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ABSTRACT

In ribosomal translation, the accommodation of
aminoacyl-tRNAs into the ribosome is mediated
by elongation factor thermo unstable (EF-Tu). The
structures of proteinogenic aminoacyl-tRNAs (pAA-
tRNAs) are fine-tuned to have uniform binding affini-
ties to EF-Tu in order that all proteinogenic amino
acids can be incorporated into the nascent pep-
tide chain with similar efficiencies. Although ge-
netic code reprogramming has enabled the incor-
poration of non-proteinogenic amino acids (npAAs)
into the nascent peptide chain, the incorporation of
some npAAs, such as N-methyl-amino acids (MeAAs),
is less efficient, especially when MeAAs frequently
and/or consecutively appear in a peptide sequence.
Such poor incorporation efficiencies can be at-
tributed to inadequate affinities of MeAA-tRNAs to EF-
Tu. Taking advantage of flexizymes, here we have ex-
perimentally verified that the affinities of MeAA-tRNAs
to EF-Tu are indeed weaker than those of pAA-tRNAs.
Since the T-stem of tRNA plays a major role in inter-
acting with EF-Tu, we have engineered the T-stem se-
quence to tune the affinity of MeAA-tRNAs to EF-Tu.
The uniform affinity-tuning of the individual pairs has
successfully enhanced the incorporation of MeAAs,
achieving the incorporation of nine distinct MeAAs
into both linear and thioether-macrocyclic peptide
scaffolds.

INTRODUCTION

In prokaryotic translation machinery, all 20 proteinogenic
amino acids (pAAs) are charged onto their correspond-
ing tRNAs, and the resulting aminoacyl-tRNAs (pAA-

tRNAs) are subsequently accommodated into the riboso-
mal A site by elongation factor thermo unstable, EF-Tu
(Figure 1A) (1,2). EF-Tu recognizes two distinct regions
of pAA-tRNAs: the amino acid moiety and the T-stem re-
gion of the tRNA (3–5). The binding affinities between EF-
Tu and pAA-tRNAs are determined by the sum of these
two interactions. Uhlenbeck and colleagues have demon-
strated that twenty distinct pAA-tRNAs bind to EF-Tu
with near-uniform affinities from −9.5 to −10.5 kcal/mol
(6). This is achieved by a compensatory relationship be-
tween the two binding regions (6–11). In the case of Glu-
tRNAGlu, for example, the intrinsic weak affinity of Glu
to EF-Tu is compensated by the strong affinity of the T-
stem region of tRNAGlu. Such a narrow range of uniform
affinities serves as a threshold for excluding mischarged
pAA-tRNAs, for example, Glu-tRNAGln has an insuffi-
cient EF-Tu affinity, and is thus poorly accommodated into
the ribosome A site, resulting in failure of efficient peptide
elongation (12).

Diverse non-proteinogenic amino acids (npAAs) can be
also ribosomally incorporated into nascent peptides by
means of genetic code manipulation methodologies (13–
16). However, ribosomal incorporation of npAAs often suf-
fers from poorer efficiency than the pAA incorporation.
The Schultz group has conducted in vitro evolution of am-
ber suppressor tRNAs from semi-random sequences based
on Methanocaldococcus jannaschii tRNATyr and obtained
those having improved efficiencies for the incorporation
of bulky phenylalanine (Phe) analogs into proteins in Es-
cherichia coli (17). Although the fidelity of their incorpo-
ration was not clearly defined in their work, the expression
level was improved by 2–20-fold likely owing to an affinity
enhancement of the npAA-tRNA to EF-Tu. Alternatively,
EF-Tu mutants were also engineered to accept certain Phe
analogs or O-phosphoserine when they were charged onto
cognate tRNAs, where the expression of designated protein
containing such npAAs was enhanced (18–20).
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Figure 1. Schematic illustration of the interaction between EF-Tu and
aminoacyl-tRNAs. (A) EF-Tu-mediated delivery of pAA-tRNA into the
ribosome. (B) A potential steric clash of the N-methyl group of MeAA-
tRNAs to EF-Tu. This image was made from the cocrystal structure of
Thermus aquaticus EF-Tu and Escherichia coli Phe-tRNAPhe (PDB ID:
1TTT). The cross section around the binding pocket is shown in the up-
per panel. The hydrogen bond between EF-Tu Asn285 (blue) and Phe-
tRNAPhe (green) is indicated in yellow dotted line. (C) Uniform affinities
of pAA-tRNAs to EF-Tu versus weak affinities of MeAA-tRNAs to EF-
Tu. (D) Schematic representation of the affinity-tuning strategy of MeAAs
and tRNAs demonstrated in this study.

The above experiments aimed at expanding the genetic
code using the nonsense amber codon, in which npAAs
utilized were analogs of pAAs (mostly Phe analogs) hav-
ing noncanonical sidechains. However, by means of in vitro
translation, more aggressive genetic code reprogramming
with exotic npAAs, such as N-methyl-amino acids (MeAAs)
and D-amino acids, has been attempted. Forster et al. re-
ported that such npAAs are intrinsically poorer substrates
for elongation (21,22), and showed that a swapping npAA-
tRNAPhe for npAA-tRNAAla could increase the affinity of
npAA-tRNA to EF-Tu up to 10-fold, resulting in modestly
enhancing the rate of dipeptide formation of fMet-npAA,
including N-methylphenylalanine (23,24). The Achenbach
group used the flexizyme technology (25) to charge D-amino
acids onto derivatives of tRNAGly and tRNATyr that ex-
hibited higher affinities to EF-Tu than other tRNAs, and
then the incorporation of D-amino acids was tested (26).
The data showed marginal improvements for some D-amino
acids but suffered competing incorporations of the natural
counter parts. In their work, some mutants of EF-Tu were
also tested, giving no major improvement was observed.

