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Abstract 

Proteins and peptides, which are collectively called as polypeptides, perform a vast array of biological functions 

and attract a great interest in biological and pharmaceutical sciences. In living organisms, polypeptides are 

synthesized by ribosomal translation reaction in an order specified by mRNA sequence composed of nucleotide 

triplets named codons. The relationships between codons and amino acids are referred to as the genetic code. 

Among 64 codons, 61 codons designate elongation of the nascent polypeptides with specific proteinogenic amino 

acids, synthesizing amino acid polymer with 20 proteinogenic building blocks. Beyond this nature’s limitation, 

artificial engineering of translation machinery has allowed for the ribosomal synthesis of polypeptides containing 

nonproteinogenic amino acids (npAAs), which have created innovative and practical methodologies. For example, 

the synthesis of polypeptides containing optical probes facilitates structural biology by NMR and X-ray 

crystallography, and also it facilitates the development of chemically modified “nonstandard” peptide drugs with 

improved pharmacological properties. In particular, our laboratory has developed a selection technology, named 

RaPID (Random nonstandard peptides integrated discovery) system, to discover peptide binders to drug target 

proteins from a sequence-randomized peptide library, and successfully developed ‘nonstandard’ peptide drugs with 

noncanonical scaffolds that mimic the characteristics of naturally occurring bioactive peptides. 

In spite of the great potential applicability, the current engineered translation systems still have methodological 

limitations that diminish its scope of application: (1) Accurate synthesis of a polypeptide containing more than two 

distinct npAAs can be achieved only when several proteinogenic amino acids are excluded from in vitro translation 

systems to create vacant codons that are assignable for npAAs, which leads to the decrease in building block 

repertoire. (2) Even when such an engineered translation system is used, it is still impossible to efficiently 

synthesize polypeptides containing many kinds of N-methyl amino acids (MeAAs) due to an unspecified translational 

disorder. In this context, there is a need to develop in vitro translation systems enabling (1) expansion of the building 

block repertoire by utilizing multiple npAAs without the need to exclude any of 20 proteinogenic ones and (2) the 

synthesis of nonstandard peptides containing a variety of MeAAs. As the Ph.D. degree research, I developed these 

two kinds of engineered translation systems. 

Chapter 1 is the general introduction that describes the relating biological knowledge and the previous methods 

to synthesize npAA-containing polypeptides in translation reaction. This chapter also explains the merit of 

peptide-based drugs along with a selection methodology to discover novel peptide binders to drug targets. The 

limitations of conventional engineered translation systems are described at the end. 

Chapter 2 describes the first research topic entitled ‘Expanding the amino acid repertoire of ribosomal 

polypeptide synthesis via artificial division of codon boxes’. In native translation machinery, the repertoire of amino 

acids available for ribosomal polypeptide synthesis is restricted by the genetic code, where 61 sense codons 

redundantly code for 20 proteinogenic amino acids. In this study, I have developed a method, named ‘artificial 

division of codon boxes’, to reduce the genetic code redundancy and create vacant codons without the need to sacrifice 

any of 20 proteinogenic amino acids. The reassignment of npAAs to these vacant codons allowed for the expansion of 

the amino acid repertoire from the standard 20. The proof of concept of this novel translation system has been 
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achieved by the accurate synthesis of various model peptides such as a 32-mer linear peptide composed of 23 amino 

acid repertoire and a 14-mer macrocyclic N-methyl-peptide drug that inhibits E6AP protein. 

Chapter 3 describes the second research topic entitled ‘Ribosomal synthesis of highly N-methylated peptides by 

tuning affinities between EF-Tu and N-methyl-aminoacyl-tRNAs’. For the selection of peptide-based drugs, it is 

ideal to synthesize a peptide library containing multiple MeAAs because backbone N-methyl modification improves 

the peptide’s cell-membrane permeability and stability against enzymatic decomposition. However, the synthesis of 

such highly N-methylated peptides is difficult because the ribosomal incorporation of multiple MeAAs drastically 

reduces the synthetic efficiency and accuracy due to an unspecified mechanism. In this study, I revealed the problem 

that MeAA-tRNAs did not bind to a carrier protein named EF-Tu, and therefore MeAA-tRNAs could not be delivered 

into ribosome efficiently. To overcome this problem, I developed a method to reinforce the weak affinities, which 

enabled all of the tested MeAA-tRNAs to bind to EF-Tu with appropriate strengths. The resultant optimal translation 

system exhibited the improved MeAA incorporation efficiency and accuracy and successfully expressed highly 

N-methylated peptides containing up to nine distinct MeAAs. 

Chapter 4 is the general conclusion of the entire thesis. In this study, I have developed the engineered translation 

systems that allow for the synthesis of nonstandard polypeptides composed of expanded repertoire of proteinogenic 

and nonproteinogenic amino acids. In particular, the integration of these methods with peptide selection 

technologies, such as the RaPID system, would enable us to express a library of nonstandard macrocyclic peptides 

with highly modified scaffolds and to discover nonstandard peptide drugs that possess improved binding potencies 

and pharmacokinetic properties in future. 
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1.1. Translation reaction: ribosomal polypeptide synthesis according to the genetic code 

Translation reaction is an essential biological process where a ribosome synthesizes proteins and peptides, 

which are collectively called as polypeptides, according to genetic information encoded in mRNA sequences (Fig. 

1a). mRNAs consist of sequential nucleotide triplets named codons. Among the 64 codons, 61 ‘sense’ codons 

designate the nascent polypeptide elongation with the specific amino acid according to the genetic code, whereas the 

other three ‘stop’ codons designate termination of polypeptide synthesis (Fig. 1b). Translation is composed of three 

events: (1) initiation, (2) elongation, and (3) termination (Fig. 1c). The initiation event construct an initiation 

complex composed of ribosome, mRNA, and formylmethionyl-tRNA (fMet-tRNAfMet). In the elongation event, a 

nascent polypeptide is elongated with 20 kinds of proteinogenic amino acids in the order specified by the mRNA 

sequence. During the termination event, the full-length nascent polypeptide is released from ribosome and then the 

ribosome complex is disassembled. In this section, the molecular mechanisms of these events are described based on 

E. coli’s system. 

 

	
	
Figure	1.	Ribosomal	synthesis	of	polypeptides	according	to	the	genetic	code.	a,	Polypeptide	synthesis	by	
translation	reaction.	b,	The	genetic	code	that	designates	the	specific	amino	acid	in	response	to	each	codon.	c,	
Schematic	illustration	of	three	events	involved	in	translation	reaction.	 	
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1.1.1. Initiation 

At the first step, an mRNA interacts with a small ribosomal subunit by forming base pairs between the mRNA 

Shine-Dalgarno (SD) sequence and the rRNA anti-Shine-Dalgarno (ASD) sequence (Fig. 2). Presence of AU-rich 

enhancer element in mRNA can further stabilize the complex via interaction with the small subunit1. Then three 

initiation factors (IF1, IF2, IF3) and fMet-tRNAfMet bind to the complex2. The fMet-tRNAfMet forms 

codon-anticodon base pairs with the initiation AUG codon, located 8–10 nucleotides downstream of the SD 

sequence3. As IF2 can selectively recognize fMet-tRNAfMet by its unique structural features such as the 

formylmethionine moiety and the presence of C1-A72 mismatch4, undesired tRNA species such as non-formylated 

Met-tRNAfMet and elongator aminoacyl-tRNAs are not involved in this process. Subsequently, a large ribosomal 

subunit binds to the complex, and IFs dissociate from the ribosome complex using the energy of GTP hydrolysis on 

IF25. The fMet-tRNAfMet is located in a space inside of the ribosome called P-site (peptidyl-tRNA site). The resultant 

initiation complex composed of 70S ribosome, mRNA, and fMet-tRNAfMet acts as the starting point for the next 

elongation event. 

 
	
Figure	2.	Initiation	event.	SD:	Shine-Dalgarno	sequence,	ASD:	anti-Shine-Dalgarno	sequence.	
 

1.1.2. Elongation 

During elongation event, tRNAs work as adaptor molecules that bring specific amino acids to the 

corresponding codons present in ribosomal A-site (aminoacyl-tRNA site) (Fig. 3a). Each of 20 proteinogenic amino 

acids is charged to the corresponding tRNAs by specific aminoacyl-tRNA synthetase (AARS) 6,7. For example, Phe 

is charged to a tRNA specific to Phe, which is represented as tRNAPhe, by an AARS specific to Phe (PheRS: 

phenylalanyl-tRNA synthetase). The resultant aminoacyl-tRNAs then bind to GTP-bound EF-Tu (elongation factor 

thermo unstable), forming a complex named ternary complex8. EF-Tu binds to the L12 ribosomal protein and 

thereby positions the bound aminoacyl-tRNA in proximity of ribosome9,10. Subsequently, the aminoacyl-tRNA is 

inserted into ribosome and its anticodon nucleotides forms base pairs with the codon nucleotides present in A-site 

(Fig. 3b)11,12. When all of the nucleotide triplet match13, GTP hydrolysis on EF-Tu is induced via a conformational 

change involving tRNA, ribosome, and EF-Tu12,14-18. The GTP hydrolysis leads to an extensive structural change of 

EF-Tu from GTP- to GDP-bound form19, which release the bound aminoacyl-tRNA into A-site. After the 
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bond formation, elongating the nascent polypeptide chain by one amino acid21,22. The elongated nascent polypeptide 

goes through ribosome exit tunnel and eventually gets out into cytosol23. After the peptidyl transfer reaction, the 

acceptor stem of uncharged tRNA in P-site moves toward E-site (exit site), causing a ribosomal structural change. 

To this state of ribosome, a GTP-bound EF-G (elongation factor G) binds and push the two tRNAs from P- and 

A-sites to E- and P-sites, respectively using the energy of GTP hydrolysis24,25. The mRNA is simultaneously shifted 

to the same direction by one codon. The vacant A-site can start another cycle of elongation event. 

 
	
Figure	 3.	 Elongation	 event.	 a,	 Processes	 that	 elongate	 the	 nascent	 polypeptide	 with	 one	 amino	 acid	
according	to	the	genetic	code	of	the	A-site	codon.	b,	Structure	of	a	ribosome	with	a	ternary	complex	(PDB	ID:	
2XQD/2XQE)18.	The	transparent	ribosome	structure	is	represented	in	the	left	image	to	show	the	presence	of	
three	tRNAs	inside	of	the	ribosome.	 	

E P A

GCUCUG

CGCAGCCAG

Ribosome EF-Tu

EF-Tu

EF-Tu

Aminoacyl-
tRNA

Exit tunnel

tRNA

AARS

GCG

E P A

GCUCUG

CGCAGCCAG

GCG

E P A

GCUCUG

CGCAGCCAG

GCG

E P A

GCU

CGCAGC

GCG

EF-G EF-G

a

b

E P A EF-Tu

GTP

GTP GDP

GTP
EF-Tu

GDP

GTP



 10 

1.1.3. Termination 

Among 64 codons, three stop codons (UAG, UAA, and UGA) designate termination of the polypeptide 

synthesis (Fig. 4). Termination reaction is catalyzed either by release factor 1 or 2 (RF1 and RF2). RF1 recognizes 

UAG and UAA stop codons, whereas RF2 recognizes UGA and UAA stop codons26. The recognition is achieved by 

direct binding of domain 2 of the RFs to the stop codons present in A-site, where PVT and SPF motifs of RF1 and 

RF2, respectively, contribute to the recognition27,28. When RFs recognize the corresponding stop codons, their GGQ 

motif in domain 3 directly hydrolyzes the ester bond of peptidyl-tRNA in P-site27,28, which releases the nascent 

polypeptide from ribosome. Release factor 3 (RF3) and ribosome recycling factor (RRF) subsequently disassemble 

the ribosome complex to recycle the components29-31. 

 

 
	
Figure	4.	 Termination	 event.	 RF1	 recognize	UAA	 and	UAG	 stop	 codons,	whereas	RF2	 recognize	UAA	 and	
UGA	stop	codons.	The	ribosome	complex	is	subsequently	disassembled	by	RF3	and	RRF.	
  

Stop
codon

E P A

GCU

CGCAGC

GCG

Stop
codon

E P A

GCU

CGCAGC

GCG

RF RF



 11 

1.1.4. In vitro reconstruction of translation system 

Shimizu et al. have achieved in vitro reconstruction of translation system (so-called PURE (protein synthesis 

using recombinant elements) system)32. The system composed of individually purified E. coli factors such as 

ribosome, 20 proteinogenic amino acids, native tRNA mixture, 20 endogenous AARSs, 

initiation/elongation/termination factors, an RNA polymerase derived from T7 phage, NTPs, and enzymes for 

energy regeneration (Fig. 5). The reconstructed translation system has four major advantages compared to in vivo 

translation: (1) Concentrations of individual components (such as ions, proteins, RNAs) can be readily adjusted. It 

also enables us to add any desired chemical additives and biomolecules. (2) The reconstructed system minimizes the 

risk of mRNA and polypeptide degradation by cellular RNases and proteinases, respectively. (3) Purification and 

analyses of polypeptide products can be simplified. (4) Any undesired components can be omitted from the 

translation system, which facilitates the artificial engineering of the genetic code as described in the following 

section 1.4.3. For example, when RF1 is omitted, the corresponding UAG codon is no more recognized as the stop 

codon. The resultant vacant codon can be used for the reassignment of a nonproteinogenic amino acid. 

 

 
	
Figure	5.	A	reconstructed	in	vitro	translation	system.	
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1.2. Structure and functions of tRNAs 

E. coli has around 45 distinct tRNAs33, and individual tRNAs bring specific amino acids to the corresponding 

codons during translation reaction. The individual tRNA structures have evolved so that (1) they are accurately 

recognized by specific AARS(s), (2) they are efficiently delivered into ribosome, and (3) they accurately decode the 

A-site codons. This section describes how the tRNA structure confers these characteristics. 

 

1.2.1. tRNA structure 

tRNAs exhibit cloverleaf-shaped secondary structures by means of intra-molecular base pairing (Fig. 6a). The 

consensus structure conserved in all tRNAs comprises (1) acceptor stem, (2) D arm, (3) anticodon arm, (4) variable 

loop, (5) T arm, and (6) 3′-terminal NCCA end (N =U, C, A, or G). The secondary structure is further folded to form 

L-shaped tertiary structure34, where D loop and T loop interacts each other, and two continuous helixes are 

observed: one helix is formed by continuous acceptor and T stems and the other is formed by continuous anticodon 

and D stems (Fig. 6b). In living organisms, tRNA transcripts composed of U, C, A, and G are post-transcriptionally 

modified by enzymes. As the result, native ‘matured’ tRNAs include 3–13 post-transcriptionally modified 

nucleosides that have important function as explained below (Fig. 6c). 

 

	
Figure	6.	tRNA	structure	and	its	modifications.	a,	Typical	secondary	structure	of	a	tRNA.	b,	Typical	tertiary	
structure	of	a	tRNA	(PDB	ID:	6TNA)34.	c,	Examples	of	nucleoside	modifications.	 	
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1.2.2. Aminoacylation of tRNAs by AARSs 

An AARS charge specific amino acid to specific tRNAs by forming an ester bond between the 3′-hydroxy 

group of the 3′-terminal adenosine and the carboxyl group of amino acid (Fig. 7). To ensure the correct 

aminoacylation, each AARS must discriminate the specific tRNA from the others. AARSs most frequently recognize 

the identity of acceptor stem, anticodon loop, and 3′-terminal NCCA sequences as discrimination sites, whereas D 

arm, the anticodon stem, and variable loop are used less frequently for the discrimination6,7. Some AARSs also 

recognize the anticodon post-transcriptional modifications6,7,35: LysRS and GluRS recognize mnm5s2U34 (the first 

nucleotide of anticodon) of tRNALys and tRNAGlu, respectively, whereas IleRS recognizes k2C34 and t6A37 (the 

3′-neighbour of anticodon) of tRNAIle. When the tRNAs lack their post-transcriptional modifications, the kcat/KM 

values drastically decrease to around 1%6,7,35-38. 

 
Figure	7.	Cocrystal	structure	of	GlnRS	and	tRNAGln	 (PDB	ID:	1GTS)39.	The	 tRNA	domains	are	colored	as	
Figure	6.	
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1.2.3. EF-Tu-mediated delivery of aminoacyl-tRNA into ribosome 

During translation reaction, aminoacyl-tRNAs are delivered into ribosome by EF-Tu: EF-Tu binds to an 

aminoacyl-tRNA and then insert it into A-site using the energy of GTP hydrolysis (Fig. 8a)11,12,40. EF-Tu binds to an 

aminoacyl-tRNA at two distinct sites: (1) amino acid site and (2) T-stem site8,41,42 (Fig. 8b). When only the former 

interaction at the amino acid site is considered, the binding affinities are drastically different depending on the 

amino acid speices43 (Fig. 8c). In order to compensate the differences, nature has elegantly evolved the T-stem 

structures so that the affinities between EF-Tu and each of 20 aminoacyl-tRNAs become equivalent44. Due to this 

equivalent affinities, EF-Tu can deliver all of 20 proteinogenic aminoacyl-tRNAs into ribosome with similar 

efficiencies45. Interestingly, EF-Tu does not bind to the undesired aminoacyl-tRNA species such as Met-tRNAfMet, 

which should be used for the initiation event rather than elongation event, and Sec-tRNASec (Sec: selenocysteine), 

which should be delivered into ribosome by specific carrier protein SelB in response to SECIS (selenocysteine 

insertion sequence) in mRNA46,47. These facts suggest that the equivalent binding affinities between EF-Tu and the 

canonical aminoacyl-tRNAs also works as a quality control mechanism to reject undesired substrates48. The 

complete depletion of post-transcriptional modifications does not affect the affinities between the aminoacyl-tRNAs 

and EF-Tu45,49, possibly because the direct binding regions (i.e. the acceptor stem and T-stem) contain few 

nucleoside modifications. 

 
	
Figure	8.	Complex	 formation	of	EF-Tu	and	aminoacyl-tRNA.	a,	 Cocrystal	 structure	of	 a	 ternary	 complex	
(PDB	 ID:	 1TTT)8.	 The	 charged	Phe	 is	 represented	by	 red	 spheres.	b,	 Two	binding	 sites	between	EF-Tu	and	
aminoacyl-tRNA.	c,	Compensatory	relationship	between	affinities	at	the	two	binding	sites,	which	contributes	
to	the	equivalent	affinity	between	EF-Tu	and	each	of	20	proteinogenic	aminoacyl-tRNAs. 	
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1.2.4. Decoding of the A-site codon 

During decoding of the A-site codon, the anticodon loop interacts with some rRNA nucleosides as well as the 

codon so that a fixed anti-parallel duplex between codon and anticodon is formed13,15,50. Due to the fixed 

conformation, the first and second base pairs (N1-N36 and N2-N35) are restricted to only Watson-Crick type base pairs 

(i.e. U-A, G-C, A-U, and C-G). In contrast, the base interaction between the third codon nucleotide and the first 

anticodon nucleotide (N3-N34) tolerates extended geometries including the Wobble base pairs such as G-U and 

U-G51. Furthermore, the 34th tRNA nucleotide exhibits a variety of nucleoside modifications, which leads to a 

complex variety of N3-N34 base pairs (Fig. 9)52-54. As the modified anticodon often recognizes multiple codons via 

the ‘extended’ Wobble base pairs, all of 61 sense codons can be recognized by fewer numbers of tRNAs (around 45 

tRNAs in case of E. coli)55. The 37th tRNA nucleotide is also often possess post-transcriptionally modifications54,56. 

The modifications at the 34th and 37th nucleotides synergistically help to pre-order the anticodon loop conformation 

so that it can fit to the decoding center with subtle structural change57,58. The modifications also contribute to the 

reading frame maintenance35. Surprisingly, it has been reported that reconstituted in vitro translation systems 

composed of several in vitro transcribed tRNAs that lack nucleoside modifications can synthesize polypeptides59-63. 

Therefore, the tRNA modifications are not essential for translation reaction. 

 

 
	
Figure	 9.	 Redundant	 decoding	 rule	 via	 expanded	 Wobble	 base	 pairing.	 The	 relationships	 between	
anticodons	and	their	corresponding	codons	are	represented	by	lines.	As	illustrated,	the	61	sense	codons	are	
decoded	 by	 around	 42	 anticodons	 via	 expanded	 Wobble	 base	 pairing.	 This	 decoding	 rule	 is	 based	 on	 a	
previous	report55. 	
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1.3. Methods to synthesize nonproteinogenic aminoacyl-tRNAs 

In native translation system, a fixed variety of 20 proteinogenic amino acids (pAAs) are generally used as the 

building blocks. Beyond this nature’s limitation, artificial engineering of translation machinery has allowed for the 

ribosomal synthesis of polypeptides containing nonproteinogenic amino acids (npAAs), which have been applied 

widely to chemical biology and pharmacology. For example, the synthesis of proteins containing site-specific 

post-translational modifications, crosslinkers, optical probes, or controllable protective groups has facilitated the 

studies of protein structures and functions64-66. Also, it also facilitates the development of chemically modified 

“nonstandard” peptide drugs with improved pharmacological properties67. The incorporation of npAA into a nascent 

polypeptide is achieved in two steps: (1) synthesis of nonproteinogenic aminoacyl-tRNA (npAA-tRNA) and (2) 

engineering of the genetic code so that the code of some codons is reprogrammed to designate npAA incorporation 

(as described in the next section 1.4). The methods to synthesize npAA-tRNAs include (i) chemical modification of 

pAA-tRNAs68,69, (ii) npAA ‘mischarge’ by endogenous AARSs70,71, (iii) chemical synthesis of npAA-dinucleotides 

followed by its enzymatic ligation to tRNAs72,73, (iv) npAA charge by engineered AARSs74,75, (v) npAA charge by 

an artificial aminoacylation ribozyme ‘flexizymes’76,77. Among these methods, this section focuses on two methods: 

(iv) npAA charge by engineered AARSs, which is the most general method applicable to both in vivo and in vitro 

translation, and (v) npAA charge by flexizymes, which is a versatile method applicable to in vitro translation. 
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1.3.1. npAA-tRNA synthesis by engineered AARSs 

Living organisms typically use 20 orthogonal pairs of tRNA-AARS. If a novel exogenous AARS-tRNA pair 

specific to npAA could be introduced into a living organism, an npAA-tRNA can be generated in addition to the 

original set of 20 pAA-tRNAs (Fig. 10). The exogenous AARS-tRNA pair must fulfill two requirements. First, the 

exogenous AARS should selectively charge specific npAA to the exogenous tRNA, and it should not recognize any 

of 20 pAAs and endogenous tRNAs. Second, the exogenous tRNA should be recognized only by the exogenous 

AARS, not by any of endogenous AARSs. Such an ‘orthogonal’ AARS-tRNA pair specific to npAA has been 

established generally by three-step engineerings74,75,78: (1) an exogenous archaeal (or eukaryotic) AARS-tRNA pair 

is introduced into bacterial E. coli. Two dominantly-used examples are TyrRS-tRNA pair from Methanocaldococcus 

jannaschii and pyrrolysine (Pyl)-specific PylRS-tRNA pair from Methanosarcina barkeri. (2) As the exogenous 

tRNA is not completely unreactive to E. coli’s endogenous AARSs, several tRNA nucleotides are mutated to avoid 

the acylation with pAA. (3) The exogenous AARS is also mutated so that it specifically recognizes the npAA as 

substrates using molecular evolution approaches. It should be noted that the scope of applicable npAAs is limited to 

the analogs of original AARS substrate (i.e. Tyr analogs in case of TyrRS-tRNA pair from Methanocaldococcus 

jannaschii and Pyl analogs in case of PylRS-tRNA pair from Methanosarcina barkeri). 

