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Abstract

The chemical and physical properties of proteins are limited by the twenty canonical amino acids, but
genetic code manipulation allows for the incorporation of noncanonical amino acids (ncAAs), enhancing
protein functionality. This review explores three main strategies for introducing ncAAs into
biosynthesized proteins, focusing on high-throughput screening's role in these advancements. The first
section discusses engineering aminoacyl-tRNA synthetases (aaRSs) and tRNAs, emphasizing how novel
selection methods improve selectivity and organismal fitness. The second section examines high-
throughput techniques for optimizing protein translation machinery, expanding its capacity for alternative
genetic codes. This includes opportunities to enhance ncAA incorporation through engineering cellular
components unrelated to translation. The final section highlights various discovery platforms for high-
throughput screening of ncAA-containing proteins, showcasing innovative binding ligands and enzymes
that are challenging to create with only canonical amino acids. These advances have led to promising
drug leads and biocatalysts. Overall, the ability to discover unexpected functionalities through high-
throughput methods significantly influences ncAA incorporation and its applications. Future innovations
in experimental techniques, along with advancements in computational protein design and machine
learning, are poised to further elevate this field.
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1. Introduction

Proteins carry out an astonishing range of essential biological processes. However, their
structures and functions are constrained by the properties of their constituent canonical amino acids.
While both nature and humans have evolved, designed, and augmented proteins using post-translational
modifications, biosynthetic introduction of noncanonical amino acids into proteins greatly expands the
potential range of engineered protein functions (noncanonical amino acids (ncAAs) are also referred to as
unnatural amino acids (UAAs), nonstandard amino acids (nsAAs), nonnatural amino acids (nnAAs) or
nonproteinogenic amino acids (npAAs))'. NcAA side chains can confer proteins with a wide-ranging set
of expanded features, including conjugation handles for probes or warheads, crosslinkable groups for
spontaneous or light-induced covalent target engagement, and post-translational modifications at
precisely defined sites'*. Use of monomers that go beyond a-L-amino acids offer access to additional
properties including unique conformational spaces as well as reduced recognition by the immune system
and protein degradation pathways".

There are three primary strategies for adding ncAAs into proteins biosynthetically: 1) residue-
specific incorporation to replace a canonical amino acid with a ncAA; 2) site-specific incorporation to
introduce a ncAA into a protein without replacing a canonical amino acid; and 3) in vitro genetic code
reprogramming to add one or several ncAAs into biosynthesized polypeptides (Figure 1A-E)*®. The
ribosomal synthesis of proteins containing ncAAs using any of these methods is technically demanding’.
Although deep knowledge of biochemistry and structural biology has provided an excellent foundation
for implementing ncAA incorporation strategies, combining this knowledge with approaches from
biomolecular engineering and directed evolution has allowed this area to thrive'®'*.

This review focuses on the ways that high throughput screening and selection technologies (Table
1) have enabled researchers to reach new heights in genetic code manipulation and its applications. A
common theme of this review is that higher throughput experimentation has resulted in the ability to
“discover the unexpected”: engineered translation systems with improved ncAA incorporation efficiency
and fidelity, cells that better accommodate alternative genetic codes, therapeutic leads with improved
potency or “drug-like” physicochemical properties, and more. Before focusing on uses of high throughput
approaches in ncAA incorporation and its applications, we briefly review the three major strategies for
inserting ncAAs into ribosomally synthesized proteins. Readers are referred elsewhere for more extensive
discussions of fundamentals of genetic code manipulation''®.



The first major portion of this review focuses on advances in engineering aminoacyl-tRNA
synthetases (aaRSs), tRNAs, and orthogonal aaRS-tRNA pairs (also called orthogonal translation systems
(OTSs)). These biomolecules are pivotal in genetic code manipulation: their crucial role in controlling the
interpretation of the genetic code requires that they be tailored to support the insertion of desired ncAAs
into proteins with high efficiency and fidelity. Advanced screening systems have pushed ncAA
incorporation efficiency and the diversity of biosynthetically accessible ncAA chemistries to impressive
levels (Figure 1F-H).

The second major portion of this review highlights ambitious efforts to engineer cells to better
accommodate alternative genetic codes. Primarily focusing on genetic code expansion, this section covers
advances in manipulating components of the protein translation apparatus, reworking whole genomes, and
conducting adaptive laboratory evolution and genome-wide screens. All parts of a cell must work in
synergy to support efficient production of proteins containing ncAAs, and emerging studies powerfully
demonstrate how engineered elongation factors, release factors, ribosomes, genomes, and more can all
lead to enhanced genetic code manipulation systems.

The final major portion of this review describes applications in which ncAA-containing
polypeptides are screened in high throughput to identify unique “chemically expanded” biomolecules
including enzymes, cyclic and stapled peptides, and binding proteins. There is now a diverse array of
discovery platforms (Figure 1F-L) that have enabled the discovery of high-performing biomolecules with
properties that would be extremely challenging to engineer using only canonical amino acids. Emerging
therapeutic leads and biocatalysts highlight the promising potential of integrating carefully chosen
chemistries into high throughput biomolecule discovery and engineering.

Overall, this review provides a comprehensive exploration of the ways that high throughput
experimentation has impacted this area. With a broad and rapidly growing set of screening tools now
available, we will continue to see genetic code manipulation and its applications reach new heights in the
years to come.
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Figure 1. Overview of methods and high throughput screening techniques used for genetic code manipulation. A)
Translation elements required for conventional translation and noncanonical amino acid (ncAA) incorporation. B) Graphical
representation of translation using the conventional genetic code. An aminoacyl-tRNA synthetase first charges a tRNA with
its cognate amino acid. Within the ribosome, the aminoacylated tRNA recognizes a specific codon(s) on mRNA and is
positioned to catalyze the transfer of its bound amino acid to a growing polypeptide chain. When a stop codon is identified,
translation terminates, resulting in release of the polypeptide. C-E) Schematics of biosynthetic ncAA incorporation methods.
C) Residue-specific ncAA incorporation via sense codon reassignment. An aminoacyl-tRNA synthetase charges an ncAA
onto a tRNA that recognizes a sense codon, resulting in ncAA incorporation at the sense codon. D) Site-specific ncAA
incorporation via genetic code expansion. An orthogonal aminoacyl-tRNA synthetase charges a ncAA onto an orthogonal
tRNA that recognizes one of the three stop codons, resulting in addition of a 21* amino acid to the genetic code in response
to a stop codon (other “blank” codons can also be recoded with this approach). E) In vitro genetic code reprogramming via
cell-free protein synthesis. Elements of the protein translation apparatus are obtained from cell extracts and combined with
genetic code expansion components in vitro, which can facilitate extensively reworked genetic codes for biosynthesis of
polypeptides containing multiple, distinct ncAAs. F-L) High throughput screening methods used in genetic code
manipulation and its applications. F) Live/dead selections to identify clones by linking desired phenotype(s) to cell viability.
G) Well plate assays to identify clones by linking desired phenotype(s) to fluorescent or colorimetric readouts in solution.
H) Fluorescence-activated cell sorting to identify clones by linking desired phenotype(s) to cells expressing fluorescent
reporters. [-L) Display technologies to identify clones by physically linking polypeptides with desired phenotype(s) to genetic
material encoding polypeptides of interest. 1) E. coli display. Common phenotypes assayed during enrichments: protein
expression levels, antigen binding. J) Phage display. Common phenotype(s) assayed during enrichments: antigen binding.
K) mRNA display. Common phenotypes assayed during enrichments: antigen binding. L) Yeast display. Common phenotypes
assayed: protein expression levels, antigen binding, stability, specificity.




Table 1. Selected high throughput screening approaches.

HTS Method Common Phenotype Host System Library
Engineering Diversity
Targets
Live/Dead Selections | aaRS/tRNA Growth E. coli; 10°- 10°
S. cerevisiae
Fluorescent aaRS/tRNA Fluorescence E. coli; 10°-10®
Reporters S. cerevisiae
Continuous aaRS/tRNA Phage Phage, E. coli Experiment-
Evolution propagation; dependent
Luminescence
Compartmentalized aaRS/tRNA DNA E. coli 10%-10"°
Partnered amplification
Replication (CPR)
Virus-Assisted tRNA Viral propagation | AAV, HEK293T 107
Directed Evolution
(VADER)
Yeast Display Antibodies, Fluorescence S. cerevisiae 10%-10°
enzymes,
peptides, aaRS
E. coli Display Peptides, select Fluorescence E. coli 10'-10"
protein
scaffolds
Phage Display Peptides Phage E. coli 10'-10"
propagation
mRNA Display Peptides DNA In vitro 108-10"
amplification

2. Methods of ncAA Incorporation

Here, we introduce the three main approaches to incorporate ncAAs into biosynthesized peptides
and proteins. It is important to recognize the commonalities and differences between these approaches, as
their complementary strengths and limitations are ultimately what facilitates (or hinders) applications of
ncAAs. For more detailed treatments of underlying methods, readers are referred to prior excellent
reviews'*?*. We use the term “genetic code manipulation” to encompass all methods for biosynthetically
introducing ncAAs into proteins.

One method for ncAA incorporation is residue-specific ncAA incorporation, where one of the
canonical amino acids is replaced by a ncAA". This is a reinterpretation of an entire group of sense
codons, which changes the composition of the genetic code without expanding it. Near-complete ncAA
incorporation can be achieved using an auxotrophic host unable to synthesize the canonical amino acid
being replaced, along with a close analog of the canonical amino acid. A primary advantage of residue-
specific replacement is that preparing cells for ncAA incorporation does not require the addition of new
components to the translation apparatus for close analogs. Straightforward media manipulations are
sufficient to enable a native aaRS to aminoacylate its cognate tRNA with the ncAA of interest. The
residue-specific approach facilitates insertion of ncAAs at several sites within the same protein, which
can be advantageous for some protein engineering applications. Global insertion of ncAAs throughout the
proteome is useful for sensitive identification of newly synthesized proteins®~' and related proteomics
applications. A detailed treatment of proteomics approaches is beyond the scope of this review; the reader
is referred to other excellent treatments of this area®” **°. Extensions of residue-specific replacement
typically involve engineering a native aaRS to accept a broader range of ncAA substrates for
aminoacylation®. Screening strategies for aaRS engineering will be discussed in Section 3.



The most widely practiced method for ncAA incorporation is site-specific incorporation in cells,
where a “blank” codon is repurposed to add an ncAA to the genetic code alongside the 20 canonical
amino acids®’. This approach is also referred to as, “genetic code expansion.” In its most common
implementation, the amber stop codon (UAG) is utilized for ncAA incorporation®®. Site-specific
incorporation requires an additional aminoacyl-tRNA synthetase/tRNA pair to be added to the protein
translation apparatus™; this pair is also referred to as an orthogonal translation system (OTS). The newly
introduced OTS should operate orthogonally to the native translation machinery: the aaRS should
recognize the ncAA and orthogonal tRNA but not recognize other amino acids or tRNAs present, while
the orthogonal tRNA should not be a substrate of any aaRSs of the native translation apparatus. A major
strength of this approach is that site-specific ncAA incorporation enables ncAA “point mutations” within
proteins that minimally disrupt overall protein structure. However, engineering high-performing OTSs to
accomplish such manipulations can be labor-intensive; advances in the discovery and engineering of these
systems will be discussed at length in Section 3. Beyond repurposing the amber codon, researchers have
also used the opal (UGA) and ochre (UAA) stop codons*, frame-shift suppression with quadruplet and
quintuplet codon-anticodon pairs*'**, unnatural DNA base pairs*’, and genomically recoded organisms to
create “blank” codons for expansion of the genetic code in cells*’. Many of these efforts have used high
throughput approaches to push the limits of genetic code expansion; they will be discussed in Section 4.

