
 

An Amino Acid-Swapped Genetic Code 
Tomoshige Fujino, Masahiro Tozaki, and Hiroshi Murakami* 

KEYWORDS: Genetic code, Cell-free translation, tRNA, Aminoacyl-tRNA synthetase, Genetic firewall  

ABSTRACT: Preventing the escape of hazardous genes from genetically modified organisms (GMOs) into the environment is one 
of the most important issues in biotechnology research. Various strategies were developed to create “genetic firewalls” that prevent 
the leakage of GMOs; however, they were not specially designed to prevent the escape of genes. To address this issue, we devel-
oped amino acid (AA)-swapped genetic codes orthogonal to the standard genetic code, namely SL (Ser and Leu were swapped) and 
SLA genetic codes (Ser, Leu, and Ala were swapped). From mRNAs encoded by the AA-swapped genetic codes, functional pro-
teins were only synthesized in translation systems featuring the corresponding genetic codes. These results clearly demonstrated the 
orthogonality of the AA-swapped genetic codes against the standard genetic code and their potential to function as “genetic fire-
walls for gene”. Furthermore, we propose “a codon-bypass strategy” to develop a GMO with an AA-swapped genetic code.

Preventing the escape of hazardous genes from genetically 
modified organisms (GMOs) into the environment is one of 
the most important issues in biotechnology research1-5. Many 
groups have reported the development of “genetic firewalls for 
GMOs,” such as biocontainment strategies utilizing auxo-
trophy6-8 and kill switches9-11. These strategies can prevent 

GMOs from escaping into the environment by blocking their 
survival in the absence of unnatural compounds. However, 
because these strategies were not designed as “genetic fire-
walls for genes,” their ability to prevent the escape of genes 
from GMOs is limited (Figure 1A). For example, even if 
GMOs were killed by biocontainment strategies, their genes 

 

 
Figure 1. A genetic firewall for genes and the concept of amino acid (AA)-swapped genetic codes proposed in this study. (A) Comparison 
of genetic firewalls for genes in Escherichia coli (E. coli) strains with auxotrophy or kill switches, the expanded genetic code, or the AA-
swapped genetic code. (B) The concept of AA-swapped genetic codes. Modified E. coli cells with an AA-swapped genetic code have AA-
swapped genes in which some codons are swapped with each other. A functional protein is expressed from an AA-swapped gene because 
of reswapped decoding in the modified cells. When gene escape occurs, an AA-swapped gene is translated into a nonfunctional protein 
because no reswapped decoding occurs in natural E. coli cells; thus, the protein would have a large number of AA substitutions. In modi-
fied E. coli cells, natural genes would also be translated into nonfunctional proteins because of reswapped decoding. This feature would 
make the modified E. coli cells resistant against viruses. 



 

 
Figure 2. Schematic illustration of translation of genes encoded by the mini-Std, SL, or SLA genetic codes in cell-free translation systems 
with the standard, mini-Std, SL, and SLA genetic codes. The mini-Std genetic code is analogous to the standard genetic code. The SL and 
SLA genetic codes have swapped Ser/Leu codons and swapped Ser/Leu/Ala codons, respectively. One of the four tRNA sets were used to 
construct a translation system with each genetic code: the standard genetic code, tRNAs extracted from E. coli (natural tRNAs); the mini-
Std genetic code, a mixture of 21 different T7 RNA polymerase-transcribed tRNAs (mini-Std tRNA set); the SL genetic code, the SL 
tRNA set constructed by replacing tRNASer

GGA and tRNALeu
GAG with two chimeric tRNAs (tRNASer

GAG and tRNALeu
GGA) in the mini-Std 

tRNA set; and the SLA genetic code, the SLA tRNA set constructed by replacing tRNASer
GGA, tRNALeu

GAG, and tRNAAla
GGC with three 

chimeric tRNAs (tRNASer
GGC, tRNALeu

GGA, and tRNAAla
GAG) in the mini-Std tRNA set. Model genes encoded by mini-Std, SL, and SLA 

genetic codes were prepared and were translated in each translation system. Functional proteins would be synthesized only in the reaction 
mixture with correct combinations of genes and tRNA sets. 
 
would be released into the environment, and some of them 
could be transferred into natural organisms through horizontal 
gene transfer12-14. Recently, an expanded genetic code utilizing 
an unnatural amino acid-assigned UAG codon was also used 
to develop a genetic firewall for GMOs15-18. This strategy only 
prevents the escape of UAG-containing genes, which would 
produce truncated proteins in natural organisms. To date, no 
“genetic firewall for genes” is presently available for pre-
venting the escape of most genes into the environment. 
In this study, we proposed a new strategy for “a genetic fire-
wall for genes” by utilizing an amino acid (AA)-swapped ge-
netic code as an orthogonal genetic code against the standard 

genetic code. In an AA-swapped genetic code, some AAs in 
the standard genetic code are swapped with each other (Figure 
1B). Functional proteins are produced from genes encoded by 
an AA-swapped genetic code because of the reswapped decod-
ing of the swapped AA codons in modified organisms. Even if 
a gene escapes from modified organisms, only nonfunctional 
proteins with many AA substitutions would be produced be-
cause no reswapped decoding occurs in natural organisms.  In 
principle, this would ensure the orthogonality of an AA-
swapped genetic code; thus, it would work as a “genetic fire-
wall for genes.” 
To present the proof of concept, we demonstrated the 



