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The ability to introduce non-canonical amino acids into

peptides and proteins is facilitated by working within in vitro

translation systems. Non-canonical amino acids can be

introduced into these systems using sense codon

reprogramming, stop codon suppression, and by breaking

codon degeneracy. Here, we review how these techniques

have been used to create proteins with novel properties and

how they facilitate sophisticated studies of protein function. We

also discuss how researchers are using in vitro translation

experiments with non-canonical amino acids to explore the

tolerance of the translation apparatus to artificial building

blocks. Finally, we give several examples of how non-canonical

amino acids can be combined with mRNA-displayed peptide

libraries for the creation of protease-stable, macrocyclic

peptide libraries for ligand discovery.
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Introduction of ncAAs in vitro
The addition of non-canonical amino acids (ncAAs) to the

genetic code has had a significant impact on the field of

synthetic biology, allowing for the expansion of our

understanding of protein structure and function, as well

as the discovery of novel peptide ligands with properties

not readily attainable via standard amino acids. To facili-

tate their use in vitro, researchers have worked to develop

methods to introduce ncAAs into peptides and proteins

via in vitro translation systems.
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There have been three main approaches to alter or

expand the genetic code in vitro (Figure 1). Sense codon

reprogramming allows for reassignment of a codon box to

an ncAA (Figure 1a). This approach typically utilizes

reconstituted in vitro translation systems (like the PURE

system [1]). The inherent flexibility of these systems

allows researchers to omit a given amino acid or aminoa-

cyl-tRNA synthetase (AARS), leading to tRNA(s) that are

not charged with their cognate AA. The ncAA can then be

integrated into the translation system, either by recogni-

tion of the ncAA by the cognate synthetase or, more

commonly, addition of an ncAA-charged tRNA to cover

the vacated codons. The ncAA-tRNA can be prepared by

a variety of methods. Three common strategies include:

the Flexizyme ribozyme [2], enzymatic charging using

natural [3,4] or engineered synthetase promiscuity

[5,6�,7], and aminoacyl-dinucleotide ligation [8,9]. The

second approach to genetic code expansion is utilization

of stop codon suppression to introduce the ncAA

(Figure 1b). In this case, the system is supplemented

with an ncAA-tRNA that recognizes a stop codon, typi-

cally the amber (UAG) codon. The suppressor tRNA can

be generated using an orthogonal AARS-tRNA pair or can

be created via chemical charging methods. Finally, work-

ing in vitro also affords opportunities to break sense codon

degeneracy, which can enable significant genetic code

expansion (Figure 1c). Recently, Alexandrov has shown

that many of the tRNAs in E. coli can be replaced with

their in vitro transcribed counterparts, which function

even though they lack post-transcriptional modifications

[10]. By depleting native tRNAs and replacing them with

in vitro transcribed ncAA-tRNAs, his group has been able

to reassign amber and arginine codons to ncAAs [11]. Suga

has used a similar strategy to achieve genetic code expan-

sion. By creating synthetic tRNAAsn with modified antic-

odons and charging these tRNAs with ncAAs via Flex-

izyme technology, they were able to split the valine,

arginine and glycine codon boxes to generate a genetic

code with 23 amino acids [12��]. Although the limits of

these methods have not yet been probed, a reasonable

estimate is that a genetic code with over 30 building

blocks could be constructed.

Scope of review
In the rest of this review, we discuss applications of these

three technologies to alter the genetic code in vitro. We

have limited the scope of this review to cover research
www.sciencedirect.com
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Three strategies for introducing ncAAs in vitro. With sense codon reprogramming (a) an ncAA-charged tRNA is substituted for a standard AA-

tRNA. For stop codon suppression (b), the genetic code is expanded with an ncAA-tRNA that suppresses the amber stop codon. When codon

degeneracy is broken (c), a codon box is split, allowing expansion of the genetic code. *For sense codon reprogramming, the practical limit for

genetic code expansion is around 30 amino acids due to overlapping tRNA recognition.
first published online from November 2015 to January

2018.

