNA polymerase %
W& Th o 7c (Figure 46e), —f%IZ, 3’ =5 %Y X7 L7 —BIEMEIZDNA KR Y 27—l L 58
RSB W TH RSO IEHEZH S LS TWnD, ZTRETICHBEINTE LW 20O N T
BExtZ2 &1 PCRICEWNTH, 325X Y X7 LT —BIGMHENE I RBRICAFNCE < b ormE S h
TS ®¥, R WC HiAHIZE W T AT AT “ADOKFRHEICLD . G:C AT =ARDK
FRECTERUC &0 2 DORFEME A MR LT 2, ImNY:NaO® M JEX ] T D A DK FE#E S AL DNA &
U AT —BIZXHREBMBRIZBWTIE LWERXTTH D LM I 41, A:NaO® & 25 W\ T G:Na0® &\ o 7o

Y OKERE 2 A 3 TR — AU DFRE RN S A ETLIEGC R I AL v a—RL—2 g U EBIEEI LI EMESN S,
TR,
PRGSO LT SIS D, IO Rm TS T LS BE AR RN G LN D &V ) E TR,
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ImN™:NaO° i &t 2 & 40 PCR Ot

a Sequencing primer: Sequencing
5'-T,,~CGTTGTAAAACGACGGCCAG-5" >

3'-GCAACATTTTGCTGCCGGTCCTATTATGCTGAGTGATATCCCTAT-IMNN-CTAGGCAGTATCGACAAAGGACACACTTT-5"
5'-CGTTGTAAAACGACGGCCAGGATAATACGACTCACTATAGGGATA- NaO®-GATCCGTCATAGCTGTTTCCTGTGTGAAA-3"

b Deep Vent exo* C Vent exo*
M cn HW | /\
| " J\,r |
\/ \\ \ \\ Rm I
U "‘/“ N f N \f‘} “‘ M H{, m }i J e s
d Pfx50 e Phusion High-Fidelity

1
|

P\ f
\j\ w{\

i A “th\
Figure 48 ImN™:NaO° ¥ J&k} % & T PCR FEM D > — 7 > AfRHT (a) Sequence of sequencing primer and
PCR product. (b) The read-through peaks of PCR products obtained by Deep Vent exo*, (c) Vent exo”, (d)
Pfx™ and (e) Phusion High-Fidelity (5| H3CHk 39 & ¥ #x3)

»‘q ”‘WU Ui

HERWEEATER AR LI RTHDL EERABND,

EH1T, BHIEMMEZ R T D720, 15 A 7 4D PCRIC KV 5O HIBEY O > — 7 o A iR
BT % F2hits L 72, ImNYM:NaO® 3 IE L < RIFSN TV DB, o H—ikIC K 5 — ke v — 7 o 2k ©
RS D = U VERKDMFAE L7272, read through peak DEZ IE MR I D, EEEIZ, 3 —5 %Y
X7 LT —REEEZAT D DNARY A7 —E%& {72 PCRIZ X V155N IR EY O > — 7 o AFRMT
DFEF, #3547 read through peak |& ImNYHEILIZA Y T2 ETIEILL TWH Z EnH LN E o T
(Figure 48)',

CH =R (T AF VBT, BIO L A DNA 25 7 L— k& LTDNA R Y %5 —F & dNTP % i THIAH DNA
BEORT OB, OF A X X7 LAF =Y UK (dANTP) %szf@ﬁzﬁﬁ%{:ﬁ:é@ FexleR&D7 77 Ak DNA
HAEAKT 2, HBONTNERYZ X ¥ 7 U —BRUKEEEE 22T THEE L. DNA BSIZB] 52029 5,
o= VAT TG A =5 Lz polyT # Z\ZHRkT 5 /7 A X@Eﬁiﬂ%ﬁi T o720 ddA DY IAZHZHIKT % read through
peak [EfFHT 2> HERAL LTz,

49



W2 ESH
ImN™:NaO° i &t & 5 40 PCR Ot

@ primer: 5'-T, -CGTTGTAAAACGACGGCCAG-5"

ODN 1: 3'-GCAACATTTTGCTGCCGGTCCTATTATGCTGAGTGATATCCCTAT-IMNN-CTAGGCAGTATCGACAAAGGACACACTTT-5"
ODN 2: 3 —GCAACATTTTGCTGCCGGTCCTATTATGCTGAGTGATATCCCTA?* A -CTAGGCAGTATCGACAAAGGACACACTTT-5"
Sequencing T TTee--o_____ . -
q Mmoo
18 I
I
o [control ODN] 0% “U‘ ‘ﬂi] ‘\”\ ‘”J“‘ ‘
X100 = 10% T
[ODN4] + [control ODN] et ) L
I
1 1% ,\
G
24725 2
M ﬂf W o = L
il
13835 i 2 U LU S ——
‘ (\ | | I“ \ \IM
1713 ‘j k ‘ ’L\ \ e Tz C e H'W i M\
e Ll M A\ 43 V4 il
1318 =~i%5 - ‘VA“»V&U Nm/hv IS T Xj\/k/\w
0.45 10% ” " ‘H‘
| \‘ w ‘u
041 y=0.0076x +0.0005 A L
0.35 R2 =0.99314 :
The ratio of 25% “4\1;,‘ I j
read-through peak T j‘\ w\‘
. (% W wl“
heights - :
hT45+hC
- 43 46 50% H\‘ ‘ \
hG20+hG21 IH \‘ ,H”W MU\H ‘H H \‘
’ X “ * |
100% | | I, Lot A
control |, | |/ “ | i

50 (%) |

0 10 20 30 40

WL

‘ ‘
LAV APV AL

Figure 49 + —/ > AfifHTIZFE-5< total mutation rates OFH (a) Sequence of sequencing primer and
ODN:ss for calibration, (b) The read-through peaks of ODN4 containing 0%, 1%, 2%, 4%, 10%, 25%, and 50%
control ODN, (c) Representative data of peak height quantification at four nucleotide positions in a sequencing
pattern (10% ratio). The sequencing peak heights at the G20, G21, T43 and C46, in the sequencing data was used
to prepare the calibration plot. (d) The standard curve used for the calculation of the total mutation rates. (5| H3C

ik 39 X v disd)

S HIZ BIAE—/mIEzRAMMOED LT HZ 212k, 151472
JL® PCR 21T 5 ImNN:NaO® 1z JE % @ total mutation rate ZH H L7= 7%, 72 B F . PCR EY &[4
FRDOBLHNZ G T 5 75 mer O ImNNEH 7 > 7 L— K (ODNI1) 72 5 NI, ImNNZ KIRAY A ICE & #ix 7
KR T 7 L— k (ODN2) ZAb2A Rk L7z (Figure 49), ImN™ & #» ODNI1 (Z%] L T K7 ODN2 %
0%. 1%, 2%. 4%. 10%. 25%. S0%DE|IETHML T 15 %A 7 /LD PCR %1772 > 7%, 13574
WEPEM D> — 7 v AFRT 24T, T43 BEL N C46 ITBIT 5 E— 27\ S OFEHEZ G20 B LU G21 128
7B E— 7 @ S O TR L 7B & e, 30 L7z ODN2 OFIA Z A8l & 7227 7 (calibration
plot) Z1{ER L7z, ZHEHWTHD T —7 > ZfER (Figure 48) A fiffr L7 & 2 A, ImNNM:NaO® i it
ISP A7 LD PCR %D 84%LL EIEL S RIFESNTND Z EBH LN E /257 (Table 9), b Bif7e
AE % 5 2 7= PAC DNA polymerase D355E DIEEI1X 94%TH Y (1 VA 7 v H7-0 OFEEIT 99.5%L) F
ThsLHEHIN,

. 4 read through peak |Z
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B2 55
ImNM:NaO® 5z i) 5 e PCR D
o, RBMODN2 27 7' L — k& LTHW, ImNYTP, NaO°TP 35 & U8 dNTP f7{E F PCR ZAT
729 Z LI K VR ONTEIREN D> — b o ZFEHTIZ BV TE R D K 9 72 read through peak D15 1L 73
BRI N0l Tbb REEERSNICKT 2 ImNY & 5V E NaO° DI AA v a—RLb— g v
HAETTWARWT &R S 47 (data not shown),

entry DNA polymerase  Total mutation rate  Fiderity per doubling
1 Deep Vent exo™ <13% >99.0%
2 Vent exo™t <7% > 99.5%
3 Pfx50 <6% >99.5%
4 Phusion High-Fidelity <18% > 98.6%

Table 9 InN™:NaO° i Ji5f 24 ¢e PCR (235 1) 2 e A IEMEM: OF i (Total mutation rates)
(B STk 39 L #EHL)

Z AU E TIZ, Benner ©, Romesberg &, 35 WM Hirao 5D 27 /L—7 12X Y PCRIZEBWTH 1 A7
VT2 0 99%LL D FRINE 2 73 N THEFE K 3 S 4 Tuv 2 (Figures 32¢ and 33bc ) 78384997103 1 i St
RIS ARFR G 2 A SR VBUKMERENC BN TEORER XY @E5HMAICH D LoD © WADKE
FEEIZL DT 2R T 2 N LHEE CIEREIMEIA R, ZORRMEDL 2 HICILEHT LD TH D
MO P ED T EMBEERIT, ZAKDHDWVIFE=AROKFER-EICL VBRSNS WC HEERHIINZ T,
HIAC AR DKRFREEIT &> TRT 2T 2 N THE ImNY:NaO%) ORI LTz, T72b b
ImN™:NaO® Hi Fext 2 FVvauiE, Figure 26 (2R L7 BRISIZED W T, 5 2 HARBRIRAY iRed DFEELH ATHE
LD EBRESNI,

t B OREE R R LTz, SR OWTTIEBI SRR 63 B,
PRIHSCHER E U TRICKSERE SIS R0 T AT 5 AN LIRS & 217 72,
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ImN™:NaO° i &t & 5 40 PCR Ot

- 3> 5’ exonuclease-deficient type of DNA polemerases

a b c
Taq Tth Deep Vent exo~

d e f
Vent exo~—2 Therminator 9N°
lane 1 2 3 4 lane 1 2 3 4 lane 1 2 3 4
dNTPs + + + + dNTPs + + + + dNTPs + + + +
IMNNTP -+ -+ ImNNTP - + -+ ImMNNTP - + -+
NaO°TP - - + + NaOOTP - - + + NaOOTP -+ +
- mix type of DNA polemerases
g _ h , i
PlutinumTaq Accuprimer Pfx KOD Dash
lane 1 2 3 4 lane 1 2 3 4 lane 1 2 3 4
dNTPs + + + + dNTPs + + + + dNTPs + + + +
ImNNTP -+ -+ ImNNTP -+ -+ ImNNTP -+ -+
NaOCTP - - + + NaOOTP - - + + NaOOTP -+ +
- 3= 5’ exonuclease-proficient type of DNA polemerases
j k I
Deep Vent exot Vent exo™ Pix50

Figure S2 ImN™:NaO° Hi L% % 5 2 PCRIZH 1T HDNAKR Y A T —ED A2 Y —=1'7" Analysis by denaturing
gel electrophoresis and sequencing of PCR products after 15 cycles of PCR under different conditions. (a)—(f) are types
of 3’55’ exonuclease-deficient DNA polymerases, (g)—(i) are mix types of 3’—5’ exonuclease-deficient and 3°—5’
exonuclease-proficient DNA polymerases, and (j)—(m) are types of 3’—5’ exonuclease-proficient DNA polymerases.