Our group logically devised a novel chimeric tRNA based
on D-arm of tRNAPro1 and T-stem of tRNAGlu, referred
to as tRNAPro1E2, which were designed to effectively recruit
EF-P and EF-Tu, respectively (27). The use of such designer
tRNAs has made remarkable improvements of npAA in-
corporation by the assist of EF-P in not only single but also
multiple and consecutive manners. When certain D-amino
acids, �-amino acids, or cyclic � -amino acids were charged
on to this series of tRNAs, their incorporation into nascent
peptide chain was improved by up to 13-fold that is a com-
parable level to their natural counterparts; and in some
cases improved from an undetectable expression level to a
detectable level (27–32). These results indicate that appro-
priately designed tRNAs could improve the overall transla-
tion efficiency of exotic peptides containing various npAAs
with wildtype protein factors, EF-P and EF-Tu.

MeAAs are invaluable building blocks to install druglike
properties to the peptides, for example, peptidase resistance
and membrane-permeability (33–38). Our previous study
reported that when MeAAs were charged onto tRNAAsnE2

(our standard suppressor tRNA for various npAA incor-
porations), only five MeAAs (MeG, MeA, MeS, MeF and MeY)
showed good incorporation efficiencies (>80% relative to a
pAA control); six MeAAs (MeT, MeC, MeQ, MeM, MeH and
MeW) were moderate (10–80%); and the other eight MeAAs
(MeV, MeL, MeI, MeN, MeD, MeE, MeR and MeK) were poor
or undetectable (<10%) (39). It should be noted that the
above observation was made by the study of a single incor-
poration of MeAA into nascent peptide chain (39,40). How-
ever, when the frequency of incorporating MeAA residues
in nascent peptide chain increases, the expression level as
well as fidelity detrimentally decrease (39). Moreover, the
consecutive incorporation of MeAAs or even alternating in-
corporation of MeAA and pAA (e.g. MeAA-pAA-MeAA) is
far less efficient when compared to pAA elongation in such
peptide sequences. Thus, there remains an important chal-
lenge to incorporate not only a greater number of distinct
MeAAs but also consecutively and/or alternately into the
nascent peptide chain.

Here, we have aimed at improving the incorporation ef-
ficiencies of MeAAs by tuning the affinity between MeAA-
tRNA and EF-Tu. According to the crystal structure of
the ternary complex of EF-Tu·Phe-tRNAPhe·GTP, the N-
methyl modification on the amino acid would hamper the
interaction of EF-Tu with MeAA-tRNA (Figure 1B) (3),
which could weaken their affinity, thereby resulting in re-
duced incorporation efficiency of MeAA (Figure 1C). Since
the T-stem of tRNA plays a critical role in tuning the affinity
between AA-tRNA and EF-Tu, we have hypothesized that
an appropriate engineering of tRNA T-stem would allow
us to uniformly tune the affinity between the correspond-
ing MeAA-tRNA and EF-Tu similar to that of pAA-tRNAs
and EF-Tu, and thereby the MeAA incorporation efficien-
cies into nascent peptide chain could be improved (Figure
1D).

MATERIALS AND METHODS

Preparation of tRNAs, flexizymes, mDNAs and mRNAs

All oligonucleotides listed in Supplementary Table S1 were
purchased from Eurofins, Japan. In the nucleotide se-
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quences, N(Me) indicates a 2′-O-methylated nucleotide,
which aims at suppressing undesired addition of extra nu-
cleotides at 3′ end of RNA in transcription (41). The se-
quences of tRNA transcripts prepared in this study are
listed in Supplementary Table S2. Note that tRNA bear-
ing GAA anticodon (decoding Phe codon) has a U20A
substitution in order to avoid undesired Phe-charging cat-
alyzed by native PheRS (42). Double-stranded DNA tem-
plates that encode tRNAs were prepared by primer exten-
sion followed by PCR as follows: Appropriate forward and
reverse primers (1 �M each, see Supplementary Table S3
for the primers used) were mixed in 100 �l 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 anneal-
ing (50◦C for 1 min) and extending (72◦C for 1 min). 1 �l
of the resulting reaction mixture was diluted 200-fold with
199 �l of PCR mixture containing appropriate forward and
reverse primers (0.5 �M each, see Supplementary Table S3
for the primers used), and PCR was conducted for 12 cy-
cles of denaturing (95◦C for 40 s), annealing (50◦C for 40
s), and extending (72◦C for 40 s). Amplification of the PCR
product was confirmed by 3% agarose gel electrophoresis
and ethidium bromide staining. The resulting DNA was
purified by phenol/chloroform/isoamyl alcohol extraction,
phenol/chloroform extraction, and ethanol precipitation.
The DNA pellet was dissolved in 20 �l water.

In vitro transcription reaction for tRNA was con-
ducted by incubating 200 �l 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 as described above), and 120 nM T7 RNA poly-
merase] at 37◦C overnight. The transcription mixture was
mixed with MnCl2 (100 mM, 4 �l) and RQ1 RNase-Free
DNase (1 U/�l, 1 �l, 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 precip-
itation, and then dissolved in 10 �l water. The concentra-
tions of tRNA were measured by A260 of a 10-fold diluted
solution.

Flexizymes (dFx and eFx) and tRNAIni were prepared by
in vitro transcription from their respective DNA templates,
as previously described (25).

Double stranded DNA templates that encode mRNAs
(mDNAs, see Supplementary Table S4 for the mRNA se-
quences) were prepared by primer extension and PCR (see
Supplementary Table S5 for the primers used). The result-
ing mDNAs were purified by phenol/chloroform extraction
and ethanol precipitation, and then dissolved in 10 �l of wa-
ter. The concentrations were 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 fol-
lows: the 200 �l 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
�l) and RQ1 RNase-Free DNase (1 U/�l, 1 �l, Promega),
and incubated at 37◦C for 30 min. The resultant mRNA
was precipitated by isopropanol and dissolved in water. The
mRNA transcript was purified by 8% denaturing PAGE and
ethanol precipitation, and then dissolved in 10 �l water. The
concentrations of mRNA were measured by A260 of a 10-
fold diluted solution.

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, AcK-DBE and ClAcY-CME; CME:
cyanomethyl ester; DBE: 3,5-dinitrobenzyl ester) were syn-
thesized as previously reported (39,43,44).

