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1.1.  
3

	

1 1,2	

	

Candida cylindtracea, Pacysolen tannophilus Leu 
(CTG) Ser Ala 3-6	

(Cys, Trp, Gly, Leu, Gln, Tyr, 
Glu) 	

pyrrolysine 
(Ply) selenocysteine (Sec) 	

	 
 
1.2.  

	 tRNA
tRNA

tRNA 2
	

	 
	

tRNA tRNA
tRNA 2 	 tRNA tRNA

3 7	

	 Ser, Leu, Ala tRNA
tRNA 8-11

	 2 tRNALeu
GGA

tRNA LeuRS Leu
	

GGA Ser UUY Leu 	

tRNA 1.1. Candida cylindracea
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Pachysolen tannophilus 	

CAG tRNASer
CAG tRNAAla

CAG

Leu CUG Ser Ala 3-6	 
tRNA

Trp Ala
12

Ser 13	 tRNA
tRNA 14-16	 

tRNA 2 3
	

Ser Leu Ser, Leu, Ala

	

	

2 2.1. 	

1 	 
 
1.3.  

	

	 3
(1) 

tRNA (2) (3) 
3 3 	

	 
 
1.3.1. (1) tRNA  

tRNA 3 	

tRNA (ARS) 20
	

tRNA 	
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ARS

	 ARS
17,18	 ARS

tRNA
tRNA 19,20	

ARS
tRNA

	 ARS
ARS ARS

	

20 ARS
21-24	 ARS

in vivo
	

ARS TyrRS, PlyRS Tyr, Ply

	 
ARS

1984 Hecht
tRNA 4A 25	

tRNA 	

tRNA T4-ligase
tRNA 	

26-34	

	 2006 Murakmi
Flexizyme tRNA

4B 35-37	

Flexizyme
tRNA

1.3.2. 	

in vivo in vitro
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1.3.2. Flexizyme  

1.3.1. Flexizyme
4B 	

Flexizyme tRNA
tRNA

35,36,38-42	Flexizyme tRNA
Flexizyme RNA

tRNA 3′ 3 (C74, C75, A76)
	Flexizyme Fx3 tRNA

RNA X RNA
C74, C75 Fx3 3′ 2

37	 
Flexizyme

	 Flexizyme
	

2 Flexizyme (eFx, dFx) eFx L-Phe
L-phenylalanine cyanomethyl ester (L-Phe-CME)

	 (L-Phe, 
L-Trp, L-Tyr)35,43,44 D D-Phe, D-Trp, D-Tyr45-47 N-

N-methyl-Phe, N-acyl-Phe, N-phenyl-Gly48-50

	 Murakmi CME
p-chlorobenzyl thioester (CBT) eFx

	CBT
eFx

CBT
tRNA 2

	 CBT 3,5-dinitrobenzyl 
ester (DBE) Flexizyme DBE

Flexizyme (dFx) 35	dFx
(L-Ala, 

L-Ser, L-Arg)35,43,44,51,52 D D-Ala, D-Ser, D-Arg45-47,53

N- N-acyl-Lys, N-methyl-Ala, N-alkyl-Gly48-50 β-
L-β-homoIle (L-βhIle), L-β-homoPhg (L-βhPhg), L-β-homoGlu (L-βhGlu)54,55
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DBE dFx

CME
eFx 	

CBT eFx
tRNA 	 

 
1.3.3. (2)  

in vitro tRNA

3 	

64
	

1989 Schultz Chamberlin
5A

30,56	 tRNA

	 20 1
" " 26,30,57,58	

4 5 tRNA

59,60	

	

	 
" "

5B 57,61	

	

	2001
1

62	

ARS
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2016 tRNA
1

63	

	 
 
1.3.4. (3) ������������
	����  

tRNA 	

in vitro
	 

	

3 	
30,35,56,60,64-73

	

1 	 
 
1.4.  

	

4 6 	1
30,56,59,60,64-66,74-77	

Acetyl-Lys
	

FRET 	

2 in vivo
41,67,78-82	 p-benzoyl-Phe
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	3
(GMO)

"Genetic firewall"
83,84	

	

GMO 	4

85-102	

85-100	

88,98,101	 N-
7

85,89,92,95-97	 

1 nM
KD

85,87-91,93,96,97	

	2013 (ClAc-Phe, 
N-methyl Phe, N-methyl His, D-Tyr, Cle)

II (VEGFRII) 	

VEGFR VEGFRII 2 nM
KD 	

VEGFRII
89	 

 
1.5. D β-  

	

D β-
7 	 L α- D

α- 	β-
α- 1 	 N-
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	 D β-

	 
N-
	

	

in vivo

	

D β-
	

D β-
33,103-107	 β-

β- α-
	D

β-
	

	 
D β-

	 α-
3.6 1 β3- 3

1 β3- β2- 2.7 1
108	D

	

	

D
β- 	 

 
1.6. D β-  
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D β-

	 D β-
27-34,70,109	

D 3.1.1. β 4.1.1.

	

	 2 3 D
β- 	 D
19 β- 16

	 3 D
4 β- 	 

 
1.7. tRNA  

tRNA 	

tRNA tRNA
	 tRNA
	

35,46,51,54,110,111	

4 	

5 	 
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1 	 

	 3

	

1, 2 	 
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2 tRNA 	 

tRNA (ARS) 	

ARS LeuRS, SerRS, AlaRS tRNA
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3 3 	 

1 tRNA 	

tRNA tRNA

tRNA 	2 	

	3 	
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4 tRNA 	 

(A) tRNA 	 2 CA tRNA 

(tRNA-CA) 	CA 2 pdCpA-

	 T4 RNA ligase

tRNA 	(B) Flexizyme 	

cyano methyl ester (CME) dinitro benzyl ester (DBE)

tRNA Flexizyme tRNA 	 
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5 	 

(A) 	 (X1) UAG tRNA

	

UAG 	 1

“ ” 	(B) 	

(X1, X2, X3) UCC, ACA, CUC tRNA

	 Ser, His, Leu tRNA

UCC, ACA, CUC

	 3 3

“ ” 	  
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6 	 

4 	1

	2

in vivo 	3

	4
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7 	 

20
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2  
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2.1.  
 
2.1.1.  

(Genetic modified organisums: GMO)

1 112-116	 117-119

120-122 GMO
	 GMO

GMO
	 GMO

GMO
8A 	 GMO

GMO
123-125	

83,84,126,127	

UAG
UAG 	

	

UAG
	 

GMO
8B 	
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2.1.2.  

2
Ser, Leu SL Ser, Leu, Ala

SLA 9 	 in vivo

1.2. tRNA 	

tRNA 25 Flexizyme35

in vitro
	 

Ser, Leu, Ala tRNA tRNA
8-11	

tRNASer, Leu, Ala tRNA
	

tRNA Arg Ser Leu
128,129	

3-6	

	

Leu CUH, UUR Arg CGN
	 Arg AGR Leu CUG

mRNA
	 SL SLA

	 Ser, Leu, Ala

	 

2 	

1 2
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2.2.  
 