(BIHSCHR 39 &V i)
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ImNM:NaO° Ha Fef 2R H L7227 U w7 /7 2 A R U —I2 X 5 DNA ARSH i R OB AL B 5
%6 Hi ImNYM:NaOC i ExtZ#RH L7=27 U v 77 I A MU —|ZX % DNA AR RKim OB IR
1EBRFE

W5 gk, B 2 HAVERIRA iRed HEEED /=%, PCR IZ XV R ATREZR S5 3 F H O AN T
(ImN™:NaO® ¥ JExh) D BHFEMFIEIC DWW Tak 7=, AR TiE, ImNY:NaO° it Z2FHA L7227V v 7 73
A R U —IZ X% DNA ZAEH W AR T ORI A 72 B RAL SUOSIZ DWW TR 5

Figure 26 |27 L 72 B IZHEV  PCR 1T & 0 DNA ZAREH M K S~ A3 % ImN™:NaO° Hi 5kt % &
MY & LT CuAAC SUGIZ L D BIME A EBT 5720121, TNERONTHEEA~T Y FEB I O=
FoNVEERBEANTHULEND D,

EZATRIZ.DNARI AT —BERBETHLIX I LAV R-ZU VR E OO EERIC
BOWTX, AU AT—BHhOT7 I/ BAEEREOBEEMICBIT DAY v& 7 CH-ifl AERANE
ECThHDHEEBEZ BN TS, Figure 50 12 X G fa & AT IC X 0 Bl &2 & &7z Bacillus DNA
polymerase & #1 L < HLVAE LD ANTP 28T HBEHRILEM O AIER 27 L7z " IV IAE N D
dANTP OHELETIIA V¥ — 7 L —T BT, DNA KR AT —ED 0-~V v 7 AIZ/FET % Phe710
(F710), Tyr714 (Y714) B L O 7' T A ~—8HD 3-KImILE T oL A ¥ v X U JHAER 2R L T
W5, AT AN LI OBRKSIZE W T O BERMAEHZE S, K 2 mH 2 fichik~ 7o &
912, Hirao D7)V —7IZ 1V BA%E S av7c N LK (Ds:Px EHEK) I2BW T, HEH Ay —27 1
— 7~ IR ERESL DB (Ds:diol1-Px Hi£xt) 1%, DNA AR U A T —IZ L 5B AR SR DRh =R
72 5 ONZERE A BICHRNC@ < Z E N5 E STV D (Figure 33),

Figure 50 Bacillus DNA polymerase & #7 L < BtV A £ 2 ANTP IZ8 1T HEERIEE M OFH BEAEH
(51 FA3CH 104 X 0 5

THEAERICEES TS T I BREAILIDNA KU AT —F RIS BRIFES TV 5,
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2w 56
ImNM:NaO° Ha Fef 2R H L7227 U w7 /7 2 A R U —I2 X 5 DNA ARSH M K OB IR B 5

o o —Tmer 1N N3 e e
P! U6 promoter l shRNA
(o) b_ ImNN\
Vs 3
fo) 0 PCR | dNTP + NaO©°TP
s \ 2
. N3‘|mNN . Na0°//
H o:j U6 promoter l shRNA N
H NaQO= ImNN_
H /// 1 N3
Crick chemistry
N— N o)
N N~ 1ImN : l NaO N
NZ_NaQo U6 promoter shRNA ImNN S 2

Figure 51 InN“:NaO° ¥i £ 2RI L7227 U » 7 7 I A b U —I1C K 555 2 BRI iRed O HEHLHEHAE

% ZTEFIX Figure SLIZRLIZE ST, T4 v—8H~ImNEEROOIZY I —%2 L TT
VREEZEAL, PCRICEVEVIAEND 5-=VU VgL LT NaO°TP E~=F =)V HAEATSH 2
L,

T F =)V E AT D NaO°TP (6-ethynyl NaO®TP) DA kL, £9°. NaO® X 7 LA RihiE(k 87 %
HIZEERLE L, NIS Z#HWT 6 it~ 3 — REDH A Z1T72 > 7~ (Scheme 3), fi\ T, HbNTLAW
9 & TMS-acetylene & Z N v 7 U T ORMEICHT Z LICX DV = F =V EZEAL, (LAY 10 245
2o ZTOHO% TBAF THRELT 5 Z L2 TMS /e & ONTHER/KERFED TIPS M ZFRZE L. 6-ethynyl

~ "NH “~ "NH = N|-| =
TIPSO TIPSO TIPSO O + HO

TIPSO TIPSO TIPSO
0
X
7 ONH
NH g)—n 7 "NH ~ M
HO—P-O—P-O—P-O puTro— Y0
ONa ONa 0
RO
6-Ethynyl NaOOTP (i RC Ac

Scheme 3 6-Ethynyl NaO°TP @ & ik

Reagents and conditions: (a) NIS, DMF; (b) TMS acetylene, PdCl,(PPh,),, Cul, MeCN, Et;N; (c) TBAF, THF; (d) DMTrCl, pyridine;
() Ac,O, pyridine; (f) 3% TFA; (g) 2-chloro-4H-13,2-benzodioxaphosphorin-4-one, pyridine, 14-dioxane; (h)
bis(tri-n-butylammonium)pyrophosphate, tributylamine, DMF; (i) 1% iodine in pyridine—-H,O; (j) NH,OH; (k) DIAION PK212 and
then WK20.

" 7B Figure 26 1ZR L2 HEIGIZ 3BV C A TR L X % ImNY, YTP % NaO°TP & L7,
T AR E. NaOC HE e~ T = L H DA ImNV L E~DEA L L THES THhDH Z E0vh, NaO® % = U Vgl LT
HnspZ bk L,
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2w 56
ImNM:NaO° Ha Fef 2R H L7227 U w7 /7 2 A R U —I2 X 5 DNA ARSH i R OB AL B 5

NaO® X 7 LA ¥ REFER 11 2153727, fit\ T, ALBW 11 OFEHRKEREE 2 5 & ARSI R#E T2 =
ETY-ZU VLD IE 15 ~ L8, LAEW 15 & =) VRO SME K LT, RBICET Vv
E=T AKHPIZTHR 3 AN T B FNIEERET D Z & THTLO 6-ethynyl NaO°TP (tri-sodium salt) % &
5 Z Lok,

— . ImNMERB LTV REEZET L7744~ —0FFT, LLFOL IR LTz, T72bb,
TIA 7 —HD 5K InNV A E AL, 61T S-SR~ Y VR = AT AREEENLTT
CVREGHY U —FRIEETHENIIIKETH D (Figure 51),

& A TARMRICHNL > TEH LD I N—T"TiE, WADKFEFEEGITE VT 2T 5 Im:Na
et D 5 B ImON:NaNC Hi Kkt 2 i Rl (2 A 9~ 2 M8 A8 DNA (238 C, AR CoRE AT
BWTRERY U —HEOMF 217> T D ' ZORE., Figure 52 IR LY —%4 LT
CuAAC ISIZ X D BB EIT T2 2 L 2HOENE Lz, 200 LHBD Y > —#HE ThiuL,
ImNY:NaO® HiJEXFIZ I\ T h CuAAC UG ETTT 2 LHifF S D, Lo, 25 2 HEABRIRE iRed D1
ZETIL PCR (EHELUG) 1T &Y ImNNNaO iRt 2 AT 572D, U U —HE~D A F IR HDE
MNITIERE 7RG AR OB T2 72 D Z & MR AE S Tz,

0o, o
P
o —
o N (o QRN H-N
- 4
O N WN-Humn N
7
~ N e H-N
\
N 7
N-H e o
H

Figure 52 ImO™:NaN° ¥ Lkt il ¢ Y > 1 —% 4 L 7= CuUAAC K

F 72 Furuita, FH 51T, ImO™:NaNC It 2 5 ¢ DNA AR O &R 2 NMR (2 80 fghr LT
W% (Figure 53)'%, Z DR, WAROKFER G Z KT 5 Im:Na HHxF 2/ L 72 CuAAC RGIZ K 528
IR ZATREL T2 U —8EIR, &KIETH R ARBREZLELT L2 ENHEHESN, Uz &
MOARMZETIE, 774 ~—8H~NEAT LV —L L TRIRICT Y REEZA LT PEG HEZ®EIRL |
Figure 54 |2/~ L7 X 9 IZi%EF LT,

AW 12 ORIEEFF T2, T VAR = VIO A iR U2 a3, BIRAYISE A DD L R vl B 7e (R AL OB IR LR #E T
HoT,
" Schemes 1 3 X' Scheme 2 (2R L7= 5-Z ) UKD AR EZSROZ L,
FOERRIZ, ImOM:NaN® M 5okt & [ R A T 2L A R O B A8 DNA TORFHIIB W T, U 7 —i72 DNA ZARH~
A H—=HL— b TDHILEIRBINT,
$ ImNM:NaOC #EH %I 35\ T H NMR (2 K D @ ks & AT % A 7= DMET N IR T - 72,
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2w 56
ImNM:NaO° Ha Fef 2R H L7227 U w7 /7 2 A R U —I2 X 5 DNA ARSH M K OB IR B 5

-\-‘Ij -‘_I- 1
e 5 e
W _35!_-....-" b

Figure 53 ImO™:NaN° # 5%t 2 & #¢ DNA “AREHD NMR & KABE AT The lowest energy structure of the DNA duplex
containing ImO™:NaN® base pair. DNA duplex was formed with 5’-d(CGAA-ImOY-AACC)-3’ and 5’-(GGTT-NaN°-TTCG)-3".
(I HISCHK 106 £ 0 5%

N J
Y

Model sequence

Figure 54 ImnN~ % 580 75 A ~—8{ZE AT D U U —DF%E

o)
12 O
N3/\/°(~/\o)’3\)LN’Ho—B—o—|mNN—CGCGAATTCGCG—0H
H o-

FETHROIZ, AT Y K PEG VU > B —%4 L C ImNY:NaO® #g FL 5 D CuAAC SUEBEITT 2 0
ZBALMMET A0, BT T VES (Figure 54) ICBW TR 211729 2 8 & Lz, 5-RKE#C ImNY
#HT D ODNS B LTcth, RAFRRTY IXA MECKY Cl2 7/ U —16 &fie 52 LT
ODNG6 (CPG bound) %#%37- (Scheme 4), —#%f)72 ODN D EAHEE TliX, H< BT =T KHTOMN
BULEIC LY CPG Bl L2rb 080 L L HHERERL R OO UBEE ST / =F v (CE) B Difr
AT D, Ll KIETIEEHIZ ODN B~V v —8OIEEZ{T/R 572D, £F, 10 =F
T AR LY CPG RIR EIZ T Y U FEE D CE 2D Z i fr7# 2 1772 » ODN7 (CPG bound) %7572,
BWNT, MY 7oz VTSR 7T 2 7 ED®E 7 A My b FARERET S Z L T ODNS
(CPG bound) & L7-#.5- KD 7 X 7 H & NHS = A7 /L7 ¥ K PEG U > 1 —17 % it S, ODN9
(CPG bound) # &k L7z, f%IZ, 354172 ODN9 (CPG bound) %7 > =7 KHMEVLEES 2 = &
T, 5K InNN RS XY > h—2 N LT ¥ REEZ G T H2H8{E T VES] (ODN10) DA
ZEERL LTz,
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2w 56
ImNM:NaO° Ha Fef 2R H L7227 U w7 /7 2 A R U —I2 X 5 DNA ARSH i R OB AL B 5

ODN5: HO —ImNN—CGCGAATTCGCG—

1) MMTrHN WO\ NiPr,
12

i1
16 O

5-(Benzylthio)-1H-tetrazole
MeCN
2) Ac,0, 1-methylimidazole, THF, pyridine
y 3) I, THF, pyridine

oy
ODN6: MMTrHN " 70-P -0 —ImNN—CGCGAATTCGCG—
o]
10% diethylamine
MeCN
Ny
ODN7: MMTrHN " "0-P -0 —ImNN—CGCGAATTCGCG—
o
3% TCA
CH,CI,
12 O

ODN8: H,N o -P-0 —ImNN—CGCGAATTCGCG—
o
Ng >0 V\oM ;;

DIPEA

12
ODN9: N, 7>~ {/\oM ’Ho P 0-ImNN-CGCGAATTCGCG-

l 28% NH,OH
0 I Jo\‘
obN10: N, 00, o- P 0-ImMNN-CGCGAATTCGCG-OH

Scheme 4 5°-KiEIZ InNN H 3 L OV Y RPEG U v —% 1% ODN A hk

#5517~ ODNI10 (X H CHIMHACYITH Y . Figure 55 (2R L7= K 972 DNA " A#HZ KT 5, £ 2
T, MARMEEEO ImNN HEIE 2% LT, JElcA sk L7z 6-ethynyl NaOOTP @ —Hg Jufifi ASS 2470, it <
CuAAC S XY iR EmHR COR AR 2R T 52 & & LTz,

& AT, DNA O X 9 72 @A R & 5 7123868V C CuAAC S E1T78 9 BRICid, A= shfiigt o
PREVDHNEEE 2258020, LIz -> T, b7 CuAAC M E N ~EA LT 558, =
[ZHRT 2 BIERBAMBEE S TN D, TNEMRIRT S 720, Chan HIZEMAR Y v — EICHEF L726
i lZ % CuAAC SRSz @i LT % (Figure 56)'%, 2 & O TiZ, ODN Lo CuAAC JGIZE
WTILHEND UV H> R THh D tris(benzyltriazolylmethyl)amine (TBTA)''® L D% L — NERLZFIH L
TEBA~OHERFZITR> TV D, Lo T, ARE TS OR Y~ —HERIG R o F1) F 23 U520
2O NN E OB OME N b AR TH D LB T,

EFT.AM LT ODNI0 27 =— VU » FEARICHd 2 & TH MO DNA AR Z R S E, PA°
DNA polymerase % F\ 7= 6-ethynyl NaO®TP O — ¥ J4ifi ARt #1772 > 7= (Figure 55a), &% HPLC |2
KB LZE 2 A, 1 FE#ZITIX ODNI0 [ZHIRT 5 B — 27 RERITiHA L, 4 EA Y (ODN11)

* Ichikawa 5|2 X 0 FIEED R U ~ —HERARIGRARME 2 V72 ODN _ETO CuAAC SIS E Z T b 19,
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W2 B
ImNM:NaO° Ha Fef 2R H L7227 U w7 /7 2 A R U —I2 X 5 DNA ARSH M K OB IR B 5

a b ODN10

ODN10:

3'-GCGCTTAAGCGC-IMNN—Q - P O

12 0
0
Ny~ > 4/\0)’3\)1\ 0- P O—ImNN—CGCGAATTCGCG 3 ’
3 0/\9' ~N,

&

Pfx50 DNA polymerase, NaO°TP || .l.