While both residue-specific and site-specific ncAA incorporation strategies are now well-
established, these methods are constrained by the fact that they are performed within cells. Elimination of
cells entirely with in vitro genetic code reprogramming frees researchers from the need to maintain cell
viability during protein biosynthesis*” *. This greatly increases the potential range of strategies for
introducing ncAAs into proteins. Two common strategies for in vitro reprogramming are used: one where
the translation apparatus is prepared from cell lysates, and another where it is reconstituted from purified
components. The latter system, typically using components from E. coli, is called “protein synthesis using
recombinant elements” (PURE)*. This system is usually combined with the use of ribozymes called
flexizymes; these nucleic acid catalysts charge tRNAs with ncAAs**> to enable ribosomal synthesis of
chemically expanded (poly)peptides in vitro®* >*. With both cell extracts and purified components, protein
synthesis reactions are supplemented with additional translation components that facilitate ncAA
incorporation in response to codons of interest. As with cell-based genetic code manipulation, OTSs can
be used to facilitate ncAA incorporation cotranslationally. In addition, a full set of acylated tRNAs can be
prepared prior to protein synthesis to enable radical reprogramming of the genetic code using either OTSs
or flexizymes. This can include removal of one or more cAAs as well as addition of multiple ncAAs.
Selected methodological advances of in vitro genetic code manipulation systems related to engineering
the translational apparatus will be highlighted in Section 4, but we also refer the reader elsewhere for
excellent reviews that describe these systems more extensively*® >,

When used well, all three genetic code manipulation strategies facilitate powerful modulations of
protein structure and function. Perhaps unsurprisingly, the impressive reprogramming capabilities of in
vitro systems have led to some of the most advanced peptide screening platforms reported to date.
However, careful deployment of screening technologies using E. coli and yeast genetic code manipulation
systems are also beginning to show promise for high throughput discovery of “chemically expanded”
proteins. These applications of ncAAs with high throughput technologies will be discussed in Section 5.

3. High-Throughput Engineering of Aminoacyl-tRNA Synthetases and Orthogonal Translation
Systems

The challenge of efficiently aminoacylating tRNAs with ncAAs of interest is common to all
major types of genetic code manipulation®”*®. This section will focus on advances in engineering aaRSs
and tRNAs for genetic code manipulation in cells. Powerful, advanced screening strategies for identifying
high-performing aaRSs are conceptually similar for ncAA incorporation in response to sense or nonsense
codons (residue-specific or site-specific ncAA incorporation, respectively). As such, these approaches will
be discussed side-by-side. Exciting recent advances in engineering high-performing orthogonal tRNAs
(site-specific ncAA incorporation) will also be discussed below.



There are numerous OTS engineering strategies, including both rational and high throughput
approaches. The extensive body of literature on aaRS/tRNA biochemistry and structural biology can
inform rational designs that can be quickly tested in the laboratory. In particular, a number of orthogonal
tRNAs possess sequences that are unchanged from the sequences of naturally occurring tRNAs outside of
the identity of the anticodon®***. Some rationally designed aaRS variants have also been used for protein
biosynthesis with ncAAs, but commonly exhibit low to moderate efficiencies®* . A substantial
confounding factor for rational design is that there are subtle (or even not so subtle)®’ sequence and
structural differences between aaRS homologs. These differences make it challenging to transplant
mutations from one homolog to another without substantial loss of ncAA incorporation efficiency®. More
broadly, aaRSs must be able to use desired ncAA substrates efficiently while finely discriminating against
cAAs. In some cases, it is also important to prevent undesired ncAA incorporation (i.e. off-target ncAAs),
such as when two or more distinct ncAAs will be incorporated into the same protein®® ¢, Despite the
existence of substantial data, we lack the sophisticated understanding required to consistently use rational
design to identify high-performing aaRSs. For the case of orthogonal tRNAs, our understanding of
identity elements continues to improve® °. At the same time, recent screening efforts have yielded
tRNAs with dramatically improved ncAA incorporation efficiencies but not yet mechanistic
understanding explaining the basis for the improvements'>’". Thus, high throughput screens and
selections are critical tools for engineering efficient genetic code manipulation systems.

Historically, the most commonly used strategy for high throughput discovery of aaRSs or tRNAs
employs a double sieve live/dead selection system. This approach has been used especially widely for
genetic code expansion in E. coli’ ™, and a durable version of this system is also available in yeast’*’®. In
these systems, the positive selection couples cell survival with stop codon suppression using a selectable
marker, conferring a growth phenotype in the presence of the ncAA for a translationally active aaRS (for
example, chloramphenicol resistance via chloramphenicol acetyltransferase (CAT) in E. coli). The
negative selection typically couples cell death to stop codon readthrough in the absence of ncAAs using a
second selectable marker (for example, the toxic barnase protein in E. coli)*. Over dozens of studies,
these selections have been shown to be effective, cheap, and relatively straightforward to implement’* "
7779 At the same time, these systems have limitations. Known issues with growth-based selections
include poor discrimination between variants that exhibit different incorporation efficiencies and false
positives®. Advanced selection and screening strategies that address these challenges are now available
for engineering aaRS and tRNA variants. Sections 3.1 and 3.2 highlight a range of these emerging high-
throughput methodologies. Section 3.3 describes initial data-driven and computational approaches for
identifying promising aaRS and tRNA variants.

3.1 High-throughput Aminoacyl-tRNA Synthetase Engineering

Numerous strategies beyond live/dead selections enable efficient aaRS variant discovery, ranging
from fluorescent reporters to continuous evolution systems. One simple but powerful approach is to
implement fluorescent reporters at the conclusion of live/dead selections. Unlike selection systems, these
reporters enable quantitative readouts; they also enable identification of false positives arising during
selections® *% ¥ Combining a reporter encoding a stop codon-containing green fluorescent protein (GFP)
with conventional selections, Cooley et al. were able to rapidly compare the performance of first- and
second-generation aaRS variants selected for the incorporation of 3-nitro-tyrosine (nitroTyr) in response
to the amber stop codon in E. coli*’. Following a modified selection procedure, assays with fluorescent
reporters revealed that several second-generation clones greatly outperformed previously reported clones.
This highlights both the utility of a fluorescent reporter as well as opportunities to tune selection
conditions to facilitate isolation of enhanced aaRS variants®’. As a further extension of this strategy,
Sungwienwong et al. demonstrated that standard selections can be enhanced by adding a structurally
similar “off-target” ncAA to negative selections to identify aaRSs that exhibit high selectivity. Assays
with fluorescent reporters following selections revealed an aaRS variant that exhibited a 50-fold increase
in selectivity for the fluorescent ncAA acridon-2-alanine (Acd) over the related nonfluorescent amino acid



N-phenyl-amino-phenylalanine (Npf); this amino acid is a byproduct of Acd synthesis that often
contaminates the final product®>. Homology modeling indicated that two separate mutations (G32A and
E65D) play important roles in mediating selective recognition of Acd. These findings highlight the utility
of even simple fluorescence reporters to evaluate the performance of individual aaRS candidates®.

One challenge when combining fluorescent reporters with selections is that the genes encoding
these distinct systems are usually located on separate plasmids. This requires extra steps to isolate aaRS
variants of interest from cells used for selections and transform them into cells containing a fluorescent
reporter. A solution is to create genes encoding multi-domain fusion proteins that encode for both a
selectable phenotype and a fluorescent reporter. Cervettini et al described a triple reporter system for
amber codon suppression that supports selections for ncAA incorporation with CAT, a GFP reporter to
indicate misincorporation of tyrosine, and an E2Crimson reporter to indicate ncAA incorporation (Figure
2A)%. This reporter was used to identify a series of variants of Archaeoglobus fulgidus tyrosyl-tRNA
synthetase (AfTyrRS)-G5 that each enabled incorporation of p-iodo-L-phenylalanine (pIF) and p-azido-L-
phenylalanine (AzF) at higher rates than commonly used Methanocaldococcus jannaschii (Mj) aaRS
derivatives®. Another sophisticated multi-domain reporter was implemented by Thyer et al. to support
discovery of aaRS variants for the incorporation of 3, 4-dihydroxy-L-phenylanaline (L-DOPA) into
proteins. A dual CAT-GFP reporter was established in which the spectral properties of the GFP reporter
variant were altered upon L-DOPA incorporation (via crosslinking between oxidized L-DOPA and a
cysteine introduced at position 205 of GFP)*. Compartmentalized Partnered Replication (CPR), an
engineering approach that will be described further in Section 3.2, was used as a screening method in
combination with the fluorescent reporter. Anticodon and binding pocket libraries yielded variants with
minor improvements in activity and selectivity. Interestingly, the authors determined that a Y119F
mutation, located outside the primary amino acid binding pocket of the aaRS, enhanced specificity for L-
DOPA. Combining this mutation with other mutations that improved L-DOPA incorporation efficiency
led to additive improvements in aaRS performance. It should be noted that the reporters are both
somewhat “bespoke:” the dual CAT-GFP reporter exhibits spectral shifts only when L-DOPA is
incorporated, and the triple CAT-GFP-E2Crimson reporter’s cAA discrimination module identifies only
tyrosine misincorporation events®’. Further reporter development would be required to support readouts of
additional types of activities, which is not necessarily trivial. Nonetheless, fusion reporters that integrate
selections and fluorescent readouts are powerful tools to support high throughput discovery of aaRSs with
desired properties.

As noted above, conventional selection systems can struggle to discriminate between aaRS
variants that support even widely varying efficiencies of ncAA incorporation. Judicious changes to these
systems can result in vastly improved selections. For example, Grasso et al. reported that a traditional
selection system in E. coli based on CAT was unable to discriminate between aaRS variants known to
exhibit varying levels of ncAA incorporation in response to the amber stop codon®. Replacement of the
gene encoding CAT with a gene encoding a beta-lactamase led to the establishment of a selection system
with a wider dynamic range (WiDr)*. Initial validations demonstrated discrimination between previously
characterized variants with different activities that the prior selection system failed to differentiate.
Furthermore, library selections with WiDr identified aaRS variants with 2-fold improved incorporation of
benzoylphenyalanine (Bpa) into proteins compared to standard selections, and polyspecific aaRSs that
support the incorporation of a chemically diverse range of aromatic ncAAs®. These results indicate the
nuanced importance of selection system characteristics in supporting discovery of enhanced aaRSs for
ncAA incorporation.

