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A variety of unique codons have been employed to
expand the genetic code. The use of the opal (UGA)
codon is promising, but insufficient information is avail-
able about the UGA suppression approach, which fa-
cilitates the incorporation of non-natural amino acids
through suppression of the UGA codon. In this study,
the UGA codon was used to incorporate 4-iodo-L-
phenylalanine into position 32 of the Ras protein in
an Escherichia coli cell-free translation system. The
undesired incorporation of tryptophan in response to
the UGA codon was completely repressed by the add-
ition of indolmycin. The minor amount (3%) of con-
taminating 4-bromo-L-phenylalanine in the building
block 4-iodo-L-phenylalanine led to the significant in-
corporation of 4-bromo-L-phenylalanine (21%), and
this problem was solved by using a purified 4-iodo-L-
phenylalanine sample. Optimization of the incubation
time was also important, since the undesired incorpor-
ation of free phenylalanine increased during the
cell-free translation reaction. The 4-iodo-L-phenylalan-
ine residue can be used for the chemoselective modifi-
cation of proteins. This method will contribute to
advancements in protein engineering studies with
non-natural amino acid substitutions.

Keywords: cell-free protein synthesis/indolmycin/
non-natural amino acid/opal codon/Transfer RNA.

Abbreviations: A294G-PheRS, the PheRS mutant
containing glycine residue at position 294 of the a
subunit; brF, 4-bromo-L-phenylalanine residue;
brF32-Ras, a mutant Ras protein containing
4-bromo-L-phenylalanine residue at position 32; CAT,

chloramphenicol acetyltransferase; ESI, electrospray
ionization; F32-Ras, a mutant Ras protein containing
a phenylalanine residue at position 32; FRET,
fluorescence resonance energy transfer; HPLC, high
performance liquid chromatography; iF-tRNAPhe

UCA,
4-iodo-L-phenylalanyl-tRNAPhe

UCA; iF32, 4-iodo-
L-phenylalanine residue; iF32-Ras, a mutant Ras
protein containing 4-iodo-L-phenylalanine residue at
position 32; LC-MS, liquid chromatography-mass
spectrometry; Lys-C, Achromobacter protease I;
MALDI-MS, matrix-assisted laser desorption/
ionization-mass spectrometry; ODS, octadecyl silyl;
PAGE, polyacrylamide gel electrophoresis; RF-2,
release factor 2; PheRS, phenylalanyl-tRNA synthe-
tase; pK7-Ras-32op, an expression plasmid that
encodes the ras gene carrying a UGA mutation at
position 32; SDS, sodium dodecyl sulfate; TLC,
thin layer chromatography; TrpRS,
tryptophanyl-tRNA synthetase; Y32-Ras, the
wild-type Ras protein (1-171).

Advances in genetic engineering are now allowing re-
searchers to use non-natural amino acids for protein
engineering studies. These amino acids have been
incorporated into proteins site-specifically in not only
living cells but also in cell-free protein synthesis
systems. As compared with the cell-based systems,
cell-free translation systems can be easily controlled
or modified by the addition of chemical compounds
and translation factors (e.g. aminoacylated tRNA),
and they have facilitated the incorporation of a greater
variety of non-natural amino acids into proteins (1�9).
Non-natural amino acids provide a new set of building
blocks to produce highly functional proteins with cap-
abilities beyond those of the natural proteins obtained
through evolutionary selection using the common
20 amino acids [e.g. alloprotein (10), artificial protein
(11)]. Non-natural amino acids have been used for
chemoselective modification (12, 13), fluorescent label-
ing (14), in vitro selection of mRNA display libraries
(5), and so on. For instance, the aryl iodide of a
4-iodo-L-phenylalanine residue, a chemoselective tag
for palladium-catalysed reactions, was employed for
the site-specific functionalization of proteins (12, 13).
A donor and acceptor pair for fluorescence resonance
energy transfer (FRET) was introduced in response
to two 4 base codons, into different positions of cal-
modulin, and the conformation of the protein was
monitored by FRET changes upon binding with a
calmodulin-binding peptide (14).
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Several techniques for pre-acylation, the in vitro
aminoacylation of tRNAs with non-natural amino
acids, have been developed. For instance, non-natural
amino acids are recognized by altered-specificity mu-
tants of the aminoacyl-tRNA synthetase (e.g.
phenylalaninyl-tRNA synthetase, PheRS) for attach-
ment to the tRNA variants (suppressor tRNAs)
(15�17). In addition, pre-acylation using ribozymes
(8) and PNA thioesters (18) has been reported.
Another approach is the chemical acylation of a di-
nucleotide, followed by its ligation to a truncated
tRNA (1�3, 5�7, 19�21). The aminoacylated suppres-
sor tRNAs are added to a cell-free translation system.
These tRNAs suppress a non-sense mutation within
the gene of a target protein, which results in transla-
tional readthrough by the incorporation of the
non-natural amino acids at the target sites.

