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The translation system (the ribosome and associated factors) is

the cell’s factory for protein synthesis. The extraordinary

catalytic capacity of the protein synthesis machinery has driven

extensive efforts to harness it for novel functions. For example,

pioneering efforts have demonstrated that it is possible to

genetically encode more than the 20 natural amino acids and

that this encoding can be a powerful tool to expand the

chemical diversity of proteins. Here, we discuss recent

advances in efforts to expand the chemistry of living systems,

highlighting improvements to the molecular machinery and

genomically recoded organisms, applications of cell-free

systems, and extensions of these efforts to include eukaryotic

systems. The transformative potential of repurposing the

translation apparatus has emerged as one of the defining

opportunities at the interface of chemical and synthetic biology.
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Background
Proteins represent a crucial class of biomolecules, univer-

sally employed by all living organisms to fulfill essential

structural, functional, and enzymatic roles necessary to

support life. In nature, these polymers are composed

generally of twenty natural amino acid (AA) building

blocks, which can be combined in a near-infinite number

of combinations to generate an impressive level of struc-

tural and functional diversity (Figure 1). However, many

interesting chemistries cannot be accessed using only

these natural building blocks; accordingly, for some time

there has been an interest in the incorporation of non-

standard amino acids (nsAAs) featuring novel functional

sidegroups to expand the repertoire of protein functions.

Broadly speaking, nsAAs can be divided into two classes.

Synthetic nsAAs are chemically synthesized, and can bear

little resemblance to their naturally occurring counter-

parts. Posttranslational modifications (PTMs) are modified

derivatives of canonical amino acids. In recent years, two

distinct approaches for the incorporation of nsAAs into

proteins have emerged (Figure 1(a)). One such approach

is global suppression. This method uses auxotrophic strains

that are incapable of synthesizing a particular AA. When

grown in the presence of a nsAA that bears close structural

resemblance to the ‘missing’ AA, the organism’s native

translational machinery incorporates the nsAA instead

[1,2]. An alternative approach uses orthogonal translation

systems (OTSs) to genetically encode an nsAA of interest

site-specifically by reassignment of codons, typically the

amber stop codon (TAG) in a strategy known as amber
suppression [3].

To date, >150 nsAAs have been incorporated by OTSs

into polypeptides [4] for a wide range of applications

including the introduction of bioorthogonal handles for

protein tagging [5,6], alteration of protein stability [7,8],

monitoring of protein localization, and genetic encoding

of PTMs [9�,10–12]. As a result of these impressive efforts

and the transformative potential to construct bio-based

products beyond natural limits, expanding the genetic

code has emerged as one of several major defining oppor-

tunities and points of synergy in chemical and synthetic

biology.

This review focuses on recent developments in repurpos-

ing the translation system for novel functions, with a focus

on codon reassignment. We first examine development of

the molecular machinery at the heart of genetic code

expansion. Next, we discuss nsAA incorporation in sev-

eral contexts, including whole-genome recoding, prokary-

otic and eukaryotic systems in vivo as well as in vitro. We
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end with a discussion of current challenges in the field

and provide commentary on future opportunities.

Genetic code expansion using OTSs
Amber suppression seeks to ‘hijack’ the amber transla-

tional stop codon (TAG), recoding it into a sense codon

corresponding to a nsAA of interest. Generally, this is

accomplished using a suppressor tRNA that has been

mutated to decode the amber codon and an aminoacyl-
tRNA synthetase (aaRS) that has been mutated to accept

the nsAA of interest and covalently load it onto the

suppressor tRNA. These components are typically

sourced from distant archeal species to ensure orthogo-

nality to host translation machinery, undergoing directed

evolution to improve their compatibility with a new nsAA

and enable its site-specific incorporation into proteins.

Directed evolution is the most widely used approach for

the generation of novel OTS components [13–15]

(Figure 2). These efforts start with the selection of a

scaffold aaRS/tRNA pair. To date, several aaRS/tRNA

pairs have been used in the creation of new OTSs. The

Methanocaldococcus jannaschii TyrRS/tRNATyr pair is ar-

guably the most common pair used, but is generally

limited to aromatic amino acids and is not orthogonal

in eukaryotes [4,15,16�]. The PylRS/tRNAPyl pair from

Methanosarcina species (M. mazei, M. barkeri) has shown

compatibility with eukaryotic systems [16�,17], and is an

especially attractive starting point for evolution as the

native PylRS natively demonstrates polysubstrate speci-

ficity [18] and tRNAPyl natively decodes the amber codon

[19]. Other starting components have included the

o-phosphoserine (Sep)RS from Methanococcus maripaludis
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Met

Ile

Leu

Val

Asp

Lys

Glu

Gln

Apn

Arg

Cys

Ser

Thr

 Phe

Trp

Tyr

His

Pro

Norleucine

Met
(Methionine Auxotroph)

AUGRBS

nsAA

UAGRBS

Elongation Factor
(Mutatable)

(Mutatable)

Compatibility:
Prokaryotic Cells
Eukaryotic Cells
Whole Animal
Cell-Free

(b)  Amber Suppression

UAGRBS

Release 
Factor

Compatibility:
Prokaryotic Cells
Cell-Free

(c)  Quadruplet Suppression

AGGAo-RBS
o-16S rRNA

ACARBS

Compatibility:
Cell-Free

(d)  Sense Codon Reassignment

o-23S rRNA

(a)  Genetic Encoding of NSAAs

Close analog methodology

Orthogonal translation methodology

nsAA charged by 
native aaRS/tRNA pair

nsAA charged by 
orthogonal aaRS/tRNA pair

Global nsAA Incorporation

Targeted nsAA Incorporation

CACRBS

Natural protein translation

native AA charged by 
native aaRS/tRNA pair

Ala Gly

ATP AMP + PPi

Current Opinion in Chemical Biology

Methods for genetic code expansion. (a) Two general paradigms exist for the genetic incorporation of nonstandard amino acids into proteins

contrasted with the natural process of encoding the canonical amino acids. The close analog methodology complements a natural amino acid

auxotrophy with a close nonstandard analog, enabling global protein labeling by native translational machinery. The orthogonal translation

methodology introduces orthogonal translational machinery engineered to charge an orthogonal tRNA with a nonstandard amino acid, enabling

site-specific targeted genetic incorporation. Certain nsAAs may require additional mutations in the elongation factor or the ribosome. (b) For

targeted genetic incorporation, amber suppression is the most widely used technique. Competition with release factors limits efficiency, and

methods are discussed to overcome this. (c) Quadruplet suppression can be performed with appreciable efficiency with the use of an engineered

orthogonal 16S ribosomal subunit [27��]. (d) Sense codons can be reassigned by using an orthogonal 23S ribosomal subunit, engineered to

accept a synthetic set of tRNAs [60].
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