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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  food and drug administration 

FITC  fluorescein isothiocyanate 

Fluc  firefly luciferase 

G  guanine 

GFP  green fluorescent protein 

His (H) histidine 

HIV  human immunodeficiency virus 

HPLC high performance liquid chromatography 

HR  high resolution 

IL  interleukin 

Im  imidazopyridopyrimidine 

INF  interferon 

IRK  IL-1 receptor associated kinase 

iRed  intelligent shRNA expression device 

IVIS  in vivo imaging system 

KF  Klenow fragment 

Km  Michaelis constant 

LR  low resolution 

Lys (K) lysine 

MALDI matrix assisted laser desorption / ionization 

min  minute(s) 

MMTr monomethoxytrityl 

MOE methoxyethyl 

MOPS 3-morpholinopropanesulfonic acid 

MPM malignant pleural mesothelioma 

MS  mass spectrometry 

MyD  myeloid differentiation marker 

Na  naphthyridine 

NC  negative control 

NF-κB nuclear factor-kappa B 

NHS  N-hydroxysuccinimide 

NIS  N-iodosuccinimide 

NMR nuclear magnetic resonance 

ODN  oligodeoxynucleotide 

PAGE 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 

Tm  melting temperature 

TNF  tumor necrosis factor 



    
 

 

TOF  time of flight 

TRA  TNF receptor-associated factor 

Tris  tris(hydroxymethyl)aminomethan 

Tyr (Y) tyrosine 

VEGF vascular endothelial growth factor 
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(DNA RNA)  

3 1998

HIV  (cytomegalovirus: CMV) 

* Vitraven (fomivirsen) (Figure 3a)6 US food and drug administration (FDA) 

2004  (vascular endothelial 

growth factor: VEGF) † Macugen (pegaptanib) (Figure 3b)7 FDA ‡

Macugen 2008

2012

Kynamro (mipomersen) (Figure 3c)9

3 1

2

3  

   
* mRNA DNA mRNA:DNA mRNA

RNase H (DNA:RNA RNA
) mRNA  

† 
Systematic evolution of ligands by exponential enrichment (SELEX) 8

‡ Macugen VEGF Lucentis

Figure 2 ( 5 )

For every person they do help (       ), the ten highest-grossing drugs
in the United States fail to improve the conditions of between 3 and 24 people (      ).

Humira (adalimumab)

Crestor (rosuvastatin)

Advair diskus (fluticasone propionate)

Enbrel (etanecept)

Remicade (infliximab)

((
)( )
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Tkemira TKM-ApoB ( small interfering 

RNA (siRNA) ) 

 

 

1

Vitravene

 (phosphorothioate: PS) DNA  

(Figure 3a) 10 PS

11 12 PS

Vitravene

 

 Macugen 2’- RNA RNA 2’-

2’- RNA  

(Figure 3b)7 Macugen 2’-

13–17 2’-

Macugen

Vitravene  

Figure 3  

Name Macugen (pegaptanib)

Base
O

O

O

P S–O
O

Base
O

O

O

P O–O
O

R = F, OMe

Base
O

O

O

P S–O
O

R O O

Vitraven (fomivirsen) Kynamro (mipomersen)

Type Antisense Aptamer Antisense
Administration Intraocular Intraocular Subcutaneous
Indication Retinopathy caused by 

infection with CMV
Age-related macular degeneration
(ARMD)

Familial hypercholesterolemia

Nucleotide 
structure

Phosphorothioate 2'-Modification (F, OMe) Phosphorothioate
2'-Modification (OMOE)

a b c
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 Kynamro

Vitravene

Isis Pharmaceuticals  ( Ionis Pharmaceuticals ) 20

Kynamro

PS DNA 2’-O-methoxyethyl (MOE) 

RNA18–20 21* Vitraven

PS DNA Kynamro 2’-O-MOE

9 Kynamro †

  

 RNA  (RNA 

interference: RNAi) 1998 Fire Mello RNAi

22 RNA

2001 Elbashir 21 mer siRNA

23 siRNA Clip 1

5’ 24 RNA-induced silencing complex (RISC)  (Figure 4a)

RISC

mRNA siRNA 21 mer RNA

siRNA

25,26 siRNA 2015 12

40 ‡  

 siRNA RNAi shRNA siRNA

RNA

Brummelkamp U6 short hairpin RNA (shRNA) DNA  

                                            
* PS DNA
RNA PS DNA RNase H RNA

 
† FDA 2012 10 8 boxed warning

4  (European medicines agency: EMA) 
2012 12 13  

‡ Clinical Trial.gov (https://clinicaltrials.gov) search for studies siRNA  
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RNAi  (Figure 4b)27* RNA 

polymerase III shRNA shRNA — exportin 5

31–33 Dicer siRNA RNA RNAi

DNA 1

shRNA

shRNA RNAi

CpG †

 

  ( DNA) 

Table 1

 

 shRNA ‡ Taki shRNA

PCR shRNA  (Figure 5)34  

                                            
* Paddison 28 Paul 29 Yu 30  
† RRCGYY (where R and Y represent a purine and a pyrimidine, respectively) 35

DNA CpG C 5 DNA
DNA ( ) DNA ( )  

‡ shRNA
 

Figure 4 RNAi  (a) siRNA; (b) shRNA  

RISC

RNAi
mRNA 

cleavage

cleavage by 
DICER

nucleus

cytoplasm

exportin 5

shRNAstranscriptionpromoter
shRNA

coding region delivery

delivery

shRNA expression plasmid

siRNA

clip1 P
P

cccccc
P

P

a

b
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shRNA shRNA

shRNA  ( shRNA ) PCR  (Figure 5a: 

step 1)  (Bpu I) 

 (step 2)

T4

shRNA  (step 3)

EGFP shRNA

DNA  

 

Vector
Retrovirus

Lentivirus

Adenovirus

Adeno-associated virus (AAV)

Sendai virus
Plasmid

Chromosomal
 integration

Cell type
Diving Non-diving Toxicity

Expression
time
long

long

short

long (non-diving)

short
short

gene insertion, CpG

gene insertion, CpG, Pathogenicity of HIV

Antigenicity, CpG

CpG

Antigenicity, CpG
CpG

Table 1  

+

a b

Figure 5 Taki shRNA  (a) shRNA
; (b) EGFP shRNA  ( 34 ) 
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 shRNA

1 4’- DNA shRNA  

intelligent shRNA expression device (iRed) RNAi 36 2

 ImNN:NaOO 37–39 2 iRed  
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1 Intelligent RNA expression device (iRed)  

shRNA RNAi 1

shRNA

i) ii) shRNA

 ( ) 

 iii) CpG

Taki shRNA  (Figure 5)34 

shRNA DNA

Inoue Minakawa 4’-

4’- DNA (Figure 6)40,41 

41,42 4’- DNA DNA

41 2’- -4’-  (dSNTP) 43

50 mer * DNA

DNA

dSCTP STTP PCR 380 bp 4’-

DNA 43,44 Kojima

4  (dSA dSG dSC ST) dSNTP PCR

4’- DNA 45 4 dNTP

PCR  

 

   
* 100 mer DNA 50 mer

Base
S

O

O

P O–O
O

4'-ThioDNA

Base
S

HO

O

2'-Deoxy-4'-thionucleoside
5'-triphoshate

POPOP
O

O–

HO
O O

O– O–

Base
S

O

DMTrO

P
NiPr2O

NC

2'-Deoxy-4'-thionucleoside 
3'-phosphoramidite derivatives

Chemical synthesis Enzymatic synthesis

DNA polymerase

Figure 6 4’- DNA  
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 shRNA  (U6  + shRNA

) dSNTP PCR shRNA

intelligent shRNA expression device (iRed)  (Figure 7)

4’- DNA DNA shRNA iRed

 ( ) 4’-

intelligent 4’-

DNA iRed

 

 1 iRed in vitro RNAi 2 in vitro

dSC iRed in vivo

3 iRed  

 

 primer 
promoter shRNA code

promoter shRNA code

step 1: PCR

cleavage by 
DICER

RISC 
formation

RISC

RNAi
mRNA 

cleavage

shRNA expression plasmid DNA

iRed (4’-thioDNA)

iRed

shRNA transcription

primer 

dSNTPs

Base
S

HO

OPOPOPHO
O O O

O– O– O–

step 2:

nucleus

cytoplasm

exportin 5

shRNAs

delivery

step 3:

Figure 7 Intelligent shRNA expression device (iRed)  Step1: 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 (dSNTP) 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. ( 36 ) 
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1  iRed in vitro 36 

Figure 7 iRed shRNA

dSNTP PCR  

Kojima 104 bp dSNTP PCR

45 10% DMSO * KOD Dash DNA polymerase

10 min † 4

dNTP ( ) dSNTP ( ) 43% PCR

DNA  

PCR pGL2 firefly luciferase (Fluc) shRNA U6

shRNA 4 dNTP  

 

   
* Kojima  ( dNTP dSNTP 104 bp PCR) 10% DMSO

iRed / DMSO

† 30 sec  

0

20

40

60

80

100

5'-d(ttctctaggcgccggaattgaagatct
aaaatgcgcacttaagatggcccatccc)-5'3'-d(AAgAgAtccgcggccttAActtctAgA
ttttAcgcgtgAAttctAccgggtAggg)-3'

5'-d(ttctctaggcgccggaattgaagatctgggc)-3'

3'-d(cgtgaaaaaatgcgcacttaagatggcccatccc)-5'
U6 promoter shRNA for pGL2

U6 promoter shRNA for pGL2 a
t

RNAi -Ready pSIREN-Retro Q (6.4 kb)

dSA iRed (362 bp, 724 nt)