One of the fundamental challenges of selection systems is that coupling cell survival to a desired
activity (or lack of activity in negative selections) is only an indirect indicator of the desired phenotype.
Cells grow after a coupled activity reaches a specific threshold (or fail to grow if activity remains under a
specific threshold); cellular survival mechanisms can be triggered and result in a high frequency of false
positives during selections. Reporters that decouple aaRS activity from cell growth circumvent this issue.
Owens et al. established a colorimetric LacZ reporter gene containing two TAG codons to facilitate
evaluation of full-length reporter gene expression with blue/white colony screening in the presence of X-



gal®. This enabled qualitative identification of candidate aaRSs supporting ncAA incorporation on agar
plates, followed by picking of individual colonies and quantitative measurement of galactosidase activity
via para-nitrophenol-galactose in a multiwell plate format. Additional validation with a fluorescent
reporter system provided a complementary assay to further evaluate aaRS variant performance.
Application of this screening system with two rounds of random mutagenesis generated the variant CrtK-
RS(4.1), which exhibited 250-370% improved incorporation of N°*-crotonyl-lysine (CrtK) compared to
prior variants. This reporter also enabled identification of mutations in the non-catalytic N-terminal
domain of Methanosarcina barkeri (Mb) pyrrolysyl-tRNA synthetase (PyIRS) that improved activity®.
These findings demonstrate the feasibility and utility of decoupling aaRS activity from cell survival.
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Figure 2. Examples of advanced screening methodologies in aaRS and tRNA engineering. A) A fluorescent
triple reporter supports selections and fluorescence-based evaluations of ncAA incorporation and canonical amino
acid misincorporation. Reprinted with permission from Ref [**]. Copyright © 2020, Springer Nature America, Inc.
B) E. coli display of reactive amino acids and bioorthogonal conjugation enables improved sense codon
reassignment of methionine for the long-chain azide azidonorleucine (Anl) by engineering more efficient MetRS
variants. Reproduced with permission from Ref [*?]. Copyright © 2009 National Academy of Sciences. C) Multiplex
automated genome engineering (MAGE) enables screening of chromosomally integrated aaRS libraries. Resulting
variants support production of proteins containing thirty ncAAs when used in combination with genomically
recoded E. coli. Adapted with permission from Ref ['']. Copyright © 20135, Springer Nature America, Inc. D) A
yeast display reporter’?’ enables identification of highly ncAA-specific and broadly polyspecific aaRSs by positive
or negative sorting of ncAAs p-acetyl-L-phenylalanine (AcF), p-azido-L-phenylalanine (AzF), O-methyl-L-tyrosine
(OmeY), p-propargyloxy-L-phenylalanine (OPG), 4-azidomethyl-ILphenylalanine (AzMF), and 4-iodo-L-
phenylalanine (IPhe). Adapted with permission from Ref ['°7] Copyright © 2022, American Chemical Society. E)
Phage and robotics assisted near continuous evolution (PRANCE) enables 96 simultaneous evolution experiments
of translation machinery for genetic code expansion. Reprinted with permission from Ref ['3]. Copyright © 2021,
Springer Nature America, Inc. F) Compartmentalized partnered replication (CPR) uses emulsion PCR to recover
functional variants with improved organismal fitness. Application of this platform to aaRS and tRNA engineering
yields efficient ncAA incorporation systems and reduced effects on cell viability. Adapted with Permission from Ref
['24]. Copyright © 2017, American Chemical Society.

Like colorimetric reporters, fluorescent reporters decouple cell growth from ncAA incorporation
efficiency. Combined with fluorescence-activated cell sorting (FACS), fluorescent reporters have emerged
as powerful tools for implementing strategies for engineering aaRSs (and far beyond—see also the



following sections). Depending on available cell sorting instrumentation, FACS-based screens enable
real-time sorting of 20-100 million single cell events per hour based on quantitative readouts of
fluorescence and scattering parameters. While this throughput is lower than can be achieved with
selection schemes, quantitative measurements and single-cell isolations based on detailed phenotypic
criteria make FACS a uniquely powerful tool for enhancing genetic code manipulation systems.
Numerous schemes involving fluorescent readouts of ncAA incorporation efficiency and fidelity are
described in the literature, starting as early as 2002””. Powerful screens enabled by FACS are detailed in
the following paragraphs’” 8¢ 878889

While details of fluorescent reporter implementation are distinct between residue- and site-
specific genetic code manipulation, the power of these reporters is equally evident in both methods. An
carly series of studies by Tirrell and coworkers demonstrated multiple strategies for identifying aaRS
variants for efficient, residue-specific ncAA incorporation based on fluorescent readouts. One scheme
relied on ncAA incorporation and bioorthogonal modification of ncAAs with an E. coli cell surface
display system (Figure 2B). Azide-containing analogs of methionine were incorporated in response to
ATG (methionine) codons within the membrane protein OmpC, after which cells were biotinylated via
copper-catalyzed azide-alkyne cycloaddition (CuAAC), stained with a fluorescent biotin detection
reagent, and evaluated for fluorescence levels via FACS®. Library screens of MetRS variants with this
approach and with a smaller library after several adjustments to the scheme led to a range of variants that
support efficient replacement of Met with azidonorleucine (Anl)°"*?. Detailed kinetic evaluation of
MetRS variants revealed several mutants that exhibit Anl activation kinetics that are comparable to the
activation kinetics of wild-type MetRS for Met; this is a rare achievement in aaRS engineering.
Interestingly, structural characterization of the “MetRS-SLL” variant indicated a switch from an induced
fit mechanism to a lock-and-key mechanism following Anl binding, explaining the faster activation”. A
recent study described a conceptually similar surface display and click chemistry strategy adapted for
enhancing aaRS$ specificity in E. coli stop codon suppression’ *. Overall, these bioorthogonal chemistry-
based strategies have led to the identification of high-performing, selective aaRS variants.

Although powerful, surface display methods that rely on bioorthogonal conjugations are limited
to applications involving ncAAs with suitably reactive side chains. Fluorescent protein reporters and cell
surface display reporters that do not depend on chemical reactivity are much more generalizable for aaRS
engineering purposes. Yoo et al. engineered a form of GFP that tolerates global replacement of Met with
ncAAs and used it to identify MetRS variants that support expanded ranges of ncAA incorporation. This
approach was first used to identify variants that support global replacement of Met by 6,6,6-
trifluoronorleucine. In this case, saturation mutagenesis within the MetRS active site was sufficient to
identify efficient variants”®. Truong et al. extended this approach to identify MetRS variants that support
efficient incorporation of the short-chain alkyne propargylglycine (Pra). Initial screens using saturation
mutagenesis in the active site yielded a variant with moderate Pra incorporation that retained some
incorporation of Met”’. Random mutagenesis of this variant followed by FACS-based screening led to
identification of a variant exhibiting improved Pra specificity that was attributable to 1) mutations in the
KMSKS motif (this motif plays a role in stabilizing the aminoacyl adenylate intermediate in stabilizing
tRNA charging®®); and 2) truncation of MetRS at E548%°. These studies highlight the benefits of
introducing mutations beyond the catalytic active site in evolving high-performing aaRS variants.

Almost all efforts to engineer aaRSs are performed using plasmid-based copies of aaRS genes
that result in abnormally high intracellular expression levels of aaRSs. This enables protein biosynthesis
with aaRSs that exhibit only modest catalytic properties'®'*. Multiplex automated genome engineering
(MAGE) has been used to evolve chromosomally integrated libraries of aaRSs in E. coli for stop codon
suppression (Figure 2C). Placing aaRS variants within chromosomal DNA leads to reduced protein
expression levels and thus a more stringent screening platform. After aaRS gene diversification and
chromosomal insertion, cells are subjected to a tolC negative selection to remove variants that insert
cAAs in response to the amber stop codon'!. The selected library is then screened using a GFP reporter of
ncAA incorporation through multiple rounds of FACS. When combined with genomically recoded E. coli
strains, this powerful workflow led to a variant that supported efficient biosynthesis of a polypeptide



containing 30 copies of the same ncAA in response to the amber stop codon with >95% fidelity'', which
is an impressive feat.

Much of the aaRS engineering work described above was performed in E. coli, united by the idea
that engineered aaRSs with enhanced ncAA incorporation properties would be challenging to identify
with standard selection systems. Recent work in our lab has demonstrated that extensions of these
concepts to the yeast Saccharomyces cerevisiae leads to powerful opportunities for identifying high-
performing aaRS variants. The OTSs suitable for genetic code expansion in yeast are typically derived
from E. coli aaRS-tRNA pairs, which prevents engineering these systems in most E. coli strains (although
a handful of engineered E. coli strains partially address this issue)'®> ', We have used a yeast display
approach to engineer numerous aaRS variants. In this approach, a reporter gene encodes a TAG-
containing single chain variable fragment (scFv) tethered to the cell by the Agalp-Aga2p display anchor
and flanked by N-terminal and C-terminal epitope tags. An OTS is co-expressed alongside the reporter. If
the OTS supports stop codon suppression, the TAG codon is read through, and the C terminal tag can be
detected using flow cytometry following labeling of the epitope tags. We used this system to conduct
positive and negative screens on libraries of aaRSs to discover variants that support the incorporation of
new-to-yeast ncAAs, improve the performance of existing aaRSs, and discover highly specific or highly
polyspecific aaRS variants. Notably, this included identification of aaRS variants that support protein
biosynthesis with L-DOPA in yeast for the first time. When initially identified “DOPARS” variants from
an aaRS active site library exhibited low but detectable incorporation activity, one variant was subjected
to error prone PCR and stringent positive and negative enrichments. This led to variants that exhibited
efficient ncAA incorporation even at reduced concentrations of ncAA during induction'”’. Additional
library screening strategies with carefully controlled induction conditions enabled discovery of highly
selective or highly polyspecific aaRS variants (Figure 2D). Resulting clones from selectivity screens
support incorporation of p-propargyloxy-L-phenylalanine (OPG) into proteins but not any of five
structurally related ncAAs; conventional screens did not yield any clones with comparable selectivity.
Enrichments to identify polyspecific aaRSs led to variants that incorporate four to six structurally related
aromatic ncAAs with high efficiency'”’. Overall, this work highlights opportunities to conduct aaRS
engineering in organisms other than E. coli.

A limitation of both selections and FACS-based screens is that they typically require multiple
rounds of enrichments (positive and negative), and sometimes even multiple rounds of library
construction and screening. This can require weeks-long campaigns to identify candidates that support
desired levels of ncAA incorporation efficiency and fidelity. Continuous or near-continuous evolution
strategies address this challenge by enabling many rounds of selection and diversification to be conducted
with minimal intervention from researchers. Phage-assisted continuous evolution (PACE), a technique
that links phage propagation to phenotypes of interest, has been applied to aaRS engineering for selective
ncAA incorporation in response to stop codons'*® %’ With this system, Bryson et al. identified
Methanosarcina spp. PyIRS variants that exhibited Kcat/Km values 45-fold greater than the parent
enzyme when incorporating N°-Boc-L-lysine (BocK). In addition, simultaneous positive and negative
selections with the structurally similar ncAAs p-iodo-L-phenylalanine (pIF) and p-nitro-L-phenylalanine
(pNF) resulted in a selectivity improvement of 23-fold for pIF compared to off-target ncAAs'”. Phage
assisted non-continuous evolution (PANCE) is a related serial transfer method that does not require the
continuous flow instrumentation used for PACE''’. Implementation of this method by Suzuki et al. led to
diverse variants of PyIRS that exhibited vastly improved protein biosynthesis with BocK''"’.

