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Expansion of the standard genetic code enables the design of
recombinant proteins with novel and unusual properties. Traditionally,
such proteins have contained only a single type of noncanonical amino
acid (NCAA) in their amino acid sequence. However, recently
reported initial efforts demonstrate that it is possible with suppression-
based methods to translate two chemically distinct NCAAs into a
single recombinant protein by combining the suppression of different
termination codons and nontriplet coding units (such as quadruplets).
The possibility of expanding the code with various NCAAs simulta-
neously further increases the toolkit for the generation of multi-

functionalized proteins.

1. Introduction

Chemical methods that produce selectively modified
proteins upon the external addition of reagents gave rise to
the concept of a “chemical mutation”"! as early as the 1960s.
In this tradition, genetic-code engineering and expansion
established in the 1990s enable genetically encoded chemical
mutations by extending the flow of genetic information.”
Nature also uses this strategy.”! On the nucleic acid level, the
flexibility associated with the interpretation of the genetic
code has been unambiguously documented.*) The most
remarkable natural alterations in decoding are the incorpo-
ration of selenocysteine (Sec)®! and pyrrolysine (Pyl)!® into
proteins in response to codons generally assigned to trans-
lation termination. Such recoding events are found in cells
which possess several natural tRNAs that are capable of
reading termination or nonsense codons in a specific se-
quence context.” In this way, the in vivo translation of UGA
and UAG signals as sense codons is possible, and the protein-
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synthesis machinery can tolerate the addition of novel amino
acids to the standard repertoire.

At the conceptual level, genetic-code engineering and
expansion are concerned with the possibilities of adding
either novel amino acids to the existing amino acid repertoire
and/or novel base pairs to existing DNA/RNA. Such engi-
neering and expansion requires reprogramming of the protein
translation machinery by the assignment of new codons or
reassignment of existing codons to noncanonical amino acids
(NCAAs). Two general in vivo approaches are currently
available for the addition of NCAAs or the replacement of
canonical amino acids with NCA As. “Genetic-code engineer-
ing” refers to the in vivo residue-specific incorporation of
different NCAAs into target protein sequences by sense-
codon reassignment.”) In other words, code engineering
comprises the cotranslational replacement of canonical amino
acids with NCAAs in auxotrophic host cells.”? In contrast,
“genetic-code expansion” considers termination or nontriplet
coding units as “blanks” for the site-specific addition of
NCAAs to the existing amino acid repertoire.'” Both
approaches exploit the substrate tolerance of various cellular
components, as shown in Figure 1.

Until recently, genetic-code engineering provided only
one type of NCAA per target protein. Thereby, either the
biophysical properties of a certain protein, for example,
fluorescence or folding behavior," could be changed or a
bioorthogonal reactive handle™ for subsequent protein
modification could be introduced. However, the combination
of all these possibilities in one protein is highly desirable. It is
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Figure 1. A general NCAA-incorporation experiment exploits the sub-
strate tolerance of various cellular systems (uptake, metabolism, and
components of the translation apparatus). For more details, see

Ref. [8]. The relationship between code engineering and protein folding
is discussed extensively in Ref. [19,20] as well as in textbooks.” Parts
of Figure 1 were kindly provided by Dr. Birgit Wiltschi.
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especially important to be able to make a variety of
modifications if we take into account that many biological
phenomena, such as conformational preferences,'¥ enzymat-
ic activity,"” and dynamic behavior,'® are based on collective
effects of different amino acids at multiple positions in the
protein sequence.

In the frame of genetic-code engineering, a simultaneous
in vivo substitution of three different canonical amino acids
by related NCAAs at up to 24 positions in a protein was
established recently.''®! However, it would be extremely
difficult to carry out equivalent experiments (i.e. simulta-
neous multiple in vivo addition at up to 24 positions) with
currently available tools for genetic-code expansion. The
efficient in vivo addition of novel amino acids to the standard
repertoire is a challenging task because many translational
and even other cellular components must be engineered or
manipulated (see Figure 1). In this context, we present herein
a critical overview of the most recent attempts at the multiple
site-specific NCAA incorporation of two different NCA As by
the reassignment of termination and quadruplet codons.
Finally, we sketch possible future developments in this field.
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2. Orthogonal Pairs for Genetic-Code Expansion
In Vivo