 

 
	
Figure	10.	Expansion	of	 the	amino	acid	repertoire	by	 introduction	of	an	orthogonal	 tRNA-AARS	pair	
specific	 to	 npAA.	 a,	 Schematic	 illustration	 of	 a	 canonical	 pAA-tRNA	 synthesis	 by	 an	 endogenous	 AARS.	b,	
Addition	of	an	npAA	as	a	substrate	by	introduction	of	an	exogenous	tRNA-AARS	pair	specific	to	an	npAA.		 	
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1.3.2. npAA-tRNA synthesis by flexizymes 

Flexizymes (flexible tRNA-acylation ribozymes) are artificially developed ribozymes that allow for synthesis 

of npAA-tRNA using a chemically activated npAA as substrate76,77,79 (Fig. 11a). The substrate tolerance of 

flexizymes is versatile: (1) As flexizymes recognize only the common 3′-terminal CCA end of a tRNA (Fig. 11b), it 

can charge any desired tRNAs regardless of the body sequence. (2) Flexizymes can charge virtually any desired 

npAA without any structural restrictions. It has been demonstrated that flexizymes are compatible with over 100 

different npAAs including N-methyl-amino acids, N-acyl-amino acid, α-hydroxy-acids, D-amino acids, β-amino 

acids, oligopeptides, and a vast array of npAAs with unnatural side-chains80. Currently, three types of flexizymes are 

utilized (Fig. 11a)76,81: (1) dFx (dinitro-flexizyme) charges npAAs activated with a 3,5-dinitrobenzyl ester 

(DBE) regardless of the side-chain structure. (2) eFx (enhanced flexizyme) charges npAAs with 

aromatic side-chain activated with a cyanomethyl ester (CME). As the acylation efficiency of eFx is 

generally higher than dFx, it is preferable to use eFx for npAAs that possess aromatic side-chains. (3) 

aFx (amino flexizyme) charge npAAs activated with a 4-[(2-aminoethyl)carbomyl]benzyl thioester 

(ABT) regardless of the side-chain structure. aFx is especially useful for water-insoluble npAA as the 

ABT activation improves its water solubility. Accordingly, the best flexizyme can be chosen based on 

the npAA side-chain and solubility. 
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Figure	 11.	 Synthesis	 of	 npAA-tRNA	 by	 flexizymes.	 a,	 Schematic	 illustration	 of	 npAA-tRNA	 synthesis	 by	
flexizymes.	The	catalytic	domain	sequences	of	dFx,	eFx,	and	aFx	are	represented.	b,	Crystal	structure	of	 the	
flexizyme-tRNA	minihelix	fusion	(PDB	ID:	3CUL)79.	The	minihelix	mimics	the	structure	of	acceptor	stem	and	
D-arm	of	a	tRNA.	
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1.4. Methods to assign npAAs in the genetic code 

In the genetic code, all of 64 codons are used in native translation system: 61 sense codons designate specific 

pAA incorporation whereas 3 stop codons designate termination of nascent polypeptide synthesis. Therefore, there 

is no remaining codon (i.e. vacant codon) that can be used specifically for npAA incorporation. To overcome this 

problem, researchers have developed three methods to engineer the genetic code: (1) stop codon suppression, (2) 

four-base codon suppression, and (3) genetic code reprogramming. 

 

1.4.1. Stop codon suppression 

In the stop codon suppression method74,82,83, npAA is incorporated in response to a stop codon by means of 

npAA-tRNA that possesses the corresponding anticodon (Fig. 12). This stop codon-based method has a drawback 

that the desired npAA incorporation is competed with the termination reaction by a release factor(s). Recently the 

competition issue was overcome by the deletion of release factor one, which improved the synthetic efficiency and 

accuracy of full-length polypeptide containing one or two kinds of npAAs84-87. However, the number of assignable 

npAA by this method is limited up to two because only two of the three stop codons can be used for npAA 

incorporation at a time. 

 

 
	
Figure	12.	 Incorporation	of	an	npAA	by	stop	codon	suppression	method.	The	desired	 incorporation	of	
npAA	in	response	to	UAG	stop	codon	leads	to	synthesis	of	full-length	polypeptide.	This	reaction	occurs	under	
competition	with	polypeptide	termination	by	means	of	RF1.	 	
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1.4.2. Four-base codon suppression 

In the four-base codon suppression method88-90, npAA is incorporated in response to a four-base codon by 

npAA-tRNA that possesses the corresponding four-base anticodon (Fig. 13). For example, an AGGU codon, 

designed based on a rare AGG codon, is decoded by npAA-tRNAACCU under the competition with endogenous 

Arg-tRNACCU and Arg-tRNAmnm5UCU (mnm5U: 5-methylaminomethyluridine). The decoding of the four-base codon 

by npAA-tRNAACCU causes a programmed frameshift that yields the full-length polypeptide, whereas undesired 

decoding by endogenous Arg-tRNAs results in termination of translation by a downstream stop codon. As the 

general problem of this method, the competition with endogenous aminoacyl-tRNAs leads to decrease in translation 

efficiency and accuracy. Due to this problem, it is difficult to incorporate multiple distinct npAAs simultaneously, 

and the best case thus far is incorporation of three npAAs with a substantially decrease in the expression level91. 

 

 

	
Figure	13.	Incorporation	of	an	npAA	by	four-base	codon	suppression	method.	While	the	decoding	of	the	
four-base	 codon	 by	 npAA-tRNAACCU	 causes	 a	 programmed	 frameshift,	 undesired	 decoding	 by	 endogenous	
Arg-tRNAs	results	in	termination	of	translation	by	a	downstream	stop	codon.	
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1.4.3. Genetic code reprogramming method 

In contrast to the two methods described above, the genetic code reprogramming method59,60,92 allows for 

simultaneous use of multiple distinct npAAs by assigning them to vacant codons that are created by excluding some 

pAAs and the corresponding AARSs from a reconstituted cell-free translation system32 (Fig. 14). For example, the 

omission of Phe makes the corresponding UUU/UUC codons vacant, which can be used for the npAA assignment 

by means of npAA-tRNAGAA. However, this method has shortcomings that (1) some of 20 pAAs become 

unavailable for polypeptide synthesis and (2) the variety of building blocks is still restricted to 20 (or less than 20 in 

practice). 

 

 
	
Figure	 14.	 Encoding	 npAAs	 by	 genetic	 code	 reprogramming	 method.	 In	 contrast	 to	 a	 canonical	
translation	system	containing	20	pAAs,	the	genetic	code	reprogramming	system	contains	reduced	repertoire	
of	pAAs	along	with	precharged	npAA-tRNAs.	The	reprogrammed	genetic	code	achieved	in	a	previous	research	
is	represented	as	an	example93.	
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1.5. Methods to improve the synthetic efficiency of polypeptides containing suboptimal npAA substrates 

Considering that the native translation system has evolved to utilize 20 pAAs, it is a surprising fact that 

ribosome exhibits a vast substrate tolerance for hundreds of different npAAs64,94. As expected, the synthetic 

efficiency of npAA-containing polypeptides is generally less than canonical polypeptides, and some npAAs, 

especially for npAAs with huge and/or charged side-chains, cannot be incorporated at all. There are four possible 

obstacles for the npAA incorporation (Fig. 15). First, the npAA-tRNA might not bind to EF-Tu, which leads to 

inefficient delivery of npAA-tRNA into ribosome. Second, the decoding of noncanonical codons such as stop 

codons and four-base codons might be inefficient, which might hinder the accommodation of npAA-tRNA. Third, 

the peptidyl transfer reaction might be hindered when an npAA is involved, which could lead to inefficient peptide 

chain elongation. Fourth, the npAA-containing nascent polypeptide might not go through the exit tunnel, which 

would result in arrest or complete stop of translation reaction. To overcome these problems, researchers have further 

engineered translation systems including (1) EF-Tu mutation, (2) use of another tRNA for npAA delivery, (3) 

ribosome evolution, and (4) npAA engineering. These contrivances have successfully improved the synthetic 

efficiencies of npAA-containing polypeptides and expanded the scope of available npAAs. 

 

 
	
Figure	15.	Four	possible	obstacles	for	the	synthesis	of	npAA-containing	polypeptides.	 	
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1.5.1. EF-Tu mutation 

When an npAA-tRNA binds to EF-Tu, the npAA moiety is accommodated into a pocket composed of EF-Tu 

residues (Fig. 16a). In some cases, steric or electrostatic repulsion between npAA and the pocket residues hinders 

their complex formation. In such a case, expansion of the pocket space could allow for the binding of npAA-tRNA. 

For example, E215A or D216A mutations has successfully achieved EF-Tu-mediated delivery and subsequent 

polypeptide synthesis containing npAA with bulky side-chains such as L-1-naphtylalanine, L-2-pyrenylalanine, and 

fluorescent ε-N-Bodipy576/589-lysine49,95 (Fig. 16b). In another example, a polypeptide containing 

O-phosphoserine (Sep) was successfully synthesized by mutating the pocket residues so that the electrostatic 

repulsion could be diminished (as the result of molecular evolution approach)96,97. 

 

1.5.2. Use of another tRNA for npAA delivery 

Along with the above EF-Tu mutation strategy, the insufficient EF-Tu affinity could be reinforced by using 

another tRNA that binds to EF-Tu more strongly. For example, the use of tRNAAla and tRNAGlu instead of tRNAPhe 

and tRNAAsn, respectively, enabled npAA-tRNAs to bind to EF-Tu and improved their incorporation efficiencies61,98. 

It should be noted that this method using the body sequences of native tRNAs, such as tRNAAla and tRNAGlu, is 

applicable only when the corresponding pAAs are excluded from a reconstituted translation system, which strictly 

limits its application scope. In another example, the molecular evolution of tRNA body sequence was conducted99, 

in which a sequence-randomized tRNA library was prepared and the tRNAs that can deliver the npAA efficiently 

can be selectively recovered. As the result, the incorporation efficiencies of p-benzoylphenylalanine and 

o-nitrobonzyltyrosine were successfully improved by 20-fold although the mechanism of improvement has not been 

elucidated. 

 
	
Figure	16.	Improvement	of	npAA	incorporation	efficiencies	by	EF-Tu	mutation.	a,	Structure	of	the	EF-Tu	
pocket	accommodating	charged	phenylalanine	of	Phe-tRNAPhe	(PDB	ID:	1TTT)8.	Some	of	these	EF-Tu	residues	
are	mutated	 so	 that	 it	 can	 accommodate	 bulky	 side-chains	 of	 npAAs.	b,	 Examples	 of	 npAAs	 that	 could	 be	
incorporated	into	nascent	polypeptides	by	EF-Tu	mutation	strategy.   
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1.5.3. Ribosome evolution 

In order to improve synthetic efficiency of npAA-containing polypeptide, researchers have engineered rRNA 

sequences that consist either the decoding center or the peptidyl transferase center via molecular evolution strategy. 

The engineering of decoding center includes the development of mutated ribosomes named ribo-X and ribo-Q that 

can efficiently incorporate npAAs in response to stop and four-base codon, respectively83,90 (Fig. 17a). The 

engineering allowed for incorporation of two distinct npAA in a protein and intramolecular Click reaction between 

the two npAAs (p-azido-L-phenylalanine and N6-[(2-propynyloxy)carbonyl]-L-lysine)90. Whereas, the engineering 

of peptidyl transferase center, has successfully improved incorporation efficiencies of D-amino acids and β-amino 

acids100,101 (Fig. 17b). 

 

	
	
Figure	17.	Ribosome	evolution	 for	 efficient	 incorporation	of	 npAAs.	 a,	Decoding	 center	 of	 a	 ribosome	
(PDB	 ID:	2J00,	2J01)102.	The	 codon	and	anticodon	nucleosides	are	 represented	as	 stick	 image,	whereas	 the	
rRNA	nucleosides	mutated	as	a	result	of	ribosome	evolution	are	represented	in	purple.	b,	Peptidyl	transferase	
center	of	a	ribosome	(PDB	ID:	2WDK,	2WDL)20.	Some	of	 these	rRNAs	are	mutated	to	 improve	the	synthetic	
efficiency	of	polypeptides	containing	npAAs.  
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1.5.4. npAA engineering 

Another approach to expand the scope of applicable npAAs is to chemically or enzymatically convert the 

npAA structure after translation reaction. For example, the synthesis of polypeptides containing charged 

N-alkyl-amino acids has been achieve by post-translational chemical conversion from the charge-masked npAAs to 

charged side-chains103. For example, azide and ester groups can be converted to amino and carboxylic acid groups, 

respectively (Fig. 18a and b). This method is practical because the direct incorporation of the charged N-alkyl-amino 

acids is incapable104. Similarly, polypeptides containing npAAs with either alkyne or azide groups allow for 

post-translational side-chain modification by Click reaction, which can extensively expand the scope of 

modification structures66,105 (Fig. 18c). 

 

	
	
Figure	 18.	 Post-translational	 conversion	 of	 npAA	 structure.	 a,b,	Post-translational	 formation	 of	 amino	
group	(a)	and	carboxylic	acid	group	(b).	c,	Post-translational	side-chain	modification	by	Click	chemistry.	
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1.6. Development of nonstandard macrocyclic peptide drugs 

The use of npAAs has enabled us to create a variety of innovative biotechnologies, among of which our 

laboratory focuses on development of selection technologies to discover chemically modified peptide-based drugs 

with improved pharmacological properties by the use of npAAs. 

 

1.6.1. Small-molecule drugs and protein-based drugs 

In drug development studies, small molecules and proteins are dominantly used as the molecular bases106,107. 

These two classes of molecules exhibit the opposite advantages and disadvantages in respect of binding properties 

and membrane permeability. Regarding binding properties, small molecules can bind only to pockets or clefts of 

target proteins in general (Fig. 19a), which limit the range of targetable proteins: only ~10% of proteins are 

estimated to be targetable by small molecules108,109. In contrast, protein-based drugs can bind to surface of target 

proteins with large area (Fig. 19a), which improves their binding affinity, selectivity, and the range of targetable 

proteins110. In the aspect of membrane permeability, most small molecules that satisfy the Lipinski’s rule of five can 

penetrate cell membrane passively111, and therefore they are orally available and can target both intracellular and 

extracellular proteins (Fig. 19b). In contrast, protein-based drugs are not membrane permeable, and therefore they 

need to be taken by injection and can target only extracellular proteins (Fig. 19b). 

 

1.6.2. Noncanonical structures observed in natural bioactive peptides 

Peptide-based molecules could combine the large-surface binding of protein-based drugs and the membrane 

permeability of small molecules. In fact, living organisms synthesize such bioactive peptides67,112,113. Fig. 19c 

represents some examples of clinically available peptide-based drugs that have been developed from naturally 

occurring bioactive peptides. Notably, these practical peptide drugs possess common nonproteinogenic features: 

macrocyclic structure, backbone N-methylation, D-configuration, and nonproteinogenic side-chains. These structural 

characteristics confer structural rigidity, high target-binding affinity, membrane permeability, and resistance to 

enzymatic degradation, which lead to improved pharmacokinetics properties114-124. 
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Figure	 20.	 Three	 classes	 of	 drug	molecules.	 a,	Comparison	 between	 small	molecules	 and	 protein-based	
drugs	in	respect	of	target-binding	property.	b,	Comparison	between	small	molecules	and	protein-based	drugs	
in	respect	of	cell-membrane	permeability.	c,	Examples	of	clinically	available	peptide-based	drugs.	 	
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1.6.3. Selection strategies to discover novel peptide drugs 

Peptide-based drug scaffolds are attractive because peptides can bind to target proteins with large surface area, 

which achieves high binding affinity and selectivity. Also, small peptides have a potential to penetrate cell 

membrane passively, which is impossible for larger protein-based drugs. Due to such appealing properties of 

peptide-based drugs, researchers have developed screening technologies, such as mRNA display125,126, in which 

target-binding peptides can be selectively recovered from a mass population of sequence-randomized peptide library. 

In predominant cases, peptide libraries are prepared by ribosomal synthesis because this method can yield a huge 

diversity of sequence-randomized peptides that overwhelms that of chemical peptide synthesis (Typically 1012, 109, 

and 106 diversity in case of in vitro translation, phage-based expression, and chemical synthesis, respectively). 

Although potent peptide binders have been successfully discovered by the screening methods, it is still 

challenging to develop practical peptide drugs with sufficient pharmacokinetic properties: First, canonical peptides 

composed of 20 pAAs are instable against enzymatic degradation and cannot retain their structures in human blood 

or organs. Second, canonical peptides are not cell-membrane permeable in general due to its rich hydrogen bonding 

property, and therefore it is difficult to develop orally available peptide drugs or peptide drugs that target 

intracellular proteins. In this context, it is preferable to develop peptide drugs with chemical modifications that 

improve their pharmacokinetic properties. 

To overcome these problems, Suga’s group has developed the engineered translation system, named FIT 

(Flexible In vitro Translation) system, to ribosomally synthesize ‘nonstandard’ peptides with noncanonical scaffolds 

that mimic the characteristics of naturally occurring bioactive peptides77,92,104,127-129. The FIT system relies on a 

reconstituted E. coli cell-free translation system32 supplemented with npAA-tRNAs prepared by 

flexizyme-catalyzed aminoacylation. Owing to the flexizyme’s versatility, the FIT system has successfully expresses 

nonstandard peptides containing N-methyl-amino acids, D-amino acids, unnatural side-chains, and macrocyclic 

structure. Furthermore, they combined the FIT system with the mRNA display method and have discovered 

nonstandard peptide-based drugs with potent binding properties93,130-136. The selection system named RaPID 

(Random nonstandard peptides integrated discovery), in brief, consists of the following manipulations (Fig. 20a). (1) 

A sequence-randomized DNA library is prepared by primer extension and PCR. (2) An mRNA library is synthesized 

by in vitro transcription of the DNA library. (3) An npAA-containing peptide library is synthesized by means of the 

FIT system. The synthesized peptides are covalently linked to their mRNA templates via puromycin linker. The 

peptide can be macrocyclized by spontaneous	 reaction	 between	 the	 N-terminal	 chloroacetyl	 group	 and	

downstream	 cysteine	 thiol	 (Fig.	 20b). (4) The target-binding peptides are recovered using a target protein 

immobilized to a solid phase. (5) The mRNAs covalently attached to the recovered peptides are amplified by reverse 

transcription, PCR, and in vitro transcription. This cycle of RaPID selection is repeated typically 4–6 times, and the 

sequences of target-binding peptides are identified by DNA sequencing. To date, RaPID screening technology has 

yielded nonstandard peptides that can bind to over 20 proteins with high affinities (low nM Kd). 
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Figure	 21.	 Schematic	 illustration	 of	 peptide	 selection	 by	 the	 RaPID	 system.	 a,	Manipulations	 of	 the	
RaPID	 system.	b,	 Formation	 of	 the	macrocyclic	 structure	 by	 spontaneous	 reaction	 between	 the	N-terminal	
chloroacetyl	group	and	downstream	cysteine	thiol.	
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1.6.4. Examples of macrocyclic nonstandard peptides discovered by the RaPID system 

Here I describe three examples of peptide drugs discovered by the RaPID system. The first example is 

macrocyclic peptide inhibitors of a deacetylase named SIRT2131,132 (Fig. 21a). These peptides contain 

ε-N-trifluoroacetyllysine as a mechanism-based warhead: the noncanonical side-chain mimicking the canonical 

substrate (i.e. acetyllysine) directly binds to the catalytic pocket of SIRT2 and inhibits its activity, as demonstrated 

by X-ray crystallography of the complex. Interestingly, the peptide has a rigid structure via multiple intra-molecular 

hydrogen bonds and exhibits several nM of Kd and IC50 with 10-fold selectivity against SIRT1 and SIRT3. 

The second example is macrocyclic peptides that work as co-crystallization probe of a MATE multidrug 

transporter derived from P. furiosus (PfMATE)133,135 (Fig. 21b). Also in this case, the discovered peptides possessed 

multiple intra-molecular hydrogen binds, which facilitated their stable settlement inside the cleft of PfMATE. The 

peptides successfully improved the resolution by fixing the PfMATE conformation, and also they gave insights into 

the mechanism of multidrug transporter. 

The third example is macrocyclic peptide-based PPI (protein-protein interaction) inducer136 (Fig. 21c–e). In 

living organisms, HGF (hepatocyte growth factor) transmits its signal by dimerizing PTKs (receptor tyrosine 

kinases) named Met. Mimicking this mechanism, Ito et al. developed Met-binding macrocyclic peptides and 

synthesized the homodimer of peptides with covalent linkers. This dimer-macrocycle could dimerize two Met 

receptors and successfully activated their downstream signal transduction. 
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Figure	22.	Examples	of	bioactive	nonstandard	peptides	discovered	by	 the	RaPID	system.	a,	Cocrystal	
structure	of	SIRT2	and	its	inhibitor	macrocyclic	peptide	(S2iL5)	(PDB	ID:	4L3O)132.	b,	Cocrystal	structure	of	
PfMATE	and	a	macrocyclic	peptide	(MaD5)	that	works	as	a	co-crystallization	probe	(PDB	ID:	3VVR)133.	c–e,	
Receptor	activation	by	homodimer	macrocyclic	peptides	with	a	covalent	linker.	The	inactive	Met	receptor	(c)	
is	 activated	 by	 HGF-mediated	 dimerization	 (d).	 The	 peptide-based	 dimer-macrocycle	 can	 mimic	 this	
activation	mechanism	and	transmit	the	downstream	signaling	(e). ‘P’ represents the phosphorylation of tyrosine 
residues. The phosphorylated receptor can interact with other intra-cellular proteins, which transmit the downstream 
signaling. 
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1.7. Limitations of the conventional engineered translation systems.  

Although the use of engineered translation systems including the FIT system enabled us to synthesize 

nonstandard peptides containing a couple of npAAs, the conventional methods still have limitations in repertoire of 

building blocks (i.e. pAAs and npAAs) that can be used simultaneously93. Therefore, it is still challenging to 

synthesize highly modified nonstandard peptides like cyclosporine that contains multiple distinct npAAs. 