 

 
Figure 3. Tricine SDS-PAGE and MALDI-TOF-MS analyses of synthesized model peptides in cell-free translation systems containing 
natural tRNAs or T7-tRNA sets. (A) The model peptides and the corresponding mRNAs used in this study. The NNN and Xaa represent 20 
codons and the corresponding 20 natural AAs, respectively. (B) Tricine SDS-PAGE and MALDI-TOF-MS analyses of model peptides 
synthesized in the cell-free translation system with natural tRNAs; (C) the mini-Std tRNA set; (D) the SL tRNA set and (E) the SLA tRNA 
set . For tricine SDS-PAGE analysis, [14C]-Asp was added to the reaction mixture to label synthesized peptides. The peaks of MS spectra 
are labeled as follows: full-length model peptides containing a desired AA in the position Xaa (*), and truncated peptides lacking fMet 
(Tyr-Tyr-Tyr-Xaa-Asp-Asp-Arg-Asp) (¶). The calculated and observed masses of the peptides are shown in Table S2. MS spectra of other 
model peptides are shown in Figure S2. 
 
orthogonality of an AA-swapped genetic code against the 
standard genetic code by constructing cell-free translation 
systems with two different AA-swapped genetic codes: the SL 
genetic code, in which Ser and Leu residues are swapped with 
each other; and the SLA genetic code, in which the Ser, Leu, 
and Ala residues are swapped with each other (Figure 2). Con-
sidering the application of an AA-swapped genetic code to in 
vivo studies in the future, we used an anticodon swapping 
strategy (vide infra) and avoided methods available only in in 
vitro studies, such as genetic code reprogramming utilizing the 
chemoenzymatic19 or flexizyme-catalyzed20 aminoacylation 
reaction.  
Escherichia coli (E. coli) aminoacyl-tRNA synthetases 
(aaRSs) for Ser, Leu, and Ala attach the AAs to the corre-
sponding tRNAs without recognizing the anticodons21-24. This 
feature would enable AA-swapping by swapping the antico-
dons of tRNAs because the aminoacylation reaction proceeds 
according to the body sequence of the tRNA while decoding 
occurs according to its anticodon. Such chimeric tRNAs have 
been used in fundamental studies25-29, and they led to an idea 
partially similar to ours (“a codon-swapped organism”) in 
which Arg or Ser codons were overwritten by Leu codons30, 31.  
Yeasts Candida cylindracea and Pachysolen tannophilus pos-
sess tRNASer or tRNAAla with mutated-CAG anticodons, thus 
decoding standard-Leu CUG as Ser or Ala32-35. This reassign-

ment of amino acids occurred in a single direction, and other 
standard Leu (CUH, UUR) and Arg (CGN) codons still exist. 
A mRNA without standard Arg (AGR) or Leu (CUG) codons 
will be translated to produce the same protein sequence with 
both standard and the above alternative genetic codes. 
Instead of reassigning an amino acid in a single direction, we 
designed AA-swapped genetic codes where two or three AAs 
are swapped with each other (Figure 2). All standard-Ser/Leu 
codons in the SL genetic code are overwritten, or all standard-
Ser/Leu/Ala codons are overwritten in the SLA genetic code. 
An mRNA with these codons will be translated to produce 
different protein sequences between the standard genetic code 
and AA-swapped genetic codes. We also proposed “a codon-
bypass strategy” to construct an organism with an AA-
swapped genetic code by avoiding a transition genetic code 
with codons assigned to two AAs that are, thus, lethal. 

RESULTS and DISCUSSION 
Development of cell-free translation systems with an AA-
swapped genetic code. To construct a translation system with 
an AA-swapped genetic code, we prepared a reconstituted 
cell-free translation system36-38 with T7 RNA polymerase-
transcribed tRNA (T7-tRNA) sets (Table S1). We used three 
tRNA sets (Figure 2): a mini-standard (mini-Std) tRNA set (21 



 

 