Genetic-code expansion as an experimental strategy aims
to generate novel coding units for the addition of NCAAs to
the standard cellular repertoire. In the simplest scenario, one
or two stop codons can be considered as “blank” and used
uniquely to encode specific NCAAs. The codons UAG
(amber), UAA (ochre), or UGA (opal) can be used in this
way because their termination function can be suppressed by
a special class of adaptors known as suppressor tRNAs. In
nature, these suppressor tRNAs can insert different canonical
amino acids in response to either nonsense (one of the three
terminator codons appears in the mRNA) or missense codons
(alteration of the meaning of a sense codon) or a frameshift
mutation in the parent gene.?! In in vitro translation,
chemically or enzymatically misacylated suppressor tRNAs
are widely used as molecular tools to manipulate translation.
For example, Hohsaka and Sisido™ and Forster et al.””!
pioneered the use of misacylated suppressor tRNAs for the
multiple, site-specific insertion of up to three amino acid
analogues into a single protein by using sense, termination, or
frameshifted (i.e. nontriplet) codons. Thus, it should be
generally possible to manipulate the nature and lengths of
the basic coding units in one gene in vivo, because the
ribosomal machinery can handle codon/anticodon pairs
greater than three nucleotides in length in vitro.** Excellent
studies dealing with in vitro reassignments have been
reported.’®!

The application of these strategies in living cells cannot
make use of chemically acylated tRNAs but requires the
evolution of novel aminoacyl-tRNA synthetases (aaRSs)
capable of specifically charging a cognate tRNA with an
NCAA. Such aaRS:tRNA pairs should be orthogonal; that is,
there should not be any cross-reactivity between heterologous
and endogenous aaRSs and tRNAs. The first systematic
efforts towards the de novo design of a truly orthogonal
aaRS:tRNA pair based on Escherichia coli glutaminyl-tRNA
synthetase (GInRS:tRNASM) were not successful.”! There-
fore, Furter developed an alternative strategy that provided a
first proof-of-principle for the site-specific in vivo incorpo-
ration of NCAAs in response to an in-frame UAG stop
codon.”” His approach was to import the Saccharomyces
cerevisiae phenylalanyl-tRNA synthetase pair (PheRS:
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tRNAquA™™; the natural anticodon GAA was mutated to
CUA) into the E.coli expression host. The use of an
aaRS:tRNA pair from an evolutionarily distant organism,
such as S. cerevisiae, leads to highly reduced cross-reactivity
between the introduced aaRS:tRNA pair and the endogenous
E. coli elements, since tRNA identity elements evolved in a
completely different manner. Subsequently, Schultz and co-
workers identified and evolved the orthogonal tyrosyl-tRNA
synthetase pair (TyrRS:tRNAy,™") from Methanocaldococ-
cus jannaschii for use in E. coli.” In the following years, other
orthogonal aaRS:tRNA pairs based on archaeal leucyl-tRNA
synthetase (LeuRS:tRNA™").* glutamyl-tRNA synthetase
(GluRS:tRNA") B Jysyl-tRNA  synthetase  (LysRS:
tRNAY) B and S. cerevisiae tryptophanyl-tRNA synthetase
(TrpRS:tRNA™)B2 were developed. However, until now
mainly the orthogonal pairs based on M. jannaschii
TyrRS:tRNA,™" have been used frequently for the incor-
poration of mainly Tyr and Phe analogues or surrogates with
extended aromatic groups.'**!

In 2008 and 2009, the research groups of Yokoyama, Chin,
and Carell succeeded in the development of an orthogonal
pair based on the naturally occurring pyrrolysyl-tRNA
synthetase (PylRS).**! In methanogenic, anaerobic Arch-
aea, such as Methanosarcina mazei, as well as in E. coli, Pyl
incorporation takes place as a natural nonsense suppression
event without the need for a specific sequence context.[?"3!
Chemical manipulation of the aliphatic side chain of the Pyl
structure can lead to numerous analogues with interesting
functionalities for incorporation into proteins. Not surpris-
ingly, engineered PylRS:tRNAM! pairs were made for the
incorporation of versatile lysine analogues into proteins at
single and multiple positions of recombinant target pro-
teins. 3

It was expected that both pyrrolysyl- and lysyl-tRNA
synthetases should be especially amenable to manipulation of
their enzyme specificity owing to their intrinsically high
substrate tolerance. The specificity of the aminoacylation
reaction (expressed as the discrimination or D factor) with
regard to the 20 canonical amino acids varies considerably
among different aaRSs in vitro.”” The highest D factor
(between 28000 and > 500000) was found for TyrRS, whereas
the lowest values, between 130 and 1700, were observed for
LysRS."" The existence of “intrinsically relaxed” aaRSs, such
as LysRS, is an excellent starting point for the design of new
generations of orthogonal aaRSs with considerably improved
specificity and catalytic performance.