PCR dSATP, dGTP, TTP and dCTP

Type of modification dSNTP 4'-S units/ 724 nt

dSA iRed dSATP 209

dSG iRed dSGTP 113

ST iRed 212

dSC iRed dSCTP 118

sense : aaad(ttctctaggcgccggaattgaagatctgggcAggAAgAgggcctAtttcccAtgAttccttcAtAtttgcAtAtAcgAtAcAAggctgttAgAgAgAtAAttAgA
AttAAtttgActgtAAAcAcAAAgAtAttAgtAcAAAAtAcgtgAcgtAgAAAgtAAtAAtttcttgggtAgtttgcAgttttAAAAttatgttttAAAAtggActAtcA
tAtgcttAccgtAActtgAAAgtAtttcgAtttcttggctttAtAtAtcttgtggAAAggAcgAggAtccgtgcgttgctAgtAccAActtcAAgAgAgttggtActAgc
AAcgcActtttttAcgcgtgAAttctAccgggtAggg)-3'

anti-sense: aaad(ccctacccggtagaattcacgcgtaaaaaagtgcgttgctAgtAccAActctcttgAAgttggtActAgcAAcgcAcggAtcctcgtcctttccAcAAgAtAtAt
AAAgccAAgAAAtcgAAAtActttcAAgttAcggtAAgcAtAtgAtAgtccAttttAAAAcAtAAttttAAAActgcAAActAcccAAgAAAttAttActttctAcgtcA
cgtAttttgtActAAtAtctttgtgtttAcAgtcAAAttAAttctAAttAtctctctAAcAgccttgtAtcgtAtAtgcAAAtAtgAAggAAtcAtgggAAAtAggccct
cttcctgcccAgAtcttcAAttccggcgcctAgAgAA)-3'

5'-

5'-

R
el

at
iv

e 
yi

el
ds

 (%
)

dSA iR
ed

dSG iR
ed

ST iR
ed

dSC iR
ed

a

b c

STTP

Figure 8 pGL2 shRNA iRed  (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. 
( 36 ) 
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dATP dSATP* PCR  (Figure 8) dSA iRed 362 bp

 (6503 bp) 94% dSA iRed

dSA 209 29%  (Figure 

8b) dNTP dSNTP dSG iRed ST iRed dSC iRed

iRed 4’- † Figure 8b iRed 71%

U6 ‡ dSA iRed dST iRed dSNTP PCR

200 4’- dSG iRed dSC iRed

100 4’-

dSNTP PCR dSNTP

 (Figure 8c) dSG iRed dSC iRed

dSNTP dSG iRed

dSC iRed dSNTP PCR

1 4’-

iRed in vitro RNAi

 

 iRed shRNA shRNA iRed

DNA (natural device) (final 1.0 nM each) pGL2 Fluc

Renilla luciferase (Rluc) 2 HeLa 

 (Figure 9a) shRNA 95% RNAi  

 

 

                                            
* dSNTP Inoue  
† 2’- 4’- 4’-  
‡ TATA Box A:T  

a b

24 h
48 h

72 h

R
el

at
iv

e 
pG

L2
 F

lu
c/

R
lu

c 
ra

tio
 (

%
)

pD
NA

sh
RNA

dSA iR
ed

dSC iR
ed

Nat
ur

al 
de

vic
e

ST iR
ed

dSG iR
ed

24 h
48 h
72 h

dSA iR
ed

dSC iR
ed

Nat
ur

al 
de

vic
e

ST iR
ed

dSG iR
ed

Con
tro

lR
el

at
iv

e 
am

ou
nt

s 
of

 t
ra

ns
cr

ib
ed

 s
hR

N
A

(s
hR

N
A

/m
G

A
P

D
H

)

R
el

at
iv

e
pG

L2
F

lu
c/

R
lu

c
ra

tio
(%

)

NA NA d d ceded

R
el

at
iv

e
pG

L2
 F

lu
c/

R
lu

c 
ra

tio
 (

%
)

A A d d cedd
0

20

40

60

80

100

120

NC d
sD

NA

Con
tro

l d d ceddol

(
)

d d ceddol
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Figure 9 pGL2 iRed RNAi  (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). (

36 ) 
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72 shRNA

Fluc 4’- DNA iRed

iRed shRNA

iRed 4’-  

(Figure 7b) 200 4’- dSA 

iRed ST iRed 4’- dSG 

iRed  dSC iRed shRNA RNAi iRed

 

iRed (= 4’- DNA) shRNA

shRNA  (Figure 9b)

shRNA dSC iRed

iRed shRNA natural device

dSC iRed natural device

shRNA RISC  

dSC iRed shRNA in vitro RNAi

natural device shRNA 4’- DNA

iRed DNA RNA polymerase III

DNA

RNA DNA

RNA

iRed pGL3 Fluc

iRed RNAi  

pGL3 Fluc shRNA U6 shRNA

1 dNTP dSNTP PCR

pGL3 iRed iRed 4’- Table 2  

 

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

dSA iRed dSATP 211

dSG iRed dSGTP 123

ST iRed 214

dSC iRed dSCTP 120

STTP

Table 2 pGL3 iRed 4’-  
( 36 ) 
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pGL3 iRed iRed 71% U6

4’- pGL2 iRed dSA 

iRed ST iRed dSG iRed dSC iRed  

 Figure 10 pGL3 iRed HeLa RNAi

pGL2 iRed 4’-

dSA iRed ST iRed 4’-

dSG iRed dSC iRed pGL3 Fluc

iRed pGL2 iRed pGL3 Fluc

HeLa RNAi pGL3 Fluc  
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Figure 10 pGL3 iRed RNAi  HeLa cells were transfected 
with all samples at the indicated concentrations. ( 36 ) 
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Figure 11 pGL2 iRed pGL3 iRed  
HeLa cells were transfected with all samples at the indicated concentrations.

( 36 ) 
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iRed RNAi

(Figure 11)  

shRNA RNA polymerase III shRNA U6

5 T  (polyT transcription terminator) 

shRNA 5

poly-U RNAi 4’-

DNA iRed termination rule

6 poly-U transcription terminator pGL3

shRNA (Figure 12) iRed RNAi shRNA

shRNA  (Figure 13) shRNA transcription terminator

RNAi iRed

Fluc termination rule

shRNA shRNA

pGL3 Fluc shRNA

* iRed 4’-  

 

 

   
* Figure 9–11 RNAi control RNA dSC iRed

Fluc/Rluc  

gguaaaguuguuccauuuuuuc
uuccauuucaacaagguaaaaaag

a g
a a

Transcription
terminator

Figure 12 Transcription terminator pGL3 shRNA  
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Figure 13 Transcription terminator shRNA iRed  
( 36 ) 
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shRNA RNAi  

 iRed 4’- in vitro

RNAi dSC iRed

shRNA iRed

RNAi shRNA

U6 4’- *

                                            
* U6 RNA

RNA T7 RNA RNA
RNA  
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2 Malignant pleural mesothelioma (MPM) mouse model in vivo
36

1 4’- DNA iRed  (in vitro) DNA

shRNA RNAi 2

malignant pleural mesothelioma (MPM) mouse model iRed in vivo

in vitro

in vivo  (in vivo) 

RNA DNA iRed

in vivo  

 (human pleural mesothelioma cells: 

MSTO-211H-Luc) BALB/c nu/nu mouse (MPM model mouse) 

(Days 8 and 11) pGL3 dSC iRed shRNA natural device

negative control dsDNA (NC dsDNA) * Days 7 10 13 in vivo imaging system (IVIS) 

RNAi  (Figures 14 and 15) pGL3 dSC iRed natural device

shRNA 1 1 Figure 10  

(control) Day 13

NC dsDNA shRNA

shRNA 1 in vitro  

(Figure 10) in vivo dSC iRed 

natural device MPM model 

mouse 4’- DNA DNA RNAi

(Figure 

15c) dSC iRed  

 

 

   
* in vivo TurboFect Transfection Reagents

in vivo  

Day 0 7 8 10 11 13

Cell inoculation
1 106 cell/mouse,

intrapleurally : IVIS : Administration

Figure 14 In vivo   
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 Escherichia coli (E. coli) DNA

DNA Krueger *  

 

                                            
* 2 Kool  

Control

Luc dsDNA

NC dsDNA

Luc dSC iRed

Luc shRNA

Control

Luc dsDNA

NC dsDNA

Luc dSC iRed

Luc shRNA

b
Control

Natural device

NC dsDNA

dSC iRed

shRNA
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100

R
el

at
iv

e 
ph

ot
on

 c
ou

nt
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Color scale
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%

)

Figure 15 MPM mouse model iRed in vivo  (a) IVIS  (b) 
 Data are expressed as the mean of relative photon counts to that of the initial (%) (c) 

 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. ( 36 ) 
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GFP E. coli RNA

mRNA GFP  (Figure 16)46  

Brown 1  (Figure 17) 

E. coli mRNA 47–49*
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† 4’- DNA

 

1 2 4’- DNA iRed in vitro in 

vivo 4’- DNA DNA

RNA DNA

   
* in vitro 49  
† in vitro ( ) in vivo  

Figure 17 DNA  
( 47 ) 
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recognition receptors: PRRs) 

PRRs Toll  (Toll like receptor: TLR) DNA

TLR9 50 DNA

 (endoplasmic reticulum: ER) TLR9

 (Figure 18) TLR9 DNA

CpG TLR9 myeloid differentiation marker 8 (MyD8) 

IL-1 receptor associated kinase 1 (IRK1) IRAK4 TNF receptor-associated factor 6 (TRAF6) IRF-7
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I IFNs IRF-7 NF- κB (nuclear factor-kappa 
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iRed

I  

dC T 4’- shGL2 iRed* PEG

† BALB/c mouse

shRNA natural device

(Table 3)  

 

BALB/c mouse 4 I  (INF-α) 

(IL-6, INF-γ, TNF-α)  (Figure 19) PEG

natural device PEG

Table 4 DNA

Natural device shRNA

INF-α

 

 

4’- iRed I

 (non-treatment)  

   
* 1 1 pGL2 iRed (Figure 8)  
† Hashimoto Ishida PEG PEG

51,52  

Samples Particle syze (nm) 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 322.5 ± 4.5 37.7 ± 0.4

Table 3 PEG  

6503

362

362

362

Samples Molecular size

pDNA 2006041.7

Natural device 112200.2

ST iRed 115607.0

dSC iRed 114096.5

Nucleotide length

Table 4 DNA  
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TLR9 Lys51 (K51) Arg74 (R74) His76 (H76) His77 (H77)  
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Figure 19  Levels of (a) TNF-α, (b) IL-6, (c) INF-γ, and (d) INF-α induced by PEGylated 
lipoplexes each containing 20 μg 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. ( 36 ) 
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(Figure 20) TLR9

4’-  (Figure 21)54

TLR9  

 