 
Figure 4. Orthogonality of AA-swapped genetic codes against the standard genetic code confirmed through synthesis of two model pro-
teins. (A) Analysis of proteins from streptavidin mRNA encoded by the mini-Std, SL, or SLA genetic codes in four types of cell-free trans-
lation systems constructed with natural tRNAs, the mini-Std tRNA set, the SL tRNA set, or the SLA tRNA set. The upper panel shows the 
results of SDS-PAGE and subsequent autoradiography of synthesized proteins labeled with [14C]-Asp. The middle panel shows the results 
of native PAGE and subsequent fluorescence imaging of synthesized proteins. Fluorescently labeled biotin was added to the reaction mix-
ture before native PAGE to visualize the active fraction of streptavidin. The bottom panel shows the results of autoradiography of the dried 
gel used for the aforementioned fluorescence imaging. The relative band intensities were normalized to the intensity observed for the com-
bination of native tRNAs and mini-Std mRNA and shown under each gel. Error bars show the standard deviation of each experiment in 
triplicates. Whole images of the gels are shown in Figure S4A. (B) Analysis of proteins from GFP mRNA encoded by the mini-Std, SL, or 
SLA genetic codes in four types of cell-free translation systems, each constructed with natural tRNAs, the mini-Std tRNA set, the SL 
tRNA set, or the SLA tRNA set. The analyses were performed as indicated previously, except without the addition of fluorescently labeled 
biotin. Whole image of the gels are shown in Figure S4B. Ser (red), Leu (purple), and Ala (cyan) residues are shown on the structures of a 
streptavidin monomer (PDB entry 1STP) and a GFP monomer (PDB entry 1B9C) at the bottom of the Figure. 
 

T7-tRNAs corresponding to the 20 AAs and f-Met), an SL 
tRNA set (tRNASer and tRNALeu in the mini-Std tRNA set 
were replaced with two chimeric tRNAs, namely tRNASer

GAG 
and tRNALeu

GGA), and an SLA tRNA set (tRNAAla, tRNASer, 
and tRNALeu in the mini-Std tRNA set were replaced with 
three chimeric tRNAs, namely tRNASer

GGC, tRNALeu
GGA, and 

tRNAAla
GAG). The entire anticodon loops in the chimeric 

tRNAs were swapped because the nucleotides adjacent to an 

anticodon could be important for maintaining their decoding 
fidelity25, 26. Other mutations were also introduced into the 
RNAs to increase aminoacylation efficiency (Table S1). Be-
cause some T7-tRNAs have lower activities than the native 
tRNAs39-41, we further increased the concentrations of the 
aaRSs and EF-Tu to promote the aminoacylation of tRNAs 
and recruitment of aminoacyl-tRNAs to the ribosome, respec-
tively (Figure S1). 



 

Peptide synthesis in cell-free translation systems carrying 
T7-tRNAs. To confirm genetic code-dependent peptide syn-
thesis, we first tested the translation of model peptides from 
mRNAs (MYYY-X-DDRD; X represents one of the 20 AAs; 
Figure 3A). The peptide sequence contains three Asp residues 
after X; thus, only full-length peptides could be detected via 
tricine-SDS-PAGE and subsequent autoradiography (14C-Asp). 
As we expected, the produced peptides from each mRNA were 
identical between the translation systems carrying natural 
tRNAs and the mini-Std T7-tRNA set (Figure 3B and C). 
MALDI-TOF-MS analysis of the reaction mixture also re-
vealed that the corresponding AAs were incorporated in each 
model peptide (Figure 3B and C, Figure S2, and Table S2). 
According to the MALDI-TOF-MS spectra, a small proportion 
of peptides synthesized using the mini-Std T7-tRNA set was 
missing the N-terminal fMet, and these species could represent 
the lower mobility band observed via tricine-SDS-PAGE 
(Figure 3C). This might be caused by inefficient first peptide 
bond formation due to unmodified tRNAini/tRNATyr, thus lead-
ing to unusual translocation prior to the peptidyl transfer reac-
tion. More importantly, when we used the SL or SLA T7-
tRNA sets, the corresponding SL- or SLA-swapped peptides 
were synthesized without contamination by the original AAs 
(Figure 3D and E and Table S2). These data confirmed genetic 
code-dependent peptide synthesis in the translation system 
carrying the different T7-tRNA sets. 

Orthogonality of AA-swapped genetic codes against the 
standard genetic code. The most useful feature of the AA-
swapped genetic codes is their orthogonality against the stand-
ard genetic code. To demonstrate this principle, we studied the 
synthesis of the model functional proteins streptavidin and 
green fluorescent protein (GFP) in the translation systems. We 
prepared three types of mRNA, which were encoded by the 
mini-Std genetic code (corresponding to both the standard and 
the mini-Std genetic code), the SL genetic code, or the SLA 
genetic code, for each protein (Figure S3A and B). The 
mRNAs were added to one of the four translation systems 
constructed with the natural, mini-Std, SL, or SLA tRNA sets. 
SDS-PAGE and subsequent autoradiography illustrated that 
proteins with the same mobility were only synthesized in reac-
tion mixtures with the correct combinations of mRNAs and 
tRNA sets (Figure 4 and Figure S4, lanes 1, 4, 8, and 12; A for 
streptavidin, B for GFP). The mobilities of the proteins syn-
thesized in translation systems with incorrect combinations 
differed from those for proteins with the correct combinations. 
These mobility shifts were likely caused by the large number 
of resulting AA substitutions in the proteins because many Ala, 
Ser, and Leu residues are present in the streptavidin (14 Ser, 8 
Leu, and 25 Ala residues) and GFP (12 Ser, 19 Leu, and 9 Ala 
residues) sequences. The mobility shifts appear to correlate 
with the number of Leu residues rather than the molecular 
weights of the proteins because the branched hydrophobic side 
chain of Leu interacts with SDS favorably42, thereby increas-
ing the negative charge on the proteins and the mobility of the 
proteins (Figure S3C). 

