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Abstract

The natural genetic code only allows for 20 standard amino acids in protein translation, but genetic
code reprogramming enables the incorporation of non-standard amino acids (NSAAs). Proteins
containing NSAAs provide enhanced or novel properties and open diverse applications. With increased
attention to the recent advancements in synthetic biology, various improved and novel methods have been
developed to incorporate single and multiple distinct NSAAs into proteins. However, various challenges
remain in regard to NSAA incorporation, such as low yield and misincorporation. In this review, we
summarize the recent efforts to improve NSAA incorporation by utilizing orthogonal translational system
optimization, cell-free protein synthesis, genomically recoded organisms, artificial codon boxes,
quadruplet codons, and orthogonal ribosomes, before closing with a discussion of the emerging

applications of NSAA incorporation.

Keywords non-standard amino acids, genetic code expansion, synthetic biology, orthogonal translational

system
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Introduction

In nature, the genetic code defines how 64 triplet codons translate into 20 standard amino acids.
However, synthetic expansion of the genetic code enables the direct translational incorporation of non-
standard amino acids (NSAAs) (Li and Liu 2014). To date, more than 200 distinct NSAAs have been
incorporated into proteins (Vargas-Rodriguez et al. 2018). The incorporation of NSAAs provides
enhanced or novel protein properties and thus enables diverse applications of this technology (Liu and
Schultz 2010; Kang et al. 2018). The incorporation of NSAAs helps us manipulate the physiochemical
and biological properties of proteins, thereby enabling a range of promising applications (Liu and Schultz
2010), such as new approaches to the probing, imaging, and control of protein function and the precise
engineering of therapeutics (Chin 2017). Although numerous previous studies have illustrated NSAA
incorporation, many challenges remain in the practical application of this technology. Several seminal
works review advances in in vitro genetic code reprogramming (Hong et al. 2014a; Quast et al. 2015;
Katoh et al. 2018), the in vivo incorporation of NSAAs in enzyme engineering (Ravikumar et al. 2015),
the importance of tRNA design (Uhlenbeck and Schrader 2018), the natural incorporation of NSAAs and
challenges of their misincorporation into recombinant proteins (Reitz et al. 2018), and the study of protein
function (Neumann-Staubitz and Neumann 2016). In this review, we focus on the recent achievements
aimed at overcoming the challenges of NSAA incorporation and the emerging applications of proteins

containing NSAAs.

Mechanisms of non-standard amino acid incorporation

In the natural protein translation process, an amino acid is first charged onto a transfer RNA (tRNA)
by an aminoacyl-tRNA synthetase (aaRS) using a specific anti-codon. Then, the amino acid-charged
tRNA is delivered by the elongation factor Tu (EF-Tu) to the ribosome, where translation occurs.
However, expansion of the genetic code provides the possibility of incorporating NSAAs by assigning
each NSAA to one of the redundant sense or stop codons (Forster et al. 2003) or to extra codons beyond
the 64 triplet codons (Katoh et al. 2018). Among the diversity of genetic code expansion approaches,
amber suppression, in which an NSAA is assigned to the amber codon (UAG), is preferably used for
NSAA incorporation because the amber codon is rarely used in organisms (e.g., only 321 of 4505 stop
codons in E. coli MG1655 (Lajoie et al. 2013; Keseler et al. 2017)), in contrast to the other two stop
codons.

The site-specific incorporation of NSAAs uses an orthogonal translation system (OTS) similar to the

natural translation process (Fig. 1). The OTS requires exploitation of the orthogonal aaRS/tRNA pair that
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effectively charges the specific NSAA onto the tRNA with the reassigned codon. An ideal orthogonal
aaRS/tRNA pair does not cross-react with the endogenous amino acids, aaRSs, or tRNAs in the host cell
but can be recognized by the host ribosome (Dumas et al. 2015). To achieve site specificity, the
orthogonal aaRS/tRNA pairs are generated from phylogenetically distinct organisms (Kim et al. 2013).
For example, the tyrosyl(Tyr)-RS/ARNAcua pair derived from Methanocaldococcus jannaschii is
orthogonal to that from Escherichia coli and other bacteria, and pyrrolysyl(Pyl)-RS/tRNAcua pairs from
certain methanogens (e.g., Methanosarcina barkeri and Methanosarcina mazei) are orthogonal in both
prokaryotic and eukaryotic cells (Chin 2014). The orthogonal aaRS/tRNA pairs have been engineered to
incorporate different types of NSAAs and improve the incorporation efficiency (Dumas et al. 2015).