2.2.1. RNaseP  

C5 protein JM109 C5.F29 
(5′-GCTTGCCATA TGGTTAAGCT CGCATTTCC-3′) C5.R32 (5′-GCAACGCTCG 
AGGGACCCGC GAGCCAGGCGAC-3′) PCR
C5 	 DNA NdeI XhoI

NdeI XhoI pET21a(+)
	 BL21 (DE3) LysS 100 µg/mL 

ampicillin 20 µg/mL chloramphenicol 2% glucose LB 	

100 µg/mL ampicillin 20 µg/mL chloramphenicol 5% 
glucose LB 3 mL 37ºC 	 100 
µg/mL ampicillin 20 µg/mL chloramphenicol 5% glucose LB 300 mL

37ºC 	 A600 = 0.7 0.5 mM IPTG
25ºC 	

buffer (20 mM Hepes-K pH 7.8, 10 mM 
imidazole pH7.8, 300 mM KOAc, 0.2 mM DTT, 1 mM PMSF)

	 buffer A (20 mM Hepes-K pH 7.8, 
300 mM KOAc, 0.2 mM DTT, 10 mM MgCl2, 1 M NH4Cl, 0.25% Tween20)
	

	 NGC chromatography system 
(Bio-Rad) IMAC  (BioRad, CA, USA) 	 buffer A

	 buffer A
buffer B (20 mM Hepes-K pH 7.8, 10 mM imidazole pH 7.8, 300 mM KOAc, 10 mM 
MgCl2, 0.2 mM DTT) buffer C (20 mM Hepes-K pH 7.8, 300 mM 
AcOK, 10 mM MgCl2, 250 mM imidazole, 0.2 mM DTT)
	 20% glycerol –80ºC 	

A280 	 
M1RNA JM109 T7M1-RNA.F37 

(5′-TAATACGACT CACTATAGAA GCTGACCAGA CAGTCGC-3′) M1RNA.R22 
(5′-AGGTGAAACT GACCGATAAG CC-3′) PCR

M1RNA 	 DNA NdeI XhoI
EcoRV pCR4 	

pGEM-Tseq.F20 (5′-GGAAACAGCT ATGACCATGA-3′)
M1RNA.R22 (5′-AGGTGAAACT GACCGATAAG CC-3′)
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2 PCR M1RNA 	1st PCR
1x PfSH buffer [10 mM Tris-HCl (pH 8.4), 100 mM KCl, 0.1% (v/v) Triton X-100, 2 

mM MgSO4], 0.2 mM each dNTP, 0.5 µM each , 0.2 ng/µL pCR4-M1, 2 
nM Pfu-S DNA polymerase130	1st PCR [95ºC 20 , 55ºC 20

, 72ºC 30 ] x12 	2nd PCR (1600 µL) 1x PfSH buffer, 
0.2 mM each dNTP, 0.5 µM each , 1st PCR  4 µL, 2 nM Pfu-S DNA 
polymerase	2nd PCR [95ºC 20 , 55ºC 20 , 72ºC 30 ] x12

	 DNA 	M1 RNA (8000 µL)
1x T7 buffer [40 mM Tris-HCl pH 8.0, 1 mM 

spermidine, 0.01% Triton X-100], 10 mM DTT, 30 mM MgCl2, 5 mM each NTP, 2nd 
PCR  1600 µL, 0.3 µM T7RNA polymerase	 37ºC 5

phenol/chloroform 2 isopropanol
	 

RNase P 1x T7 buffer, 10 mM DTT, 120 mM NH4Cl, 20 µM M1-RNA
(8 µL) 95ºC 5 25ºC

	 0.3 M MgCl2 0.32 µL, 130 µM C5 protein 1.2 µL RNase 
P 	 RNase P RNase P

tRNA 	 
 
2.2.2. T7-tRNA  

T7-tRNA T7-tRNA DNA 1
2 Extension 1

2 PCR 2 	

Extension (20 µL) 1x PfSH buffer, 0.2 mM each dNTP, 1 µM 
each , 2 nM Pfu-S DNA polymerase	Extension

95ºC 1 [50ºC 1 , 72ºC 1 ] x5 	1st PCR (100 µL)
1x PfSH buffer, 0.2 mM each dNTP, 2% DMSO, 1 µM each

, Extension  2.5 µL, 2 nM Pfu-S DNA polymerase	1st PCR
[95ºC 20 , 50ºC 20 , 72ºC 30 ] x5 	2nd PCR (200 µL)

1x PfSH buffer, 0.2 mM each dNTP, 2% DMSO, 1 µM each
, 1st PCR  10 µL, 2 nM Pfu-S DNA polymerase	2nd PCR

[95ºC 20 , 50ºC 20 , 72ºC 30 ] x12 	 DNA
	T7-tRNA (2000 µL)

tRNATrp, tRNAGln, tRNAPro 1x T7 buffer, 10 mM DTT, 22.5 mM 
MgCl2, 5 mM GMP, 3.75 mM each NTP, 2nd PCR  200 µL, 0.12 µM T7RNA 
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polymerase	 37ºC 0.005 U/µL DNaseI, 
2 mM MnCl2 37ºC 2 	

phenol/chloroform 2 isopropanol 	 T7-tRNA
NanoDrop ND-1000 	

tRNATrp, tRNAGln, tRNAPro (2000 µL) 1x T7 buffer, 10 
mM DTT, 22.5 mM MgCl2, 5 mM GMP, 3.75 mM each NTP, 2nd PCR  200 µL, 
0.12 µM T7RNA polymerase, RNase P tRNAGln, tRNAPro 0.4 µM RNase P
tRNATrp 0.8 µM RNase P 	 DNaseI tRNA

tRNA 	 tRNA
1 	 

tRNA 21 T7-tRNA (tRNAAla
GGC, tRNAArg

GCG, tRNAAsn
GUU, 

tRNAAsp
GUC, tRNACys

GCA, tRNAGlu
CUC, tRNAGly

GCC, tRNAHis
GUG, tRNAIle

GAU, tRNALeu
GAG, 

tRNALys
CUU, tRNAini

CAU, tRNAMet
CAU, tRNAPhe

GAA, tRNASer
GGA, tRNAThr

GGU, tRNATyr
GUA, 

tRNAVal
GAC, tRNAGln

CUG, tRNAPro
GGG, tRNATrp

CCA) mini-Std T7-tRNA
	SL T7-tRNA mini-Std T7-tRNA

tRNALeu
GAG, tRNASer

GGA tRNALeu
GGA, tRNASer

GAG 	SLA T7-tRNA
mini-Std T7-tRNA tRNALeu

GAG, tRNASer
GGA, 

tRNAAla
GGC tRNALeu

GGA, tRNASer
GGC, tRNAAla

GAG 	 tRNA
25 µM 	 tRNA 95ºC

5 25ºC
1 	 

 
2.2.3. mRNA  

mRNA DNA
T7esD6MYYY.F55 Y3xDDRD_nnnXaa.R44 2

2 Extension T7ex5.F22 DRDu-aaAS.R20
PCR 2 	Extension

(20 µL) T7-tRNA 	PCR (200 µL)
1x PfSH buffer, 0.2 mM each dNTP, 2% DMSO, 1 µM each

, Extension  1 µL, 2 nM Pfu-S DNA polymerase	PCR
[95ºC 20 , 50ºC 20 , 72ºC 30 ] x12 	 DNA

	mRNA (1000 µL) 1x T7 
buffer, 10 mM DTT, 25 mM MgCl2, 5 mM GMP, 5 mM each NTP, PCR  200 µL, 
0.12 µM T7RNA polymerase	 37ºC
phenol/chloroform 2 ethanol 	 mRNA
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NanoDrop ND-1000 	 
(GFP, Streptavidin) mRNA GFP DNA

