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Abstract: A bio-orthogonal and unnatural substance, such as an unnatural amino acid (Uaa), is an
ideal regulator to control target gene expression in a synthetic gene circuit. Genetic code expansion
technology has achieved Uaa incorporation into ribosomal synthesized proteins in vivo at specific
sites designated by UAG stop codons. This site-specific Uaa incorporation can be used as a controller
of target gene expression at the translational level by conditional read-through of internal UAG
stop codons. Recent advances in optimization of site-specific Uaa incorporation for translational
regulation have enabled more precise control over a wide range of novel important applications,
such as Uaa-auxotrophy-based biological containment, live-attenuated vaccine, and high-yield
zero-leakage expression systems, in which Uaa translational control is exclusively used as an essential
genetic element. This review summarizes the history and recent advance of the translational control
by conditional stop codon read-through, especially focusing on the methods using the site-specific
Uaa incorporation.

Keywords: genetic switch; synthetic biology; unnatural amino acids; translational regulation;
biological containment; stop codon read-through

1. Introduction

Conditional induction of gene expression is one of the most important technologies for
constructing synthetic gene circuits, and such regulation has applications from basic research
to industrial use. Gene expression can be controlled at various levels, such as transcription,
post-transcription, translation, and post-translation. Among these, transcriptional control is most
frequently used because many genetic parts, such as inducible promoters and repressors, have been
established. On the other hand, there are only a limited number of methods for control at the
translational level.

An established method for translational control is the conditional stop codon read-through
(Figure 1). Three codons, which do not encode for any amino acids, UAG (amber), UAA (ochre), and
UGA (opal), are defined as stop codons. During peptide synthesis on the ribosome, stop codons are
recognized by peptide-release factors, resulting in termination of elongation and release of the peptide
from the ribosome. Insertion of a stop codon, usually UAG for synthetic gene circuits, in a protein
coding region of a target gene causes production of an unusual truncated protein in which protein
synthesis is terminated at the stop codon. The target gene is not expressed if the truncated protein is not
functional. However, a mutant tRNA that recognizes the inserted stop codon (stop codon suppressor
tRNA) can rescue the function of the target gene product by incorporation of an amino acid at the
inserted stop codon (stop codon read-through), which results in a production of the full-length protein.
Therefore, the expression of a target gene can be controlled at the translational level by conditional
production of an aminoacylated stop codon suppressor tRNA.
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Figure 1. Translational switch using a UAG read-through in Escherichia coli. In the ON-state,
an aminoacyl-tRNACUA incorporates the amino acid at an inserted UAG in a target mRNA, resulting
in a stop codon read-through and full-length translation of the target gene products. On the other
hand, when the aminoacyl-tRNACUA is not supplied in the OFF-state, the UAG is solely recognized
as a stop codon and the synthesis of full-length products is interrupted by the peptide release factor
1. Circles and boxes indicate amino acids and protein coding regions in mRNAs, respectively. aaRS,
aminoacyl-tRNA synthetase. tRNACUA, UAG suppressor tRNA. RF1, peptide release factor 1.

In this review, we describe the control of target gene expression in vivo by conditional stop codon
read-through, especially focusing on the recently advanced method using a site-specific unnatural
amino acid (Uaa) incorporation system. This review does not cover a drug-stimulated translational
read-through of stop codons [1].

2. Classifications

We define three categories, termed here as the first to third generation (Figure 2). The first
generation (G1) method uses a UAG suppressor tRNA (tRNACUA) carrying a standard amino
acid. The second generation (G2) method involves application of a site-specific Uaa incorporation
system. This system uses a mutant pair of orthogonal aminoacyl-tRNA synthetase (aaRS)/tRNACUA,
which specifically incorporates the Uaa at the UAG codon. The third generation (G3) is an improved
method of G2 with various genetic modifications to optimize G2 for switching use. In the following
section, the features of each category are described in detail.

3. G1

G1 is defined as a genetic switch which uses a tRNACUA carrying a standard amino acid to
suppress the UAG stop codon (Figure 2). The translation of target gene mRNAs can be controlled by
a conditional generation of aminoacyl-tRNACUA.

A mutation of a sense codon, which locates in the protein coding region to a stop codon (nonsense
mutation), often causes a loss-of-function of the protein. Surprisingly, such a finding was already
reported before the establishment of a complete codon table [2–4]. The loss-of-function caused by
a nonsense mutation can mostly be rescued by a nonsense suppressor tRNA [2,3,5]. The nonsense
suppressor tRNA is mainly generated from near-cognate tRNAs by a mutation at least in the anticodon,
and it recognizes the stop codon [6]. tRNACUA recognizes the UAG stop codon and incorporates an
amino acid. For example, Eschrichia coli supE (Su-2) is a tRNACUA gene derived from the tRNAGln

gene (GlnV and GlnX, tRNACUG) [7]. The supE tRNACUA incorporates Gln at UAG [8]. Synthesis of
the full-length protein is recovered by an aminoacylated-tRNACUA (UAG read-through), resulting in
reversion of the TAG interrupted gene to a functional gene.

G1 controls the translation of target gene products using the UAG read-through. In this method,
TAG(s) is inserted in the protein coding region of the target gene. Only a three nucleotide insertion
(TAG) or point mutation(s) is needed for TAG insertion. For example, a point mutation of CAG
which encodes Gln generates TAG. Such mutations can also be isolated from a natural population.
G1 is widely used for functional analysis of specific genes by conditional rescue of either a naturally
occurring or a synthetic TAG-insertion into mutant genes [9,10]. The TAG-insertion in a target gene
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sequence may be technically simple and easy, suggesting that this is an advantage of the translational
switches, including both G1 and the following generation methods.

On the other hand, a limitation of the translational control using UAG read-through is its off-target
effects. The aminoacyl-tRNACUA causes UAG read-through not only at the UAGs which are artificially
inserted in the target genes, but also at the native UAGs encoded in the genome. The suppression of
genomically encoded UAGs may occasionally cause undesirable effects. Although most laboratory
strains of E. coli are tolerant of UAG read-through, growth of the DH10B strain was strongly inhibited,
suggesting a species-specific toxicity [11].

UAG read-through is controlled by a conditional production of aminoacyl-tRNACUA. Some
control methods have been reported, as described in the following sub-sections.

3.1. Thermolabile tRNACUA

A temperature-sensitive mutant of tRNACUA can be used for induction of UAG read-through
(Figure 3A) [9,12–17]. An E. coli strain carrying the gene of a temperature-sensitive tRNACUA, supF,
incorporates Phe at the UAG codon at 30 ◦C [9]. In contrast, the supF tRNACUA is inactive at 42 ◦C.
The UAG read-through, therefore, can be controlled by selection of the culture temperature.

Figure 2. Classification. The first generation (G1) uses a tRNACUA carrying a standard natural amino
acid. In contrast, an unnatural aminoacyl-tRNA synthetase/tRNACUA pair suppresses UAGs in the
second generation (G2). The third generation (G3) is an upgraded G2 that achieves the best performance
for switching. Figure 4 illustrates G3 in detail. Std.aa, a standard amino acid. Uaa, an unnatural amino
acid. UaaRS, unnatural aminoacyl-tRNA synthetase.



Int. J. Mol. Sci. 2019, 20, 887 4 of 22

3.2. Inducible Transcription of tRNACUA

Conditional transcription of tRNACUA is a direct and effective method (Figure 3B) [18–20].
Inducible transcriptional controllers, such as the transcriptional regulatory elements of araBAD operon
(araO/araC) and the tetracycline operator-repressor system (tetO/tetR), were used for the induction of
tRNACUA.

Figure 3. G1. (A) Thermolabile tRNACUA. The tRNACUA is functional only at the permissive
temperature. (B) Inducible transcription of tRNACUA. The tRNACUA gene is expressed only in
the presence of an inducer. (C) Inducible aaRS. The aaRS is produced only in the presence of an
inducer. The aaRS/tRNACUA pair must be orthogonal to those of a host organism. (D) Introduction
of the tRNACUA gene. The tRNACUA gene can be introduced using either a physical method such as
electroporation or a genetic method such as crossing between a tRNACUA gene carrying a strain and
a target gene carrying a strain. Open arrows indicate the promoters.

3.3. Inducible Aminoacyl-tRNA Synthetase

The production of aminoacyl-tRNACUA can also be controlled by conditional expression of
the cognate aaRS, which charges an amino acid onto the tRNACUA (Figure 3C) [21]. This method
is available only for an orthogonal aaRS/tRNACUA pair in which the tRNACUA is exclusively
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aminoacylated by its cognate aaRS, but not recognized by the host aaRS’s. Such orthogonal aaRS/tRNA
pairs are usually isolated from evolutionarily distant organisms [22]. E. coli GlnRS/tRNAGln pair is
orthogonal in mammalian cells [23]. Conditional UAG read-through was achieved using an inducible
E. coli GlnRS with its cognate UAG suppressor tRNAGln [21].