A variety of unique codons have been used to
expand the genetic code, including UAG (1, 2), four
base codons (22), and unnatural base codons (16, 23).
In addition to these unique codons, the opal (UGA)
codon may be used for site-specific incorporation (24).
The UGA suppression approach was applied to in-
corporate 5-hydroxytryptophan, using an orthogonal
tryptophanyl-tRNA synthetase (TrpRS) and tRNATrp

pair in human 293T cells (25). However, this is the only
report of the UGA suppression approach, and infor-
mation about the site-specific incorporation of
non-natural amino acids is limited. In theory, the
UGA suppression approach may be used for multiple
incorporations of non-natural amino acids (21).

We previously reported the UAG suppression ap-
proach, using an Escherichia coli PheRS variant
(A294G-PheRS) (26, 27) and the UAG suppressor

tRNAPhe
CUA (17). The suppressor tRNAPhe

CUA has
critical mutations in the anticodon (28) and possesses
minimal amino acid-accepting activity under physio-
logical conditions in cell-free protein synthesis
(e.g. 10mM MgCl2, pH 7.5). We found low-fidelity
conditions (e.g. 70mM MgCl2, 2.5M DMSO,
pH 8.1) that enhanced the misacylation of the suppres-
sor tRNAPhe

CUA. The UAG suppressor tRNAPhe
CUA

was pre-acylated with 4-iodo-L-phenylalanine under
the low-fidelity conditions and was used for cell-free
protein synthesis. 4-Iodo-L-phenylalanine was incorpo-
rated in response to the UAG codon, which was con-
firmed by liquid chromatography-mass spectrometry
(LC-MS). However, the undesired incorporation of
phenylalanine in response to the UAG codon was
also observed. This was mediated by tRNAPhe

CUA

through the following mechanism (17). 4-Iodo-L-
phenylalanyl-tRNAPhe

CUA is gradually deacylated by
either an enzymatic or non-enzymatic process during
the incubation (29), and free tRNAPhe

CUA is aminoa-
cylated by the endogenous PheRS in the cell-free trans-
lation system. The resulting phenylalanyl-tRNAPhe

CUA

is re-used for cell-free protein synthesis again. In add-
ition, phenylalanine could be incorporated in response
to not only the UAG codon but also the UGA codon
(Fig. 1).

In this study, the UGA suppression approach was
employed to incorporate 4-iodo-L-phenylalanine into
position 32 of the Ras protein, in an E. coli cell-free
translation system. The UGA codon is reportedly read
by tRNATrp

CCA (30); the mismatch of the UGA codon
with the CCA anticodon leads to the misincorporation
of tryptophan (natural readthrough). The undesired
incorporation of an amino acid can be repressed by

Fig. 1 Scheme for the site-specific incorporation of 4-iodo-L-phenylalanine using pre-acylated tRNA
Phe

UCA 1 in the cell-free translation system. The
arrow indicates that a mixture of 1 and uncharged tRNAPhe

UCA 2 was added to the cell-free translation system. 1 competes with
phenylalanyl-tRNAPhe

UCA 3, RF-2 and tryptophanyl-tRNATrp
CCA 4.
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addition of an inhibitor that is specific to the cognate
aminoacyl-tRNA synthetase (7). We selected indolmy-
cin, a specific inhibiator of E. coli TrpRS (31, 32)
(Fig. 1). The undesired incorporation of amino acids
in response to the UGA codon was completely re-
pressed by optimizing the reaction conditions.