Challenges and improvements of NSAA incorporation

Issues of poor NSAA incorporation efficiency, orthogonality between NSAAs and standard amino
acids, and the ability to incorporate multiple distinct NSAAs must be addressed so that NSAA
incorporation can be comparable to native amino acid incorporation. Recently, various approaches have
been developed and further improved to address these challenges. These approaches include optimizing

translation machineries, using in vitro protein synthesis, and applying genome engineering.

OTS optimization

The development of numerous OTSs promises the potential for advancements in the incorporation of
NSAAs; nonetheless, the slow charging of NSAA to orthogonal tRNA, slow delivery by the elongation
factor Tu (EF-Tu), and slow translation in the ribosome impede NSAA incorporation efficiency
(O’Donoghue et al. 2013; Hong et al. 2014a). Previous studies improved NSAA incorporation efficiency
by engineering orthogonal aaRS/tRNA pairs (Young and Schultz 2010; Chatterjee et al. 2012), EF-Tu
(Park et al. 2011), and controlling the transcription and translation rates (Young and Schultz 2010;
Chatterjee et al. 2013). However, these advances have been restricted to proteins containing a single or
few NSAAs with low efficiency and accuracy. Further improvement of the NSAA incorporation
efficiency is still required. Recently, Gruic-Sovulj group reported the importance of the aaRS and tRNA
in post-transfer editing for high-fidelity translation of the amino acids (Dulic et al. 2018), suggesting that
understanding of the binding and catalytic functions of aaRSs to substrates is important to promote
orthogonal translation.

While previous studies have mostly focused on the optimization of components in the orthogonal

translational system with the incorporation of one NSAA, increasing the number of NSAA incorporation
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sites in a protein significantly decreases the incorporation efficiency by generating truncated immature
proteins or the misincorporation of endogenous amino acids (Johnson et al. 2011). Gan et al. evolved
aaRS and EF-Tu and tuned the expression of the evolved translation machinery components in a single
vector, thereby enhancing the NSAA incorporation efficiency (Gan et al. 2017). These researchers found
that mutant aaRS improved activity by 8-fold, while engineered EF-Tu enhanced the production yield by
4-fold in single-site NSAA incorporation; however, the co-production of aaRS and EF-Tu reduced the
production of superfolder green fluorescent protein (sfGFP) compared to that of aaRS only. Therefore, 27
plasmids containing diverse promotor combinations with orthogonal aaRS, orthogonal tRNA, and EF-Tu
were constructed to optimize the NSAA incorporation efficiency. By combining the best mutants and
tuning the expression levels, the researchers achieved a 2-, 10-, and 5-fold increase in the incorporation of
NSAA into 1, 3, and 5 UAG sites, respectively, compared to the progenitor enzymes (Gan et al. 2017).
This study demonstrates that EF-Tu engineering (improving delivery) combined with aaRS/tRNA
optimization (improving NSAA charging) improves the NSAA incorporation efficiency. Moreover, the
authors suggested that coordinate optimization of translation machinery as a complex system (including
codons, tRNA, aaRS, EF-Tu and the ribosome) further improves the NSAA incorporation efficiency.
Bryson et al. employed phage-assisted continuous evolution (PACE) selections to rapidly produce highly
active and selective orthogonal aaRSs through hundreds of generations of evolution (Bryson ef al. 2017).
The PACE of a chimeric Methanosarcina spp. PylRS improved its enzymatic activity (Kea/Kpu™ ) by 45-
fold compared to the parent enzyme, and transplantation of the evolved mutations into other PylRS-
derived synthetases increased yields of proteins containing NSAAs up to 9.7-fold. In addition, the PACE
of a promiscuous M. jannaschii TyrRS variant significantly improved the selectivity for the site-specific
incorporation of p-iodo-L-phenylalanine. These studies offer new aaRSs with the enhanced utility of

OTSs.