37 °C incubation

ODN11
ODN11:
0 W58 /
Ny N MOM o- P O — ImNN-CGCGAATTCGCG-Na0© o 12
o-  NaOO-ceeerraaccec-ImNN—O - P o O/\’) ~"N,

4 E

CuPFq / TBTA ' :
sodium ascorbate, NaCl, MOPS buffer '

ODN12

N. (o} 3 E
ODN12: o- N SN—” ’<—> :
1 '
o “(Ho-p-0 EcoRl )ﬁ o) :
)\—NH o Imgg—CGCGvAATTCGCG—NaONO :
NaO©-GeeeTTAAGCGC-IMN 0O HN '
~N~._ n H
—( 0-P-04) 0 :
/ —N /,N O- H
3L40 °N :

T T T T 1
0 5 10 15 20
tp/min —— >

Figure 55 ImN™:NaO° i Jxt 2 5 d0E 7 /VELF 2 F W 72 BRI ODN O % (a) Schematic of the dumbbell-shaped ODN synthesis
with ImN™:NaO® using CuAAC reaction. (b) HPLC analyses. The samples were analyzed on u-BONDASPHERE (Waters, 150 x 3.9
mm), eluted with linear gradient from 18.5% to 27.5 % CH,CN in 0.1 N TEAA buffer (pH 7.0) (1 mL/min for 20 min).

TENTA-Gel
N—N

N_—7%

\

Cu*
\ T MeCN)4
N | °N
N
Bn
Figure 56 7Y ~ —fH A [FIfi 5 o> A &

WX T B B — 7 "IN E X iz (Figure 55b), #i\) T, 2O O & BRI L 727K U ~ — HLRF R G firk g
FAET . CuAAC UL DRI LTz, ZOfER. ROSBIAE 1 Ref# #1213 ODNI11 ICH kT 5 B — 27 D
KDL NCH 272 8 — 7 OFENMERH K=, L2 L, CuAAC RUSIZEBW TIEGHITR O +BEL
MAETRNZD, Bzl bz B — 27 BB (ODN12) 2T 56D THLZ L EZHLMNET D
ZEIIREETH o T, Fo G LS DMK TH#EITL TV D EIFR LW, £ 2T,

55T A R % I FREE SR EcoR1 CHUEL L 15§ D= BB D 43 1 B3 il KUl C OB BRICH kT 5

© MS fFEFTIZ LV 6-ethynyl NaOOTP DHL Y IAZMNHEIT L= 2 L 2GR L TV D (EBROEHER),
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S e

F2E FHoOH
ImNY:NaO° Ha FEsct Z RN L2 U v 7 77 2 A MU —I2 k5 DNA AREH i AR i O Bl AL 725 B %
HLDOTHDH L EMR LT (Figure S3)%,
PLEozZ &ne FEEHEITET EHEET AEANIZIE VT ImNY:NaOC i et 2 /& 28220 & L7z CuAAC
ST &5 DNA ZAREOBRAVIZ AT L7z,

T HLGE Y BRI T O AT ET L TV 2 5E HlREEFAEIZ L Y ODNI2 X250 7 J 7 A v MW &b, —7.
1 CuAAC S MIT LT L CWARWEAIZIZ3 2D 7 5 7 Ay MU EN 5720, WiFEEZXBT5HZ &R EeL
725, MSHIEIC XV BIE STz /0 Rl DWW TIEFEBR O Figure S3 2,
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B2 BT
5 2 HARBRIRAY iRed OAEE & AR T FEHLIHI2h A

55 7 #5652 HHARBRIREY iRed DREEE & B FEBLINHI 0 R

%6 H#i Tl MHHET ARSIV T ImNY:NaO® i Fokt 4 /£ 2572V & L 72 DNA RS [l AR b ir
BIRA 2T ¥ FEB IR F = LV EOE A L CuAAC KGIZ LD BIRBIC W Tk~ 7=, 8 7 #i ik,
PCR (T &% ImNY:NaO® JEDEA & Z i &2 FIH L7255 2 #HARER IR iRed DHEELIS K ONE AR T-FBLINHI2h
RlzonWTikr 3,

T, B 6 B Tl =T IVELS & [RIAE D J7 I T, pGL3 Fluc FE)H 2 GBI iRed” & #E4E 7]
R T IA~—EH 22 Ak LT, 7785, forward ]38 L O reverse IS S FIREZR 7° T A ~ —Fid 5]
DA 5 - R IMNNH IR A B AL, & 527 Y RPEG U v 1 —%4EE L7= (Figure 57a, ODNs 13 and 14),
FEVNT . AEWES 2 FA S fli Cheaiifb L 72 PCR S&EIZHEVY, pGL3 Fluc 4% & L7 shRNA FEHL 7 7 2
TFDHIBH U6 7 rE—F—FB LI shRNA 21— Rk 27 7 L— &L, L7727 Y R PEG U
> A — £+ ImNN 77 A ~—§H 2 i 72 & DN 6-ethynyl NaO®TP % FHV C PCR %1772 - 7= (Figure 57a), =
DO, G ONTIREED DO EIIRKRI DT Z A ~—72 5N ANTP Z W28 ERETH D | KR
H1Z 6-ethynyl NaO°TP % & 35412 b @72 < PCR T35 2 E A S & 722 572 (Figure 57b), %
TRE, O NTEIEEY O > — 7 v AN & e & 2 A, ARSI OB RIIMR S ol Z &y
5. RO WC I HE R EIRIZ 35 1) % 6-ethynyl NaO®TP D X A A ' a—R L — g IELT TN

Z L MIRIB X HU7- (data not shown)',

CERAIRREHE. AW 1 B 55 1 Hi Figure 10 IZ[F U,
T $HER 369 bp 205 72 DHEMEFEM DT, — 4 U AT T — X 13 4BH L 720,
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a

ODN13: o
0] 1]
\/\ %\/01 OIWIOl_:‘_Zzwﬁﬁnﬁnﬁwmao ccggaattgaagatctggge) -3
o- U6 promoter — shRNA for pGL3 o
3'-d(cgcattcaaaaaacttaagatggcccatcce-ImMNN—O-| _u (o] §O\/v\ /\/Zw
\\ :ODN14
PCR | dNTPs + NaOOTP
\/ O%\/ wé_/ Y \\
-~ o O- _u -O0—ImNN-ttctctaggegecggaattgaagatet ttttgaattctaccgggtaggg-NaO©
3 0
NaO©%-aagagatccgcggecttaacttctaga UG promoter — ShRNA for pGL3 rmmmﬁnﬁmm@mﬁ@@ooomﬁooo ImNN—OQ-| _u (o] E/\%O\/v\ /\/Zw
\\ 6
CuPFg / TBTA
sodium ascorbate, NaCl, MOPS buffer N O <3
0- N N—" J
j\.v.olﬂlo/ mﬁ__ v mo@m_ VU\ o
NH (o] ImNN-ttctctaggegecggaattgaagatet Ue : — hRNA f GL3 ttttgaattctaccgggtaggg-NaO©
Zw00|mm@m@mﬁOOQOQQOOﬁﬁmmOﬁﬁOﬁm@N promoter S orp mmmmOﬂﬁmw}@mﬂ@@ooomﬁoooLBZz/ n_._u HN
—p- o]
AMA |z 2nd generation of the iRed o _w o v_m
~~—N_ . -
33><0o °N °
b Marker

Figure 57 pGL3 EM% 2 #{RERIRD iRed OHEHE (a) Schematic of the
construction of 2™ heneration of iRed targeting pGL3 Fluc; (b) Gel electrophoresis
of the PCR product. (lane 1: natural primer with dNTPs; lane 2: ImN~ pimer
lane 1 2 posessing an azide-PEG-linker with dNTPs and 6-ethynyl NaO°TP)
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W2 T
B 2 HEARBRRAY iRed OHESE & A TR BLBIHIS

B O HIEPEY 2 R . AGRER 2 TE 6 Hi TR - TV R & RO SMEIC T CuAAC Kb %
T ol BHNDEMDS T 8EITH 220 kDa Th 572 MS 35 L OV HPLC (2 X 2 i DB B A #E T
HoT T T X FEHNIHETE & RT3 5 72  Figure 57 1278 L 720 TN EIUHIRES R L 217\,
SONTZT7FZ T A MO MS TR LTz, T7bbET, Ho75 2 HARBRRA iRed % BglII T
PR L 7= & 2 A, o ARl (ZEMERSY) TOBRRIESHEIT L2 2 & 2777 16053.8 (MH) D4y
TEREY—IPBEINT (Flgure 58a), [AIBEIZ. EcoRI THLEEH 2 Z LI XV & A 3 KA 1D
77) T CuAAC SR HEFT L7 Z & &2 7Rk7 105429 (MHY) Oy B E— 7 \lEiR S 7= (Figure 58b),
PLEDZ Enn | 85 369 bp @ PCR HEIEEMIZ I\ T H ImNN:NaO M %t & FI) L 72 —AREH K

Ui i T D CuAAC FUGSHETT L. 55 2 HARER R iRed ZHEEET 2 Z LITAE) LTz,

a o- 2nd generation of the iRed targetting pGL3 Fluc
o (A40-P-0
NH o] IMNN-TTCTCTAGGCGCCGGAATTG. TCT-
NaO©°-AAGAGATCCGCGGCCTTAACTTCTAGA
(0] —
~—N /,N
3<—>40 °N
Bgl Il
o-
‘z(ﬁo—g—o\ 0
NH (o) IMNN-TTCTCTAGGCGCCGGAATTGAA-OH ‘l? + HO- IT —0O-GATCT-:
NaOO-AAGAGATCCGCGGCCTTAACTTCTAG- O— FI’ —OH OH HO-a-
o] F( OH
~—N /,N
3<—>40 °N

Calculated mass Cs19Hgg3N1930307P 50 16057.9 (MH")
Observed mass: 16053.8

Intents —»

W
\{w u ML) MM\W YWW it Mpf' Ml }‘}'Aﬂ\'ﬁ%ﬂﬂ%‘iﬁ"‘m‘wfﬂ"f{.;‘WW,’u".’ﬂ,‘-

14000 15000 16000 17000

Figure 58a pGL3 1Z#Y pGL3 Fluc 255 2 HACERIREL iRed O HIBREESEFRIZ X A U)K & MALDI-TOF/MS IZ X 5 i
IEMFAT (a) Digestion of left fragment of the 2™ generation of iRed targeting pGL3 Fluc using Bgl 11

© R DB 3% PAGE 12 XV SEHi L7223, 369 bp B 72 HAERMIETH L7+ BRI ENE LT, LT LD
CuAAC DT A2 R T 5 H O TIHED 57,

" shRNA O = — FES 2 H T 58z & AL RS,
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B2 BT
5 2 HEARBRIRY iRed DOABEE & AR T FE B2 A

b 3
2nd generation of the iRed targetting pGL3 Fluc N,/N\N__/07<‘>
— o
- TTTTGAATTCTACCGGGTAGGG-NaO®
~AAAACTT. GATGGCCCATCCC—lmNN\ 0 HN
0-P-04) 0
o
EcoRlI
0,<3
N/’N\N—/ 7<—>

|
OH HO—AGATGGCCCATCCC—ImNN\ 9 HN
OH 0-P-0) ,,
o-

1l
- TTTTG-OH ﬁ + HO—-P-O- AATTCTACCGGGTAGGG-NaO©®
AAAACTTAA- O—Ii’ —OH

Calculated mass C343H41N1290199P 32 10541.0 (MH")
Observed mass: 10542.9

Intents —

: -
I Jia ; | by,
[T ST . g ke

b
Ittt

9000 10000 11000 12000

Figure 58b pGL3 141 pGL3 Fluc 255 2 HACERIREL iRed O HIBREESEALERIZ X A U)K & MALDI-TOF/MS IZ X % i
1Ef#AT (b) Digestion of right fragment of the 2™ generation of iRed targeting pGL3 Fluc using EcoRI.