Materials and Methods

General
4-Iodo- and 4-bromo-L-phenylalanine were purchased from
Sigma-Aldrich (St Louis, MO, USA). The PD-10 desalting column
and the Resource Q and Superdex 75 resins were obtained from
Amersham Pharmacia (GE Healthcare) Bio-Sciences (Piscataway,
NJ, USA). The high performance liquid chromatography (HPLC)
column (COSMOSIL 5C-18 AR-II, 20mm� 250mm) was pur-
chased from Nacalai Tesque (Kyoto, Japan). The matrix-assisted
laser desorption/ionization-mass spectrometry (MALDI-MS) ana-
lysis was performed by Dr Naoshi Dohmae (RIKEN Wako). The
quantitative amino acid analysis was performed with a model
835 Amino Acid Analyzer (Hitachi, Tokyo, Japan) by Masao
Chijimatsu (RIKEN Wako). The expression plasmid with the opal
mutation at position 32 of the ras gene (pK7-Ras-32op) was con-
structed from the expression plasmid pK7-Ras (33). Indolmycin was
a gift from Prof. Dieter Söll (Yale University). The S30 extract (34)
was prepared from E. coli strain A19 (metB, rna) (29). The prepar-
ation of the tRNA transcript, the cell-free protein synthesis, and the
LC-MS analysis were performed as described previously (17). The
synthesized Ras protein was purified by anion exchange (Resource
Q) and size exclusion (Superdex 75) chromatography. The fluores-
cent imaging scanner FLA-2000 and the proprietary software pro-
gram (Image Gauge version 3.01) were products of Fuji Photo Film
(Tokyo, Japan).

Purification of 4-iodo-L-phenylalanine
4-Iodo-L-phenylalanine (50mg/ml) was dissolved in acetic acid/water
(8 : 2), and was purified via preparative ODS-HPLC using a linear
gradient of 0�35% (v/v) acetonitrile/water over 30min. 4-Iodo- and
4-bromo-L-phenylalanine were eluted at 27 and 24min, respectively.
Fractions were collected and lyophilized to obtain a pure 4-iodo-L-
phenylalanine.

Pre-acylation of tRNAPhe
UCA

Escherichia coli tRNAPhe
UCA (G2G3G4) was incubated at RT for

25min in the presence of MgCl2 (60mM), HEPES�KOH (pH 8.1,
40mM), ATP�KOH (pH 7, 10mM), DTT (10mM), Tween-40
[0.25% (v/v)], dimethylsulfoxide (2.6M), 4-iodo-L-phenylalanine
(5mg/ml) and the Ala294Gly mutant of E. coli phenylalanyl-
tRNA synthetase (26, 27), A294G-PheRS (1 mM). The pre-acylated
tRNA (iF-tRNAPhe

UCA) was treated with phenol/chloroform (5 : 1,
pH 4.5), desalted on a PD-10 desalting column equilibrated with
ammonium acetate buffer (50mM, pH 5.0), and precipitated with
2-propanol. The resulting pellet was rinsed twice with ethanol/water
(7 : 3, 5ml) and ethanol (1ml). It was dried with a water�aspirator
vacuum, and was stored at �20�C.

Acidic polyacrylamide gel electrophoresis analysis
The aminoacylation mixture was extracted with phenol/chloro-
form (5 : 1, pH 4.5), and was mixed with an equal volume of the
sample buffer containing NaOAc (0.2M, pH 4.5) and glycerol
[4.4M, 50% (v/v)]. This sample was separated by polyacrylamide
gel electrophoresis (PAGE) under acidic conditions [NaOAc
(0.2M, pH 5.2), urea (7.9M) and polyacrylamide (9%T, 5%C)] at
4
�

C in an acidic buffer containing NaOAc (0.1M, pH 5.2). The gel
was stained with GelStar nucleic acid stain. The aminoacylated
tRNA was detected with a fluorescent imaging analyzer, model
FLA2000, and the aminoacylation level of the tRNA was estimated
by using the proprietary software program (Image Gauge version
3.01). The effective digit for the calculated results was 1.