Cell-free protein synthesis

Studies of NSAA incorporation have predominantly been conducted using live cells. However,
NSAA incorporation in vivo often causes problems of toxicity to the host cell and poor delivery of the
NSAA inside the cells. Cell-free protein synthesis (CFPS) is a protein synthesis methodology that does
not require living cells. CFPS utilizes crude cell extracts to enable transcriptional and translational
machinery for protein production (Swartz et al. 2004). The addition of energy sources, cofactors, buffers,
salts, nucleotides, and amino acids further mimics cytoplasmic environments to enhance the CFPS (Jin
and Hong 2018). To enable NSAA incorporation in vitro, NSAA, orthogonal tRNA, and orthogonal aaRS
are also required (Fig. 2A). The toxicity associated with the overexpression of the orthogonal tRNA/aaRS
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pair is not considered because no live cells are involved during the cell-free reaction (Hong et al. 2014a),
and the openness of the reaction environment without cell walls and membranes enables the direct
addition of NSAAs into the translation reaction. In addition to supplying OTSs in CFPS reactions (Noren
et al. 1989), several other approaches have recently been applied to improve NSAA incorporation. One
method is to co-express the orthogonal tRNA and the target gene simultaneously (Albayrak and Swartz
2013). A transzyme construct containing a hammer-head ribozyme that cleaves the 5’-end of tRNA upon
transcription (Fechter et al. 1998) increased orthogonal tRNA supplement in the CFPS reaction. The use
of optimized orthogonal tRNA enhances the recognition of tRNA by E. coli EF-Tu (Young et al. 2010)
and further enhanced the NSAA incorporation efficiency compared to the original orthogonal tRNA. With
this approach, 0.9 ~ 1.7 mg/mL of modified soluble GFP containing NSAA was produced with 50 ~ 88%
incorporation efficiency (Albayrak and Swartz 2013). Bundy and colleagues prepared the cell extracts to
contain active orthogonal tRNA and aaRS by expressing the orthogonal components during the cell
growth in the optimized fermentation condition prior to cell lysing. Modified CFPS systems using OTS-
containing extract improved the yield of proteins with NSAA by as much as 150% compared to the
standard CFPS when OTS are produced or supplied during the reaction (Smith et al. 2014). Moreover,
CFPS was developed as a rapid screening tool for NSAA-containing protein production. Schinn et al.
investigated the efficiency of stop codon suppression at various positions within a protein by utilizing
CFPS technology and screening 24 different T4-lysozyme mutants with randomly assigned and distinct
NSAA incorporation sites (Schinn et al. 2017). The efficiency of NSAA incorporation was measured with
green fluorescence by tagging the NSAA-containing T4-lysozyme with a GFP fragment that was self-
assembled with the rest of the GFP fragments to form active GFP (Cabantous et al. 2005). The CFPS
approach enabled the rapid characterization of the positional effect of NSAA incorporation at different
locations within the protein. Taken together, CFPS provides the rapid and simple production of modified

proteins with NSAA with high incorporation efficiency and yield compared to in vivo incorporation.

Genomically recoded strain development

The NSAA incorporation efficiency with amber codon suppression is inhibited by release factor 1
(RF1), which terminates protein translation by recognizing the amber codon, although the deletion of RF1
is lethal to the host cell (Voloshchuk and Montclare 2010; Hong et al. 2014a). However, a recent
advancement in genetic engineering enabled the construction of E. coli with an RF1 knockout but retained
viability by fixing release factor 2 to be more efficient in terminating all UAA codons that are found in-
frame after the UAG stop codon (Johnson et al. 2011), as well as by improving the efficiency of the UAG
triplet decoding process (Ohtake et al. 2012). Lajoie et al. first constructed a genomically recoded E. coli
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strain by reassigning all 321 UAG codons to UAA codons via multiplex automatable genome engineering
(MAGE) and thereby deleted RF1 without any growth defects (Lajoie et al. 2013). These researchers
demonstrated that the genomically recoded strain exhibits a greater NSAA incorporation efficiency
compared to the native strain.

Genomically recoded E. coli has become a foundational platform for improving NSAA incorporation
in vivo as well as in vitro (Fig. 2B). Recently, Amiram et al. evolved the orthogonal translation machinery
to enhance the NSAA incorporation efficiency and achieve multi-site NSAA incorporation by using
genetically recoded E. coli as a host (Amiram et al. 2015). The authors screened a library of orthogonal
aaRS variants to improve the efficiency of three sites of NSAA incorporation and found that one aaRS
variant enhanced GFP production by 25-fold compared to the progenitor aaRS. Furthermore, the
engineered orthogonal aaRS was able to successfully incorporate 30 NSAAs at one time into elastin-like
polypeptides at 50 mg/L production yield and over 95% accuracy. Hong et al. utilized partially recoded
RF1-deleted E.coli to prove the importance of removing RF1 for activating efficient and multiple site-
specific NSAA incorporations (Hong et al. 2014b). The RF1-deficient cell extract prepared from the RF1-
deficient strain improved the yield of modified GFP containing an NSAA p-propargyloxy-L-
phenylalanine by more than 250% compared to the RF1-present cell-free reaction, and sfGFP derived
from multiple NSAAs and containing two and five amber sites was easily achieved without RF1 (Hong et
al. 2014b). RF-deficient CFPS has been further advanced by eliminating negative effectors in the E. coli
cell extract to enhance the efficiency and accuracy of single and multiple NSAA incorporation strategies
(Hong et al. 2015; Martin et al. 2018). By disrupting the genes that encode negative effectors (end4, gor,
rne, and mazF) via MAGE (Fig. 2B) in the completely recoded E. coli genome (Martin et al. 2018), cell
extract activity was significantly increased, yielding sfGFP in concentrations that were 1,700 mg/L, over
4-fold greater than those of the progenitor strains. They further demonstrated that the incorporation of 40
p-acetyl-L-phenylalanine residues into an elastin-like polypeptide (ELP) results in an 85% ELP
production yield and 98% accuracy with the cell extract upon the deletion of these negative effectors.