T7Aex.F24 GFPuv.R30 PCR 2
	PCR  (1000 µL) 1x PfSH buffer, 0.2 mM 

each dNTP, 2% DMSO, 0.375 µM each , Genscript 
(Piscataway, USA), Integrated DNA Technolo-gies Inc (Coralville, USA) 	

10B ; GFP_mini-Std, GFP_SL, GFP_SLA), 2 nM Pfu-S DNA 
polymerase	PCR [95ºC 20 , 50ºC 20 , 72ºC 1 ] x12

	 phenol/chloroform 2 isopropanol
10 mM Tris-AcOH pH7.8 (100 µL) 	 mRNA (1000 µL)

1x T7 buffer, 10 mM DTT, 30 mM MgCl2, 5 mM each NTP, 
PCR  100 µL, 0.12 µM T7RNA polymerase	 37ºC

	 tRNA 	 
Streptavidin 	 DNA

GFPuv.R30 (StvWT.R20, 
StvSL.R20, StvSLA.R20) 	 10A
	 

 
2.2.4.  

creatine kinase, creatine phosphate, tRNA
Roche Diagnostics (Tokyo, Japan) 	

40,49,62,63,131-133	 tRNA
EF-Tu T7-tRNA

	

50 mM Hepes-K (pH 7.6), 100 mM potassium acetate, 17.6 
mM magnesium acetate, 2 mM spermidine, 1 mM DTT, 2 mM ATP, 2 mM GTP, 1 mM 
CTP, 1 mM UTP, 20 mM creatine phosphate, 1.5 µM AlaRS, 0.06 µM ArgRS, 0.76 µM 
AsnRS, 0.26 µM AspRS, 0.04 µM CysRS, 0.12 µM GlnRS, 2.8 µM GluRS, 0.18 µM 
GlyRS, 0.04 µM HisRS, 2.8 µM IleRS, 0.08 µM LeuRS, 0.22 µM LysRS, 0.06 µM 
MetRS, 1.4 µM PheRS, 0.32 µM ProRS, 0.08 µM SerRS, 0.18 µM ThrRS, 0.06 µM 
TrpRS, 0.04 µM TyrRS, 0.04 µM ValRS, 0.6 µM methionyl-tRNA formyltransferase, 
0.5 µM ribosome recycling factor, 4 µg/mL creatine kinase, 0.1 µM adenosine kinase, 
0.1 µM inorganic pyrophosphatase, 0.1 µM nucleoside-diphosphate kinase, 2.7 µM 
initiation factor 1, 0.4 µM initiation factor 2, 1.5 µM initiation factor 3, 0.25 µM release 
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factor 2, 0.17 µM release factor 3, 0.26 µM elongation factor G, 70 µM elongation 
factor Tu/elongation factor Ts, 0.1 µM peptidyl-tRNA hydrolase, 1.2 µM ribosome, 0.5 
mM each amino acid Asp , 50 µM [14C]Asp

cold Asp
, 10 µM each T7-tRNA 1.5 mg/mL

tRNA, 2 µM mRNA	 37ºC 3
	 

[14C]Asp
tricine SDS-PAGE (Pharos FX imager, BioRad)

	 [14C]Asp cold Asp
MALDI-TOF-MS (AXIMA confidence, Shimadzu) 	

[14C]Asp glycine SDS-PAGE
	 native PAGE

λex = 473 nm LPB ; Typhoon FLA 9000 GE 
Healthcare 	 Streptavidin Atto 488-biotin 
(Sigma-Aldrich) Streptavidin

	 Atto488-biotin M280 streptavidin  (Thermo 
Fisher) native PAGE 	 
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2.3.  
 
2.3.1.  

T7RNA polymerase
tRNA (T7-tRNA) 1

62,63,131	 21 T7-tRNA
tRNA 	 3 tRNA

9 20 fMet 21 T7-tRNA
mini-Std tRNA mini-Std tRNA tRNASer, tRNALeu 2

tRNASer
GAG, tRNALeu

GGA SL tRNA mini-Std tRNA
tRNASer, tRNALeu, tRNAAla 3 tRNASer

GGC, tRNALeu
GGA, 

tRNAAla
GAG SLA tRNA 	 tRNA

	
14,15	

1 	
T7-tRNA

11
	 T7-tRNA 134-136

tRNA
EF-Tu/Ts tRNA
	 

 
2.3.2. T7-tRNA  

T7-tRNA
mRNA

MYYY-X-DDRD; X 20
12A 	 X 3 Asp

[14C]Asp tricine SDS-PAGE
	

tRNA (Natural tRNA) mini-Std tRNA

12B, C 	 MALDI-TOF-MS
X

12B, C, F, G, 3 	 MS mini-Std tRNA
N fMet tricine 
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SDS-PAGE
12C 	 mini-Std tRNA

tRNAini tRNATyr fMet Tyr

	 
SL tRNA SLA tRNA

	

12D, E, 3 	
T7-tRNA

	 
 
2.3.3.  

Streptavidin
(GFP) 	 mRNA

mini-Std mini-Std SL
SLA 3 10A, B 	

Natural tRNA mini-Std tRNA SL tRNA SLA tRNA
4 	3 mRNA 4
12

	 
glycine SDS-PAGE

mRNA
13 1, 4, 8, 12; Streptavidin A GFP

B 	 mRNA
	Streptavidin 14

Ser 8 Leu 25 Ala GFP 12 Ser 19
Leu 9 Ala

	

glycine 
SDS-PAGE 	 Leu SDS

137 SDS
10C 	 
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Ser, Leu, Ala MDS42
Ser 5.7% 20 7 Leu 10.8% 1 Ala

9.6% 2
	

native PAGE
	GFP

	

Streptavidin biotin biotin
	 

mRNA
13 13, 16, 20, 24; Streptavidin

A GFP B 	 mRNA

SL SLA 	

2
13 14, 15; Streptavidin A GFP B

	 Streptavidin GFP
2
	

MDS42 3547 Ser, 
Leu, Ala

	 SL Streptavidin
Ser, Leu 13.2%

3547 2885 	 GFP 12.4% 3547
3110 Ser, Leu

14A 	
2 Ser, 

Leu
	 3547 Ser, 

Leu 16.2% Ala
25.9% 14B 	 SLA
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2.3.4. 
 

native PAGE
13 

25, 28, 32, 36; Streptavidin A GFP B 	

	

	mRNA

	

Ser, Leu, Ala
	 T7-tRNA

mRNA 4

15A 	 Natural tRNA mini-Std tRNA
Streptavidin 1/2 GFP 1/4

tRNA 	 tRNA
Streptavidin GFP 	

mini-Std, SL, SLA tRNA

	

	

mRNA
mRNA
	 2

	

138,139

	 
4
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15B 	 4
	

mini-Std, SL, SLA tRNA
Streptavidin GFP Natural tRNA

	 
 
2.3.5. 2

 
tRNA 2

	

	

SL
	

	

DNA
DNA 140-142	

Ser, Leu
Ser Leu

	

Mycoplasma mycoides DNA
DNA 143,144

	 DNA
DNA SL

	 