These large numbers of AA substitutions should result in the 
loss of protein function, thereby guaranteeing the orthogonali-

ty of the SL and SLA genetic codes against the standard ge-
netic code. To test this, we assessed the formation of the GFP 
fluorophore in the synthesized protein using native PAGE and 
subsequent fluorescence analysis. To analyze the biotin-
binding activity of streptavidin, we added fluorescently la-
beled biotin into the reaction mixture prior to native PAGE. 
The results illustrated that active proteins were only synthe-
sized in reaction mixtures with the correct combinations of 
mRNAs and tRNA sets (Figure 4 and Figure S4, lanes 13, 16, 
20, and 24; A for streptavidin, B for GFP). Conversely, no 
active proteins were synthesized in the translation systems 
using the incorrect combinations of mRNAs and tRNA sets. 
These results clearly demonstrated the orthogonality of each 
genetic code against other genetic codes. In particular, the 
orthogonality of the SL and SLA genetic codes against the 
standard genetic code (Figure 4 and Figure S4, lanes 14 and 
15) provides a new strategy to prevent the escape of genes into 
the environment because genes using these codes would, in 
most cases, not produce functional proteins when decoded by 
the standard genetic code. For example, using all of the protein 
sequences from E. coli MDS42 (a total of 3547 proteins), we 
calculated the fraction of Ser and Leu residues in each protein 
(Figure S5A). Although it is unclear what degree of SL swap-
ping is sufficient to induce protein dysfunction, we predict that 
a large fraction of E. coli proteins would lose their functions, 
as the fraction of Ser and Leu residues in streptavidin was 
13.2%, which ranked 2885th among the 3547 proteins, and the 
fraction for GFP was 12.4%, which is similar to that of strep-
tavidin. The median fraction of AA replacement can be further 
increased from 16.2 to 25.9% by including Ala residues (Fig-
ure S5B), likely increasing the range of proteins that would 
lose their function following AA-swapping. 

Effects of AA-swapped genetic codes on the folding and 
activities of model proteins. We also quantified the fraction 
of folded proteins using native PAGE and subsequent autora-
diography (Figure 4 and Figure S4). Misfolded proteins ag-
gregated and remained in the wells, or they had slower mobili-
ties than the corresponding folded proteins. All of the proteins 
synthesized in the translation systems with incorrect combina-
tions of mRNAs and tRNA sets were misfolded because of the 
large number of AA substitutions. Interestingly, the ratios of 
folded proteins to the total yields of protein synthesized in the 
translation systems with different correct combinations of 
mRNAs and tRNA sets were similar (Figure S6A). This indi-
cated that tRNA modification had no observable influence on 
the folding of streptavidin or GFP; however, it did decrease 
protein production by half (for streptavidin) or three-quarters 
(for GFP) compared with that of the natural tRNAs. This re-
sult also illustrated that there was no observable influence of 
the genetic code on the folding of streptavidin or GFP; howev-
er, the observed effect on protein production might result from 
the local structural difference in the mRNA. When AA-
swapping is applied to a whole genome in the future, an ap-
propriate codon choice would be required to promote folding 
of some proteins as synonymous codon substitution sometimes 
lowered the efficiency of cotranslational protein folding43, 44.



 

 
Figure 5. Codon-bypass strategy to create Escherichia coli (E. coli) strains with the SL genetic code. In the codon-bypass strategy, the E. 
coli genome is modified to the SL-limited genome and then to the SL genome. (i) Replacement of Leu CTN and Ser TCN codons with Leu 
TTR and Ser AGY codons, respectively, in the genome. (ii) Swapping anticodons of the corresponding tRNASer

BGA and tRNALeu
BAG. Be-

cause the resulted SL-limited genome has no Leu CTN and Ser TCN codons, this modification would have no effect on E. coli cells. (iii) 
Replacement of Leu TTR and Ser AGY codons with TCN and CTN codons in the genome, which are newly assigned to Leu and Ser in the 
genome, respectively. (iv) Deletion of tRNAs corresponding to Leu TTR codons and Ser AGY codons to complete a creation of E. coli 
strains with SL genetic code. This modification would have no effect on E. coli cells because no Leu TTR codons and Ser AGY codons are 
used in the genome. If the E. coli genome is modified to the SL genome directly by skipping the SL-limited genome, a transitional genome 
would be lethal for E. coli because it would contain codons assigned to both Ser and Leu. 
 