Adaptive evolution also has been applied to convert a native amino acid into an NSAA. Hoesl et al.
demonstrated that a long-term cultivation experiment in defined synthetic media resulted in the evolution
of cells that were capable of surviving in the presence of NSAA L-B-(thieno[3,2-b]pyrrolyl)alanine
instead of tryptophan (Hoesl et al. 2015). The Shultz group recently reported that the functional
replacement of amino acid residues with NSAAs in proteins generated NSAA-dependent organisms
whose growth is strictly dependent on the presence of the NSAA, p-benzoyl-L-phenylalanine (Koh et al.
2017), and 3-methyl-L-histidine (Gan et al. 2018). Generating organisms that are dependent on the
presence of an NSAA is useful for the generation of live vaccines and the biological containment of

recombinant organisms (Rovner ef al. 2015).
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Artificial codon box division

NSAA incorporation with amber suppression has been widely used and studied, but this method can
only incorporate one type of NSAA. To simultaneously incorporate various NSAAs into one protein,
artificial codons have been generated (Link and Tirrell 2005; Krishnakumar and Ling 2014). In the
natural genetic codon box, 18 of the standard amino acids, except for methionine and tryptophan, are
coded by multiple triplet codons, which means that there are duplicate codons that can be reassigned to
NSAAs (Fig. 2C). Iwane et al. developed the artificial division of natural codon boxes to incorporate
various NSAAs (Iwane et al. 2016). They replaced redundant tRNAsxy (N =A, C, Gor U; S=G or C)
with the NSAA-pre-charged tRNAgsnn. Using this artificial division of the genetic box, the authors
successfully incorporated three distinct NSAAs into a 32-mer linear peptide and five distinct NSAAs into
a 14-mer macrocyclic peptide in vitro. More recently, Zhang et al. utilized an unnatural base pair (dNaM-
dTPT3) to direct the incorporation of NSAA into proteins (Zhang et al. 2017). The study authors
generated an E. coli strain that contains an unnatural base pair in its plasmid DNA. Upon the transcription
of DNA containing dNaM and dTPT3 into mRNAs, sfGFP containing the unnatural codon AXC (X
denotes NaM) was decoded by an unnatural tRNA containing the anticodon GYT (Y denotes TPT3) at the
ribosome. By adding another unnatural codon GXC and using an evolved orthogonal aaRS/tRNA pair,
the authors demonstrated that two distinct NSAAs could be site-specifically incorporated into sfGFP.
Rewriting a genetic code with artificial codon box divisions demonstrates the possibility of incorporating

multiple distinct NSAAs into a single protein.

Quadruplet codon and orthogonal ribosome

In addition to the artificial division of the triplet codon box, a quadruplet codon was used to
simultaneously incorporate three distinct NSAAs into streptavidin, although a low expression level was
obtained due to the resulting truncated byproducts (Ohtsuki et al. 2005), which implies that the native
ribosome is an inefficient decoder of the quadruplet codon. Later, this method was improved by
developing an orthogonal ribosome (Ribo-Q1) by assessing 11 saturation mutagenesis libraries in the 16S
ribosomal RNA (Neumann et al. 2010) of the previously evolved ribosome that had been shown to
increase the decoding of amber codons (Wang et al. 2007). Ribo-Q1 enhanced the incorporation
efficiency and fidelity of NSAAs with the amber codon and a series of quadruplet codons when combined
with mutually orthogonal aaRS/tRNA pairs (Fig. 2D). This approach illustrates the possibility of

incorporating more than 200 NSAAs into one protein via quadruplet codons. Recently, Orelle et al.
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attempted to separate orthogonal translation from native translation by developing ribosomes with
tethered subunits (Orelle et al. 2015). Covalently linked 16S and 23S ribosomal RNAs enabled a
functional ribosome that was only able to translate orthogonal mRNA without affecting natural translation
by the native ribosome (Fig. 2D). Ribosome design and engineering provide the potential for the
development of synthetic biomanufacturing machines (d’Aquino et al. 2018). Improving the NSAA
incorporation efficiency and expanding the genetic code will be further advanced by the evolution of

orthogonal ribosomes.

Emerging Applications of NSAA incorporation

NSAA incorporation enables the creation of novel functional proteins and biopolymers that have been
either difficult or impossible to achieve due to the limited repertoire of 20 standard amino acids (Mukai et
al. 2011). With advancements in NSAA incorporation, innovative emerging applications in medical and

industrial areas have recently been demonstrated.