SL SL 2
16 	SL

Leu (CTN) MDS42 3547 CDS 92515
Ser (TCN) 37515 Leu (TTR)

Ser (AGY) 	 SL

DNA Ser Leu
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	 tRNASer
BGA tRNALeu

BAG

tRNA 	 2 tRNA
SL Leu (CTN) Ser 

(TCN)
	 Leu (TTR) Ser (AGY)

Leu (TCN) Ser (CTN) 	 tRNA
CTN Ser TCN Leu

	 DNA

	 tRNASer
GCU tRNALeu

YAA

SL 	

TTR SGY
	 

2,83,84,145-148	 2019 Chin
Ser (TCR) Ser 

(AGY) 61
	 2

SL 2
SL

	

SL
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2.4.  
Ser Leu SL

Ser, Leu, Ala SLA 	

tRNA tRNA SL 
tRNA SLA tRNA

	

	

	

mRNA 	 mRNA

	

	

	

	

2
	

2
	

	

	 An Amino Acid-Swapped Genetic Code.149  
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8

	 

(A) 

	

	(B) 
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9 (Std) mini-Std SL SLA mini-Std SL SLA

	 

mini-Std (Std)

	SL SLA Ser /Leu

Ser /Leu /Ala 	 4 tRNA

4

tRNA Natural tRNA Std T7RNA

21 tRNA mini-Std tRNA mini-Std mini-Std tRNA

tRNASer
GGA tRNALeu

GAG 2 tRNASer
GAG tRNALeu

GGA 2 tRNA

SL tRNA SL mini-Std tRNA tRNASer
GGA

tRNALeu
GAG tRNAAla

GGC 3 tRNASer
GGC tRNALeu

GGA tRNAAla
GAG 3 tRNA

SLA tRNA SLA 	 mini-Std SL SLA

3 4
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	 tRNA
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10 	 

mini-Std SL SLA 3 Streptavidin (A) GFP (B)

	T7 	

	 	(C) tRNA

mRNA 9

Ser Leu Ala 	 
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11 T7-tRNA tRNA EF-Tu

	 

tRNA EF-Tu/Ts

6 3.5 	
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mini-Std GFP GFP

native PAGE 	GFP 1

1 	 tRNA GFP

	20 tRNA 4

1 AlaRS, ArgRS, ValRS, AspRS, CysRS 2 GlnRS, GluRS, HisRS, IleRS, TyrRS

3 LeuRS, LysRS, MetRS, PheRS, TrpRS 4 SerRS, ThrRS, AsnRS, GlyRS, ProRS

tRNA 6 AlaRS, IleRS, PheRS

3.5 	 4

GFP 2 1.7

3 	 2 tRNA 1

GFP GluRS IleRS

7 1.4 9 1.5 	 GluRS IleRS

1.8 11 	 2

tRNA 4 1.7

GluRS IleRS 2 	 EF-Tu/Ts

GFP 	GluRS IleRS

EF-Tu/Ts 3.5 GFP 1.8

12 	 tRNA EF-Tu/Ts GFP 3.3
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 43 

 
12 Natural tRNA T7-tRNA

tricine SDS-PAGE MALDI-TOF-MS 	 
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(A) mRNA 	NNN 20

Xaa 20 	

tricine SDS-PAGE MALDI-TOF-MS Natural tRNA (B) mini-Std tRNA

(C) SL tRNA (D) SLA tRNA (E) 	 (B), 

(C) MALDI-TOF-MS Ser, Leu, Ala Natural tRNA

(F) mini-Std tRNA (G) 	tricine SDS-PAGE

[14C]Asp

	MALDI-TOF-MS Xaa

 (*) Cys β-

 (§)  1 (fMet Tyr-Tyr-Tyr-Xaa-Asp-Asp-Arg-Asp) (¶)

 2 (Xaa fMet-Tyr-Tyr-Tyr-Xaa) (†)	 3
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 46 

 

13 2
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(A) mini-Std, SL, SLA Streptavidin Natural tRNA mini-Std 

tRNA SL tRNA SLA tRNA 4 tRNA

	 glycine SDS-PAGE [14C]Asp

	

native PAGE 	

Streptavidin biotin Streptavidin

	 native PAGE

	 Natural tRNA mini-Std

1 	 3

	(B) mini-Std, SL, SLA GFP Natural 

tRNA mini-Std tRNA SL tRNA SLA tRNA 4 tRNA

	 Streptavidin

biotin 	 
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14 E. coli. MDS42 3547 CDS Ser Leu

(A) Ser Leu Ala (B)	E. coli MDS42 3547

CDS Ser Leu (A) Ser Leu Ala (B)
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15 tRNA

	 

(A) glycine SDS-PAGE

native PAGE

	 tRNA

	(B) native PAGE

	 3 	 
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16 2 SL 	 

(A) 2 	2

SL SL 	 (i)

Leu (CTN) Ser (TCN) Leu (TTR) Ser (AGY)

	 (ii) tRNASer
BGA tRNALeu

BAG 	 SL

Leu (CTN) Ser (TCN)

	 (iii) Leu (TTR) Ser (AGY) Leu (TCN)

Ser (CTN) 	 Leu Ser 	

(iv) Leu (TTR) Ser (AGY) tRNA 	

	

SL 	 SL SL

Leu Ser

	(B) 2 Ser, Leu
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tRNA 	 tRNA tRNASer

	 tRNA tRNALeu
	

tRNA 1 	

tRNA 1

	 



 52 

1 2 T7-tRNA DNA  

  



 53 

2 2  
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2    
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2    
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3 2 a 

 
a Xaa  (*)

Cys β-  (§)  1 (fMet

Tyr-Tyr-Tyr-Xaa-Asp-Asp-Arg-Asp) (¶)  2 (Xaa

fMet-Tyr-Tyr-Tyr-Xaa) (†)    
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3  
 

D   
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3.1.  
 
3.1.1. D  

D 	

N-formyl-D N-acyl-D tRNAini

MetRS
47,50	

tRNA
D

	 D
4 	 Calendar

Berg D-Tyr
109	 TyrRS D-Tyr

tRNA D-Tyr-tRNATyr

	 D-Tyr, D-Phe, D-Asp, D-Trp-tRNA
D-Tyr-tRNA-deacylase D-Tyr

109,150	 D-Tyr-tRNATyr

D-Tyr-tRNA deacylase (S-100)
	D-[14C]Tyr-tRNATyr

L-[14C]Tyr- tRNATyr poly-UA mRNA 	

D-[14C]Tyr L-[14C]Tyr 17%
	 Tyr D

D L
	 D-Tyr

poly(D-[14C]Tyr-L-Ile)
	

L-Tyr poly(D-[14C]Tyr-L-Ile-L-Tyr-L-Ile)
D-[14C]Tyr 	 

1.3.1.
D- tRNA D

	

D-Ala, D-Phe
1 D

29,30,151	 
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Dedkova dihydrofolate 
reductase (DHFR) 1 D-Met D-Phe

5% 3%
	 23% 12%

27,28	 

D 	

D-Tyr-tRNA deacylase
	 D L

ARS
	Tan fMet-Xaa-[3H]Glu

Xaa (Val GUU) D-Ala D-Phe
31	 D-Ala

L-Ala 	 D-Ala
L-Ala D-Ala-tRNA

	 D-Phe
	 

 
3.1.2.  