Moreover, the ratios of relative fluorescence intensity to the 
relative amounts of folded protein were similar among the 
codes (Figure S6B). This indicates that streptavidin and GFP 
synthesized in the translation systems constructed with mini-
Std, SL, or SLA tRNA sets had comparable activities to those 
synthesized in the translation system using natural tRNAs. 

Proposal of “a codon-bypass strategy” to create GMOs 
with an AA-swapped genetic code. In this paper, we pro-
posed two different AA-swapped genetic codes and demon-
strated their orthogonality against the standard genetic code 
using cell-free translation systems carrying chimeric tRNAs. If 
the concept of AA-swapped genetic code is applied to living 
cells, it would give us “a genetic firewall for genes” that can 
prevent the escape of most genes in cells into the environment. 
To create GMOs with the AA-swapped genetic code, we must 
avoid a transition genetic code, which is lethal for the cells 
because of dual decoding of a codon to two different AAs. For 
example, there is no technology that can synthesize the entire 
genome of E. coli using the SL genetic code and then reboot 
the cells, as has been performed for Mycoplasma mycoides45, 46. 
Even if such a rebooting process becomes possible, a transi-
tion genetic code cannot be avoided because of the coexisten-
ce of natural tRNAs derived from the recipient cell and chi-

meric tRNAs derived from the synthesized genome. Similarly, 
even if we replace the genome step-by-step using reported 
technologies47-49, there would still be a mixture of genes en-
coded by the standard genetic code and the SL genetic code, 
which would also be lethal. As a possible solution, we pro-
posed “a codon-bypass strategy” (Figure 5) that would involve 
the construction of a genome with limited SL codons. In the 
SL-limited genome, all Leu CTN codons (92515 codons in 
3547 CDSs of E. coli MDS42) and all Ser TCN codons (37515 
codons) would be replaced with TTR codons and AGY codons, 
respectively. After replacing the codons, the anticodon loops 
of tRNASer

BGA and tRNALeu
BAG would be swapped with each 

other. At that juncture, no genes would contain CTN or TCN 
codons; thus, tRNA anticodon swapping would not affect cell 
viability. Finally, all Leu TTR codons and all Ser AGY codons 
would be replaced with TCN and CTN codons, respectively, 
and tRNASer

GCU and tRNALeu
YAA would be deleted to construct 

the SL genetic code. The blank TTR and AGY codons could 
be used for unnatural AA survival strategies to create E. coli 
strains that have a genetic firewall for GMOs as well as genes. 

Recent efforts to generate blank codons in bacterial cells have 
strongly progressed to the point at which multiple unnatural 
AAs have been introduced into an expanded genetic code16, 17, 



 

50-54. In 2019, Chin’s group reported the development of an 
altered genetic code consisting of only 61 codons by replacing 
two Ser codons (TCR) with two synonymous codons (AGY). 
Therefore, we believe the aforementioned strategy has a good 
possibility of creating E. coli strains carrying the SL genetic 
code. Because cells with an AA-swapped genetic code are 
interesting from the viewpoints of both science and engineer-
ing, the creation of E. coli strains with the SL genetic code 
could be one of the next important research targets. 

MATERIAL AND METHODS 
Expression and purification of C5 protein. The C5 protein 
gene was amplified by PCR from the E. coli JM109 genome 
using C5.F29 (5'-GCTTGCCATA � TGGTTAAGCT�
CGCATTTCC-3') and C5.R32 (5'- GCAACGCTCG�
AGGGACCCGC� GAGCCAGGCG� AC-3') primers. After 
digestion with NdeI and XhoI, the resulting DNA product was 
cloned into the NdeI–XhoI site of the pET21a(+) vector. The 
plasmid was transformed into E. coli BL21(DE3)LysS, and 
cells were grown on LB plates with 100 µg/mL ampicillin, 20 
µg/mL chloramphenicol, and 2% glucose. The resulting colo-
nies were inoculated to 3 mL of LB with 100 µg/mL ampicil-
lin, 20 µg/mL chloramphenicol, and 5% glucose and grown at 
37 °C overnight. The resulting cultures were added to 300 mL 
of LB with 100 µg/mL ampicillin, 20 µg/mL chloramphenicol, 
and 5% glucose and grown at 37 °C. At A600 = 0.7, protein 
expression was induced with 0.5 mM IPTG at 25 °C overnight. 
Cells were pelleted, resuspended in lysis buffer (20 mM 
Hepes-K pH 7.8, 10 mM imidazole pH 7.8, 300 mM KOAc, 
0.2 mM DTT, and 1 mM PMSF), and lysed using a sonicator. 
After ammonium sulfate precipitation, pellets were dissolved 
in Buffer A (20 mM Hepes-K pH 7.8, 300 mM KOAc, 0.2 
mM DTT, 10 mM MgCl2, 1 M NH4Cl, and 0.25% Tween20). 
The mixture was clarified by centrifugation followed by filtra-
tion. For affinity purification, an IMAC column (BioRad, CA, 
USA) was connected to an NGC chromatography system (Bi-
oRad) equilibrated with Buffer A. After loading the solution, 
the column was washed with Buffer A, followed by Buffer B 
(20 mM Hepes-K pH 7.8, 10 mM imidazole pH 7.8, 300 mM 
KOAc, 10 mM MgCl2, and 0.2 mM DTT). The protein was 
then eluted with Buffer C (20 mM Hepes-K pH 7.8, 300 mM 
AcOK, 10 mM MgCl2, 250 mM Imidazole, and 0.2 mM DTT) 
and stored at –80 °C in 20% glycerol. The protein concentra-
tions were determined by A280 according to a molar extinction 
coefficient estimated from the amino acid composition. 