3.4. Introduction of the tRNACUA Gene

Direct introduction of a tRNACUA expression construct is also a method for a temporal UAG
read-through (Figure 3D). For example, protoplasts, which were electroporated with the tRNACUA

gene, showed effective UAG read-through by a factor of at least several hundred-fold [24]. Genetic
introduction is an alternative method. Toxin-mediated ablation of a specific cell population was
achieved both in animals and plants using a genetically conditional tRNACUA expression [25,26].
This ablation used a transgenic line carrying a UAG-inserted toxin gene after crossing with a strain
harboring a tRNACUA.

4. G2

G2 uses an orthogonal engineered aaRS/tRNACUA pair, which is specific for the Uaa (Figure 2).
UAG read-through is induced in the presence of the Uaa.

Some Uaa’s whose structures are similar to standard amino acids can be incorporated in ribosomal
synthesized proteins [27–31]. This is possible due to the imperfect substrate specificity of aaRS,
which mischarges the Uaa to its cognate tRNA. The finding of Uaa incorporation was surprisingly
early and occurred before the discovery of aaRS and tRNA [32–34]. Using this method, a protein which
contained a fluorine-labeled amino acid was prepared for a structural analysis using 19F NMR [35–39].
Moreover, a protein substituted with Uaa’s, referred to as an “alloprotein”, was proposed for designing
rare functions of specific proteins [40]. A conformation-stabilized human epidermal growth factor
was generated as a proof-of-concept study of an alloprotein. The usefulness of these applications
stimulated further progress on the Uaa incorporation technology. A tRNACUA, which was chemically
aminoacylated with an Uaa, was used to incorporate the Uaa at a specific site which was designated
by UAG in a ribosomal synthesized protein in vitro [41]. In the early 2000′s, an orthogonal tRNACUA

was successfully aminoacylated using a Uaa-specific mutant of aaRS (UaaRS), enabling use of this
method in vivo. [42–47]. This method is called a site-specific Uaa incorporation.

G2 is a method to control the translation of target genes using the site-specific Uaa incorporation
system [48]. The UaaRS/tRNACUA genes is introduced in a host. The TAG(s) is inserted in the target
genes, in a similar manner to that of G1. The Uaa is added to the extracellular space and is transported
into the intracellular space. Subsequently, the Uaa is incorporated into the target gene products at the
inserted UAG(s). In contrast, translation of the target gene products is terminated at the UAG in the
absence of the Uaa, resulting in no functional proteins being produced.

The most remarkable advantage of G2 is that the regulatory molecule is a Uaa [48]. Uaa is
a synthetic molecule and does not exist either in the natural environment or in living organisms,
suggesting that an unexpected turning on of G2 by an environmental or an endogenous Uaa is not
a possibility. In addition to the all-or-none switching, G2 can control the translational efficiency of
target gene products at any intermediate magnitude by adjustment of the Uaa concentration [49]. This
tunability is observed in an individual cell and is not due to the change of population average of the
induced and non-induced cells. The switching of G2 is reversible [50]. Addition or removal of the Uaa
can induce OFF-ON and ON-OFF transition, respectively. Such transitions are completed within about
20–30 min in E. coli.

In conclusion, G2 is an excellent translational controller, which is environmental and endogenous
noise-free, tunable, fast responding, and reversible. However, some unique problems have been found
with G2, as described in detail in the next section.
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5. G3

G3 is an advanced/improved version of G2, which is optimized for switching purposes (Figure 2).
G2 uses a site-specific Uaa incorporation system without any modification. However, this system
was originally developed to alter target proteins for various purposes, including structural analysis,
labeling, and functional modification of proteins [51–53]. Therefore, G2 has not been sufficiently
optimized for use as a genetic switch. This problem has been solved with the G3 methodology.

A good genetic switch should satisfy two fundamental requirements. First, the yield should
be as high as possible. Here, the yield is defined as the magnitude of protein production under the
induced condition (ON-state). In the Uaa translational switch, the ON-state means that the optimized
concentration of the Uaa is supplied. The dynamic range of protein production is restricted by the
yield. The UAG read-through competes with the termination of peptide elongation by a peptide release
factor at the UAGs. The efficiency is the ratio of the full-length protein, which is produced by UAG
read-through, to a truncated protein, which is produced by the termination of peptide elongation at the
UAG. A higher efficiency should achieve a higher yield. In contrast, the shortage of UaaRS/tRNACUA

may cause a lower yield.
Second, the leakage should be as low as possible. The leakage is the protein produced under

the suppression condition (OFF-state). In the Uaa translational switch, the OFF-state means that the
Uaa is absent. Leakage of the Uaa translational switch consists of two components [50] (Figure 4).
One component is the Leakage Translation attributable to the Uaa translational Switch (LTaS). The LTaS
is mainly caused by either a natural amino acid mischarge to tRNACUA by an incompletely specific
UaaRS or a host aaRS, suggesting that the substrate specificity of UaaRS and the orthogonality of
tRNACUA affect the LTaS level [48]. Another component is the Leakage Translation attributable to the
Basal Read-through (LTaBR). The basal read-through by near cognate tRNAs causes the LTaBR [54–56].
This component is independent from the performance of the Uaa translational switch. Both LTaS and
LTaBR, therefore, must be suppressed to achieve the lowest leakage translation.

The fundamental performance of a genetic switch, how high the yield is, and how low the leakage
is, is often called “tightness” and is evaluated using the ratio between the yield and leakage. Here,
we define this ratio (yield/leakage) as “gross gain” [50]. A higher value of gross gain indicates a better
genetic switch with a good tightness.

Low tightness is the one problem of the G2 method. The gross gain for G2 usually ranges from
several to several tens in E. coli [50]. This value is significantly lower than that of other established
systems for tight gene expression control. For example, the araO/araC transcriptional regulator recorded
a gross gain of over 103 [57]. The low tightness is partially due to the negligible level of LTaBR that
restricts the upper limit of gross gain. The LTaBR reaches 5–25% of the yield from the wild type gene
without UAG-insertion in the major laboratory strains of E. coli [56]. A low yield and a high LTaS are
also other reasons for the low tightness in some Uaa incorporation systems. These problematic points
must be solved to achieve a better tightness.

The second problem is incorporation of the Uaa in target gene products, which must alter the
native sequence and may affect their function in some cases.

The third problem is that a truncated protein, which is generated by the termination of peptide
elongation at the inserted UAG, is constitutively produced in the OFF-state. The truncated product
may occasionally have an undesired function, such as having toxic effects.

In the following sub-sections, we describe some methods to resolve the problems of G2 for
construction of G3 (Figure 5). Some factors, whose effects on switching performance are theoretically
obvious, are also included, although their effects have not been experimentally confirmed.
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Figure 4. Two components of the leakage translation. The leakage translation attributed to the switch
(LTaS) is mainly caused by misacylation of tRNACUA with a natural amino acid, which is a poor
substrate of UaaRS. The leakage translation attributed to the basal read-through (LTaBR) is derived
from read-through caused by near-cognate tRNAs. The LTaBR is independent of the performance of
the Uaa translational switch.

5.1. Inducible UaaRS/tRNACUA

An inducible UaaRS/tRNACUA is an effective method to suppress LTaS [48]. LTaS is mainly
caused by a standard amino acid mischarged tRNACUA. The absence of tRNACUA in the OFF-state
eliminated LTaS [48,49]. In addition, LTaS was also suppressed in the absence of the UaaRS because
the mischarge of tRNACUA was mostly catalyzed by the UaaRS [48]. The inducible expression of
the UaaRS and/or tRNACUA is simply achieved using an inducible transcriptional element, such as
araO/araC or lacO/lacI in E. coli.

However, the use of highly reliable genetic switching elements, whose number is limited, is not
desirable when used only to improve the performance of another genetic switch. Moreover, two or
more inducers are needed to control the switching. Recently, a Uaa translational switch, in which
a positive feedback derepression genetic circuit was installed, has been proposed to efficiently suppress
LTaS without the use of other switching elements (Figure 6) [50]. Expression of the UaaRS gene and/or
tRNACUA gene was modified to be regulated in a Uaa-dependent manner by this positive feedback
mechanism, such as an insertion of either UAG into the UaaRS gene or a Uaa transcriptional switch,
that is described in the next section, into the tRNACUA gene. With this feedback circuit, the UaaRS
and/or tRNACUA gene did not express in the absence of the Uaa, resulting in suppression of LTaS.
This system is controlled only by the Uaa.

Transduction of UaaRS/tRNACUA using a viral vector is an alternative approach [58].
The transduction is useful for topical and temporal applications although only a single OFF/ON
transition is possible.
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Figure 5. G3. Various relevant factors for switching are optimized in G3, such as (1) inducible
UaaRS/tRNACUA, (2) optimization of UaaRS/tRNACUA expression level, (3) multiplexed UAG
insertion in a target gene, (4) location of the UAG insertion, (5) Uaa-residue converting to a standard
amino acid residue, (6) suppression of peptide release factor, (7) Uaa-permissive elongation factor,
(8) host selection, and (9) improved UaaRS/tRNACUA. Asterisk indicates a mutant optimized for
switching use. UAAon, a transcriptional ON-switch controlled by Uaa.