Real-time tracking and imaging in vivo

Resident microbes in the gut microbiome closely interact with host cells and affect the human
physiology. Thus, developing an understanding of these interactions will result in new diagnostic,
prognostic, and therapeutic capabilities (Shreiner et al. 2015). An ideal real-time tracking system of gut
microbes in vivo should be noninvasive and provide spatiotemporal localization; unfortunately, the
existing methods are either invasive or indirect. Recently, the Joshi group developed a real-time tracking
method employing NSAA incorporation in vivo within the gastrointestinal tract (Praveschotinunt et al.
2018). The researchers incorporated p-azido-L-phenylalanine into a cell surface protein, CsgA, in
probiotic E. coli using amber suppression and labeled the engineered strain with a Cy5 dye and
dibenzocycloctyl via a copper-free click reaction. This approach showed a high fluorescence intensity
within 24 h after oral administration of the dye and while using an in vivo imaging system that enabled
the spatiotemporal monitoring of specific microbial populations in the gastrointestinal tract.

Installing artificial probes and reactive moieties directly onto proteins in the live cell is also an
interesting objective that could be achieved through the incorporation of NSAAs. A robust fluorescence-
based assay to evaluate the efficiency of orthogonal pairs in mammalian cells enabled the screening of
tens to hundreds of orthogonal aaRS/tRNA variants (Serfling et al. 2018). This approach was used both to
incorporate chemical probes into G-protein-coupled receptors for photo-crosslink mapping and to achieve

biocatalyst-free receptor labeling with a fluorescent dye via biorthogonal chemistry in the live cell.
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Bioorthogonal reactions in living systems have been increasingly studied, and pretargeted imaging
methods and therapies using reactive monoclonal antibodies are some of the most developed applications
toward clinical testing (Devaraj 2018). Reactive NSAAs will contribute to further improvement and
applications of such pretargeted approaches. In addition, the development of peptide- and protein-
nanoparticle conjugates via NSAA incorporation can be used for biomedical applications such as nano-

drug delivery vehicles, imaging species, and active therapeutics (Spicer et al. 2018).

Biomolecular targeting

Because some NSAAs are able to bind or react with small molecules and metal ions, genetically
encoded fluorescent probes for the detection of ions such as Cu®* (Ayyadurai et al. 2011), Mn** (Liu et al.
2014), and peroxynitrite (ONOQO") (Chen et al. 2013) have been studied. Recently, the Schultz group
developed a genetically encoded fluorescent probe to monitor the protein sirtuin activities in living cells
(Xuan et al. 2017). The misregulation of sirtuin activities leads to a number of diseases including cancer,
type 2 diabetes, and cardiovascular disease (Imai and Guarente 2014). NSAA N-g-acetyl-L-lysine was
incorporated by replacing lysine-85 in the enhanced GFP (EGFP), which resulted in a non-fluorescent
labeler, but upon subsequent deacetylation by sirtuin, fluorescent EGFP was formed. This fluorescent
probe could be used to monitor sirtuin activity in bacteria and in mammalian cells (Xuan et al. 2017).
More recently, chemoselective reactive pyrrolysine anologues were site-specifically incorporated into
proteins using a CFPS platform allowing site-direct fluorescence labeling of target proteins with wide
range of different chemoselective reactions (Gerrits et al. 2019).

NSAA incorporation also allows for the identification of protein-protein interactions (Wang 2017a;
Nguyen et al. 2018). Functions of proteins previously considered to be predominately useless or a
nuisance can be revealed via bioreactive NSAA incorporation (Wang 2017b). Yang et al. demonstrated
that NSAAs developed with a proximity-enabled reactive group, alkyl bromide, induces chemical cross-
linking with the cysteine residues of the interacting protein, thereby enabling the identification of low-
affinity protein binding, enzyme-substrate interaction, and endogenous protein interaction (Yang et al.
2017). Proximity-dependent cross-linking was further strengthened in combination with chemical cross-
linking mass spectrometry, allowing researchers to explore the functions and structures of protein
complexes (Yang et al. 2018). New chemical cross-linker functions such as sulfate-fluoride exchange
(Wang et al. 2018) and oxidation-induced generation (Shang et al. 2018) are being developed and tested
for proximity-enhanced protein-protein interactions. The site-specific incorporation of NSAAs was also
used to mimic post-translational modification that sometimes recruits interacting partners. Zheng et al.

used dual NSAA mutagenesis and found that lysine-23 acetylation at histone 3 covalently captured its
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interacting protein (Zheng et al. 2018). Ultimately, genetically encoded chemical cross-linkers that utilize

bioactive NSAAs are crucial for identifying and understanding protein interactions.