Preparation of RNase P. The M1 RNA gene was amplified 
by PCR from the E. coli JM109 genome using T7M1-
RNA.F37 (5'-TAATACGACT CACTATAGAA 
GCTGACCAGA CAGTCGC-3') and M1RNA.R22 (5'-
AGGTGAAACT GACCGATAAG CC-3') primers. The re-
sulting DNA product was cloned into the pCR4 vector. The 
DNA template was amplified by two rounds of PCR using 
pGEM-Tseq (5'-GGAAACAGCT ATGACCATGA-3') and 
M1RNA.R22 primers. First PCR (100 µL) was performed 
under the following conditions: 1 × PfSH buffer [10 mM Tris-
HCl (pH 8.4), 100 mM KCl, 0.1% (v/v) Triton X-100, 2 mM 
MgSO4], 0.2 mM each dNTP, 0.5 µM each forward and rever-
se primer, 0.2 ng/µL pCR4-M1, and 2 nM of Pfu-S DNA pol-
ymerase55. DNA was amplified by 12 cycles of 95°C for 20 s, 
55°C for 20 s, and 72°C for 30 s. The second PCR (1600 µL) 
was performed under the following conditions: 1 × PfSH buff-
er, 0.2 mM each dNTP, 0.5 µM each forward and reverse pri-
mer, amplified DNA (4 µL of first PCR mixture), and 2 nM of 

Pfu-S DNA polymerase. DNA was amplified by 12 cycles of 
95°C for 20 s, 55°C for 20 s, and 72°C for 30 s. The amplified 
DNA was used directly, without purification, for runoff in 
vitro transcription. Transcription of M1 RNA (8000 µL) was 
performed using the following conditions: 1 × T7 buffer [40 
mM Tris-HCl pH 8.0, 1 mM spermidine, 0.01% Triton X-100] 
10 mM DTT, 30 mM MgCl2, 5 mM each NTP, amplified 
DNA (1600 µL of PCR mixture), and 0.3 µM T7 RNA poly-
merase at 37 °C for 5 h. The resulting M1 RNA was purified 
by extraction with phenol/chloroform and two rounds of iso-
propanol precipitation. RNase P was prepared as follows: The 
solution (8 µL) containing 1 × T7 buffer, 10 mM DTT, 120 
mM NH4Cl, and 20 µM M1-RNA was heated at 95 °C for 5 
min followed by cooling to 25 °C. 0.32 µL of 0.3 M MgCl2 
and 1.2 µL of 130 µM C5 protein were added to reconstitute 
RNase P. The product was immediately added to the transcrip-
tion reaction mixture to avoid self-cleavage. 