Recently, Chin and co-workers generated two mutually
orthogonal M. jannaschii TyrRS:tRNA,™" pairs capable of
suppressing UAG and AGGA.™ This finding is remarkable,
because it shows that evolutionary distance is not necessarily
required for the combination of orthogonal pairs without the
generation of cross-reactivities. On the basis of this result, it
could be possible to make the orthogonal pairs already
developed from M. jannaschii TyrRS combinable and thus
available for multiple NCAA incorporation.
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3. Genetic-Code Expansion with Two Different
NCAAs

The site-specific incorporation of NCAAs into single
recombinant proteins is highly relevant, as specific biological
problems could be addressed in this way. As discussed earlier,
the incorporation of multiple chemically distinct NCA As into
recombinant target proteins is also highly desirable. In this
context, Schultz and co-workers established an orthogonal
aaRS:tRNA pair derived from an archaeal LysRS:tRNA™*
pair for frameshift suppression of the quadruplet codon
AGGA in vivo.’"! This pair was used with the amber-
suppressing system based on M. jannaschii TyrRS and en-
abled the simultaneous incorporation of homoglutamine and
O-methyltyrosine at different positions within myoglobin.
The experiment provided an interesting proof-of-principle;
however, the extremely low protein yield made it unattractive
for practical applications.

A great improvement of this approach was recently
reported by Liu and co-workers They succeeded in
incorporating two chemically distinct NCAAs into green
fluorescent protein (GFPuv) by combining two orthogonal
pairs in a single expression experiment. However, unlike in
the experiment of Schultz and co-workers, a UAG (amber)
codon was used in combination with a UAA (ochre) codon.
To enable efficient double labeling, they generated two
orthogonal pairs without mutual cross-reactivity. A mutated
M. jannaschii TyrRS for the charging of tRNAy, ™" with p-
azidophenylalanine (p-AzPhe) was combined with a modified
PyIRS, which loads N°-propargyloxycarbonyl-L-lysine (Pox-
Lys) onto a tRNAy,,"" species with a mutated anticodon
loop (Figure 2). The modified TyrRS:tRNAy,"" pair was
used in conjunction with a recently refined plasmid system for
the improved expression of labeled proteins.*! The authors
reported that full-length, doubly labeled GFPuv was ex-
pressed “in good yields” and was sufficiently stable for
conjugation by click chemistry with fluorescence tags con-
taining complementary azide/alkyne functionalities.

It should be kept in mind that an anticodon switch in most
tRNAs is tantamount to a modification of one of the three
major identity elements (anticodon, discriminator base 73,
and N1:N72 pair). For example, in M. jannaschii the inter-
action between the cognate tRNA™" anticodon and the
anticodon-binding domain of TyrRS is one of the crucial
identity determinants.*/ Therefore, it is difficult to manipu-
late complex tRNA identity elements to change tRNA
specificity and retain or gain acceptor activity at the same
time. For example, the engineered amber suppressor tRNAD"
had about 300 times lower acceptor activity when compared
to wild-type tRNADT 41 Ag a result, the translation
efficiency of the mRNAs with in-frame stop codons is
dramatically decreased. To partially restore the amino acid
loading, tRNA engineeringl®*” and adaptation of the aaRS
anticodon-binding pocket were necessary.“’! M. mazei PyIRS,
however, seems to exhibit much weaker interactions with the
anticodon loop of tRNA™. This feature might be extremely
useful for anticodon manipulations (Figure 2). In the recent
study, Liu and co-workers™ exploited this feature and found
that opal, ochre, and even quadruplet UAGA are very
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Figure 2. Two approaches for the double incorporation of NCAAs into
recombinant proteins on the basis of read-through methods. A) Mu-
tated TyrRS and PyIRS were used to load p-AzPhe and PoxLys onto
cognate suppressor tRNAs with different anticodons. B) Liu and co-
workers!“? used natural ribosomes to translate GFPuv mRNA contain-
ing in-frame amber (UAG) and ochre (UAA) stop codons. Chin and co-
workers®® used an orthogonal ribosome that is thought to be more
efficient at surpressing amber codons and quadruplet codons for the
expression of doubly labeled recombinant GST-calmodulin. C) Both
research groups could analytically demonstrate NCAA incorporation
and the chemical reactivity of the delivered functional groups (terminal
azides and alkynes). The efficiency of both approaches should be
analyzed in one integrated experiment, as described in the text. The
proof-of-concept for the in vivo site-specific double incorporation of
NCAA by Schultz and co-workersP" was not incorporated in the figure
(to enable a clearer arrangement). Note that the orthogonal
PIIRS:tRNAPy| pair shows remarkably high natural tolerance for differ-
ent anticodons: CUA, UUA, UCA, and UCUA. Parts of Figure 2 were
kindly provided by Dr. Birgit Wiltschi.