5.2. Optimization of the UaaRS/tRNACUA Expression Level

The best efficiency and substrate specificity can be achieved by the optimization of the
UaaRS/tRNACUA expression level. The accuracy of aminoacylation requires a proper balance of
UaaRS and tRNACUA [59]. Over expression of UaaRS enhances the mis-acylation of tRNACUA with
a standard amino acid, which is a poor substrate of the UaaRS, resulting in increased LTaS [48,60,61].
On the other hand, the efficiency and yield should be reduced when the expression level of the
UaaRS/tRNACUA is too low [50]. A proper selection of promoters, ribosomal binding site, and copy
number of a gene can be used to adjust the UaaRS/tRNACUA expression to an optimum level [48].

5.3. Multiplexed TAG Insertion in a Target Gene

LTaBR can be suppressed by a multiplexed TAG insertion in a target gene [48,50]. Incorporation
of standard amino acids by host near-cognate tRNAs causes LTaBR. At the inserted UAG,
the aminoacylated near cognate tRNAs compete against a peptide release factor in the OFF-state [62].
Although the Uaa-tRNACUA also similarly competes in the ON-state, the efficiency of the
Uaa-tRNACUA is usually much higher. The multiplexed UAG, therefore, causes a larger attenuation
of the read-through by near-cognate tRNAs than that of the Uaa-tRNACUA. Finally, the gross gain
increases although the yield decreases. A combination of a multiplexed UAG and a positive feedback
derepression gene circuit improved the gross gain which was 3 × 102-fold greater than that of the
parent system although the yield decreased to 0.2-fold [50]. This method, however, is not effective if the
efficiency of Uaa-tRNACUA is low and the LTaBR is not negligible because there would be considerable
loss of yield.

5.4. Location of the UAG Insertion

The simplest method to prevent the production of truncated protein is insertion of the UAG next
to the translation start codon AUG [48–50]. In this case, no truncated protein is produced because
the first peptide elongation is not completed. However, it should be considered that the second
codon/residue affects the translation efficiency, the extent of N-terminal Met excision and the half-life
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of the protein after the Met excision [63–68]. An insertion of the UAG at a permitted site is a general
solution if the truncated protein is either not toxic or not reversed to be functional.

Figure 6. Tight G3 translational switch using a positive-feedback derepression gene circuit. In G2,
the UaaRS and tRNACUA are expressed even in the OFF-state, causing a significant level of leakage
translation. A positive-feedback derepression circuit from the Uaa-tRNACUA to the UaaRS and/or
tRNACUA gene decreases the expression level of those genes in the OFF-state, resulting in a suppression
of leakage translation.

5.5. Uaa-Residue Conversion to Standard Amino Acid Residue

Use of the Nε-Acetyl-L-lysine (AcK) translational switch is a method to resolve the problem of
the incorporated Uaa affecting the function of target gene products [69–72]. A codon(s) encoding
Lys is selected to be substituted for the UAG where AcK is incorporated. AcK is an amino acid,
which is frequently found in natural proteins as a product of post-translational modification [73].
The incorporated AcK is reversed to Lys by deacetylases [74,75]. The target protein in which the Lys is
substituted for AcK, reverts to the unaltered protein.

5.6. Suppression of Peptide Release Factor

A weaker activity of peptide release factor leads to a higher yield because the efficiency
is increased due to the enhanced relative activity of the Uaa-tRNACUA. LTaS and LTaBR are
nonetheless also increased as well as the yield, indicating that the gross gain is not expected to
be further improved [56,76,77].

Some methods are reported to weaken the activity of peptide release factors. The first method
is an optimization of sequence context around the UAG [72,78]. In E. coli, efficiency of translation
termination is decreased the most if the C-terminal protein sequence contains poly-Pro stretches [79–81].
In addition, the first 3′ base following the UAG also affects the efficiency of UAG recognition by
RF-1 [82].

The second method is an attenuated mutant of the peptide release factor [83,84]. The mutant
peptide release factor with attenuated termination activity is less competitive against the Uaa-tRNACUA.
The efficiency of the read-through is consequently increased in a host carrying the mutant peptide
release factor gene. Based on the same principle, knockout of the peptide release factor is a more
effective method than the attenuated mutants. The RF-1 gene, prfA, was deleted in E. coli strains with
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a specific modification, such as the substitution of all or selected genomic TAG stop codons for other
stop codons and the recovery of another release factor, RF-2, to the wild-type [76,85–87]. The efficiency
reaches a maximum level in the prfA deletion mutants [88].

The third method is a mutant ribosome which more weakly interacts with the peptide release
factor [89]. The interaction with the peptide release factor was attenuated by an appropriate
modification of a nucleotide sequence in the 530 loop in 16S rRNA in E. coli.

5.7. Uaa-Permissive Elongation Factor

The E. coli elongation factor EF-Tu is a component of quality control in protein synthesis [90].
A weak or too strong binding of the Uaa-tRNACUA to EF-Tu causes an inefficient incorporation of
the Uaa. Some Uaa-tRNACUA’s have this problem [91,92]. An engineered EF-Tu, which binds to the
Uaa-tRNACUA with an appropriate affinity, can result in highly efficient Uaa incorporation.

5.8. Host Selection

The performance of the Uaa translational switch varies in different hosts [48,53]. For example,
the level of LTaBR is widely distributed among the common laboratory strains of E. coli, such as 1%
for TOP10 and 17% for MG1655 [56]. Selection of a suitable strain for the intended use, therefore,
is important to obtain an adequate performance of the Uaa translational switch.

5.9. Improved UaaRS/tRNACUA

Improving the performance of UaaRS/tRNACUA, such as orthogonality, efficiency, and substrate
specificity, is primarily important to construct a better Uaa translational switch. The most established
method is a directed evolution using a positive and a negative selection in either E. coli or yeast
(Figure 7A) [45,51,70]. To screen mutants which effectively incorporate the Uaa, positive selection is
performed using an antibiotic resistant gene with an inserted TAG. In the presence of the Uaa and
antibiotic, higher effective clones are selected from a library, because the antibiotic resistant gene
is more strongly expressed. Following this, negative selection using a TAG-inserted toxin gene is
performed. The clones with a reduced leakage translation are selected in the absence of the Uaa.
The clones, which are more highly efficient and specific for the Uaa incorporation, are obtained after
several rounds of the two-step selection. Nonetheless, most of the evolved UaaRSs, which were
derived using this selection method, showed much reduced activity compared with that of the native
enzymes [88,93–96].

Recently, some modified methods have been proposed to develop a more effective UaaRS. Effective
UaaRSs can be more stringently selected using both libraries of chromosomally integrated aaRSs and
a performance selection of green-fluorescent protein (GFP) fluorescence intensity [88]. In the previous
method, an aaRS library was constructed in multi-copy plasmids, resulting in UaaRS/tRNACUA

overexpression to overcome enzyme inefficiency. This method resolved this problem by chromosomal
integration of an aaRS library.

Another method used parallel positive selections combined with deep sequencing and statistical
analysis (Figure 7B) [97]. This method does not include the negative selection step, which often
deletes the most active clones from the gene pool. The parallel positive selections in the presence and
absence of the Uaa can rapidly identify selectively-enriched sequences in the resulting gene pools of
the Uaa-present selection using deep sequencing analysis. Finally, efficient and specific UaaRSs can
be obtained.

A directed evolution by compartmentalized partnered replication has also been proposed
(Figure 7C) [98]. In this method, the E. coli cells carrying libraries of mutant aaRS/tRNACUA genes
and a TAG-inserted Taq DNA polymerase gene are compartmentalized by a water-in-oil emulsion.
The Taq enzyme is selectively produced in the bacterium expressing an efficient UaaRS. The evolved
UaaRS/tRNACUA is efficiently amplified when the emulsions are thermal cycled.



Int. J. Mol. Sci. 2019, 20, 887 11 of 22

Figure 7. Cont.



Int. J. Mol. Sci. 2019, 20, 887 12 of 22

Figure 7. Improvement of UaaRS/tRNACUA. (A) Traditional evolution method. A positive
selection and a negative selection are performed to effectively isolate the Uaa incorporating and
less Std. aa incorporating UaaRSs, respectively. (B) Parallel positive selections combined with
deep sequencing and statistical analysis. Positive selections are performed in the presence and
absence of Uaa. Specifically-enriched sequences in the Uaa selection, which encode efficient and
specific UaaRSs, are identified after deep sequencing. (C) Compartmentalized partnered replication.
DNA sequences that encode highly active UaaRSs are selectively amplified in compartmentalized
micro-drops. (D) Phage-assisted continuous evolution. Phage carrying a highly active UaaRS are
selectively propagated. (E) Post-translational proofreading. The proteins containing certain desired
N-terminal Uaas have longer half-lives. Genes encoding highly specific UaaRSs are identified in
bacteria expressing high amounts of GFP. The bacteria can then be isolated using a cell sorter. (F)
Molecular design based on structural data.
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The phage-assisted continuous evolution is an alternative method (Figure 7D) [99]. This method
links UaaRS activity to the expression of gene III, which encodes the pIII protein required for the
phage to be infectious. Libraries of aaRSs are constructed in the phage. The pIII gene with an inserted
UAG is encoded in a bacterial plasmid and is expressed only in the bacteria, which are infected by the
phage carrying a highly active UaaRS, resulting in selective propagation of the phage. The sequences
are continuously mutagenized with a defined mutational frequency. Consequently, highly-efficient
UaaRSs are obtained through hundreds of generations of evolution.