Preparation of T7-tRNA sets. DNA templates for the tRNAs 
were prepared by extension of the oligonucleotides listed in 
Table S1 (see Table S3 for sequences) followed by two rounds 
of PCR using the primers listed in Table S1 (see Table S3 for 
sequences). Extension (20 µL) was performed under the fol-
lowing condition: 1 × PfSH buffer, 0.2 mM of each dNTP, 1 
µM each forward and reverse oligonucleotides, and 2 nM of 
Pfu-S DNA polymerase. DNA was extended by heating the 
mixture at 95°C for 1 min, and 5 cycles of 50°C for 1 min and 
72 °C for 1 min. First round PCR (100 µL) was performed 
under the following conditions: 1 × PfSH buffer, 0.2 mM each 
dNTP, 2% DMSO, 1 µM each forward and reverse primer, 
extended DNA (2.5 µL of extension mixture), and 2 nM of 
Pfu-S DNA polymerase. DNA was amplified by 5 cycles of 
95°C for 20 s, 50°C for 20 s, and 72°C for 30 s. Second round 
PCR (200 µL) was performed under the following conditions: 
1 × PfSH buffer, 0.2 mM each dNTP, 2% DMSO, 1 µM each 
forward and reverse primer, amplified DNA (5% v/v of first 
PCR mixture), and 2 nM of Pfu-S DNA polymerase. DNA was 
amplified by 12 cycles of 95°C for 20 s, 50°C for 20 s, and 
72°C for 30 s. The amplified DNA was used directly, without 
purification, for run-off in vitro transcription. Transcription of 
the tRNAs except tRNATrp, tRNAGln, and tRNAPro (2 mL) was 
performed under the following conditions: 1 × T7 buffer, 10 
mM DTT, 22.5 mM MgCl2, 5 mM GMP, 3.75 mM each NTP, 
amplified DNA (200 µL of second PCR mixture) and 0.12 µM 
T7 RNA polymerase at 37 °C overnight. DNase I (0.005 
U/µL) and MnCl2 (2 mM) were added to the transcription mix-
ture, and then the mixture was incubated at 37 °C for 2 h. Af-
ter DNase I treatment, the synthesized tRNAs were purified by 
extraction with phenol/chloroform and two rounds of isopro-
panol precipitation. The tRNAs were dissolved in ultrapure 
water, and their concentrations were determined using a 
NanoDrop-spectrophotometer ND-1000. Transcription of 
tRNATrp, tRNAGln, and tRNAPro (2 mL) was performed under 
the following conditions: 1 × T7 buffer, 10 mM dithiothreitol 
(DTT), 22.5 mM MgCl2, 3.75 mM each NTP, amplified DNA 
(200 µL of second PCR mixture), RNase P (0.4 µM RNase P 
for tRNAGln and tRNAPro, 0.8 µM RNase P for tRNATrp), and 
0.12 µM T7 RNA polymerase at 37 °C overnight. DNase I 
treatment and purification of tRNAs was performed as de-
scribed above. The resulting tRNA sequences are listed in 
Table S1. Twenty-one different T7-tRNAs (tRNAAla

GGC, 
tRNAArg

GCG, tRNAAsn
GUU, tRNAAsp

GUC, tRNACys
GCA, tRNAG-

lu
CUC, tRNAGly

GCC, tRNAHis
GUG, tRNAIle

GAU, tRNALeu
GAG, 

tRNALys
CUU, tRNAini

CAU, tRNAMet
CAU, tRNAPhe

GAA, tRNASer
GGA, 



 

tRNAThr
GGU, tRNATyr

GUA, tRNAVal
GAC, tRNAGln

CUG, tRNAP-

ro
GGG, and tRNATrp

CCA) were combined to prepare the mini-Std 
T7-tRNA set. For the SL T7-tRNA set, tRNALeu

GGA and 
tRNASer

GAG were used instead of tRNALeu
GAG and tRNASer

GGA 
from the mini-Std T7-tRNA set. For the SLA T7-tRNA set, 
tRNALeu

GGA, tRNASer
GGC, and tRNAAla

GAG were used instead of 
tRNALeu

GAG, tRNASer
GGA, and tRNAAla

GGC from the mini-Std 
T7-tRNA set. The concentration of each tRNA was adjusted to 
25 µM. The tRNA mix solutions were heated at 95 °C for 5 
min and then cooled to 25 °C. The refolded-tRNA mixtures 
were added to the translation mixtures within 1 h of refolding. 

Preparation of peptide-encoding mRNAs. The DNA tem-
plates for the peptides were prepared by extension of annealed 
oligonucleotides, T7esD6MYYY.F55 and 
Y3xDDRD_nnnXaa.R44 (see Table S3 for sequences), fol-
lowed by amplification by PCR using T7ex5.F22 and DRDu-
aaAS.R20 as primers (see Table S3 for sequences). Extension 
(20 µL) was performed as described above. PCR (200 µL) was 
performed under the following conditions: 1 × PfSH buffer, 
0.2 mM each dNTP, 2% DMSO, 1 µM each forward and re-
verse primer, extended DNA (1 µL of extension mixture), and 
2 nM Pfu-S DNA polymerase. DNA was amplified by 12 cy-
cles at 95°C for 20 s, 50°C for 20 s, and 72°C for 30 s. The 
amplified DNA was used directly, without purification, for 
runoff in vitro transcription. Transcription of the mRNAs 
(1000 µL) was performed under the following conditions: 1 × 
T7 buffer, 10 mM DTT, 25 mM MgCl2, 5 mM GMP, 5 mM 
each NTP, amplified DNA (200 µL of PCR mixture), and 0.12 
µM T7 RNA polymerase at 37 °C overnight. The produced 
mRNAs were purified by extraction with phenol/chloroform 
and isopropanol precipitation followed by ethanol precipita-
tion. The concentration of mRNA was determined using a 
NanoDrop-spectrophotometer ND-1000. 