eV T, 5 B A7z pGL3 Fluc £ERYE 2 HARERIRE! iRed OB T HBLMBI R AZFHM L=, T2
B, HEEE L7z pGL3 Fluc HEAYH 2 BRI iRed 35 L ORI 5 & L C shRNA BEL 7T 2 2 K, A1k
shRNA. iRed & [l UHEZERCH A A 9 2 RINA A8 DNA (natural device) 3 X OV 1 AL dSC iRed %
pGL3 Fluc 72 H NI IE & LCRluc 22— R 52D 7 7 A K& & 4T HeLa Mla~IEA L7z,
24 B2 T OB FRBIHI LN R 2B L= L Z 5, shRNA BE 77 2 3 RiT 95% L4 E D&V RNAI
R AR LT (Figure 59), [FIE/VIREESAE T, BBk shRNA [T 7 2 X REDIE% 5 6 DD pGL3 Fluc
FHIOBG BRI, — 7, & 2 AR iRed 1B ST, 5 1 #H/R dSC iRed LV b EW
AR TR BINHI R R A 384 U7z, Bl S 2 AR iRed OBART- RGN R 1L, HIFRPEA
% 24 B[ OB SIZ )T natural device EIEIXFRIZETH DM, 4% S HICEHTO RNAI 2R %2 5Hfi 9
DLl bz, MR OBRRIA BRGEISERIUCE X DT OV TIHME L2V,

" A8 DNA 23 FIC R VB S D AARGRIEINEIZI VT, DNA 20 5 REGE OME N Bk Dt L 72 5 Z L 3G STk Y
00 DNA TR RS O BLRAL b F 72 B ARSI B ORI A RN < ATREMEAN &,
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s
b

-
®

5 2 HARBRIRAY iRed OAEE & AR T FEHLIHI2h A

B 0.1 nM
@ 0.5nM

2 10.0 nM

(%

o o o o o o
o © © < 3V

) olyes onjg/on|4 £15d eAnejey

Figure 59 %5 2 {ABRIRT iRed i fm 15 BLIHI2h F

64



i

1) PCR |ZXYHIERIEEZR 4°-F 4 DNA ZHH L CTHHEBMR - EBLENGH 7 231 2 inteligent shRNA
expression device (iRed) % [BH%E L 7=,
a) ShRNAFEHLZ 7 2 I R 9 % shRNA FELUZ LB/ MROGEEL (U6 7' 2 — & — + shRNA =
— RNk 27 7L—h& L, HIVWD ANTP © 9 5 | IO A4 dSNTP ([CEH#HL L T PCR #1T
729 Z L&Y iRed ZAELE L TZ,
b)  Invitro \ZB W T iRed ZFH L7 RNAI 2425 Z & lokth L7z, £72. iRed IZ Bia T
FEHMENFANT 4-F A X7 VAT ROBENEIG B2 R U AL2ER OB ANEIE 23E ) dSA iRed
BLO ST iRed TIHEENHFRETHL OO, HAFIEE dSG iRed 3 LW dSC TIEH K
shRNA Pl EDO @V RIS FRBUIHIZNIR 2 BT 5 Z 2 o0 Lz,
c) 4-FTA DNAIZL VDRSNS iRed 22 HHRT S 4172 shRNA &% & & L. iRed 23fIfaN TRlE
WAL BIEBEHRE L THIEL TSI ZEE2HLME L, 61T, #-F AL HEMOEANIC LD
57 iRed IZEIHIERE7: sSARNA 5 DT 7 L— K & L THERE L (termination rule DERTF), FEFFHR
7B AR T RBMH 2 RS RN EEH LN E LT,
d)  Invivo lZBW T, dSCiRed 23 m\WEAS FREIMHIB R 2 BT DL L 2L E LT,
e) Invivo |2 T, dSCiRed 3 LU ST iRed N HARMIEILE A R FR LW LA LMNnE L
7= BB “FBoMb” & “@-FAHAEFEEMOBEN” LD iRed DT FAMEMICME, 4
SRYEDNA IZ LVl S5 HRGEISEICBE ST 2 PRRs Didik 2 BN/ /2O THDH EBEZTVD

VI EEHIT, 4-F4 DNAICX D #k &% iRed (X DNA AR U 2 7 —EE L OHNFEN RNA AR U 2
7 — € I OIEEFEFIC IV T KRR DNA iR & U CTHRET 2126 b 67 B RLEINERBLD
JEAHH 5 PRRs (3% 5 < TLRY) (IR S NN L2 W60 E Lz, 2 b OMEICTHSVW T, iRed
IXERAEINEE RLFFRT 5 2 & 72 < RNAI ZiF i /IR e fillE s R EMEI T ANA A Th D Z &N
RSN, F-HER L, iRed 1% sShRNA OffiZ H miRNA ° mRNA OFBLT N4 X & L THHFHRETH
D LEZ B, ALFHERI DNA 2R U728 LWEBAIBEFIE S L THIRIRFE B D,

2) 2 HARBRIRT iRed HEEE D728, DNA BBV THEBET 2 WC B Iche< 25 3 BEH O AN LI
ot ImNYM:NaO° i Fhxt) 2 B3 L=,
a)  ImNVTP 72 & TNZ NaO°TP # &k L7,
b) DNA #HELISIZEIT D ImNN:NaQ® X7 O IR & i3 2 72, KFIZ X 5 —HIEdHA
B 78 5 N & O ERRfENT 21T 72 o 72, = OFEF., ImNY:NaO® Hi % i3> Tm:Na HUHE 5L
% (ImN°:NaON 35 X OV ImO™M:NaN®) & b U CRW IR ZhER e b NS FF R Z BIET 5 2 &
DHALMNE RS2, 2D OFEFIE, N THEMICER T 5 UARDOKEFBED RZ—2 (R
FT=eT 78T E =W ) BDNAKRY AT —BORERBICE W CEERERZ R -T 2

65



)

d)

EERRIELTVND,

DNA RS2 30 T ImNY:NaO HE Ho TR % & & B 722 BRSNS EITT5 2 L 28 5
e LTz, 2LV, ImNN:NaO® HHEKH T RKIRA WC SRR & T2 Z &2 FR R
7N REETH D Z LR ST,

ImN™:NaO® ¥ FExt & & ¢e DNA AR PCR ICK VIIEFBECTH D Z L& LN E LT, 2
DOEf, DNA KU AT —ERNHFTDH 3=>5TF Y X7 L7 —BiEE #RIEFE) 1XZUARDKER
BIZE VT ZET D ImNY:NaO® M Fk 2 1 LA & L TRl L. RRAUE L L o =
A~y FHRIERERZPERT 2 2 & 2B 6 E LTz, £72, P DNA polymerase % H1\ 72 PCR
IZ31F % ImNY:NaO® S Hxt O BKE 1L 1 -1 7 L H72 D 995%LL ETH D Z L RSz,

R WC Mg HSH T AR D 5 WIZZARDOKFERE G & 2 R 22 Mg BT s & 0 B s # o 1E
72 A L AREA M S, FEFIXZ O WCH XN Z T, FHIClUADKBHAICL > TXT 2B AT
H N THE A AImNN:NaO®) OBRIZHKIIL, 2O L DN DNA KR Y A7 —EOHEBKISIZIB DT H FFR
FINCHEETRE CTH D Z L 2B L L, Th b OFERIT, 45 2 HRBRIRA iRed DRESE &\ o 7234 F
TV = a U~DEBTET T < DNA AU A7 —BOREEFRHZHET 5 b Fm 7 R 5 b

HBRERNEEZD,

3)  ImNM:NaO® g st ORI S 2 FIH U725 2 AR iRed OMEFIEAZFIE L, 2 E AV 2iE s
TFIRBEIMHN DR EED Z LIk LT,

a)

b)

c)

ImN™N:NaO° ¥ 3t 0 5 S A 2 B AOG 2 FILH U 7oA B R IR 22 SOG B RE RSB AN A EETH 5
ZEEHALNEL, ZNEFMALEZZ Y v 7 I A MY —I2 XY DNA AR RSO BRI
LA LIz, T7eb b, NaO°TP ORI 6 fLlcoF =LV HKAEEALZX 7 VAT R 5-=
U VBRI ER (6-ethynyl NaO®TP) &, 5°-K¥ic7 ¥ R PEG U > 7 —%#E A L7= ODN % H\»
TEAERSIC LY DNA AW RSRNIC T Y FEB IO F = L EREZEA L, 85612
BALLT Y REEZTF =L EOM T CuAAC KEZ1T72 D 2 LI L 0 BIRE DNA 73+ O f
B AR B L7z,

6-ethynyl NaO°TP 33 X UN7 ¥ K PEG U v —5H ImNY 7' 7 4 ~—%F|H L7= PCR IZ#i<
CuAAC JISIZ XV | 5 2 AR iRed M5 T 5 Z LITEI LT,

Invitro \ZBW T, 5 2 AR iRed & VW 7o BB TR BB SR 2 BIE2 T2 Z L ITEh L
776

VL EFEF X, BTG ELRE 4°-F 4 DNA & 5\ T ZEERE A L T4 & TmNN:NaOO ¥ L%t 0 B 5 587
ZRH L7 H BB AR I BUNE T 3 A A DBHFIT LD LTz, 5 S 515 2 AR iRed (2317 5 &
L RBIHNREREEST 2 & & IR QBRI B RGEISEFRBUCE 2 B2 T 2,
B BRI O EFIIT v T VA T T2~ —5H 5T siRNA 72 & D RNA 73 -3 5 T 5,
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AWFZED RNA ZARHY & L7IALERTI DNA I K58 LWIRAIRFIEZRET 20D TH D Z L 2RH O,
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FER O
General methods

General methods

Physical data were measured as follows: 'H, °C, and *'P NMR spectra were recorded at 400 MHz (Bruker
AV 400N) instruments, respectively, in CDCl;, DMSO-d; or D,O as the solvent with tetramethylsilane or
phosphoric acid as an internal standard. Chemical shifts are reported in parts per million (d), and signals are
expressed as s (singlet), d (doublet), t (triplet), m (multiplet), or br (broad). Mass spectra were measured on
Waters LCT Premier 2695 (ESI), JEOL JMS-700TZ (FAB) or Bruker microflex (MALDI). TLC was done on
Merck Kiesel gel F.s, precoated plates. Silica gel used for column chromatography was KANTO Chemical silica
gel 60 or KANTO Chemical silica gel 60N (neutral).

Natural dNTPs were purchased from GE Healthcare, Japan. 2’-Deoxy-4’-thionucleoside triphosphates
(dSNTPs) were prepared according to our previous reports.** The concentrations of InNNTP and NaO°TP were
determined based on the extinction coefficients of each nucleosides.”*®

The following DNA polymerases were purchased: KF exo”, KF exo*, Tth DNA polymerases from Promega;
Tag DNA polymerase from TaKaRa; Deep Vent exo”, Deep Vent exo™; Vent exo”; Vent exo™; Terminator; 9N°;
Phusion High-Fidelity DNA polymerases from New England Biolabs; KOD Dash DNA polymerase from
TOYOBO (Osaka, Japan); Plutinum Tagq, Accuprim Pfx, Pfx* DNA polymerase from Invitrogen.

The natural ODNs were purchased from SIGMA and FASMAC.

1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-n-[methoxy-(PEG)-2000] (MPEG,0-DSPE) and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were generously donated by the NOF Corporation.
The animal and ethics review committee of Tokushima University approved the experiments using mice.

HPLC was required for analytical studies and monitoring reactions. It was performed using a Prominance
10A or 20A HPLC system equipped with LCsolution softowere. Acetonitrile for HPLC was obtained from
KANTO Chemical (HPLC grade) and ultrapure waters using Simplicity UV (SimFilter 0.2 wm, UV, MERCK
MILLIPORE). TEAA buffer (10 mM, pH 7.0) was used for buffering.

Natsural nucleoside phosphoramidite derivertives and reagnets for ODN synthesis were purchased from

Glen Research.
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Construction of shRNA expression pDNA.
ODNs having shRNA and terminator coding sequences were ligated into the BamHI and EcoRI sites of an
shRNA expression cassette containing the U6 promoter (RNAi-Ready pSIREN-RetroQ, Clontech) according to

the manufacturer’s instructions. The inserted sequences are summarized in Table S2.