4’- DNA DNA A

(Figure 22)41,42 iRed 4’- DNA

A CD

natural device

(Figure 23)*  

4’- DNA TLR9

4’-

DNA

 

   
* CD  

Figure 21 4’  

O S

C4'–O–C1' = 110.1 ° C4'–S–C1' = 94.0 °

C1'–O4' = 1.43 Å C1'–S4'= 1.84 Å

+ 0.41 A°

–16.1 °

Bond lengths (Å) and angles (deg)

4'-SRef.544'-ORef.54

C1'-C2'
C2'-C3'
C3'-C4'

C1'-Oa

C4'-Oa

C1'-C2'-C3'
C2'-C3'-C4'

C3'-C4'-Oa

C4'-O-C1'a
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Figure 22 NMR 4’- DNA  
( 42 ) 
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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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 1 4’- DNA shRNA iRed

 

 iRed shRNA shRNA  (U6 +shRNA

) dSNTP PCR dSNTP

DNA dNTP ( ) iRed

iRed HeLa shRNA RNAi

in vitro dSC iRed MPM mouse model

in vivo shRNA

dSC iRed iRed

4’- mouse

 

 4’- DNA iRed

DNA RNA DNA

TLR9 DNA

intelligent iRed DNA DNA

2 2

iRed  

 



2  2  
3  (ImNN:NaOO)  

 

 25 

1  2 iRed  

 

 

4’- DNA

1

55–61  

 DNA 1 * 1

DNA DNA  ( ) DNA 

(Figure 24) DNA

55 in vivo

NF-κB

†  

 

 

 

 T4

DNA

56,58,61  

 Nakane Figure 25 2 T DNA

copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction

DNA 58

 

                                            
* DNA  (= ) 

1  
† MG 2015 3

 

ligation

Figure 24 Depicts the structure and sequence of the oligonucleotides. 
The position of the nickbeing indicated by 5’P. ( 55 ) 
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DNA /

iRed CuAAC

* iRed

PCR Nakane DNA

( ) 

Figure 26 3 2

iRed  

PCR 5’  (

X) Y  (dYTP)  

 

   
* DNA

iRed DNA

a

b

Figure 25 CuAAC DNA  
( 58 ) 

5'-d(Xttctctaggcgccggaattgaagatct
aaaacttaagatggcccatcccX)-5'3'-d(Yaagagatccgcggccttaacttctaga
ttttgaattctaccgggtagggY)-3'

5'-d(Xttctctaggcgccggaattgaagatctgggc)-3'

3'-d(cgcattcaaaaaacttaagatggcccatcccX)-5'
U6 promoter shRNA

RNAi -Ready pSIREN-Retro Q (6.4 kb)

dNTP + dYTP

U6 promoter shRNA

N3

N3

N3

N3

Xttctctaggcgccggaattgaagatct
aaaacttaagatggcccatcccXYaagagatccgcggccttaacttctaga
ttttgaattctaccgggtagggY

U6 promoter shRNA

PCR

Crick chemistry

N
NN N

N N

Figure 26 2 iRed  
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2 − 3  (ImNN:NaOO)  

1 2 iRed

3

(ImNN:NaOO)  

DNA A ( ) T ( ) G ( ) C (

) –  (Figure 27a) –

1) 2) 

A:T A  (DA) T  (AD) 

G:C G ADD C DAA

A:T G:C  (D)  

(A) 

(Pu)  (Py) 

(Figure 27b)  

DNA B

PCR

DNA *

62,63  

 
 

   
* - 1 6

43 (64 ) 63 (218 )  

Figure 27 Watoson–Crick (a) ; (b)  
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 Benner

A:T G:C *

 (Figure 28)64 isoG:isoC  (Figure 28a) 

G 2 6 isoG C 2 4

isoC DDA:AAD 65

isoG:isoC I DNA Klenow fragment (exo ) (KF–)

DNA 66

X:κ  (ADA:DAD) (Figure 28b)67 P:Z  (AAD:DDA) (Figure 28c)68 

X:κ HIV-1 reverse transcriptase P:Z Deep Vent (exo–) 

†

Bain isoG:isoC

 (3- ) 69

A:T G:C P:Z six-letters synthetic 

genetic system‡ cell SELEX § HepG2 liver cancer cell DNA

 (Figure 29)70 cell SELEX P Z

 (WC ) DNA

six-letters synthetic genetic system DNA

 

 

 
 

 Kool DNA

71,72  

                                            
* 23 = 8

 
† Taq  Vent (exo–)  
‡ Benner − P:Z 6  (A, T, G, C, P and Z) 
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Z:F 73 Q:F 74 A:T

(Figure 30)

DNA Z F

DNA Z T*

DNA F A Z:F A:T

DNA

 

1 3 Kool xA:T A:xT

1’-

(Figure 31)46,75,76 xA:T KF–

T xA xA T

xA T

1’- A:T  

 

   
* DNA dATP TTP

Figure 29 Six-letters synthetic genetic system cell SELEX ( 70 )
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 Kool Romesberg

100 DNA  (Figure 32)77–79

5SICS:NaM DNA A:T

KF–

77

80  

 

 Hirao Benner DNA RNA

63

s:y 81 Ds:Pa 82

 (Figure 33)

s:y KF–

s C T y A

81
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O
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* 82 Ds:Pa

Ds:Px Px

WC 100 PCR 83

Ds:diol1-Px PCR SELEX VEGF DNA

2 3 Ds 100

84, 85

 

DNA

1’-

Minakawa

(Figure 34)86,87 Kojima Hikishima

[5’,4’,:4,5] [2,3-d]  (Im ; Figure 34a) 

1,8- C-  (Na

; Figure 34b) DNA

† Im Na ImNO DADA

NaON ADAD  (ImNO:NaON

) ImON:NaNO DADA:ADAD

(Figure 34c) Im:Na

Im:Na

   
*

93% 20 DNA 0.9320 × 100 
= 23.43% 98% 20 66.8%

PCR %  
† Im -C- Na

Figure 34c
ImNO Figure 34c NaON  
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DNA

DNA X Y DNA

Tm  (50% ) A:T G:C

1.3 °C Im:Na

7 °C  (Table 5)87  

 

 

 

 Ogata DNA

 (Figure 35)88,89  

 DNA ImNO A G C T

ImNO  (Figure 35b; lanes 2 6) NaON

 (Figure 35b; lane 7) DNA NaON

ImNO  (Figure 35b; lane 12) ImON:NaNO

 (Figures 35c) Im:Na
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Na A  

Figure 34  (a) Im (b) Na  (c) Im:Na  
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Table 5 Im:Na (Tm )

NaNOImON 56.4 +7.85'-GCACCGAAXAAACCACG-3'
3'-CGTGGCTTYTTTGGTGC-5'

X Y Tm (˚C) ΔTm (˚C)

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

G
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ImNN

C
T

NaOO

49.1
47.8

60.0
+1.3
—

+11.4

ImNO NaON 56.1 +7.5
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(Figure 35b; lane 8 and Figure 35c; lane 8)

Figure 26 iRed

 (Im:Na ) DNA

ImNN:NaOO

 (Figure 36) ImNN:NaOO ImNN DAAD NaOO ADDA

ImNN NaOO DNA Tm

37 ImNN:NaOO DNA ImON:NaNO ImNO:NaON

Tm  (Table 

5)  

 

 

 

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

5'-FITC-GTTCTGGATGGTCAGCGCAC
3'-CAAGACCTACCAGTCGCGTG-X-GAACGGGTG-5'

Primer :
Template :

dYTPa

b

c

lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 35 4  (a) −
; (b) ImNO:NaON ; (c) ImON:NaNO  ( X ) 

Figure 36 ImNN:NaOO  
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 ADDA:DAAD ImNN:NaOO

 (Figure 37) ImON:NaNO

DNA NaNO A

Figure 37a 2
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 (Figure 37b) ImNN:NaOO DNA

DNA

DNA ImNN:NaOO

 

 

  

 

 

 

Figure 37 Na  
( 39 ) 

N

N

O

NH
H

HN

N

N
N

N

H
H

a

A:NaNO

b

N

N

O

O

H

H

N

N

N
N

N

H
H

A:NaOO

N

N

O

O

H

H

N
N

ON

N

G:NaOO

H
N H

H

D

A

D

A

D

A

A

D

D

A

D

D

A

D

A

A

D

D

A



2  3  
ImNN:NaOO  

 

 36 

3 ImNN:NaOO 39 

DNA DNA

5’-

DNA

5’- ImNN  (ImNNTP) 

88 1 5’- TBDMS 2

3’- 3 TBAF

4 4 Eckstein 90

4

ImNNTP (tri-sodium salt) 4 37%  

(Scheme 1)  

 

 

NaOO 5’-  (Scheme 2)

537* 5’- 3’-

6 5’-

7
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21

Scheme 1 ImNNTP   
Reagents and conditions: (a) TBDMSCl, imidazole, DMF; (b) Ac2O, 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–H2O; (g) NH4OH, 55 °C; (h) DIAION PK212 and then WK20.
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NaOOTP (tri-sodium 

salt) 4 42% ImNNTP NaOOTP

 

 

 

 38 DNA

 

 DNA Family A

Klenow fragment (exo–) (KF–)* DNA

DNA

KF–  

  (20 mer)  (30 mer) Figure 38

DNA X  (ImNN NaOO) †

 (NaOOTP ImNNTP)  (dATP dGTP dCTP

TTP)  (Figure 38b)‡  

 X ImNN A G C T

 (Figure 38b: lanes 2–5) NaOO

 (Figure 38b: lane 7) ImNN ImNN

 (Figure 38b: lane 6) DNA ImNN NaOO

X NaOO

ImNN  (Figure 38b: lane 12) A G

 (Figure 38b: lanes 8 and 9)  

                                            
* Klenow fragment (exo–) (KF–) Escherichia coli. DNA I 5’ 3’ 3’ 5’

DNA  
†  
‡ 5’- FITC (λex = 495 nm, λem = 520 nm) DNA
FITC  

Scheme 2 NaOOTP  
Reagents and conditions: (a) Ac2O, 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–
H2O; (f) NH4OH, 55 °C; (g) DIAION PK212 and then WK20. 
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Figure 38

-  (steady-state kinetics) 

X ImNN

NaOOTP KF– 0.0025 unit/μL

NaOOTP 0.2–2.0 mM* 37 1 2 5 20 60 

 (20% polyacrylamide gel electrophoresis  

(PAGE))  (Figure 39)  

  

21 mer I (%) †

(Figure 40a) 2 I (%) 

t (min) V (% min-1)  [NaOOTP]

Figure 40b  (Km) 

(Vmax) I (%) 

25%  

   
* Km Vmax  Km 0.5–2.0  
† 21 mer  (I%) 20 mer 21 
mer 100 21 mer

Figure 38 KF–  (a) Sequences of template and primer. (b) Denaturing gel image 
of products. (b-a) Incorporation of dYTP against ImNN in the template (dYTP = 20 μM). (b-b) Incorporation of 
dYTP against NaOO in the template (dYTP = 2 μM). 