Aminoacyl-tRNAs were prepared by the following pro-
cedure: 12 �l HEPES–KOH buffer (pH 7.5, 83 mM) con-
taining 42 �M tRNA and 42 �M flexizyme (eFx for CME-
activated amino acids and dFx for DBE-activated amino
acids) was heated at 95◦C for 2 min and cooled to 25◦C
over 5 min. MgCl2 (3 M, 4 �l) was added and the mixture
was incubated at 25◦C for 5 min. The reaction was initi-
ated by addition of each activated amino acid substrate in
DMSO (25 mM, 4 �l) and incubated on ice for acylation
(incubation time: 2 h for Phe-CME, Tyr-CME, MeG-DBE,
MeA-DBE, AcK-DBE, and ClAcY-CME; 6 h for Ser-DBE,
MeS-DBE, MeF-CME, MeL-DBE, MeM-DBE, and MeYm-
CME; 10 h for MeY-CME; and 24 h for MeT-DBE, MeD-
DBE, MeV-DBE, MeNl-DBE and MeNv-DBE). After acyla-
tion, the reaction was quenched by addition of 80 �l of 0.3
M sodium acetate (pH 5.2), and the RNA was precipitated
by ethanol. The pellet was rinsed twice with 70% ethanol
containing 0.1 M sodium acetate (pH 5.2), and once with
sole 70% ethanol. The resulting aminoacyl-tRNA was dis-
solved in 1 mM sodium acetate (pH 5.2) just before addition
to in vitro translation reaction mixture.

For translation of mRNA2 and 3 (Figure 4 and 5), the
method to prepare multiple MeAA-tRNAs was changed as
follows: after quenching the flexizyme-catalyzed acylation
with 0.3M sodium acetate (pH 5.2), all reaction solutions
were mixed into one tube and precipitated by ethanol. 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 addition to in vitro translation
reaction mixture. The concentration of aminoacyl-tRNA
was adjusted as follows: 0.25 �l of the aminoacyl-tRNA so-
lution was diluted 5000-fold with 1250 �l of 1 mM sodium
acetate (pH 5.2) and the concentrations of the total RNA in-
cluding tRNA and flexizyme were measured by A260 of the
diluted solution. The concentration of aminoacyl-tRNA
was calculated based on the total RNA concentration and
the flexizyme-catalyzed acylation efficiencies (Supplemen-
tary Table S6), the concentration of each MeAA-tRNA was
adjusted to 10 �M. For the synthesis of a macrocyclic pep-
tide, ClAcY-tRNAIni was prepared separately and its con-
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centration was adjusted to 25 �M without considering the
flexizyme-catalyzed acylation efficiency.

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 �l of
10 mM sodium acetate (pH 5.2) and mixed with 5.0 �l
of acid PAGE loading buffer [83% (v/v) formamide, 150
mM sodium acetate (pH 5.2), and 10 mM EDTA]. The so-
lution 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). Aminoacy-
lation efficiency was calculated based on the band inten-
sities of aminoacyl-tRNA (A) and free tRNA (T) and is
presented as (A)/[(A) + (T)]. As flexizymes recognize only
the 3′-terminal CCA consensus sequence, the observed acy-
lation efficiencies were similar independent of the tRNA
species (45). The mean acylation values for each amino acid
are listed in Supplementary Table S6.

Purification of EF-Tu

BL21(DE3) pLysS cells were transformed with pET21a-
tufA and grown in 6 l of LB medium containing 100 �g/ml
ampicillin, 20 �g/ml chloramphenicol, and 5% (w/v) glu-
cose at 37◦C until the OD600 reached 0.4. The expression of
EF-Tu was induced with 0.5 mM IPTG and the cells were
incubated at 37◦C for additional 3 h. The cells were har-
vested and resuspended in 100 ml of buffer A [20 mM Tris–
HCl (pH 7.6), 20 mM imidazole, 300 mM NaCl, 10 �M
GTP, 1 mM �-mercaptoethanol] with 0.1 mg/ml PMSF.
The cells were sonicated on ice for 10 min and the lysate
was centrifuged (13 000 rpm, 4◦C, for 15 min, CR22GIII
equipped with an R15A rotor, Hitachi Koki). The super-
natant was filtered thorough Minisart prefilter-GF and
Minisart 0.45 �m syringe filters (Sartorius) and then ap-
plied to a 5 ml HisTrap HP column at 4◦C (GE Healthcare)
equipped on an AKTA avant 25 (GE Healthcare). The col-
umn was washed with 20 column volumes of buffer A, and
the protein was eluted with a linear gradient from buffer
A to buffer B [20 mM Tris–HCl (pH 7.6), 250 mM imida-
zole, 150 mM NaCl, 50 mM KCl, 10 �M GTP, 1 mM �-
mercaptoethanol] over 20 column volumes. The fractions
containing the protein were combined and dialyzed in 2 l of
buffer C [10 mM Tris–HCl (pH 7.6), 50 mM KCl, 10 �M
GTP, 1 mM DTT] with 3.5K MWCO membrane. The con-
centration of EF-Tu was measured by protein assay kit.

Radiolabeling of 3′-terminus of tRNA

The 3′-terminus of a tRNA was radiolabeled as follows: 7.5
�l of 16.7 �M tRNA lacking 3′-terminal adenosine was in-
cubated at 80◦C for 3 min, and then put on ice for 10 min.
The 25 �l of CCA-adding reaction mixture {120 mM Gly-
NaOH (pH 9.0), 75 mM MgCl2, 30 mM DTT, 5 �M tRNA

lacking 3′-terminal adenosine prepared above, 10 mM non-
radiolabeled ATP, 0.67 �M [�-32P]-ATP and 200 nM CCA-
adding enzyme} was incubated at 37◦C for 20 min. The
tRNA was purified by phenol/chloroform extraction, Mi-
cro Bio-Spin 30 column (Bio-Rad), and ethanol precipita-
tion. The tRNA pellet was dissolved in 5 �l water and the
concentrations of tRNA were measured by A260 of a 100-
fold diluted solution.