efficiently suppressed by the tRNA™ species. Thus, aaRS:tR-
NA pairs such as the modified PyIRS:tRNA,™' pair, which
seems to have a certain plasticity with respect to the
anticodon as an identity element, might exhibit a greater
efficiency and versatility for the expression of recombinant
proteins with single, double, and triple in-frame amber stop
codons as well as with a combination of amber and ochre
codons.

When Liu and co-workers attempted to use a mutant of
M. jannaschii TyrRS capable of recognizing O-sulfo-L-tyro-
sine instead of p-AzPhe in combination with M. mazei
PyIRS:tRNA, o™ for PoxLys incorporation, poor yields of
the doubly labeled GFPuv were observed.*”! These findings
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highlight an important issue that has not been critically
evaluated with due care in the literature to date. Namely, it is
evident that a number of reported M. jannaschii derived
aaRS:tRNA, " pairs are characterized by poor catalytic
performance, which urgently requires improvement.**! In
general, the suppression efficiency does not exceed 50 % and
is highly dependent on the position of the stop codon within
the gene sequence (context effects).l*!l There are positions in
gene sequences which are difficult or even impossible to read-
through with suppressor tRNAs.[*) Therefore, it is necessary
to first search for sites suitable for suppression in the gene
sequence of interest. Finally, the efficiency of the method-
ology is highly dependent on the protein used. “Model
proteins”, such as dihydrofolate reductase, glutathione S-
transferase, myoglobin, luciferase, f-lactamase, lysozyme, or
GFP, are doubtlessly well-suited for this labeling technology.
However, it remains to be determined to which extent
“difficult” proteins, such as single-chain antibodies or pro-
teins with repetitive sequences, such as collagens, are
amenable for such experiments.

The discussed problems of stop-codon-suppression sys-
tems should also be considered in the light of the dynamics
and kinetics of ribosomal translation with misacylated tRNAs.
A recent study of Cornish and co-workers®™ demonstrates
that the translational machinery does not distinguish between
correctly charged and misacetylated tRNAs. However, small
but reproducible differences in the dynamics of the ribosome
cycles with misacetylated tRNAs were observed. This obser-
vation might indicate that each misacylation slightly slows
down the related translation cycle. If this hypothesis is true,
the design of methodologies for the incorporation of three or
more NCAAs into proteins should take into account these
issues as well. Thus, a lot of optimization work can be
anticipated. For example, it was recently demonstrated that
the suppression-based incorporation of single NCAAs can be
further improved by the use of mutated ribosomal proteins,
elongation factors,” and even mutated ribosomal RNAs.4
Furthermore, the optimization of the interaction between the
elongation factor Tu and NCAA-tRNA bears a lot of
potential for suppression enhancement.”>>’! A complete
discussion of these and related issues (e.g. amino acid
uptake,”® protein folding,'” tRNA modifications,”” wob-
ble-free tRNA design,®) mutagenesis of the anticodon-bind-
ing domain,® and ribosomal kinetic proofreading®") is out of
the scope of this Minireview.