Accordingly, we cannot discover peptide drugs with sufficient pharmacokinetic characters such as cell-membrane 

permeability and proteolytic resistance in most cases. 

More specifically, the conventional engineered translation systems have methodological limitations as follows: 

(1) Accurate synthesis of a polypeptide containing more than two npAAs can be achieved only when several 

proteinogenic amino acids are excluded from in vitro translation systems to create vacant codons assignable for 

npAAs, resulting in the decreased building block repertoire93. (2) Even when such an engineered translation system 

is used, it is impossible to efficiently synthesize polypeptides containing many kinds of N-methyl amino acids 

(MeAAs) due to an unspecified translational disorder. In this context, there is a need to develop in vitro translation 

systems enabling (1) expansion of the building block repertoire by utilizing multiple npAAs in addition to the 20 

proteinogenic ones and (2) the synthesis of nonstandard peptides containing a variety of MeAAs. As the Ph.D. degree 

research, I studied to develop these two kinds of engineered translation systems. 
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2.1. Introduction 

Ribosomal synthesis of the small peptides composed of both proteinogenic and nonproteinogenic amino acids 

(pAAs and npAAs, respectively) has revolutionized drug discovery and chemical biology67,137-140. For example, 

thioether-macrocyclic peptides, including N-methyl-peptides, that strongly and selectively bind to target proteins 

have been discovered93,130,131,133 by the RaPID (Random nonstandard peptides integrated discovery) system that 

combined an mRNA display method125,126 with an in vitro translation method, named FIT (flexible in vitro 

translation) system77,79,92,104,127-129. The FIT system relies on a reconstituted E. coli cell-free translation system32 

supplemented with the E. coli total tRNA mixture and synthetic tRNA molecules charged with npAAs by 

flexizyme-catalyzed aminoacylation92. As all the 64 codons in the genetic code are assigned to 20 kinds of pAAs 

and three stop signals, vacant codons for npAAs have been prepared by omitting a few pAAs and their specific 

aminoacyl-tRNA synthetases (AARSs) from the reaction mixtures59,60,77. Therefore, there has been a contradiction 

that increasing the number of npAAs assigned decreases the number of pAAs assigned from the standard 20. 

One of alternative approaches to expand the amino acid repertoire is the stop codon suppression method. In 

this method, a stop codon, such as UAG amber codon, designates the incorporation of npAA by means of 

npAA-tRNACUA
74,82. However, the number of assignable npAAs in this method should still be limited to two 

because only two of the three stop codons can be overwritten at a time. A method of programmed frameshift 

suppression using four-base codons is another alternative to or can be combined with the stop codon suppression 

method for the incorporation of a few kinds of npAAs88-91. Although the method of programmed frameshift 

suppression conceptually enables us to encode more than two npAAs, the best and single case thus far reported is 

that three npAAs are incorporated simultaneously with a substantial decrease in the expression level because of the 

competitive misincorporation of pAAs by certain endogenous pAA-tRNAs91. Collectively, the methods of genetic 

code expansion mentioned above have a severe limitation on the number of assignable npAAs. Accordingly, there is 

a need to reconstitute the translation system in vitro to overcome this limitation as well as the contradiction 

mentioned above.  
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To encode multiple npAAs without sacrificing any of the 20 pAAs, I aimed to reprogram multiple sense 

codons. Although as many as 61 codons can code for specific amino acids, only 20 pAAs are generally assigned to 

these codons (Fig. 22a–c). This means that many codons are redundantly used for the assignment of the same amino 

acids. In E. coli and most other organisms, fewer than 45 types of tRNAs are used33, and therefore some tRNA 

species decode multiple cognate codons via ‘expanded’ wobble base pairing mechanisms35,51,141 (Fig. 22d). For 

example, in case of the Val codon box, two species of tRNAVal
NAC are responsible for decoding the GUU, GUC, 

GUA, and GUG codons (Fig. 23a, Val). The tRNAVal with GAC anticodon decodes two Val codons (GUU and 

GUC); the tRNAVal with cmo5UAC (cmo5U: 5-oxyacetic acid) anticodon decodes all four Val codons. In the case of 

arginine tRNAArg
NCG, the tRNAArg with ICG (I: inosine) anticodon decodes three Arg codons (Fig. 23a, Arg); the 

tRNAArg with CCG anticodon decodes a single codon, CGG. Evolution of the translation system has made the 

sophisticated decoding mechanism and it has achieved the high accuracy in translation reaction. An intriguing 

question is whether it is capable to reduce the redundancy of the genetic code and create vacant codons that can be 

used for the reassignment of npAAs. 

Here, I report a conceptually new method to encode multiple distinct npAAs and the full set of pAAs by 

reducing the redundancy of the genetic code, referred to as the ‘artificial division of codon boxes’. To achieve this, I 

first supplemented a native tRNA-free in vitro translation system with 32 in vitro transcripts of tRNASNN (S = G or 

C) (FIT-32t system). These 32 tRNA transcripts can be charged with 20 pAAs by endogenous AARSs and 

independently decode the corresponding 31 NNS elongation codons as well as the AUG initiation codon, which 

covers the assignment of 20 pAAs (Fig. 23b). As 19 of these tRNASNN molecules redundantly assign eight pAAs to 

the corresponding NNS codons, it is capable to omit some of the redundant tRNASNN’s from the FIT-32t system and 

replace them with the corresponding tRNAAsnE2
SNN’s, which have a body sequence orthogonal to endogenous 

AARSs77,93,127. When these tRNAAsnE2
SNN’s are pre-charged with different npAAs (Fig. 22e) by flexizymes, the 

corresponding codons can be reassigned to npAAs without abandoning any of 20 pAAs (Fig. 23c and 24). I have 

utilized this methodology to assign three distinct npAAs to the vacant codons and demonstrated the expression of a 

32-mer peptide composed of 23 building blocks (three npAAs and the 20 pAAs) as well as a macrocyclic 

N-methyl-peptide that inhibits a ubiquitin ligase E6AP93. Our results supported the idea that this new method can 

replace the conventional method for constructing macrocyclic N-methyl-peptide libraries for the discovery of 

bioactive ligands against drug targets. This is the first report on the extensive artificial division of codon boxes and 

the first step towards making the vacant codons for up to nearly a dozen of npAAs. 
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Figure	22.	Redundant	decoding	observed	in	native	translation	reaction.	a,	Synthesis	of	polypeptides	via	
translation	 of	mRNAs.	b,	 Schematic	 illustration	 of	 ribosomal	 polypeptide	 synthesis	where	 tRNA	 brings	 the	
specific	amino	acid	in	response	to	the	corresponding	codon.	The	anticodon	sequence	of	a	tRNA	decodes	the	
corresponding	codon	by	forming	base	pairs.	c,	The	genetic	code.	61	sense	codons	code	for	20	proteinogenic	
amino	acids	redundantly.	d,	The	redundant	and	complex	decoding	by	native	tRNAs	via	expanded	Wobble	base	
pairing.	As	 illustrated,	most	native	 tRNAs	decode	multiple	codons.	Filled	and	empty	circles	 indicate	codons	
and	tRNAs,	respectively.	The	corresponding	anticodons	are	represented	in	Fig.	9.	e,	npAAs	used	in	this	study.	
MeY:	 N-methyltyrosine,	 MeS:	 N-methylserine,	 IodoF:	 p-iodophenylalanine,	 AcK:	 ε-N-acetyllysine,	 Cit:	 citrulline,	
ClAcDW:	N-chloroacetyl-D-tryptophan,	MeF:	N-methylphenylalanine,	MeG:	N-methylglycine.	 	
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Figure	 23.	 Schematic	 illustration	 of	 artificial	 division	 of	 codon	 boxes.	 a,	 The	 genetic	 code	 of	 a	 native	
translation	 system.	 The	 Val,	 Arg	 and	 Gly	 family	 codon	 boxes	 are	 decoded	 by	 several	 native	 tRNAs	 via	
Watson-Crick	or	wobble	base	pairings	as	illustrated.	b,	A	genetic	code	reprogrammed	in	the	FIT-32t	system.	
In	this	system,	native	tRNAs	are	replaced	with	32	in	vitro	tRNA	transcripts	that	decode	31	NNS	sense	codons	
along	with	the	AUG	initiation	codon.	c,	A	reprogrammed	genetic	code	with	reduced	redundancy	that	enables	
the	assignment	of	three	distinct	npAAs	in	addition	to	20	pAAs.	The	Val,	Arg,	and	Gly	codon	boxes	are	divided	
artificially	 by	 replacing	 the	 redundant	 tRNAValGAC,	 tRNAArgGCG,	 and	 tRNAGlyGCC	with	 three	npAA-tRNAEnAsnGNN’s	
prepared	by	flexizyme-mediated	aminoacylation.	The	UAG	stop	codon	is	vacant	in	this	study	because	RF1	is	
omitted	in	the	FIT	system.	The	UAA	and	UGA	codons,	however,	designate	termination	by	means	of	RF2.	 	
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Figure	24.	Methods	to	charge	npAA	and	pAA	to	tRNAs.	a–c,	Artificial	division	of	Val	codon	box.	tRNAAsnE2GAC	
is	 charged	with	npAA	by	means	of	 flexizymes,	 and	 the	 resultant	 pre-charged	npAA-tRNA	 is	 added	 into	 the	
translation	mixture	(b),	whereas	tRNAValCAC	is	charged	with	Val	by	ValRS	in	situ	during	translation	reaction	(c).	
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2.2. Results and discussion 

2.2.1. Accurate decoding by in vitro tRNA transcripts 

To achieve our goal of ‘artificial division of codon boxes’, I first tested whether the respective 32 in vitro 

tRNASNN transcripts could decode the corresponding codons and incorporate the specific pAAs with sufficient 

efficiency and accuracy. This examination was required because the use of tRNA transcripts lacking 

post-transcriptional nucleoside modifications could lead to inefficiency or inaccuracy in acylation and/or decoding 

steps (Fig. 25). The respective tRNASNN’s with representative naturally occurring body sequences were prepared by 

in vitro transcription (Supplementary results 2.4.1). Among these 32 tRNASNN’s, tRNAIni
CAU transcript decodes the 

initiation AUG codon whereas the other 31 tRNASNN transcripts, including tRNAMet
CAU, decode the NNS elongation 

codons except for the UAG stop codon. 

 

 

 
	
Figure	25.	Possible	obstacles	due	to	the	use	of	tRNA	transcripts	that	lack	nucleoside	modifications.	a,	
The	correct	activities	of	native	 tRNAs	containing	post-transcriptional	nucleoside	modifications.	These	 tRNA	
modifications	 contribute	 to	 the	 efficient	 and	 accurate	 reaction	 during	 acylation	 and	 decoding	 steps.	 b,	
Possible	 problems	 of	 tRNA	 transcripts.	 As	 in	 vitro	 transcribed	 tRNAs	 do	 not	 contain	 any	 nucleoside	
modifications,	their	activities	during	acylation	and	decoding	might	become	inefficient	or	inaccurate.	
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The activities of 32 tRNA transcripts were examined by expression of a series of short model peptides (Fig. 26a). 

The mRNA templates were designed to determine the peptide expression level by means of tricine-SDS-PAGE 

(autoradiographic detection of [14C]-Asp in the C-terminal FLAG peptide region), and accuracy of the decoding was 

evaluated by MALDI-TOF-MS (Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry) of 

translation products. To simplify the analysis, I prepared a ‘minimal’ FIT system that contained only four kinds of 

tRNA transcripts (tRNAIni
CAU, tRNATyr

GUA, tRNAAsp
GUC, and tRNALys

CUU) (Fig. 26b). 29 templates form the 

mRNA1NNS* set (Fig. 26a) were translated in the minimal FIT system supplemented with the corresponding tRNA 

transcript in appropriate concentration (Supplementary results 2.4.2) (Fig. 26b). In nearly all cases a single band that 

corresponded to the desired peptide was observed with similar expression levels, with exception in the Cys lane 

where multiple bands appeared due to disulfide bond formation with thiol-containing molecules. The activities of 

tRNAGlu
CUC and tRNAGly

CCC were confirmed using mRNA2NNS* templates instead of mRNA1NNS* (Fig. 26a,d). The 

mRNA sequences were changed because mRNA1NNS*’s sequence-dependent poor expression was observed even in 

the presence of E. coli native tRNA mixture, which could be solved by using mRNA2NNS* as templates (Fig. 26e).   
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Figure	26.	Decoding	by	the	minimal	FIT	system	composed	of	in	vitro	tRNA	transcripts.	a,	Sequences	of	
the	mRNA1NNS*	and	mRNA2NNS*	sets,	and	their	resultant	P1-pAA	and	P2-pAA	peptides.	‘(FLAG)’	represents	an	
mRNA	 sequence	 that	 codes	 for	 the	 FLAG	 peptide	 (DYKDDDDK).	 b,	 The	 minimal	 FIT	 systems	 used	 in	 this	
experiment.	 mRNA1NNS*’s	 and	 mRNA2NNS*’s	 containing	 an	 NNS*	 (S	 =	 G	 or	 C)	 codon	 at	 the	 fifth	 and	 sixth	
positions,	 respectively,	 were	 translated	 in	 the	 presence	 of	 in	 vitro	 transcripts	 of	 tRNAIniCAU,	 tRNATyrGUA,	
tRNAAspGUC,	tRNALysCUU,	and	tRNAs	that	decode	the	relevant	NNS*	codon.	c,d,	Confirmation	of	the	activities	of	in	
vitro	tRNA	transcripts	by	means	of	the	tricine-SDS-PAGE	analyses	of	P1(c)	and	P2(d)	peptides	synthesized	by	
the	minimal	FIT	systems.	Multiple	bands	are	generally	observed	when	a	peptide	containing	a	free	Cys	residue	
is	analyzed	by	tricine-SDS-PAGE,	which	result	from	disulfide	bond	formation	with	thiol-containing	molecules.	
e,	 Optimization	 of	 mRNA	 sequences	 containing	 GAG	 or	 GGG	 codon.	 In	 this	 experiment,	 mRNAs	 were	
translated	in	a	FIT	system	containing	E.	coli	total	tRNA.		 	
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Next, I designed two additional mRNA templates, mRNA3 and mRNA4 that fully covered all 31 elongator 

NNS codons, and expressed them in a FIT system that contained the 32 tRNASNN transcripts at their optimal 

concentrations, referred to as the FIT-32t system (Fig. 27). MALDI-TOF-MS of the peptide products expressed from 

the respective mRNAs (Fig. 27b,c) indicated the correct molecular weights of the desired peptides. Furthermore, a 

model peptide containing all of 20 pAAs was expressed in the FIT-32t system (Fig. 28a). The expression level was 

29% compared to the native tRNA control (Fig. 28b), and the accurate synthesis was confirmed by 

MALDI-TOF-MS of the peptide products (Fig. 28c). Based on these results, I concluded that the 32 in vitro 

tRNASNN transcripts are able to decode cognate codons accurately in the FIT-32t system. 

 

 

	
Figure	 27.	 Accurate	 decoding	 by	 32	 tRNA	 transcripts	 in	 the	 FIT-32t	 system.	 a,	 The	 FIT-32t	 system	
containing	optimal	concentrations	of	32	tRNA	transcripts.	b,c,	Accurate	decoding	of	every	31	NNS	elongator	
codons.	Peptide	products	expressed	in	the	FIT-32t	system	from	mRNA3	containing	16	NNC	sense	codons	(d)	
and	mRNA4	containing	15	NNG	sense	codons	(e)	were	analyzed	by	MALDI-TOF-MS.	
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Figure	28.	Demonstration	of	the	polypeptide	synthesis	with	20	pAA	repertoire	in	the	FIT-32t	system.	a,	
Sequences	 of	 the	 mRNA5	 and	 its	 resultant	 P5	 peptide.	 Arrows	 indicate	 the	 sequence	 connections.	 b,c,	
Expression	 of	 a	 model	 peptide	 containing	 all	 20	 pAAs	 in	 the	 FIT-32t	 system.	 The	 peptide	 products	 were	
analyzed	by	 tricine-SDS-PAGE	(b)	and	MALDI-TOF-MS	(c).	Native	 tRNAs:	1.5	mg/mL	of	E.	 coli	 total	 tRNA.	A	
part	of	these	data	is	reused	in	Fig.	35.	
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2.2.2. Demonstration of artificial division of a single codon box 

To realize the concept of artificial codon-box division, we attempted to divide the Val GUN codon box under 

the optimized translation condition (see Supplementary results 2.4.3 for the optimization experiments). We used 

mRNA1NNG and mRNA1NNC templates and assigned Val and N-methyltyrosine (MeY) to GUG and GUC codons, 

respectively (Fig. 29a). The assignment was achieved by the addition of either tRNAVal
CAC, which is in situ charged 

with Val by ValRS, or an orthogonal tRNAAsnE2
GAC pre-charged with MeY by enhanced flexizyme (eFx) catalysis92. 

As a positive control, mRNA1GUG was translated in the FIT system that consisted of native tRNAs, referred to as 

FIT-nt, and the expression of P1-Val peptide was observed in tricine-SDS-PAGE (Fig. 29b, lane 1). When the 

minimal FIT system was used, only a negligible faint band with the same migration as P1-Val was detected (Fig. 

29b, lane 2), presumably because of an unavoidable trace amount of contamination by native tRNAVal in the FIT 

system. The addition of tRNAVal
CAC dramatically increased the expression level with a comparable efficiency to that 

of the FIT-nt system (Fig. 29b, lanes 1 versus 3). Further inclusion of MeY-tRNAAsnE2
GAC did not disturb the 

expression of P1-Val (Fig. 29b, lanes 3 versus 4), and the accurate synthesis of correct peptide was confirmed by 

MALDI-TOF-MS of the peptide product after purification by anti-FLAG M2 agarose (Fig. 29c). The above results 

indicated that MeY-tRNAAsnE2
GAC does not cross-read the GUG codon. 

I next examined the expression of P1-MeY from mRNA1GUC in the presence of MeY-tRNAAsnE2
GAC and/or 

tRNAVal
CAC. This template produced P1-Val in the FIT-nt system (Fig. 29b, lane 5). However, the minimal FIT 

system alone produced a negligible faint band with the same migration as P1-Val and another band at a slower 

migrated position (Fig. 29b, lane 6). These side-product bands turned out to be P1-Val and P1-Asp, as indicated by 

MALDI-TOF-MS (Fig. 29c). Expression of P1-Asp was probably caused by the misreading of GUC by 

Asp-tRNAAsp
GUC, which was forced by the lack of the corresponding tRNA that decoded GUC codon. In fact, these 

side-product bands were suppressed by the addition of MeY-tRNAAsnE2
GAC, and the desired P1-MeY was expressed 

with a comparable efficiency to that of the FIT-nt system (Fig. 29b, lanes 5 versus 7). Expression of P1-MeY was not 

disturbed by the addition of tRNAVal
CAC (Fig. 29b, lanes 7 versus 8), as confirmed by MALDI-TOF-MS (Fig. 29c). 

Taking all the data together, the Val codon box was successfully divided to assign Val and MeY to GUG and GUC 

codons, respectively. 
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Figure	 29.	 Artificial	 division	 of	 the	 Val	 GUN	 codon	 box.	 a,	 Sequence	 of	 the	 mRNA1NNS*	 set	 and	 their	
resultant	 P1	 peptides.	 GUG	 and	 GUC	 codons	 present	 at	 the	 fifth	 position	 of	 mRNA1NNS*	 were	 decoded	 by	
Val-tRNAValCAC	and	MeY-tRNAAsnE2GAC,	respectively.	b,c,	Accurate	and	efficient	decoding	of	GUG	and	GUC	codons	
to	 Val	 and	 MeY,	 respectively.	 Peptide	 products	 expressed	 in	 the	 minimal	 FIT	 systems	 were	 analyzed	 by	
tricine-SDS-PAGE	(b)	and	MALDI-TOF-MS	(c).	Native	tRNAs:	1.5	mg/mL	of	E.	coli	total	tRNA;	4	 in	vitro	tRNA	
transcripts:	 5	 µM	 each	 tRNAIniCAU,	 tRNAAspGUC,	 and	 tRNATyrGUA,	 and	 30	 µM	 tRNALysCUU;	 tRNAValCAC:	 5	 µM	
tRNAValCAC;	MeY-tRNAAsnE2GAC:	100	µM	tRNAAsnE2GAC	pre-charged	with	MeY;	Error	bar:	standard	deviations.	
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I also performed the division of two additional codon boxes, those of Arg and Gly. In the Arg CGN codon box, 

CGG and CGC were assigned to Arg and N-methylserine (MeS) by the addition of tRNAArg
CCG transcript and 

MeS-tRNAAsnE2
CGC prepared by dinitro-flexizyme (dFx)92 catalysis, respectively (Fig. 30a). Similarly, in the Gly 

GGN codon box, GGG and GGC were assigned to Gly and 4-iodophenylalanine (IodoF) by the addition of 

tRNAGly
CCC transcript and IodoF-tRNAAsnE2

GCC prepared by eFx catalysis, respectively (Fig. 30b). In both experiments, 

the desired peptides, P1-Arg and P1-MeS (Fig. 30a) as well as P2-Gly and P2-IodoF (Fig. 30b), were expressed from 

the respective mRNA templates in a similar manner to the Val codon box’s result. Taken together, I have 

demonstrated the concept of artificial codon-box division that assign a single npAA to NNC codons and the 

corresponding NNG codon remains assigned with the cognate pAA.  
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Figure	30.	Artificial	division	of	Arg	and	Gly	codon	boxes.	Accurate	and	efficient	decoding	of	the	artificially	
divided	Arg	 codon	box	 (a)	 and	Gly	 codon	box	 (b).	 Peptide	products	 expressed	 in	 the	minimal	 FIT	 systems	
were	analyzed	by	tricine-SDS-PAGE	and	MALDI-TOF-MS.	Native	tRNAs:	1.5	mg/mL	of	E.	coli	 total	tRNA;	4	 in	
vitro	 tRNA	transcripts:	5	µM	each	tRNAIniCAU,	 tRNAAspGUC,	 tRNATyrGUA,	and	30	µM	tRNALysCUU;	 tRNAArgCCG:	5	µM	
tRNAArgCCG;	 MeS-tRNAAsnE2GCG:	 100	 µM	 tRNAAsnE2GCG	 pre-charged	 with	 MeS;	 tRNAGlyCCC:	 5	 µM	 tRNAGlyCCC;	
IodoF-tRNAAsnE2GCC:	100	µM	tRNAAsnE2GCC	pre-charged	with	IodoF.	 	
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2.2.3. Assignment of two different npAAs in the Arg CGN codon box 

In the AGN codon box, AGA and AGG codons code for Arg, whereas AGU and AGC codons code for Ser (Fig. 