Biocontainment

In nature, genetic elements can be transferred between certain single- and multicellular organisms via
the process of horizontal gene transfer (HGT) (Kubyshkin ef al. 2018), which increases the diversity of
living organisms and allows them to survive in harsh environments (Aminov 2011). It is also possible that
the occurrence of HGT from genetically engineered organisms to native organisms may cause unexpected
threats to public safety or the environment (Moe-Behrens ef al. 2013). Preventing the accidental release of
engineered organisms is of utmost concern and hence such studies must be strictly regulated and carried
out only in closed industrial settings. However, to use new technology developed in this field in settings
such as bioremediation efforts, healthcare applications, and agriculture would require intrinsic
biocontainment approaches to block the distribution of engineered organisms. Alienating the genetic code
from the current 20 amino acids via the incorporation of NSAAs could enable the biocontainment
mechanisms in engineered cells, effectively providing them with a “genetic firewall,” i.e., orthogonality,
which might prevent HGT to natural systems (Kubyshkin and Budisa 2017). Mandell et al
computationally redesigned essential enzymes in the first genomically recoded organism derived from E.
coli (Lajoie et al. 2013) to require an NSAA for proper translation, folding, and function so that the
resulting cells cannot metabolically escape biocontainment mechanisms (Mandell et al. 2015). They
observed undetectable escape levels with double- and triple-enzyme synthetic auxotrophs during 14 days
of monitoring. A similar NSAA incorporation approach that instead targeted different essential enzymes
(Rovner et al. 2015) also demonstrated that NSAA incorporation could be the superior method for
building an intrinsic safeguard into genetically engineered organisms, enabling the application of these in
open systems. Both studies reported that synthetic auxotrophs requiring NSAAs impeded HGT and
mutagenesis for evolutionary escape from the biocontainment strategy.

Synthetic auxotrophy was also generated by incorporating 3-iodo-I-tyrosine into an antidote protein
against a toxin, colicin E3 (Kato 2015). Upon the removal of 3-iodo-1-tyrosine, decay of the antidote thus
activated colicin E3, which killed the host cells with an escaper frequency of 1.4 mutations per 10° cell
divisions. This study demonstrated that the toxin-antidote approach with NSAA incorporation can be used

to establish a biocontainment system by only plasmid introduction without genome editing.

Biomaterials
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The Swartz group was the first to demonstrate the feasibility of making polymers composed of
functional proteins covalently bonded to each other using NSAAs as linkers (Albayrak and Swartz 2014).
Multiple copies of the NSAAs p-azido-L-phenylalanine and p-propargyloxy-l-phenylalanine were site-
specifically incorporated into sftGFP by CFPS, and the direct polymerization of sftGFP was achieved by
azide-alkyne cycloaddition between the two NSAA residues. The protein polymers retained more than
63% fluorescence after coupling. This demonstration suggests that functional biopolymer production can
be achieved by using simple click chemistry to insert NSAAs into the protein of interest.

The adhesive proteins of mussels exhibit incredible underwater adhesion capabilities that have been
attracted significant attention due to their potential for application in the medical and industrial fields
(Kord Forooshani and Lee 2017). Recently, the Budisa group demonstrated the production of
3.,4-dihydroxyphenylalanine (DOPA)-rich adhesive proteins via genetic code expansion by using
computational design and genetic selection methods (Hauf et al. 2017). The study authors engineered
aaRSs to enhance the incorporation of the photocaged NSAA ortho-nitrobenzyl DOPA. The NSAA was
incorporated in vivo using a 5 site-specific strategy that elevated the spatiotemporal and tunable adhesion
properties (ONB cleavage and generation of catechol moiety necessary for adhesive properties) when
triggered by exposure to UV light. This strategy provides a direct means of producing recombinant
DOPA-based wet bioadhesives without post-translational modification.

In addition, the repertoire of NSAAs can be applied to improve fluorescent proteins that suffer from
lower fluorescence quantum yield and inferior photo-stability (Wang et al. 2003). The presence of an
aromatic amino acid at the chromophore triads of fluorescent proteins is essential. However, only four
aromatic residues (histidine, phenylalanine, tryptophan, and tyrosine) are available among the 20 standard
amino acids. Therefore, standard amino acid replacement at the chromophore triad to construct GFP
variants cannot cover the far-red spectral region (>600 nm) of fluorescence, limiting fluorescent
microscopic approaches that require long-wavelength biological markers, e.g., deep tissue imaging
(Shcherbakova et al. 2012). The Budisa group introduced aromatic NSAAs in the replacement of
tryptophan residues in the chromophore triad by using a selective pressure incorporation approach
(Baumann et al. 2018). An electron-donating 4-aminotryptophan incorporation resulted in a strong red-
shift of the emission wavelength that was thermodynamically more stable than its predecessor. The
NSAA approach enables the development of a tailored spectral diversity of fluorescent proteins that can

be used in in vivo imaging of various biological samples.