4. Orthogonal Ribosomes—A Critical View

The basic weakness of incorporation methods based on
stop-codon suppression is that suppressor tRNAs have to
compete with release factors (RFs) at the ribosomal A site
(where RFs catalyze the termination reaction). This competi-
tion lowers the overall yield of labeled full-length protein
significantly. Higher suppression efficiency would be espe-
cially desirable when several in-frame stop codons need to be
suppressed. However, a reduction in the release-factor
activity in vivo can lead to enhanced cellular toxicity.*? Chin
and co-workers succeeded in increasing the efficiency of
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NCAA incorporation by using an orthogonal ribosome
mutated for the improved read-through of termination signals
in mRNAs.PY In brief, a library of 16S rRNAs was constructed
with mutations in the ribosomal A site. In the next step, the
library was screened for mutant ribosomes which retained the
translational fidelity of native ribosomes but exhibited a
substantial increase in read-through efficiency of in-frame
amber stop codons. This increased read-through of UAG
codons most probably results from a decreased affinity of the
ribosomal A site for release factor 1 (whereas release fac-
tors 2 and 3 recognize the other two stop codons, UAG and
UAA). Furthermore, these ribosomes are specialized to
translate only target mRNAs, which carry mutations in the
Shine-Dalgarno (SD) region; thus, through modified SD/
anti-SD interactions, target mRNA is exclusively translated.
In this way, the synthesis of the proteome is performed by
natural ribosomes, whereas mutated ribosomes are used for
the expression of recombinant target proteins (Figure 2).

In their most recent study, Chin and co-workers®™
revisited the earlier ideas and in vivo experiments of the
Schultz research group on combinations of triplet and
quadruplet codons for the double incorporation of NCA As.P!
By using the previously developed screening systems, they
generated a mutant ribosome (named “riboQ1”) capable of
the efficient decoding of quadruplet codons, which are
normally less efficiently decoded by the natural ribosome.
At the same time, the mutant ribosome maintained the
enhanced in-frame amber-decoding capacity. To check wheth-
er riboQ1 is capable of performing efficient double labeling,
Chin and co-workers generated two orthogonal pairs without
mutual cross-reactivity. However, unlike Liu and co-workers,
they used the p-AzPhe-loading mutant of M. jannaschii
TyrRS with a tRNAyccy™" species (instead of tRNAcy,"")
in combination with a mutated M. mazei PyIRS, which loads
PoxLys onto its cognate tRNA,™". The model protein GST-
calmodulin, with AGGA at position1 and UAG at posi-
tion 40, was fully translated, although the authors did not
provide information about specific protein yields. The labeled
protein was subjected to click chemistry in the form of an
intramolecular azide/alkyne Cu‘-catalyzed cycloaddition to
demonstrate that such a reaction is generally possible in GST-
calmodulin.

Liu and co-workers*! found that quadruplet anticodons
are well-tolerated by natural ribosomes when introduced into
M. mazei tRNA™!, whereas Chin and co-workers®™ reported
that only riboQ1 was efficient for the reading of quadruplets
introduced into tRNA™" derived from M. jannaschii (Fig-
ure 2). However, the efficiency of riboQl can only be
realistically estimated if both combinations of orthogonal
pairs are tested in the presence of normal and mutated
ribosomes. Such a comparison should take into account that
tRNA ;2™ seems much more amenable to anticodon manip-
ulations than tRNAcy.™. An additional critical point, as
recently pointed out by Suga and co-workers,® is the general
problem of the efficiency of riboQ1 in frameshift-suppression
reactions. A careful inspection of the supplementary infor-
mation of the original manuscript™ indicates the presence of
a significant amount of truncated protein as a by-product of
the reprogrammed translation.
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At this stage of development, the design of orthogonal
(mutated) ribosomes undoubtedly represents an interesting
proof-of-principle for the reassignment of nontriplet codons.
This approach might even lead to interesting theoretical
considerations ranging from the design of “alternative protein
universes” with a quadruplet code to fundamental questions
regarding the origin of life.* However, reprogrammed
protein translation without ribosome mutations could be an
equally good basis for such theoretical studies.>*”! In the
meantime, it remains to be determined whether reprogram-
med protein translation with mutated ribosomes can be
extended to eukaryotic (yeast or mammalian) cells and
especially to industrial microbial strains designed for appli-
cations in biotechnology.

5. Combination of Code Engineering and Expansion
for the Incorporation of Multiple Amino Acids

Whereas methodologies based on expansion of the
genetic code consider termination triplets or quadruplets as
blank codons for NCAA incorporation, genetic-code engi-
neering is based on sense-codon reassignment by exploiting
the substrate tolerance of endogenous aaRSs. With this
method, we recently demonstrated the simultaneous in vivo
incorporation of three different synthetic amino acids in a
single expression experiment with polyauxotrophic E. coli
strains. On the one hand, we explored the possibility of
generating a ‘“Teflon” protein with novel properties by
introducing fluorinated amino acids at up to 24 positions in
the thermostable lipase from Thermoanaerobacter thermohy-
drosulfuricus." On the other hand, we tailored barstar from
Bacillus amyloliquefaciens with a reactive handle for click
chemistry (homopropagylglycine), a nonperturbing fluores-
cent tag (4-azatryptophan), and cis-4-fluoroproline, which
had been reported to have a stabilizing effect on barstar. The
simultaneous and efficient incorporation of the three differ-
ent NCAAs yielded a fluorescence-detectable and stabilized
barstar derivative that can undergo click-chemistry reac-
tions."”!