ODNSs Sequence
pU6G-pGL2, sense 5’-d(gatccgtgcgttgctagtaccaacttcaagagagttggtactagcaacgcacttttttacgegtyg) 37

pUB-pGL2, antisense aattcacgcgtaaaaaagtgcgttgctagtaccaactctcttgaagttggtactagcaacgg) -3/

pUB-pGL3_1, sense gatcccttacgctgagtacttcgatagtgctgctcecctggttgtcgaagtactcagegtaagttttttg) -37
pU6-pGL3_1, antisense aattcaaaaaacttacgctgagtacttcgacaaccaggagcagcactatcgaagtactcagegtaagg) —-3”
pU6-pGL3_2, antisensed aattcaaaaaaggtaaagttgttccatttttctcttgaaaaaatggaacaactttaccg) -3’
pUB-NC, sense

pUB-NC, antisense

57 =d(
57 =d(
57 =d(
pU6-pGL3_2, sense? 5’-d(gatccggtaaagttgttccattttttcaagagaaaaatggaacaactttaccttttttg) 37
57 =d(
5’ -d(gatccgtcttaatcgcgtataaggctagtgctectggttggecttatacgecgattaagattttttg) —37
57 =d(

aattcaaaaaatcttaatcgcgtataaggccaaccaggagcactagccttatacgecgattaagacyg) -3

Table S2 ‘pU6-pGL3_2 is the pDNA having a terminator in the middle of shRNA coding sequence.

Preparation of an intelligent shRNA expression device (iRed) and the natural device.

The iReds were prepared using the shRNA expression pDNA as a template for PCR as follows. The
sequences encoding the U6 promoter and shRNA in pDNA were amplified in 20 uL. of KOD buffer containing
KOD Dash DNA polymerase (0.05 unit/uL), pDNA template (0.1 fmol/uL), 0.2 mM dNTPs, and 0.5 uM of
primers. The reaction mixture was gently vortexed, and the DNA was amplified using a thermal cycler. PCR was
performed under the following conditions: initial denaturation at 94 °C for 15 s, 15 cycles of
denaturation/amplification (94 °C, 30 s; 62 °C, 30 s; 72 °C, 30 s), and final extension at 72 °C for 15 min.
Amplicons were purified using 1% agarose gel electrophoresis (AGE), and the DNAs were further purified using
a High Pure PCR Product Purification Kit (Roche) and used as templates for the next round of PCR. The second
PCR amplification was performed in 100 uL of reaction buffer containing KOD Dash DNA polymerase (0.1
unit/ul), a template (0.2 fmol/uL), 0.2 uM of a nucleoside 5’-triphosphate mixture containing one type of dASNTP
and three types of dNTPs, and 1.25 uM of primers. The reaction mixture was gently vortexed, and the DNA was
amplified using a thermal cycler. PCR was performed under the following conditions: initial denaturation at 94 °C
for 15 s, 30 cycles of denaturation/amplification (94 °C, 30 s; 62 °C, 30 s; 72 °C, 10 min), and final extension at
72 °C for 15 min. The iRed amplicons were purified using a High Pure PCR Product Purification Kit (Roche).

The natural device was prepared using this same protocol but with unmodified dNTPs.
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Cell culture.

HeLa cells were cultured at 37 °C in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS, BioSource International, Inc.), 100 units/mL penicillin, and 100 pug/mL
streptomycin (ICN Biomedicals) in an atmosphere containing 5% CO.,.

A human pleural mesothelioma cell line (MSTO-211H) expressing pGL3 firefly luciferase
(MSTO-211H-Luc) generated by stable transfection with the firefly luciferase (Fluc) gene (pGL3 Basic plasmid,
Promega) was generously supplied by Dr. Masashi Kobayashi (Department of Thoracic Surgery, Faculty of
Medicine, Kyoto University). MSTO-211H-Luc was in RPMI-1640 medium (Wako Pure Chemical)
supplemented with 10% of heat-inactivated FBS (Corning), 100 units/mL penicillin, and 100 ng/mL streptomycin

in an atmosphere containing 5% CO,at 37 °C. The cells were regularly passaged to maintain exponential growth.

In vitro luciferase reporter assay.

HeLa cells were seeded in a 96-well plate (1 x 10* cells/100 mL per well) in DMEM. After incubation for 24
h, the cells were co-transfected with equimolar amounts of reporter pDNAs (0.2 ug per well, pGL2-control or
pGL3-control, and pRL-TK; Promega), and iRed, shRNA expression pDNA, synthetic sShRNA, or the natural
device in equimolar amounts using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.
Each well contained a total volume of 100 uL of Opti-MEM I (Invitrogen). After incubation for 1 h at 37 °C, the
medium was replaced with 100 uL of flesh culture medium containing 10% serum, and the cells were incubated at
37 °C. The cells were washed with phosphate-buffered saline (PBS) and lysed with Passive Lysis Buffer
(Promega) at the indicated times after transfection, and Fluc and Renilla luciferase (Rluc) activities of the cell
lysates were measured using the Dual-Luciferase Reporter Assay System (Promega) with an Infinite 200 PRO
(TECAN) according to the manufacturer’s instructions. Fluc signals were normalized to those of Rluc. The results
were expressed as the Fluc/Rluc ratios compared with those of untreated cells. All experiments were performed in

triplicate, and the data represent the mean values from at least three assays.

Quantification of shRNA in HeLa cells.

The iRed or natural device (1.0 nM each) was used to transfect the HeLa cells in the presence of
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. At the indicated times after
transfection, the cells were washed with PBS, and small RNAs were isolated and resuspended in 50 uL of elution
buffer using a mirVana miRNA Isolation Kit (Ambion) according to the manufacturer’s protocol. Reverse
transcription reactions were performed in 25 mL of First Standard Buffer containing an annealed specific primer
(0.05 uM) and extracted small RNAs (2.0 pM/ total 50 uL) mixture, dNTPs (1.0 mM), Super Script III (2.5
unit/ul., Invitrogen), dithiothreitol (8.5 uM), and RNaseOUT (0.1 unit/uL, Invitrogen). The cDNAs were
synthesized as follows: 16 °C for 30 min; 60 cycles of synthesis (30 °C, 30 s; 42 °C, 30 s; 50 °C, 1 min); and

85 °C for 15 min.""" Next, quantitative PCR reactions were performed in 20 uL of reaction mixture containing
70



FBROHE
51 BEOEER
FASTStart Universal Probe Master (Rox) (Roche), Universal Probe Library (#21) (Roche), and primers (each 900
nM) using a StepOnePlus Real-Time PCR System (Applied Biosystems). The reaction was performed under the
following conditions: initial denaturation at 95 °C for 10 min, 40 cycles at 95 °C for 10 s, and 60 °C for 1 min.
The data are expressed as SARNA/mGAPDH. All experiments were performed in triplicate, and the data were
analyzed using StepOne Software v2.1 (Applied Biosystems, Waltham, Massachusetts). Primers sequences are

summarized in Table S3.

ODNSs Sequence
stem-loop primer for reverse transcription of sShRNA 5" -d(gttggctctggtgcagggtccgaggtattcgecaccagagecaacaagtge) -37
tttttttttttttttttttt) —37

oligo dT(20) primer for revers transcription of nGAPDH 57-d(

forward primer for quantitive PCR of cDNA from shRNA 5’ -d(cgcgegttggtactagcaac) -3/

reverse primer for quantitive PCR of cDNA from shRNA 5’ -d(gtgcagggtccgaggt) =37

forward primer for quantitive PCR of cDNA from mGAPDH 5’ -d(ctctgctectectgttegac) -3/
57 =d(

reverse primer for quantitive PCR of cDNA from mGAPDH acgaccaaatccgttgactc) -3'

Table S3

Preparation of an orthotopic mouse model of mesothelioma.

BALB/c nu/nu mice (male, five weeks old), which were purchased from Japan SLC, Inc. (Shizuoka, Japan)
were allowed free access to water and mouse chow and were housed under a constant temperature, humidity, and
12-h dark-light cycle. An orthotopic mouse model of mesothelioma was prepared by the direct injection of
MSTO-211H-Luc cells (1 x 10° cells per mouse) into the left pleural cavity of the mice. The tumor was monitored
using an in vivo imaging system (IVIS, Xenogen, Advanced Molecular Vision, Lincolnshire, United Kingdom).
For in vivo imaging, the mice were intraperitoneally injected with 100 uL of 7.5 mg/mL D-luciferin potassium salt
and were subsequently anesthetized using isoflurane inhalation. Three minutes after injection, bioluminescence
was recorded using a charge-coupled device camera (I min exposure). The bioluminescent region of interest

(ROI) was calculated and shown as photon counts (photons/s/cm*/steradian).

In vivo luciferase reporter assay.

An orthotopic model mouse of mesothelioma was prepared by the inoculation of MSTO-211H-Luc cells into
the pleural cavity. On days 8 and 11 after inoculation, the tumor-bearing mice (four mice per group) were
intrapleurally injected with two doses of either the natural device (1 mg/kg), NC dsDNA (1 mg/kg), dSC iRed (1
mg/kg), or synthetic ShRNA (0.077 mg/kg). Each sample was complexed with a transfection reagent designed for
use in vivo (TurboFect Transfection Reagents, Life Technologies) and used according to the manufacturer’s
instructions. On days 7, 10, and 13 after the inoculation, the luciferase activity of the pleural tumor was observed

using IVIS as described in the section “Preparation of an orthotopic mouse model of mesothelioma”.

71



ok

SRR DHS
51 EO IR

b

Preparation of PEGylated lipoplex of iRed, pDNA and the natural device.

Briefly, the lipids DOPE, POPC, cholesterol (Wako Pure Chemical), and
0,0’ -ditetradecanoyl-N-(a-trimethylammonioacetyl)diethanolamine chloride (DC-6-14, Sogo Pharmaceutical Co.,
Ltd.) were dissolved in chloroform and mixed at molar ratios of 3:2:3:2. After evaporating chloroform, the thin
lipid films were rehydrated with 9% sucrose at 37 °C, and the suspensions were sized by repeated extrusion
through polycarbonate membrane filters (Nucleopore) with consecutive pore sizes of 400, 200, and 100 nm and
mixed with 5 mol% of mPEG,,,,-DSPE at 37 °C. The phospholipid concentrations of the resulting PEGylated
cationic liposomes were quantified using the Fiske and Subbarow phosphate assay.'"> To form a lipoplex, equal
volumes of PEGylated cationic liposomes (1.2 umol total lipids) and DNA solution (20 ug) were mixed and

vortexed for 15 min at room temperature.

Particle size and z-potential measurement.
Size and z-potentials were measured using a NICOMP 370 HPL submicron particle analyzer (Particle Sizing
System). Lipoplexes were diluted with 9% sucrose, and measurements were performed at 25 °C and repeated

independently three times.

Cytokine assays.

BALB/c mice (male, 5 weeks old, Japan SLC) were intravenously injected with 20 mg each DNA sample
formulated with a lipoplex. Four hours after the injection, peripheral blood was collected from the retro-orbital
plexus while the mice were anesthetized. To obtain serum, the blood was stored for 30 min at room temperature
and then centrifuged at 3000 rpm at 4 °C for 15 min. The serum levels of IL-6, INF-y, and TNF-a were quantified
using Quantikine Immunoassay Kits (R&D Systems), and INF-o was quantified using a VeriKine Mouse
Interferon Alpha ELISA Kit (PBL interferon source). Experiments were performed in triplicate at room

temperature.

Statistical analysis.
Differences in a group were evaluated via analysis of variance (ANOVA) testing using the Tukey post-hoc

test.

Structural aspect of duplexes based on CD spectra.

CD spectra were obtained at 25 °C on a Jasco J1500. The solution containing samples (1.5 uM each) in a
buffer of 10 mM Na cacodylate (pH 7.0) containing 100 mM NaCl was prepared, and the sample spectra were
subtracted from the buffer spectrum. The molar ellipticity was calculated from the equation [0] = 0/cl, where 0 is

the relative intensity, ¢ means the sample concentration and [ is the cell path length in centimeters.
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N*-Dibenzoylamino-N’-benzoylamino-1-(2-deoxy-5-O-(tert-butyldimethylsilyl)-g -D-ribofuranosyl)imidazo[5'
4':4,5]pyrido[2,3-d]pyrimidine (2).

To a solution of 1* (156 mg, 0.25 mmol) in DMF (3.0 mL) containing imidazole (41 mg, 0.60 mmol) was
added TBDMSCI (45 mg, 0.30 mmol), and the whole mixture was stirred at room temperature for 2 h. The
reaction was quenched by addition of ice, and the reaction mixture was concentrated in vacuo. The residue was
partitioned between CHCI; and H,0. The separated organic layer was further washed with saturated aqueous
NaHCO;, followed by brine. The organic layer was dried (Na,SO,) and concentrated in vacuo. The residue was
purified by silica gel column, eluted with 0-3% MeOH in CHCI, to give 2 (176.0 mg, 95% as a white foam): 'H
NMR (CDCl3) § 9.96 (1 H, s),9.03 (1 H, brs, exchangeable with D,0), 8.38 (1 H, s), 7.93-7.30 (15H, m), 6.81 (1
H,dd,J/=5.1,85Hz),4.81 (1 H,m),439 (1 H,m),390 (1 H,dd,/=28,114Hz),3.79(1H,dd,/J=328,114
Hz), 2.80 (1 H, m), 2.65 (1 H, m), 0.84 (6 H, s), 0.01 (3 H, s) and —-0.01 (3 H, 5); "C NMR (CDCl;) § 172.72,
165.11, 157.12, 156.12, 156 .01, 154.89, 141.47, 135.13, 134.46, 134.00, 133.85, 133.03, 132.98, 129.73, 129.13,
128.84, 127.65, 107.50, 89.30, 87.37,72.77,63.77,40.89, 26.11, 18.53, -5.16, -5.39; ESI-LRMS m/z 744 (MH") ;
ESI-HRMS calcted for C,,H,,N;04Si 744.2966, found 744.2943.