Antimicrobial peptides
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Antimicrobial peptides (AMPs) are small oligopeptides (5 to 100 amino acids) (Bahar and Ren 2013)
produced by living organisms for innate immune responses (Peters et al. 2010). AMPs exhibit broad
antimicrobial activity to microbes including viruses, bacteria, protozoa, and fungi (Giuliani et al. 2007).
NSAA incorporation could be used to achieve chemical diversification of recombinant AMPs by
improving their pH, protease resistance, solubility, oral availability, and half-life (Baumann et al. 2017).
Specifically, ribosomally synthesized and post-translationally modified peptides (RiPPs) (Hudson and
Mitchell 2018) can be significantly improved by the incorporation of NSAAs that mimic post-
translational modification and broaden the chemical space (Baumann et al. 2017). Nisin, perhaps the most
thoroughly studied bacteriocin, is a broad spectrum lanthipeptide and a subclass of a large family of
RiPPs. The Schultz group incorporated several NSAAs into nisin by expressing the nis4 encoding
structural peptide, nisB encoding dehydratase, and nisC encoding cyclase with the coexpression of OTS
for amber suppression in E. coli and found that a-chloroacetamide-containing NSAA incorporation
resulted in recombinant nisin variants with novel macrocyclic topologies (Zambaldo et al. 2017). The
Budisa group employed the selection pressure incorporation method to enable the residue-specific
incorporation of six proline analogs into the antimicrobial peptide nisin (Nickling ef al. 2018). These
researchers also produced bioactive nisin variants containing Ne-Boc-L-lysine both in Lactobacillus lactis
and E. coli. van der Donk and colleagues produced two analogues of NSAA-containing lantibiotics,
lacticin 481 and nisin, using genomically recoded organisms in vivo (Kakkar et al. 2018). In addition, the
study authors developed the yeast surface and phage display of lanthipeptides to identify the variants with
enhanced biological activities (Hetrick et al. 2018). Therefore, the employment of NSAA incorporation in
RiPPs engineering can broaden the generation of lantibiotic variants with new biological activities. Along
with the use of various algorithms, such as machine learning and evolutionary algorithms, to design
effective antimicrobial peptides, the incorporation of NSAAs into AMPs will open a pathway for
identifying AMP variants and optimizing improved AMPs (Porto et al. 2017; Yoshida ef al. 2018; Lee et
al. 2018). It is possible that the same NSAA incorporation approach can be applied to the engineering of
large antimicrobial toxins such as colicin and pyocin to produce chimeric antimicrobials (Kageyama et al.
1996) on advanced CFPS platforms (Jin et al. 2018). Novel antimicrobials containing NSAAs may be
used to eradicate antibiotic-resistant bacteria which cause an urgent healthcare problem (Banin et al.

2017).

Biocatalysis

Enzyme engineering has been dependent on classical protein engineering techniques and the more

advanced directed evolution methods. The incorporation of NSAAs into enzymes can offer new chemical
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functionalities to improve the various aspects of enzymatic catalysis. Standard protein engineering
approaches and unnatural mutagenesis are expected to complement each other to generate efficient
biocatalysts that can be used in various applications (Agostini ef al. 2017). The Schultz group reported on
a catalytically-improved TEM-1 B-lactamase variant following p-acrylamido-phenylalanine incorporation
via the replacement of valine-216, which had never been generated with the conventional 20 canonical
amino acids. The employment of p-acrylamido-phenylalanine at the 216 position led to conformational
changes in key active site residues, lowering the free energy of activation of the substrate (Xiao et al.
2015). The incorporation of the Ns-methyl histidine ligand into an engineered ascorbate peroxidase
resulted in a catalytically higher turnover number compared to the wild type enzyme (Green et al. 2016).
In addition, the incorporation of several NSAAs enabled improved activity of Thermoanaerobacter
thermohydrosulfuricus lipase (TTL) in organic solvents or other hostile environments necessary for
industrial transformations (Acevedo-Rocha et al. 2013). The Schultz group recently reported that the
substitution of phenylalanine-22 by p-benzoyl-phenylalanine enhanced the thermal stability of E. coli
homoserine O-succinyltransferase (Li et al. 2018). As shown in these examples, the engineering of
biocatalysts can be envisioned via expansion of the genetic code, which, in theory, could provide an
unlimited set of NSAAs with new chemical functionalities. With the development of more rapid
screening processes utilizing high-throughput screening, mutational scanning, and machine learning,
NSAA incorporation will allow an unprecedented sequence space for novel biocatalysts (Badenhorst and

Bornscheuer 2018).