Quantification of the affinity between EF-Tu and aminoacyl-
tRNA (RNase A protection assay)

Aminoacyl-tRNA was prepared as described above except
that the acylation reaction was conducted using a mixture of
3′-radiolabeled tRNA (10%) and non-radiolabeled tRNA
(90%). The resulting pellet of aminoacyl-tRNA was dis-
solved in 3.2 �l of 10 mM sodium acetate (pH 5.2). The
concentration of aminoacyl-tRNA was adjusted as follows:
0.7 �l of the aminoacyl-tRNA solution was diluted 100-fold
with 69.3 �l of 10 mM sodium acetate (pH 5.2) and the con-
centrations of the total RNA including tRNA and flexizyme
were measured by A260 of the diluted solution. The con-
centration of aminoacyl-tRNA was calculated based on the
total RNA concentration and the flexizyme-catalyzed acy-
lation efficiency (Supplementary Table S6). The concentra-
tion of aminoacyl-tRNA was adjusted to 2.0 �M by adding
an 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 2.0 �M aminoacyl-tRNA so-
lution with buffer D [50 mM HEPES–KOH (pH 7.6), 100
mM KOAc, 12 mM Mg(OAc)2, 1 mM GTP, 1 mM DTT, 20
mM creatine phosphate, 2 mM spermidine, 3 mM phospho-
enol pyruvate and 0.1 �g/�l pyruvate kinase from rabbit
muscle (Sigma)].

EF-Tu was incubated in buffer D at 37◦C for 30 min in
order to be fully converted to a GTP-bound form. 12 �l
samples containing different concentrations of EF-Tu, typ-
ically ranging from 1.5 nM to 25 �M, were prepared by
twofold serial dilution on ice. 9.6 �l of the EF-Tu solu-
tion was mixed with 2.4 �l of 100 nM aminoacyl-tRNA
and incubated on ice for 20 min. Under equilibrium bind-
ing condition, 10 �l of each solution was mixed with 1 �l of
1 mg/ml RNase A (Sigma) on ice to digest the tRNA not
bound to EF-Tu. After 20 s, the digestion was quenched by
addition of 50 �l of 10% (v/v) trichloroacetic acid (TCA)
containing 0.1 mg/ml unfractionated yeast tRNA on ice.
The precipitate was filtered using 0.45 �m pore-size nitro-
cellulose membrane assembled in Bio-Dot microfiltration
apparatus (Bio-Rad), and washed by six times of 200 �l
each 5% (v/v) TCA. The membrane was soaked in 95%
(v/v) ethanol for 5 min and dried. The dried membrane was
analyzed by autoradiography using a Typhoon FLA 7000
(GE Healthcare). To correct for the background signal de-
rived from any aminoacyl-tRNA that may remain after the
20 s treatment with RNase A, a no EF-Tu control was an-
alyzed in parallel and its radioactivity was subtracted from
the experimental data. The resultant radioactivity was con-
verted to the concentration of ternary complex using the
conversion factor determined by the calibration aminoacyl-
tRNA samples in buffer D containing 20, 4, 0.8 and 0.16
nM tRNA. Equilibrium dissociation constants were deter-
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mined by fitting the binding data to the following equation
(1) using KaleidaGraph program (Hulinks). As the concen-
tration of aminoacyl-tRNA varied slightly in every exper-
iment due to its multistep preparation, both KD and the
aminoacyl-tRNA concentration were set as variables in the
fitting analysis.

The KD equation is defined as follows, where aatRNA,
EFTu, and aatRNA·EFTu denote aminoacyl-tRNA, EF-
Tu, and their complex, respectively.

KD = [aatRNA]eq × [EFTu]eq

[aatRNA · EFTu]eq

KD =
(
[aatRNA]input − [aatRNA · EFTu]eq

) × (
[EFTu]input − [aatRNA · EFTu]eq

)

[aatRNA · EFTu]eq

The �G value was calculated based on determined KD
value using the following equation (2).

�G = RT ln KD (2)

In vitro translation

The reconstituted cell-free translation system (46) con-
tained all necessary components for translation except for
RF1. Concentrations of translation components were op-
timized in our previous studies as follows (25): 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,
12–15 mM Mg(OAc)2, 2 mM spermidine, 1 mM DTT, 100
�M 10-formyl-5,6,7,8-tetrahydrofolic acid, 1.2 �M ribo-
some, 2.7 �M IF1, 0.4 �M IF2, 1.5 �M IF3, 10 �M EF-
Tu, 10 �M EF-Ts, 0.26 �M EF-G, 0.25 �M RF2, 0.17
�M RF3, 0.5 �M RRF, 0.6 �M MTF, 4 �g/ml creatine
kinase, 3 �g/ml myokinase, 0.1 �M pyrophosphatase, 0.1
�M nucleotide diphosphate kinase, 0.1 �M T7 RNA poly-
merase, 0.73 �M AlaRS, 0.03 �M ArgRS, 0.38 �M As-
nRS, 0.13 �M AspRS, 0.02 �M CysRS, 0.06 �M GlnRS,
0.23 �M GluRS, 0.09 �M GlyRS, 0.02 �M HisRS, 0.4 �M
IleRS, 0.04 �M LeuRS, 0.11 �M LysRS, 0.03 �M MetRS,
0.68 �M PheRS, 0.16 �M ProRS, 0.04 �M SerRS, 0.09 �M
ThrRS, 0.03�M TrpRS 0.02 �M TyrRS, 0.02 �M ValRS,
1.5 mg/ml native Escherichia coli tRNA mixture (Roche),
200 �M each 3–20 pAAs (see Supplementary Table S7 for
the amino acids added in each experiment), 10–15 �M each
tRNAAsnE2s pre-charged with npAAs, and either 0.25 �M
mDNA or 6.0 �M mRNA. The details of conditions used
in each experiment are described in Supplementary Table
S8.