Notably, a high-throughput version of PACE, phage and robotics assisted near continuous
evolution (PRANCE), has recently been reported and applied to OTS engineering (Figure 2E). This
method uses liquid handlers and Python scripts to enable scalability, miniaturization, parallelization of up
to 96 simultaneous evolution experiments, and real-time activity monitoring to control selection
stringency". DeBenedictis and Chory et al. demonstrated PyIRS evolutions for enhanced incorporation of
BocK using varied levels of stringency, confirming the potential utility of this approach for aaRS
engineering. The PRANCE platform has also shown utility in evolving tRNAs with quadruplet anticodons
for improved decoding efficiency'’. The implementation and underlying framework of PRANCE is



expected to be transferable to eukaryotic continuous evolution systems available in yeast or mammalian
cells and associated viruses'"!, raising the possibility of continuous OTS engineering in these organisms.

Despite impressive progress, most high throughput aaRS selections and screens are suitable only
for enhancing incorporation of o-L-amino acids and closely related hydroxy acids''>. Engineering aaRSs
to charge tRNAs with monomers that are poor ribosomal substrates is a largely unexplored area. Recently,
Dunkelmann et al. bypassed the ribosome during aaRS engineering by developing an in vitro selection
scheme that selectively amplifies only acylated tRNAs linked directly to aaRS variants that support
acylation'". Using a split-tRNA approach, “tRNA display” uses parallel selections in the presence and
absence of ncAAs or non-canonical monomers followed by deep sequencing to identify aaRS variants of
interest. With this approach, Dunkelmann et al identified orthogonal aaRS-tRNA pairs that are selective
for eight new monomers, including B-amino acids, a,a-disubstituted amino acids, and B-hydroxy acids.
The fidelity of protein biosynthesis with (S)-3-amino-3-(3-bromophenyl)propanoic acid ((S)B’mBrF) was
validated using fluorescence assays and a crystal structure of GFP encoding (S)B*mBrF at position 13'"°.

Another recently reported, ribosome-independent strategy for aaRS engineering is “selects tRNA-
acylation without ribosomal translation” (START)'"*. In this approach, Soni et al. used a tRNA barcoding
strategy to genetically link aaRS variant sequences to acylation activities of interest; the barcode is
inserted directly within the anticodon of the tRNA. Library screens with this approach yielded variants of
M. alvus pyrrolysyl-tRNA synthetase that support efficient translation with two ncAAs, confirming the
feasibility of this selection scheme. The authors further demonstrated that START can detect acylation
products with a-hydroxy BocK (OH-BocK) and desamino BocK (H-BocK), suggesting that selections
with noncanonical monomers are feasible. The initial reports of both tRNA display and START indicate
the promise of engineering translation components that use noncanonical monomers in place of a-L-
amino acids.

Overall, advanced selections and screens have yielded new aaRS variants with properties
unattainable by traditional live/dead selection schemes. This includes enhanced ncAA incorporation,
stringent discrimination against cAAs and structurally similar off-target ncAAs, and polyspecificity to
facilitate efficient incorporation of one of several ncAAs. An important emerging theme is that mutations
outside of the aminoacylation active site can play a substantial role in enhancing ncAA incorporation
efficiency and fidelity. The breadth and depth of screening technologies now available in this area provide
exciting opportunities to push the limits aaRS discovery and engineering.

3.2 High Throughput tRNA Engineering

In genetic code expansion, the properties of orthogonal tRNAs are just as important as the
properties of orthogonal aaRSs. Since these tRNAs are typically transferred between evolutionarily
distant organisms, their performance in their new host cell may be poor; after all, they did not evolve to
function as a part of the new host’s translation apparatus. There are major unanswered questions regarding
the properties of orthogonal tRNAs. For example, it is known that native tRNAs are extensively modified
post-transcriptionally''> . The extent to which these modifications are retained and what their effects on
ncAA incorporation might be in a new organism are not well understood'* ''’. High throughput
orthogonal tRNA screening efforts can yield high-performing variants even while gaps in our
fundamental understanding of orthogonal tRNAs remain.

Several studies have used conventional live/dead selections in E. coli to identify tRNAs that
support enhanced ncAA incorporation’ > '812! 'In fact, some of the earliest reports of ncAA
incorporation in response to stop codons described the discovery of orthogonal tRNA variants of
Methanocaldococcous janaschii (Mj) tRNA72 77122118123 ‘While the improvements of isolated variants
were generally modest, these early studies highlight the utility of evolving orthogonal tRNAs and have
motivated the establishment of more advanced tRNA evolution strategies in recent years.

As discussed in Section 3.1, tuning the stringency of live/dead selections is challenging.
Maranhao et al. applied compartmentalized partnered replication (CPR) to tRNA engineering, (Figure



2F)"" 124 Importantly, CPR supports both positive enrichments to select for efficient ncAA incorporation
and negative enrichments to reduce tRNA mischarging with enhanced control over selection pressures
and growth biases compared to prior methods’'. Directed evolution of the Mj tRNA™" by Maranhao et al.
led to the identification of variants that supported improved ncAA incorporation and 3-fold reduction in
promiscuous aminoacylation by endogenous aaRSs. This reduction in promiscuous aminoacylation led to
improved E. coli doubling times in comparison to the doubling times of E. coli expressing earlier
generations of Mj tRNA™" variants. This suggests that E. coli growth steps performed during CPR
introduce selection pressure for cell fitness that other high throughput techniques may not'?*. Both these
findings and impressive aaRS engineering studies that use CPR demonstrate the power of this technique
for enhancing OTSs’" ¥,
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Figure 3. Directed evolution of E. coli tRNA™" in mammalian cells using the virus assisted directed evolution of
tRNA (VADER) system. A) Overview of selection and analysis scheme. Mammalian cells are infected with a collection
of AAV2 encoding a tRNA library. Active mutants facilitate generation of AAV2 progeny, and sequences of tRNAs
isolated from populations of mammalian cells expressing the orthogonal aaRS and control mammalian cells not
expressing the orthogonal aaRS are analyzed by next-generation sequencing (NGS) to identify active and orthogonal
tRNA variants. B) Library design for the E. coli tRNA™cua mutant library. C) Consensus sequence of homologous
tRNAT" genes from 172 bacterial species that guided library design. D) Sequences of the most highly enriched tRNAT"
variants following selection with EcTyrRS. E) Enrichment after VADER scheme following selection with EcTyrRS
charging O-methyl-L-tyrosine (OmeY) and MbPyIRS that does not recognize tRNAT", Each selection was performed
in duplicate; normalized enrichment factors are plotted against each other. Nine out of ten enriched sequences with
EcTyRS did not show strong enrichment with MbPyIRS (green); a putatively cross-reactive mutant is depicted in red.
F) Efficiency of ncAA incorporation of nine variants using the reporter protein EGFP-39TAG. Each tRNA™ cua variant
was co-transfected into HEK293T cells with EcTyrRS and EGFP-39TAG in the presence or absence of 1 mM OmeY.
Expression of EGFP was measured in cell extract and normalized to wildtype mCherry fluorescence. N = 3 independent
experiments. Reproduced with permission from rvef [1?]. Copyright © 2023 Springer Nature America, Inc.




Due to species-to-species changes in the components of the protein translation apparatus, it is
highly desirable to evolve orthogonal tRNAs directly in the final expression host. However, systems for
evolving tRNAs (and other orthogonal components) in mammalian cells have been difficult to implement.
In particular, challenges in robustly linking genotype and phenotype and generating suitably diversified
tRNA libraries have all hindered screening and selection efforts'**. To overcome these deficiencies, Jewel
et al. established the groundbreaking platform “virus assisted directed evolution of tRNA” (VADER)
(Figure 3). In this system, the activity of a suppressor tRNA is coupled to the replication of adeno-
associated virus 2 (AAV?2), a virus that can be used to deliver genetically encoded libraries to mammalian
cells'?®. After delivery of a tRNA library, use of a stop codon inserted into the essential Cap gene of AAV2
facilitates selective amplification of tRNA variants that support stop codon suppression. Since this
selective pressure does not discriminate between ncAA incorporation and mischarging of cAAs, an
additional (but optional) step selects for orthogonality by using bioorthogonal chemistry to biotinylate
AAVs containing reactive ncAAs'?. With this approach, the researchers isolated numerous variants of the
E. coli tRNA™ cya. Characterizations of variant ncAA incorporation activities revealed substantially
enhanced performance in mammalian cells. Notably, these improvements did not transfer over to E. coli:
use of the top-performing A2.1 suppressor tRNA™ ¢y, in an engineered E. coli strain led to ncAA
incorporation activities that were unchanged from the activities with the parent tRNA'2. This striking
observation highlights the importance of evolving tRNAs in the desired protein biosynthesis host. Jewel
et al. and Huang et al. recently reported advances that support screening of larger libraries and extension
of the VADER concept to E. coli tRNA™*'?"12% Qverall, tRNA engineering is a powerful but
underutilized approach to enhancing the performance of genetic code manipulation systems.

3.3 Data-Driven Approaches to the Discovery of High-Performing aaRS and tRNA Variants

Despite the breadth of efforts focused on high throughput aaRS and tRNA engineering, only a
small subset of these studies have leveraged data-driven approaches to identify high-performing variants.
Rapid increases in the number of sequenced genomes'?, continued advances in deep sequencing'*’,
advances in machine learning models in biomolecular engineering'*'""*®, and impressive advances in
computational protein design'*’"'*? all point to substantial opportunities to enhance the aaRSs and tRNAs
used in genetic code manipulation systems. These opportunities are especially evident in genetic code
expansion systems, where an extremely limited number of OTSs have been used in the vast majority of
studies'’.

A few reports have leveraged genomic data to discover novel candidate OTSs. One such study by
Qin et al mined sequencing data for thermostable OTSs by identifying genes encoding aaRS/tRNA pairs
from organisms with high optimal growth temperatures. This approach resulted in identification of
previously unknown PyIRS/ARNA™! pairs from Methanosarcina thermophila and Methanosarcina
flavescens that were determined to exhibit orthogonality to the native translation machineries of E. coli
and mammalian cells'*. Both pairs possess higher melting temperatures than their mesophilic
counterparts'** ! that potentially make them more amenable to further engineering.

The Chin lab has established multiple strategies for mining genomic data and computationally
prioritizing promising subsets of candidate sequences. These approaches identify candidate sequences that
may be mutually orthogonal to existing OTSs as well as the native aaRS/tRNA pairs in E. coli** '**. In
one study, millions of tRNA genes from bacteria, archaea, chloroplasts, and bacteriophages were
computationally filtered with a scoring system based on tRNA identity elements to narrow in on a limited
but diverse set of candidate tRNAs that may exhibit orthogonality. These candidates were then evaluated
using a tRNA extension (tREX) assay to investigate tRNA expression and aminoacylation with native
polyacrylamide gel electrophoresis readouts®. Using this pipeline, 71 out of 243 candidate tRNAs
evaluated met assay criteria for expression and orthogonality in E. coli. Further investigations of the
activities of corresponding aaRSs led to the identification of five aaRS/tRNA pairs that exhibit



orthogonality with respect to the native E. coli machinery and with respect to the other newly identified
pairs.