D
4 	

D-Ala, D-Phe, D-Met, D-Tyr
D-Phe 	 1

D
2 D

	 
2 D

D
17 	 ARS

D 	

Flexizyme
Gly 19 D

	

D 	  



 60 

3.2.  
 
3.2.1.  

Operon FASMAC 	SPE 
column 	D

	

	 Taq DNA polymerase T7 RNA polymerase
HsolA HsolB

	 	 
• 10x PCR buffer: 100 mM Tris-HCl (pH 8.4), 500 mM KCl, 1% (v/v) Triton X-100 
• 5 mM each dNTP: 5 mM dATP, 5 mM dTTP, 5 mM dGTP, 5 mM dCTP 
• 10x T7 buffer: 400 mM Tris-HCl (pH 8.0) 10 mM spermidine, 0.1% (v/v) Triton 

X-100 
• 2x RNA Loading buffer: 25 mM EDTA (pH 8.0), 95% (v/v) formamide, BPB 
• 0.5x TBE: 44.5 mM Tris-borate, 2 mM EDTA (pH 8.0) 
• 2x MuPaC reaction solution: 100 mM Tris-HCl (pH 7.5), 20 mM MgCl2, 20 mM 

DTT, 2 mM ATP, 0.5 mM dNTPs, 0.02% BSA, 0.2 U/µL T5 exonuclease, 0.01 
U/µL Klenow fragment exo (–), 2 U/µL T4 DNA Ligase 

• HsolA: 18.4 mM ATP, 18.4 mM GTP, 9.18 mM CTP, 9.18 mM UTP, 184 mM 
creatine phosphate, 460 mM HEPES-K (pH 7.6), 918 mM AcOK, 110 mM 
Mg(OAc)2, 18.4 mM spermidine, 9.18 mM DTT, 0.918 mM 10-formyl-5,6,7,8 
tetrahydrofolic acid, 13.8 mM E. coli tRNA mix 

• HsolB (4ARS): 1.27 µM AspRS, 1.08 µM LysRS, 0.294 µM MetRS, 0.196 µM 
TyrRS, 5.88 µM methionyl-tRNA formyltransferases, 26.5 µM initiation factor 1, 
3.92 µM initiation factor 2, 14.7 µM initiation factor 3, 2.55 µM elongation factor G, 
98 µM elongation factor Tu/Ts, 2.45 µM release factor 2, 1.67 µM release factor 3, 
4.9 µM ribosome recycling factor, 0.98 µM nucleoside-diphosphate kinase, 0.98 
µM inorganic pyrophosphatase, 0.98 µM T7 RNA polymerase, 39.2 µM creatine 
kinase, 29.4 µM myokinase, 11.8 µM ribosome 

 
3.2.2. Flexizyme  

dFx DNA 	 80 µL 10x PCR buffer
10 µL 200 mM MgCl2 1 µL 5 mM each dNTP 5 µL 211 µM Fx-5′.F36

0.47 µL 183 µM dFx.R46 0.55 µL Taq DNA polymerase 4 µL 	

95°C 1 50°C 1 72°C 1
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5 	 3200 µL 10x PCR buffer 400 µL 200 
mM MgCl2 40 µL 5 mM each dNTP 200 µL 146 µM T7ex5.F22 27.4 µL 176 
µM dFx.R19 22.7 µL 20 µL Taq DNA polymerase 160 µL
	 PCR 95°C 3 95°C 40 50°C 40
72°C 40 12 	 PCR

phenol/chloroform 	 3 M NaCl 0.1
ethanol 2 13000 rpm 15
	 13000 rpm 5 	 70% 

ethanol, 0.1 M NaCl 50 µL 13000 rpm 5 	

400 µL 50 mM KCl 	eFx DNA
dFx.R46 dFx.R19 eFx.R45 eFx.R18

	 
1380 µL 10x T7 buffer 400 µL 100 mM DTT 400 µL 250 mM MgCl2

480 µL 2 N KOH 60 µL 25 mM each NTP 800 µL 6 µM T7 RNA polymerase
80 µL DNA 400 µL 37°C 8 	

DNase Ⅰ 40 µL 100 mM MnCl2 80 µL 37°C 30 	

0.5 M EDTA (pH 8.0) 0.075 3 M NaCl
0.1 2-propanol 13000 rpm 5

	 13000 rpm 5 400 µL
	 2x RNA Loading 

buffer 95°C 3 12% PAGE (6 M Urea) 
	 buffer 0.5x TBE 300 V 120 	

TLC UV
50 mL 	 0.3 M NaCl 15 mL 2

12.5 mL 0.45 µm 	

ethanol 2 13000 rpm 15
	 70% ethanol 10 mL 13000 rpm 5

	 200 µL 	

Flexizyme UV260 250 µM 1 
OD = 40 µg/mL Flexizyme 1.4 x 104 	 
 
3.2.3. tRNAEnAsn  

5 	 80 µL 10x PCR buffer
10 µL 200 mM MgCl2 1 µL 5 mM each dNTP 5 µL 20 µM EnAsn5′.F49

5 µL 20 µM EnAsnGGA.R43 tRNAEnAsn
GGA 5 µL Taq DNA 
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polymerase 2 µL 	 95°C 1 50°C
1 72°C 1 5 	 160 µL

10x PCR buffer 20 µL 200 mM MgCl2 2 µL 5 mM each dNTP 10 µL 100 µM 
T7ex5.F22 1 µL 100 µM EnAsn3′.R38 1 µL 10 µL Taq DNA 
polymerase 4 µL 	 1st PCR 95°C 3 95°C

40 50°C 40 72°C 40 12 	

160 µL 10x PCR buffer 20 µL 200 mM MgCl2 2 µL 5 mM each 
dNTP 10 µL 146 µM T7ex5.F22 1.37 µL 178 µM EnAsn3.R20 1.13 µL 1st 
PCR 1 µL Taq DNA polymerase 8 µL 	 2nd PCR
95°C 3 95°C 40 50°C 40 72°C 40

12 	 
250 µL 10x T7 buffer 100 µL 100 mM DTT 100 µL 250 mM MgCl2

90 µL 2 N KOH 11.25 µL 25 mM each NTP 150 µL 100 mM GMP 50 µL
6 µM T7 RNA polymerase 50 µL DNA PCR 200 µL 	

37°C 8 DNase I 5 µL 100 mM MnCl2
20 µL 37°C 1 	 0.5 M 
EDTA (pH 8.0) 0.05 3 M NaCl 0.1 2-propanol

13000 rpm 5 100 µL
	 2x RNA Loading buffer

95°C 3 8% PAGE (6 M Urea) 	

 buffer 0.5x TBE 300 V 90 	 TLC
UV 50 

mL 	 0.3 M NaCl 5 mL 2
12.5 mL 0.45 µm 	 ethanol

2 13000 rpm 15 	

70% ethanol 5 mL 13000 rpm 5
	 50 µL 	 tRNAEnAsn

GGA

UV260 250 µM 1 OD = 40 µg/mL
tRNAEnAsn

GGA 2.44 x 104 	tRNAEnAsn
GAG tRNAEnAsn

GUG tRNAEnAsn
GGU

tRNAEnAsn
GGA

EnAsnGGA.R43 EnAsnGAG.R43 EnAsnGUG.R43 EnAsnGGU.R43
	 

 
3.2.4. Microhelix RNAEnAsn (MhRNAEnAsn)  

88 µL 10x T7 buffer 10 µL 198 µM GGCGT7.F17 1.01 µL 215 µM 
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EnAsn-micro.R43 0.93 µL 	 DNA 95°C 3
5 	 378 µL 10x T7 buffer 100 µL 100 

mM DTT 100 µL 250 mM MgCl2 90 µL 2 N KOH 11.25 µL 25 mM each NTP
150 µL 100 mM GMP 50 µL 6 µM T7 RNA polymerase 20 µL DNA