23a). In addition to these codons, Arg is assigned to the CGN codon box, whereas Ser is assigned to the UCN codon 

box. Thus, these redundant codon boxes can be divided artificially to reassign two different npAAs. Here I chose the 

Arg CGN codon box to demonstrate this. The mRNA6 template that contained three different Arg codons, (AGG, 

CGC, and CGG) was translated in two FIT systems as follows (Fig. 31a). As a control for the ordinary translation, 

the FIT-32t system decoded the above codons with three consecutive Arg’s (Fig. 31b). The other FIT system 

contained only 30 in vitro tRNA transcripts (FIT-30t), which excluded tRNAArg
GCG and tRNAArg

CCG, which resulted 

in that the corresponding CGC and CGG codons became vacant whereas only the AGG codon coded for Arg by 

means of tRNAArg
CCU. To this FIT-30t, I added tRNAAsnE2

GCG and tRNAAsnE2
CCG pre-charged with MeS and 

ε-N-acetyllysine (AcK), respectively; thereby, MeS and AcK were assigned to CGC and CGG codons, respectively (Fig. 

31c). 

Expression of mRNA6 in the control FIT-32t expressed the P6-Arg/Arg/Arg peptide that contained three Arg 

residues (Fig. 31b). The FIT-30t with the two npAA-tRNAs yielded a single product with a mass value consistent 

with the desired P6-Arg/MeS/AcK peptide (Fig. 31c). Thus, the Arg CGC and CGG codons were reassigned to two 

different npAAs. This demonstrated that the redundant Arg codon box can be utilized for the assignment of two 

different npAAs with the AGG codon coding for Arg.  
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Figure	31.	Assignments	of	 two	different	npAAs	 in	Arg	CGN	codon	box.	a,	Sequences	of	mRNA6	and	the	
resultant	P6	peptides.	b,	A	control	experiment	in	which	the	three	different	Arg	codons	(AGG,	CGC,	and	CGG)	
were	 decoded	 to	 three	 consecutive	 Arg	 in	 the	 FIT-32t	 system.	 The	 peptide	 product	 expressed	 in	 FIT-32t	
system	was	analyzed	by	MALDI-TOF-MS.	c,	Assignment	of	two	different	npAAs	in	the	Arg	CGN	codon	box.	The	
peptide	 product	 expressed	 in	 the	 FIT-30t	 system	 (excluding	 tRNAArgGCG	 and	 tRNAArgCCG)	 supplied	 with	
MeS-tRNAAsnE2GCG	and	AcK-tRNAAsnE2CCG	was	analyzed	by	MALDI-TOF-MS.	 	
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2.2.4. Artificial division of multiple codon boxes 

I next attempted the simultaneous division of multiple codon boxes to achieve assignments of multiple npAAs. 

The mRNA7, which contained two Arg CGS codons (CGC and CGG) and two Val GUS codons (GUC and GUG), 

was designed to express four different peptides according to the genetic codes reprogrammed by the four FIT 

systems (Fig. 32a,b). First, the FIT-32t system should decode the above codons with Arg and Val. Second, the 

FIT-31t system, in which tRNAArg
GCG was replaced with MeS-tRNAAsnE2

GCG, would decode CGC codon to MeS. Third, 

the FIT-31t system, in which tRNAVal
GAC was replaced with MeY-tRNAAsnE2

GAC, would decode GUC codon to MeY. 

Fourth, the FIT-30t system, in which both tRNAArg
GCG and tRNAVal

GAC were replaced with MeS-tRNAAsnE2
GCG and 

MeY-tRNAAsnE2
GAC, would at once decode both CGC and GUC codons to MeS and MeY, respectively. Translation of 

mRNA7 in these FIT systems each yielded a single major product (P7-Arg/Val, P7-MeS/Val, P7-Arg/MeY, and 

P7-MeS/MeY) accurately (Fig. 32c–f). Clearly, the artificial division of multiple codon boxes can be achieved by the 

designated FIT systems. The translation efficiency determined by the expression level of P7-Arg/Val in the FIT-32t 

system was nearly twice that of the FIT-nt system (Fig. 32g, lanes 1 versus 2). The introduction of 
MeS-tRNAAsnE2

GCG or MeY-tRNAAsnE2
GAC dropped the expression level of P7-MeS/Val or P7-Arg/MeY twofold (Fig. 

32g, lanes 3 and 4). The introduction of both npAA-tRNAs yielded P7-MeS/MeY with an approximately twofold 

reduction of the single suppression (Fig. 32g, lane 5).  
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Figure	32.	Simultaneous	division	of	Arg	and	Val	codon	boxes.	a,	Sequences	of	mRNA7	and	its	resultant	P7	
peptides.	 b,	 A	 reprogrammed	 genetic	 code	 containing	 artificially	 divided	 Arg	 and	 Val	 codon	 boxes.	 c–f,	
MALDI-TOF-MS	of	 the	peptide	products	 expressed	 in	 the	FIT-32t	 system	 (c),	 the	 FIT-31t	 system	 (excluding	
tRNAArgGCG)	 supplied	 with	 MeS-tRNAAsnE2GCG	 (d),	 the	 FIT-31t	 system	 (excluding	 tRNAValGAC)	 supplied	 with	
MeY-tRNAAsnE2GAC	 (e),	 and	 the	 FIT-30t	 system	 (excluding	 tRNAArgGCG	 and	 tRNAValGAC)	 supplied	 with	
MeS-tRNAAsnE2GCG	and	MeY-tRNAAsnE2GAC	(f).	g,	Quantification	of	the	peptide	expression	levels.	Native	tRNAs:	1.5	
mg/mL	of	E.	coli	total	tRNA;	Error	bar:	standard	deviation.	
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Similarly, I performed expression of mRNA8, which contained two Gly GGS codons (GGC and GGG) and 

two Arg CGS codons (CGC and CGG), in the similar FIT systems (excluding tRNAGly
GCC and/or tRNAArg

GCG) 

supplied with IodoF-tRNAAsnE2
GCC and/or MeS-tRNAAsnE2

GCG (Fig. 33). Again, a single major product that 

corresponded to the expected peptide was observed in each case, which demonstrated that the simultaneous division 

of the Gly GGN and Arg CGN codon boxes can also be achieved.  

 

 
	
Figure	33.	Simultaneous	division	of	Gly	and	Arg	codon	boxes.	a,	Sequences	of	mRNA8	and	its	resultant	P8	
peptides.	 b,	 A	 reprogrammed	 genetic	 code	 containing	 artificially	 divided	 Gly	 and	 Arg	 codon	 boxes.	 c–f,	
MALDI-TOF-MS	 of	 peptide	 products	 expressed	 in	 FIT-32t	 system	 (c),	 FIT-31t	 system	 (excluding	 tRNAGlyGCC)	
supplied	with	IodoF-tRNAAsnE2GCC	(d),	FIT-31t	system	(excluding	tRNAArgGCG)	supplied	with	MeS-tRNAAsnE2GCG	(e),	
and	FIT-30t	system	(excluding	tRNAGlyGCC	and	tRNAArgGCG)	supplied	with	IodoF-tRNAAsnE2GCC	and	MeS-tRNAAsnE2GCG	
(f).	†Peak	corresponds	to	the	peptide	containing	Phe	in	place	of	IodoF,	which	originates	from	a	trace	amount	of	
contaminant	in	the	IodoF	substrate.	
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Next, I performed the simultaneous division of three codon boxes (Fig. 34a,b). When the mRNA9 was 

translated in the FIT-32t system, the corresponding P9-Gly/Gly/Arg/Arg/Val/Val peptide was expressed as a single 

major product (Fig. 34c). When the same template was translated in a FIT-29t system (excluding tRNAGly
GCC, 

tRNAArg
GCG, and tRNAVal

GAC) supplied with IodoF-tRNAAsnE2
GCC, MeS-tRNAAsnE2

GCG, and MeY-tRNAAsnE2
GAC, 

P9-IodoF/Gly/MeS/Arg/MeY/Gly was expressed as the only major product (Fig. 34d). This triple suppression with three 

npAAs yielded 0.28 µM P9-IodoF/Gly/MeS/Arg/MeY/Gly with approximately fivefold less than the wild-type 

P9-Gly/Gly/Arg/Arg/Val/Val expression in the FIT-nt system (Fig. 34e). This range of expression level should be 

sufficient for the application to in vitro selection technologies, such as the RaPID system. 

 

 
	
Figure	 34.	 Simultaneous	 division	 of	 three	 codon	 boxes.	 a,	 Sequences	 of	 mRNA9	 and	 its	 resultant	 P9	
peptides.	b,	A	reprogrammed	genetic	code	with	three	artificially	divided	codon	boxes.	c,d,	MALDI-TOF-MS	of	
the	 peptide	 products	 expressed	 in	 the	 FIT-32t	 system	 (c)	 and	 the	 FIT-29t	 system	 (excluding	 tRNAGlyGCC,	
tRNAArgGCG,	 and	 tRNAValGAC)	 supplied	with	 IodoF-tRNAAsnE2GCC,	MeS-tRNAAsnE2GCG,	 and	 MeY-tRNAAsnE2GAC	 (d).	 †Peak	
corresponds	 to	 the	 peptide	 that	 contains	 Phe	 in	 place	 of	 IodoF,	 which	 originates	 from	 a	 trace	 amount	 of	
contaminant	in	the	IodoF	substrate.	e,	Quantification	of	the	peptide	expression	levels.	Native	tRNAs:	1.5	mg/mL	
of	E.	coli	total	tRNA;	Error	bar:	standard	deviation.	 	
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To validate whether the incorporation of npAAs along with 20 pAAs could be achieved in a single peptide 

molecule, I designed mRNA10 that coded for not only three npAAs (AcK, IodoF, and citrulline (Cit)) along with all 

the 20 pAAs (Fig. 35a,b; note that Tyr and Asp are present in the FLAG peptide sequence (DYKDDDDK)). When 

mRNA10 was translated in the FIT-32t system, P10-Gly9/Arg12/Val18 was expressed in an approximately 30% 

expression level relative to that of the FIT-nt system (Fig. 35c,e, lanes 1 versus 2). The translation of mRNA10 in 

the FIT-29t supplied with AcK-tRNAAsnE2
GCC, IodoF-tRNAAsnE2

GCG, and Cit-tRNAAsnE2
GAC yielded the desired 32-mer 

P10-AcK9/IodoF12/Cit18 peptide containing the expected repertoire of 23 amino acids (Fig. 35d,e, lane 3). Although the 

expression level of P10-AcK9/IodoF12/Cit18 was approximately 15% of the P10-Gly9/Arg12/Val18 expressed in the 

FIT-nt system, it is clearly detectable in both tricine-SDS-PAGE and MALDI-TOF-MS as a single major product.   
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Figure	35.	Accurate	use	of	the	expanded	repertoire	of	amino	acids	(20	pAAs	and	3	npAAs)	via	artificial	
division	of	three	codon	boxes.	a,	Sequences	of	mRNA10	and	its	resultant	P10	peptide.	b,	A	reprogrammed	
genetic	 code	 with	 three	 artificially	 divided	 codon	 boxes.	 c,d,	 MALDI-TOF-MS	 of	 the	 peptide	 products	
expressed	 in	 the	 FIT-32t	 system	 (c)	 and	 FIT-29t	 system	 (excluding	 tRNAGlyGCC,	 tRNAArgGCG,	 and	 tRNAValGAC)	
supplied	with	 AcK-tRNAAsnE2GCC,	IodoF-tRNAAsnE2GCG,	 and	Cit-tRNAAsnE2GAC	 (d).	The	 calculated	and	observed	m/z	
values	in	this	figure	are	average	mass	values.	e,	Quantification	of	the	peptide	expression	levels.	Native	tRNAs:	
1.5	mg/mL	of	E.	coli	total	tRNA;	Error	bar:	standard	deviation.	
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2.2.5. Expression of macrocyclic N-methyl-peptide CM11-1 

As a concluding experiment to demonstrate artificial codon-box division, I expressed a macrocyclic 

N-methyl-peptide, CM11-1, that comprised of 14 amino acids (nine proteinogenic, five nonproteinogenic). This 

‘natural product-like’ macrocycle was developed by the RaPID selection targeting E6AP, which belongs to a family 

of ubiquitin ligases, HECT E3, and plays a crucial role in promoting the degradation of tumor-associating proteins 

such as p63 during tumor development93. When this macrocycle, which contains MeS, N-methylphenylalanine (MeF) 

and N-methylglycine (MeG), was originally selected, they utilized a reprogrammed genetic code in which 

N-chloroacetyl-D-tryptophan (ClAcDW), MeS, MeF, MeG, and MeA (N-methylalanine) were assigned to the initiator 

AUG codon and the elongator UUU, CUU, AUU, and GCU codons, respectively. The corresponding Met, Phe, Leu, 

Ile, and Ala were removed from the genetic code. Moreover, because they utilized an NNU codon library, the 

genetic code also lacked Gln, Lys, Glu, and Trp. Thus, in the previous experiment, a total of nine pAAs was omitted 

from the construction of the macrocyclic N-methyl-peptide library. Here I aimed to realize the expression of CM11-1 

with maintaining as many pAAs as possible. 

I designed a reprogrammed genetic code wherein the initiator N-formylmethionine was replaced with ClAcDW 

(Fig. 36a), and MeF, MeS, and MeG were assigned to the GUC, CGC, and GGC codons, respectively (Fig. 36b). It 

should be noted that all the elongator amino acids except for Met were kept in the genetic code The corresponding 

mRNA11 was designed based on the above genetic code, and expressed in the FIT-28t system that contained 

ClAcDW-tRNAIni
CAU, MeF-tRNAAsnE2

GAC, MeS-tRNAAsnE2
GCG, and MeG-tRNAAsnE2

GCC. The MALDI-TOF-MS analysis 

of the peptide product revealed that the desired CM11-1 peptide was correctly translated from the mRNA11 under 

the reprogrammed genetic code generated by our methodology for the artificial division of codon boxes (Fig. 36c,d).  
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Figure	 36.	 Artificial	 division	 of	 three	 codon	 boxes	 to	 express	 a	 nonstandard	macrocyclic	N-methyl-	
peptide.	a,	Sequences	of	mRNA11	and	 its	resultant	peptide	 ‘CM11-1’.	b,	A	reprogrammed	genetic	code	with	
three	artificially	divided	codon	boxes.	c,	Scheme	of	the	post-translational	macrocyclization.	d,	MALDI-TOF-MS	
of	 the	 peptide	 products	 expressed	 in	 the	 FIT-28t	 system	 (excluding	 tRNAIniCAU,	 tRNAGlyGCC,	 tRNAArgGCG,	 and	
tRNAValGAC)	 supplied	 with	 ClAcDW-tRNAIniCAU,	 MeG-tRNAAsnE2GCC,	 MeS-tRNAAsnE2GCG,	 and	 MeF-tRNAAsnE2GAC.	 †Peak	
corresponds	to	the	linear	peptide	that	contains	the	unreacted	N-terminal	chloroacetyl	group.	 	
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2.3. Conclusion 

Here I report a novel methodology to create vacant codons by reducing the redundancy of codon assignment 

based on the concept of ‘artificial division of codon boxes’. To realize this concept, I have prepared a native 

tRNA-free FIT system and supplied it with 32 in vitro transcribed tRNASNN’s (S = G or C), which covered the 

assignment of the 20 pAAs. In principle, this system can create 11 vacant codons, which can then be reassigned with 

npAAs without the need to abandon any of 20 pAAs. In this study, up to three codon boxes were simultaneously 

divided and three different npAAs were assigned therein. To demonstrate this concept, I expressed various model 

peptides, which included a macrocyclic N-methyl-peptide inhibitor of E6AP93. Notably, the reprogrammed codons 

were accurately decoded to the desired npAAs and the misincorporation of either cognate or non-cognate pAAs did 

not occur, which demonstrated the maintenance of translation accuracy. The present proof-of-concept study on the 

artificial division of codon boxes opens a new opportunity for genetic code reprogramming59,60. In particular, when 

this technology is coupled with a peptide selection technology, such as the RaPID system93,130,131,133, it enables us to 

express libraries of nonstandard macrocyclic peptides that are composed of 23 or more pAA and npAA building 

blocks to discover bioactive ligands against drug targets. 

The expansion of amino acid repertoire has three practical benefits: (1) Whereas the canonical translation often 

redundantly expresses the same peptide from different mRNA sequences, the engineered translation system 

developed in this study can synthesize more diverse peptides from the same mRNA library using the expanded 

building block repertoire (Fig. 37a). Accordingly, the diversity of a peptide library can be increased by fourfold 

(from ~1×1012 to ~4×1012) in case of a typical RaPID selection, which is expected to improve the binding properties 

of the discovered peptides. (2) Expansion of the building block allows for the construction of binding interface 

between peptide drug and target protein with expanded structural and chemical diversity (Fig. 37b). The precisely 

optimized surface structure is expected to improve the binding affinity and target selectivity. (3) In theory, the 

artificial codon-box division method allows for the synthesis of chemically modified proteins composed of 20 pAAs 

along with multiple chemical modifications (Fig. 37c). 

Recent advances in the methods of genetic code expansion74,82,88-91,96,142 and genetic code 

reprogramming59,60,92,128,129 have yielded many applications for protein engineering and macrocyclic peptide ligand 

discovery. Importantly, the concept of the artificial division of codon boxes demonstrated in this work introduces a 

new methodology to in vitro synthetic biology, and I envision that this methodology is, in principle, also applicable 

to cellular synthetic biology. 
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Figure	 37.	 Significance	 of	 the	 expansion	 in	 building	 block	 repertoire.	 a,	 Increase	 in	 the	 diversity	 of	 a	
peptide	 library,	 which	 is	 expected	 to	 improve	 the	 binding	 properties	 of	 the	 discovered	 peptide	 ligands.	b,	
Construction	of	binding	 interface	with	expanded	structural	 and	chemical	 repertoire.	c,	 Synthesis	of	protein	
with	20	pAAs	along	with	multiple	chemical	modifications.	
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2.4. Supplementary results 

2.4.1. Preparation of tRNAs that do not have a guanosine at the 5'-terminus (tRNAGln
CUG, tRNAPro

CGG, 

tRNAPro
GGG, and tRNATrp

GCA) 

As tRNAs that possess a 5′-terminal non-guanine nucleotide (tRNAGln
CUG, tRNAPro

CGG, tRNAPro
GGG, and 

tRNATrp
GCA) cannot be efficiently synthesized by T7 RNA polymerase143, such tRNAs were transcribed with a 

5′-terminal leader sequence (5′-GGAACGCGCGACUCUAAU-3′) (Fig. 38). Subsequently, the leader peptides were 

removed by RNase P reaction (Fig. 38b) and the tRNA transcripts were purified by denaturing PAGE (Fig. 38c). 

 

 
	
Figure	38.	Preparation	of	tRNA	transcripts	that	do	not	have	a	guanosine	at	the	5′-terminus.	a,	Method	
to	 prepare	 the	 four	 tRNA	 transcripts	 that	 possess	 a	 non-guanine	 nucleotide	 at	 the	 5′-terminus.	 b,	
Confirmation	of	the	leader-RNA	cleavage	by	RNase	P	reaction.	The	RNA	samples	were	analyzed	by	denaturing	
PAGE	 followed	 by	 ethidium	 bromide	 staining.	 c,	 Purity	 confirmation	 of	 the	 desired	 tRNA	 transcripts	 after	
PAGE	purification.	
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2.4.2. Concentration optimization of three tRNA transcripts that cannot be acylated by AARSs efficiently. 

It is known that the lack of the enzymatic nucleoside modifications in tRNALys, tRNAIle, and tRNAGlu 

decreases their kcat/KM values for aminoacylation by their AARS, which results in less pAA-tRNA formation6,7,35-38. 

Accordingly, I first tried to compensate the inefficient acylation by increasing the concentrations of the respective 

tRNASNN. The mRNA1 was translated in the minimal FIT system in the presence of various concentrations of 

tRNALys
CUU transcripts and the expression levels of peptide products were evaluated by autoradiography after 

tricine-SDS-PAGE (Fig. 39a,b). The translation efficiency was improved by elevating the tRNALys
CUU concentration 

up to 30 µM and remained the same beyond 30 µM (Fig. 39c). MALDI-TOF-MS analysis of the peptide product 

expressed with 30 µM tRNALys
CUU revealed that the correct peptide product containing five Lys was synthesized 

accurately (Fig. 39d). When the expression levels were compared to a control condition with native tRNA mixture, 

they were improved from 12% to 54% by increasing tRNALys
CUU concentration from 5 to 30 µM, respectively (Fig. 

39e). The expression level under the optimized condition was comparable to another control that contained the 

optimal concentration (5 µM) of native isolated tRNALys
mnm5s2UUU. Based on these results, I concluded that the 

inefficiency problem derived from tRNALys transcript was successfully overcome by its concentration optimization. 

It should be mentioned that only the native isolated tRNALys
mnm5s2UUU was available as a kind gift from Prof. 

Suzuki’s laboratory, therefore other native tRNAs could not be used for the reconstruction.  
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Figure	39.	Improvement	of	the	peptide	expression	level	by	optimization	of	tRNALysCUU	concentration.	a,	
Sequences	 of	 the	mRNA	 and	 its	 resultant	 P1	 peptide.	b,	 The	minimal	 FIT	 system	 that	 contains	 5	 µM	 each	
tRNAIniCAU,	 tRNAAspGUC,	 tRNATyrGUA,	 and	 various	 concentrations	 of	 tRNALysCUU.	 c,d,	 Optimization	 of	 tRNALysCUU	
concentration.	 The	 peptide	 products	 were	 analyzed	 by	 tricine-SDS-PAGE	 (c)	 and	 MALDI-TOF-MS	 (d).	 e,	
Confirmation	of	the	alleviated	inefficiency	problem	derived	from	the	use	of	transcribed	tRNALysCUU.	Error	bar:	
standard	deviation.	
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Next, the concentrations of tRNAIle
GAU and tRNAGlu

CUC were optimized. In the minimal FIT system supplied 

with a fixed 30 µM tRNALys
CUU concentration, an increase in the tRNAIle

GAU concentration to 30 µM improved the 

expression yield (Fig. 40a). At 30 µM of tRNAIle
GAU, the correct product was expressed as confirmed by its 

MALDI-TOF-MS analysis. Similarly, the elevation of tRNAGlu
CUC concentration not only increased the expression 

level, but also suppressed an unknown side-product band (Fig. 40b). At 30 µM of tRNAGlu
CUC, the expression of the 

correct product was confirmed by MALDI-TOF-MS, which indicated that the GAG codon was decoded accurately 

by tRNAGlu
CUC. 