X = ImNN X = NaOO

dYTP A C T NaOO A C T NaOO

21 mer
20 mer

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

a) b)

ImNN ImNNGG

5'-FITC-GTTCTGGATGGTCAGCGCAC
3'-CAAGACCTACCAGTCGCGTG-X-GAACGGGTG-5'

Primer :
Template :

dYTPa

b

(ODN1 and 2)

Figure 39 ImNN NaOOTP  

 

 

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

1 2 5 20 60time (min)

20 mer–
21 mer–

a b
1 2 5 20 60

c
1 2 5 20 60

d
1 2 5 20 60

e
1 2 5 20 60

14 15 16

17 18 19 20 21 22 23 24 25 26

20 mer–
21 mer–

[NaOOTP] (μM)

time (min)
[NaOOTP] (μM)

0.2 0.5 1.0

1.5 2.0

lane

lane
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 Km Vmax  (Figure 41)

 (Figure 42)

Km Vmax  (Table 6)

Km Vmax

Hanes-Woolf * Figure 38

†  

 

 

 Table 7 Km -

Vmax –

Vmax/Km

 

 X ImNN  (Vmax/Km) NaOO

2.8 107 %min–1 M–1  (Table 7, entry 6)

Vmax  (entries 1–5 NaOOTP 104–105 ) DNA  

                                            
* Lineweaver-Burk Eadie-Hofstee

/
Hanes-Woolf  

† –
 (Vmax) / 0.8 μM  0.025 U/μL  

a b

Figure 40 ImNN NaOOTP  (a) ; 
(b) NaOOTP  

Figure 41 Km Vmax  
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ImNN NaOO

NaOO ImNN 8.6 107 %min–1 M–1

(entry 12) Figure 38 NaOO

A G ImNN

NaOO 10 1  (entries 7 and 8)

ImNN:NaOO ImNN NaOO

A:T

(entries 6 and 11 vs. entries 13 and 14)  

Ogata ImON:NaNO ImNO:NaON KF–

88,89 ImNO:NaON

WC  

 

Figure 42  (a) Linweaver-Burk plot; (b) Eadie-Hofstee plot; (c) Hanes-Woolf plot 

a

cc

b

Table 6  

30.11.06

Km (μM) Vmax (%min-1M-1)

1.12 28.1

1.08 29.5 Linweaver-Burk
 Eadie-Hosfee
 Hanes-Woolf
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 (Table S1*, entries 18 and 23 vs. entries 37 and 38) ImON:NaNO

DNA ImON NaNO  (entry 30)

DNA NaNO ImON A

 (entries 31 vs. 35)  

 ImNN:NaOO 3

Figure 43

Im Na

 (Figure 43a) ImNN:NaOO  (Table 5) 

Na Im

 (Figure 43b) ImON:NaNO

NaNO ImON A

ImNN:NaOO

ImNN:NaOO 1/10

Im:Na

ImNN:NaOO

 

 ImNO:NaON

DNA DNA

†  

                                            
*  
† DNA RNA 2

Table 7 ImNN:NaOO  
( 39 ) 

 dYTP
Km  

(μM)
Vmax 

(min-1)

Vmax/Km
(% min-1 M-1)entry

1
2
3
4
5
6
7
8
9

10
11
12

13
14

NaOO

TTP

NaOOTP

27 (1.1)
56 (2.9)
160 (13)
140 (23)
190 (39)
1.1 (0.29)

4.8 103

2.0 103

3.8 102

5.6 102

2.7 102

2.8 107

0.13 (0.48)
0.11 (0.037)
0.060 (0.018)
0.082 (0.023)
0.053 (0.0061)

31 (2.7)

TTP

NaOOTP

4.1 (0.85)
3.5 (0.62)
140 (35)
130 (14)

0.56 (0.089)
29 (2.8)

4.4 106

6.8 106

2.9 103

3.3 103

8.6 107

4.1 103

18 (1.6)
24 (1.2)

0.41 (0.091)
0.43 (0.083)

48 (5.3)
0.12 (0.019)

A
T

TTP 0.43 (0.010)
0.30 (0.051)

26 (1.4)
27 (3.2)

6.0 107

9.0 107

ImNN dATP
dGTP
dCTP

ImNNTP

dATP
dGTP
dCTP

ImNNTP

dATP

X
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91,92  (A G) 3

(Figure 44d)  (C T) 2

ImNO:NaON NaON

(2 )  (Figure 44a)

ImNO:NaON DNA

ImON:NaNO  

(Figure 44b) ImNO:NaON DNA 

 

 

                                                                                                                

T Na

3x107

2x107

1x106

0 X = ImNO
X = ImON

X = ImNN

dA dG dC Im

9x107

6x107

3x107

0 X = NaON
X = NaON

X = NaOO

Vmax/Km 
(%min-1M-1)

a b

T ImdA dG dC Na
n.dan.da

n.da

Vmax/Km 
(%min-1M-1)

Figure 43 Im:Na  (a) 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. aNot determined. (

39 )

Figure 44 Im:Na
( 39 )

N

O

N

O

N

N

N
N

N

N

N

H
H

H

c

H

H
H

ImNN:NaOO

ΔTm

D

A

D

A

A

D

A

D

N

N

NH

N

O

N
N

N H
H

N

N H

H
H

O

b
A

D

D

A

D

A

A

D

+7.8 °C

N

O

N

NH
H

N

N

N
N

O

N

N

H

H
H

H

a
D

A

A

D

A

D

D

A

+7.5 °C

N
N

O

N
N

NN

N

H
H

H

A:T

D

A

A

D

O

ΔTm +11.4 °C

d

ImON:NaNOImNO:NaON

8
7

6

5

4

3

2

1

9

1

2
3

4

5

6
7

8
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NaNO A  

NaNO A 2  (Figure 37a)

NaNO T T

 

 ImNN:NaOO 3 Im:Na

ImNN:NaOO ImON:NaNO

ImNN 8 NaOO 2  (Figure 44c) ImNN:NaOO

Im Na  (Figure 44 and Table 5)

DNA

NaOO NaNO  (A G) 

 (Figure 37) DNA NaOO

NaNO

ImNN NaOO

DNA Tm

 (Table 8)  

 

 

 ImNN:NaOO

DNA

 

Table 8 ImNN NaOO

DNA  

GImNN 58.7 –1.8

5'-GCACCGAAXAAACCACG-3'
3'-CGTGGCTTYTTTGGTGC-5'

X Y Tm (˚C) ΔTm (˚C)

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

ImNN

A

ImNN

T
T

C
57.0
60.5

59.7
–3.5
–0.8

ImNN A 53.1 –7.4

NaOO

NaOO

T

NaOO

NaOO

G 56.0 –2.8

T
A

C
52.0
58.8

57.2
–6.8
–1.6

A 54.6 –4.2

–

–
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Table S1  aStandard deviations are given in parentheses. bThese parameters
were referred from J. Am. Chem. Soc., 2009, 131, 1644−1645. ( 88) cNot determined. 

nucleoside 
triphosphate (dYTP) Km  (μM) Vmax/Km (% min-1 M-1)template (X)entry

1
2
3
4
5
6
7
8
9

10
11
12

37
38

NaOO

TTP

NaOOTP

27 (1.1)a

56 (2.9)
160 (13)
140 (23)
190 (39)

1.1 (0.29)

4.8 103

2.0 103

3.8 102

5.6 102

2.7 102

2.8 107

TTP

NaOOTP

4.1 (0.85)
3.5 (0.62)
140 (35)
130 (14)

0.56 (0.089)
29 (2.8)

4.4 106

6.8 106

2.9 103

3.3 103

8.6 107

4.1 103

A
T

TTP 0.30 (0.051) 9.0 107

13b

14b

15b

16b

17b

18b

19b

20b

21b

22b

23b

24b

NaON

TTP

NaONTP

120 (6.4)
43 (10)

d.
16 (4.6)

d.c

57 (4.1)

5.4 103

2.2 103

n.d.
7.5 103

d.c

2.3 105

TTP

NaONTP

25 (3.1)
33 (7.7)
71 (31)
20 (2.5)
8.3 (2.5)
29 (2.9)

6.4 105

4.5 103

3.5 103

6.5 103

3.6 106

8.3 104

ImNO

ImNOTP

dCTP
dGTP
dATP

ImNOTP

dCTP
dGTP
dATP

ImNN dATP
dGTP
dCTP

ImNNTP

dATP
dGTP
dCTP

ImNNTP

dATP

fidelity

0.00017
0.000071
0.000014
0.00020
0.000096

1
0.052
0.079

0.000034
0.000038

1
0.000048

0.023
0.0096

d.
0.034

d.
1

0.18
0.0013

0.0018
1

0.023

0.0097

Vmax (min-1)

0.13 (0.48)
0.11 (0.037)
0.060 (0.018)
0.082 (0.023)

0.053 (0.0061)
31 (2.7)
18 (1.6)
24 (1.2)

0.41 (0.091)
0.43 (0.083)

48 (5.3)
0.12 (0.019)

27 (3.2)

0.65 (0.047)
0.095 (0.0070)

d.
0.12 (0.019)

d.c

13 (1.5)
16 (2.1)

0.15 (0.027)

0.13 (0.012)
27 (4.7)

2.4 (0.56)

0.25 (0.051)

0.43 (0.010) 6.0 10726 (1.4)

25b

26b

27b

28b

29b

30b

31b

32b

33b

34b

35b

36b

NaNO

TTP

NaNOTP

19 (10)
34 (2.6)
51 (13)
54 (18)

d.c

2.6 (0.49)

2.3 104

5.3 103

8.6 103

5.1 103

n.d.c

8.5 106

TTP

NaNOTP

0.69 (0.22)
17 (1.8)
25 (5.5)

19 (0.14)
0.83 (0.23)

14 (3.8)

2.9 107

5.5 105

4.8 103

5.8 103

2.5 107

2.3 104

ImON

ImONTP

dCTP
dGTP
dATP

ImONTP

dCTP
dGTP
dATP 0.0027

0.00062
0.0010

0.00060
d.