Preparation of GFP and streptavidin mRNAs. The template 
DNAs for GFP were amplified by PCR (1000 µL) using the 
following conditions: 1 × PfSH buffer, 2% DMSO, 0.2 mM 
each dNTP, 0.375 µM T7Aex.F24, 0.375 µM GFPuv.R30 (see 
Table S3 for sequences), synthesized GFP genes (see Figure 
S3B; GFP_mini-Std, GFP_SL, and GFP_SLA) purchased 
from Genscript (Piscataway, USA) and Integrated DNA Tech-
nologies, Inc. (Coralville, USA), and 2 nM of Pfu-S DNA 
polymerase. DNA was amplified by 12 cycles at 95°C for 20 s, 
50°C for 20 s, and 72°C for 1 min. The amplified DNA was 
purified by extraction with phenol/chloroform and isopropanol 
precipitation. DNA was dissolved in 100 µL of 10 mM Tris-
AcOH pH7.8. The DNA template was transcribed by runoff in 
vitro transcription (1000 µL) using the following conditions: 1 
× T7 buffer, 10 mM DTT, 30 mM MgCl2, 5 mM each NTP, 
template DNA (100 µL of the above DNA solution), and 0.12 
µM T7 RNA polymerase at 37 °C overnight. Purification and 
measurement of the concentration of mRNAs was performed 
as described above. The mRNAs of streptavidin were prepared 
with a similar procedure except using template DNAs (Figure 
S3A; streptavidin_mini-Std, streptavidin_SL, and streptavi-
din_SLA) and the corresponding primers (StvWT.R20, 
StvSL.R20, or StvSLA.R20 instead of GFPuv.R30; see Table 
S3 for sequences). 

Cell-free translation. Creatine kinase, creatine phosphate, 
and E. coli tRNA extract were purchased from Roche Diag-
nostics (Tokyo, Japan). The translation reactions were similar 
to those from previously published papers36-38, 56-59, aside from 
the concentrations of aaRSs and EF-Tu, which were used to 

promote aminoacylation of tRNAs and recruitment of amino-
acyl-tRNAs to ribosome, respectively39-41. The reaction mix-
ture (4 µL) of a cell-free translation system containing 50 mM 
Hepes-K (pH 7.6), 100 mM potassium acetate, 17.6 mM mag-
nesium acetate, 2 mM spermidine, 1 mM DTT, 2 mM ATP, 2 
mM GTP, 1 mM CTP, 1 mM UTP, 20 mM creatine phosphate, 
1.5 µM AlaRS, 0.06 µM ArgRS, 0.76 µM AsnRS, 0.26 µM 
AspRS, 0.04 µM CysRS, 0.12 µM GlnRS, 2.8 µM GluRS, 
0.18 µM GlyRS, 0.04 µM HisRS, 2.8 µM IleRS, 0.08 µM 
LeuRS, 0.22 µM LysRS, 0.06 µM MetRS, 1.4 µM PheRS, 
0.32 µM ProRS, 0.08 µM SerRS, 0.18 µM ThrRS, 0.06 µM 
TrpRS, 0.04 µM TyrRS, 0.04 µM ValRS, 0.6 µM methionyl-
tRNA formyltransferase, 0.5 µM ribosome recycling factor, 4 
µg/mL creatine kinase, 0.1 µM adenosine kinase, 0.1 µM in-
organic pyrophosphatase, 0.1 µM nucleoside-diphosphate 
kinase, 2.7 µM initiation factor 1, 0.4 µM initiation factor 2, 
1.5 µM initiation factor 3, 0.25 µM release factor 2, 0.17 µM 
release factor 3, 0.26 µM elongation factor G, 70 µM elonga-
tion factor Tu/elongation factor Ts, 0.1 µM peptidyl-tRNA 
hydrolase, 1.2 µM ribosome, 0.5 mM each amino acid (except 
Asp), 50 µM [14C]Asp or Asp, 10 µM each T7-tRNA or 1.5 
mg/mL E. coli tRNA extract, 2 µM mRNA coding for a pro-
tein, or 2 µM mRNA coding for a peptide was incubated at 
37 °C for 3 h. 

Analysis of products from the translation reactions. The 
synthesized peptides in the reaction mixtures were analyzed by 
tricine SDS-PAGE followed by autoradiography (Pharos FX 
imager, BioRad). Alternatively, the reactions were performed 
with Asp instead of [14C]Asp, and the products were analyzed 
using MALDI-TOF-MS (AXIMA confidence, Shimadzu). 
Synthesized proteins in the reaction mixtures were analyzed 
by glycine SDS-PAGE followed by autoradiography. Synthe-
sized proteins were also analyzed by native PAGE followed 
by autoradiography and fluorescence detection (λex = 473 nm, 
LPB filter; Typhoon FLA 9000, GE Healthcare). For streptav-
idin analysis, Atto 488-biotin (Sigma-Aldrich) was added to 
the reaction mixture to label active streptavidin with fluoro-
phore. The excess Atto 488-biotin was removed using strep-
tavidin M280 magnetic beads (Thermo Fisher) before subject-
ing the samples to native PAGE. 
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