Another study combined genomic data with experimental information on PyIRS/ARNA®! cross-
reactivity to identify mutually orthogonal PyIRS-tRNA pairings®'. Separate criteria for sequence identity
thresholds of PylRS homologs and corresponding tRNA homologs were established to determine
likelihood of crossreactivity. Agglomerative clustering of 351 PyIRS sequences and further analysis of
corresponding tRNA sequences identified candidate pairs likely to exhibit mutual orthogonality to one
another. This led to the identification of two new classes of PyIRSs, Class C and S. Numerous pairs tested
in E. coli exhibited activity, orthogonality to the native E. coli translation apparatus, and orthogonality to
previously reported classes of PyIRS systems (Class N, A, and B)®'. These informatics-driven analyses
deftly exploit the wealth of genomic data to greatly increase the number of “starting points” for further
engineering of OTSs.

For aaRSs and tRNAs, moving beyond data mining to computational design and machine
learning remains a largely unexplored area. It is challenging to generate functional, diverse collections of
aaRSs, as aminoacylation active sites can include more than 10 residues that contact the amino acid and
numerous more distant residues that affect aaRS activity. Developing computational and machine learning
pipelines could lead to vastly improved navigation of these complex sequence spaces'*''*. A handful of
early studies described attempts to computationally design aaRSs for enhanced activity and specificity®
143 More recent efforts by Baumann et al. used Rosetta computational design in combination with
live/dead selections to identify a variant of Methanocaldococcus jannaschii tyrosyl-tRNA synthetase that
outperforms all other reported variants for the incorporation of O-nitrobenzyltyrosine (ONBY) in E.
coli'™. The rapidly expanding tools in biomolecular computational design, machine learning, and protein
structure prediction offer powerful opportunities to push the performances of aaRSs and OTSs'?* 1314,
While we are not aware of their application to engineering OTSs, the undeniable success of machine
learning tools — for instance, successful “grafting” of functional motifs onto scaffolds'*’, antibody affinity
maturation based only on sequence input'*®, and prediction of enzymes with altered activity'*’ — merits
serious investigation for OTS engineering. These tools will be most effective when combined with the
rapidly expanding collection of screening and selection platforms that have already started to push genetic
code manipulation systems to new heights.

4. Engineered Translation Apparatuses for ncAA Incorporation

Native translation apparatuses did not evolve to efficiently incorporate ncAAs. While all forms of
genetic code manipulation require careful implementation, the challenges posed by genetic code
expansion in cells are particularly daunting. This section highlights progress in manipulating elements of
the translation apparatus beyond OTSs to support ncAA incorporation, including elongation factors,
release factors, ribosomes, and stop codon context. In many cases, precise manipulations provided initial
evidence for the potential benefits of engineering translation apparatuses before the implementation of
high throughput screens. An advantage of these screening approaches is that identification of high-
performing variants does not require mechanistic understanding. In addition to enhancing discrete
elements of protein translation apparatuses, genome engineering has emerged as a promising (but
resource-intensive) approach to establishing prokaryotic and eukaryotic cells that support genetic code
expansion efforts. While genome synthesis efforts are driven by rational and computational approaches,
adaptive laboratory evolution of engineered E. coli strains has played an important role in improving the
fitness of resulting strains'*®. In addition, a recent genome-wide screen for enhanced ncAA incorporation
in yeast has indicated that deletion of genes with no known connection to the protein translation apparatus
can enhance the efficiency of genetic code expansion.'* These results, described further in the
subsections below, indicate the power of high throughput screening to engineer cells to better
accommodate alternative genetic codes.



4.1 Elongation Factor Engineering

Seminal work by Schrader et al. led to critical insights about elongation factor Tu (EF-Tu) and its
interactions with aminoacylated tRNAs. Elongation factor Tu (EF-Tu) binds to and shuttles
aminoacylated tRNAs to the ribosome; it also discriminates against misacylated tRNAs. Rigorous
measurements of E. coli EF-Tu binding to aminoacylated tRNAs revealed that 1) AA-tRNA affinities all
fall within a narrow range of affinities; and 2) increasing the affinity of AA-tRNA for EF-Tu can actually
decrease the rate of peptide bond formation'*’. These insights have important implications for establishing
translationally efficient OTSs because ncAA-tRNAs can interact with the host EF-Tu with altered
affinities. An early rational study by Doi et al. confirmed the importance of EF-Tu in the incorporation of
bulky ncAAs into proteins'®'; high throughput screening has been used to further engineer EF-Tu in E.
coli.

O-phosphoserine (Sep) is a key posttranslationally modified form of serine in eukaryotes, but in
certain species of methanogenic archaea Sep is inserted into proteins during translation with a dedicated
aaR$S (SepRS) and tRNAS®. However, the introduction of an OTS to add Sep to the genetic code of E.
coli is not straightforward because native E. coli EF-Tu does not bind to Sep-tRNA with sufficiently high
affinity to support translation. Park et al. completely randomized six residues within £. coli EF-Tu and
selected for variants that support protein biosynthesis with Sep incorporated in response to the amber
codon. This approach resulted in the discovery of a mutant form of EF-Tu, called EF-Sep, that enabled
efficient incorporation of Sep during protein biosynthesis for the first time (Figure 4A; in combination
with SepRS from Methanococcus maripaludis and tRNA“YScya from Methanocaldococcus jannaschii)”.
A study utilizing the bioinformatics approach known as reconstruction of evolutionary adaptive paths
(REAP) identified further mutants of EF-Tu that support incorporation of Sep and other structurally
related ncAAs'>.

EF-Tu engineering has also been used to enhance the performance of the commonly used Mj
tyrosyl-tRNA synthetase/tRNA™" pair. Gan et al. used combinatorial alanine scanning to diversify the
binding pocket of EF-Tu and screen for enhanced AzF incorporation with a GFP reporter. One variant was
reported to improve incorporation by 4-fold over wildtype EF-Tu'®. The identified mutations are
hypothesized to alleviate possible steric hindrance of the tRNA acceptor stem in the EF-Tu binding
pocket. These high throughput EF-Tu engineering approaches demonstrate the value of fine tuning the
properties of elongation factors for enhanced ncAA incorporation systems.

4.2 Release Factor Engineering

NcAA incorporation via stop codon suppression is always in competition with release factor-
mediated termination of translation. In E. coli and other bacteria, there are two release factors that
independently recognize stop codons: RF1 recognizes UAA and UAG, whereas RF2 recognizes UAA and
UGA. Johnson et al., Robertson et al., Kuru et al., Yi et. al, Zheng et al., and others have demonstrated
that interfering with the expression or function of . coli RF1 results in enhanced ncAA incorporation in
response to the amber codon'**"*’. When combined with genome engineering strategies (described
below), deletion of RF1 has enabled the construction of E. coli strains with greatly enhanced readthrough
of amber codons. These findings demonstrate the feasibility of engineering the release factor activities of
organisms to facilitate the use of expanded genetic codes.
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Figure 4. Engineered translation apparatuses for genetic code expansion. A) Ef-Tu

mutations selected for improved phosphoserine (Sep)-tRNASep binding. Adapted with
permission from Ref [°]. Copyright © 2011 American Association for the Advancement of
Science. B) Eukaryotic release factor 1 (eRF1) variants shown to exhibit improved stop codon
readthrough and ncA A incorporation. Adapted with permission from Ref['"%]. Copyright © 2014
American Chemical Society. C) Tethered ribosome system evolved for improved cellular fitness
and orthogonality. Adapted with permission from Ref ['°*]. Copyright © 2019 Springer Nature.
D) Screening data from engineered cell lines validated the Identification of Permissible Amber
Sites for Suppression (iPASS) system’s ability to predict and enhance ncAA incorporation
efficiencies based on stop codon sequence context. Adapted with permission from Ref [2%4].
Copyright © 2021 Oxford University Press.

In contrast to bacteria, eukaryotic cells employ a single omnipotent release factor (eRF1) that
recognizes all three stop codons. The lack of redundancy in the essential SUP45 gene (which encodes
eRF1) indicates opportunities to mutate, but not delete, this factor. There is a growing body of literature
describing eRF1 variants with altered recognition capabilities in naturally occurring organisms'>*'%, In
addition, multiple studies have used engineered release factors for ncAA incorporation. Merritt et al.
evaluated a collection of eRF1 mutants that were previously identified to exhibit defective stop codon
decoding in vitro''%, or identified through an in vivo suppressor screen'”’; they reported eRF1 mutants
enhancing stop codon readthrough at all three stop codons'”'. Schmied et al. introduced mutations via
site-directed mutagenesis into human eRF1 (Figure 4B)'”?. The resulting variants included ES5D and
A100 (broad deletions in the N-terminus of eRF1). When expressed in parallel with wild-type eRF1 in a



mammalian cell line, ncAA incorporation efficiencies increased 5-7 fold to 27% and 36%, respectively.
The exogenously expressed ES5D mutant has been successfully employed to improve mammalian ncAA
incorporation in numerous additional studies®* '"*'32. These findings suggest that high throughput
screening approaches may lead to the identification of additional release factor variants that enhance
ncAA incorporation.

4.3 Ribosome Engineering

Native ribosomes exhibit substantial versatility, supporting incorporation of diverse alpha amino
acids into proteins beyond the 20 canonical amino acids. However, there are limits to the sizes of alpha
amino acids that prokaryotic and eukaryotic ribosomes can tolerate, and most backbone structures beyond
the alpha amino acid backbone are accepted either poorly or not at all by native ribosomes'®"'%. In
addition, ribosomes primarily recognize 3-base codons, hindering the use of quadruplet codons in ncAA
incorporation systems. There is demand for engineered ribosomes that are compatible with diverse ncAAs
and coding schemes. Several groups have taken up the daunting challenge of ribosome engineering to
better accommodate expanded genetic codes'**'*°.

A major challenge in modifying the ribosome is that its native protein translation functions are
essential for cell growth and survival. The creation of an orthogonal ribosome that functions in parallel
with native ribosomes is a key enabling strategy for ribosome engineering. Pioneering work by Rackham
and Chin led to the identification of orthogonal mRNA and 16s rRNA sequence pairs in E. coli via
tunable positive and negative selections'®'. This was an essential step toward orthogonal ribosomes, as
alterations led to an engineered small ribosomal subunit that predominantly recognized “orthogonal”
messenger RNAs. Selection pressure was achieved by fusing a gene encoding chloramphenicol
acetyltransferase (caf) and uracil phosphoribosyltransferase (upp) downstream of a ribosome binding site.
Cells expressing the fusion construct (cat-upp) were able to survive the positive selection in the presence
of chloramphenicol (due to CAT activity) enriching for ribosomes capable of translating mRNAs
containing altered Shine-Dalgarno sequences. Conversely, negative selection with 5-Fluorouracil (5-FU)
eliminated mRNA sequences that were substrates for endogenous ribosomes. Together, these selection
systems enable the assessment of 10° more sequences than would be possible by rational design for the
discovery of orthogonal ribosome-mRNA pairings.