 

 
	
Figure	40.	Improvement	of	the	peptide	expression	levels	by	optimization	of	tRNAIleGAU	and	tRNAGluCUC	
concentrations.	 Optimization	 of	 tRNAIleGAU	 (a)	 and	 tRNAGluCUC	 (b)	 concentrations.	 Efficient	 and	 accurate	
translation	was	confirmed	by	tricine-SDS-PAGE	and	MALDI-TOF-MS	of	the	peptide	products.  
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2.4.3. Optimizations of translation conditions to achieve artificial division of a single codon box 

To realize the concept of ‘artificial codon-box division’, I attempted to divide the arginine CGN codon box, 

and tried to assign Arg and N-serine (MeS) to CGG and CGC codons, respectively, by the addition of tRNAArg
CCG, 

which would be in situ charged with Arg by ArgRS, and/or an orthogonal tRNAAsnE2
GCG pre-charged with MeS by 

dFx catalysis. In this system, the mRNA1CGG and mRNA1CGC templates should be translated to P1-Arg and P1-MeS 

peptides, possessing Arg and MeS at the fifth position, respectively (Fig. 41a). 

As a positive control, mRNA1CGG was translated in the FIT-nt system composed of native tRNAs, the desired 

P1-Arg, was observed in tricine-SDS-PAGE analysis (Fig. 41b, lane 1). When the minimal FIT system was used, 

only a negligible faint band with the same migration as P1-Arg was detected (Fig. 41b, lane 2), presumably due to 

an unavoidable trace amount of contamination of native tRNAArg in the FIT system. Addition of tRNAArg
CCG 

dramatically increased the expression level with a comparable efficiency to the FIT-nt system (Fig. 41b, lanes 1 

versus 3), and further inclusion of MeS-tRNAAsnE2
GCG did not disturb the expression of P1-Arg (Fig. 41b, lanes 3 

versus 4). The above results indicated that MeY-tRNAAsnE2
GAC does not cross-read the GUG codon. 

I next examined the expression of P1-MeS from mRNA1CGC in the presence of MeS-tRNAAsnE2
GCG and/or 

tRNAArg
CCG. This template produced P1-Arg in the FIT-nt system (Fig. 41b, lane 5). On the other hand, the minimal 

FIT system alone produced a band with the same migration as P1-Val supposedly due to the contamination of an 

unavoidable trace amount of contamination of native tRNAArg in the FIT system (Fig. 41b, lane 6). When 
MeS-tRNAAsnE2

GCG was added to the minimal FIT system, P1-MeY was observed at a slower migrated position, 

whereas the undesired expression of P1-Arg was still observed (Fig. 41b, lane 7). The expression level of the 

undesired P1-Arg was further increased when tRNAArg
CCG was added (Fig. 41b, lane 7 versus 8), suggested that the 

CGC codon was mis-decoded by Arg-tRNAArg
CCG although there is one base mismatch at the wobble position 

(C3-C34) (Fig. 41c). I supposed that the cause of misincorporation of Arg might be attributed to the problem that the 

concentration of pre-charged MeS-tRNAAsnE2
GCG gradually decrease as the reaction continues, whereas the 

concentration of Arg-tRNAArg
CCG should be constant as the tRNAArg

CCG are continuously charged with Arg by 

ArgRS in situ (Fig. 41d).   
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Figure	 41.	 Inaccurate	 translation	 of	 artificially	 divided	Arg	 codon	box	 observed	 in	 the	 unoptimized	
condition.	a,	Sequences	of	mRNA1NNS*	and	its	resultant	P1	peptides.	CGG	and	CGC	codons	present	at	the	fifth	
position	 of	mRNA1NNS*	were	decoded	by	Arg-tRNAArgCCG	 and	MeS-tRNAAsnE2GCG,	 respectively.	b,	 Verification	of	
the	decoding	of	CGG	and	CGC	codons,	present	in	the	Arg	codon	box,	to	Arg	and	MeS,	respectively.	Native	tRNAs:	
1.5	mg/mL	E.	coli	total	tRNA;	4	in	vitro	tRNA	transcripts:	5	µM	each	tRNAIniCAU,	tRNAAspGUC,	tRNATyrGUA,	and	30	
µM	tRNALysCUU;	tRNAArgCCG:	5	µM	tRNAArgCCG;	MeS-tRNAAsnE2GCG:	50	µM	tRNAAsnE2	GCG	pre-charged	with	MeS.	c,	The	
undesired	 observation	 that	 the	 CGC	 codon	 was	 misread	 by	 Arg-	 tRNAArgCCG.	 d,	 A	 possible	 cause	 of	 the	
misreading	problem:	a	gradual	decrease	of	MeS-tRNAAsnE2GCG	concentration	depending	on	reaction	time.	
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In order to avoid the unbalanced the aminoacyl-tRNA concentrations, the reaction time was decreased from 30 

min to 10 min (Fig. 42). As expected, the relative expression of P1- MeS to P1-Arg was improved by reducing 

reaction time (Fig. 42a,b, lane 5–8), but the undesired P1-Arg was still expressed as confirmed by MALDI-TOF-MS 

of the peptide products (Fig. 42c, lane 8). Therefore, further optimization of translation condition was required to 

achieve artificial division of a codon box with maintained translation accuracy and efficiency. 

 

 
	
Figure	 42.	 Alleviated	 inaccuracy	 problem	 by	 reducing	 the	 reaction	 time	 from	 30	 to	 10	 min.	 a,	
Sequences	of	mRNA1NNS*	and	 its	resultant	P1	peptides.	CGG	and	CGC	codons	present	at	 the	 fifth	position	of	
mRNA1NNS*	 were	 decoded	 by	 Arg-tRNAArgCCG	 and	 MeS-tRNAAsnE2GCG,	 respectively.	 b,c,	 Verification	 of	 the	
decoding	 of	 CGG	 and	 CGC	 codons,	 present	 in	 the	 Arg	 codon	 box,	 to	 Arg	 and	 MeS,	 respectively.	 The	 peptide	
products	were	 analyzed	 by	 tricine-SDS-PAGE	 (b)	 and	MALDI-TOF-MS	 (c).	 Native	 tRNAs:	 1.5	mg/mL	E.	 coli	
total	 tRNA;	4	 in	 vitro	 tRNA	 transcripts:	 5	µM	each	 tRNAIniCAU,	 tRNAAspGUC,	 tRNATyrGUA,	 and	30	µM	 tRNALysCUU;	
tRNAArgCCG:	5	µM	tRNAArgCCG;	MeS-tRNAAsnE2GCG:	50	µM	tRNAAsnE2	GCG	pre-charged	with	MeS.	
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Regarding the inefficiency of P1-MeS expression, I hypothesized the cause could be attributed to either of (1) 

inefficient delivery of MeS-tRNAAsnE2
GCG by EF-Tu and (2) slow accommodation and peptidyl transfer reaction (Fig. 

43a). If either of these processes was hindered by the use of MeS, the Arg misincorporation could occur with slow 

kinetics (Fig. 43a). Therefore, I attempted to overcome the problems as follows. First, the problem of inefficient 

delivery of MeS-tRNAAsnE2
GCG by EF-Tu could be alleviated by increasing the concentration of MeS-tRNAAsnE2

GCG. 

Second, the problem of slow accommodation and peptidyl transfer involving MeS could be overcome by optimizing 

Mg2+ concentration, as it has been reported that the increase in Mg2+ concentration dramatically increases these 

steps16,144 (Fig. 43b). 

 

 

	
Figure	43.	Hypothesized	causes	of	the	observed	inaccurate	translation	and	methods	to	overcome	the	
problem.	a,	The	competition	between	the	desired	MeS	incorporation	and	undesired	Arg	misincorporation.	If	
the	 desired	 MeS	 incorporation	were	 inefficient,	 the	 undesired	Arg	misincorporation	would	 occur	with	 slow	
kinetics.	b,	Two	approaches	to	accelerate	the	MeS	incorporation.	 	
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Based on this hypothesis, the concentration of MeS-tRNAAsnE2
GCG and Mg(OAc)2 were optimized. The 

mRNA1CGC that code for P1-MeS peptide was translated in the minimal FIT system that contained both 
MeS-tRNAAsnE2

GCG and tRNAArg
CCG (Fig. 44a). When the concentration of Mg(OAc)2 was increased, the relative 

expression levels of desired P1-MeS to undesired P1-Arg was improved from 1.8 to 15.9 (Fig. 44c, lanes 1–4). When 

the concentration of tRNAAsnE2
GCG pre-charged with MeS was increased from 50 µM to 100 µM, the relative 

expression levels of P1-MeS was increased by nearly twofold, and the relative expression levels of P1-MeS to P1-Arg 

was improved further (Fig. 44b, lanes 5–8). Among these conditions, the condition of 13 mM Mg(OAc)2 and 100 

µM tRNAAsnE2
GCG pre-charged with MeS was chosen as the optimal condition. 

The accurate decoding of the artificially divided Arg codon box was examined by translation of mRNA7 

containing both CGC and CGG codons in the Arg CGN codon box (Fig. 44c). The MALDI-TOF-MS of the peptide 

product demonstrated that the correct peptide containing MeS and Arg was accurately synthesized. 

 

 

	
Figure	44.	Improvement	of	the	translation	efficiency	and	accuracy	of	artificially	divided	Arg	codon	box.	
a,	 Sequences	 of	 mRNA1CGC	 and	 its	 resultant	 P1	 peptides.	 b,	 Concentration	 optimization	 of	 tRNAAsnE2	 GCG	
pre-charged	with	 MeS	 and	Mg(OAc)2.	 The	 peptide	 products	were	 analyzed	 by	 tricine-SDS-PAGE.	 c,	 Accurate	
decoding	of	the	CGC	and	CGG	codons	demonstrated	by	MALDI-TOF-MS	of	the	peptide	product.	 	
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Next, the synthetic efficiency under the optimized condition was compared to the original condition that had 

been utilized in our laboratory. For this experiment, the Val GUN codon box was divided, and mRNA1GUC coding 

P1-MeY was translated in the minimal FIT system that contained both MeY-tRNAAsnE2
GAC and tRNAVal

CAC (Fig. 45a). 

In case of the original condition, the expression of desired P1-MeY reached plateau at 8 min, and afterwards the 

undesired P1-Val appeared and its expression level reached comparable level to P1-MeY at 30 min (Fig. 45b). Under 

the optimized condition, in contrast, the expression of P1-MeY was sustained until 20 min and the undesired 

expression of P1-Val was successfully suppressed as confirmed by both tricine-SDS-PAGE and MALDI-TOF-MS 

analyses of the peptide products (Fig. 45c). 

 

	
Figure	45.	Examination	of	 the	 improved	efficiency	and	accuracy	by	 the	optimization.	a,	 Sequences	of	
mRNA1GUC	 and	 its	 resultant	 P1	 peptides.	 b,	 Inaccurate	 translation	 of	 the	 GUC	 codon	 under	 the	 original	
condition.	c,	 Accurate	 translational	under	 the	optimized	 condition.	The	peptide	products	were	 analyzed	by	
tricine-SDS-PAGE	and	MALDI-TOF-MS.	
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2.5. Methods 

2.5.1. Preparation of tRNA transcripts, flexizymes, and mDNAs 

All the oligonucleotides listed in Supplementary Table 1 were purchased from Eurofins, Japan. The sequences of 

tRNA transcripts prepared in this study are listed in Supplementary Table 2. DNA templates that coded for tRNAs 

were prepared by primer extension followed by two-step PCR as follows: Appropriate forward and reverse primers (1 

µM each, see Supplementary Table 3 for the primers used) were mixed in the PCR mixture (10 mM Tris·HCl (pH 9.0), 

50 mM KCl, 2.5 mM MgCl2, 0.25 mM each dNTPs, 0.1% (v/v) Triton X-100, and 45 nM Taq DNA polymerase). 

Primer extension was conducted in a 10-µL reaction mixture by denaturing (95 °C for 1 min) followed by 5 cycles of 

annealing (50 °C for 1 min) and extending (72 °C for 1 min). The resulting reaction mixture was 10-fold diluted with 

the PCR mixture, and the extension product was amplified using the specific forward and reverse primers (0.5 µM 

each, see Supplementary Table 3 for the primers used). PCR was conducted in a 200-µL reaction mix by 5 cycles of 

denaturing (95 °C for 40 sec), annealing (50 °C for 40 sec), and extending (72 °C for 40 sec). The resulting PCR 

mixture was 200-fold diluted with the PCR mixture, and the 1st PCR product was amplified using the designated 

forward and reverse primers (0.5 µM each, see Supplementary Table 3 for the primers used). The 2nd PCR was 

conducted in a 200-µL reaction mix by 12 cycles of denaturing (95 °C for 40 sec), annealing (50 °C for 40 sec), and 

extending (72 °C for 40 sec). Amplification of the final PCR product was confirmed by 3% agarose gel 

electrophoresis and ethidium bromide staining. The resulting DNA was purified by phenol/chloroform extraction and 

ethanol precipitation, and then dissolved in 20 µL of water. 

Transcription reaction was conducted by incubating the 200-µL transcription mixture (40 mM Tris·HCl (pH 8.0), 

1 mM spermidine, 0.01% (v/v) Triton X-100, 10 mM DTT, 22.5 mM MgCl2, 3.75 mM each NTPs, 5 mM GMP, 22.5 

mM KOH, 10% (v/v) DNA template prepared above, and 120 nM T7 RNA polymerase) at 37 °C overnight. The 

transcription mixture was mixed with MnCl2 (100 mM, 4 µL) and RQ1 RNase-Free DNase (1 U/µL, 1µL, Promega), 

and incubated at 37 °C for 30 min. The resultant tRNA transcript was precipitated by isopropanol and dissolved in 

water. The tRNA transcript was purified by 8% denaturing PAGE and ethanol precipitation, and then dissolved in 10 

µL water. For the preparation of tRNAs without a 5'-terminal guanine nucleotide (tRNAGln
CUG, tRNAPro

CGG, 

tRNAPro
GGG, and tRNATrp

GCA), tRNAs with a 5'-terminal leader sequence (5'-GGAACGCGCGACUCUAAU-3') were 

transcribed, and the leader sequences were removed by RNase P reaction as follows: the tRNA transcript with the 

5'-leader was prepared by the 200 µL-scale in vitro transcription and DNase reaction as described above, and it was 

mixed with MgCl2 (3 M, 1.34 µL) and 1 µL of RNase P solution (40 mM Tris·HCl (pH 8.0), 1 mM spermidine, 0.01% 

(v/v) Triton X-100, 10 mM DTT, 50 µM C5 protein, and 50 µM M1 RNA), and incubated at 37 °C overnight. The 

tRNA transcript was purified by 8% denaturing PAGE as described above. 

Flexizymes (dFx and eFx) were prepared as previously described77,92 using primers O-1, O-138, O-139, and 

O-141 for dFx, and O-1, O-138, O-140, and O-142 for eFx. 

Double stranded DNA templates that coded for mRNAs (mDNAs, see Supplementary Table 4 for the mRNA 

sequences) were prepared by primer extension and PCR (see Supplementary Table 5 for the primers used). The 

resulting mDNAs were purified by phenol/chloroform extraction and ethanol precipitation, and then dissolved in 10 
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µL of water. The concentration was measured by 8% native PAGE and ethidium bromide staining using 100 bp 

Quick-Load DNA Ladders (New England BioLabs) as reference. 

 

2.5.2. Synthesis of npAA-tRNAs 

Amino acids activated with an appropriate ester groups (MeY-CME, IodoF-CME, ClAcDW-CME, MeF-CME, 
MeS-DBE, AcK-DBE, MeG-DBE, and Cit-DBE) were synthesized by the procedure reported previously92,104. 

Aminoacyl-tRNAs for 5 µL translation reactions were prepared as follows: 12 µL HEPES-KOH buffer (pH 7.5, 83 

mM) that contained 42 µM tRNA and 42 µM flexizyme (eFx for CME-activated amino acids and dFx for 

DBE-activated ones) was heated at 95 °C for 2 min and cooled to 25 °C over 5 min. MgCl2 (3 M, 4 µL) was added 

and the mixture was incubated at 25 °C for 5 min. The acylation reaction was initiated by the addition of activated 

amino acid substrate in DMSO (25 mM, 4 µL) and the mixture was incubated on ice for appropriate time (1 h for 

ClAcDW-CME; 2 h for IodoF-CME, AcK-DBE, MeG-CME, and Cit-DBE; 6 h for MeS-DBE and MeF-CME; and 10 h for 
MeY-CME). After acylation, the reaction was stopped by the addition of 80 µL of 0.3 M sodium acetate (pH 5.2), 

and the RNA was precipitated by ethanol precipitation. The pellet was rinsed twice with 70% ethanol that contained 

0.1 M sodium acetate (pH 5.2), and once with 70% ethanol. The resulting npAA-tRNA was dissolved in 1 mM 

sodium acetate (pH 5.2) just before adding it to the translation solution. 

 

2.5.3. In vitro translation 

The reconstituted in vitro translation system32 used in this study contained all the necessary components for 

translation except for tRNAs and RF1. Concentrations of translation components have been optimized in our previous 

studies77 as follows: 50 mM HEPES-KOH (pH 7.6), 100 mM KOAc, 2 mM GTP, 2 mM ATP, 1 mM CTP, 1 mM UTP, 

20 mM creatine phosphate, 9–15 mM Mg(OAc)2 (see Supplementary Table 6 for Mg(OAc)2 concentration in each 

experiment), 2 mM spermidine, 1 mM DTT, 100 µM 10-formyl-5,6,7,8-tetrahydrofolic acid, 1.2 µM ribosome, 2.7 

µM IF1, 0.4 µM IF2, 1.5 µM IF3, 10 µM EF-Tu, 10 µM EF-Ts, 0.26 µM EF-G, 0.25 µM RF2, 0.17 µM RF3, 0.5 µM 

RRF, 0.6 µM MTF, 4 µg/mL creatine kinase, 3 µg/mL myokinase, 0.1 µM pyrophosphatase, 0.1 µM nucleotide 

diphosphate kinase, 0.1 µM T7 RNA polymerase, 0.73 µM AlaRS, 0.03 µM ArgRS, 0.38 µM AsnRS, 0.13 µM AspRS, 

0.02 µM CysRS, 0.06 µM GlnRS, 0.23 µM GluRS, 0.09 µM GlyRS, 0.02 µM HisRS, 0.4 µ IleRS, 0.04 µM LeuRS, 1.1 

µM LysRS, 0.03 µM MetRS, 0.68 µM PheRS, 0.16 µM ProRS, 0.04 µM SerRS, 0.09 µM ThrRS, 0.03µM TrpRS 0.02 

µM TyrRS, 0.02 µM ValRS, 200 µM each 20 pAAs, 0.25 µM mDNA, appropriate concentrations of tRNA transcripts 

(see Supplementary Table 7 for their concentrations in each experiment) and/or 50–100 µM each tRNAAsnE2s 

pre-charged with npAAs (see Supplementary Table 6 for their concentration in each experiment) unless noted 

otherwise in the figure legends. For control experiments where 1.5 mg/mL native E. coli tRNA mixture (Roche) was 

used, the concentrations of Mg(OAc)2 and LysRS were adjusted to 12 mM and 0.11 µM, respectively, being the 

optimal concentration.  

The translation products were analyzed by MALDI-TOF-MS and/or autoradiography after tricine-SDS-PAGE. 

For MALDI-TOF-MS analysis, the translation reaction mixture (5 µL) was incubated at 37 °C for 0–30 min (see 
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Supplementary Table 6 for the incubation time in each experiment). After the reaction, the mixture was diluted with 5 

µL of FLAG purification buffer (100 mM Tris-HCl (pH 7.6), 300 mM NaCl). The expressed peptide was immobilized 

on anti-FLAG M2 agarose beads (Sigma) by incubating at 25 °C for 1 hour. After washing the beads with 25 µL of 

wash buffer (50 mM Tris-HCl (pH 7.6), 150 mM NaCl), the immobilized peptides were eluted with 15 µL of 0.2% 

TFA. The FLAG purification procedure was omitted in some experiments (Supplementary Table 6). After purification, 

the peptide was desalted with SPE C-tip (Nikkyo Technos) and eluted with 1 µL of 80% acetonitrile, 0.5% acetic acid 

solution 50% saturated with the matrix (R)-cyano-4-hydroxycinnamic acid (Bruker Daltonics). MALDI-TOF-MS 

measurement was conducted using an autoflex II TOF/TOF (Bruker Daltonics) or an ultrafleXtreme (Bruker 

Daltonics) under linear/positive mode and externally calibrated with peptide calibration standard II (Bruker Daltonics) 

and/or protein calibration standard I (Bruker Daltonics). 

For autoradiography analysis, the translation reaction (2.5 µL) was conducted in the presence of 50 µM 

[14C]-Asp instead of 200 µM cold Asp. The translation product was analyzed by 15% tricine-SDS-PAGE and 

autoradiography using an FLA-5100 (Fujifilm Life Science) or a Typhoon FLA 7000 (GE Healthcare) without FLAG 

purification. The amount of peptide products was quantified based on the band intensities of known amounts of 

[14C]-Asp as calibration standards. 

For translation of mRNA10 and mRNA11 (Fig. 35 and 36), several translation conditions were changed. First, 

the translation solution contained 1 mM TCEP (tris(2-carboxyethyl)phosphine) in order to prevent disulfide bond 

formation at the cysteine residue. Second, the concentration of HEPES-KOH (pH 7.6) was increased from 50 mM to 

100 mM to prevent pH change caused by 1 mM TCEP. Third, the volume of translation solution to synthesize 

P10-AcK9/IodoF12/Cit18 (Fig. 6d lane 3) and CM11-1 (Fig. 6h) was increased to 20 µL in order to improve the S/N ratio of 

MALDI-TOF-MS. For mRNA11 translation, methionine was omitted from the translation solution for the 

reprogramming of the AUG initiation codon. After translation, the reaction mixture (20 µL) was mixed with wash 

buffer (20 µL, 50 mM Tris-HCl (pH 7.6), 150 mM NaCl) and incubated at 25˚C for 60 min for macrocyclization.  
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2.6. Supplementary Tables 

Supplementary Table 1. List of oligonucleotides used in this study. 
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Supplementary Table 1. (Continued) 
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Supplementary Table 1. (Continued) 
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Supplementary Table 2. List of in vitro tRNA transcripts prepared in this study. 

 

 

 

Supplementary Table 3. List of oligonucleotides used for the preparation of DNA templates coding tRNAs. 
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Supplementary Table 4. List of mRNA sequences used in this study. 
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Supplementary Table 5. List of oligonucleotides used for the preparation of mDNAs. 

 

 

 

Supplementary Table 6. Conditions for translation reactions conducted in this study. 

 

  



 80 

Supplementary Table 7. Concentrations of in vitro tRNA transcripts used for the experiments. Asterisk 

denotes that the tRNA transcript was added only when the mRNA1NNS* and mRNA2NNS* contained the codon 

corresponding to each tRNA. 
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Supplementary Table 8. Numerical data of quantification experiments. 
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Chapter 3 

Ribosomal synthesis of highly N-methylated peptides by 

tuning affinities between EF-Tu and 

N-methyl-aminoacyl-tRNAs 
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3.1. Introduction 

In drug development studies, small molecules and proteins are dominantly used as the molecular bases106. 