N*-Dibenzoylamino-N’-benzoylamino-1-(2-deoxy-3-0-acetyl-5-O-(tert-butyldimethylsilyl)-p -D-ribofura
nosyl)imidazo[5'4':4,5]pyrido[2,3-d]pyrimidine (3).

To a solution of 2 (176 mg, 0.24 mmol) in dry pyridine (3.0 mL) was added Ac,O (27 ml, 0.29 mmol), and
the mixture was stirred at room temperature for 1 h. The reaction was quenched by addition of ice, and the
reaction mixture was concentrated in vacuo. The residue was partitioned between AcOEt and H,O. The separated
organic layer was further washed with saturated aqueous NaHCO;, followed by brine. The organic layer was dried
(Na,SO,) and concentrated in vacuo. The residue was purified by silica gel column, eluted with hexane/AcOEt
(1:3-1:5), to give 3 (185 mg, quant as a white foam): 'H NMR (CDCl;) 8 10.00 (1 H, s), 8.92 (1 H, brs,
exchangeable with D,0), 8.30 (1 H, s), 7.96-7.31 (15H, m), 6.57 (1 H,dd, J=5.0,9.0 Hz), 548 (1 H, m), 4.35 (1
H,m),392 (1 H,dd,/=2.3,11.6 Hz),3.80 (1 H,dd,J=2.8,11.6 Hz),2.85 (1 H,m),2.77 (1 H,ddd,/J=1.3,5.0,
12.8 Hz), 2.20 (3 H, s), 0.85 (9 H, s), -0.02 (3 H, s) and —0.02 (3 H, s), >C NMR (CDCl;) & 172.66, 170.61,
164.82, 157.19, 156.48, 156.29, 154.93, 140.81, 135.31, 134.49, 134.16, 133.84, 133.04, 132.87, 129.73, 129.13,
128.85, 127.68, 107.23, 86.74, 86. 68, 75.20, 63.34, 38.00, 26.08, 21.23, 18.49, -5.19, -5.44; ESI-LRMS m/z 808
(MNa*) ; ESI-HRMS calcted for C,,H,;N,NaO,Si 808.2891, found 808.2892.
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N*-Dibenzoylamino-N’-benzoylamino-1-(2-deoxy-3-0-acetyl-f -D-ribofuranosyl)imidazo[5' 4':4,5]pyrid
0[2,3-d]pyrimidine (4).

To a solution of 4 (185 mg, 0.24 mmol) in in THF (5.0 mL) was added TBAF (1M in THF solution, 0.29 mL,
0.29 mmol) at 0 °C, and the mixture was stirred at room temperature for 1 h. After addition of AcOH (17 mL, 0.29
mmol), the solvent was removed in vacuo. The residue was purified by silica gel column, eluted with 0-5%
MeOH in CHCI, to give 4 (141 mg, 89% as a white foam): '"H NMR (CDCl;) § 9.93 (1 H, s), 9.04 (1 H, brs,
exchangeable with D,0), 8.39 (1 H, s), 7.94-7.82 (15 H, m), 6.54 (1 H,br t,J = 5.7 Hz),547 (1 H,brd,J = 4.7
Hz),4.32 (1 H,m), 3.83 (2H, m),2.96 (1 H,m), 2.71 (1 H, m), 2.04 (3 H, s); "C NMR (CDCl5) § 172.76, 170.68,
164.94, 157.22, 156.38, 156.09, 154.61, 141.54, 135.31, 134.37, 134.01, 133.61, 133.09, 132.77, 129.69, 129.01,
128.85,127.71,107.09, 86.65, 86.55,74.92, 62.20, 37.69, 21.15; ESI-LRMS m/z 694 (MNa*); ESI-HRMS calcted
for C;sH,sN;NaO, 694.2026, found 694.1997.

4,7-Diamino-1-(2-deoxy-f -D-ribofuranosyl)imidazo[5’ ,4’:4,5]pyrido[2,3-d]pyrimidine 5’-triphosphate
(ImNNTP) trisodium salt.

To a solution of 4 (134 mg, 0.20 mmol) in dry pyridine (200 pL) and 1,4-dioxane (600 pL) was added 1 M
solution of 2-chloro-4H-1,2,3-dioxaphosphorin-4-one in 1,4-dioxane (0.21 mmol, 210 pL). After 15 min, a 0.5 M
solution of bis(tri-rn-butylammonium)pyrophosphate in dry DMF (0.35 mmol, 700 pL) and tri-n-butylamine (230
uL) were added, and the reaction mixture was stirred for 10 min. A solution of 1% iodine in pyridine/water (98/2,
v/v) (ca. 3 mL) was then added. After 5 min, excess iodine was decomposed by adding 5% aqueous solution of
Na,S,0; (ca. 2 mL), and the reaction mixture was stirred for 10 min. The reaction mixture was concentrated in
vacuo. The residue was dissolved in methanolic ammonia (saturated at 0 °C, 20 mL), and the reaction mixture was
heated at 55 °C for 10 h in a steel container. The solvent was removed in vacuo, and the residue was dissolved in
water (300 mL). The solution was applied to a DEAE Sephadex column, which was eluted with a linear gradient
of 700 mL each of water and 1.0 M TEAB buffer. Fractions containing S5 were concentrated in vacuo, and the
residue was coevaporated with EtOH. The residue was dissolved in water (5 mL), which was applied to a column
of DIAION PK 212 (H+ form), then DIAION WK 20 (Na+ form), and the fractions containing ImN TP were
concentrated in vacuo to give ImNYTP as a Na salt (40 mg, 37% as a white solid): '"H NMR (D,0) § 9.13 (1 H, s),
843 (1 H,s),6.65(1 H,d),4.69 (1 H,m),4.56 (1 H, m), 4.27 (1H, m), 3.80 (1 H, brd, J = 11.7 Hz), 3.70 (1 H, 1
H,J=2.5,11.7 Hz), 3.00 (1 H, m), 2.77 (1 H, m); *'P NMR (D,0) 6 -19.03, -10.67, -5.27; FAB-LRMS m/z =
623.2 (MH +3Na).

7-Diphenylcarbamoyloxy-2-hydroxy-3-[2-deoxy-3-O-acetyl-5-0-(4,4’-dimethoxytrityl)-f -D-ribofuranos
yl]-1,8-naphthyridine (6).
To a solution of 5°7 (388 mg, 0.50 mmol) in dry pyridine (5 mL) was added Ac,O (71 pL, 0.75 mmol), and

the mixture was stirred at room temperature for 9 h. The reaction was quenched by addition of ice. The reaction
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mixture was partitioned between AcOEt and H,O. The separated organic layer was further washed with H,O,
followed by saturated aqueous NaHCO; and brine. The organic layer was dried (Na,SO,) and concentrated in
vacuo. The residue was purified by a silica gel column, eluted with hexane/AcOEt (2:1-1:1), to give 6 (327 mg,
80% as a white foam): 'H NMR (CDCl;) § 9.16 (br s, 1 H, exchangeable with D,0), 8.00 (1 H,s), 7.66 (1 H,d, J
=8.2Hz),7.46-7.18 (14 H,m),691 (1 H,d,/J=8.2Hz),6.80 (4H,dd,/=1.1,9.0 Hz),5.32 (1 H,dd,/J=1.3,6.3
Hz),5.27 (1 H,ddd, J=5.7,6.3,10.1 Hz),4.21 (1 H,ddd, J=3.8,4.1,63 Hz),3.76 (6 H,s),3.39 (1 H,dd, J =
3.8,10.1 Hz),3.33 (1 H,dd,/=4.1,10.1 Hz),2.70 (1 H,ddd,J=1.3,5.7,13.6 Hz), 2.08 (3 H, s), 1.98 (1 H, ddd,
J =6.3,10.1, 13.6 Hz); °C NMR (CDCl;) § 170.73, 161.59, 158.67, 158.28, 151.85, 147.53, 144.93, 141.94,
13947, 136.12, 136.04, 135.35, 132.81, 130.25, 129.37, 128.34, 128.01, 127.03, 113.30, 11297, 111.19, 86.46,
83.86, 76.80, 75.62, 64.11, 55.38, 39.56, 21.33; ESI-LRMS m/z = 840 (MNa"); ESI-HRMS calcd for C,H4,N;O,
818.3078, found 818.3042.

7-Diphenylcarbamoyloxy-2-hydroxy-3-(2-deoxy-3-O-acetyl- -D-ribofuranosyl)-1,8-naphthyridine (7).

A solution of 6 (327 mg, 0.4 mmol) in CH,Cl, (5 mL) was added TFA (250 uL, 3.3 mmol), and the mixture
was stirred at room temperature for 15 min. After addition of triethylamine (450 mL, 3.3 mmol), the solvent was
removed in vacuo. The residue was purified by silica gel column, eluted with 0-5% MeOH in CHCI; to give 7
(190 mg, 92% as a white foam): '"H NMR (CDCl;) 6 7.94 (1 H,d,J =83 Hz), 791 (1 H, s), 7.40-7.26 (10 H, m),
7.00 (1 H,d,/J=83Hz),530(1 H,d,/J=62Hz),517 (1 H,dd,J=5.3,109 Hz),4.17 (1 H, m), 3.90 (1H, m),
2.46 (1H,dd, J =5.3,13.6 Hz), 2.28 (1H, ddd, J = 6.2, 10.9, 13.6 Hz), 2.12 (3H, s); "C NMR (CDCl;) § 171.12,
162.18, 158.83, 151.77, 14741, 141.78, 139.82, 135.81, 132.18, 127.12, 112.74, 111.81, 86.11, 63.32, 38.13,
21.26; ESI-LRMS m/z = 538 (MNa™"); ESI-HRMS calcd for C,sH,sN;NaO, 538.1590, found 538.1593.

2,7-Dihydroxy-3-(2-deoxy-f-D-ribofuranosyl)-1,8-naphthyridine 5’-triphosphate (NaO°TP) trisodium
salt.

In the similar manner as described for ImNNTP, 7 (103 mg, 0.2 mmol) was treated with 1 M solution of
2-chloro-4H-1,2 3-dioxaphosphorin-4-one  in 1,4-dioxane, followed by 0.5 M solution  of
bis(tri-n-butylammonium)pyrophosphate and tri-n-butylamine to give NaO°TP as Na salt (98 mg, 0.126 mmol ,
63% as a white solid): 'HNMR (D,0)8 8.08 (1H,s), 7.93 (1H,d,J = 8.7 Hz), 6.40 (1H, d, J = 8.7 Hz), 5.32 (1H,
dd,J=6.0,10.0 Hz), 4.56 (1H, m), 4.19 (1H, m), 4.15 (2H, m), 2.38 (1 H, ddd, J = 2.5,6.0, 13.6 Hz), 2.08 (1 H,
ddd,J=6.0,9.8,13.6 Hz); *'P NMR (D,0) 8 -21.94,-10.83,-7.16; FAB-LRMS m/z = 582.9 (MH +3Na).

2,7-Dihydroxy-3-(2-deoxy-3,5-di-O-(triisopropylsilyl)- -D-ribofuranosyl)-6-iodo-1,8-naphthyridine (9).
To a solution of 8 (1.1 g, 1.86 mmol) in DMF (20 mL) was added NIS (502 mg, 2.23 mmol), and the mixture was
stirred for 15 h at room temperature. The reaction mixture was partitioned between CHCI; and 5% aquieous Na,S,03,

followed by H,O, saturated aqueous NaHCO; and brine. The residue was purified by a silica gel column, eluted with
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CHCIy/MeOH (0%—5%), to give 9 (1.27 g, 95% as a pale brown foam): 'H NMR (CDCl;) & 1529 (1H, br s,
exchangeable with D,0), 12.98 (1H, br s, exchangeable with D,0), 8.31 (1H, s), 8.03 (1H, s), 5.36 (1 H,dd, J = 5.5,
10.6 Hz), 4.60 (1H, d, J = 5.0 Hz), 4.10-4.09 (1H, m), 3.90 (1H, dd, J = 3.8, 10.5 Hz), 3.78 (1H, dd, J = 5.0, 10.5 Hz),
2.59-2.54 (1 H, m), 1.76 (1 H, ddd, J = 5.0, 10.6, 12.3 Hz), 1.20-1.16 (42 H, m); ESI-LRMS m/z = 717 (MH");
ESI-HRMS calcd for C5;Hs;IN,NaOsSi, 739.2435, found 739.2388.