1
1.2

0.022
0.00019
0.00023

1
0.00092

0.43 (0.033)
0.18 (0.0071)
0.44 (0.044)
0.28 (0.034)

d.c

22 (0.96)
20 (3.4)
9.4 (1.5)

0.12 (0.010)
0.11 (0.015)

21 (5.3)
0.32 (0.019)
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4  ImNN:NaOO 39 

 

 3 ImNN:NaOO KF–

ImNN:NaOO

2

93–97

 

 

 3

NaTP  (Figure 45) 

3’ 5’ KF KF+

82  

  (X = A) 4 dNTP

30 mer  (lane 2) X

ImNO ImON NaONTP NaNOTP

* (lanes 3–6) ImNN NaOOTP

 (lane 7) NaOOTP  

 

 

                                            
* Ogata KF– 88,89  

Figure 45 Im:Na  (a) Sequences of template and primer. (X = A, 
ImNO, ImON or ImNN). The reactions were carried out in the presence or absence of dYTP (NaONTP,
NaNOTP or NaOOTP) 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 ImNO:NaON, (d)
ImON:NaNO, and (e) ImNN:NaOO base pairs.  

lane 1 2 5 6 7 8

A
G
C
T

A
G
C
T

c X = ImNO

A
G
C
T

A
G
C
T

d X = ImON

A
G
C
T

A
G
C
T

e X = ImNN

20 mer

A
G
C
T

b X = A

43

NaON NaNO NaOOdYTP

dNTPs –

–

5'-FITC-GTTCTGGATGGTCAGCGCAC
3'-CAAGACCTACCAGTCGCGTG-X-GAACGGGTG-5'

Primer :
Template :

dYTPa
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 (lane 8) X

ImNN:NaOO  

 ImNO:NaON 3

ImON:NaNO

NaNO DNA

ImON:NaNO WC

NaNO 88 82 ImNN:NaOO

NaOO

 

 ImNN:NaOO

*  

 

                                            
*  
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5  ImNN:NaOO PCR 39 

 

 4 ImNN:NaOO

PCR  

 

 DNA PCR DNA X

 (dYTP) 99.0%  ( 1%

) 15 PCR DNA (215 ) 

 (X:Y) 86% 1 99.0%

1.0% PCR

WC DNA

99.9999% KF DNA

1 1 98 PCR

 

 Hirao 83 ImNN  (55 mer) 2

 (40 mer 24 mer)  (Figure 46a)38 75 bp

DNA Taq DNA polymerase 15

PCR ImNNTP NaOOTP dNTP

 (Figure 46b, lane 4) NaOOTP PCR  (lane 3)

ImNN NaOO  

 

 

 

TATImNNCTA3' 5'Template:
5' 3'

5'-primer:

3'5'
:3'-primer

TATImNNCTA3'
5'PCR

(15 cycles)
5'
3'

naturl dNTPs

NaOOTP

(ODN3 55-mer) (75-bp)

(40-mer)

(24-mer)

a

Taq Deep Vent exo– Deep Vent exo Pfx50b c d e

lane 1 2 3 4 lane 1 2 3 4 lane 1 2 3 4 lane 1 2 3 4

dNTPs

NaOOTP
–
– –

–
dNTPs

NaOOTP
–
– –

–
dNTPs

NaOOTP
–
– –

–
dNTPs

NaOOTP
–
– –

–

75-bp 75-bp 75-bp 75-bp

Gel electrophoresis
Sequencing

ATANaOOGAT

ImNNTP

ImNNTP ImNNTP ImNNTP ImNNTP

Figure 46 ImNN:NaOO PCR  (a) Schematic representation of template and primers, and the resulting amplified 
product. Gel electrophoresis of PCR products obtained by using (b) Taq 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 (e) Pfx50 
DNA polymerase under various dNTP conditions. ( 39 ) 
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NaOO  (N)*

(Figure 47)  

PCR ImNNTP NaOOTP dNTP

lane 4 DNA

(Figure S2†) 13 DNA

Figure 46c–e family B

3’ 5’ DNA

83,92‡ 3’ 5’ exonuclease 

deficient Deep Vent DNA polymerase (Deep Vent–) PCR lane 4

lane 3  (Figure 46c)

3’ 5’ Deep 

Vent DNA polymerase (Deep Vent+) lane 4

(Figure 46d) 3’ 5’

(Figure S2j–m) Pfx50 DNA polymerase

(Figure 46e) 3’ 5’ DNA

PCR 3’ 5’

63,84  WC A:T G:C

ImNN:NaOO DNA

A:NaOO G:NaOO  

   
* 2 3 A G  
†  
‡  

Figure 47 ImNNTP PCR  aN indicates natural nucleoside unit. 

3'-CAGTATCGACAAAGGACACACTTT-5'

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

5'-CGTTGTAAAACGACGGCCAGGATAATACGACTCACTTATAGGGATA-NaOO-GATCCGTCATAGCTGTTTCCTGTGTGAAA-3'
3'-GCAACATTTTGCTGCCGGTCCTATTATGCTGAGTGAATATCCCTAT-ImNN-CTAGGCAGTATCGACAAAGGACACACTTT-5'
5'-CGTTGTAAAACGACGGCCAGGATAATACGACTCACTTATAG-3'

- N -
5'-CGTTGTAAAACGACGGCCAGGATAATACGACTCACTTATAGGGATA-NaOO-GATCCGTCATAGCTGTTTCCTGTGTGAAA-5'
3'-GCAACATTTTGCTGCCGGTCCTATTATGCTGAGTGAATATCCCTAT-ImNN-CTAGGCAGTATCGACAAAGGACACACTTT-5'
5'-CGTTGTAAAACGACGGCCAGGATAATACGACTCACTTATAGGGATA-NaOO-GATCCGTCATAGCTGTTTCCTGTGTGAAA-5'

3'-CAGTATCGACAAAGGACACACTTT-5'

CTAGGCAGTATCGACAAAGGACACACTTT-3'3'-GCAACATTTTGCTGCCGGTCCTATTATGCTGAGTGAATATCCCTAT

1st cycle

2nd cycle

Next cycles

a
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 15 PCR

ImNN:NaOO *

read through peak 3’ 5’

DNA PCR

read through peak ImNN  

(Figure 48)†  

                                            
*  ( ) 1 DNA DNA dNTP DNA

 (ddNTP) DNA
DNA  

† polyT ddA read through 
peak  

Figure 48 ImNN:NaOO PCR  (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) 
Pfx50 and (e) Phusion High-Fidelity ( 39 ) 

b Deep Vent exo+ c Vent exo+

d Pfx50 e Phusion High-Fidelity

3'-GCAACATTTTGCTGCCGGTCCTATTATGCTGAGTGATATCCCTAT–ImNN–CTAGGCAGTATCGACAAAGGACACACTTT-5'
5'-CGTTGTAAAACGACGGCCAGGATAATACGACTCACTATAGGGATA–NaOO–GATCCGTCATAGCTGTTTCCTGTGTGAAA-3'

Sequencing
5'-T50–CGTTGTAAAACGACGGCCAG-5'
Sequencing primer:a



2  5  
ImNN:NaOO PCR  

 

 50 

 

read through peak 15

PCR ImNN:NaOO total mutation rate 77,83 PCR

75 mer ImNN  (ODN1) ImNN A

(ODN2)  (Figure 49) ImNN ODN1 ODN2

0% 1% 2% 4% 10% 25% 50% 15 PCR

T43 C46 G20 G21

ODN2  (calibration 

plot)  (Figure 48) ImNN:NaOO

15 PCR 84%  (Table 9)

Pfx50 DNA polymerase 94% 1 99.5%

Figure 49 total mutation rates (a) Sequence of sequencing primer and
ODNs 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. (

39 ) 

0%

1%

2%

4%

10%

25%

50%

100%
control

3'-GCAACATTTTGCTGCCGGTCCTATTATGCTGAGTGATATCCCTAT–ImNN–CTAGGCAGTATCGACAAAGGACACACTTT-5'
3'-GCAACATTTTGCTGCCGGTCCTATTATGCTGAGTGATATCCCTAT– A  –CTAGGCAGTATCGACAAAGGACACACTTT-5'

ODN 1:
ODN 2:

Sequencing

5'-T50–CGTTGTAAAACGACGGCCAG-5'primer:

[ODN4] + [control ODN]
[control ODN]

 100 = 10%

T43 C46

y = 0.0076x + 0.0005
R² = 0.99314

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

(%)

13835

24725

1318
1713

a

b

The ratio of 
read-through peak

heights

hT43+hC46

hG20+hG21
=

G20

G21
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 ODN2 ImNNTP NaOOTP dNTP PCR

read through peak

ImNN NaOO

 (data not shown)  

 

 

 

 Benner Romesberg Hirao PCR 1

99%  (Figures 32c and 33bc*)77,83,84,99–103

63

84,99,100† WC

 (ImNN:NaOO) 

ImNN:NaOO Figure 26 2 iRed

 

                                            
* 63  
†  

Table 9 ImNN:NaOO PCR  (Total mutation rates) 
( 39 ) 

Total mutation rate Fiderity per doublingentry

1
2
3
4 < 18%

> 99.0%
> 99.5%
> 99.5%
> 98.6%

< 13%
< 7%
< 6%

DNA polymerase

Phusion High-Fidelity

Deep Vent exo
Vent exo

Pfx50
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Figure S2 ImNN:NaOO PCR DNA  Analysis by denaturing
gel electrophoresis and sequencing of PCR products after 15 cycles of PCR under different conditions. (a)–(f) are types 
of 3’→5’ 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. 
( 39 ) 