Recently, protein-based drugs, especially antibodies, have become one of the most successful classes of therapeutics 

owing to their high affinity and selectivity to target proteins with large surface interaction (i.e. surface recognition 

property), which contributed to less side-effects and higher success rate in clinical trial compared to small-molecule 

drugs107,110. In spite of their effectiveness, the use of protein-based drugs has a major drawback that proteins cannot 

penetrate through cell membranes, and therefore they are not orally available (i.e. injection required) and they 

cannot target intracellular proteins that comprise most part of human proteins. In order to discover an ideal drug that 

possess both surface recognition property and cell-membrane permeability, small peptide molecules attract great 

attention as a new drug scaffold67,112. In fact, such drugs have been found in naturally occurring bioactive peptides113. 

For example, an immunosuppressant cyclosporine, a macrocyclic N-methylated peptide, exhibits membrane 

permeability and acceptable stability in human body, and therefore it can effectively interact with intracellular target 

proteins named cyclophilins145-148. Notably, bioactive peptides often possess multiple backbone N-methyl 

modifications, and it has been revealed that such N-methylations confer increased membrane permeability and 

protease resistance on peptide molecules114-124. 

To discover novel peptide-based drugs, researchers have developed several methods to discover peptides that 

bind to target proteins from a sequence-randomized peptide library, which include phage-based expression method 

and mRNA display method125,126. Our laboratory has combined the mRNA display method with an engineered in 

vitro translation system named FIT (flexible in vitro translation) system77,92,104,127-129, and successfully developed a 

novel method, named RaPID (Random nonstandard peptides integrated discovery) system, to discover bioactive 

peptides with nonstandard scaffold such as N-methyl modification and macrocyclic structure93,130-136. The system 

relies on a reconstituted E. coli cell-free translation system32 supplemented with synthetic tRNAs pre-charged with 

nonproteinogenic amino acids (npAAs) by catalysis of flexizymes92. Although they have discovered potent binders 

with a few N-methyl modifications, the desired peptides that exhibit membrane permeability and stability against 

enzymatic degradation could not be found in most cases. 

To further improve such pharmacokinetic properties, it is ideal to develop a nonstandard peptide library that 

comprises a rich variety of distinct N-methyl-amino acids (MeAAs). However, there is a methodological obstacle that 
MeAAs are suboptimal substrates for the translational machinery, and therefore premature termination of translation 

can occur or incorrect amino acids can be misincorporated in place of the desired MeAA, resulting in reduced 

incorporation efficiency and accuracy of N-methylated peptide synthesis69,104,149. A previous study reported that, 

among 19 MeAAs, only five MeAAs exhibited efficient incorporation efficiencies (>80% to a proteinogenic amino 

acid (pAA) control); six MeAAs were moderate (10–80%); the other eight MeAAs were poor and undetectable 

(<10%)104. Although several contrivances to improve the incorporation efficiency of a single MeAA into a peptide 

have been reported69,150,151, it is still challenging to incorporate multiple distinct MeAAs into the same peptide. The 

best case in literature so far is the synthesis of a peptide containing only three kinds of MeAAs69,93. In this study, I 

aimed to develop a novel method that allows for the simultaneous incorporation of multiple distinct MeAAs, which 
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would enable us to discover highly N-methylated peptide drugs with improved membrane permeability and stability 

against enzymatic decomposition. 

To achieve this goal, I first hypothesized the cause of the inefficient MeAA incorporation as follows. Ribosome 

recruits aminoacyl-tRNAs by means of EF-Tu and accommodates them into the A-site space in ribosome (Fig. 

46a)40. EF-Tu binds to an aminoacyl-tRNA at two distinct sites: (1) amino acid site and (2) T-stem site (Fig. 

46b)8,41,42. When only the former interaction at the amino acid site is considered, the binding affinities are drastically 

different depending on the amino acid species (Fig. 46c)43. In order to compensate the different affinities, nature has 

elegantly evolved the T-stem structures so that the affinities between EF-Tu and each of 20 aminoacyl-tRNAs 

become equivalent44. Due to this equivalent affinities, EF-Tu can deliver all of 20 proteinogenic aminoacyl-tRNAs 

(pAA-tRNAs) into ribosome with similar efficiencies45 (Fig. 46d). In contrast, if the affinity between EF-Tu and an 

N-methylaminoacyl-tRNA (MeAA-tRNA) were weak, the MeAA-tRNA could not bind to EF-Tu under the 

competition with pAA-tRNAs, which would lead to decrease in the synthetic efficiency of the MeAA-containing 

peptide. In other words, if the EF-Tu affinity of MeAA-tRNA could be tuned to the mean EF-Tu affinity of 

pAA-tRNAs, then the efficiency could be improved and a variety of MeAAs could be utilized simultaneously. 

To prove this concept, in this study, I first experimentally confirmed that the affinities of most MeAA-tRNAs 

were less than the mean value of pAA-tRNAs, which supported the idea that MeAA-tRNAs could not bind to EF-Tu 

with sufficient strengths (Fig. 46e). Next, I developed a method to tune the weak EF-Tu affinity of MeAA-tRNAs to 

the value of pAA-tRNAs (Fig. 46e). The FIT system containing EF-Tu affinity-tuned MeAA-tRNAs exhibited 

improved synthetic efficiency and accuracy of N-methylated peptides. The proof of concept was demonstrated by 

the expression of a 32-mer model peptide composed of 9 different MeAAs as well as 14 kinds of pAAs. These results 

supported the idea that this new method enables us to synthesize a highly N-methylated peptide library, which is 

expected to facilitate the discovery of practical nonstandard peptide drugs with improved pharmacokinetic 

properties in future. 
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Figure	 46.	 Schematic	 illustration	 of	 the	 interaction	 between	 EF-Tu	 and	 aminoacyl-tRNAs.	 a,	
EF-Tu-mediated	delivery	of	pAA-tRNA	 into	ribosome.	b,	Two	binding	sites	between	EF-Tu	and	pAA-tRNA.	c,	
Compensatory	 relationship	between	affinities	at	 the	 two	binding	sites,	 achieving	equivalent	EF-Tu	affinities	
for	 20	 pAA-tRNAs.	 d,	 Hypothesized	 obstacle	 for	 MeAA-tRNA:	 the	 insufficient	 EF-Tu	 affinity	 under	 the	
competition	 with	 pAA-tRNAs.	 e,	 Schematic	 representation	 of	 this	 study.	 f,	 npAAs	 used	 in	 this	 study.	 MeG:	
N-methylglycine,	MeS:	N-methylserine,	MeA:	N-methylalanine,	MeF:	N-methylphenylalanine,	MeL:	N-methylleucine,	
MeM:	 N-methylmethionine,	 MeT:	 N-methylthreonine,	 MeY:	 N-methyltyrosine,	 MeD:	 N-methylaspartic	 acid,	 MeV:	
N-methylvaline,	MeNl:	N-methylnorleucine,	MeNv:	N-methylnorvaline,	MeYm:	N-methyl-p-methoxyphenylalanine,	
AcK:	ε-N-acetyllysine.	 	
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3.2. Results and Discussion 

3.2.1. Experimental proof that many MeAA-tRNAs cannot bind to EF-Tu with sufficient strengths 

First, I compared the EF-Tu affinities of canonical pAA-tRNAs and MeAA-tRNAs. As the control, three 

canonical pAA-tRNAs (Phe-tRNAPhe, Tyr-tRNATyr, and Ser-tRNASer) were prepared by flexizyme-catalyzed 

aminoacylation, and their EF-Tu affinities were quantified by the method developed in this study (see 

Supplementary results 3.4.1 for the method development). As previously reported, they exhibited similar affinities 

ranging from -8 to -9.4 kcal/mol (Fig. 47a). It should be noted that the observed affinity values were slightly less 

than those previously reported (from -9.5 to 10.5 kcal/mol)45. The cause of difference might be attributed to the 

difference in buffer composition or the presence of His6 tag at the C-terminus of EF-Tu used in this study. In 

contrast to canonical pAA-tRNAs, many MeAA-tRNAAsnE2
GAC’s exhibited undetectable level of weak EF-Tu 

affinities with the exception of MeG-tRNAAsnE2
GAC, MeS-tRNAAsnE2

GA, and MeA-tRNAAsnE2
GAC (Fig. 47b). Considering 

that the α-amino group of the charged amino acid is accommodated in a pocket composed of EF-Tu residues (Fig. 

47c), the N-methyl modification is supposed to cause steric hindrance between MeAA and the pocket, which would 

decrease the EF-Tu affinities. The three exceptions of MeG-tRNAAsnE2
GAC, MeS-tRNAAsnE2

GA, and MeA-tRNAAsnE2
GAC 

might alleviated the steric hindrance by positioning the side-chain (-H, -CH3, and -OH groups, respectively) into the 

pocket for the amino group. Next, six kinds of MeAA-tRNAAsnE2
GAC’s were used for the ribosomal synthesis of a 

model peptide containing a single MeAA (Fig. 47d). The mRNA template was designed to determine the translation 

accuracy by MALDI-TOF-MS (Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry) of 

translation products (Fig. 47d). The genetic code of GUC codon was reprogrammed by excluding the corresponding 

Val from the in vitro translation system and instead supplementing one of the MeAA-tRNAAsnE2
GAC’s. When the 

MeG-tRNAAsnE2
GAC and MeS-tRNAAsnE2

GA, which exhibited strong EF-Tu affinities, were used, the correct peptide 

was observed as a single major peak in MALDI-TOF-MS. On the other hand, when the MeAA-tRNAAsnE2
GAC’s, 

which exhibited weak EF-Tu affinities, were used, an undesired side-product containing either Leu or Ile in place of 

the MeAA was detected in MALDI-TOF-MS along with the correct peptide product (Fig. 47d). As an exception, a 

single major peak was observed for MeF although MeF-tRNAAsnE2
GAC did not exhibit detectable level of EF-Tu 

affinity. A supplementary experiment revealed that the misincorporated amino acid was Ile, not Leu, as the 

side-product was observed only when Ile was present in translation mixture (Fig. 47e). Similar weak EF-Tu affinity 

and translation inaccuracy were observed for another type of npAA, ε-N-acetyllysine (AcK), which was examined to 

confirm the generality of this study (Fig. 47b,d). Collectively, above experiments demonstrated that the EF-Tu 

affinities of many MeAA-tRNAAsnE2
GAC’s were much weaker than the mean value of canonical pAA-tRNAs and the 

weak EF-Tu affinity often causes the translational inaccuracy during ribosomal polypeptide synthesis. 
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Figure	47.	Weak	EF-Tu	affinities	of	MeAA-tRNAs	and	correlate	inaccurate	synthesis	of	MeAA-containing	
peptides.	 a,	EF-Tu	 affinities	 of	 canonical	 pAA-tRNAs.	 Error	 bar:	 standard	 error.	b,	Weak	 EF-Tu	 affinities	 of	
many	MeAA-tRNAAsnE2GAC’s	along	with	AcK-tRNAAsnE2GAC.	c,	Supposed	cause	of	 the	weakened	EF-Tu	affinities	of	
MeAA-tRNAs.	This	image	was	made	from	the	cocrystal	structure	of	EF-Tu	and	Phe-tRNAPhe	(PDB	ID:	1TTT)8	d,	
Examination	of	the	translation	accuracy	of	peptides	containing	each	of	MeAAs	or	AcK.	In	each	experiment,	the	
mRNA12	 containing	GUC	 codon	was	 translated	 in	 the	 FIT	 system	 containing	npAA-tRNAAsnE2GAC	 of	 interest.	
†Peak	corresponds	to	the	side-product	containing	Ile	instead	of	the	npAA.	e,	Confirmation	of	the	side-product	
observed	in	d.	 	
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3.2.2. Development of a method to reinforce the weak EF-Tu affinities of MeAA-tRNAs. 

Discovery of the fact that many MeAA-tRNAs cannot bind to EF-Tu with sufficient strengths encouraged me to 

develop a novel method to reinforce the weak EF-affinity of MeAA-tRNAs. As it had been reported that the binding 

affinity between EF-Tu and Phe-tRNAPhe changes depending on its T-stem sequence42, I expected that the EF-Tu 

affinity of an MeAA-tRNA could also be changed by using different T-stem sequences. Based on this concept, three 

different T-stem sequences were selected from literature (Fig. 48)42. According to their results, the EF-Tu affinities 

of these four MeAA-tRNA are supposed to increase as the T-stem number increases. Note that the original T-stem 

was renamed as T-stem No.2.  

 

 

	
Figure	48.	Strategy	to	reinforce	the	weak	EF-Tu	affinity	of	MeAA-tRNA.	The	T-stem	sequence	of	MeAA-tRNA	
was	 replaced	 with	 three	 kinds	 of	 different	 sequences	 that	 possess	 different	 EF-Tu	 affinities.	 The	 original	
T-stem	was	renamed	as	T-stem	No.2,	and	newly	prepared	T-stems	are	named	as	T-stem	No.1,	3,	and	4.	Their	
EF-Tu	affinities	are	supposed	to	increase	as	the	number	increases.	 	
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The feasibility of affinity reinforcement by means of T-stem replacement was confirmed using 

Phe-tRNAAsnE2
GAC and MeF-tRNAAsnE2

GAC. When the T-stem sequence of Phe-tRNAAsnE2
GAC was replaced with the 

other T-stem sequences, their EF-Tu affinities were changed in the expected order (Fig. 49a). Similar change in 

EF-Tu affinity was observed also in case of MeF-tRNAAsnE2
GAC (Fig. 49b). The control experiment using uncharged 

tRNAAsnE2
GAC revealed that these tRNAs did not bind to EF-Tu unless they were charged with amino acid (Fig. 49c). 

 
	
Figure	49.	Reinforcement	of	the	EF-Tu	affinity	of	aminoacyl-tRNAs	by	the	T-stem	replacement	strategy.	
a,b,	Quantification	of	the	EF-Tu	affinities	of	Phe-tRNAAsnE2GAC	(a)	and	MeF-tRNAAsnE2GAC	(b)	with	different	T-stem	
sequences.	Asterisk	 indicates	 that	 the	affinity	 is	undetectable	 level	 (ΔG	>	 -6	kcal/mol).	Error	bar:	 standard	
error.	c,	Control	experiment	where	uncharged	tRNA	was	used.		 	
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The effect of the EF-Tu affinity reinforcement on translational accuracy and efficiency was examined using the 

above Phe-tRNAAsnE2
GAC and MeF-tRNAAsnE2

GAC derivatives. The mRNA template was designed to determine the 

peptide expression level by means of tricine-SDS-PAGE (autoradiographic detection of [14C]-Asp in the C-terminal 

FLAG peptide region), and accuracy of the decoding was evaluated by MALDI-TOF-MS of translation products 

(Fig. 50a,b). When the weak T-stem No.1 was used, a side-product containing Ile in place of Phe or MeF was 

observed in MALDI-TOF-MS, whereas tRNAs with relatively stronger T-stems yielded only the correct peptide (Fig. 

50a,b). When the translational efficiency of the Phe-containing peptide was quantified using the FIT system that did 

not contain Ile, the synthetic rate was decreased as the EF-Tu affinity increased (Fig. 50c). The cause of decrease in 

synthetic rate could be attributed to following hypotheses: (1) Phe-tRNAAsnE2
GAC with stronger T-stems might 

dominantly bind to EF-Tu, which would hinder the binding of canonical pAA-tRNAs and lead to decrease in the 

synthetic rate of full-length peptide or (2) the too strong interaction between EF-Tu and the replaced T-stem might 

hinder the fast accommodation of aminoacyl-tRNA into ribosome as observed in previous researches49,152. Further 

investigation is required to identify the exact reason. In case of MeF-tRNAAsnE2
GAC, the use of T-stem No.2 and No.3 

exhibited the best synthetic rate compared to T-stem No.1 or 4 (Fig. 50d). Collectively, above results demonstrated 

that the EF-Tu affinity of aminoacyl-tRNAs can be dramatically changed by the T-stem replacement strategy and the 

translational accuracy and efficiency can be improved by selecting the best T-stem from the four candidates. 

The effect of T-stem replacement on EF-Tu affinity and translational accuracy was examined also for other four 
MeAA-tRNAAsnE2

GAC’s along with AcK-tRNAAsnE2
GAC (Fig. 51). In all cases, the reinforcement of EF-Tu affinity was 

achieved, and accordingly the translational accuracy was improved. Notably, in case of MeL and AcK incorporation, 

the side-product was observed as the major peak when the original T-stem No.2 was used, whereas the undesired 

side-product was successfully suppressed by replacing the T-stem with No.4 sequence. The EF-Tu affinity 

reinforcement was confirmed for another eight kinds of MeAA-tRNAAsnE2
GAC’s as well (Fig. 52). 
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Figure	50.	Improvement	in	translation	accuracy	and	efficiency	achieved	by	selecting	the	appropriate	
T-stem.	 a,b,	 MALDI-TOF-MS	 of	 peptide	 products	 after	 15	 min	 translation	 reaction.	 The	 GUC	 codon	 was	
decoded	 by	 Phe-tRNAAsnE2GAC	 (a)	 and	 MeF-tRNAAsnE2GAC	 (b)	 that	 possessed	 different	 T-stem	 sequences.	†Peak	
corresponds	to	the	side-product	containing	Ile	in	place	of	Phe	(a)	and	MeF	(b).	c,d,	Time	course	of	the	peptide	
expression	levels	in	the	FIT	system	containing	Phe-tRNAAsnE2GAC	(c)	and	MeF-tRNAAsnE2GAC	(d).	
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Figure	51.	Improved	translation	accuracy	by	reinforcing	EF-Tu	affinities	of	MeAA-tRNAs	and	AcK-tRNA.	a,	
Sequences	 of	 mRNA12	 and	 its	 resultant	 P12-npAA	 peptide.	 The	 GUC	 codon	 was	 decoded	 by	
npAA-tRNAAsnE2GAC	 of	 interest.	b–f,	 EF-Tu	 affinities	 and	 their	 effects	 on	 translational	 accuracy	 examined	 for	
MeG-tRNAAsnE2GAC	 (b),	 MeS-tRNAAsnE2GAC	 (c),	 MeA-tRNAAsnE2GAC	 (d),	 MeL-tRNAAsnE2GAC	 (e),	 and	 AcK-tRNAAsnE2GAC	 (f)	
that	possessed	different	T-stem	sequences.	Asterisk	 indicates	that	the	affinity	 is	undetectable	 level	(ΔG	>	-6	
kcal/mol).	Error	bar:	standard	error.	†Peak	corresponds	to	the	side-product	containing	Ile	in	place	of	npAA.	
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Figure	52.	EF-Tu	affinity	reinforcement	for	other	MeAA-tRNAs.	a–h,	EF-Tu	affinities	of	MeM-tRNAAsnE2GAC	(a),	
MeT-tRNAAsnE2GAC	 (b),	 MeY-tRNAAsnE2GAC	 (c),	 MeD-tRNAAsnE2GAC	 (d),	 MeV-tRNAAsnE2GAC	 (e),	 MeNv-tRNAAsnE2GAC	 (f),	
MeNl-tRNAAsnE2GAC	(g),	MeYm-tRNAAsnE2GAC	(h)	containing	different	T-stem	sequences.	Asterisk	indicates	that	the	
affinity	is	undetectable	level	(ΔG	>	-6	kcal/mol).	Error	bar:	standard	error.	 	
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3.2.3. Expression of highly N-methylated peptide via EF-Tu affinity tuning for MeAA-tRNAs. 

In order to demonstrate the improved N-methyl-peptide synthesis by the EF-Tu affinity tuning strategy, I next 

tried to express highly N-methylated peptide containing six distinct MeAAs. To achieve this, I first optimized the 

translation conditions (see Supplementary results 3.4.2 for the optimization experiments), and as the result, two 

contrivances have been developed. First, the EF-Tu affinities of MeAA-tRNAs were successfully tuned to the range 

observed for pAA-tRNAs by selecting the appropriate T-stem sequence for individual MeAA-tRNAs (Fig. 53a). 

Under this condition, EF-Tu can bind to all of pAA-tRNAs and MeAA-tRNAs with equivalent affinities. Second, the 

concentration of each MeAA-tRNA was adjusted	 based	 on	 flexizyme-catalyzed	 acylation	 efficiencies,	 and	 the	

concentration	was	adjusted	to	10	µM;	whereas,	in	conventional	method,	50	µM	each	MeAA-tRNAs	were	added	

without	considering	acylation	efficiencies (Fig. 53b). In this experiment, a model peptide composed of 6 MeAAs 

along with 14 pAAs was expressed in the FIT system in which five pAAs (Phe, Leu, Ile, Val, and Ala) were 

excluded and six MeAA-tRNAs (MeY-tRNAAsnE2TS3
GAA, MeA-tRNAAsnE2TS3

GAU, MeF-tRNAAsnE2TS3
GGC, 

MeV-tRNAAsnE2TS1
GAC, MeG-tRNAAsnE2TS5

CAG, and MeS-tRNAAsnE2TS5
GAG) were supplemented instead (Fig. 53 c,d). 