Improving stop codon suppression systems
In vivo stop codon suppression systems with orthogonal

AARSs and tRNAs are increasingly being used in syn-

thetic biology and to probe protein function. In vitro
translation technologies are being used for rapid trou-

bleshooting of these components to improve their

activities and optimize the efficiency of ncAA introduc-

tion both in vitro and in vivo. For example, Forster has

investigated the inefficiencies of the pyrolysyl tRNA

(tRNAPyl) [13] and found that there is room for opti-

mization on multiple levels. Bundy has used in vitro
screening to rapidly investigate the efficiency of stop
www.sciencedirect.com 
codon suppression of ncAA-tRNAPyls at various posi-

tions within a protein [14]. Work by Alfonta has opti-

mized suppression of both the amber and ochre (TAA)

stop codons with aminoacyl-tRNAs bearing azides and

alkynes [15]. Fan has employed biotinylated oligonu-

cleotides to deplete near-cognate tRNAs for incorpo-

ration of ncAAs in response to amber stop codons. The

fidelity of the system was improved, which suggests

that competing tRNAs can be an issue that limits

suppression efficiency [16]. Finally, Kubick has worked

on incorporating ncAAs into cell free protein synthesis

systems from insect [17] and mammalian cells [18].

Overall, these in vitro studies point to important fea-

tures of the in vivo systems that can be optimized to

improve efficiency.
Current Opinion in Chemical Biology 2018, 46:172–179
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Pushing the boundaries of the translation
apparatus
Several groups have capitalized upon the ability to

introduce ncAA-tRNAs in vitro to test the limits of

the translation apparatus with respect to highly modified

amino acid substrates (Figure 2). Although the transla-

tion system was shown to tolerate single D-amino acid

substitutions in preceding years [19,20], achieving con-

secutive incorporation was only recently demonstrated

by Katoh and Suga. This advance required using tRNA

bodies with high affinity for elongation factor-Tu (EF-

Tu) to improve incorporation efficiency [21]. To

improve the peptidyl transfer rate, elements within

the tRNA that are recognized by elongation factor-P

(EF-P) were integrated [22�]. This could prove to be a

general strategy to improve the incorporation of ncAA-

tRNAs that are poor substrates for the wild-type ribo-

some. Murakami has demonstrated that standard b-
homologs of many amino acids can also be incorporated

into in vitro translation systems using wild-type ribo-

somes [23]. We recently demonstrated compatibility

with cyclic b-amino acids, which are important for their

ability to introduce conformational constraints in pep-

tides, although their incorporation was template-depen-

dent [6�]. We also found that a-methyl amino acids,

useful for templating helical structures, are tolerated by

the ribosome, but that the translation apparatus needs to

be supplemented with additional aminoacyl-tRNA for

efficient incorporation [6�]. We also showed that six

consecutive 4-fluorohistidine residues could be incorpo-

rated, leading to a fluoro-His tag which binds to nickel
Figure 2

Natural amino acids D-amino acids α-methyl amin 

Types of backbone modified amino acids that have been incorporated usin
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resin even at low pH [24]. Although the above studies

focused on wild-type ribosomes, Hecht has taken a

different tack and has selected for mutant ribosomes

that can tolerate dipeptidyl-tRNAs, incorporating two

amino acids in a single elongation step [25]. Although

there is still room for further optimization, each of these

recent advances has shown that the translation machin-

ery is more pliable towards ncAAs than previously

imagined.

In vitro synthesis of modified proteins
In vitro translation has long been a dependable technique

for preparation of small quantities of proteins. Because

introduction of an ncAA into a protein in vitro does not

require engineering a new AARS/tRNA pair, small scale

studies of in vitro translated proteins with ncAAs can be

performed quickly using stop codon suppression. This

approach allows proteins to be endowed with novel

properties. For example, Hecht introduced 6-cyano tryp-

tophan as a FRET pair to study the binding of several

proteins to DNA labeled with fluorescent nucleobases

[26]. Using the dipeptidyl-tRNA tolerant ribosomes, he

incorporated aryl oxazole and thiazole dipeptide mimics

into the GFP structure, leading to the formation of

modified fluorophores and fluorescent proteins [27].