Altered ribosome and mRNA elements enabled the Chin lab to further engineer the small subunit
of the E. coli ribosome to support improved genetic code enhancement. In an effort by Wang et al.,
selections led to the identification of a 16s rRNA variant that improved ncAA incorporation in response to
the amber codon from ~20% to ~60% efficiency with an established OTS'*%. This approach, which
focused on reducing ribosomal interactions with E. coli RF1, was an important demonstration of
ribosomal engineering, although later studies have shown than deleting RF1 from the genome leads to
even larger benefits (see Section 4.2). In another noteworthy study, Neumann et al. identified ribosomal
variants that support enhanced readthrough of both quadruplet codons and amber codons, enabling
improved dual incorporation of azide- and alkyne-containing ncAAs during protein biosynthesis in E.
coli'”. Selections with orthogonal ribosomes identified mutants that can accommodate extended (4-base)
anticodon-codon interactions; this was only possible with the availability of high throughput selection
systems.

Engineered small ribosomal subunits and mRNAs are not sufficient to establish a fully orthogonal
ribosome, as the bipartite nature of ribosomes enables exchanges between “orthogonal” and endogenous
subunits. This leads to crossover between the translation of wild-type and orthogonal mRNAs, resulting in
loss of orthogonality. Orelle et al. and Fried et al. have both reported engineered E. coli ribosomes in
which the small and large ribosomal subunits are linked via RNA tethers'** %>, In the approach of Orelle
et al., multiple selections were used to engineer tethered ribosomes. This included 1) a library of
circularly permuted variants of the gene encoding the 23s rRNA to identify translationally competent,
permuted variants; 2) a library of tethers varying in length to insert a circularly permuted 23s rRNA



within the 16s rRNA while retaining translational activity (called Ribo-T); and 3) adaptive laboratory
evolution (ALE) to improve the doubling time of the E. coli strain SQ171 containing the monolithic
tethered ribosome for protein translation (no wild-type ribosomal rRNA)'**. Interestingly, following ALE,
only genomic mutations were identified in strain SQ171fg, hinting that the genomic context plays an
important role in determining efficiency of translation in cells containing Ribo-T (Figure 4C)*"- %19,
Fried et al. used structural data and phylogenetic analysis to inform a strategy that also involved circularly
permuting the 23s rRNA and inserting it into the 16s rRNA, but did not use library selections or adaptive
laboratory evolution to generate monolithic ribosome variant O-ribo(h44H101)'*°. Subsequent reports
have identified further improvements to both Ribo-T and O-ribo(h44H101), in which contacts between
small and large ribosomal subunits are mutated to enhanced orthogonality of tethered ribosomes'#® 19¢-1%,
Notably, the Jewett lab has demonstrated the feasibility of using improved versions of Ribo-T for ncAA
incorporation'®. This evidence combined with upgraded systems for designing and evolving O-ribosomes
raises the possibility of engineering the E. coli ribosome to synthesize polymers containing noncanonical
monomers that are poorly tolerated by native ribosomes.

4.4 Stop Codon Context

Recent work has shown that the termination of translation is dictated by numerous factors in
addition to the literal presence of a stop codon. For example, in eukaryotes, the nucleotide following a
stop codon is biased towards purines®”, and the proximity of the Poly(A)-Binding Protein (PABP) to the
eukaryotic release factor complex stimulates translation termination®’'. This has important implications
for genetic code expansion efforts, as it suggests that the context of an ncAA incorporation site can play
an important role in dictating incorporation efficiency. In our group, Potts et al. and Lahiri et al.
investigated a small set of stop codon contexts in yeast® 22, Varying UAG or UGA stop codon position
within a short linker led to substantial changes in ncAA incorporation efficiency. Higher throughput
approaches in bacteria and eukaryotes have further elucidated features of codon context that influence
ncAA incorporation efficiency and termination of translation.

Pott et al. used a directed evolution approach to investigate what sequence contexts resulted in the
highest levels of amber suppression in E. coli. A random library of nucleotides consisting of two codons
upstream and two codons downstream of an amber codon (NNK-NNK-TAG-NNK-NNK) was subjected
to iterative rounds of positive selection until sequence convergence was observed. Two frequently isolated
clones supported 70-110% increases in protein yields in comparison to controls*”, indicating the
existence of favorable sequence contexts for genetic code expansion in bacteria.

Bartoschek et al. used high throughput experimentation in mammalian cells to establish a model
for predicting stop codon readthrough efficiency based on codon context. Mouse embryonic stem cells
(mESC) and human embryonic kidney HEK293T cells were genomically engineered to stably express an
orthogonal PylIRS/tRNAPcya pair. These cell lines were then subjected to a modified version of
stochastic orthogonal recoding of translation with enrichment (SORT-E) to characterize and enrich the
amber suppressed proteome. The incorporation of ncAAs with bioorthogonal handles enabled selective
conjugation of biotin tags to C-terminally extended proteins. Proteomics studies and additional
characterizations enabled development and validation of Identification of Permissive Amber Sites for
Suppression (iPASS) to predict ncAA incorporation efficiencies as a function of sequence context (Figure
4D)** In a conceptually related approach, Ding et al. explored ncAA incorporation via rare codon
recoding, noting that recoding rates of a tetrazine-containing-ncAA (TetBu) in response to TCG varied
significantly as a function of flanking sequence context. Proteomics investigations enabled identification
and estimation of the abundance of 1514 ncAA-containing peptides (and the identities of the surrounding
sequence contexts). Randomization of the two codons on either side of a TCG codon in a reporter gene
and measurements of recoding rates via LC-MS generated data used to refine a model predicting rare
codon recoding rates. Overall, this study improved rare codon recoding from approximately 8% to over
95% in some instances*”. These studies indicate the importance of sequence context for ncAA
incorporation in response to a stop codon or a rare cognate codon. The impressive predictive capabilities



of the resulting models can be used to design favorable contexts to facilitate more efficient ncAA
incorporation in mammalian cells.

Several additional studies of stop codon context highlight the nuanced importance of context,
albeit without the use of ncAA incorporation. Anzalone et al. used a eukaryotic form of mRNA display to
identify RNA elements downstream of stop codons that enhance stop codon readthrough. Interestingly,
deep sequencing analysis revealed both primary sequence features and structural elements that were
enriched. The sequencing dataset was used in combination with machine learning to predict human genes
with 3’ untranslated regions that would lead to elevated stop codon readthrough; several predictions were
subsequently verified’”. A number of ribosome profiling studies have led to complementary insights into
features that influence stop codon readthrough, including the stop codon tetranucleotide (+1 to +4), the
codon in the P site (-3 to -1), and the length of the 3’ untranslated region®’*?. These insights offer
important opportunities to enhance genetic code expansion systems and further elucidate the rich biology
underlying termination of translation.

4.5 Genome Engineering

4.5.1 Genome Engineering, Adaptive Evolution, and Genomic Diversification to Enhance Strains for
ncAA Incorporation

Genome engineering efforts aimed at enhancing ncAA incorporation have progressed
significantly over the past decade. Multiple groups have reported codon-compressed E. coli strains (63-
codon and 61-codon genomes), and an international consortium has made substantial progress toward
constructing a yeast strain with a 63-codon genome (Sc2.0)"**2!%16 In contrast to high-throughput
screening, even one reworked genome requires a large-scale effort, and resulting codon-compressed
strains can exhibit slow doubling times compared to conventional strains. Given the low throughput of
genomic manipulations, pinpointing specific mutations and synthetic lethal combinations that lead to
slower doubling times is extremely challenging. Unbiased adaptive laboratory evolution (ALE) efforts
have played an important role in improving the fitness of codon-compressed strains. In ALE, a strain is
subjected to repeated passages over months (or years) in an attempt to improve its growth characteristics,
with the assumption that beneficial mutations in the genome will spontaneously accumulate in faster-
growing strain variants. Both Wannier et al. (63-codon strain) and Robertson, Funke, de la Torre, and
Fredens et al. (61-codon strain) used ALE to improve growth characteristics of codon-compressed
strains'** 1, These studies reported strains that contained multiple genomic changes that improved
growth characteristics. While a detailed discussion of the specific mutations is beyond the scope of this
review, both of these studies make it clear that the genomic modifications would have been difficult or
impossible to predict rationally. The codon compression of chromosomes in the yeast genome is now well
underway, along with substantial tool development to identify and address the genetic changes that lead to
growth defects*'”-?'®. A unique feature of the Sc2.0 effort is the introduction of recombination sites to
facilitate rapid generation of genomic diversity throughout the genome, which could serve as a route to
investigate how novel genome rearrangements lead to improved ncAA incorporation efficiency or other
complex phenotypes of interest’'* *'°. These synthetic genome construction efforts clearly indicate that the
use of synthetic genomes to push the limits of genetic code expansion will benefit greatly from high
throughput screens and selections in years to come.

4.5.2 Genome-Wide Screens to Enhance ncAA Incorporation

A reworked genome is not essential for investigating genomic changes that enhance ncAA
incorporation. In fact, there are incredible sets of genetic and genomic resources available in model
organisms such as E. coli and S. cerevisiae. Based on this premise, we recently reported a genome-wide
screen for enhanced ncAA incorporation in S. cerevisiae. In this study, Zackin et al. transformed a pooled,
barcoded set of yeast genetic knockout strains with reporters of ncAA incorporation and OTSs, using
FACS to identify clones exhibiting increased levels of the full-length reporter. This led to the
identification of 55 candidate gene deletions that may enhance ncAA incorporation. Surprisingly, many of



the identified genes have no known role in protein synthesis. Two frequently identified deletions were of
the gene YIL014C-A (unknown function) and the gene ALO1 (protects against oxidative stress). Studies
of these deletions in standard genetic backgrounds confirmed that the knockouts support improved ncAA
incorporation efficiency with several OTSs'®. This study is significant because it strongly suggests that
there are numerous genomic changes with the potential to enhance genetic code expansion beyond
changes that can be predicted rationally. Discovery of unexpected factors that alter ncAA incorporation
also provides opportunities to identify and investigate mechanisms of translation (and ncAA
incorporation) more deeply. Overall, genome-wide screens are a powerful, complementary approach to
genome engineering that can uncover new strategies for accommodating alternative genetic codes in

cells®®.

4.5.3. Organisms with Naturally Evolved Genetic Codes

While laboratory efforts to engineer the genome are recent, selection pressures over millions of
years have led to the natural evolution of various organisms and organelles that incorporate amino acids at
one or more of the canonical stop codons, from ciliated protozoa to vertebrates and mitochondria®*" 2?2,
The genomic changes to accommodate these altered genetic codes may help to inform ongoing codon
compression efforts in prokaryotes and eukaryotes. Furthermore, organisms (and organelles) with
alternative genetic codes encode protein translation apparatuses that may be valuable for implementing
genetic code manipulation strategies. For example, codon reassignment is frequently discovered alongside
mutated forms of release factors in organisms with nonstandard genetic codes. In the recently
characterized organism Blastocrithidia nonstop, release factor eRF1 contains several mutations that alter
its recognition of stop codons. The S74G mutation (B. nonstop numbering) was introduced at equivalent
positions within S. cerevisiae and human eRF1 homologues and examined for stop codon readthrough in
yeast. Expression of the mutants significantly increased UGA readthrough without altering readthrough at
UAG or UAA codons*?, suggesting that this variant may be a valuable starting point for additional
translation apparatus engineering. This study and numerous others highlight the value of investigating
organisms with divergent genetic codes to identify “nature-tested” strategies for genome engineering in

combination with ncAA incorporation®*.