Results

We tried to incorporate 4-iodo-L-phenylalanine in
response to the UGA codon at position 32 of the
Ras protein, in a similar manner to the site-specific
incorporation utilizing the UAG codon (17), in order
to compare these two suppression approaches. First,
the tRNAPhe

UCA transcript was prepared by in vitro
transcription of the tRNAPhe

UCA gene, in which the
original 50-terminal sequence (C2C3C4) was changed
to increase the transcription yield (Fig. 2). These mu-
tations are not essential for tRNAPhe to be recognized
by E. coli PheRS (28), but the tRNAPhe

UCA transcript

Fig. 2 Comparisions of the tRNAs. (A) Escherichia coli opal suppressor tRNAPhe
UCA transcript and (B) E. coli native tRNAPhe

GAA. The boxed
nucleotides in the suppressor tRNAPhe

UCA differ from those in the wild-type tRNAPhe
GAA transcript. The nucleotides in italic and bold styles are

essential for the recognition of the native tRNAPhe
CCA by E. coli PheRSs.4 U, 4-thiouridine; D, dihydrouridine; c, pseudouridine; ms2i6A,

2-methylthio-N6-isopentenyladenosine; m7G, 7-methylguanosine; acp3U, 3-(3-amino-3-carboxypropyl) uridine; T, 5-methyluridine.
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has critical mutations in the first and second positions
of the anticodon (G34U, A35C). Therefore, the tran-
script was aminoacylated under low-fidelity conditions
to increase the misacylation with 4-iodo-L-phenylalan-
ine (17), and the results were monitored by acidic
PAGE (35). The misacylation was enhanced when
the MgCl2 concentration was increased to 60mM.
Another important factor affecting the aminoacylation
reaction was the pH condition. Misacylation of the
tRNAPhe

UCA was observed between pH 6.4 and 8.1,
but the optimum value was pH 8.1. The ratio of
4-iodo-L-phenylalanyl-tRNAPhe

UCA (iF-tRNAPhe
UCA)

1 to free tRNAPhe
UCA 2 was estimated to be 6 : 4

after aminoacylation under the pH 8.1 conditions
(Supplementary Fig. S1).

The mixture of 1 and 2 was added to an E. coli
cell-free translation system with pK7-Ras-32op, an ex-
pression plasmid for the ras gene containing a UGA
codon at position 32. This experiment was performed
according to the published procedure for UAG sup-
pression (17), with a slight modification. The wild-type
Ras protein (residues 1�171, Y32-Ras) has no trypto-
phan residue (36), and therefore all of the proteogenic
amino acids, except for tryptophan, were added to the
reaction mixture with L-[14C]-leucine. The reaction
mixture was incubated at 37�C for 40min, to synthe-
size the Ras mutant containing a 4-iodo-L-phenylalan-
ine residue at position 32 (iF32-Ras). The translation
product was analyzed by sodium dodecyl sulfate

(SDS)�PAGE and autoradiography to confirm the ex-
pression of the Ras protein. The 20 kDa band corres-
ponding to the readthrough product, the full-length
Ras protein, was detected on the gel (Fig. 3A,
lane 1). The amount of the synthesized Ras protein
depended on the amount of iF-tRNAPhe

UCA 1 that
was added to the cell-free translation system. The
yield of the readthrough product was 55% relative to
Y32-Ras under the optimum conditions
(Supplementary Fig. S2). In addition, the possibility
of natural readthrough at the UGA codon was inves-
tigated. The 3.3 kDa band corresponding to a trun-
cated product, in which translation was terminated at
position 32, was scarcely observed on the gel (Fig. 3A,
lane 1). A translation product was observed at 20 kDa,
even when no pre-acylated tRNAPhe

UCA 1 was added
to the cell-free translation reaction (Fig. 3A, lanes 2
and 3). These results showed that natural UGA sup-
pression occurred at a significant level in the E. coli
cell-free translation system.