One method uses a difference in the sensitivity for a natural protein degradation pathway,
the N-end rule pathway (Figure 7E) [100]. The proteins containing certain desired N-terminal Uaa’s
have longer half-lives. Using GFP as a degradation target, highly active and specific UaaRSs can be
identified in cells with high GFP fluorescence emission.

In addition, molecular designing on the basis of aaRS/tRNACUA structure complements these
various screening strategies (Figure 7F) [101–103]. Installation of an editing domain into a UaaRS is
also a possible method to improve its specificity [104]. Novel methods to improve UaaRS/tRNACUAs
have been described in detail in other recent reviews [53,105,106].

6. Uaa Transcriptional Switch

The transcription of target genes can be controlled by regulation of the translation of
leader peptides using a Uaa translational switch (Figure 8) [107]. This is a converter of
translational-to-transcriptional regulation. A cis-regulatory leader-peptide element activates the
transcription of downstream genes [108,109]. For example, the transcription of trp and tna operons
is regulated by the translation of a leader peptide, which is controlled by the presence or absence of
Trp [110–113]. Introduction of a TAG into the leader peptide region at an appropriate position enables
control of the transcription of downstream target genes.

Figure 8. Uaa transcriptional switch. The transcription of the target gene open reading frame (ORF)
requires the translation of a leader peptide beyond the inserted UAG. In the absence of the Uaa,
translation of a leader peptide is interrupted, resulting in transcriptional termination at the unmasked
rut site.
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7. Applications

7.1. Biological Containment

Biological containment is a technique that genetically programs organisms to grow only in
human-controlled areas, such as in the laboratory and in a factory, and to die in the natural
environment [114,115]. Using this technique, it is possible to contain “useful, but dangerous”
organisms, such as a genetically modified organism whose safety has not been certified, pathogens,
and harmful invasive species.

A novel strategy for biological containment has been proposed that involves the Uaa translational
switch as an essential genetic part (Figure 9A) [71,114,116,117]. The Uaa translational switch controls
the expression of essential genes, which are either naturally existing genes in the genome or synthetic
essential genes, such as antitoxin genes against co-introduced toxin genes. The organisms, in which
this type of biological containment system is installed, can survive only in the presence of the Uaa.

Previous biological containment systems used a natural metabolite auxotrophy or a natural
substance controlling system, which often failed to contain the organisms [118]. This failure was
attributed to those natural molecules, which either occurred in extremely low amounts or were absent
in the natural environment but existed unexpectedly in specific microenvironments. In contrast, the
Uaa auxotrophic organisms cannot escape from the human-controlled areas because the Uaa never
existed in the natural environment.

One problem is the emergence of escapers where the containment gene circuit is broken
due to mutations, such as a sense mutation in the inserted TAG and a naturally occurring
tRNACUA. Multiplication of target genes, functionally essential Uaa residues, such as for catalysis,
multimerization, and metallic chelate formation, and removal of redundant near-cognate tRNAs to
prevent the generation of naturally occurring tRNACUA, are possible countermeasures against the
emergence of escapers [71,116,117,119,120].

7.2. Live Attenuated-Virus Vaccine

A similar technique to that of the biological containment has been applied for generating a live
attenuated-virus vaccine (Figure 9B) [121–123]. UAGs are inserted into some genes essential for
proliferation in the RNA virus genome. This vaccine strain can be amplified in the cell line, which
maintains a UaaRS/tRNACUA in the presence of Uaa. Then, the virus will not proliferate in an
unmodified natural host.

Generally, live vaccines more effectively elicit immune response than dead or component
vaccines [124]. However, a highly pathogenic virus cannot be used as a live vaccine because it
could cause severe illness. This is why a virus, whose pathogenicity is attenuated, is used as a vaccine
strain. One problem is that immune induction is reduced if the virus is too attenuated. In addition,
the traditional attenuated virus is sometimes pathogenic for sensitive individuals and possibly reverts
to a highly pathogenic form. The Uaa-dependent live attenuated-virus vaccine strongly induces
immunity and provides protection against subsequent infection. Moreover, the vaccine strain rarely
diffuses out and is not maintained within an open environment.
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Figure 9. Applications. (A) Biological containment. An active containment system using
a toxin-antitoxin gene is shown. Bacteria survive only in the presence of the Uaa because the antitoxin
gene has a TAG insertion and is expressed in a Uaa-dependent manner. (B) Live attenuated-virus
vaccine. The virus is propagated only in a cell-line expressing UaaRS/tRNACUA in the presence of the
Uaa but is not propagated in natural host cells. (C) High-yield and zero-leakage expression system.
In the usual transcriptional controlling system, a small amount of mRNA is produced even in the
OFF-state, resulting in a leakage (production) of protein. A combination with translation control using
a Uaa translational switch can completely suppress the translation of the mRNA in the OFF-state.

7.3. High-yield and Zero-Leakage Expression System (HYZEL)

HYZEL is constructed with a Uaa translational switch in combination with a transcriptional
regulatory system (Figure 9C) [48]. In this system, the production of target gene proteins is tightly
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controlled by the transcription-translation dual regulation [48,72]. Both transcription and translation
are shut-down to completely eliminate the leakage expression in the OFF-state. On the other hand,
the maximum expression is induced under the full activation of both transcription and translation in
the ON-state.

HYZEL is useful for production of highly toxic proteins. In microbial production, toxin expression
is strictly suppressed during the proliferation stage because a slight leakage expression will kill the host
cells. Using HYZEL, the host microbes can proliferate without affecting fitness because of complete
suppression of toxin leakage expression. The maximum yield can be achieved by induction after
sufficient proliferation. A HYZEL system using a combination of the 3-iodo-L-tyrosine incorporation
system, PBAD-araO/araC regulated T7 RNA polymerase, and PT7-lacO/lacI regulated target gene,
maintained an expression construct for the potent toxin colicin E3, which kills its host E. coli with
a few molecules, in a multicopy plasmid carrying pBR322 replication origin [48]. Other applications of
HYZEL for fine tuning of gene expression could be beneficial. For example, controlling the expression
level of enzymes in metabolic engineering may be a promising strategy.

8. Conclusions

Conditional UAG read-through, which was identified half a century ago, is one of the most
established methods for controlling the translation of target genes and is still in use today. Site-specific
Uaa incorporation using an expanded genetic code enables a UAG read-through controlled by the Uaa
which is a bio-orthogonal and unnatural substance. Although site-specific Uaa incorporation was not
originally developed for switching use, the Uaa translational switch has now been optimized by various
techniques, such as an inducible UaaRS/tRNACUA [48,50,58], an adjustment of the UaaRS/tRNACUA

expression level [48,50], multiplexed the UAG insertion in a target gene [48,50], selection of the
UAG insertion position [48,50,72], a Uaa-residue converting to a standard amino acid residue [69–72],
optimization of sequence context around the UAG [72,78], modification or deletion in a peptide release
factor [76,83–88], modifications of elongation factor and the ribosome [89,91,92], and use of a further
evolved UaaRS/tRNACUA with a higher efficiency and specificity [88,97–104].

In the Michael Crichton’s novel “Jurassic Park”, the dinosaurs were contained using a natural
amino acid Lys auxotrophy [114,125]. However, they escaped from the human controlling area by
learning that eating Lys-rich foods existing in the natural environment allowed them to survive. Now,
a biological containment using Uaa auxotrophy has been realized by the Uaa translational switch. This
containment strategy should open the door to safe use for genetically modified microorganisms in an
open environment, such as for biological remediation, vaccine production, and microbial formulation.
The advanced Uaa translational switch is also useful for tight and fine tuning of gene expression
during highly toxic protein production and metabolic engineering.

The “genome write” projects are progressing for some microbes [126–129]. The codon recoding is
one of the goals in the early stages. The codon recoding should generate some blank codons, which can
be assigned to the Uaa’s. An orthogonal ribosome which efficiently reads quadruplet codons has
also been created [130]. At the present time, the Uaa translational switches mostly use only UAG.
The utility of Uaa translational switches may be dramatically increased by expansion of the range of
target codons which will be generated by the codon recoding.