The translation products were analyzed by matrix-
assisted laser desorption ionization-time of flight mass spec-
trometry (MALDI-TOF MS) and/or autoradiography af-
ter tricine-SDS-PAGE. For MALDI-TOF MS analysis,
1.0–5.0 �l of the translation reaction mixture was incu-
bated at 37◦C for 3–30 min (see Supplementary Table S8
for the volume and reaction time in each experiment). Af-
ter the reaction, the mixture was diluted with the same vol-
ume of FLAG-purification buffer [100 mM Tris–HCl (pH
7.6), 300 mM NaCl]. The expressed peptide was immobi-
lized on anti-FLAG M2 agarose beads (Sigma) by incu-
bating at 25◦C for 1 h. After washing the beads with 25

�l of wash buffer [50 mM Tris–HCl (pH 7.6), 150 mM
NaCl], the immobilized peptides were eluted with 15 �l
of 0.2% TFA. Following purification, the peptide was de-
salted with SPE C-tip (Nikkyo Technos) and eluted with 1
�l of 80% acetonitrile, 0.5% acetic acid solution 50% sat-
urated with the matrix (R)-cyano-4-hydroxycinnamic acid
(Bruker Daltonics). MALDI-TOF MS measurements were
performed using a ultrafleXtreme (Bruker Daltonics) un-
der reflect/positive mode and externally calibrated with
peptide calibration standard II (Bruker Daltonics) and/or
protein calibration standard I (Bruker Daltonics). For the
quantification analysis, the translation reaction was per-
formed in the presence of 50 �M [14C]-Asp instead of
200 �M cold Asp. The translation product was analyzed
by 15% tricine-SDS-PAGE and autoradiography using a
Typhoon FLA 7000 (GE Healthcare) without FLAG pu-
rification. The amount of peptide products was quanti-
fied based on the relative band intensity of the peptide
product to the sum intensities present in the lane, that
is, the sum intensities of unreacted free Asp and peptide
products.

RESULTS AND DISCUSSION
MeAA-tRNAs lack sufficient EF-Tu affinity

We first quantified the affinities of MeAA-tRNAs to EF-
Tu (�G value) and compared them with those of canon-
ical pAA-tRNAs. The quantification was conducted by
means of RNase A protection assay (47) (see methods sec-
tion for the details). Three canonical pAA-tRNAs (Phe-
tRNAPhe

GAA, Tyr-tRNATyr
GUA and Ser-tRNASer

CGA) were
prepared using flexizymes (25). As expected, all three
canonical pAA-tRNAs exhibited similar EF-Tu affinities,
ranging from −8.0 to −9.4 kcal/mol (Figure 2A). Al-
though these values were slightly weaker than those pre-
viously reported (from −9.5 to −10.5 kcal/mol) (6), this
could be attributed to the differences in buffer com-
position or the presence of the His6 tag at the C-
terminus of the EF-Tu used in this assay. For quantifica-
tion of the affinities of MeAA-tRNAs to EF-Tu, we pre-
pared 13 representative MeAA-tRNAAsnE2

GACs [MeG, MeA,
MeS, MeT, MeF, MeY, MeV, MeL, MeM, MeD, MeNv (N-
methylnorvaline), MeNl (N-methylnorleucine) and MeYm
(N-methyl-p-methoxyphenylalanine), Figure 2B] by means
of the flexizyme technology (25,38,39). Most of the MeAA-
tRNAAsnE2

GACs showed undetectably weak affinities to
EF-Tu with two exceptions where the affinity of MeG-
tRNAAsnE2

GAC (−8.4 kcal/mol) and MeS-tRNAAsnE2
GAC

(−8.4 kcal/mol) are in the affinity range observed for the
natural pairs (from −8.0 to −9.4 kcal/mol), while that of
MeA-tRNAAsnE2

GAC (−7.0 kcal/mol) was measurable but
yet out of the range (Figure 2A).

In the cocrystal structure of the ternary complex (Ther-
mus aquaticus EF-Tu·E coli Phe-tRNAPhe·GTP), the amino
group of Phe esterified on the tRNA forms a hydrogen
bond with Asn285 of EF-Tu, defining the orientation of
Phe in the binding pocket (Figure 1B) (3). This amino
group is tightly surrounded by the pocket allowing no space
for additional methylation. Thus, the methylation could
cause a steric clash with EF-Tu and disrupt the hydrogen
bond formation, resulting in the loss of affinity for most
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Figure 2. Weak affinities of npAA-tRNAs to EF-Tu correlating with the
inaccurate translation of npAA-containing peptides. (A) The affinities of
canonical pAA-tRNAs and npAA-tRNAs to EF-Tu. Asterisk (*) indi-
cates undetectably weak affinity (�G > −6 kcal/mol). Error bar indicates
the fitting error. (B) MeAAs and ε-N-acetyllysine 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; and AcK,
ε-N-acetyllysine. (C) Examination of the translation fidelity of peptides
containing each of MeAAs or AcK. In each experiment, the mRNA1
containing GUC codon was translated in the FIT system containing
npAA-tRNAAsnE2

GAC of interest. Each dagger peak (†) corresponds to a
byproduct containing Ile in place of npAA.

of the MeAA-tRNAAsnE2
GACs, since the original T-stem of

tRNAAsn has relatively weak binding affinity (4). The three
exceptions, MeG-tRNAAsnE2

GAC, MeS-tRNAAsnE2
GAC, and

MeA-tRNAAsnE2
GAC might alleviate such a steric clash by

virtue of their relatively small sidechain.
To assess the impact of weak binding affinity between

MeAA-tRNAs and EF-Tu on the translation efficiency, four
kinds of MeAA-tRNAAsnE2

GACs (MeG, MeS, MeA and MeL)
were used for ribosomal synthesis of a model peptide with
a site-specific MeAA incorporation (Figure 2C) using the
Flexible In-vitro Translation (FIT) system (25). The FIT
system consists of a reconstituted custom-made transla-
tion system of E. coli (46) supplemented with synthetic
tRNAs pre-charged with npAAs by flexizyme catalysis (43).
In the model mRNA template 1 (mRNA1), GUC (Val)
codon was reprogrammed to MeAAs by excluding the corre-
sponding Val from the FIT system and instead supplement-

ing one of the MeAA-tRNAAsnE2
GAC molecules. The syn-

thesized peptide (P1-npAA) was conventionally purified by
anti-FLAG M2 affinity agarose gel through its C-terminal
FLAG tag (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys) (30) and
analyzed by MALDI-TOF MS to determine the incorpo-
ration fidelity of the genetic code reprogramming. When
MeG-tRNAAsnE2