To identify the amino acid residue at position 32
of the synthesized protein, iF32-Ras was carboxy-
methylated and subjected to in-gel digestion using
Achromobacter protease I (Lys-C) (37). The K3 pep-
tide, liberated from position 17 through position 42,
was analysed by LC-MS, as described earlier (15). The
abundance of amino acid residues at position 32 was
estimated from the ratio of the ion-peak intensities in
the selected ion chromatograms, assuming that the

Fig. 3 Analyses of a cell-free translation product. (A) SDS�PAGE analysis of [14C]-leucine-labeled translation products. The reaction mixture
was incubated at 37�C for 40min with the mixture (lane 1) of 1 (19 mM) and 2 (13 mM), 2 (32 mM, lane 2) or without tRNAPhe

UCA (lane 3). The
arrow indicates the 20 kDa band for the full-length Ras protein. The selected ion chromatograms of m/z (B) 1604, (C) 1541, (D) 1580, (E) 1561
and (F) 1548 correspond to the K3 peptide (residues 17-42) containing 4-iodo-L-phenylalanine, phenylalanine, 4-bromo-L-phenylalanine, tryp-
tophan and a carboxymethylated cysteine residue, respectively, at position 32.
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ionization efficiency of each peptide in electrospray
ionization (ESI) was identical. The LC-MS analysis
revealed that the UGA codon at position 32 was trans-
lated as 4-iodo-L-phenylalanine (80%), phenylalanine
(7%), 4-bromo-L-phenylalanine (9%) and tryptophan
(4%) (Fig. 3B�E), and these results were also sup-
ported by the MALDI-MS analysis (Supplementary
Fig. S3A). The incorporation of cysteine was negligible
(52%) (Fig. 3F).

The addition of a specific inhibitor of bacterial
TrpRS is a strategy to prevent tryptophan incorpor-
ation. The effect of indolmycin 5 (31, 32) on the E. coli
cell-free translation system was examined, as a prelim-
inary experiment. In the presence of 5, two proteins,
chloramphenicol acetyltransferase (CAT), which has
four tryptophan residues, and Y32-Ras, were synthe-
sized. The results indicated that the cell-free synthesis
of CAT was suppressed by the addition of 5 (0.13mM)
(Fig. 4A), but the cell-free synthesis of Y32-Ras was
hardly affected by 5 (Fig. 4B). Next, 5 (0.13mM) was
added to the cell-free translation system to synthesize
iF32-Ras, and this mixture was incubated at 37�C for
40min. The translation product was digested with
Lys-C and subjected to an LC-MS analysis, which
indicated that no tryptophan was incorporated into
position 32 (Fig. 5D). In addition, the amino acid
residues at position 32 were identified (Fig. 5A�C
and Supplementary Fig. S3B): 4-iodo-L-phenylalanine

(71%), phenylalanine (8%) and 4-bromo-L-phenyl-
alanine (21%).

4-Bromo-L-phenylalanine is a 4-halogenated phenyl-
alanine analog, which could be a potential contamin-
ant of the 4-iodo-L-phenylalanine preparation.
Therefore, the purity of the 4-iodo-L-phenylalanine
was assessed by thin layer chromatography (TLC)
and quantitative amino acid analysis (38). Although
only a single spot was observed on the TLC plate,
the quantitative amino acid analysis revealed that the
commercially available 4-iodo-L-phenylalanine sample
contained a small amount (3%) of 4-bromo-L-phenyl-
alanine. On the other hand, the analysis did not detect
the presence of phenylalanine (Supplementary Fig.
S4A). The 4-iodo-L-phenylalanine was purified by
ODS-HPLC, and the purified sample was subjected
to quantitative amino acid analysis once again. After
this purification, the absence of 4-bromo-L-phenylalan-
ine was confirmed (Supplementary Fig. S4B).

The purified 4-iodo-L-phenylalanine was added to
the cell-free translation reaction, which was performed
under the same conditions, except that the incubation
time was decreased to 30min, in order to minimize
phenylalanylation of the uncharged UGA suppressor
tRNAPhe

UCA. The translation product was analysed to
confirm that no 4-bromo-L-phenylalanine was incorpo-
rated into Ras (Supplementary Fig. S3C). The transla-
tion product was further subjected to SDS�PAGE,

Fig. 4 The effect of indolmycin on the E. coli cell-free translation system. Time courses of cell-free protein synthesis of (A) CAT and (B) Y32-Ras
in the presence/absence of tryptophan and/or indolmycin. Inset: chemical structure of indolmycin. Abbreviation: pK7-CAT, an expression
plasmid containing the CAT gene (52).
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and the excised protein band was digested with Lys-C.
An LC-MS analysis of the K3 peptide indicated that
98% of the amino acid residues at position 32 were
4-iodo-L-phenylalanine, and that the incorporation
of phenylalanine and 4-bromo-L-phenylalanine was
negligible (52%, Fig. 6B�D).