Introduction of ncAAs has also made its mark in the

synthesis of radiolabeled proteins for PET imaging. In
vitro translation in the presence of 18F-4-fluoro-proline

led to radiolabeled interleukin-8, which was employed by

Yanai to detect tumors bearing IL8-receptors in mouse

xenografts [28]. The inclusion of ncAAs can also
o acids Dipeptide mimeticsβ-amino acids

Current Opinion in Chemical Biology

g in vitro translation.
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contribute to the understanding of protein mechanisms

and interactions. For example, Hecht created ncAA-

tRNAs containing various lysine analogs to probe the

importance of Schiff base formation of lysine 72 on the

lyase activity of DNA polymerase b [29]. He also pre-

pared phosphorylated IKB-a (phosphotyrosine) and ana-

lyzed its reaction with NF-KB [30]. Finally, Hecht has

created alanine derivatives containing nucleobase side

chains [31] and demonstrated that incorporation of these

derivatives into a nucleic acid binding motif increased its

affinity for BCL2 i-motif DNA [32�]. As these examples

demonstrate, in vitro stop codon suppression technologies

have carved out an important niche for small scale studies

of protein function.

Incorporating ncAAs into macrocyclic peptide
libraries
The small scale of in vitro translation experiments is

sufficient, and in fact, ideal for ligand discovery projects.

Coupling the PURE system or stop codon suppression

with mRNA display is an extremely powerful approach

that affords access to libraries containing over 1013 unique
Figure 3
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(POI). The bound mRNA peptide fusions are amplified using RT-PCR and th
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peptides containing ncAAs. With mRNA display, a pep-

tide becomes co-translationally attached to the mRNA

that encodes it, allowing for iterative cycles of selection

based on binding affinity and amplification by PCR

(Figure 3). When combined with next-generation

sequencing, deep pools of peptides can be rapidly ana-

lyzed for affinity [33��].

Recent work in the mRNA display field has focused on

the creation of macrocyclic peptide libraries containing

ncAAs. Peptide cyclizations in the context of in vitro
translated libraries are challenging, as the reactions must

be high-yielding and compatible with all other library

components (and, if performed co-translationally, with

the translation buffer and proteins). There have been

relatively few chemistries discovered so far that meet

these criteria (Figure 4). Roberts and co-workers demon-

strated the first cyclization in mRNA-displayed libraries

by alkylating two lysines via a bis-succinimidyl ester [34]

(Figure 4a). More recently, they have used this cycliza-

tion chemistry in combination with the addition of an N-

methyl alanine or norvaline to a suppressor tRNA to
Customizable
amino acid pool

mRNA-peptide fusions

Add POI
immobilized on

beads

Reverse
transcription

Cyclization
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 or photocrosslinked (shown here with a blue oval) to a puromycin-

e along with a customized pool of amino acids in an in vitro translation

 cyclized prior to capture onto beads coated with protein of interest

e selection cycle continues.
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Figure 4
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Four strategies for cyclization of mRNA displayed-peptide libraries. (a) Roberts used a bis-succinimide linker to covalently link a lysine to the N-

terminus [34]. (b) Suga’s strategy used a chloroacetyl group that co-translationally reacts with a downstream cysteine [36]. (c) Two cysteines can

also be cyclized with DBx [37]. (d) Hartman utilized DBx and click chemistry to prepare constrained bicyclic peptides [38].
select for protease-stable peptides [35�]. During the in
vitro selection, a protease challenge step was applied to

further eliminate those peptides that were unstable. The

resulting cyclic peptides bound with high affinity and

were orders of magnitude more stable in serum than their

linear counterparts [35�].

Suga has pioneered co-translational cyclization of mRNA-

displayed peptide libraries. By charging the initiator

tRNA with an N-chloroacetyl amino acid rather than

the standard formyl group, post-translational cyclization

occurs with a downstream cysteine within the library,

forming a thioether linkage [36] (Figure 4b). The advan-

tage of this strategy is that the cyclization occurs in situ,
with no further treatment required. The translation can

also be initiated with D-amino acids or L-amino acids, N-

acyl or N-alkyl amino acids, and even carboxylic acids

without amino groups [39]. This technology has led to

seminal discoveries of cyclic peptides with high affinity.