100 µL RNase inhibitor 1 µL 	 37°C 8
	 DNase Ⅰ 2.5 µL 100 mM MnCl2 10 µL 37°C

30 	 0.5 M EDTA (pH 8.0) 0.05
3 M NaCl 0.1 2-propanol 10
	 13000 rpm 10 50 µL
	 2x RNA Loading buffer

95°C 3 20% PAGE (6 M Urea) 
	 buffer 0.5x TBE 300 V 120 	 TLC

UV
50 mL 	 0.3 M NaCl 5 mL 2

0.45 µm 	 ethanol
2 13000 rpm 15 	

70% ethanol 5 mL 13000 rpm 5
	 50 µL 	 MhRNA EnAsn

UV260 250 µM 1 OD = 40 µg/mL
MhRNA EnAsn 1.67 x 103 	 

 
3.2.5.  

CBT 1,3-dicyclohexylcarbodiimide (103 mg, 0.50 mmol) 0.6 
mL ethyl acetate 	N-Boc- (0.50 mmol) 1-hydroxybenzotriazole 
(67 mg, 0.50 mmol) 4-chlorobenzyl mercaptan (95 mg, 0.60 mmol) 1.2 mL
1,4-dioxane 	 12

TLC 	

	diethyl ether (9 mL)
	0.1 M NaOH (5 mL)

3 	 (5 mL) 	

MgSO4

	Boc 2 mL 4 M
30 	

HCl diethyl ether (3 mL)
3 	
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CME 0.2 mL chloroacetonitrile 0.2 mL

N,N-dimethylformamide triethylamine (56 mg, 0.55 mmol) N-Boc- (0.50 
mmol) 	 12

TLC 	 pH triethylamine
	 diethyl ether (10 mL)

	0.1 M HCl (5 mL)
3 	 NaHCO3 (5 mL) 3

(5 mL) 1 	 MgSO4

	Boc CBT 	 
DBE 0.2 mL N,N-dimethylformamide N-Boc- (0.50 

mmol) 3,5-Dinitrobenzyl chloride (119 mg, 0.55 mmol) triethylamine (56 mg, 0.55 
mmol) 	 12

TLC 	

diethyl ether (10 mL) 	0.1 M HCl (5 mL)
3 	 NaHCO3

(5 mL) 3 (5 mL) 1 	

MgSO4

	Boc CBT
	 

 
3.2.6. D  

DBE Flexizyme dFx 	

CME CBT Flexizyme eFx 	

1.5 µL 1 M Hepes-K (pH 7.5) 0.5 µL 250 µM Flexizyme 0.5 µL 250 µM 
MhRNAEnAsn 0.5 µL 95°C 2 	 5

3 M MgCl2 1 µL pre-mix 	 pre-mix
25 mM DMSO DMSO 1 

µL 	 6 	

5 µL 10 µL 2x Loading buffer for Acid 
PAGE 3 µL 18% acid-PAGE (6 M Urea) 	

buffer 100 mM AcONa (pH 5.0) 150 V 110 	

0.5x TBE 10 EtBr 10
3 	 Pharos-FX BioRad
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Image lab BioRad 	 
 
3.2.7. tRNA  

DBE Flexizyme dFx 	

CME CBT Flexizyme eFx 	

1.5 µL 1 M Hepes-K (pH 7.5) 0.5 µL 250 µM Flexizyme 0.5 µL 250 µM 
tRNA 0.5 µL 95°C 2 	 5
3 M MgCl2 1 µL pre-mix 	 pre-mix

25 mM DMSO 1 µL
	 6 	 5 µL

0.3 M AcONa (pH 5.0) 20 µL ethanol 50 µL
13000 rpm 10 	 70% ethanol 

0.1 M AcONa 50 µL 13000 rpm 10
2 	 70% ethanol 5 mM AcONa 50 µL 13000 rpm 5

0.5 µL 10 mM AcONa (pH 
5.0) 	 
 
3.2.8. DNA  

7 	

8 	 83 µL 10x PCR buffer 10 µL 200 mM MgCl2 1 µL 5 
mM each dNTP 5 µL 100 µM T7proSD6MKK.F49 1 µL 100 µM 
SD6MKKK(UCC)flag.R42 D1 1 µL Taq DNA polymerase 2 
µL 95°C 1 50°C 1 72°C 1

5 	 166 µL 10x PCR buffer 20 µL 200 mM MgCl2
2 µL 5 mM each dNTP 10 µL 200 µM T7ex5.F22 0.5 µL 200 µM flaguua.R33
0.5 µL 2 µL Taq DNA polymerase 2 µL 95°C 3 

95°C 40 50°C 40 72°C 40 12
	 200 µL PCR phenol/chloroform

	 3 M NaCl 0.1 ethanol 2
13000 rpm 15 	 70% ethanol

50 µL 13000 rpm 5 70% ethanol 50 µL
13000 rpm 5 	 10 

µL 	 mRNA R2 DNA
T7SD6MKK.F49 T7eSD6M.F46 	 
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3.2.9.  
0.56 µL 5 mM KYM mix (5 mM each Lysine, Tyrosine, 

Methionine) 0.2 µL 465 µM [14C]Asp 0.22 µL mRNA DNA 0.2 µL
250 µM tRNA 0.4 µL HsolA 0.22 µL HsolB (4 ARS) 0.2 µL

37°C 60 	 
tricine SDS-PAGE 2 µL 2x tricine 

SDS-PAGE Loading buffer 95°C 5 tricine 
SDS-PAGE 	 15% acrylamide, 1 M Tris-HCl (pH 8.45), 
0.1% SDS, 10.4% glycerol 	 0.1 M Tris-HCl, 0.1 M 
Tricine-HCl, 0.1% SDS (pH 8.1) 0.2 M Tris-HCl (pH 8.9) 

40 mA 40 	 80°C 30 RI
	 Pharos-FX BioRad

Image lab BioRad 	 
Asp 	 solid phase 

extraction column (SPE column) elution 15 µL wash
15 µL 	 2 µL wash

15 µL 2 	 matrix 1.5 µL
SPE column 	

MALDI-TOF-MS (Autoflex®, BRUKER) 	

substance P (1,348.66 Da) bombesin (1,620.88 Da) ACTH clip 1-17 (2,094.46 Da)
somatostatin 28 (3,149.61 Da) 	

	 
• elution  : 80% 0.5%  
• wash  : 4% 0.5%  
• matrix  : 80% 0.5% α- -4-

(CHCA) 
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3.3.  