Discussion

The UGA codon at position 32 was read by not
only the UGA suppressor tRNAPhe

UCA but also the
endogenous tRNATrp

CCA. Even when no UGA sup-
pressor tRNAPhe

UCA was added to the E. coli cell-free
translation system, translational readthrough was
observed at the UGA codon (Fig. 3A, lane 3;
Supplementary Fig. S2, lane 5). An the LC-MS
analysis revealed that the UGA codon was read as
tryptophan (4%) (Fig. 3E). This tryptophan was not
delivered by the UGA suppressor tRNAPhe

UCA, since

the tRNAPhe
UCA lacks some of the important identity

nucleotides for aminoacylation by E. coli TrpRS under
physiological conditions (Supplementary Fig. S5) (39).
Natural readthrough was not detected when the UAG
codon was at the same position (17).

The undesired incorporation of tryptophan was ef-
fectively prevented by the addition of indolmycin 5

(Fig. 4D). The tryptophan that had been incorporated
into position 32 was derived from the E. coli S30 ex-
tract, since no tryptophan was added to the cell-free
translation reaction. The residual tryptophan was at-
tached to its cognate tRNATrp

CCA by the endogenous
TrpRS in the cell-free translation system, and this is
the reason why the addition of a TrpRS inhibitor was
effective. Another strategy for preventing the misincor-
poration of tryptophan is to knock out the tRNATrp

present in the cell-free translation system with anti-
sense DNA oligonucleotides (40), but optimal condi-
tions were not established. In addition, the finding that

Fig. 6 An LC-MS analysis of a translation product. (A) Total ion chromatogram of Lys-C digested peptides of cell-free translation products. The
selected ion chromatograms of m/z (B) 1604, (C) 1541, (D) 1580 and (E) 1561 correspond to the K3 peptide containing 4-iodo-L-phenylalanine,
phenylalanine, 4-bromo-L-phenylalanine and tryptophan, respectively, at position 32.

Fig. 5 An LC-MS analysis of a translation product. The selected ion chromatograms of m/z (A) 1070, (B) 1028, (C) 1054 and (D) 1040
corresponding to the K3 peptide containing 4-iodo-L-phenylalanine, phenylalanine, 4-bromo-L-phenylalanine and tryptophan, respectively, at
position 32.
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no tryptophan was incorporated in the presence of
5 implies that it is possible to incorporate iodo-L-
phenylalanine instead of tryptophan. The UGG
codon may be read by iF-tRNAPhe

CCA but not recog-
nized by release factors, resulting in a higher yield of
translation products.

The addition of TrpRS inhibitors is not suitable for
synthesizing alloproteins containing tryptophan resi-
dues, which seriously limits the scope of the applica-
tion of our method. Tryptophan is the least abundant
amino acid found in proteins, and accounts for only
1.3% of the codons (41). Many tryptophan residues
can be replaced with another hydrophobic amino
acid (e.g. tyrosine), without impairing protein function
(42). However, a tryptophan residue is essential for the
stability and activity of some proteins (43, 44). A so-
lution to this drawback is the addition of an engineered
tRNATrp

CCA, pre-acylated with tryptophan, to the
cell-free translation system with 5. The engineered
tRNATrp

CCA may deliver tryptophan in response to
the UGG codon. The level of misreading of UGA
codons was reportedly extremely low for a suppressor
tRNATrp

CCA (Su9) with a purine at position 33 (45).
More extensive engineering of the anticodon loop and
stem may produce a tRNATrp

CCA strictly specific to
the UGG codons. For instance, the modification of
cytidine to 20-O-methylcytidine (Cm) at position
34 prevents unorthodox pairing with A in the third
position of the codon (46). The Cm modification
would increase the efficiency of reading G-ending
codons (47).