Industrial applications of NSAAs

Genetic code expansion with NSAAs has emerged in the pharmaceutical industry with great promise
in applications ranging from drug discovery and clinical trials to the manufacture of biopharmaceuticals
(Kang et al. 2018). Molecular engineering of a protein to introduce the conjugation site at a defined
position is very important for biological activity, stability, and pharmacokinetics. Site-selective
conjugation such as PEGylation can be achieved by the incorporation of NSAAs. However, protein
expression using stop codon reassignment can result in leaky expression and low yields of protein due to
low overall suppression efficiency. Efforts such as using cell-free protein synthesis have been made to
address limitations otherwise encountered by the specific incorporation of NSAAs (Schinn et al. 2017;
Martin et al. 2018).

Several biotech companies are utilizing NSAAs or genetic code expansion to produce therapeutic
proteins. Ambrx (La Jolla, CA, USA) is developing NSAA-containing ADCs, tHER2 ADC (ARX788)
and PEG-FGF21 (ARX618), which are currently in phase 1 and phase 2 clinical trials, respectively
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(Huang and Liu 2018). To incorporate the NSAAs, Ambrx developed a mammalian cell-based production
platform called EuCODE™ (Tian et al. 2014). Significant improvements in the mammalian cell
expression platform were achieved with a titer up to 1.0 ~ 1.5 g/L of the desired protein in a fed-batch
2,000 L bioreactor (Kang et al. 2018). Abzena (Cambridge, UK) uses site-specific conjugation for the
PEGylation of interferon, a naturally occurring cytokine, to maximize the retention of its biological
activity (Peciak et al. 2019). Synthorx (La Jolla, CA, USA) is developing Synthorin IL-2 cytokines
(THOR-707) to deliver sustained tumor-killing activity without compromising safety liability via protein
modification using their proprietary expanded genetic alphabet platform based on an unnatural base pair
(Dien et al. 2018). These modified cytokines provide protein therapeutics that can be used to tune
receptor pharmacology and extend receptor half-lives.

Along with therapeutic proteins, the pharmacokinetic properties of lanthipeptides undergoing clinical
studies were reviewed (Baumann et al. 2017; Ongey et al. 2017; Gomes et al. 2018; Ongey et al. 2018).
Rational modifications and incorporation of NSAAs into AMPs may further expand the chemical space
and provide new diversified functional characteristics. In collaboration with Intrexon, Oragenics (Florida,
USA) has developed a bioengineered and novel lantibiotic called OG716 to treat C. difficile infection
(Kers et al. 2018). Novacta Biosystems (Welwyn Garden City, UK) completed a phase I clinical trial of
an actagardine lantibiotic derivative NVB302 for C. difficile infection in healthy volunteers (Ongey et al.
2017).

Conclusion

NSAA incorporation is becoming more attractive for a range of biotechnology uses following recent
developments of the platform technology. Molecular imaging, protein interactions, biocontainment,
biomaterials, therapeutic proteins, and biocatalysts with novel functional and structural properties are
available via NSAA incorporation. We speculate that the biological synthesis of modified proteins
containing NSAAs will be economically feasible for large-scale production, thereby circumventing
biological barriers in the production of novel materials in living systems. Continued effort in the
development of new methodologies that combine OTS optimization, biological platform improvement,
and high-throughput screening/selection methods is necessary to advance the efficiency and fidelity of

NSAA incorporation techniques. More applications will emerge as the field grows.
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Figure Legends

Figure 1. Scheme of non-standard amino acid incorporation using an orthogonal translation system
via amber suppression. Orthogonal aminoacyl tRNA synthetase, 0-aaRS; non-standard amino acid,
NSAA; orthogonal tRNA, o-tRNA; elongation factor Tu, EF-Tu. The anti-amber codon sequence on o-
tRNA is CUA.

Figure 2. A) NSAA incorporation using a cell-free protein synthesis reaction. Cell extracts containing
transcription/translation machinery, co-factors, energy sources and other components are added to the
reaction to mimic the bacterial environment. The addition of the 0-aaRS/0-tRNA pair, NSAA and plasmid
DNA template containing amber sites enables NSAA incorporation. B) Genomically recoded organism
evolution via multiplex automated genome engineering (MAGE). Single-strand DNA oligos are added
to the MAGE cycle to mutate multiple genomic locations simultaneously. C) Redundant sense codon
reassignment. Codons for the standard amino acid (SAA) are artificially reprogramed for NSAA. N
denotes A, U, G or C. D) Orthogonal ribosome and quadruplet codon. The orthogonal ribosome is
developed by recognizing the orthogonal ribosome binding site (0-RBS) and tethering the 50S subunit
and orthogonal 30S subunit. The orthogonal ribosome translates orthogonal mRNA containing 0-RBS and

incorporates NSAAs via quadruplet codon and amber codon suppression.
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