4.6 Combinatorial Experimentation for Genetic Code Manipulation with Cell-Free Protein
Synthesis Platforms

In addition to naturally evolved and laboratory-engineered cellular platforms, cell-free protein
synthesis platforms offer compelling strategies for expanding the capabilities of genetic code
manipulation. These systems are freed of the requirement to support cellular replication and other cellular
processes'®” 2%, enabling investigation of a much broader range of conditions than can be surveyed within
cells. One emerging area of opportunity is the ribosomal synthesis of polymers from monomers other than
a-L-amino acids (noncanonical monomers)’*" 1#3-22623% WWhile a complete discussion of advances in cell-
free systems is beyond the scope of this review, we highlight the power of in vitro combinatorial studies
to tailor translation apparatuses for syntheses that natural translation apparatuses cannot perform. Two
important example are 1) adding a mutated form of EF-Tu to the PURE in vitro translation system to
improve ribosomal protein synthesis with negatively charged d-amino acids*’'; and 2) evaluation of
orthogonal tRNA compatibility with the E. coli translation apparatus to discover new tRNAs that support
ncAA incorporation in response to UAG and UAA codons*?. Systematic variations and experimental
evaluations of the in vitro translation apparatuses were essential to identify the most performant genetic
code manipulation approaches in each of these studies. Higher throughput explorations of these cell-free
systems may provide powerful insights into protein biosynthesis with ncAAs and noncanonical
monomers more broadly?*****. Overall, implementing high throughput screening strategies with protein
translation apparatuses, genomic manipulations, and cell-free systems offer powerful routes to improve
the performance of genetic code manipulation systems and elucidate molecular mechanisms of
translation.



5. High Throughput Screening with Chemically Expanded Proteins and Peptides

The availability of high-performing genetic code manipulation systems has enabled the high
throughput discovery of proteins and peptides with unique, ncAA-mediated properties. It is also important
to recognize the power of accessing distinct chemical and structural features in proteins using rational or
semi-rational insertion of ncAAs; the reader is referred elsewhere to learn about cases where pinpointed
manipulations have yielded important biological insights'>?! 2! However, not all rational ncAA
substitutions result in the expected changes to protein properties. The interplay between a ncAA, its local
context within a protein of interest, and its broader context amongst surrounding biomolecules and
solvent may result in complex properties that only become evident during experimentation®**?**. In these
cases, the vast range of tools established for conventional protein engineering can be adapted for high
throughput screening with ncAA-containing proteins. The discovery of the unexpected is increasingly
routine with chemically expanded polypeptides. This includes proteins that tolerate numerous ncAA
substitutions, proteins with enhanced stability, enzymes with new-to-nature catalytic mechanisms, and
chemically expanded peptide and protein binding ligands.

5.1 Engineering Proteins that Tolerate Noncanonical Amino Acid Substitutions

There are many cases when ncAA substitutions are detrimental to protein stability or activity
20 Proteins in which a ncAA globally replaces a canonical amino acid via sense codon reassignment are
especially prone to decreases in fitness. Montclare et al. observed this phenomenon when fluorinating the
enzyme chloramphenicol acetyltransferase (CAT): replacement of the 13 leucine residues with the ncAA
5°,5”,5 -trifluoroleucine (TFL) resulted in a 20-fold reduction in CAT’s half-life of thermal
inactivation’*>**!. Two rounds of random mutagenesis and screening of fluorinated variants in 96-well
plates led to the identification of a mutant exhibiting a 27-fold improved half-life of thermal inactivation.
Inspection of the six mutations in the final variant revealed that no mutations were adjacent to TFL
incorporation sites or within 15 angstroms of the CAT active site. These observations parallel insights
gained from conventional protein engineering: mutations located far from sites of interest can lead to
enhanced protein properties via mechanisms that are not readily apparent from structural data.

Yoo et al. extended this line of investigation to green fluorescent protein (GFP), where
replacement of Leu with TFL in GFP was highly deleterious to fluorescence. Eleven rounds of random
mutagenesis and screening via fluorescence-activated cell sorting (FACS) resulted in a highly fluorescent,
fluorinated GFP; this variant contained 20 amino acid mutations and a 650-fold increase in fluorescence
compared to the fluorinated parent. Analysis of protein folding kinetics revealed vastly enhanced folding
of both the fluorinated and nonfluorinated forms of the evolved mutant, with the folding kinetics of the
Leu-containing variant approaching the kinetics of “superfolder” GFP**?, This is a striking result, as no
explicit attempt to enhance folding kinetics was part of the evolution campaign. It appears that the
structural perturbations caused by global fluorination of Leu were sufficient to promote the acquisition of
mutations that enhance protein folding. While further investigations to evaluate potential generality are
needed, the available evidence suggests that ncAA substitutions followed by directed evolution can
identify protein variants that are more fit than parental sequences.
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5.2 Enhancing Protein Stability with ncAAs and High Throughput Screening

In some cases, carefully placed ncAA substitution can lead to stabilized proteins. This includes
several examples of computationally designed, “stapled” proteins stabilized via spontaneous
crosslinking®?. An alternative approach is to use high throughput screening to determine which ncAA(s)
and substitution site(s) leads to enhanced protein stability. The primary advantage of this strategy is that it
allows for unbiased approaches to identify candidate variants. Li et al. sought to increase the thermal
stability of homoserine O-succinyltransferase (MetA), an enzyme that plays a key role in methionine
biosynthesis and E. coli survival. A library of MetA variants encoding stop codons for site-specific ncAA
incorporation was prepared and transformed into £. coli alongside one of several OTSs for ncAA
incorporation. This enabled the library to be subjected to selections following incorporation of each of 12



distinct ncAAs. Growth-based selections at nonpermissive temperatures led to the identification of two
different mutants exhibiting improved growth. One variant containing (p-benzoylphenyl)alanine (pBzF)
resulted in a 21 °C increase in the melting temperature of MetA, while another variant containing O-tert-
butyltyrosine (OtBuY) resulted in a 6 °C increase in the melting temperature**. Follow-up
characterizations of the pBzF variant indicated a possible covalent interaction between a nearby cysteine
residue and pBzF. A follow-on study used the ncAA p-isothiocyanate phenylalanine (pNCSF)*” in
screening MetA variants and identified additional mutants exhibiting enhanced stability due to putative
crosslinking interactions. In conceptually related work with beta-lactamases, a library of variants
containing ncAAs that facilitate extended disulfide bonds also led to a series of stabilized variants. In
engineering both MetA and beta-lactamase, ncAAs enabled a level of stabilization that is difficult to
achieve with a single round of mutagenesis and screening with canonical amino acids alone; such efforts
would likely require multiple rounds of diversification. While protein stabilization with cAAs and
conventional directed evolution remains a powerful approach®* %, experimentally driven ncAA-
mediated stabilization is worthy of further investigation as a route to enzyme stabilization.

5.3 Accessing and Evolving New-to-Nature Biocatalysts with ncAAs

The introduction of ncAAs into enzyme active sites offers exciting opportunities to generate
enzymes that catalyze new-to-nature reactions. This rapidly growing area has been the subject of multiple
recent reviews; here we focus on advances in screening libraries of ncAA-containing enzymes and refer
the reader to other sources for discussion of other aspects of this area”’ %!, Powerful engineering and
design strategies have substantially extended the range of chemical reactions that can be catalyzed by
enzymes using canonical amino acids*****’. However, numerous examples of ncAA-mediated biocatalysis
exist?®2"" and have clearly established ncAAs as a means to access an impressive set of catalytic
activities that are that are challenging or impossible to access with cAAs. Directed evolution has played
an important role in enhancing activities of chemically expanded enzymes. One notable example is the
establishment of ncAA-mediated photoenzymes. While some naturally occurring photoenzymes exist in
photosynthetic pathways, triplet energy transfer catalysis is not known to occur in nature. Starting from a
computationally designed enzyme scaffold, Trimble et al. introduced the photoactive ncAA 4-
benzoylphenylalanine (BpA) at various locations in the enzyme active site (Figure 5)*”'. An initial variant
exhibited the desired catalytic function but with poor activity and selectivity. Saturation mutagenesis and
screening in 96-well plates yielded a mutant that supported over 300 turnovers and tolerated aerobic
buffers, in contrast to small molecule photocatalysts. This establishment of an enzyme with bespoke
photocatalytic properties is impressive, as triplet energy transfer catalysis is commonly used in organic
synthesis. However, the authors also point out that the relatively small number of variants investigated
(under 1000 total variants) highlights opportunities to further explore sequence space to identify
additional ncAA-mediated photocatalysts.

In addition to photocatalysis, ncAAs have been incorporated into enzymes to generate artificial
metalloenzymes®”>*’*. Using myoglobin as a scaffold, Pott et al. site-specifically incorporated the metal-
coordinating ncAA N°-methyl histidine (NMH) to generate a heme peroxidase. While ncAA substitution
resulted in a modest 4-fold improvement in activity, several rounds of directed evolution resulted in an
engineered metalloenzyme with 1140-fold increase in catalytic activity compared to the wild-type starting
protein®”®. In addition to the subtle but important ncAA-mediated interactions that led to this increase in
activity, this work demonstrates the ability to design and engineer designer metalloenzymes with activities
comparable to wild-type metalloenzymes®’>?’®. Successes in identifying catalytically efficient, chemically
expanded enzymes highlight the synergy between ncAA incorporation and subsequent evolution to yield
biocatalysts with improved or new-to-nature functionalities.
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Figure 5. Using genetic code expansion to engineer enzymes with novel catalytic function.
A) The photoreactive ncAA 4-benzoylphenylalanine (BpA) is site-specifically incorporated
into the active site of a Diels—Alderase enzyme scaffold using genetic code expansion
(Photoreactive enzyme dubbed EnT1.0). B) Enzyme evolution workflow to screen and isolate
mutants with increased activity and selectivity. C) Highlighted mutations in the evolved clone,
EnT1.3, along with data quantifying catalytic efficiency. Reactant conversion and reaction
kinetics reported for the evolved clone (EnT1.3), the initial BpA-substituted construct
(EnT1.0), and in the absence of the enzyme. (A-C) Adapted with permission from Ref [>"'].
Copyright © 2022, Springer Nature America, Inc.

5.4 High Throughput Discovery of Chemically Expanded Ligands

The maturation of display technologies has made the discovery of binding ligands against many
targets routine (Here we define “binding ligands™ as proteins or peptides that bind to a target of interest).
However, not all molecular recognition challenges can be solved with genetically encoded binding
ligands. Binders that modulate specific bioactivities (such as enzyme activity) or covalently bind to a
target are difficult or impossible to identify without chemistries that go beyond what is found in the cAAs.
NcAAs are one of several effective strategies for chemically diversifying binding ligands. Most other
approaches use posttranslational diversification of peptides; several distinct phage display systems for
cyclization or derivatization of peptide libraries are well-validated, and yeast display systems for peptide
cyclization and disulfide-rich scaffold display are also available’”’**®. Beyond peptides and disulfide rich



scaffolds, Lewis et al. recently described a thiol-mediated strategy for preparing and screening libraries of
fibronectin-small molecule “hybrids” in yeast display format**’. The ongoing creativity in applying post-
translational strategies to generate chemically diverse (poly)peptides offers complementary strengths and
limitations in comparison to ncAA-mediated chemical expansion of ligands. Important advances in the
use of ncAA-mediated chemical expansion of ligands have leveraged the unique strengths of each of the
three major genetic code manipulation strategies.