The tRNAPhe
UCA transcript prepared with T7 RNA

polymerase lacks post-transcriptional modifications
(Fig. 2A). The unmodified U at position 34 could
form a wobble base pair (48) with the nucleosides at
the third position of cysteine codons. In addition, due
to the lack of the ms2i6A modification at position 37,
the tRNAPhe

UCA transcript could cause third letter
misreading of the codons (49). Therefore, the possibil-
ity of misincorporation in response to the UGC/UGU
codon was investigated. The synthesized protein was
carboxymethylated to detect the cysteine residue by
LC-MS. The LC-MS analysis of the K8 peptide
(C118 to K147) revealed that only cysteine was incor-
porated into position 118 (Supplementary Fig. S6),
suggesting that the cysteine codon (UGC) was not
read by the tRNAPhe

UCA transcript. On the other
hand, the K4 peptide (Q43 to K88), which contained
two cysteine residues at positions 51 (UGU) and 80
(UGC), was not identified on ion chromatograms.
However, the mass value of the full-length iF32-Ras
protein agreed with that of the calculated mass value

(calc. þ4 Da.), which suggests that the amino acid resi-
dues at positions 51 and 80 are cysteines
(Supplementary Fig. S6C). Thus, cysteine codons
were not recognized by the tRNAPhe

UCA transcript in
the cell-free translation system (Fig. 7). In addition, the
LC-MS analysis showed that the endogenous
tRNACys

GCA in the cell-free translation system did
not recognize the UGA codon, since the incorporation
of cysteine into position 32 was negligible (52%,
Fig. 3F).

The commercially available 4-iodo-L-phenylalanine
contained 4-bromo-L-phenylalanine (3%, Supple-
mentary Fig. S4A), and the Ras protein synthesized
with the unpurified preparation included a significant
amount of the 4-bromo-L-phenylalanine residue (brF)
(21%) (Fig. 5C). The minor impurity (3%) resulted in
the major incorporation of 4-bromo-L-phenylalanine
(21%). This phenomenon may have been caused
by the difference in the van der Waals radii of iodine
(I, 1.98 Å) and bromine (Br, 1.85 Å). 4-Bromo-L-
phenylalanine might be preferred over 4-iodo-L-
phenylalanine by A294G-PheRS during the
pre-acylation step (26, 27). Thus, the purity of the
building blocks was shown to be important for pre-
venting the incorporation of undesired non-natural
amino acids. In addition, these results suggested that
the site-specific incorporation of 4-bromo-L-phenyl-
alanine is possible. 4-Bromo-L-phenylalanine is a
useful non-natural amino acid residue, since the
heavy-atom bromine within crystallized proteins is
used for phase determination in the multi-wavelength
anomalous diffraction (MAD) method, a technique
for the determination of protein structures in X-ray
crystallography (50, 51).

The undesired incorporation of free phenylalanine
was mediated by not only tRNAPhe

CUA (4%, 17) but
also tRNAPhe

UCA (2%). Reducing the incubation time
(from 40 to 30min) effectively decreased the phenyl-
alanine incorporation from 8% (Fig. 5B) to 52%
(Fig. 6C). This suggested that the amino acid that
was incorporated in response to the UGA codon
after 30min was phenylalanine, which was mainly
derived from the free amino acids added to the cell-free
translation system (0.5mM each). Thus, optimiza-
tion of the incubation time is important for cell-
free protein synthesis using not only the UAG
suppressor tRNAPhe

CUA but also the UGA suppressor
tRNAPhe

UCA.
In conclusion, a non-natural amino acid, 4-iodo-L-

phenylalanine, was incorporated into position 32 of
the Ras protein through UGA suppression in an
E. coli cell-free protein synthesis system, as confirmed

Fig. 7 The results of codon-anticodon recognition in the cell-free system.
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by LC-MS. The abundance of the 4-iodo-L-phenyl-
alanine residue at position 32 was improved, from
71% to498%, by optimizing the reaction conditions.
The UGA suppression approach has the potential for
the site-specific incorporation of multiple non-natural
amino acids, and will contribute to advancements in
protein engineering research.

Supplementary Data

Supplementary data are available at JB online.
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