Funding: This research was funded by JSPS grant number JP16K08121.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dabrowski, M.; Bukowy-Bieryllo, Z.; Zietkiewicz, E. Advances in therapeutic use of a drug-stimulated
translational readthrough of premature termination codons. Mol. Med. 2018, 24, 25. [CrossRef] [PubMed]

2. Benzer, S.; Champe, S.P. A change from nonsense to sense in the genetic code. Proc. Natl. Acad. Sci. USA
1962, 48, 1114–1121. [CrossRef]

http://dx.doi.org/10.1186/s10020-018-0024-7
http://www.ncbi.nlm.nih.gov/pubmed/30134808
http://dx.doi.org/10.1073/pnas.48.7.1114


Int. J. Mol. Sci. 2019, 20, 887 17 of 22

3. Garen, A.; Siddiqi, O. Suppression of mutations in the alkaline phosphatase structural cistron of E. coli.
Proc. Natl. Acad. Sci. USA 1962, 48, 1121–1127. [CrossRef] [PubMed]

4. Sarabhai, A.S.; Stretton, A.O.W.; Brenner, S. Co-linearity of the gene with the polypeptide chain. Nature 1964,
201, 13–17. [CrossRef] [PubMed]

5. Gorini, L. Informational suppression. Annu. Rev. Genet. 1970, 4, 107–134. [CrossRef] [PubMed]
6. Eggertsson, G.; Söll, D. Transfer ribonucleic acid-mediated suppression of termination codons in

Escherichia coli. Microbiol. Rev. 1988, 52, 354–374. [PubMed]
7. Garen, A.; Garen, S.; Wilhelm, R.C. Suppressor genes for nonsense mutations. I. The Su-1, Su-2 and Su-3

genes of Escherichia coli. J. Mol. Biol. 1965, 14, 167–178. [CrossRef]
8. Weigert, M.G.; Lanka, E.; Garen, A. Amino acid substitutions resulting from suppression of nonsense

mutations. II. Glutamine insertion by the Su-2 gene; tyrosine insertion by Su-3 gene. J. Mol. Biol. 1965,
14, 522–527. [CrossRef]

9. Kimura, M.; Miki, T.; Hiraga, S.; Nagata, T.; Yura, T. Conditionally lethal amber mutations in the dnaA region
of the Escherichia coli chromosome that affect chromosome replication. J. Bacteriol. 1979, 140, 825–834.

10. Herring, C.D.; Blattner, F. Conditional lethal amber mutations in essential Escherichia coli genes. J. Bacteriol.
2004, 186, 2673–2681. [CrossRef]

11. Tian, H.; Deng, D.; Huang, J.; Yao, D.; Xiaowei, X.; Gao, X. Screening system for orthogonal suppressor
tRNAs based on the species-specific toxicity of suppressor tRNAs. Biochimie 2013, 95, 881–888. [CrossRef]
[PubMed]

12. Gallucci, E.; Pacchetti, G.; Zangrossi, S. Genetic studies on temperature sensitive nonsense suppression.
Mol. Gen. Genet. 1970, 106, 362–370. [CrossRef] [PubMed]

13. Smith, J.D.; Anderson, K.; Cashmore, A.; hooper, M.L.; Russell, R.L. Studies on the structure and synthesis of
Escherichia coli tyrosine transfer RNA. Cold Spring Harb. Symp. Quant. Biol. 1970, 35, 21–27. [CrossRef]

14. Rasse-Messenguy, F.; Fink, G.R. Temperature-sensitive nonsense suppressors in yeast. Genetics 1973,
75, 459–464. [PubMed]

15. Steege, D.A.; Horabin, J.I. Temperature-inducible amber suppressor: Construction of plasmids containing
the Escherichia coli serU-(supD-) gene under control of the bacteriophage lambda pL promoter. J. Bacteriol.
1983, 155, 1417–1425. [PubMed]

16. Sedivy, J.M.; Capone, J.P.; RajBhandary, U.L.; Sharp, P.A. An inducible mammalian amber suppressor:
Propagation of a poliovirus mutant. Cell 1987, 50, 379–389. [CrossRef]

17. Bouet, J.-Y.; Campo, N.J.; Krisch, H.M.; Louarn, J.-M. The effects on Escherichia coli of expression of the cloned
bacteriophage T4 nucleoid disruption (ndd) gene. Mol. Microbiol. 1996, 20, 519–528. [CrossRef]

18. Dingermann, T.; Werner, H.; Schutz, L.; Zundorf, I.; Nerke, K.; Knecht, D.; Marschalek, R. Establishment
of a system for conditional gene expression using an iducible tRNA suppressor gene. Mol. Cell. Biol. 1992,
12, 4038–4045. [CrossRef]

19. Grundy, F.J.; Henkin, T.M. Inducible amber suppressor for Bacillus subtilis. J. Bacteriol. 1994, 176, 2108–2110.
[CrossRef]

20. Herring, C.D.; Glasner, J.D.; Blattner, F.R. Gene replacement without selection: Regulated suppression of
amber mutations in Escherichia coli. Gene 2003, 331, 153–163. [CrossRef]

21. Park, H.-J.; RajBhandary, U.L. Tetracycline-regulated suppression of amber codons in mammalian cells.
Mol. Cell Biol. 1998, 18, 4418–4425. [CrossRef] [PubMed]

22. Edwards, H.; Schimmel, P. A bacterial amber suppressor in Saccharomyces cerevisiae is selectively recognized
by a bacterial aminoacyl-tRNA synthetase. Mol. Cell. Biol. 1990, 10, 1633–1641. [CrossRef] [PubMed]

23. Drabkin, H.J.; Park, H.-J.; RajBhandary, U.L. Amber suppression in mammalian cells dependent upon
expression of an Escherichia coli aminoacyl-tRNA synthetase gene. Mol. Cell. Biol. 1996, 16, 907–913.
[CrossRef] [PubMed]

24. Carneiro, V.T.C.; Pelletier, G.; Small, I. Transfer RNA-mediated suppression of stop codons in protoplasts
and transgenic plants. Plant Mol. Biol 1993, 22, 681–690. [CrossRef] [PubMed]

25. Kunes, S.; Steller, H. Ablation of Drosophila photoreceptor cells by conditional expression of a toxin gene.
Genes Dev. 1991, 5, 970–983. [CrossRef]

26. Betzner, A.S.; Oakes, M.P.; Huttner, E. Transfer RNA-mediated suppression of amber stop codons in
transgenic Arabidopsis thaliana. Plant J. 1997, 11, 587–595. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.48.7.1121
http://www.ncbi.nlm.nih.gov/pubmed/13896933
http://dx.doi.org/10.1038/201013a0
http://www.ncbi.nlm.nih.gov/pubmed/14085558
http://dx.doi.org/10.1146/annurev.ge.04.120170.000543
http://www.ncbi.nlm.nih.gov/pubmed/4950057
http://www.ncbi.nlm.nih.gov/pubmed/3054467
http://dx.doi.org/10.1016/S0022-2836(65)80238-8
http://dx.doi.org/10.1016/S0022-2836(65)80201-7
http://dx.doi.org/10.1128/JB.186.9.2673-2681.2004
http://dx.doi.org/10.1016/j.biochi.2012.12.010
http://www.ncbi.nlm.nih.gov/pubmed/23274575
http://dx.doi.org/10.1007/BF00324053
http://www.ncbi.nlm.nih.gov/pubmed/4921209
http://dx.doi.org/10.1101/SQB.1970.035.01.007
http://www.ncbi.nlm.nih.gov/pubmed/4590686
http://www.ncbi.nlm.nih.gov/pubmed/6224774
http://dx.doi.org/10.1016/0092-8674(87)90492-2
http://dx.doi.org/10.1046/j.1365-2958.1996.5411067.x
http://dx.doi.org/10.1128/MCB.12.9.4038
http://dx.doi.org/10.1128/jb.176.7.2108-2110.1994
http://dx.doi.org/10.1016/S0378-1119(03)00585-7
http://dx.doi.org/10.1128/MCB.18.8.4418
http://www.ncbi.nlm.nih.gov/pubmed/9671451
http://dx.doi.org/10.1128/MCB.10.4.1633
http://www.ncbi.nlm.nih.gov/pubmed/1690848
http://dx.doi.org/10.1128/MCB.16.3.907
http://www.ncbi.nlm.nih.gov/pubmed/8622693
http://dx.doi.org/10.1007/BF00047408
http://www.ncbi.nlm.nih.gov/pubmed/8343603
http://dx.doi.org/10.1101/gad.5.6.970
http://dx.doi.org/10.1046/j.1365-313X.1997.11030587.x
http://www.ncbi.nlm.nih.gov/pubmed/9107044


Int. J. Mol. Sci. 2019, 20, 887 18 of 22

27. Levine, M.; Tarver, H. Studies on ethionine. III. Incorporation of ethionine into rat proteins. J. Biol. Chem.
1951, 192, 835–850. [PubMed]

28. Cowie, D.B.; Cohen, G.N. Biosynthesis by Escherichia coli of active altered proteins containing selenium
instead of sulfur. Biochim. Biophys. Acta 1957, 26, 252–261. [CrossRef]

29. Munier, R.; Cohen, G. Incorporation of structural analogues of amino acid into the bacterial proteins during
their synthesis in vivo. Biochim. Biophys. Acta 1959, 31, 378–391. [CrossRef]

30. Richmond, M.H. Random replacement of phenylalanine by p-fluorophenylalanine in alkaline phosphatase(s)
formed during biosynthesis by E. coli. J. Mol. Biol. 1963, 6, 284–294. [CrossRef]

31. Pratt, E.A.; Ho, C. Incorporation of fluorotryptophans into proteins of Escherichia coli. Biochemistry 1975,
14, 3035–3040. [CrossRef] [PubMed]