GAC or MeS-tRNAAsnE2
GAC with sufficient

affinity to EF-Tu was used, the expected peptide contain-
ing MeG or MeS (P1-MeG or P1-MeS) was observed as a single
major peak in MALDI-TOF MS. On the other hand, in the
case of MeA-tRNAAsnE2

GAC that has a detectable but weaker
affinity to EF-Tu, or MeL-tRNAAsnE2

GAC that has an un-
detectably weak affinity to EF-Tu, a peptide containing Ile
in place of MeAA (P1-Ile, see also Supplementary Figure
S1 for the identity of the misincorporated amino acid) was
observed in MALDI-TOF MS in addition to the desired
peptide (P1-MeA or P1-MeL). This misincorporation of Ile
(P1-Ile) at GUC codon likely occurred by misreading of en-
dogenous Ile-tRNAIle on GUC codon of the mRNA, indi-
cating that EF-Tu cannot effectively deliver such a MeAA-
tRNAAsnE2

GAC to the ribosome A site.
The above results demonstrate that the affinities of many

MeAA-tRNAAsnE2
GAC molecules to EF-Tu were signifi-

cantly weaker than the mean value of canonical pAA-
tRNAs, which causes ineffective reprogramming of the ge-
netic code using MeAA. To demonstrate the universality of
such a relationship between EF-Tu affinity and reprogram-
ming fidelity, we tested another npAA, ε-N-acetyllysine
(AcK) in addition to MeAAs. Indeed, AcK-tRNAAsnE2

GAC
showed poor affinity to EF-Tu and the reprogrammed
translation using AcK-tRNAAsnE2

GAC also generated P1-Ile
as well as the desired peptide P1-AcK (Figure 2A and C).
This indicates that the relationship is applicable to other
npAAs in a similar manner.

Reinforcing the affinities of MeAA-tRNAs to EF-Tu

Since poor affinities of MeAA-tRNA to EF-Tu observed
above might have caused the drastic decrease in the effi-
ciency of their elongation, we have decided to reinforce their
affinities. The Uhlenbeck group has extensively investigated
the effects of single base-pair substitutions in the T-stem re-
gion on �G value, reporting that the T-stem base-pair se-
quences contribute to the affinity to EF-Tu independently
from the kind of amino acids on tRNA. Furthermore, they
found that the total �G value mediated by the T-stem re-
gion can be predicted simply by summing up each contri-
bution of the base-pair substitutions (9,48). Based on their
findings, we rationally designed three T-stem variants #1,
#3, and #4, while the original T-stem of tRNAAsnE2 was
defined as #2 (Figure 3A and Supplementary Figure S2).
The tRNAAsnE2 whose T-stem was replaced with #X is de-
noted as tRNA#X. The predicted ��G value of each T-
stem variant compared to the original #2 was calculated
as follows: +1.4 kcal/mol for #1, −0.6 kcal/mol for #3,
and −1.2 kcal/mol for #4. The EF-Tu affinities of these
MeAA-tRNA variants were designed to increase as the T-
stem number increases from #1 to #4.

The feasibility of this approach was evaluated using Phe-
tRNAGAC#1–4 and MeF-tRNAGAC#2–4. As expected, the
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Figure 3. Reinforcement of EF-Tu affinity of Phe-tRNA and npAA-tRNAs by T-stem engineering. (A) Sequence of the original tRNAAsnE2 (#2) and T-
stem variants #1–4. The affinities of tRNA #1–4 were designed to increase as the T-stem number increases from #1 to #4. (B–E) Quantification of the EF-Tu
affinities of Phe-tRNAGAC#1–4 (B, C) and MeF-tRNAGAC#2–4 (D, E). Schematic representation of RNase A protection assay, the observed fraction of
the ternary complex with the fitting curve to determine the KD value (B, D), and the calculated �G value (C, E). Asterisk (*) indicates undetectably weak
affinity (�G > −6 kcal/mol). Error bar indicates the fitting error. (F–J) The EF-Tu affinities of npAA-tRNA#1–4 and MALDI-TOF MS of P1-npAA
examined for MeG (F), MeS (G), MeA (H), MeL (I) and AcK (J). Each dagger peak (†) corresponds to a byproduct containing Ile in place of npAA.

affinity of Phe-tRNAGAC#X was enhanced as the T-stem
number increased, that is, �G = −7.0, −8.7, −9.4 and
−9.7 kcal/mol for #1–4, respectively (Figure 3B and C).
The affinity of MeF-tRNAGAC#2 to EF-Tu was unde-
tectable but the T-stem replacement to #3 and #4 enhanced
the affinity to −7.9 and −9.0 kcal/mol, respectively (Fig-
ure 3D and E). A control experiment using uncharged
tRNAGAC#1–4 showed that the tRNA itself did not bind
to EF-Tu, which is consistent with the notion that EF-Tu
selectively binds to aminoacylated tRNAs regardless of the
T-stem sequence (Supplementary Figure S3). We also evalu-
ated the EF-Tu affinities for the other twelve distinct MeAAs
(MeG, MeS, MeA, and MeL in Figure 3F–I, left panels; MeM,
MeT, MeY, MeD, MeV, MeNv, MeNl and MeYm in Supplemen-
tary Figure S4) with the series of tRNAs, demonstrating
that their reinforcement of EF-Tu affinity can be achieved
with all MeAA-tRNAs. Interestingly, in most MeAA cases
the affinities measured with T-stem #3 and #4 were stronger
than the predicted value based on #2, whereas those of Phe-
tRNAs and MeG-tRNAs were close to the predicted value.
This suggests that the effect of the affinity reinforcement be-