2,7-Dihydroxy-3-(2-deoxy-3,5-di-O-(triisopropylsilyl)-p -D-ribofuranosyl)-6-trimethylsilanylethynyl-1,8
-naphthyridine (10).

To a solution of 9 (552 mg, 0.77 mmol) in MeCN (8 mL) and Et;N (8 mL) was added TMS acethylene (0.32 mL,
2.31 mmol), Pd,Cl,(PPh;), (108 mg, 0.154 mmol) and Cul (15 mg, 0.077 mmol), and the mixture was stirred for 5 h at
80 °C. The solvente was evaporated, and the residue was purified by a silica gel column, eluted with CHCl;/MeOH
(0%—5%), to give 10 (486 mg, 92% as a brown foam): 'H NMR (CDCl;) § 15.22 (1H, br s, exchangeable with D,0),
13.05 (1H, br s, exchangeable with D,0), 7.99 (1H,s), 7.93 (1H,s),5.34 (1 H,dd,J=5.0,9.2 Hz),4.61 (1H,d,/J=5.0
Hz),4.10-4.08 (1H, m), 3.89 (1H, dd, J=4.1,10.7 Hz), 3.77 (1H,dd, J = 5.0, 10.7 Hz), 2.57 (1H,dd, J = 5.0, 12.7 Hz),
2.01-1.75 (1 H, m), 1.20-1.16 (42 H, m), 0.29 (9H, s); ESI-LRMS m/z = 710 (MNa®); ESI-HRMS calcd for
C3¢Hg,N,NaOsSi; 709.3864, found 709.3866.

2,7-Dihydroxy-3-(2-deoxy-p -D-ribofuranosyl)-6-ethynyl-1,8-naphthyridine (11).

To a solution of 10 (420 mg, 0.6 mmol) in THF (10 mL) were added TBAF (1 M THF solution, 1.8 mL, 1.8
mmol) at 0 °C, and the mixture was stirred for 3 h at same temperature. The reaction was quenched by addition of
AcOH (103 uL, 1.8 mmol). The residue was purified by a silica gel column, eluted with CHCl;/MeOH (5%—-25%), to
give 11 (123 mg, 68% as a pale yellow solid) and 12 (49 mg, 27% as a white solid): 'H NMR (DMSO-d;) 8 8.05 (1H, s),
7.84 (1H, s),5.01 (2 H, m, excangeable with D,0), 4.74 (1 H, t,J = 8.0 Hz), 4.19 (1H, s), 4.14 (1H, m), 3.79 (1H, ddd,
J=23,56,10.0 Hz),3.50 (1 H,dd,J=2.3, 11.5 Hz),3.43 (1 H, m), 2.30 (1 H, dd), 1.65 (1 H, m); ESI-LRMS m/z =
303 (MH"); ESI-HRMS calcd for C,5sH,5N,05 303.0981, found 303.0980.

Compound 12; '"H NMR (DMSO-d,) 8 12.27 (1H, br s, excangeable with D,0), 8.43 (1H,s), 8.08 (1H,d,J=1.3
Hz),8.04 (1H,d,J=2.5Hz),7.07 (1H,d,J=2.5Hz),5.07 (1H,dd,J=5.7,9.8 Hz), 5.03 (1H, d, J = 4.1 Hz),4.78 (1H,
t,J=5.7Hz),4.74 (1 H, t,J = 8.0 Hz), 4.19-4.16 (1H, m), 3.83-3.80 (1H, m), 2.30 (1H, ddd, J =19, 5.7, 12.6 Hz),
1.68 (1 H, ddd, J = 5.7, 10.1, 12.6 Hz); ESI-LRMS m/z = 303 (MH"); ESI-HRMS calcd for C,sH,5sN,O5 303.0981,
found 303.0985.
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2,7-Dihydroxy-3-(2-deoxy-5-0-(4,4’-dimethoxytrityl)-p -D-ribofuranosyl)-6-ethynyl-1,8-naphthyridine
(13).

To a solution of 11 (100 mg, 0.33 mmol) in pyridine (5 mL) was added DMTrCI (122 mg, 0.36 mmol), and the
mixture was stirred for 2 h at room temperature. The reaction was quenched by addition of ice. The reaction mixture
was partitioned between CHCIl; and H,O, followed by brine. The organic layer was dried (Na,SO,), and concentrated in
vacuo. The residue was purified by a neutral silica gel column, eluted with CHCl;/MeOH (5%—-15%), to give 13 (186
mg, 87% as a pale yellow solid): '"H NMR (CDCl;) & 7.99 (s, 1 H), 7.68 (s, 1 H), 7.47-7.22 (m, 9 H), 6.83 (d,4 H, J =
8.8 Hz),530 (t, 1 H,J =7.6 Hz),4.42 (m, 1 H),4.10 (dd, 1 H,J=4.4,82 Hz),3.79 (s,6 H),3.39 (dd, 1 H, J = 44,
10.0 Hz),3.35(dd, 1 H,/=4.7,10.0 Hz), 3.24 (br s, 1H),2.54 (ddd, 1 H,/=3.2,6.3,13.2 Hz), 1.99 (ddd, 1 H,J = 6.0,
8.5,13.2 Hz); >*C NMR (CDCl;) § 165.14,163.94,158.60, 144.82, 143.75, 139.49, 135.96, 135.94, 134.72, 130.17,
129.15, 128.25, 127.93, 126 .97, 113.23, 108.50, 86.37, 85.57, 82.79, 77.59, 74.44, 73.85, 64.18, 55.34, 41.64,
29.70; ESI-LRMS m/z = 627 (MNa"); ESI-HRMS calcd for C;;H4;N,0, 605.2288, found 605.2292.

2,7-Dihydroxy-3-(2-deoxy-3-0-acetyl-5-0-(4,4’-dimethoxytrityl)-f -D-ribofuranosyl)-6-ethynyl-1,8-naph
thyridine (14).

To a solution of 11 (90 mg, 0.15 mmol) in pyridine (5 mL) was added Ac,0 (22 uL, 0.225 mmol), and the
mixture was stirred at room temperature. After being stirred for 5 h, thre reaction mixture was added Ac,0O (22 uL,
0.225 mmol), and stirred for 9 h at same temperature. The reaction was quenched by addition of ice. The reaction
mixture was partitioned between CHCl; and H,O, saturated aqueous NaHCO; and brine. The organic layer was dried
(Na,S0O,), and concentrated in vacuo. The residue was purified by a neutral silica gel column, eluted with CHCl;/MeOH
(B%—5%), to give 14 (72 mg, 74% as a pale yellow solid): '"H NMR (CDCl5) 8 15.28 (1H, br s, exchangeable with D,0),
13.14 (1H, br s, exchangeable with D,0), 8.07 (1H, s), 7.74 (1H, s), 7.46-7.23 (9H, m), 6.83 (4H, d, J = 9.0 Hz), 5.36-
534 (1H,m)5.29 (1 H,dd,/J=5.5,9.8 Hz),4.23 (1H,dd,J=3.6,6.4 Hz), 3.79 (6H, s) 3.43-3.39 (2H, m) 3.36 (1H, s),
266 (1H, dd, J = 53, 13.8 Hz), 2.10 (3H, s), 207-198 (1 H, m); "C NMR (CDCl)
0 170.54, 165.42, 164.06, 157.61, 146.58, 144.75, 143.79, 135.92, 130.15, 129.16, 128.25, 127.90, 126.97, 113.20, 108.
64, 86.42, 83.81, 82.86, 74.96, 64.05, 55.25, 39.58, 21.17; ESI-LRMS m/z = 647 (MH"); ESI-HRMS calcd for
C3H3sN,O4 647.2393, found 647.2389.

2,7-Dihydroxy-3-(2-deoxy-3-0O-acetyl-5-0-(4,4’-dimethoxytrityl)-f -D-ribofuranosyl)-6-ethynyl-1,8-naph
thyridine (15).

In the similar manner as described for 7, 14 (72 mg, 0.11 mmol) was treated with TFA (150 uL, 2.0 mmol) in
CH,Cl, (5 mL) to give 15 (38 mg, quant as a pale yellow solid): '"H NMR (DMSO-d,)  9.03 (1H, brs, excangeable with
D,0), 8.07 (1H, s), 7.90 (1H, s), 5.17 (1H,d, J = 6.0 Hz),4.98 (1H, s, J = 5.3, 10.5 Hz), 4.21 (s, 1 H),3.97-3.95 (m, 1
H),3.58 (1H,dd,J=4.5,11.7Hz),530(t,1 H,J=7.6 Hz),4.42 (m, 1 H),4.10 (dd, 1 H,/=4.4,8.2 Hz),3.79 (s, 6 H),
339(dd,1 H,J=44,11.7Hz),3.52 (dd, 1 H,J/=5.0,11.7 Hz),2.35 (dd, 1l H,J=5.3, 13.6 Hz), 1.89-1.81 (1H, m);
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13C NMR (DMSO-d,) 8 170.16, 158.08, 158.01, 143.09, 133.63, 128.96, 112.82, 84.79, 84.02, 79.30, 76.44, 74.93,
61.89,45.82, 38.09; ESI-LRMS m/z = 345 (MH"); ESI-HRMS calcd for C,,H,;N,O, 345.1087, found 345.1088.

2,7-Dihydroxy-3-(2-deoxy-p -D-ribofuranosyl)-6-ethynyl-1,8-naphthyridine 5’-triphosphate (6-ethynyl
NaO°TP) trisodium salt.

In the similar manner as described for INNYTP and NaO°TP, 15 (38 mg, 0.11 mmol) was treated with 1 M
solution of 2-chloro-4H-1,2,3-dioxaphosphorin-4-one in 1,4-dioxane, followed by 0.5 M solution of
bis(tri-n-butylammonium)pyrophosphate and tri-n-butylamine to give 6-ethynyl NaO°TP as Na salt (17 mg,
0.027 mmol , 26% as a yellow solid): 'HNMR (D,0)d 8.06 (1H, s), 7.96 (1H, s), 5.27 (1H, dd, J = 6.0, 9.7 Hz),
4.54-4.51 (1H, m), 4.17-4.16 (1H, m), 4.15-4.10 (2H, m), 3.56 (1H,s), 2.34 (1H,ddd, J = 2.5, 6.0, 13.6 Hz), 2.06
(1H,ddd,J =6.0,9.7,13.6 Hz); *'P NMR (D,0) 8 -22.57,-11.11,-8.09; ESIB-LRMS m/z = 606.9 (MH +3Na).

Synthesis of ODNs.

Support bound ODNs prepared in this study were synthesized on an H-6 DNA/RNA synthesizer (Nihon
Techno Service) using the corresponding phosphoramidite units and CPG resin at a 0.4 umol scale, according to
the procedures previously reported.”’”® Each phosphoramidite unit was prepared as 0.1 M in dry acetonitrile. After
completion of the synthesis, the CPG support was treated with ammonium hydroxide (2 mL) for 17 h at 55 °C.
The resulting mixture was diluted in 0.1M TEAA (2 mL, pH 7.0) and purified on a C18 cartridge column (YMC
Dispo SPE C18). The eluted solution was further purified by reversed-phase HPLC on a m-Bondasphare
(3.9x150 mm; Waters) with a 5-25% linear gradient of acetonitrile in TEAA (0.1n, pH 7.0).