When the translation was conducted by the conventional system93, the products were a mixture of the desired 

peptide and various side-products containing pAAs in place of MeAAs, and the expression level of the mixture was 

0.7 µM in total (Fig. 53e,f). On the other hand, the optimized system developed in this study yielded only the 

desired peptide with improved expression level of 1.8 µM. Clearly, this result demonstrated that the cause of 

translational disorder can be attributed to the insufficient EF-Tu affinities of MeAA-tRNAs, and the affinity tuning 

strategy can dramatically improve the synthetic efficiency and accuracy of N-methyl peptides. 
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Figure	53.	Accurate	and	efficient	synthesis	of	a	model	peptide	containing	six	distinct	MeAAs	under	the	
optimized	 condition.	 a,	 Summary	 of	 the	 EF-Tu	 affinity	 tuning.	 b,	 The	 adjustment	 of	 each	 MeAA-tRNA	
concentration	 based	 on	 the	 flexizyme-catalyzed	 acylation	 efficiencies.	 c,	 Sequences	 of	 mRNA13	 and	 its	
resultant	P13	peptide.	Arrows	indicate	the	sequence	connections.	d,	A	reprogrammed	genetic	that	codes	for	6	
MeAAs	along	with	15	pAAs.	e,f,	Comparison	between	the	conventional	system	and	the	optimized	system	based	
on	the	analysis	of	the	peptide	products	by	tricine-SDS-PAGE	(e)	and	MALDI-TOF-MS	(f).	 	

c

e

d

1. Gly in place of MeF
Peak

3. Cys in place of MeY or Ser in place of MeF
4. Gly in place of MeA
5. Desired P13 peptide

2. Ser in place of MeY or Ala in place of MeF

mRNA13 :
P13 :

AUG

AUC CGU GCC

(Flag)

UCU

fMet

MeA Arg MeF

AAG AAG AAG ACA
Lys Lys Lys

AAU UUC
Thr Asn MeY

GGU
Gly

Flag

Ser
GUC

MeV
CCA UAC UAA
Pro Tyr

AUG GAA

UGG CAA
Met Glu

Trp
CUG CUC

Gln MeG MeS
CAU
His Stop

f

m/z
2600 28002700

2 3 41 5

Lane 1

Lane 21 2
Lane

Lane 1: Conventional system
Lane 2: Optimized system

2

1

0

Pe
pt

id
e

ex
pr

es
sio

n
le

ve
l (

µM
)

[P13+H]+

Calc. :
Obsd. :

3751.75
3751.92

[P13+H]+

Calc. :
Obsd. :

3751.75
3752.08

a

b

-6 -10-8

*
*

*

-6 -10-8
MeV
MeF
MeY
MeA
MeG
MeS

EF-Tu affinity
ΔG (kcal/mol) 

EF-Tu affinity
ΔG (kcal/mol) 

Tuning

The range of
pAA-tRNAs

MeV
MeF
MeY
MeA
MeG
MeS

[MeAA-tRNA]
adjustment

T-stem No.2
T-stem No.3
T-stem No.4

T-stem No.2
(original one)

pAA-tRNAs MeAA-tRNAs

Equivalent
affinities

EF-Tu

50
µM

MeS MeG MeF MeV MeY MeA MeS MeG MeF MeV MeY MeA

10
µM

Relative
amount 100% 240%

1st 2nd 3rd

MeG

MeS

MeY

Met

Pro
Pro

Ser
Ser

Thr
Thr

Tyr

His
Gln

Lys

Glu

Asn

Asp

Cys

SerMeA
Arg

Trp
Cys
Trp

MeV MeF Gly
Gly

U

C

A

G

U C A G
C
G
C
G
C
G
C
G



 97 

Next, the variety of MeAAs was further expanded to nine, and a 32-mer model peptide composed of nine distinct 
MeAAs along with 14 pAAs was expressed under the optimized condition (Fig. 54 a–c). In this experiment, three 

kinds of MeAAs with unnatural side-chains were added to the repertoire. Compared to a control translation using 20 

pAAs, the P14 peptide with nine N-methyl modifications was expressed in 34% efficiency to the control with 

maintenance of translational accuracy as demonstrated by MALDI-TOF-MS (Fig. 54 d,e), which demonstrated that 

the EF-Tu affinity tuning strategy dramatically expands the variety of simultaneously usable MeAAs and enables us 

to express highly N-methylated peptides. 

 

 
Figure	54.	Expression	of	a	highly	N-methylated	peptide	containing	nine	distinct	MeAAs	along	with	15	
pAAs.	a,	Sequences	of	mRNA14	and	its	resultant	P14	peptide.	The	CUC,	UUG,	GUC,	CUG,	AUC,	GCG,	UUC,	GUG,	
and	 GCC	 codons	 were	 translated	 by	 MeS-tRNAAsnE2TS5GAG,	 MeG-tRNAAsnE2TS5CAA,	 MeV-tRNAAsnE2TS1GAC,	
MeNl-tRNAAsnE2TS1CAG,	 MeY-tRNAAsnE2TS3GAU,	 MeA-tRNAAsnE2TS3CGC,	 MeYm-tRNAAsnE2TS1GAA,	 MeNv-tRNAAsnE2TS3CAC,	 and	
MeF-tRNAAsnE2TS3GGC,	respectively.	b,	A	reprogrammed	genetic	code	that	codes	for	nine	MeAAs	as	well	as	15	pAAs.	
c,	Summary	of	 the	EF-Tu	affinity	tuning.	d,e,	Expression	of	 the	P14	peptide	containing	nine	different	MeAAs.	
The	mRNA	was	translated	in	either	the	FIT	system	that	contained	20	pAAs	(as	control)	or	the	FIT	system	that	
contained	15	pAAs	(excluding	Phe,	Leu,	 Ile,	Val,	and	Ala)	and	the	9	MeAA-tRNAs.	The	peptide	products	were	
analyzed	by	tricine-SDS-PAGE	(d)	and	MALDI-TOF-MS	(e).	 	
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3.3. Conclusion 

Here I report a novel methodology that achieves the ribosomal synthesis of nonstandard peptides containing a 

rich variety of MeAAs. First, this study quantitatively demonstrated that the binding affinity between EF-Tu and 

many MeAA-tRNAs were weak (Fig. 47), which supported my hypothesis that the cause of inefficient MeAA 

incorporation could be attributed to the impaired EF-Tu-mediated delivery of MeAA-tRNAs into ribosome. This 

study also demonstrated that the weak EF-Tu affinities of MeAA-tRNAs can be reinforced by the T-stem replacement 

strategy (Fig. 48, 52, 54, and 55). Notably, when the EF-Tu binding affinity was adjusted to too strong values, the 

synthetic efficiency of the corresponding peptide was decreased (Fig. 50 and 59), which was consistent with 

previous reports where pAAs and fluorescent npAA were examined49,152. 

Tuning of the affinities between EF-Tu and each of MeAA-tRNAs successfully improved synthetic efficiency and 

accuracy of a model peptide containing six distinct MeAAs (Fig. 53). Moreover, the developed translation system 

also achieved the synthesis of a highly N-methylated peptide containing as many as nine distinct MeAAs (Fig. 54), 

which has expanded the variety of simultaneously usable MeAAs from three69,93 to nine. Notably, the nine MeAAs 

included MeV that has been reported as an incompatible substrate for ribosomal polypeptide synthesis104. Notably, 

the variety of 24 building blocks (15 pAAs and nine MeAAs) achieved in this study has overcome the previous 

limitation of 23 variety (20 pAAs and three npAAs)91,153. These facts clearly demonstrated the improved synthetic 

efficiency and accuracy of highly N-methylated peptides. 

As the cause of inefficiency observed for npAA incorporation, three problems could be supposed: (1) impaired 

EF-Tu-mediated delivery of the corresponding npAA-tRNAs, (2) slow peptidyl transfer reaction involving the 

npAA, and (3) hindered ejection of nascent polypeptides containing npAA through the exit tunnel. Previous 

researches rarely identified which process was the actual cause of inefficiency, and therefore it is possible that many 

npAAs could not be incorporated efficiently just because the corresponding npAA-tRNA could not bind to EF-Tu 

with sufficient strengths. This study has discovered an impressive and practical fact that the synthetic efficiency and 

accuracy of N-methylated peptides can be improved dramatically only by tuning the insufficient EF-Tu affinities of 
MeAA-tRNAs. This fact implies that the same strategy can facilitate efficient incorporation of a rich variety of 

npAAs as well as MeAAs. Such an example was demonstrated for AcK in this study (Fig. 51). 

The development of EF-Tu affinity tuning method has another potential benefit that it enables us to directly 

examine the peptidyl transfer reaction without the need to consider the possible EF-Tu-binding problem, which 

would facilitate the further engineering of peptidyl transfer machinery. It is also possible that the method contributes 

to biological studies regarding the mechanisms of ribosomal peptidyl transfer reaction and substrate discrimination 

(i.e. quality control of translation). 

Although the conventional RaPID system have discovered macrocyclic N-methyl-peptide binders to drug target 

proteins, the variety of MeAAs found therein has been limited up to three93. As a result, most discovered nonstandard 

peptide drugs did not exhibit the desired pharmacokinetic properties such as cell-membrane permeability and 

stability against enzymatic decomposition. The present engineered translation system developed in this study would 

enable us to synthesize a highly N-methylated peptide library with sufficient accuracy and efficiency. The 
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integration of such a peptide library with peptide screening technologies is expected to facilitate the discovery of 

practical nonstandard peptide drugs with excellent pharmacological properties in future. 
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3.4. Supplementary results 

3.4.1. Development of a novel method to quantify affinities between EF-Tu and aminoacyl-tRNAs 

The conventional method to quantify the affinities between EF-Tu and aminoacyl-tRNAs consists of following 

steps (Fig. 55a)41,154: (1) a pAA-tRNA of interest is synthesized by the corresponding AARS using radiolabeled pAA. 

(2) The pAA-tRNA is mixed with EF-Tu. (3) After reaching equilibrium, RNase A is added, which decomposes only 

unbound pAA-tRNA within 30 seconds, whereas the pAA-tRNA bound on EF-Tu is protected. (4) The addition of 

10% TCA quenches the RNase A reaction and precipitates the ternary complex. (5) Detection of the radioactivity 

from the precipitate allows for the quantification of the complex under the equilibrium state. As radiolabeled MeAA 

substrates are not available, I had to modify this quantification method so that tRNA was radiolabeled instead of 

amino acid. Two approaches to synthesize radioactive tRNA were tested. In the first approach, the 5′-terminal 

phosphate group was radiolabeled by dephosphorylation followed by phosphorylation in the presence of [γ-32P]-ATP 

(Fig. 55b). The radioactive tRNA can be charged with MeAAs by flexizymes, and the resultant MeAA-tRNA would 

allow for the quantification of their binding affinities. In the other approach, the 3′-terminal phosphate group was 

radiolabeled by ligation of a tRNA lacking 3′-terminal adenosine with [α-32P]-ATP (Fig. 55c). 

 
	
Figure	55.	Method	to	quantify	the	affinity	between	EF-Tu	and	aminoacyl-tRNA.	a,	Conventional	affinity	
measurement	 using	 radiolabeled	 amino	 acid.	 b,	 The	 first	 approach	 to	 radiolabel	 tRNA.	 The	 5′-terminal	
phosphate	 group	 was	 radiolabeled	 by	 dephosphorylation	 followed	 by	 phosphorylation	 in	 the	 presence	 of	
[γ-32P]-ATP.	The	radioactive	tRNA	can	be	charged	with	MeAA	by	flexizymes	and	the	binding	affinity	could	be	
measured.	c,	The	second	approach	to	radiolabel	tRNA.	A	tRNA	lacking	3′-terminal	adenosine	was	ligated	with	
[α-32P]-ATP	by	means	of	CCA-adding	enzyme.  
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Next, I examined whether the two radiolabeled tRNAs could be rapidly decomposed by RNase A within 30 seconds. 

When the 5′-labeled tRNAPhe was decomposed by various concentration of RNase A in the absence of EF-Tu, 

around 10% intensity of remaining radioactivity was observed even when 2909 ng/µL of RNase A was present (Fig. 

56a). In contrast, the 3′-labeled tRNAPhe was completely decomposed by lower concentration of RNase A (Fig. 56b), 

which conferred sufficient S/N ratio for the complex quantification in the following experiments. The quantification 

of tRNAPhe without RNase A decomposition exhibited the linear qualitative relationship between the radioactivity of 

the precipitate and the input tRNA amount ranging from 2 to 2000 fmol (i.e. 0.2 to 200 nM) (Fig. 56c). Based on 

these results, the 3′-labeling was used in the following experiments. 

 

 
	
Figure	56.	Comparison	of	the	two	radiolabeling	methods.	a,	Incomplete	degradation	of	5′-labeled	tRNA	by	
RNase	A.	The	tRNA	sample	decomposed	by	RNase	A	was	quantified	by	10%	TCA	precipitation,	filtration,	and	
autoradiography.	b,	 Complete	 degradation	 of	 3′-labeled	 tRNA	 by	 RNase	 A.	 Note	 that	 the	 range	 of	 RNase	 A	
concentration	 is	 different	 from	 a.	 c,	 Quantification	 of	 calibration	 standards.	 In	 this	 experiment,	 different	
amounts	of	3′-labeled	tRNAs	were	quantified	without	RNase	A	reaction.	 	
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Next, I attempted to quantify the EF-Tu affinity of Phe-tRNAAsnE2
GAC. The acylation efficiency by flexizyme 

(eFx) catalysis92 was determined to be 53.2% by acid denaturing PAGE and ethidium bromide staining (Fig. 57b). 

The radioactivity measurement of known concentrations of Phe-tRNAAsnE2
GAC exhibited the linear qualitative 

relationship between the radioactivity and the input tRNA amount, which allowed for the quantification of the 

tRNAAsnE2
GAC amount based on the radioactivity (Fig. 57c). 20 µM pre-charged Phe-tRNAAsnE2

GAC was mixed with 

various concentrations of EF-Tu and the complex concentrations under equilibrium were quantified (Fig. 57d). The 

plots of the complex concentration to the initial concentration of EF-Tu correlated well with the theoretical curve of 

the binding equation, and allowed for the quantifications of the dissociation constant and the binding affinity value. 

Collectively, I successfully developed the method to quantify the binding affinity between EF-Tu and 

aminoacyl-tRNA using 3′-radiolabeled tRNA. 

 

 
	
Figure	 57.	 Affinity	 measurement	 between	 EF-Tu	 and	 Phe-tRNAAsnE2GAC.	 a,	 Scheme	 of	 the	 binding	
equilibrium	of	interest.	b,	Measurement	of	the	flexizyme-catalyzed	acylation	efficiency.	The	acylation	product	
was	 analyzed	 by	 acid	 denaturing	 PAGE	 and	 ethidium	 bromide	 staining.	 c,	 Quantification	 of	 calibration	
standards	of	known	concentrations	of	Phe-tRNAAsnE2GAC.	Their	radioactivities	were	measured	without	RNase	A	
reaction.	d,	 Quantification	 of	 the	 affinity	 between	EF-Tu	 and	Phe-tRNAAsnE2GAC.	 The	 complex	 concentrations	
were	plotted	against	the	concentration	of	EF-Tu.	The	plot	is	represented	in	both	linear	and	logarithmic	scales.	
The	fitting	of	theoretical	curve	allowed	for	quantifications	of	the	Kd	value	as	well	as	ΔG	value.	Error:	standard	
error.	 	
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3.4.2. Optimization of translation condition to express peptides containing multiple MeAAs. 

As it had been known that the Mg2+ concentration dramatically affects the translational accuracy and 

efficiency16,144, I tried to optimize the concentration to improve the synthetic efficiency and accuracy of 

N-methyl-peptides. Although a fixed 12 mM Mg2+ condition has been utilized in our laboratory, I noticed that the 

pre-charged MeAA-tRNAs added to translation mixture intake the free Mg2+ ions into their structures as counter 

cations, and accordingly the concentration of free Mg2+ decreases (Fig. 58a). Therefore, the concentration of Mg2+ 

should be optimized depending on the amount of tRNA. In order to examine the relationship between the optimal 

Mg2+ concentration and the tRNA amount, mRNA15 was translated to P15-3MeF peptide containing three 

consecutive MeF’s in the FIT system in which two pAAs (Leu and Val) were excluded and three pre-charged 
MeF-tRNAs (MeF-tRNAAsnE2TS3

GAG, MeF-tRNAAsnE2TS3
CAG, and MeF-tRNAAsnE2TS3

GAC) and/or various concentrations of 

non-functional tRNA (Fig. 58a,b) were supplemented instead. As the non-functional tRNA, a tRNAAsnE2
CUA 

containing a T-stem that has extremely low EF-Tu affinity was used. Note that the corresponding UAG codon is a 

stop codon that was not present in the mRNA15 sequence, and therefore the non-functional tRNA is supposed not to 

interact either with EF-Tu or ribosome. When the non-functional tRNA was not added, the peptide expression level 

decreased as the Mg2+ concentration increased. In contrast, when 200 and 400 µM non-functional tRNAs were 

added, the optimal Mg2+ concentration shifted to 14 and 18 mM, respectively. MALDI-TOF-MS of the optimal 

conditions revealed that the correct P15-3MeF peptide was accurately synthesized (Fig. 58d). These results 

demonstrated that the Mg2+ concentration should be increased depending on the amount of tRNAs present in 

translation mixture. 
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Figure	 58.	 Improved	 translational	 efficiency	 by	 optimization	 of	Mg2+	 concentration.	 a,	 Hypothesized	
cause	of	the	translational	 inaccuracy	observed	when	a	mass	amount	of	pre-charged	npAA-tRNAs	are	added.	
As	the	free	Mg2+	ions	chelate	to	the	pre-charged	npAA-tRNAs,	the	concentration	of	free	Mg2+	must	decrease	as	
the	amount	of	npAA-tRNA	increases.	The	decrease	in	free	Mg2+	concentration	would	decrease	the	translation	
efficiency.	b,	A	model	experiment	 to	examine	 the	 relationship	between	 the	optimal	Mg2+	 concentration	and	
the	 tRNA	 amount.	 c,d,	 Quantification	 of	 the	 peptide	 expression	 levels	 in	 the	 presence	 of	 different	
concentrations	 of	 [Mg(OAc)2]	 and	 non-functional	 tRNA.	 The	 GUC,	 CUG,	 and	 GUC	 codons	 were	 decoded	 by	
MeF-tRNAAsnE2TS3GAG,	 MeF-tRNAAsnE2TS3CAG,	 and	 MeF-tRNAAsnE2TS3GAC,	 respectively.	 The	 peptide	 products	 were	
analyzed	by	tricine-SDS-PAGE	(c)	and	MALDI-TOF-MS	(d).	 	
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As higher amount of tRNA decreased the peptide expression level (Fig. 58c), I next tried to minimize the 

concentration of pre-charged MeAA-tRNAs. In this experiment, the mRNA15 was translated to a model peptide 

containing six consecutive MeFs in the FIT system in which five pAAs (Phe, Leu, Ile, Val, and Ala) were excluded 

and six MeF-tRNAs (with GAG, CAG, GAC, GGC, GAA, and GAU anticodons; all T-stem No.3) were 

supplemented instead (Fig. 59a). By decreasing the concentration of each MeF-tRNA from 40 to 20 µM, the synthetic 

rate was improved as expected (Fig. 59b). When the concentration of each MeF-tRNA were further decreased from 

20 µM, the synthetic rate did not change, and in all cases the accurate synthesis of the correct peptide was observed 

in MALDI-TOF-MS (Fig. 59b,c). Among them, the 10 µM condition was used in the following experiment. 

 
	
Figure	59.	Improved	translational	efficiency	by	optimization	of	MeF-tRNA	concentration.	a,	Sequences	of	
mRNA15	and	its	resultant	P15-6MeF	peptide.	The	GUC,	CUG,	GUC,	GCC,	UUC,	and	AUC	codons	were	translated	
by	 MeF-tRNAAsnE2TS3GAG,	 MeF-tRNAAsnE2TS3CAG,	 MeF-tRNAAsnE2TS3GAC,	 MeF-tRNAAsnE2TS3GGC,	 MeF-tRNAAsnE2TS3GAA,	
MeF-tRNAAsnE2TS3GAU,	 respectively.	 b–d,	 Optimization	 of	 MeF-tRNA	 concentration.	 The	 optimal	 Mg(OAc)2	
concentrations	were	estimated	according	to	the	amount	of	 tRNAAsnE2s	based	on	the	result	of	Figure	58.	The	
peptide	 products	 were	 analyzed	 by	 tricine-SDS-PAGE	 (b,c)	 and	 MALDI-TOF-MS	 after	 45	 min	 translation	
reaction	(d).	 	
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I tried to further improve the translational efficiency by optimizing EF-Tu concentration, IF2 concentration, pH, 

and Mg2+ concentration (Fig. 60). Unfortunately, none of them significantly improved the efficiency. 

 

 
	
Figure	60.	Attempt	to	further	improve	translation	efficiency	by	titrating	other	factors.	a,	Sequences	of	
mRNA15	and	its	resultant	P15-6MeF	peptide.	The	GUC,	CUG,	GUC,	GCC,	UUC,	and	AUC	codons	were	translated	
by	 MeF-tRNAAsnE2TS3GAG,	 MeF-tRNAAsnE2TS3CAG,	 MeF-tRNAAsnE2TS3GAC,	 MeF-tRNAAsnE2TS3GGC,	 MeF-tRNAAsnE2TS3GAA,	
MeF-tRNAAsnE2TS3GAU,	 respectively.	 b,	 Titration	 of	 EF-Tu,	 IF2,	 and	 Mg(OAc)2	 concentrations	 and	 pH.	 In	 every	
figure,	the	leftmost	point	is	the	original	condition.	 	
  

12 14 16

3

2

1

0

3

2

1

0

3

2

1

0

3

2

1

0

AUG
fMet

AAG
Lys

AAG
Lys

AAG
LysMeF MeF MeF

CUC
MeF

CUG
MeF

GUC
MeF

GCC UUC AUC(Flag)
Flag

UAA
Stop

mRNA15 :
P15-6MeF :

a

Pe
pt

id
e 

ex
pr

es
sio

n
le

ve
l (

µM
)

[Mg(OAc)2] (mM)
10 30 50
[EF-Tu] (µM)

0 1 2 3 4 5
[IF2] (µM)

7.6 8.0 8.4
pH

b [Mg(OAc)2][EF-Tu] pH[IF2]



 107 

Although the EF-Tu affinity of MeAA-tRNA was successfully reinforced by the T-stem mutation strategy, the 

appropriate value to which the affinity should be tuned was still unclear. In order to examine the appropriate EF-Tu 

affinity for MeAA incorporation, the model peptide containing six consecutive MeF’s was translated in the FIT system 

that contained six MeF-tRNAs that possessed different T-stem sequences (Fig. 61a). As the result, the use of T-stem 

No.3 maximized the efficiency with sufficient translational accuracy demonstrated by MALDI-TOF-MS (Fig. 61b,c) 

These results revealed that the EF-Tu affinity of MeAA-tRNA should be adjusted to around -8 kcal/mol rather than -9 

kcal/mol (Fig. 61d). 

 

 

	
Figure	61.	Determination	of	the	appropriate	affinities	between	EF-Tu	and	MeAA-tRNAs.	a,	Sequences	of	
mRNA15	and	its	resultant	P15-6MeF	peptide.	The	GUC,	CUG,	GUC,	GCC,	UUC,	and	AUC	codons	were	translated	
by	 MeF-tRNAAsnE2GAG,	 MeF-tRNAAsnE2CAG,	 MeF-tRNAAsnE2GAC,	 MeF-tRNAAsnE2GGC,	 MeF-tRNAAsnE2GAA,	 MeF-tRNAAsnE2GAU,	
respectively,	 that	possessed	different	T-stem	sequences.	b,c,	Comparison	among	different	T-stem	sequences	
by	the	analysis	of	the	peptide	products	by	tricine-SDS-PAGE	(b)	and	MALDI-TOF-MS	after	45	min	translation	
reaction	(c).	d,	The	EF-Tu	affinities	of	MeF-tRNAAsnE2GAC	that	possessed	different	T-stem	sequences.	
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3.5. Methods 

3.5.1. Preparation of tRNAs, flexizymes, mDNAs, and mRNAs 

All oligonucleotides listed in Supplementary Table 9 were purchased from Eurofins, Japan. The sequences of 

tRNA transcripts prepared in this study were listed in Supplementary Table 10. Double stranded DNA templates that 

coded for tRNAs were prepared by primer extension followed by PCR as follows: Appropriate forward and reverse 

primers (1 µM each, see Supplementary Table 11 for the primers used) were mixed in 100 µL of the PCR mixture (10 

mM Tris-HCl (pH 9.0), 50 mM KCl, 2.5 mM MgCl2, 0.25 mM each dNTPs, 0.1% (v/v) Triton X-100, and 45 nM Taq 

DNA polymerase). Primer extension was conducted by denaturing (95 °C for 1 min) followed by 5 cycles of annealing 

(50 °C for 1 min) and extending (72 °C for 1 min). 1 µL of the resulting reaction mixture was 200-fold diluted with 

199 µL of the PCR mixture containing 0.5 µM each appropriate forward and reverse primers (0.5 µM each, see 

Supplementary Table 11 for the primers used), and PCR was conducted by 12 cycles of denaturing (95 °C for 40 sec), 

annealing (50 °C for 40 sec), and extending (72 °C for 40 sec). Amplification of the PCR product was confirmed by 

3% agarose gel electrophoresis and ethidium bromide staining. The resulting DNA was purified by phenol/chloroform 

extraction and ethanol precipitation, and then dissolved in 20 µL of water. The concentrations of tRNA was measured 

by A260 of the 10-fold diluted solution. 