comes more pronounced when MeAA-tRNA#2 exhibits un-
detectably poor affinity. We further evaluated four MeAAs
(MeG, MeS, MeA and MeL) and monitored the reprogram-
ming fidelity in expression of P1-MeG, P1-MeS, P1-MeA and
P1-MeL using tRNAGAC#1–4 charged with MeG, MeS, MeA,
and MeL, respectively (Figure 3F–I, right panels). Conse-
quently, the desired peptide was expressed as the sole prod-
uct only when the affinity of MeAA-tRNA to EF-Tu was
sufficiently reinforced (Figure 3F #2–4, 3G #2–4, 3H #3–4
and 3I #4). In contrast, when the affinity of MeAA-tRNA
to EF-Tu was insufficient or undetectable, the expression fi-
delity of the desired P1-MeAA was poor, giving a peak of
P1-Ile (Figure 3F #1, 3G #1, 3H #1–2 and 3I #1–3). It
should be noted that MeL was reported as a very poor sub-
strate (39), but P1-MeL was cleanly expressed by using MeL-
tRNAGAC#4 (Figure 3I #4). These results clearly show that
the reprogramming fidelity can be significantly improved by
reinforcing the affinity of MeAA-tRNA to EF-Tu. A similar
trend was also observed in expression of P1-AcK, demon-
strating the versatility of this strategy in introducing npAAs
(Figure 3J).
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Figure 4. Expression of an N-methyl-peptide containing 9 MeAAs and 15 pAAs. (A) Affinities of MeAA-tRNA#X to EF-Tu using all-#2, all-#4, and
uniform sets. The orange bands indicate the range of �G values of pAA-tRNAs determined in Figure 2A (−8.0 to −9.4 kcal/mol). (B) Schematic repre-
sentation of the EF-Tu affinity-tuning strategy. An appropriate combination of MeAA and tRNA#2–4 generates uniform affinities of MeAA-tRNA#Xs
to EF-Tu comparable to canonical pAA-tRNAs. (C) The codon table reprogrammed with 9 MeAAs and 15 pAAs used in this study. (D) Sequences of
mRNA2 and P2 peptide. (E) MALDI-TOF-MS analysis of P2 expressed using each set of MeAA and tRNA#X pairs. Arrowhead shows the corresponding
monoisotopic peak of P2 or P2*. MALDI-TOF mass spectrum of P2-pAA is also shown.

Expression of N-methyl-peptides by EF-Tu affinity-tuned
MeAA-tRNAs

Having the affinity-tuned MeAA-tRNA#1–4 to EF-Tu,
we next expressed an N-methyl-peptide containing nine
distinct MeAAs using three sets of tRNA: all-#2 set, all-#4
set, and uniform set (Figure 4A). In the all-#2 set, all
nine MeAAs were charged onto tRNA#2 with the original
tRNAAsnE2 T-stem. In the all-#4 set, all nine MeAAs were
charged onto tRNA#4 with the strongest T-stem to simply
maximize the EF-Tu affinities. In contrast, the uniform
set is a combination of each MeAA and appropriately
chosen T-stem with optimal EF-Tu affinities as follows: #2
for MeS and MeG; #3 for MeA, MeNv, MeY and MeF; and
#4 for MeYm, MeNl and MeV. In this set, the affinities of
MeAA-tRNAs to EF-Tu (�G) were tuned in the range of
−7.9 to −8.8 kcal/mol, which is comparable to the previ-
ously determined �G values of pAA-tRNAs (−8.0 to −9.4
kcal/mol, the orange bands in Figure 4A). In this range,
EF-Tu can bind to all pAA-tRNAs and MeAA-tRNAs with
uniform affinities (Figure 4B). We prepared a FIT system
where Phe, Leu, Ile, Val, and Ala were omitted and their
vacant codons were reprogrammed with nine MeAAs by the
addition of MeG-tRNACAA#X, MeS-tRNAGAG#X, MeA-
tRNACGC#X, MeNv-tRNACAC#X, MeY-tRNAGAU#X,
MeF-tRNAGGC#X, MeYm-tRNAGAA#X, MeNl-
tRNACAG#X and MeV-tRNAGAC#X (Figure 4C) by
means of the artificial codon box division methodology

(49) to express a linear 32-mer model peptide P2 containing
9 MeAAs (Figure 4D).

The peptide P2 expressed in the FIT system supple-
mented with a tRNA set (all-#2, all-#4, or uniform set) was
analyzed by MALDI-TOF MS (Figure 4E). The exclusive
use of the all-#2 set yielded a set of peaks corresponding
P2 along with byproducts that have −28 and −14 m/z com-
pared to P2. Interestingly, the exclusive use of the all-#4 set
did not show a detectable peak of P2 at all. The calculated
m/z value of P2 is 4019.97, but the monoisotopic m/z value
of the observed peak in the all-#4 set was 4021.97 (P2*), in-
dicating that the desired peptide P2 was not synthesized by
the all-#4 set (Figure 4E). The P2* peak was also accompa-
nied by various byproducts with −14, +14 or +16 m/z dif-
ference relative to the P2* peak. These byproducts could be
attributed to misincorporations of a certain amino acid(s);
for example, a misincorporation of MeNv instead of MeNl
could result in −14 m/z difference; a misincorporation of
MeNl instead of MeNv could result in +14 m/z difference;
or a misincorporation of Ser instead of MeG could result in
+16 m/z difference; and P2* itself, with +2 m/z difference
from P2 could be derived from the combination of −14 and
+16 m/z. It should be noted that a substantial amount of
unidentified peptide byproducts was also observed when us-
ing the all-#2 or all-#4 set (Supplementary Figure S5B). In
contrast, when the uniform set was tested, the desired pep-
tide P2 was correctly synthesized as a nearly sole product,
and the degree of byproducts was drastically suppressed, in-
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Figure 5. Expression of a macrocyclic peptide containing 9 MeAAs and
14 pAAs. (A) Sequences of mRNA3 and P3 peptide. (B) Structure of P3
closed via thioether bond. (C) MALDI-TOF MS analysis of P3 expressed
with the uniformed set. Arrowhead shows the corresponding monoisotopic
peak of P3.

dicating that appropriately tuning to the uniform affinities is
effective for the accurate synthesis of the N-methyl-peptide.