To further expand the possibilities of protein tailoring, we
recently combined code engineering and code expansion.*”!
Thereby, the orthogonal pair enabled us to add NCAAs at
permissive sites in a position-specific manner, whereas the use
of the auxotrophy-based method enabled the multiple
residue-specific incorporation of isostructural NCAAs in
response to sense codons. It is indeed important to combine
the advantages of both methodological approaches, since, for
example, the currently available aaRS mutants for orthogo-
cenal pairs are in principle not capable of generating enzymes
that discriminate efficiently between subtle structural varia-
tions (small functional groups and atoms such as -H/-F, -H/-
CH,, -S-/-CH,-, -CH=/-N=, or -H/-OH). In general, the
careful combination of the possibilities of both approaches,
including the possible use of orthogonal ribosomes as well as
genome-engineered cells (see Section 6), will enable not only
an efficient addition/substitution of NCA As into the standard
amino acid repertoire prescribed by the genetic code, but will
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also offer protein-engineering toolkits with unprecedented
possibilities.

6. Organismal Chemistry (Synthetic Cells)

Genetic-code expansion assumes the generation of novel
coding units in the genetic code and the subsequent expansion
of the amino acid repertoire in living cells. One day, this
approach should yield semisynthetic living cells with inherit-
able and specific chemical alterations in the proteome and
emergent properties/behaviors not found in the natural
biological realm.” However, due to the low cellular tolerance
of chemically altered proteomes, to date the introduction of
novel amino acids has generally only been possible at the level
of single recombinant proteins. Thus, all experimental efforts
to change or expand coding capacities are still only useful
extensions of recombinant DNA technology. In this context,
the double and triple incorporation of NCAAs are certainly
among the most advanced tools for single-protein engineer-
ing.

However, with the recent studies of Venter and co-
workers,® a realistic prospect for the proteome-wide usage
of such methodologies can be envisaged. Venter and co-
workers reported a series of experiments on the synthesis and
transplantation of a whole bacterial genome with the goal of
designing a “minimal cell” .’ The described techniques make
it conceivable that bacterial strains could be produced with
termination codons or related aaRS/tRNA genes deleted
from the whole genome (e.g. from Mycoplasma, which
naturally possesses an alternative version of the genetic
code). Novel orthogonal pairs or even nontriplet coding
units with novel assignments (i.e. codon capture) could then
be reintroduced into the engineered genome. Such an
extension to the amino acid repertoire could perhaps even
lead to an evolutionary advantage for engineered cells. Thus,
we would have a fairly good chance to generate entirely new
organism functions through the systematic proteome-wide
introduction of NCA As. In this way, genetic-code engineering
and expansion would deal with the chemical composition of
whole proteomes instead of single proteins. Such organismal
chemistry would render unprecedented benefits and oppor-
tunities in the coming age of synthetic biotechnology.

Addendum

The quality of orthogonal pairs: Tippmann and co-work-
ers very recently provided solid genetic and structural
evidence for the lack of capacity of orthogonal pairs evolved
to specifically recognize—and therefore translate with high
fidelity—certain NCAAs.[®®! They clearly demonstrated that
certain “gate-keeping” residues in the related aaRSs are of
high importance for the design of enzymes with higher
preference toward NCA As than canonical amino acids. Their
study will facilitate the refinement of existing and design of
new orthogonal pairs in the future.

Organismal chemistry: Very recently, Sakamoto and co-
workers succeeded in engineering an E. coli strain capable of
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no longer using the amber (UAG) stop codon for translation
termination.”” This was achieved by eliminating the UAG-
recognizing release factor 1, in combination with only a few
genetic modifications and complementations. It was not
necessary to exchange all the amber stop codons in the whole
genome. With these engineered cells, the group was able to
incorporate p-iodophenylalanine in response to six in-frame
amber codons in a model protein. If these results are
reproducible by other research groups, the study should be
regarded as one of the most important advances in the whole
field in the last few years, since the “competition problem”
between the amber suppressor-tRNA and release factor 1 is
totally eliminated.
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