The structure of ODNs were confirmed by measurement of matrix-assisted laser desorption/ionization
time-of-flight mass (MALDI-TOF/MS) spectrometry: ODN1,* calculated mass CaosH36,N15,0,7.P5 9331.0 (MH"),
observed mass: 9336.2; ODN2, calculated mass C,osH3¢6N160,76P29 9291.7 (MH"), observed mass: 9294.2; ODN3,
calculated mass Cs;HgsNysOsPys 169569 (MHY), observed mass: 16952.2; ODN4, calculated mass
Ci3,Hyp4N5730450P74 23051.8 (MH"), observed mass: 23044.3. ODN sequences are summarized in Table S4.

use length (nt) sequence
ODN1¢  template possessing ImNN for single-nucleotide insertion 30 5-GTGGGCAAG-IMNN-GTGCGCTGACCATCCAGAAC-3’
ODN2  template possessing NaO® for single nucleotide insertion 30 5-GTGGGCAAG-NaOO-GTGCGCTGACCATCCAGAAC-3’
ODN3  template possessing ImNN for PCR amplification 55 5~TTTCACACAGGAAACAGCTATGACGGATC—IMNN-TATCCCTATAGTGAGTCGTATTATC-3’
ODN4  template possessing ImNN for saquence calibration 75 5~TTTCACACAGGAAACAGCTATGACGGATC—ImMNN-TATCCCTATAGTGAGTCGTATTATCCTGGCCGTCCTTTTACAACG-3’
Table S4

Steady-state kinetics for the single-nucleotide insertion experiment with KF exo™.
A primer labeled with FITC at the 5’-end (20 mer; 5’-FITC-GTTCTGGATGGTCAGCGCAC-3") was
annealed with a template (30 mer, ODN1 or ODN?2, see Table S4) in 50 mM Tris-HCI (pH 7.2) buffer containing

10 mM MgSO, and 0.1 mM DTT. The primer-template duplex solution (final 0.1-0.8 uM, 7 uL) was mixed with
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each dYTP solution (2 uL). The mixture was incubated for more than 2 min, and then the reactions were initiated
by adding an enzyme solution (1 uL) to each duplex—dYTP mixture at 37 °C. The amount of enzyme used (final
0.0025-0.1 unit/uL), the reaction time (2—10 min), and the gradient concentration of dYTP (final 0.2-600 uM)
were adjusted to give reaction extents of 25% or less. The reactions were quenched with 10 mL of a stop solution
(0.1% (w/v) BPB, 10 M urea and 50 mM EDTA), and the mixtures were immediately on ice for more than 5 min.
The diluted products were resolved by electrophorese on a 20% polyacrylamide gel containing 8 M urea, and the
gels were visualized with Molecular Imager FXpro system WOM (BioRad) eauiped with Quantity One software.
Relative velocities (v,) were calculated as the extents of the reaction divided by the reaction time and were
normalized to the duplex and enzyme concentration (0.4 mM, 0.02 unit/uL) for the various concentrations used.

The kinetic parameters (K,, and V,,,.) were obtained from Hanes-Woolf plots of [dYTP]/v, against [dYTP].

Primer extension.

A primer (20 mer) labeled with FITC at the 5’-end was annealed with a template (30 mer) in 50 mM
Tris-HCI (pH 7.2) buffer containing 10 mM MgSO, and 0.1 mM DTT. The primer-template duplex solution (final
0.4 uM, 7 uL) was mixed with dNTPs or each dYTP and dNTPs mixture solution (final 50 uM for dNTPs and
final 10 uM for dYTP, 2 uL). The mixture was incubated for more than 2 min, and then the reactions were
initiated by adding an enzyme solution (final 0.0025 unit/uL, 1 uL) to each duplex—dYTP mixture at 37 °C. After
2 min, the reactions were quenched with 10 uL of a stop solution (0.1% (w/v) BPB, 10 M urea and 50 mM
EDTA), and the mixtures were immediately on ice for more than 5 min. The diluted products were resolved by
electrophorese on a 20% polyacrylamide gel containing 8 M urea, and the gels were visualized with Molecular

Imager FXpro system WOM (BioRad) eauiped with Quantity One software.

PCR Amplification of the DNA fragment containing ImN":NaO° pair.

The PCR amplification of the 55 mer DNA template (ODN3, see Table S4) was performed with each
5’-primer (40 mer; 5’-CGTTGTAAAACGACGGCCAGGATAATACGACTCACTATAG-3") and 3’-primer (24
mer; 5’-TTTCACACAGGAAACAGCTATGAC-3"). The PCR mixture was prepared in a total volume of 25 uL
by adding 2.5 uL of 10 x DNA reaction buffer accompanying each DNA polymerase, each DNA polymerase at
the following concentration (Tagq, 0.5 units; Tth, 1.0 units; Deep Vent exo, 0.5 units; Deep Vent exo*, 0.5 units;
Vent exo®, 0.5 units; Vent exo™, 0.5 units; Therminator, 0.5 units; 9N°, 0.5 units; Plutinum Tagq, 1.0 units;
AccuPrime Pfx, 1.25 units; KOD Dash, 0.625 units; Pfx50, 1.25 units; Phusion Hight-Fidelity, 0.5 units), 55-mer
DNA template (12.5 pM), 1.0 uM of primers, 100 uM dNTPs, 200 uM ImN"TP and 200 uM NaO°TP. The
following PCR conditions were used: [(94 °C, 30 s; 50 °C, 30 s; 68 °C, 4 min)/cycle; 68 °C, 5 min]. Upon the
completion of PCR, a 4 uL aliquot was analyzed on 3 % AGE and stainined with ethidium bromide. The remainig
solution was purified the High Pure PCR Product Purification Kit (Roche) and sequenced with each of PCR

primer by a ABI PRISM® 3100 Genetic Analyzer (see next section).
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DNA sequencing.
The sequencing reaction was carried out with seaquencing primer (70 mer; 5-Ts—
CGTTGTAAAACGACGGCCAG-5’, 4 pmol) and 2 ng (40 fmol) of amplicon by a ABI PRISM® 3100 Genetic

Analyzer according to a manufacture’s procedure.
y

Sequencing calibration.

Sequencing calibration was carried out for synthetic ODN having ImN~ (ODN4, see Table S4) using control
ODN (5-
TTTCACACAGGAAACAGCTATGACGGATCATATCCCTATAGTGAGTCGTATTATCCTGGCCGTCCTTT
TACAACG-3’) that is fully natural templates identical to ImN" template in all but X position was replaced with
A. The mixtures containing 0%, 1%, 2%, 4%, 10%, 25% and 50% of the control ODN were prepared and
sequenced. Data were analyzed by first adjusting the start and stop points for the Sequencing Analysis software
(Applied Biosystems) and then determining the average signal intensity individually for each channel (C, G and T,
the channel of A was ignored because of noise peaks arising from 5’-poly-dT-tailed sequencing primer) for peaks
within those defined points (Figure S4 in the Supporting Information). This was done separately for the parts of
the sequencing data before and after the unnatural nucleotide. This ratio over the percentage of the natural
template was plotted and was fitted by linear regression. The values of total mutation rates in amplified products

were calculated from the obtained standard curve.

Synthesis of ODNs with azide-PEG linker.

In the reservoir tube (3 mL of Bond Elut Empty Reservior, GL Science) containing CPG bound ODNs with
5’-amino-Modifer C12 (Glen Research) (0.4 umol), 10% diethylamine in CH,Cl, (500 uL) was added, and the
reaction mixture was kept for 180 s (repeated twice) at room temparature. The solution was removed, and the
remaining resin was washed with CH;CN (1 mL x 5) and dried well. Then, a 3% TCA in CH,Cl, solution (500
ulL) was added to the tube, and the whole was allowed to stand for 5 min at same temparature. After being
removed the reaction solution, the remaining resin was washed with CH;CN (1 mL x 5) and dried well. For
capping of NHS-PEG linker, the resin was treated with a mixture of azide-PEG4-NHS ester (6.5 mg, TCI) and
DIPEA (18 uL) in anhydrous DMSO (500 uL) for 1h at same temparature. Then the reaction solution was
removed, and the resin was washed with CH;CN (1 mL x 5) and dried well. Finally, the resin was treated with
ammonium hydroxide (2 mL) for 17 h at 40°C, and an aliquot of the filtrate was purified by using reversed-phase
HPLC on a m-Bondasphare (3.9x150 mm; Waters) with a 5-50% linear gradient of acetonitrile in TEAA (0.1n,
pH 7.0).

The structure of ODNs were confirmed by measurement of MALDI-TOF/MS spectrometry: ODNI10,
calculated mass C,5H,0sNs;Og3P; 4559.0 (MH"), observed mass: 4563.5; ODNI13, calculated mass

C530H 430N 1250199P5, 10477.0 (MH"), observed mass: 10473.2; ODN14, calculated mass CsssH 63N 350,05P54 109611
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(MH"), observed mass: 10957.8. ODN sequences are described in Scheme 4 for ODN10, Figure 57 for ODN13
and ODN14.

Synthesis of dubmell-shaped ODNs with ImN":NaO® pair using CuAAC reaction (ODN11).

ODN 10 was annealed in polymerase buffer for Pfx’” DNA polymerase. The duplex solution (final 12 uM, 8
uL) was mixed with a 6-ethynyl NaO°TP solution (1 mM, 1 uL), and then the reactions were initiated by adding
an Pfc” DNA polymerase (0.625 unit, 1 uL). The elongated products were purified by phenol/chloroform
extraction (phenol/chloroform/isoamyl alchol (25:24:1), Wako Pure Chemical), followd by ethanol precipitation
to give ODN11. An aliquot of the ODN11 was analysed by using reversed-phase HPLC on a u-Bondasphare
(3.9x150 mm; Waters) with a 5-50% linear gradient of acetonitrile in TEAA (0.1n, pH 7.0).

To a solution of ODN11 (12 nmol) in 2 mM MOPS-NaOH buffer (pH 7.0) containing 50 mM sodium
chloride and 20 mM sodium ascorbates (100 uL) was added a complex of CuPF,-TBTA on Tenta-Gel (0.17
umol/mg, 1 mg, 170 nmol), and the mixture was incubated for 1 h at room temperature. The reaction mixture was
centrifuged, and an aliquot of supernatant was analysed by using reversed-phase HPLC on a u-Bondasphare
(3.9x150 mm; Waters) with a 5-50% linear gradient of acetonitrile in TEAA (0.1n, pH 7.0), and purified by
ethanol precipitation to give ODN12.

The structure of ODNs were confirmed by measurement of MALDI-TOF/MS spectrometry: ODNI11,
calculated mass C,H, sNsgOgPs 4923.1 (MH"), observed mass: 4926.6; ODN12, calculated mass
C33,Hy37N | 150,50P2g 9847.1 (MH"), observed mass: 9842.9.

Strucure elucidation of dubmell-shaped ODNs with ImN":NaO° pair by restriction enzyme.

To a solution of ODN (200 nmol) in each manufacturer’s recommended reaction buffer (20 uL) was added
the restriction enzyme at the following concentration; (EcoRI, 15 units; Bgl II, 10 units), and the reaction mixture
was incubated for 3 h at 37 °C. The reaction mixture was purified by phenol/chloroform extraction
(phenol/chloroform/isoamyl alchol (25:24:1), Wako Pure Chemical), followd by ethanol precipitation. And then a
sample was analysed by measurement of MALDI-TOF/MS spectrometry. The structure of dizested products and

analytical data were summarized in Figures S3 and 58.
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Synthesis of CuPF ~-TBTA on Tenta-Gel.

Synthesis of CuPF;-TBTA on Tenta-Gel was prepared as previously described'®. Briefly, in the reservoir
tube (3 mL of Bond Elut Empty Reservior, GL Science) containing TG-TBTAresin (0.1 g, 0.17 mmol/g loading,
0.017 mmol, SIGMA) was swelled with CH,Cl, (1 mL x 3 washes). Cu(MeCN),PF, (6.8 mg, 0.0425 mmol) was
added as a solution in 10% MeCN/CH,Cl, (1 mL) and vortexed for 5 min. The resin was filtered, and washed with
MeOH (1 mL x 3). The resin was then treated with a MeOH (1 mL) solution of hydroquinone (18 mg) and
vortexed for 1 min. After filtration, the resin was finally washed with MeOH (1 mL x 3), CH,Cl, (1 mL x 3), and

dried in vacuo.

Synthesis of 2nd generation of iRed using CuAAC reaction.

The 2™ generation of iRed was prepared using the shRNA expression pDNA as a template for PCR as
follows. The sequences encoding the U6 promoter and shRNA in pDNA were amplified in 20 uL of Pfx™ buffer
containing Pfx’° polymerase (0.065 unit/uL), pDNA targeting pGL3 Fluc template (0.1 fmol/uL), 0.2 mM dNTPs,
0.3 mM 6-ethynyl NaO°TP, and 0.5 uM of primers (ODN13 and ODN14). The reaction mixture was gently
vortexed, and the DNA was amplified using a thermal cycler. PCR was performed under the following conditions:
initial denaturation at 94 °C for 15 s, 15 cycles of denaturation/amplification (94 °C, 30 s; 64 °C, 30 s; 70 °C, 60
s), and final extension at 72 °C for 15 min. Amplicons were purified using 1% AGE, and the DNAs were further
purified using a High Pure PCR Product Purification Kit (Roche). Following CuAAC reaction was cattied out in
the similler manner as described in the section “Synthesis of dubmell-shaped ODNs with ImN":NaO° pair using

CuAAC reaction” to give the 2™ generation of iRed.
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Cell culture
It was performed as similar to that described in a section “Cell culture” for HeLa cells in the experimental

sectionof chapter 1.

In vitro luciferase reporter assay.

It was performed as similar to that described in a section “In vitro luciferase reporter assay” in the

experimental section of chapter 1.
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