Gly 19 L (L-Ala, L-Leu, L-Met, L-Pro, L-Ser, L-Thr, 
L-Cys, L-Asn, L-Gln, L-Asp, L-Glu, L-Arg, L-Lys, L-His, L-Val, L-Ile, L-Phe, L-Tyr, L-Trp)

19 D (D-Ala, D-Leu, D-Met, D-Pro, 
D-Ser, D-Thr, D-Cys, D-Asn, D-Gln, D-Asp, D-Glu, D-Arg, D-Lys, D-His, D-Val, D-Ile, 
D-Phe, D-Tyr, D-Trp)	Flexizyme

	

Phe, Tyr, Trp
(aa-CME) β Val, Ile

(aa-CBT) (aa-DBE)
	 

 
3.3.1. D Flexizyme  

D tRNA
Flexizyme 	 Flexizyme DBE

dFx CBT CME eFx 	

D tRNA 20 ARS
tRNAEnAsn

GGA
152 ARS

D 	

tRNA MhRNAEnAsn

	 5 4 RNA
	 L

D Flexizyme MhRNA
18 	

15%−70% 	

L D
Flexizyme 	 

 
3.3.2. D-Ala  

D D-Ala P1: 
fMKKK-X-FLAG (FLAG: DYKDDDDK) 19A 	Flexizyme

D-Ala-tRNAEnAsn
GGA 	

ARS Met, Tyr, Asp, Lys
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SerRS Ser UCC
	 D-Ala

P1 X D-Ala
	 P1
Asp 14C [14C]Asp

	 P1 D-Ala X
Asp X D-Ala

P1 [14C]Asp 	 tricine SDS-PAGE
D-Ala

P1 	 
tricine SDS-PAGE D-Ala

P1 19B 	
L-Ala P1 100%

86% D-Ala P1 	

L-Ala D-Ala tricine SDS-PAGE
	 tricine 

SDS-PAGE P1
X Ala L D

	 D-Ala
L-Ala

	 P1
MALDI-TOF-MS X

Ala 19C 	
X Ala P1
	 tricine SDS-PAGE MALDI-TOF-MS 2

D-Ala P1 L-Ala
	 

 
3.3.3. D  

D-Ala P1 D-Ala
19 D 	

19 D 19 L
tRNA D-Ala

P1 19B 	
L tricine SDS-PAGE
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P1 1 	

Cys Cys
β-mercaptoethanol
	 L

P1 tRNA
	 D

tricine SDS-PAGE 15 D
(D-Ala, D-Leu, D-Met, D-Ser, D-Thr, D-Cys, D-Asn, D-Gln, D-Arg, D-Lys, D-His, D-Val, 

D-Ile, D-Phe, D-Tyr) L
	 L-Ala

P1 100% 	D-Trp L-Trp
	 Trp

16 D L
	

3 D (D-Asp, D-Glu, D-Pro) 	 
D

MALDI-TOF-MS 12 D (D-Ala, D-Ser, 
D-Cys, D-Met, D-Thr, D-His, D-Phe, D-Tyr, D-Asn, D-Gln, D-Val, D-Leu)

P1 19C 	
D 2 (D-Arg, D-Trp) P1

D
(D-Arg-FLAG, D-Trp-FLAG) 	

5 D (D-Lys, D-Asp, D-Glu, D-Ile, D-Pro)
	 D-Arg, D-Trp

	 D
D-Arg/Trp-tRNA  (Peptidyl 

Transferase Center: PTC) tRNA  (A-site) 	

A-site D-Arg/Trp
tRNA (fMKKK-tRNA) tRNA  (P-site) 

153,154	 D
tRNA 	

D-Arg/Trp-tRNA P-site
FLAG

D-Arg/Trp-FLAG 	 
 



 70 

3.3.4. D  
tricine SDS-PAGE MALDI-TOF-MS 2 D

	

19 D 3 	

1 tricine SDS-PAGE D P1
	 L-Ala P1

100% 	 2 MS D
P1 	 

1 P1 40% MS
P1 8 D  (D-Ala, D-Ser, D-Cys, 

D-Met, D-Thr, D-His, D-Phe, D-Tyr) 	

D 	 4 D (D-Ala, D-Ser, 
D-Cys, D-His) L 	

1 D
	 2

P1 40% MS P1
4 D  (D-Asn, D-Gln, D-Val, D-Leu) 	

D
	 2 D

	

D 	

D  (D-Ala, D-Met, D-Phe, D-Tyr) 
1 	 8 D  (D-Ser, D-Cys, D-Thr, D-His, 

D-Asn, D-Gln, D-Val, D-Leu) D
	 

3 MS P1
P1 7 D  

(D-Arg, D-Lys, D-Asp, D-Glu, D-Ile, D-Trp, D-Pro) 	

D 	 3
D D

2 D-Pro 	 
D

	

D
tRNA 	
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D L
18

D L 	

	 2
	1 D tRNA Tu (EF-Tu) 

	 L
tRNA EF-Tu 	

tRNA
14 tRNA
tRNA EF-Tu 155,156	D

D tRNAEnAsn
GGA

D tRNA EF-Tu
	2

PTC tRNA
D 	

D
	 D

 (IC50) 157,158	

EF-Tu
EF-Tu

D 	 
N- 49

4 β- 54 D
	

	 
 
3.3.5. D  

D
P1 	

P1 D Lys 3
D 	

P1 fM-YYY-X-FLAG
P2 3 D (D-Ser, D-Leu, D-Glu)

P2 20 	 P1 P2
3 D
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	 D D
	

P1 D
	 

 
3.3.6. L-Ser D-Ser  

1 D P1 D
1 L

	 1

D L 	

1 D L P1
Ser 	D-Ser-tRNAEnAsn

GGA L-Ser-tRNAEnAsn
GGA

P1
	 L-Ser D-Ser P1

21 	 L
D tRNA EF-Tu A-site

tRNA 50 µM 25 µM
6 µM L D

	 tRNA (25 µM, 6 µM)
50 µM P1

L D 	 1 D
L

	 
 
3.3.7. L-Ser D-Ser  

L D
L D

22A 	 Ser
L-Ser-tRNAEnAsn

GGA

D-Ser-tRNAEnAsn
GGA 	 L-Ser

P1 D-Ser P1
tricine SDS-PAGE

	 
L-Ser-tRNAEnAsn

GGA D-Ser-tRNAEnAsn
GGA 25 
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µM L-Ser P1 D-Ser
P1 0.37 22B 	L-Ser D-Ser

D-Ser P1 0.85 21
	

D-Ser P1
L-Ser L-Ser

P1 	

L D
L D L

	 
L-Ser-tRNAEnAsn

GGA D-Ser-tRNAEnAsn
GGA

EF-Tu A-site 	

EF-Tu 10 µM 1.2 µM
tRNA 25 µM 	 EF-Tu

A-site L-Ser-tRNAEnAsn
GGA EF-Tu

A-site D-Ser-tRNAEnAsn
GGA

	 Ser-tRNAEnAsn
GGA 6 µM

	 L-Ser P1 D-Ser
P1 0.60 22B 	 D-Ser
P1 25 µM 10 5

L-Ser 	

tRNA EF-Tu A-site
L-Ser-tRNAEnAsn

GGA D-Ser-tRNAEnAsn
GGA

	 
 
3.3.8. 2 D  

D 2
	 D 1
Ala Phe L D mRNA R3

P3 23A 	 L (L-Ala, L-Phe)
tricine SDS-PAGE

23B 	 MS
2 L-Ala L-Phe P3

23C 	 D (D-Ala, D-Phe)
tricine SDS-PAGE



 74 

23B MS 2 D P3
D 1

23C 	 D-Phe 2 D-Phe-FLAG
	 1

D
	 D P-site, A-site

A-site P-site
L

	 D A-site

3.3.9. 	 D P-site
P-site, A-site D

	