32. Hoagland, M.B.; Keller, E.B.; Zamecnik, P.C. Enzymatic carboxyl activation of amino acids. J. Biol. Chem.
1956, 218, 345–358. [PubMed]

33. Hoagland, M.B.; Zamecnik, P.C.; Stephenson, M.L. Intermediate reactions in protein biosynthesis. Biochim.
Biophys. Acta 1957, 24, 215–216. [CrossRef]

34. Hoagland, M.B.; Stephenson, M.L.; Scott, J.F.; Hecht, L.I.; Zamecnik, P.C. A soluble ribonucleic acid
intermediate in protein synthesis. J. Biol. Chem. 1958, 231, 241–257. [PubMed]

35. Browne, D.T.; Kenyon, G.L.; Hegeman, G.D. Incorporation of monofluorotryptophans into protein during
the growth of Escherichia coli. Biochem. Biophys. Res. Commun. 1970, 39, 13–19. [CrossRef]

36. Sykes, B.D.; Weingarten, H.I.; Schlesinger, M.J. Fluorotyrosine alkaline phosphatase from Escherichia coli:
Preparation, properties, and fluorine-19 nuclear magnetic resonance spectrum. Proc. Natl. Acad. Sci. USA
1974, 71, 469–473. [CrossRef] [PubMed]

37. Anderson, R.A.; Nakashima, Y.; Coleman, J.E. Chemical modifications of functional residues of fd gene 5
DNA-binding protein. Biochemistry 1975, 14, 907–917. [CrossRef]

38. Lu, P.; Jarema, M.; Mosser, K.; Danier, W.E., Jr. lac repressor: 3-fluorotyrosine substitution for nuclear
magnetic resonance studies. Proc. Natl. Acad. Sci. USA 1976, 73, 3471–3475. [CrossRef]

39. Browne, D.T.; Otvos, J.D. 4-Fluorotryptphan alkaline phosphatase from E. coli: Preparation, properties, and
19F NMR spectrum. Biochem. Biophys. Res. Commun. 1976, 68, 907–913. [CrossRef]

40. Koide, H.; Yokoyama, S.; Kawai, G.; Ha, J.-M.; Oka, T.; Kawai, S.; Miyake, T.; Fuwa, T.; Miyazawa, T.
Biosynthesis of a protein containing a nonprotein amino acid by Escherichia coli: L-2-aminohexanoic acid at
position 21 in human epidermal growth factor. Proc. Natl. Acad. Sci. USA 1988, 85, 6237–6241. [CrossRef]

41. Noren, C.J.; Anthony-Cahill, S.J.; Griffith, M.C.; Schultz, P.G. A general method for site-specific incorporation
of unnatural amino acids into proteins. Science 1989, 244, 182–188. [CrossRef]

42. Liu, D.R.; Magliery, T.J.; Pastrnak, M.; Schultz, P.G. Engineering a tRNA and aminoacyl-tRNA synthetase
for the site-specific incorporation of unnatural amino acids into proteins in vivo. Proc. Natl. Acad. Sci. USA
1997, 94, 10092–10097. [CrossRef] [PubMed]

43. Ohno, S.; Yokogawa, T.; Fujii, I.; Asahara, H.; Inokuchi, H.; Nishikawa, K. Co-expression of yeast amber
suppressor tRNATyr and tyrosyl-tRNA synthetase in Escherichia coli: Possibility to expand the genetic code.
J. Biochem. 1998, 124, 1065–1068. [CrossRef]

44. Furter, R. Expansion of the genetic code: Site-directed p-fluoro-phenylalanine incorporation in Escherichia
coli. Prot. Sci. 1998, 7, 419–426. [CrossRef] [PubMed]

45. Wang, L.; Brock, A.; Herberich, B.; Schultz, P.G. Expanding the genetic code of Escherichia coli. Science 2001,
292, 498–500. [CrossRef] [PubMed]

46. Sakamoto, K.; Hayashi, A.; Sakamoto, A.; Kiga, D.; Nakayama, H.; Soma, A.; Kobayashi, T.; Kitabatake, M.;
Takio, K.; Saito, K.; et al. Site-specific incorporation of an unnatural amino acid into proteins in mammalian
cells. Nucl. Acids Res. 2002, 30, 4692–4699. [CrossRef]

47. Chin, J.W.; Cropp, A.; Anderson, J.C.; Mukherji, M.; Zhang, Z.; Schultz, P.G. An expanded eukaryotic genetic
code. Science 2003, 301, 964–967. [CrossRef]

48. Minaba, M.; Kato, Y. High-yield, zero-leakage expression system with a translational switch using site-specific
unnatural amino acid incorporation. Appl. Environ. Microbiol. 2014, 80, 1718–1725. [CrossRef]

49. Kato, Y. Tunable translational control using site-specific unnatural amino acid incorporation in Escherichia coli.
PeerJ 2015, 3, e904. [CrossRef]

50. Kato, Y. Tight translational control using site-specific unnatural amino acid incorporation with positive
feedback gene circuits. ACS Synth. Biol. 2018, 7, 1956–1963. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/14907676
http://dx.doi.org/10.1016/0006-3002(57)90003-3
http://dx.doi.org/10.1016/0006-3002(59)90011-3
http://dx.doi.org/10.1016/S0022-2836(63)80089-3
http://dx.doi.org/10.1021/bi00684a037
http://www.ncbi.nlm.nih.gov/pubmed/1096937
http://www.ncbi.nlm.nih.gov/pubmed/13278342
http://dx.doi.org/10.1016/0006-3002(57)90175-0
http://www.ncbi.nlm.nih.gov/pubmed/13538965
http://dx.doi.org/10.1016/0006-291X(70)90750-3
http://dx.doi.org/10.1073/pnas.71.2.469
http://www.ncbi.nlm.nih.gov/pubmed/4592693
http://dx.doi.org/10.1021/bi00676a006
http://dx.doi.org/10.1073/pnas.73.10.3471
http://dx.doi.org/10.1016/0006-291X(76)91231-6
http://dx.doi.org/10.1073/pnas.85.17.6237
http://dx.doi.org/10.1126/science.2649980
http://dx.doi.org/10.1073/pnas.94.19.10092
http://www.ncbi.nlm.nih.gov/pubmed/9294168
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a022221
http://dx.doi.org/10.1002/pro.5560070223
http://www.ncbi.nlm.nih.gov/pubmed/9521119
http://dx.doi.org/10.1126/science.1060077
http://www.ncbi.nlm.nih.gov/pubmed/11313494
http://dx.doi.org/10.1093/nar/gkf589
http://dx.doi.org/10.1126/science.1084772
http://dx.doi.org/10.1128/AEM.03417-13
http://dx.doi.org/10.7717/peerj.904
http://dx.doi.org/10.1021/acssynbio.8b00204


Int. J. Mol. Sci. 2019, 20, 887 19 of 22

51. Liu, C.C.; Schultz, P.G. Adding new chemistries to the genetic code. Annu. Rev. Biochem. 2010, 79, 413–444.
[CrossRef] [PubMed]

52. Xiao, H.; Schultz, P.G. At the interface of chemical and biological synthesis: An expanded genetic code.
Cold Spring Harbor Perspect. Biol. 2016, 8, a023945. [CrossRef] [PubMed]

53. Chin, J.W. Expanding and reprogramming the genetic code. Nature 2017, 550, 53–60. [CrossRef] [PubMed]
54. Khazaie, K.; Buchanan, J.H.; Rosenberger, R.F. The accuracy of Qβ RNA translation: 1. Errors during the

synthesis of Qβ proteins by intact Escherichia coli cells. Eur. J. Biochem. 1984, 144, 485–489. [CrossRef]
[PubMed]

55. Nilsson, M.; Rydén-Aulin, M. Glutamine is incorporated at the nonsense codons UAG and UAA in
a suppressor-free Escherichia coli strain. Biochim. Biophys. Acta 2003, 1627, 1–6. [CrossRef]

56. O’Donghue, P.; Prat, L.; Heinemann, I.U.; Ling, J.; Odoi, K.; Liu, W.R.; Söll, D. Near-cognate suppression of
amber, opal and quadruplet codons competes with aminoacyl-tRNAPyl for genetic code expansion. FEBS Lett.
2012, 586, 3931–3937. [CrossRef] [PubMed]

57. Guzman, L.; Belin, D.; Carson, M.J.; Beckwith, J. Thight regulation, modulation, and high-level expression
by vectors containing the arabinose PBAD promoter. J. Bacteriol. 1995, 177, 4121–4130. [CrossRef]

58. Zheng, Y.; Lewis, T.L.; Igo, P.; Polleux, F.; Chatterjee, A. Virus-enabled optimization and delivery of the genetic
machinery for efficient unnatural amio acid mutagenesis in mammalian cells and tissues. ACS Synth. Biol.
2017, 6, 13–18. [CrossRef]

59. Swanson, R.; Hoben, P.; Sumner-Smith, M.; Uemura, H.; Watson, L.; Söll, D. Accuracy of in vivo
aminoacylation requires proper balance of tRNA and aminoacyl-tRNA synthetase. Science 1988,
242, 1548–1551. [CrossRef]