The aberrant translation observed when using the all-
#2 set can be attributed to the insufficient affinities of the
MeAA-tRNAs decreasing the fidelity of the multiple MeAA
incorporation, as is the case with the single incorporation
(Figure 3F–I). Notably, the inaccurate and inefficient trans-
lation observed for the all-#4 set suggests that unnecessary
reinforcements of MeAA-tRNA affinity to EF-Tu can cause
a disorder in the translation. As predicted, the uniform set
has given the best expression in terms of fidelity and effi-
ciency.

We also quantitatively evaluated the expression level of
P2 by means of tricine-SDS-PAGE with autoradiographic
detection of [14C]-Asp introduced in the C-terminal FLAG
tag of the peptide. The use of the uniform set yielded the
0.48 �M P2 peptide, which was approximately 10% of the
control peptide (P2-pAA) consisting of only 20 pAAs (Sup-
plementary Figure S5C). However, this expression level is
still sufficient for a practical use based on our result us-
ing the RaPID (Random nonstandard Peptides Integrated
Discovery) selection where de novo macrocyclic peptide
binders containing cyclic �-amino acids have been discov-
ered against proteins (30). These results have shown that (i)
a major cause of disorder in genetic code reprogramming
was attributed to inappropriate affinities of MeAA-tRNAs
to EF-Tu, (ii) unnecessary reinforcements of EF-Tu affin-
ity for MeAA-tRNAs do not improve the yield and fidelity
of expression of N-methyl-peptides and (iii) this affinity-

tuning strategy is able to improve both the synthetic accu-
racy and translation efficiency of N-methyl-peptides.

Finally, we designed a macrocyclic peptide, P3, com-
posed of 9 distinct MeAAs and 14 different kinds of pAAs.
For macrocyclization, an N-chloroacetyl-L-tyrosine (ClAcY)
at the N-terminus and a Cys residue at a downstream
(24th) position were also installed and thereby they under-
went spontaneously macrocyclization via a thioether bond
(44,50), giving a 24-mer macrocycle (Figure 5A and B). To
achieve the desired reprogramming, we used a FIT system
that is deficient in Met, Phe, Leu, Ile, Val and Ala, en-
abling us to install ClAcY (by the addition of ClAcY-tRNAIni)
and aforementioned 9 MeAAs by the uniform set of MeAA-
tRNAs. As expected, the desired macrocyclic P3 was accu-
rately expressed (Figure 5C) with an expression level of 0.37
�M (1.5 ng/�l).

CONCLUSION

Here, we have reported a new methodology to achieve the
ribosomal synthesis of nonstandard peptides containing
a rich variety of MeAAs. The inefficient incorporation of
MeAAs is attributed to the two major reasons: impaired
EF-Tu-mediated accommodation of the MeAA-tRNAs and
their slow peptidyl transfer. Indeed, we have quantitatively
demonstrated that the binding affinities (�G values) of
MeAA-tRNAAsnE2s to EF-Tu are generally weaker than
those of pAA-tRNAs. In vitro translation experiments using
MeAA-tRNAAsnE2s with inadequate affinities indicate that
the thermodynamic contributions of the EF-Tu affinities
play a major role in the translation. Based on this knowl-
edge, we have engineered the T-stem sequence of tRNA to
tune the affinity of MeAA-tRNA to EF-Tu. This affinity-
tuning strategy dramatically improves the expression of
peptides containing multiple MeAAs with high fidelity and
expression level, even though some MeAAs are consecu-
tively and/or alternately placed in the single sequence. Con-
sequently, we succeeded in assigning 24 distinct building
blocks in the genetic code, where a set of 15 pAAs and
9 MeAAs, or 14 pAAs, 9 MeAAs and ClAcY, and express-
ing N-methyl-peptides consisting of these amino acids. The
present data have exceeded the previous record of the ge-
netic code reprogramming achieved to place 23 building
blocks consisting of 20 pAAs and 3 npAAs (49,51).

Forster et al. kinetically determined the peptidyl-transfer
rate where the initiation complex of ribosome and fMet-
tRNA was incubated with pre-formed MeF-tRNA·EF-Tu
complex, showing that the rate was approximately 8 000-
fold slower than the natural pair (Phe-tRNA·EF-Tu) case
(21). However, it is hard to generalize this notion to other
MeAAs, since the efficiency of MeF incorporation into
polypeptides was as high as Phe incorporation in our pre-
vious experiment (39). More importantly, when the incor-
poration of MeAA in a middle of sequence of longer pep-
tides, the observed expression efficiency relies on not only
the peptidyl-transfer step but also all steps of elongation.
Our work undoubtedly shows that the uniform tuning of
MeAA-tRNA affinities to EF-Tu is quite effective to im-
prove their incorporation efficiency, giving the sufficient ex-
pression of such exotic peptides in terms of fidelity and yield
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for the practical application to the RaPID selection. There-
fore, the most critical determinant for MeAA incorporation
to the nascent peptide chain could be a step of delivery of
MeAA-tRNA·EF-Tu complex to the A site, or a step of EF-
Tu dissociation and MeAA-tRNA accommodation (10), or
both steps.

In addition to MeAAs, we have also demonstrated that
the incorporation of AcK was enhanced by engineering the
T-stem, indicating that the substrate of this affinity-tuning
methodology is applicable to other npAAs. In our most
recent work aiming at enhancing the incorporation of D-,
�- and � -amino acids into nascent peptide chain, we log-
ically devise a chimeric tRNAPro1E2 based on the T-stem
of tRNA#3 (equal to tRNAGluE2) and D-arm of tRNAPro1

(27). In the case of the consecutive incorporation of such
exotic amino acids, the EF-P recruitment by the use of
tRNAPro1E2 was essential to enhance the efficiency (27–31).
The knowledge established in the tRNA engineering efforts
including the present work enables us to further expand
the utility of exotic amino acids to the translation chem-
istry world. Particularly when the knowledge is integrated
with the RaPID system, it will allow us to rapid and high-
throughput screening of binding peptides to target proteins
of interest using a massive library of randomized macro-
cyclic peptides, yielding therapeutically valuable peptides
with improved pharmacological properties (30).
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