Taq Tth Deep Vent exo–

Vent exo– a

a b c

d

lane 1 2 3 4 lane 1 2 3 4 lane 1 2 3 4

lane 1 2 3 4

dNTPs

NaOOTP
–
– –

–
dNTPs

NaOOTP
–
– –

–
dNTPs

NaOOTP
–
– –

–

dNTPs

NaOOTP
–
– –

–

75 mer 75 mer 75 mer

75 mer

PlutinumTaq Accuprimer Pfx KOD Dash
g h

lane 1 2 3 4 lane 1 2 3 4 lane 1 2 3 4

dNTPs

NaOOTP
–
– –

–
dNTPs

NaOOTP
–
– –

–
dNTPs

NaOOTP
–
– –

–

75 mer 75 mer 75 mer

i

3’   5’ exonuclease-deficient type of DNA polemerases

mix type of DNA polemerases

3’   5’ exonuclease-proficient type of DNA polemerases

Therminator 9N°
e f

lane 1 2 3 4 lane 1 2 3 4

dNTPs

NaOOTP
–
– –

–
dNTPs

NaOOTP
–
– –

–

75 mer 75 mer

Deep Vent exo Vent exo Pfx50

Phusion High-Fidelity

j k l

m

lane 1 2 3 4 lane 1 2 3 4 lane 1 2 3 4

lane 1 2 3 4

dNTPs

NaOOTP
–
– –

–
dNTPs

NaOOTP
–
– –

–
dNTPs

NaOOTP
–
– –

–

dNTPs

NaOOTP
–
– –

–

75 mer 75 mer 75 mer

75 mer

ImNNTP

ImNNTP ImNNTP ImNNTP

ImNNTP ImNNTP ImNNTP

ImNNTP ImNNTP ImNNTP

ImNNTP ImNNTP ImNNTP
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6  ImNN:NaOO DNA

 

 

  5 2 iRed PCR 3  

(ImNN:NaOO ) ImNN:NaOO

DNA  

 Figure 26 PCR DNA ImNN:NaOO

CuAAC

 

 DNA 5’-

CH-π

Figure 50 X Bacillus DNA 

polymerase dNTP – 91*

dNTP DNA O- Phe710 

(F710) Tyr714 (Y714) 3’-

2 2

Hirao  (Ds:Px ) 

 (Ds:diol1-Px ) DNA

 (Figure 33)  

 

 
 

                                            
* DNA  

Figure 50 Bacillus DNA polymerase dNTP –  
( 104 ) 
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Figure 51 * ImNN

PCR 5’- NaOOTP

†  

NaOOTP (6-ethynyl NaOOTP) NaOO 837

NIS 6  (Scheme 3)

9 TMS-acetylene 10

TBAF TMS TIPS 6-ethynyl  

 

   
* Figure 26 X ImNN YTP NaOOTP  
† NaOO ImNN NaOO

U6 promoter shRNA

PCR

Crick chemistry

U6 promoter shRNA

ImNN

ImNN
NaOOImNN

NaOO

ImNN

U6 promoter shRNA ImNN
NaOOImNN

NaOO
N

N NN
NN

N3

N3

N3

N3

dNTP + NaOOTPN

O

N

N

N

N
N

N

N

H
H

H

N O

H

H
H O

O

OH

O

O
P

O

O–

O
N3

O

Linker

Figure 51 ImNN:NaOO 2 iRed  

+O

TIPSO

TIPSO

NH

NH
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PEG ImNN:NaOO CuAAC

 (Figure 54) 5’- ImNN

ODN5 C12 16

ODN6 (CPG bound)  (Scheme 4) ODN

CPG  (CE) 
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CPG CE ODN7 (CPG bound) 

5’- ODN8 

(CPG bound) 5’- NHS PEG 17 ODN9 

(CPG bound) ODN9 (CPG bound) 

5’- ImNN  (ODN10) 

11.8 Å

Figure 53 ImON:NaNO DNA NMR  The lowest energy structure of the DNA duplex 
containing ImON:NaNO base pair. DNA duplex was formed with 5’-d(CGAA-ImON-AACC)-3’ and 5’-(GGTT-NaNO-TTCG)-3’.  
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*  (Figure 55b)
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* MS 6-ethynyl NaOOTP  ( )  

Figure 55 ImNN:NaOO ODN  (a) Schematic of the dumbbell-shaped ODN synthesis 
with ImNN:NaOO using CuAAC reaction. (b) HPLC analyses. The samples were analyzed on μ-BONDASPHERE (Waters, 150 × 3.9
mm), eluted with linear gradient from 18.5% to 27.5 % CH3CN in 0.1 N TEAA buffer (pH 7.0) (1 mL/min for 20 min). 
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 6 ImNN:NaOO DNA

CuAAC 7

PCR ImNN:NaOO 2 iRed

 

 

 6 pGL3 Fluc 2 iRed*

2 forward reverse

5’- ImNN PEG  (Figure 57a, ODNs 13 and 14)

2 5 PCR pGL3 Fluc shRNA

U6 shRNA PEG

ImNN 2 6-ethynyl NaOOTP PCR  (Figure 57a)

dNTP

6-ethynyl NaOOTP PCR  (Figure 57b)

WC 6-ethynyl NaOOTP

 (data not shown)†  

 

                                            
* 1  1 Figure 10  
† 369 bp  
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2 6 CuAAC

220 kDa MS HPLC

* Figure 57

MS 2 iRed Bgl II

†5’-  ( ) 16053.8 (MH–) 

(Figure 58a) EcoRI 3’-  (

) CuAAC 10542.9 (MH–)  (Figure 58b)  

369 bp PCR ImNN:NaOO

CuAAC 2 iRed  

 

   
* 3% PAGE 369 bp
CuAAC  
† shRNA  

Figure 58a pGL3 pGL3 Fluc 2 iRed MALDI-TOF/MS
(a) Digestion of left fragment of the 2nd generation of iRed targeting pGL3 Fluc using Bgl II
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 pGL3 Fluc 2 iRed

pGL3 Fluc 2 iRed shRNA

shRNA iRed DNA (natural device) 1 dSC iRed

pGL3 Fluc Rluc 2 HeLa 

24 shRNA 95% RNAi

 (Figure 59) shRNA pGL3 Fluc

2 iRed 1 dSC iRed

2 iRed

24 natural device RNAi

*  

 

 

 

                                            
* DNA DNA 5’-
110 DNA  

Figure 58b pGL3 pGL3 Fluc 2 iRed MALDI-TOF/MS
 (b) Digestion of right fragment of the 2nd generation of iRed targeting pGL3 Fluc using EcoRI. 
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expression device (iRed)  
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 c) 4’- DNA iRed shRNA iRed
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iRed shRNA  (termination rule )

 

 d) In vivo dSC iRed  
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 General methods 

 Physical data were measured as follows: 1H, 13C, and 31P NMR spectra were recorded at 400 MHz (Bruker 

AV 400N) instruments, respectively, in CDCl3, DMSO-d6 or D2O 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 F254 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.43,45 The concentrations of ImNNTP and NaOOTP were 

determined based on the extinction coefficients of each nucleosides.37,88  

 The following DNA polymerases were purchased: KF exo–, KF exo+, Tth DNA polymerases from Promega; 

Taq 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 Taq, Accuprim Pfx, Pfx50 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] (mPEG2000-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 μm, 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.  

 

 

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 μL of KOD buffer containing 

KOD Dash DNA polymerase (0.05 unit/μL), pDNA template (0.1 fmol/μL), 0.2 mM dNTPs, and 0.5 μM 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 μL of reaction buffer containing KOD Dash DNA polymerase (0.1 

unit/μL), a template (0.2 fmol/μL), 0.2 μM of a nucleoside 5’-triphosphate mixture containing one type of dSNTP 

and three types of dNTPs, and 1.25 μM 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.

 

 

 

Sequence

pU6-pGL2, sense

pU6-pGL2, antisense

pU6-pGL3_1, sense

5’–d(gatccgtgcgttgctagtaccaacttcaagagagttggtactagcaacgcacttttttacgcgtg)–3’
5’–d(aattcacgcgtaaaaaagtgcgttgctagtaccaactctcttgaagttggtactagcaacgg)–3’
5’–d(gatcccttacgctgagtacttcgatagtgctgctcctggttgtcgaagtactcagcgtaagttttttg)–3’

pU6-pGL3_1, antisense 5’–d(aattcaaaaaacttacgctgagtacttcgacaaccaggagcagcactatcgaagtactcagcgtaagg)–3’
pU6-pGL3_2, sensea

pU6-pGL3_2, antisensea

5’–d(gatccggtaaagttgttccattttttcaagagaaaaatggaacaactttaccttttttg)–3’
5’–d(aattcaaaaaaggtaaagttgttccatttttctcttgaaaaaatggaacaactttaccg)–3’

pU6-NC, sense

pU6-NC, antisense

5’–d(gatccgtcttaatcgcgtataaggctagtgctcctggttggccttatacgcgattaagattttttg)–3’
5’–d(aattcaaaaaatcttaatcgcgtataaggccaaccaggagcactagccttatacgcgattaagacg)–3’

ODNs

Table S2 apU6-pGL3_2 is the pDNA having a terminator in the middle of shRNA coding sequence. 



 
1  

 

 70 

 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 μg/mL 

streptomycin (ICN Biomedicals) in an atmosphere containing 5% CO2.  

 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 μg/mL streptomycin 

in an atmosphere containing 5% CO2 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 × 104 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 μg per well, pGL2-control or 

pGL3-control, and pRL-TK; Promega), and iRed, shRNA expression pDNA, synthetic shRNA, 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 μL of Opti-MEM I (Invitrogen). After incubation for 1 h at 37 °C, the 

medium was replaced with 100 μL 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 μL 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 μM) and extracted small RNAs (2.0 μM/ total 50 μL) mixture, dNTPs (1.0 mM), Super Script III (2.5 

unit/μL, Invitrogen), dithiothreitol (8.5 μM), and RNaseOUT (0.1 unit/μL, 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.111 Next, quantitative PCR reactions were performed in 20 μL of reaction mixture containing 
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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 shRNA/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. 

 

 

 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 × 106 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 μL 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 (1 min exposure). The bioluminescent region of interest 

(ROI) was calculated and shown as photon counts (photons/s/cm2/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”. 