60. Varshney, U.; RajBhandary, U.L. Role of methionine and formylation of initiator tRNA in initiation of protein
synthesis in E. coli. J. Bacteriol. 1992, 174, 7819–7826. [CrossRef]

61. Kiick, K.L.; van Hest, J.C.M.; Tirrell, D.A. Expanding the scope of protein biosynthesis by altering the
methionyl-tRNA synthetase activity of a bacterial expression host. Angew. Chem. Int. Ed. 2000, 39, 2148–2152.
[CrossRef]

62. Yarus, M.; Cline, S.W.; Wier, P.; Breeden, L.; Thompson, R.C. Actions of the anticodon arm in translation on
the phenotypes of RNA mutants. J. Mol. Biol. 1986, 192, 235–255. [CrossRef]

63. Kudla, G.; Murray, A.W.; Tollervey, D.; Plotkin, J.B. Coding-sequence determinants of gene expression in
Escherichia coli. Science 2009, 324, 255–258. [CrossRef] [PubMed]

64. Bentele, K.; Saffert, P.; Rauscher, R.; Ignatova, Z.; Bluthgen, N. Efficient translation initiation dictates codon
usage at gene start. Mol. Syst. Biol. 2013, 9, 675. [CrossRef] [PubMed]

65. Goodman, D.B.; Church, G.M.; Kosuri, S. Causes and effects of N-terminal codon bias in bacterial genes.
Science 2013, 342, 475–479. [CrossRef] [PubMed]

66. Hirel, P.-H.; Schmitter, J.-M.; Dessen, P.; Fayat, G.; Blanquet, S. Extent of N-terminal methionine excision
from Escherichia coli proteins is governed by the side-chain length of the penultimate amino acid. Proc. Natl.
Acad. Sci. USA 1989, 86, 8247–8251. [CrossRef]

67. Tobias, J.W.; Shrader, T.E.; Rocap, G.; Varshavsky, A. The N-end rule in bacteria. Science 1991, 254, 1374–1377.
[CrossRef]

68. Schuenemann, V.J.; Kralik, S.M.; Albrecht, R.; Spall, S.K.; Truscott, K.N.; Dougan, D.A.; Zeth, K. Structural
basis of N-end rule substrate recognition in Escherichia coli by the ClpAP adaptor protein ClpS. EMBO Rep.
2009, 10, 508–514. [CrossRef]

69. Neumann, H.; Peak-Chew, S.Y.; Chin, J.W. Genetically encoding Nε-acetyllysine in recombinant proteins.
Nat. Chem. Biol. 2008, 4, 232–234. [CrossRef]

70. Umehara, T.; Kim, J.; Lee, S.; Guo, L.T.; Söll, D.; Park, H.S. N-acetyl lysyl-tRNA synthetases evolved by
a CcdB-based selection possess N-acetyl lysine specificity in vitro and in vivo. FEBS Lett. 2012, 586, 729–733.
[CrossRef]

71. Xuan, W.; Schultz, P.G. A strategy for creating organisms dependent on noncanonical amino acids.
Angew. Chem. Int. Ed. 2017, 56, 9170–9173. [CrossRef] [PubMed]

72. Volkwein, W.; Maier, C.; Krafczyk, R.; Jung, K.; Lassak, J. A versatile toolbox for the control of protein levels
using Nε-acetyl-L-lysine dependent amber suppression. ACS Synth. Biol. 2017, 6, 1892–1902. [CrossRef]
[PubMed]

http://dx.doi.org/10.1146/annurev.biochem.052308.105824
http://www.ncbi.nlm.nih.gov/pubmed/20307192
http://dx.doi.org/10.1101/cshperspect.a023945
http://www.ncbi.nlm.nih.gov/pubmed/27413101
http://dx.doi.org/10.1038/nature24031
http://www.ncbi.nlm.nih.gov/pubmed/28980641
http://dx.doi.org/10.1111/j.1432-1033.1984.tb08491.x
http://www.ncbi.nlm.nih.gov/pubmed/6386472
http://dx.doi.org/10.1016/S0167-4781(03)00050-2
http://dx.doi.org/10.1016/j.febslet.2012.09.033
http://www.ncbi.nlm.nih.gov/pubmed/23036644
http://dx.doi.org/10.1128/jb.177.14.4121-4130.1995
http://dx.doi.org/10.1021/acssynbio.6b00092
http://dx.doi.org/10.1126/science.3144042
http://dx.doi.org/10.1128/jb.174.23.7819-7826.1992
http://dx.doi.org/10.1002/1521-3773(20000616)39:12&lt;2148::AID-ANIE2148&gt;3.0.CO;2-7
http://dx.doi.org/10.1016/0022-2836(86)90362-1
http://dx.doi.org/10.1126/science.1170160
http://www.ncbi.nlm.nih.gov/pubmed/19359587
http://dx.doi.org/10.1038/msb.2013.32
http://www.ncbi.nlm.nih.gov/pubmed/23774758
http://dx.doi.org/10.1126/science.1241934
http://www.ncbi.nlm.nih.gov/pubmed/24072823
http://dx.doi.org/10.1073/pnas.86.21.8247
http://dx.doi.org/10.1126/science.1962196
http://dx.doi.org/10.1038/embor.2009.62
http://dx.doi.org/10.1038/nchembio.73
http://dx.doi.org/10.1016/j.febslet.2012.01.029
http://dx.doi.org/10.1002/anie.201703553
http://www.ncbi.nlm.nih.gov/pubmed/28593724
http://dx.doi.org/10.1021/acssynbio.7b00048
http://www.ncbi.nlm.nih.gov/pubmed/28594177


Int. J. Mol. Sci. 2019, 20, 887 20 of 22

73. Walsh, C.T.; Garneau-Tsodikova, S.; Gatto, G.J., Jr. Protein posttranslational modifications: The chemistry of
proteome diversifications. Angew. Chem. Int. Ed. 2005, 44, 7342–7372. [CrossRef] [PubMed]

74. De Ruijter, A.J.M.; van Gennip, A.H.; Caron, H.N.; Kemp, S.; van Kuilenburg, A.B.P. Histone deacetylases
(HDACs): Characterization of the classical HDAC family. Biochem. J. 2003, 370, 737–749. [CrossRef] [PubMed]

75. Blander, G.; Guarente, L. The Sir2 family of protein deacetylases. Annu. Rev. Biochem. 2004, 73, 417–435.
[CrossRef] [PubMed]

76. Johnson, D.B.F.; Wang, C.; Xu, J.; Schultz, M.D.; Schmitz, R.J.; Ecker, J.R.; Wang, L. Release factor one is
nonessential in Escherichia coli. ACS Chem. Biol. 2012, 7, 1337–1344. [CrossRef] [PubMed]

77. Lajoie, M.J.; Rovner, A.J.; Goodman, D.B.; Aerni, H.-R.; Haimovich, A.D.; Kuznetsov, G.; Mercer, J.A.;
Wang, H.H.; Carr, P.A.; Mosberg, J.A.; et al. Genomically recoded organisms expand biological functions.
Science 2013, 342, 357–360. [CrossRef] [PubMed]

78. Pott, M.; Schmidt, M.J.; Summerer, D. Evolved sequence contexts for highly efficient amber suppression with
noncanonical amino acids. ACS Chem. Biol. 2014, 9, 2815–2822. [CrossRef] [PubMed]

79. Hayes, C.S.; Bose, B.; Sauer, R.T. Proline residues at the C terminus of nascent chains induce SsrA tagging
during translation termination. J. Biol. Chem. 2002, 277, 33825–33832. [CrossRef]

80. Tanner, D.R.; Cariello, D.A.; Woolstenhulme, C.J.; Broadbent, M.A.; Buskirk, A.R. Genetic identification of
nascent peptides that induce ribosome stalling. J. Biol. Chem. 2009, 284, 34809–34818. [CrossRef]

81. Ude, S.; Lassak, J.; Starosta, A.; Kraxenberger, T.; Wilson, D.N.; Jung, K. Translation elongation factor EF-P
alleviates ribosome stalling at polyproline stretches. Science 2013, 339, 82–85. [CrossRef] [PubMed]

82. Phillips-Jones, M.K.; Watson, F.J.; Martin, R. The 3′ codon context effect on UAG suppressor tRNA is different
in Escherichia coli and human cells. J. Mol. Biol. 1993, 233, 1–6. [CrossRef] [PubMed]

83. Schmied, W.H.; Elsässer, S.J.; Uttamapinant, C.; Chin, J.W. Efcient multisite unnatural amino acid
incorporation in mammalian cells via optimized pyrrolysyl tRNA synthetase/tRNA expression and
engineered eRF1. J. Am. Chem. Soc. 2014, 136, 15577–15583. [CrossRef]

84. Wu, I.L.; Patterson, M.A.; Desai, H.E.C.; Mehl, R.A.; Giorgi, G.; Conticello, V.P. Multiple site-selective
insertions of noncanonical amino acids into sequence-repetitive polypeptides. ChemBioChem 2013,
14, 968–978. [CrossRef] [PubMed]