	2 D

159 tRNA 153,154 	

D 1
	 tRNA

D-Phe-FLAG 	 
D D

2 D L (L-Tyr)
D 2 	

2 D 1-3 L (L-Tyr)
P4−P6 23A 	

1 L-Tyr P4 tricine 
SDS-PAGE L (L-Ala, L-Phe)
1 D (D-Ala, D-Phe)

23B 	 MS 2 D
P4 23C 	D-Phe MS

D 1
P3

	 2 D 1 L (L-Tyr)
D 2

	 



 75 

2 D L (L-Tyr) 2, 3
P5, P6 L D

tricine SDS-PAGE 1 	MS
D P5, P6

	 2 L-Tyr
2 D (D-Ala, D-Phe)

	 D-Phe 2 L-Tyr
3 D

L 	

2 D tRNA
(fMKKK-D-Ala-YYY, fMKKK-D-Phe-YY, 

fMKKK-D-Phe-YYY) 	 
2 D

1 L D
2 3 L

	 	 D
2 A-site, P-site D

	2 D L 2
D P-site L

tRNA D tRNA
	

tRNA 1 D
L 2, 3

	 
Calendar Berg 	

poly(D-[14C]Tyr-L-Ile)
D L 	

3.1.1.
poly(D-[14C]Tyr-L-Ile) L-Tyr

poly(D-[14C]Tyr-L-Ile-L-Tyr-L-Ile)
	 2 D-Tyr 3 L

	 
1 2
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4
β- 	 

 
3.3.9. D

 
D D
tRNA

X

	 PTC A-site
L-Phe D-Phe 24 	 

PTC
A-site P-site A76  2′OH

24 d 	 d 2004 Weinger
160	 tRNA A76 2′OH

tRNA P-site 	 A76
2′OH tRNA

P-site
	A76

2′OH A-site

	 d
	 

2 	

2017 Lehmann A-site L-Ala-tRNA D-Ala-tRNA
161	L-Ala-tRNA

L-Ala A2451 C2452 ”side-chain cavity” L-Ala
P-site tRNA A76 2′OH d

	 D-Ala side-chain cavity
A76 2′OH d 	 D

side-chain cavity
d

	

side-chain cavity d
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	 D side-chain 
cavity 2019 Melnikov X

162	 L-Tyr-tRNA
puromycine D-Phe-tRNA D-Phe-ACCA A-site

PTC 	

Lehmann A-site
L-Tyr D-Phe

	 A76 2′OH A-site d
L 2.5Å D 3.5Å

	

	

D L
	 D-Phe

23S rRNA U2506
	 

A-site L-Phe-tRNA
24A PDB (4V5D) 	Lehmann

L-Phe A2451, C2452 side-chain cavity
24A 	 d 3.00 Å

24A 	

A-site D-Phe-tRNA
24B 	 Melnikov A-site
D-Phe L-Phe α 	D-Phe

L-Phe side-chain cavity 24B
	 d 4.95 Å

24B 	Melnikov
	 

PTC
	 D-Phe A-site

D-Phe 1

	 D-Phe D-Trp β D-Val, 
D-Ile D-Pro 1

PTC
D
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D
	 P-site

tRNA D-Phe P-site tRNA A76
2′OH d
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3.4.  
Gly 19 19 D

	 1 D 	

tricine SDS-PAGE MALDI-TOF-MS D
2 	

12 D (D-Ala, D-Ser, D-Cys, D-Met, D-Thr, D-His, D-Phe, D-Tyr)
1 	 MS

4 D (D-Asn, D-Gln, D-Val, D-Leu)
2 	 MS 7 D

 (D-Arg, D-Lys, D-Asp, D-Glu, D-Ile, D-Trp, D-Pro) 3 	

2 D
D 2

	 D 2 3 L
2 D

	 
	 Reevaluation of the D-Amino 

Acid Compatibility with the Elongation Event in Translation.46 
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17 D 	 

Gly 19 L 19 D Flexizyme dFx

eFx tRNAEnAsn
GGA 	 tRNA

	

tRNA Met, Lys, Asp, Tyr 4 Ser UCC

	 tRNA L D

	 D

	 D

	 D

	 L
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18 Microhelix (MhRNA) D L 	 

Flexizyme 19 D L MhRNA

	 	

MhRNA I MhRNA II (I) / [(I) 

+ (II)] 	 6 	  
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19 19 D L 	 

(A) mRNA R1 P1 	UCC

L D 	FLAG FLAG-tag 

(Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys) 	(B) L D

tricine SDS-PAGE 	FLAG [14C]Asp

	

L-Ala-tRNAEnAsn
GGA 100% 	

3 	(C) D P1 MALDI-TOF-MS
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	 (m/z) 	

1 D (*) tRNA

Xaa-FLAG (†) 	  
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20 D 	 

(A) mRNA R2 P2 	UCC

L D 	(B) L D

tricine SDS-PAGE 	FLAG [14C]Asp

	

L-Ala-tRNAEnAsn
GGA 100% 	

3 	 
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21 L-Ser D-Ser P1 	 

L-Ser-tRNA D-Ser-tRNA 50 µM 25 µM 6 µM

	 tricine SDS-PAGE 	FLAG

[14C]Asp 	

50 µM L-Ser-tRNA 20 100%
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22 D-Ser L-Ser P1 	 

(A) D-Ser L-Ser 	D-Ser-tRNAEnAsn
GGA L-Ser-tRNAEnAsn

GGA

UCC D-Ser L-Ser 	(B) D-Ser

L-Ser tricine SDS-PAGE 	 L-Ser-tRNA

D-Ser-tRNA 25 µM each 6 µM each 	

tricine SDS-PAGE 	FLAG [14C]Asp

	 25 µM each D-Ser-tRNA, 

L-Ser-tRNA 20 L-Ser 100%
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23 2 D 	 
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(A) mRNA R1, R3−R6 P1, P3−P6 	UCC

L D 	(B) L

D tricine SDS-PAGE 	FLAG

[14C]Asp 	

mRNA R1 100%

	(C) D P1, P3−P6 MALDI-TOF-MS

	 (m/z) 	

1 D (*) tRNA

Xaa-FLAG (†) 2 1

(‡) tRNA fMKKK-Xaa-YY fMKKK-Xaa-YYY

(¶) (§) 	 
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24 A-site L-Phe D-Phe 	 

Lehmann 161 Melnikov 162 X PDB

4V5D X A-site Phe 12 Å

	2 90°

	rRNA side-chian cavity A2451, C2452 2

rRNA 	Phe-tRNA

	 d A-site P-site A76 2′OH

	(A) PTC A-site L-Phe-tRNA P-site L-Phe-tRNA

	(B) PTC A-site D-Phe-tRNA, P-site L-Phe-tRNA

	(A) A-site L-Phe α D-Phe
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4 D 	 

D

D 	 

 

 

  



 91 

5 3,4,5 tRNA MhRNA Flexizyme 	 
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6 Flexizyme 	 

Flexizyme

Flexizyme 	 
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7 3,4,5 	 
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8 3,4,5 	 

P1−P13 13 DNA

	 

 
  