 

Sequence

stem-loop primer for reverse transcription of shRNA

oligo dT(20) primer for revers transcription of mGAPDH

forward primer for quantitive PCR of cDNA from shRNA

5’–d(gttggctctggtgcagggtccgaggtattcgcaccagagccaacaagtgc)–3’
5’–d(tttttttttttttttttttt)–3’
5’–d(cgcgcgttggtactagcaac)–3’

reverse primer for quantitive PCR of cDNA from shRNA 5’–d(gtgcagggtccgaggt)–3’
forward primer for quantitive PCR of cDNA from mGAPDH

reverse primer for quantitive PCR of cDNA from mGAPDH

5’–d(ctctgctcctcctgttcgac)–3’
5’–d(acgaccaaatccgttgactc)–3’

ODNs

Table S3 
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 Preparation of PEGylated lipoplex of iRed, pDNA and the natural device. 

 Briefly, the lipids DOPE, POPC, cholesterol (Wako Pure Chemical), and 

O,O’-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 mPEG2000-DSPE at 37 °C. The phospholipid concentrations of the resulting PEGylated 

cationic liposomes were quantified using the Fiske and Subbarow phosphate assay.112 To form a lipoplex, equal 

volumes of PEGylated cationic liposomes (1.2 μmol total lipids) and DNA solution (20 μg) 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-γ, and TNF-α were quantified 

using Quantikine Immunoassay Kits (R&D Systems), and INF-α 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 μM 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 [θ] = θ/cl, where θ is 

the relative intensity, c means the sample concentration and l is the cell path length in centimeters. 
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 Chemistry 

N4-Dibenzoylamino-N7-benzoylamino-1-(2-deoxy-5-O-(tert-butyldimethylsilyl)-ββ-D-ribofuranosyl)imidazo[5'

,4':4,5]pyrido[2,3-d]pyrimidine (2). 

 To a solution of 188 (156 mg, 0.25 mmol) in DMF (3.0 mL) containing imidazole (41 mg, 0.60 mmol) was 

added TBDMSCl (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 CHCl3 and H2O. The separated organic layer was further washed with saturated aqueous 

NaHCO3, followed by brine. The organic layer was dried (Na2SO4) and concentrated in vacuo. The residue was 

purified by silica gel column, eluted with 0–3% MeOH in CHCl3 to give 2 (176.0 mg, 95% as a white foam): 1H 

NMR (CDCl3) δ 9.96 (1 H, s), 9.03 (1 H, brs, exchangeable with D2O), 8.38 (1 H, s), 7.93–7.30 (15H, m), 6.81 (1 

H, dd, J = 5.1, 8.5 Hz), 4.81 (1 H, m), 4.39 (1 H, m), 3.90 (1 H, dd, J = 2.8, 11.4 Hz), 3.79 (1 H, dd, J = 3.8, 11.4 

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, s); 13C NMR (CDCl3) δ 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 C40H42N7O6Si 744.2966, found 744.2943.  

 

 N4-Dibenzoylamino-N7-benzoylamino-1-(2-deoxy-3-O-acetyl-5-O-(tert-butyldimethylsilyl)-β-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 Ac2O (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 H2O. The separated 

organic layer was further washed with saturated aqueous NaHCO3, followed by brine. The organic layer was dried 

(Na2SO4) 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): 1H NMR (CDCl3) δ 10.00 (1 H, s), 8.92 (1 H, brs, 

exchangeable with D2O), 8.30 (1 H, s), 7.96–7.31 (15H, m), 6.57 (1 H, dd, J = 5.0, 9.0 Hz), 5.48 (1 H, m), 4.35 (1 

H, m), 3.92 (1 H, dd, J = 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), 13C NMR (CDCl3)  δ  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 C42H43N7NaO7Si 808.2891, found 808.2892. 
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 N4-Dibenzoylamino-N7-benzoylamino-1-(2-deoxy-3-O-acetyl-ββ-D-ribofuranosyl)imidazo[5',4':4,5]pyrid

o[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 CHCl3 to give 4 (141 mg, 89% as a white foam): 1H NMR (CDCl3) δ 9.93 (1 H, s), 9.04 (1 H, brs, 

exchangeable with D2O), 8.39 (1 H, s), 7.94–7. 82 (15 H, m), 6.54 (1 H, br t, J = 5.7 Hz), 5.47 (1 H, br d, J = 4.7 

Hz), 4.32 (1 H, m), 3.83 (2 H, m), 2.96 (1 H, m), 2.71 (1 H, m), 2.04 (3 H, s); 13C NMR (CDCl3) δ 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 C36H29N7NaO7 694.2026, found 694.1997. 

 

 4,7-Diamino-1-(2-deoxy-β-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 μL) and 1,4-dioxane (600 μL) was added 1 M 

solution of 2-chloro-4H-1,2,3-dioxaphosphorin-4-one in 1,4-dioxane (0.21 mmol, 210 μL). After 15 min, a 0.5 M 

solution of bis(tri-n-butylammonium)pyrophosphate in dry DMF (0.35 mmol, 700 μL) and tri-n-butylamine (230 

μL) 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 

Na2S2O3 (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 ImNNTP were 

concentrated in vacuo to give ImNNTP as a Na salt (40 mg, 37% as a white solid): 1H NMR (D2O) δ 9.13 (1 H, s), 

8.43 (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); 31P NMR (D2O) δ –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-O-(4,4’-dimethoxytrityl)-β-D-ribofuranos

yl]-1,8-naphthyridine (6). 

 To a solution of 537 (388 mg, 0.50 mmol) in dry pyridine (5 mL) was added Ac2O (71 μL, 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 H2O. The separated organic layer was further washed with H2O, 

followed by saturated aqueous NaHCO3 and brine. The organic layer was dried (Na2SO4) 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): 1H NMR (CDCl3) δ 9.16 (br s, 1 H, exchangeable with D2O), 8.00 (1 H, s), 7.66 (1 H, d, J 

= 8.2 Hz), 7.46–7.18 (14 H, m), 6.91 (1 H, d, J = 8.2 Hz), 6.80 (4H, dd, J = 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, 6.3 Hz), 3.76 (6 H, s), 3.39 (1 H, dd, J = 

3.8, 10.1 Hz), 3.33 (1 H, dd, J = 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); 13C NMR (CDCl3) δ 170.73, 161.59, 158.67, 158.28, 151.85, 147.53, 144.93, 141.94, 

139.47, 136.12, 136.04, 135.35, 132.81, 130.25, 129.37, 128.34, 128.01, 127.03, 113.30, 112.97, 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 C49H44N3O9 

818.3078, found 818.3042. 

 

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

 A solution of 6 (327 mg, 0.4 mmol) in CH2Cl2 (5 mL) was added TFA (250 μL, 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 CHCl3 to give 7 

(190 mg, 92% as a white foam): 1H NMR (CDCl3) δ 7.94 (1 H, d, J = 8.3 Hz), 7.91 (1 H, s), 7.40–7.26 (10 H, m), 

7.00 (1 H, d, J = 8.3 Hz), 5.30 (1 H, d, J = 6.2 Hz), 5.17 (1 H, dd, J = 5.3, 10.9 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); 13C NMR (CDCl3) δ 171.12, 

162.18, 158.83, 151.77, 147.41, 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 C28H25N3NaO7 538.1590, found 538.1593.  

 

 2,7-Dihydroxy-3-(2-deoxy-β-D-ribofuranosyl)-1,8-naphthyridine 5’-triphosphate (NaOOTP) 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 NaOOTP as Na salt (98 mg, 0.126 mmol , 

63% as a white solid): 1H NMR (D2O) δ 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); 31P NMR (D2O) δ –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)-β-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 CHCl3 and 5% aquieous Na2S2O3, 

followed by H2O, saturated aqueous NaHCO3 and brine. The residue was purified by a silica gel column, eluted with 
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CHCl3/MeOH (0%–5%), to give 9 (1.27 g, 95% as a pale brown foam): 1H NMR (CDCl3) δ 15.29 (1H, br s, 

exchangeable with D2O), 12.98 (1H, br s, exchangeable with D2O), 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 C31H53IN2NaO5Si2 739.2435, found 739.2388.  

 

 2,7-Dihydroxy-3-(2-deoxy-3,5-di-O-(triisopropylsilyl)-ββ-D-ribofuranosyl)-6-trimethylsilanylethynyl-1,8

-naphthyridine (10). 

 To a solution of 9 (552 mg, 0.77 mmol) in MeCN (8 mL) and Et3N (8 mL) was added TMS acethylene (0.32 mL, 

2.31 mmol), Pd2Cl2(PPh3)2 (108 mg, 0.154 mmol) and CuI (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 CHCl3/MeOH 

(0%–5%), to give 10 (486 mg, 92% as a brown foam): 1H NMR (CDCl3) δ 15.22 (1H, br s, exchangeable with D2O), 

13.05 (1H, br s, exchangeable with D2O), 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 

C36H62N2NaO5Si3 709.3864, found 709.3866. 

 

 2,7-Dihydroxy-3-(2-deoxy-β-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 μL, 1.8 mmol). The residue was purified by a silica gel column, eluted with CHCl3/MeOH (5%–25%), to 

give 11 (123 mg, 68% as a pale yellow solid) and 12 (49 mg, 27% as a white solid): 1H NMR (DMSO-d6) δ 8.05 (1H, s), 

7.84 (1H, s), 5.01 (2 H, m, excangeable with D2O), 4.74 (1 H, t, J = 8.0 Hz), 4.19 (1H, s), 4.14 (1H, m), 3.79 (1H, ddd, 

J = 2.3, 5.6, 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 C15H15N2O5 303.0981, found 303.0980.  

 

 Compound 12; 1H NMR (DMSO-d6) δ 12.27 (1H, br s, excangeable with D2O), 8.43 (1H, s), 8.08 (1H, d, J = 1.3 

Hz), 8.04 (1H, d, J = 2.5 Hz), 7.07 (1H, d, J = 2.5 Hz), 5.07 (1H, dd, J = 5.7, 9.8 Hz), 5.03 (1H, d, J = 4.1 Hz), 4.78 (1H, 

t, J = 5.7 Hz), 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 = 1.9, 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 C15H15N2O5 303.0981, 

found 303.0985. 
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 2,7-Dihydroxy-3-(2-deoxy-5-O-(4,4’-dimethoxytrityl)-ββ-D-ribofuranosyl)-6-ethynyl-1,8-naphthyridine 

(13). 