Transcription reaction was conducted by incubating the 200-µL transcription mixture (40 mM Tris·HCl (pH 8.0), 

1 mM spermidine, 0.01% (v/v) Triton X-100, 10 mM DTT, 22.5 mM MgCl2, 3.75 mM each NTPs, 5 mM GMP, 22.5 

mM KOH, 10% (v/v) DNA template prepared above, and 120 nM T7 RNA polymerase) at 37 °C overnight. The 

transcription mixture was mixed with MnCl2 (100 mM, 4 µL) and RQ1 RNase-Free DNase (1 U/µL, 1µL, Promega), 

and incubated at 37 °C for 30 min. The resultant tRNA transcript was precipitated by isopropanol and dissolved in 

water. The tRNA transcript was purified by 8% denaturing PAGE and ethanol precipitation, and then dissolved in 10 

µL water.  

Flexizymes (dFx and eFx) were prepared as previously described77,92. 

Double stranded DNA templates that coded for mRNAs (mDNAs, see Supplementary Table 12 for the mRNA 

sequences) were prepared by primer extension and PCR (see Supplementary Table 13 for the primers used). The 

resulting mDNAs were purified by phenol/chloroform extraction and ethanol precipitation, and then dissolved in 10 

µL of water. The concentration was measured by 8% native PAGE and ethidium bromide staining with 100 bp 

Quick-Load DNA Ladders (New England BioLabs) as reference. 

mRNAs were prepared by in vitro transcription as follows: the 200-µL transcription mixture (40 mM Tris·HCl 

(pH 8.0), 1 mM spermidine, 0.01% (v/v) Triton X-100, 10 mM DTT, 30 mM MgCl2, 5 mM each NTPs, 30 mM 

KOH, 10% (v/v) DNA template prepared above, and 120 nM T7 RNA polymerase) was incubated at 37 °C 

overnight. The transcription mixture was mixed with MnCl2 (100 mM, 4 µL) and RQ1 RNase-Free DNase (1 U/µL, 

1µL, Promega), and incubated at 37 °C for 30 min. The resultant mRNA was precipitated by isopropanol and 

dissolved in water. The tRNA transcript was purified by 8% denaturing PAGE and ethanol precipitation, and then 

dissolved in 10 µL water. The concentrations of mRNA was measured by A260 of the 10-fold diluted solution. 
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3.5.2. Synthesis of aminoacyl-tRNAs by flexizymes 

Amino acids activated with an appropriate ester group (Phe-CME, Tyr-CME, Ser-DBE, MeG-DBE, MeS-DBE, 

MeA-DBE, MeF-CME, MeL-DBE, MeM-DBE, MeT-DBE, MeY-CME, MeD-DBE, MeV-DBE, MeNl-DBE, MeYm-CME, 
MeNv-DBE, and AcK-DBE; CME: cyanomethyl ester; DBE:3,5-dinitrobenzyl ester) were synthesized by the 

procedure reported previously92,104,128. 

Aminoacyl-tRNAs were prepared by the following procedure: 12 µL HEPES-KOH buffer (pH 7.5, 83 mM) 

containing 42 µM tRNA and 42 µM flexizyme (eFx for CME-activated amino acids and dFx for DBE-activated 

ones) was heated at 95 °C for 2 min and cooled to 25 °C over 5 min. MgCl2 (3 M, 4 µL) was added and the mixture 

was incubated at 25 °C for 5 min. The reaction was initiated by addition of activated amino acid substrate in DMSO 

(25 mM, 4 µL) and incubated on ice for acylation (incubation time: 2 h for Phe-CME, Tyr-CME, MeG-DBE, 
MeA-DBE, and AcK-DBE; 6 h for Ser-DBE, MeS-DBE, MeF-CME, MeL-DBE, MeM-DBE, and MeYm-CME; and 10 h 

for MeY-CME; 24h for MeT-DBE, MeD-DBE, MeV-DBE, MeNl-DBE, and MeNv-DBE). After acylation, the reaction 

was stopped by addition of 80 µL of 0.3 M sodium acetate (pH 5.2), and the RNA was precipitated by ethanol 

precipitation. The pellet was rinsed twice with 70% ethanol containing 0.1 M sodium acetate (pH 5.2), and once 

with 70% ethanol. The resulting aminoacyl-tRNA was dissolved in 1 mM sodium acetate (pH 5.2) just before 

adding to translation solution. The sample of non-functional tRNAAsnE2
CUA (Fig. 58) was prepared by the mock 

reaction where DMSO was added instead of activated amino acid substrate solution. 

 

3.5.3. Measurement of the efficiency of flexizyme-catalyzed aminoacylation 

The pellet of ethanol-precipitated 50 pmol tRNA pre-charged with pAA or npAA was dissolved in 0.52 µL of 

10 mM sodium acetate (pH 5.2) and mixed with 5.0 µL of acid PAGE loading buffer (83% (v/v) formamide, 150 

mM sodium acetate (pH 5.2), and 10 mM EDTA). The solution was loaded on an acid denaturing polyacrylamide 

gel (12% (w/v) acrylamide/bisacrylamide (19:1), 8M urea, and 50 mM sodium acetate (pH 5.2)) and electrophoresis 

was conducted at 300 V (approximately 10 V/cm) for 20 h. The gel was stained with ethidium bromide and 

analyzed using a Typhoon FLA 7000 (GE Healthcare). Aminoacylation efficiency was calculated based on the band 

intensities of aminoacyl-tRNA (A) and free tRNA (T) and is presented as (A)/[(A)+(T)]. 

 

3.5.4. Radiolabeling of either 5′-	or	3′-terminus	of	tRNA  

The 5′-terminus of a tRNA was radiolabeled as follows: the 4-µL dephosphorylation reaction mixture (1 µM 

tRNA, 50 mM Bis-Tris-Propane-HCl (pH 6.0), 1 mM MgCl2, 0.1 mM ZnCl2, and 0.5 U antarctic phosphatase (New 

England BioLabs)) was incubated at 37 °C for 30 min, and then incubated at 70 °C for 5 min. The solution (4 µL) 

was mixed with 9.1 µL of H2O, 2.0 µL of 10× buffer (700 mM Tris-HCl (pH 7.6), 100 mM MgCl2, 50 mM DTT), 

2.9 µL of 1.7 µM [γ-32P]-ATP, and 2.0 µL of 10 U/µL T4 polynucleotide kinase (New England BioLabs). The 

resulting 20-µL kinase reaction mixture was incubated at 37 °C for 60 min. The 32P-labeled tRNA (4 pmol) was 

mixed with non-labeled tRNA (121 pmol). The tRNA was purified by phenol/chloroform extraction and ethanol 
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precipitation, and then dissolved in 10 µL of water. The concentrations of tRNA was measured by A260 of the 

50-fold diluted solution. 

The 3′-terminus of a tRNA was radiolabeled as follows: 7.5 µL of 16.7 µM tRNA lacking 3′-terminal 

adenosine was incubated at 80 °C for 3 min, and then put on ice for 10 min. The 25-µL CCA-adding reaction 

mixture (120 mM Gly-NaOH (pH 9.0), 75 mM MgCl2, 30 mM DTT, 5 µM tRNA lacking 3′-terminal adenosine 

prepared above, 10 mM non-radiolabeled ATP, 0.67 µM [α-32P]-ATP, and 200 nM CCA-adding enzyme) was 

incubated at 37 °C for 20 min. The tRNA was purified by phenol/chloroform extraction, Micro Bio-Spin 30 column 

(Bio-Rad), and ethanol precipitation, and then dissolved in 5 µL of water. The concentrations of tRNA was 

measured by A260 of the 100-fold diluted solution. 

 

3.5.5. Quantification of the affinity between EF-Tu and aminoacyl-tRNA 

The aminoacyl-tRNA was prepared as described above (section 3.4.2) except that the acylation reaction was 

conducted using the mixture of 3′-radiolabeled tRNA (10%) and non-radiolabeled tRNA (90%). The resulting pellet 

of aminoacyl-tRNA was dissolved in 3.2 µL of 10 mM sodium acetate (pH 5.2). The concentration of 

aminoacyl-tRNA was adjusted as follows: 0.7 µL of the aminoacyl-tRNA solution was 100-fold diluted with 69.3 

µL of 10 mM sodium acetate (pH 5.2) and the concentrations of tRNA and flexizyme were measured by A260 of the 

diluted solution. The concentration of aminoacyl-tRNA was calculated based on the tRNA concentration and the 

flexizyme-catalyzed acylation efficiency (Supplementary Table 14). The concentration of aminoacyl-tRNA was 

adjusted to 2.0 µM by adding the appropriate volume of 10 mM sodium acetate (pH 5.2). Just prior to use, the 

concentration of aminoacyl-tRNA was adjusted to 100 nM by mixing the 2.0 µM aminoacyl-tRNA solution with 

buffer A (50 mM HEPES-KOH (pH7.6), 100 mM KOAc, 12 mM Mg(OAc)2, 1 mM GTP, 1 mM DTT, 20 mM 

creatine phosphate, 2 mM spermidine, 3 mM phosphoenol pyruvate, and 0.1 µg/µL pyruvate kinase from rabbit 

muscle (Sigma)). 

EF-Tu stored in its GDP-bound form was converted to GTP-bound form by incubating the EF-Tu solution in 

buffer A at 37 °C for 30 min. 12 µL each of samples containing different concentrations of EF-Tu, typically ranging 

from 1.5 nM to 25 µM, were prepared by twofold serial dilution on ice. 9.6 µL of the EF-Tu solution was mixed with 

2.4 µL of 100 nM aminoacyl-tRNA and incubated on ice for 20 min. Under the equilibrium binding condition, 10 µL 

each solution was mixed with 1 µL of 1 mg/mL RNase A (Sigma) on ice. After 20 sec, the reaction was quenched by 

addition of 50 µL of 10% (v/v) trichloroacetic acid (TCA) containing 0.1 mg/mL unfractionated yeast tRNA on ice. 

The precipitate was filtrated using 0.45 µM pore-size nitrocellulose membrane assembled in Bio-Dot microfiltration 

apparatus (Bio-Rad), and washed by six times of 200 µl each 5% (v/v) TCA. The membrane was soaked in 95% (v/v) 

ethanol for 5 min, and the dried membrane was analyzed by autoradiography using a Typhoon FLA 7000 (GE 

Healthcare). To correct for the background signal derived from any aminoacyl-tRNA that may remain after the 20 sec 

treatment with RNase A, a no EF-Tu control was analyzed in parallel and its radioactivity was subtracted from the 

experimental data. The resultant radioactivity was converted to the concentration of ternary complex using the 

conversion factor determined by the calibration aminoacyl-tRNA samples in buffer A containing 20, 4, 0.8, and 0.16 
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nM tRNA. Equilibrium dissociation constants were determined by fitting the binding data to the following equation 3 

using KaleidaGraph program (Hulinks). 

 

The KD equation is defined as follows, where aatRNA, EFTu, and aatRNA•EFTu denote aminoacyl-tRNA, EF-Tu, 

and their complex, respectively. 

K" =
$$%&'( )*	×	 -./0 )*
$$%&'(•-./0 )*

 – (1) 

K" =
$$%&'( 234567 $$%&'(•-./0 )* 	×	 -./0 234567 $$%&'(•-./0 )*

$$%&'(•-./0 )*
 – (2) 

aatRNA • EFTu AB 	=
$$%&'( 23456C -./0 23456CDE7 $$%&'( 23456C -./0 23456CDE

F7G× $$%&'( 23456× -./0 23456

H
 – (3) 

 

As the concentration of aminoacyl-tRNA varied slightly in every experiment due to its multistep preparation, both KD 

and the aminoacyl-tRNA concentration were set as variables in the fitting analysis. 

 

3.5.6. In vitro translation 

The reconstituted cell-free translation system32 contained all necessary components for translation except for 

RF1. Concentrations of translation components were optimized in our previous studies77 as follows: 50 mM 

HEPES-KOH (pH 7.6), 100 mM KOAc, 2 mM GTP, 2 mM ATP, 1 mM CTP, 1 mM UTP, 20 mM creatine phosphate, 

12–20 mM Mg(OAc)2, 2 mM spermidine, 1 mM DTT, 100 µM 10-formyl-5,6,7,8-tetrahydrofolic acid, 1.2 µM 

ribosome, 2.7 µM IF1, 0.4 µM IF2, 1.5 µM IF3, 10 µM EF-Tu, 10 µM EF-Ts, 0.26 µM EF-G, 0.25 µM RF2, 0.17 µM 

RF3, 0.5 µM RRF, 0.6 µM MTF, 4 µg/mL creatine kinase, 3 µg/mL myokinase, 0.1 µM pyrophosphatase, 0.1 µM 

nucleotide diphosphate kinase, 0.1 µM T7 RNA polymerase, 0.73 µM AlaRS, 0.03 µM ArgRS, 0.38 µM AsnRS, 0.13 

µM AspRS, 0.02 µM CysRS, 0.06 µM GlnRS, 0.23 µM GluRS, 0.09 µM GlyRS, 0.02 µM HisRS, 0.4 µ IleRS, 0.04 

µM LeuRS, 0.11 µM LysRS, 0.03 µM MetRS, 0.68 µM PheRS, 0.16 µM ProRS, 0.04 µM SerRS, 0.09 µM ThrRS, 

0.03µM TrpRS 0.02 µM TyrRS, 0.02 µM ValRS, 1.5 mg/mL native E. coli tRNA mixture (Roche), 200 µM each 3–

20 pAAs (see Supplementary Table 16 for the amino acids added in each experiment), 10–50 µM each tRNAAsnE2s 

pre-charged with npAAs, and either 0.25 µM mDNA 6.0 µM mRNA unless noted otherwise in the figure legends (see 

Supplementary Table 15 for the detail condition in each experiment). 

The translation products were analyzed by MALDI-TOF-MS and/or autoradiography after tricine-SDS-PAGE. 

For MALDI-TOF-MS analysis, 1.0–10 µL of the translation reaction mixture was incubated at 37 °C for 3–120 min 

(see Supplementary Table 15 for the volume and reaction time in each experiment). After the reaction, the mixture 

was diluted with the same volume of FLAG-purification buffer (100 mM Tris-HCl (pH 7.6), 300 mM NaCl). The 

expressed peptide was immobilized on anti-FLAG M2 agarose beads (Sigma) by incubating at 25 °C for 1 hour. After 

washing the beads with 25 µL of wash buffer (50 mM Tris-HCl (pH 7.6), 150 mM NaCl), the immobilized peptides 

were eluted with 15 µL of 0.2% TFA. Following purification, the peptide was desalted with SPE C-tip (Nikkyo 
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Technos) and eluted with 1 µL of 80% acetonitrile, 0.5% acetic acid solution 50% saturated with the matrix 

(R)-cyano-4-hydroxycinnamic acid (Bruker Daltonics). MALDI-TOF-MS measurements were performed using a 

ultrafleXtreme (Bruker Daltonics) under reflect/positive mode and externally calibrated with peptide calibration 

standard II (Bruker Daltonics) and/or protein calibration standard I (Bruker Daltonics). For autoradiography analysis, 

the translation reaction was performed in the presence of 50 µM [14C]-Asp instead of 200 µM cold Asp. The 

translation product was analyzed by 15% tricine-SDS-PAGE and autoradiography using a Typhoon FLA 7000 (GE 

Healthcare) without FLAG purification. The amount of peptide products was quantified based on the relative band 

intensity of the peptide product to the sum intensities present in the lane (i.e. the sum intensities of unreacted free Asp 

and peptide products). 

For translation of mRNA13, 14 and 15, (Fig. 53, 54, 58, 59, 60, and 61), the method to prepare MeAA-tRNAs was 

changed as follows. First, the ethanol precipitate after the flexizyme-catalyzed acylation was dissolved in 300 µL of 

0.3 M sodium acetate (pH 5.2), and precipitated by the second ethanol precipitation. This precipitation was conducted 

to wash out the co-precipitated Mg salt. The pellet was rinsed twice with 70% ethanol containing 0.1 M sodium acetate 

(pH 5.2), and once with 70% ethanol. The resulting aminoacyl-tRNA was dissolved in 1 mM sodium acetate (pH 5.2) 

just before adding to translation solution. The concentration of aminoacyl-tRNA was adjusted as follows: 0.25 µL of 

the aminoacyl-tRNA solution was 5000-fold diluted with 1250 µL of 1 mM sodium acetate (pH 5.2) and the 

concentrations of tRNA and flexizyme were measured by A260 of the diluted solution. The concentration of 

aminoacyl-tRNA was calculated based on the tRNA concentration and the flexizyme-catalyzed acylation efficiencies 

(Supplementary Table 14).  
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2.5. Supplementary Tables 

Supplementary Table 9. List of oligonucleotides used in this study. G(Me): 2′-O-methylguanosine. 
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Supplementary Table 10. List of in vitro tRNA transcripts prepared in this study. 
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Supplementary Table 11. List of oligonucleotides used for the preparation of DNA templates coding tRNAs. 
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Supplementary Table 12. List of mRNA sequences used in this study. 

 

 
 

 

Supplementary Table 13. List of oligonucleotides used for the preparation of mDNAs. 
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Supplementary Table 14. Efficiencies of flexizymes-catalyzed acylation. As flexizymes recognize only the 

3′-terminal CCA consensus sequence79, the acylation efficiencies were similar independent of the tRNA specie. 

Therefore, the mean acylation values for each amino acid were used for the [MeAA-tRNA] adjustment in 

experiments of Fig. 53, 54, 58–61. *The acylation efficiencies for Tyr and Ser were cited from a previous report92. 
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Supplementary Table 14. (Continued) 
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Supplementary Table 15. Conditions for translation reactions conducted in this study. Asterisk denotes that the 

concentrations of each MeAA-tRNA were adjusted to 10 µM based on the acylation efficiencies as described in 

section 3.5.6. 

 

 

 

 

Supplementary Table 16. The proteinogenic amino acids added in each experiment. 
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Chapter 4 

General conclusion 
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Development of engineered translation systems such as the FIT system enabled us to synthesize nonstandard 

polypeptides containing a couple of npAAs77,92,104,127-129. In particular, the peptide screening technologies including 

the RaPID system have created an innovative field to discover potent peptide binders to drug target proteins, and 

successfully developed nonstandard peptide drugs with noncanonical scaffolds that mimic the characteristics of 

naturally occurring bioactive peptides93,130-136. In spite of the supposed practicability, the conventional methods still 

have a major limitations in the repertoire of building blocks (i.e. pAAs and npAAs) that can be used 

simultaneously93. Therefore, it was still challenging to synthesize highly modified nonstandard peptides like 

cyclosporine A containing multiple distinct npAAs and to develop peptide drugs with sufficient pharmacokinetic 

properties such as cell-membrane permeability and proteolytic resistance. As the Ph.D. degree research, I studied to 

develop two kinds of engineered translation systems enabling (1) expansion of the building block repertoire by 

utilizing multiple npAAs in addition to the 20 proteinogenic ones and (2) the synthesis of nonstandard peptides 

containing a variety of MeAAs. 

In the study described in chapter 2, I have developed a novel method to expand the amino acid repertoire of 

ribosomal polypeptide synthesis via artificial division of codon boxes153. To realize this concept, I constructed a 

native tRNA-free FIT system that was supplied with in vitro transcripts of tRNASNN (S = G or C), covering the 

assignment of the 20 pAAs to 31 NNS codons. In principle, this system can create 11 vacant codons without 

abandoning codons coding the pAAs, which can then be reassigned with npAAs. In this study, up to 3 codon boxes 

were divided simultaneously and reassigned with three distinct npAAs without abandoning any of 20 pAAs. The 

developed translation system was able to express various model peptides, including a macrocyclic N-methyl-peptide 

inhibitor of E6AP93. It should be noted that misreading of the reassigned codons with either cognate or noncognate 

pAAs did not occur, and thus the accuracy of translation was maintained. The proof-of-concept study on the 

artificial division of codon boxes demonstrated in this work opens a new opportunity for genetic code 

reprogramming. In particular, when this technology is coupled with mRNA display methods125,126, such as the 

RaPID system, it enables us to express libraries of nonstandard macrocyclic peptides that are composed of 23 or 

more pAA and npAA building blocks to discover bioactive ligands against drug targets. 

In the study described in chapter 3, I have developed a novel method to express nonstandard peptides containing 

a variety of MeAAs. To realize this, I first quantitatively demonstrated that MeAA-tRNAs cannot be delivered 

efficiently into ribosome by means of EF-Tu. Next, I developed a strategy to tune the weak EF-Tu affinity of 
MeAA-tRNAs to the mean value of proteinogenic aminoacyl-tRNAs by artificial replacement of their T-stem 

sequences. Tuning of the affinities between EF-Tu and each of multiple distinct MeAA-tRNAs successfully improved 

synthetic efficiency and accuracy of a model peptide containing six distinct MeAAs. Moreover, the developed 

translation system also achieved the synthesis of a highly N-methylated peptide containing as many as nine distinct 
MeAAs, which demonstrated the dramatic improvement in the incorporation efficiency and accuracy. Notably, the 

variety of 24 building blocks (15 pAAs and 9 MeAAs) achieved in this study has overcome the previous limitation of 

23 variety (20 pAAs and 3 npAAs) 91,153. The present engineered translation system would enable us to synthesize a 

highly N-methylated peptide library with sufficient accuracy and efficiency. 
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In this study, I have developed the engineered translation systems that allow for the synthesis of nonstandard 

polypeptides composed of expanded repertoire of pAAs and npAAs. These technologies will open a new 

opportunity for the synthesis of polypeptides containing a rich variety of npAAs. In particular, the integration of 

these methods with the RaPID system would enable us to express libraries of nonstandard macrocyclic peptides with 

highly modified scaffolds and to rapidly discover nonstandard peptide drugs. The technological improvement is 

expected to facilitate the discovery of practical nonstandard peptide drugs with improved binding potencies and 

pharmacokinetic properties in future. 
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