Natsume exploited the promiscuity at the initiator posi-

tion to discover cyclic peptides that bind to b-catenin that

are hybrids of peptides and a single peptoid building

block [39]. Using a D-tryptophan initiated library and a C-
Current Opinion in Chemical Biology 2018, 46:172–179 
terminal cysteine flanked by variable numbers of amino

acids, Suga uncovered fluorescent peptides with low nM

affinity to the extracellular domain EpCAM and subse-

quently utilized them as imaging agents to detect

EpCAM expressing cells [40]. They also identified a

high-affinity ligand to Plexin B1 that inhibits its signaling

cascade through its interaction with Sema4D [41]. Phos-

phoglycerate mutase inhibitors were also developed and

were used to unravel the enzyme mechanism [42]. Suga

has applied this system to Ebola virus inhibition by

targeting the VP24–KPNA5 interaction, leading to tight

binding protein–protein interaction (PPI) inhibitors with

micromolar activity [43]. Although none of the above

inhibitors were reported to be cell permeable (and in

most cases this was not essential for activity), recently

Suga has used mRNA display to uncover a peptide that

binds intracellularly to histone demethylases KDM4A-C.

Although the initial hit was not protease-stable or cell-

permeable, these characteristics could be augmented

via iterative rational design [44��,45]. Finally, Suga and

Withers used in vitro selection to uncover lariat peptides

that were potent glycosidase inhibitors, binding to pan-

creatic a-amylase with low nM affinity. The interesting
www.sciencedirect.com
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co-crystal structure of the interaction showed that the

lariat tail adopted a 310 helical structure [46].

The third type of chemistry for the synthesis of cyclic

peptide libraries, originally developed by Timmerman, is

the dibromoxylene (DBx) cyclization that reacts with two

cysteines [47] (Figure 4c). This chemistry has been

applied across multiple library platforms [48–51] and

was first applied to mRNA-displayed peptide libraries

in combination with ncAAs by Guillen-Schlippe and

Szostak [37] in their seminal work to develop thrombin

inhibitors. We recently built upon this work by combining

DBx cyclization with click chemistry to create highly

constrained bicyclic binders of streptavidin [38�]
(Figure 4d). To introduce the second cycle, p-ethynyl-
phenylalanine and g-azido-homoalanine were introduced

in place of phenylalanine and methionine, respectively.

The resulting peptides were high nM binders and prote-

ase stable. The ability to create two orthogonal rings

allows for the construction of overlapping (theta) cyclic

structures of high rigidity, which should promote binding

affinity alongside stability. With access to diverse ncAAs

through genetic code reprogramming and more complex

structures via macrocyclization, researchers are now able

to routinely uncover high-affinity peptide and peptido-

mimetic ligands against their desired targets.

Future perspectives
Adding ncAAs to the genetic code by reprogramming, stop

codon suppression, or by breaking codon degeneracy has

proven to be a powerful strategy to study the limits of the

translation apparatus and to modify and study protein

function. Efforts to extend these insights to creation of

organisms with expanded genetic codes are exciting and

ongoing [52]. However, the most promising use of the

technology in vitro lies in the power of creation of diverse

peptide libraries. The chief challenge facing peptide

library technologies is that larger peptides are often not

cell permeable and therefore cannot be used for disruption

of undruggable intracellular protein–protein interactions.

Although recent discoveries of highly penetrant carrier

peptides [53] could perhaps lead to a general solution,

genetic code expansion will also play an important role.

The ability to increase the number of unique building

blocks by breaking codon degeneracy will allow more

diversity to be packed into shorter sequences that are more

likely to be cell permeable. Moreover, through engineer-

ing, the ribosome is becoming increasingly tolerant to

building blocks with highly modified structures, opening

the door to future ribosomal biosynthesis of peptidomi-

metic sequences. The future promise of this technology is

the synthesis of highly diverse, protease-stable, and cell-

permeable libraries suitable for rapid drug discovery.
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