 To a solution of 11 (100 mg, 0.33 mmol) in pyridine (5 mL) was added DMTrCl (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 CHCl3 and H2O, followed by brine. The organic layer was dried (Na2SO4), and concentrated in 

vacuo. The residue was purified by a neutral silica gel column, eluted with CHCl3/MeOH (5%–15%), to give 13 (186 

mg, 87% as a pale yellow solid): 1H NMR (CDCl3) δ 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), 5.30 (t, 1 H, J = 7.6 Hz), 4.42 (m, 1 H), 4.10 (dd, 1 H, J = 4.4, 8.2 Hz), 3.79 (s, 6 H), 3.39 (dd, 1 H, J = 4.4, 

10.0 Hz), 3.35 (dd, 1 H, J = 4.7, 10.0 Hz), 3.24 (br s, 1H), 2.54 (ddd, 1 H, J = 3.2, 6.3, 13.2 Hz), 1.99 (ddd, 1 H, J = 6.0, 

8.5, 13.2 Hz); 13C NMR (CDCl3) δ  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 C36H33N2O7 605.2288, found 605.2292. 

 

 2,7-Dihydroxy-3-(2-deoxy-3-O-acetyl-5-O-(4,4’-dimethoxytrityl)-β-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 Ac2O (22 μL, 0.225 mmol), and the 

mixture was stirred at room temperature. After being stirred for 5 h, thre reaction mixture was added Ac2O (22 μL, 

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 CHCl3 and H2O, saturated aqueous NaHCO3 and brine. The organic layer was dried 

(Na2SO4), and concentrated in vacuo. The residue was purified by a neutral silica gel column, eluted with CHCl3/MeOH 

(3%–5%), to give 14 (72 mg, 74% as a pale yellow solid): 1H NMR (CDCl3) δ 15.28 (1H, br s, exchangeable with D2O), 

13.14 (1H, br s, exchangeable with D2O), 8.07 (1H, s), 7.74 (1H, s), 7.46–7.23 (9H, m), 6.83 (4H, d, J = 9.0 Hz), 5.36

5.34 (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), 

2.66 (1H, dd, J = 5.3, 13.8 Hz), 2.10 (3H, s), 2.07–1.98 (1 H, m); 13C NMR (CDCl3) 

δ 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 

C38H35N2O8 647.2393, found 647.2389.  

 

 2,7-Dihydroxy-3-(2-deoxy-3-O-acetyl-5-O-(4,4’-dimethoxytrityl)-β-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 μL, 2.0 mmol) in 

CH2Cl2 (5 mL) to give 15 (38 mg, quant as a pale yellow solid): 1H NMR (DMSO-d6) δ 9.03 (1H, brs, excangeable with 

D2O), 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, 11.7 Hz), 5.30 (t, 1 H, J = 7.6 Hz), 4.42 (m, 1 H), 4.10 (dd, 1 H, J = 4.4, 8.2 Hz), 3.79 (s, 6 H), 

3.39 (dd, 1 H, J = 4.4, 11.7 Hz), 3.52 (dd, 1 H, J = 5.0, 11.7 Hz), 2.35 (dd, 1 H, J = 5.3, 13.6 Hz), 1.89–1.81 (1H, m); 
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13C NMR (DMSO-d6) δ 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 C17H17N2O6 345.1087, found 345.1088. 

2,7-Dihydroxy-3-(2-deoxy-ββ-D-ribofuranosyl)-6-ethynyl-1,8-naphthyridine 5’-triphosphate (6-ethynyl 

NaOOTP) trisodium salt. 

In the similar manner as described for ImNNTP and NaOOTP, 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 NaOOTP as Na salt (17 mg, 

0.027 mmol , 26% as a yellow solid): 1H NMR (D2O) δ 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); 31P NMR (D2O) δ –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 μmol scale, according to 

the procedures previously reported.37,38 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  

(3.9×150 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: ODN1,38 calculated mass C295H367N124O174P29 9331.0 (MH–), 

observed mass: 9336.2; ODN2, calculated mass C295H366N119O176P29 9291.7 (MH–), observed mass: 9294.2; ODN3, 

calculated mass C541H678N205O327P43 16956.9 (MH–), observed mass: 16952.2; ODN4, calculated mass 

C734H924N273O450P74 23051.8 (MH–), observed mass: 23044.3. ODN sequences are summarized in 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 ODN2, see Table S4) in 50 mM Tris-HCl (pH 7.2) buffer containing 

10 mM MgSO4 and 0.1 mM DTT. The primer-template duplex solution (final 0.1–0.8 μM, 7 μL) was mixed with 

sequenceuse

ODN1a

ODN2

ODN3

template possessing ImNN for single-nucleotide insertion

template possessing NaOO for single nucleotide insertion

template possessing ImNN for PCR amplification

5’–GTGGGCAAG–ImNN–GTGCGCTGACCATCCAGAAC–3’

5’–GTGGGCAAG–NaOO–GTGCGCTGACCATCCAGAAC–3’

5’–TTTCACACAGGAAACAGCTATGACGGATC–ImNN–TATCCCTATAGTGAGTCGTATTATC–3’

length (nt)

30

30

55

ODN4 template possessing ImNN for saquence calibration 5’–TTTCACACAGGAAACAGCTATGACGGATC–ImNN–TATCCCTATAGTGAGTCGTATTATCCTGGCCGTCCTTTTACAACG–3’75

Table S4 
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each dYTP solution (2 μL). The mixture was incubated for more than 2 min, and then the reactions were initiated 

by adding an enzyme solution (1 μL) to each duplex–dYTP mixture at 37 °C. The amount of enzyme used (final 

0.0025–0.1 unit/μL), the reaction time (2–10 min), and the gradient concentration of dYTP (final 0.2–600 μM) 

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 (v0) 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/μL) for the various concentrations used. 

The kinetic parameters (Km and Vmax) were obtained from Hanes-Woolf plots of [dYTP]/v0 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-HCl (pH 7.2) buffer containing 10 mM MgSO4 and 0.1 mM DTT. The primer-template duplex solution (final 

0.4 μM, 7 μL) was mixed with dNTPs or each dYTP and dNTPs mixture solution (final 50 μM for dNTPs and 

final 10 μM for dYTP, 2 μL). The mixture was incubated for more than 2 min, and then the reactions were 

initiated by adding an enzyme solution (final 0.0025 unit/μL, 1 μL) to each duplex–dYTP mixture at 37 °C. After 

2 min, the reactions were quenched with 10 μL 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 ImNN:NaOO 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 μL 

by adding 2.5 μL of 10 × DNA reaction buffer accompanying each DNA polymerase, each DNA polymerase at 

the following concentration (Taq, 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 Taq, 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 μM of primers, 100 μM dNTPs, 200 μM ImNNTP and 200 μM NaOOTP. 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 μL 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’–T50–

CGTTGTAAAACGACGGCCAG–5’, 4 pmol) and 2 ng (40 fmol) of amplicon by a ABI PRISM® 3100 Genetic 

Analyzer according to a manufacture’s procedure.  

 

 Sequencing calibration. 

 Sequencing calibration was carried out for synthetic ODN having ImNN (ODN4, see Table S4) using control 

ODN (5’–

TTTCACACAGGAAACAGCTATGACGGATCATATCCCTATAGTGAGTCGTATTATCCTGGCCGTCCTTT

TACAACG–3’) that is fully natural templates identical to ImNN 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 μmol), 10% diethylamine in CH2Cl2 (500 μL) 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 CH3CN (1 mL × 5) and dried well. Then, a 3% TCA in CH2Cl2 solution (500 

μL) 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 CH3CN (1 mL × 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 μL) in anhydrous DMSO (500 μL) for 1h at same temparature. Then the reaction solution was 

removed, and the resin was washed with CH3CN (1 mL × 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  (3.9×150 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: ODN10, 

calculated mass C152H205N57O83P13 4559.0 (MH–), observed mass: 4563.5; ODN13, calculated mass 

C339H439N128O199P32 10477.0 (MH–), observed mass: 10473.2; ODN14, calculated mass C356H463N135O205P34 10961.1 
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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 ImNN:NaOO pair using CuAAC reaction (ODN11). 

 ODN 10 was annealed in polymerase buffer for Pfx50 DNA polymerase. The duplex solution (final 12 μM, 8 

μL) was mixed with a 6-ethynyl NaOOTP solution (1 mM, 1 μL), and then the reactions were initiated by adding 

an Pfx50 DNA polymerase (0.625 unit, 1 μL). 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 μ-Bondasphare  

(3.9×150 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 μL) was added a complex of CuPF6-TBTA on Tenta-Gel (0.17 

μmol/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 μ-Bondasphare  

(3.9×150 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: ODN11, 

calculated mass C167H218N59O90P14 4923.1 (MH–), observed mass: 4926.6; ODN12, calculated mass 

C334H437N118O180P28 9847.1 (MH–), observed mass: 9842.9. 

 

 Strucure elucidation of dubmell-shaped ODNs with ImNN:NaOO pair by restriction enzyme. 

 To a solution of ODN (200 nmol) in each manufacturer’s recommended reaction buffer (20 μL) 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 CuPF6-TBTA on Tenta-Gel. 

Synthesis of CuPF6-TBTA on Tenta-Gel was prepared as previously described106. 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 CH2Cl2 (1 mL × 3 washes). Cu(MeCN)4PF6 (6.8 mg, 0.0425 mmol) was 

added as a solution in 10% MeCN/CH2Cl2 (1 mL) and vortexed for 5 min. The resin was filtered, and washed with 

MeOH (1 mL × 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 × 3), CH2Cl2 (1 mL × 3), and 

dried in vacuo. 

Synthesis of 2nd generation of iRed using CuAAC reaction. 

The 2nd 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 μL of Pfx50 buffer 

containing Pfx50 polymerase (0.065 unit/μL), pDNA targeting pGL3 Fluc template (0.1 fmol/μL), 0.2 mM dNTPs, 

0.3 mM 6-ethynyl NaOOTP, and 0.5 μM 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 ImNN:NaOO pair using 

CuAAC reaction” to give the 2nd generation of iRed. 

Figure S3 EcoRI ODN12 MALDI-TOF/MS  
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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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