85. Mukai, T.; Hayashi, A.; Iraha, F.; Sato, A.; Ohtake, K.; Yokoyama, S.; Sakamoto, K. Codon-reassignment in
the Escherichia coli genetic code. Nucl. Acids Res. 2010, 38, 8188–8195. [CrossRef]

86. Johnson, D.B.F.; Xu, J.; Shen, Z.; Takimoto, J.K.; Schultz, M.D.; Schmitz, R.J.; Ecker, J.R.; Briggs, S.P.; Wang, L.
RF1 knockout allows ribosomal incorporation of unnatural amino acids at multiple sites. Nat. Chem. Biol.
2012, 7, 779–786. [CrossRef] [PubMed]

87. Ohtake, K.; Sato, A.; Mukai, T.; Hino, N.; Yokoyama, S.; Sakamoto, K. Efficient decoding of the UAG triplet
as a full-fledged sense codon enhances the growth of a prfA-deficient strain of Escherichia coli. J. Bacteriol.
2012, 194, 2606–2613. [CrossRef]

88. Amiram, M.; Haimovich, A.D.; Fan, C.; Wang, Y.-S.; Aerni, H.-R.; Ntai, I.; Moonan, D.W.; Ma, N.J.;
Rovner, A.J.; Hong, S.H.; et al. Evolution of translation machinery in recoded bacteria enables multi-site
incorporation of nonstandard amino acids. Nat. Biotechnol. 2015, 33, 1272–1279. [CrossRef]

89. Wang, K.; Neumann, H.; Peak-Chew, S.Y.; Chin, J.W. Evolved orthogonal ribosomes enhance the efficiency
of synthetic genetic code expansion. Nat. Biotechnol. 2007, 25, 770–777. [CrossRef]

90. LaRiviere, F.J.; Wolfson, A.D.; Uhlenbeck, O.C. Uniform binding of aminoacyl-tRNAs to elongation factor Tu
by thermodynamic compensation. Science 2001, 294, 165–168. [CrossRef]

91. Park, H.S.; Hohn, M.J.; Umehara, T.; Guo, L.-T.; Osborne, E.M.; Benner, J.; Noren, C.J.; Rinehart, J.; Söll, D.
Expanding the genetic code of Escherichia coli with phosphoserine. Science 2011, 333, 1151–1154. [CrossRef]
[PubMed]

92. Fan, C.; Ip, K.; Söll, D. Expanding the genetic code of Escherichia coli with phosphotyrosine. FEBS Lett. 2016,
590, 3040–3047. [CrossRef] [PubMed]

93. Nehring, S.; Budisa, N.; Wiltschi, B. Performance analysis of orthogonal pairs designed for an expanded
eukaryotic genetic code. PLoS ONE 2012, 7, e31992. [CrossRef] [PubMed]

94. Tanrikulu, I.C.; Schmitt, E.; Mechulam, Y.; Goddard, W.A., III.; Tirrell, D.A. Discovery of Escherichia coli
methionyl-tRNA synthetase mutants for efficient labeling of proteins with azidonorleucine in vivo. Proc. Natl.
Acad. Sci. USA 2009, 106, 15285–15290. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/anie.200501023
http://www.ncbi.nlm.nih.gov/pubmed/16267872
http://dx.doi.org/10.1042/bj20021321
http://www.ncbi.nlm.nih.gov/pubmed/12429021
http://dx.doi.org/10.1146/annurev.biochem.73.011303.073651
http://www.ncbi.nlm.nih.gov/pubmed/15189148
http://dx.doi.org/10.1021/cb300229q
http://www.ncbi.nlm.nih.gov/pubmed/22662873
http://dx.doi.org/10.1126/science.1241459
http://www.ncbi.nlm.nih.gov/pubmed/24136966
http://dx.doi.org/10.1021/cb5006273
http://www.ncbi.nlm.nih.gov/pubmed/25299570
http://dx.doi.org/10.1074/jbc.M205405200
http://dx.doi.org/10.1074/jbc.M109.039040
http://dx.doi.org/10.1126/science.1228985
http://www.ncbi.nlm.nih.gov/pubmed/23239623
http://dx.doi.org/10.1006/jmbi.1993.1479
http://www.ncbi.nlm.nih.gov/pubmed/8377179
http://dx.doi.org/10.1021/ja5069728
http://dx.doi.org/10.1002/cbic.201300069
http://www.ncbi.nlm.nih.gov/pubmed/23625817
http://dx.doi.org/10.1093/nar/gkq707
http://dx.doi.org/10.1038/nchembio.657
http://www.ncbi.nlm.nih.gov/pubmed/21926996
http://dx.doi.org/10.1128/JB.00195-12
http://dx.doi.org/10.1038/nbt.3372
http://dx.doi.org/10.1038/nbt1314
http://dx.doi.org/10.1126/science.1064242
http://dx.doi.org/10.1126/science.1207203
http://www.ncbi.nlm.nih.gov/pubmed/21868676
http://dx.doi.org/10.1002/1873-3468.12333
http://www.ncbi.nlm.nih.gov/pubmed/27477338
http://dx.doi.org/10.1371/journal.pone.0031992
http://www.ncbi.nlm.nih.gov/pubmed/22493661
http://dx.doi.org/10.1073/pnas.0905735106
http://www.ncbi.nlm.nih.gov/pubmed/19706454


Int. J. Mol. Sci. 2019, 20, 887 21 of 22

95. Boniecki, M.T.; Vu, M.T.; Betha, A.K.; Martinis, S.A. CP1-dependent partitioning of pretransfer and
posttransfer editing in leucyl-tRNA synthetase. Proc. Natl. Acad. Sci. USA 2008, 105, 19223–19228. [CrossRef]
[PubMed]

96. Reynolds, N.M.; Ling, J.; Roy, H.; Banerjee, R.; Repasky, S.E.; Hamel, P.; Ibba, M. Cell-specific differences in
the requirements for translation quality control. Proc. Natl. Acad. Sci. USA 2010, 107, 4063–4068. [CrossRef]
[PubMed]

97. Zhang, M.S.; Brunner, S.F.; Huguenin-Dezot, N.; Liang, A.D.; Schmied, W.H.; Rogerson, D.T.; Chin, J.W.
Biosynthesis and genetic encoding of phosphothreonine through parallel selection and deep sequencing.
Nat. Methods 2017, 14, 729–736. [CrossRef] [PubMed]

98. Ellefson, J.W.; Meyer, A.J.; Hughes, R.A.; Cannon, J.R.; Brodbelt, J.S.; Ellington, A.D. Directed evolution of
genetic parts and circuits by compartmentalized partnered replication. Nat. Biotechnol. 2014, 32, 97–101.
[CrossRef] [PubMed]

99. Bryson, D.I.; Fan, C.; Guo, L.-T.; Miller, C.; Söll, D.; Liu, D.R. Continuous directed evolution of
aminoacyl-tRNAsynthetases. Nat. Chem. Biol. 2017, 13, 1253–1260. [CrossRef] [PubMed]

100. Kunjapura, A.M.; Stork, D.A.; Kuru, E.; Vargas-Rodriguez, O.; Landon, M.; Söll, D.; Church, G.M. Engineering
posttranslational proofreading to discriminate nonstandard amino acids. Proc. Natl. Acad. Sci. USA 2018,
115, 619–624. [CrossRef]

101. Ohno, S.; Yokogawa, T.; Nishikawa, K. Changing the amino acid specificity of yeast tyrosyl-tRNA synthetase
by genetic engineering. J. Biochem. 2001, 130, 417–423. [CrossRef] [PubMed]

102. Kiga, D.; Sakamoto, K.; Kodama, K.; Kigawa, T.; Matsuda, T.; Yabuki, T.; Shirouzu, M.; Harada, Y.;
Nakayama, H.; Tako, K.; et al. An engineered Escherichia coli tyrosyl-tRNA synthetase for site-specific
incorporation of an unnatural amino acid into proteins in eukaryotic translation and its application in
a wheat germ cell-free system. Proc. Natl. Acad. Sci. USA 2002, 99, 9715–9720. [CrossRef] [PubMed]

103. Yanagisawa, T.; Ishii, R.; Fukunaga, R.; Kobayashi, T.; Sakamoto, K.; Yokoyama, S. Multistep engineering of
pyrrolysyl-tRNA synthetase to genetically encode Nε-(o-azidobenzyloxycarbonyl) lysine for site-specific
protein modification. Chem Biol. 2008, 15, 1187–1197. [CrossRef] [PubMed]

104. Oki, K.; Sakamoto, K.; Kobayashi, T.; Sasaki, H.M.; Yokoyama, S. Transplantation of a tyrosine editing
domain into a tyrosyl-tRNA synthetase variant enhances its specificity for a tyrosine analog. Proc. Natl. Acad.
Sci. USA 2008, 105, 13298–13303. [CrossRef] [PubMed]

105. O’Donoghue, P.; Ling, J.; Wang, Y.S.; Söll, D. Upgrading protein synthesis for synthetic biology.
Nat. Chem. Biol. 2013, 9, 594–598. [CrossRef] [PubMed]

106. Vargas-Rodriguez, O.; Sevostyanova, A.; Söll, D.; Crnković, A. Upgrading aminoacyl-tRNA synthetases for
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