5.4.1 In vitro Discovery of Chemically Expanded Peptides via High Throughput Screening

The most advanced chemically expanded discovery platform is mRNA display. This technique
leverages the strengths of in vitro genetic code manipulation to implement numerous simultaneous
changes to the genetic code during discovery. The versatility of mRNA display has been used to
systematically change the chemical composition of genetically encoded peptide libraries. Modifications
such as increasing the hydrophobicity of the set of encoded amino acids and introducing N-methyl groups
within backbone amides improves the chances of identifying “druglike” hits during screening. While
establishing an mRNA display platform requires considerable resources, the ability to screen trillions of
candidates in parallel has led to an impressive range of discoveries in recent years. Here we highlight key
advances in discovery and point to other recent reviews for further details**2%2,

While screening large libraries of cyclic peptides frequently yields potent binders, the use of
hydrophilic cAAs can result in binding ligands that are unlikely to be amenable to therapeutic
development. To address this challenge, Passioura et al. replaced the seven most hydrophilic canonical
amino acids with hydrophobic ncAAs and expanded the total number of amino acids to 23 in an
alternative genetic code within the Suga Lab’s RAPID framework (tRNA acylation using flexizymes).
Screens of cyclic peptides with this hydrophobic code against the cancer target interleukin-6 receptor
yielded two nanomolar hits with affinities comparable to the hits emerging from a library containing only
cAAs*”. In an alternative in vitro genetic code reprogramming system, Guillen Schlippe et al. reassigned
12 canonical amino acids to ncAAs (tRNA acylation with aaRSs)***. A peptide library using the resulting
code was screened against thrombin, a key protease in the anticoagulation cascade. Isolated clones
exhibited apparent inhibitory constants in the single to double-digit nM range, and the importance of the
ncAAs in facilitating inhibition was confirmed when replacement of the ncAAs by cAAs disrupted
inhibition.

Specific chemical features can be installed that dramatically affect peptide discovery and
function. NcAAs that facilitate peptide cyclization are now commonly used in many mRNA display
libraries, as the benefits of peptide cyclization are well-known®*?°". While important, these commonly
used approaches will not be discussed further here. Following the reemergence of covalent warheads in
small molecule discovery, recent mRNA display efforts have used crosslinkable ncAAs to facilitate the
discovery of covalent peptides®®®; covalent target engagement can greatly enhance potency and duration
of action™’. Wu et al. demonstrated the feasibility of using photocrosslinkable ncAAs to discover cyclized
peptides with the RaPID mRNA display platform. Using a UV-activated benzophenone ncAA, mRNA
display campaigns were modified to include photocrosslinking and denaturation steps during screens
against the second bromodomain within bromodomain-containing protein 3 (BRD3)**®. Interestingly, the
affinities of isolated hits were much lower than the affinities of hits identified in conventional mRNA
display campaigns, suggesting that selection pressure for high affinity is decreased under the modified
selection conditions. Work from Iskandar et al. described an mRNA display library in which the ncAA
phenylselenocysteine was installed and then treated to reveal dehydroalanine, which can undergo
proximity-induced crosslinking with thiols of cysteine side chain®”. The inclusion of a denaturation step
during selections promoted the discovery of spontaneously crosslinkable cyclic peptide hits against the
targets calcium- and integrin-binding protein 1 (CIB1) and melanoma-associated antigen 4 (MAGE-A4).
Multiple hits exhibited inhibitory activity against the targets with time-dependent ICsy values, providing
strong evidence for covalent target engagement events that contribute to target inhibition. Overall,
screening libraries encoding ncAA-mediated crosslinking is a promising, versatile route to covalent
peptides.



In addition to an increasing set of academic investigations with mRNA display, a growing number
of pharma and biotech companies have described advances in mRNA display in the scientific literature.
Below we highlight several resource-intensive studies disclosing substantial technological advances and
fundamental insights. A team from Merck has described their efforts to identify potent, orally bioavailable
peptide inhibitors of proprotein convertase subtilisin-like/kexin type 9, PCSK9, an enzyme that regulates
LDL cholesterol levels (Figure 6A)***"'. An mRNA display campaign led to the identification of a lead
with an inhibitory constant of approximately one micromolar. Extensive structure activity relationship
(SAR) studies and structure-based design ultimately converted the monocyclic lead into a tricyclic
peptide with a single-digit picomolar inhibitory constant. Importantly, one of the 5-fluorotryptophan
residues present in the initial lead maintained its key role in determining potency throughout the
optimization process; several additional features of the initial hit were also retained. This highlights the
value of including chemically diverse elements within mRNA display libraries, while noting that
intensive medicinal chemistry optimization was needed to identify a lead.

A team from Chugai Pharmaceuticals has established mRNA display libraries that enable rapid
identification of orally bioavailable hits and leads directed against “tough intracellular targets*%%. This
ambitious effort first used limited diversities of cyclic peptides to quantitatively investigate “drug-
likeness,” including metabolic stability, cell permeability, and favorable pharmacokinetics. Insights from
these studies enabled the design of an mRNA display library that encoded peptides exhibiting these
features. However, the frequent use of N-alkylated amino acids in this design required further engineering
of the underlying mRNA display platform to enable more efficient translation of two N-alkylated amino
acids in a row. With an improved platform, the researchers were able to identify a series of cyclic peptides
against the notoriously challenging target KRAS. Optimization of one of the hits resulted in a clinical
candidate, LUNA18, that exhibited potent bioactivity in tissue culture and animal models of cancer; this
candidate is currently in clinical development. This tour-de-force powerfully demonstrates the value of
elucidating features that lead to druglikeness to advance the design of libraries of chemically expanded
peptides.
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Figure 6. High throughput discovery of chemically expanded ligands. A)
mRNA display and discovery workflow to generate and screen ncAA-
containing cyclic peptide libraries against a bead-immobilized PCSK9 target.
Reprinted with permission from Ref [*] Copyright © 2020, American
Chemical Society. B) Stabilized Peptide Evolution by E. coli Display (SPEED)
platform to site-specifically “staple” clickable ncAA-containing peptides using
a bis-alkyne molecule in search of stapled peptides with improved binding
affinities for MDM?2. Adapted with permission from Ref ['4] Copyright © 2019.
American Chemical Society.

As mRNA display platforms continue to proliferate, screening campaigns with these platforms
are expected to yield extensive deep sequencing datasets. This poses a challenge for analysis, as most
sequence alignment programs are compatible with only canonical amino acids. A team at Genentech has
described clustering algorithms that use chemical similarity to enable the identification of peptide families
emerging during mRNA display screening campaigns®*’. This is an important development because it
enables the rich datasets derived from deep sequencing to be used to identify a broader range of screening
hits and directly inform SAR. Overall, mRNA display platforms continue to show tremendous promise
for the discovery of chemically expanded peptides.



5.4.2. Phage and E. coli Display for Chemically Expanded Peptide Discovery

Built on the strong foundations of E. coli-based genetic code manipulation systems, there are now
several phage display and E. coli display platforms for screening libraries of ncAA-containing peptides.
While establishing these systems is less resource-intensive than establishing mRNA display systems,
these display platforms usually only support the use of one to two ncAAs during library screening. Thus,
to maximize their utility, it is critical to identify chemical or structural elements that will strongly enhance
discovery against targets of interest. Many epigenetic readers and writers recognize acetylated lysine and
other lysine derivatives; several of these modified lysines can be genetically encoded. Tharp et al. have
used these biological insights and an advanced ncAA-containing phage display platform to conduct
screens against lysine deacetylase sirtuin 2 (SIRT?2). They discovered a series of acetyllysine-containing
peptides that outperform previously reported small molecule inhibitors (ICso values in the low double
digit nanomolar range)**®. The implementation of an amber-obligate phage replication scheme ensures
that phage encode peptides that contain at least one ncAA. This eliminates replication biases that lead to
preferential enrichment of phage encoding cAA-containing peptides. This unique system combined with
well-chosen targets highlight fertile ground for future discovery efforts. Multiple groups have reported
schemes for preparing cyclic peptides in phage display format using ncAAs**"3%-3% The advantages and
limitations of these systems are quite nuanced, especially when considered alongside related peptide
phage display systems using only canonical amino acids. Hampton et al. recently reviewed chemically
diversified phage libraries in a high level of detail; we refer readers there for deeper discussions®”.

E. coli peptide display systems are powerful alternatives to phage display systems, with flow
cytometric approaches providing a key set of added capabilities®®. Thurber and coworkers have
established a peptide discovery platform called Stabilized Peptide Evolution by E. coli Display (SPEED)
for stapled peptide construction and screening. This system uses the methionine analog azidohomoalanine
(Aha) as the basis for installing staples (Figure 6B)'*. Navaratna et al. used this platform to isolate high
affinity ligands capable of disrupting the MDM2-p53 binding interaction'®. Interestingly, the most potent
evolved ligand included a disulfide loop in addition to the primary staple and exhibited enhanced
resistance to proteolysis compared to parent sequences. A follow-up study by Case et. al. expanded upon
this work, systematically investigating the properties of an extensive set of variants. Importantly, this
work demonstrated that quantitative measurements of stapled peptides made on the E. coli cell surface are
comparable to conventional biochemical measurements made in solution®”’. Very recently, this platform
has been combined with machine learning techniques to map expanded stapled peptide sequence spaces.
This demonstrates that the underlying bacterial display platform is robust enough to support powerful,
data-driven approaches to stapled peptide design and engineering’®®. Further integration of chemically
expanded peptide discovery platforms with data-driven screening and evolution has the potential to be
highly impactful.

In addition to the isolation of individual constructs targeting a specific antigen, the wide
availability of deep sequencing approaches has enabled broader investigations into the sequence-
structure-activity relationships of many types of proteins; this area is growing rapidly and has been
reviewed extensively elsewhere'*®**3!% There are many opportunities to leverage ncAAs to better
understand the binding preferences of naturally occurring proteins. Recently, Li et. al. employed bacterial
display to screen peptides against tyrosine kinases and SH2 domains while using deep sequencing to map
the role of amino acid sequence surrounding the key phosphotyrosine residue in binding and
recognition®!!. A portion of these efforts used genetic code expansion to present phosphotyrosine analogs
within peptide libraries to better mimic authentic substrates. In addition to enabling unique biological
insights, this is an important demonstration of the integration of genetic code expansion strategies into E.
coli peptide display. In an intracellular high-throughput screening approach, Barber et al. were able to
evaluate phosphorylation-dependent binding events in high throughput with the use of genetic code
expansion and a split fluorescent reporter’'>. Genetically encoding the ncAA phosphoserine in a
genomically recoded organism, screens of phosphopeptides uncovered numerous biologically relevant
interactions mediated by serine phosphorylation. Overall, the technological strengths of multiple E. coli
genetic code manipulation systems have led to powerful chemically expanded peptide screening



approaches with E. coli and phage display (and beyond). These promising approaches will continue to
play important roles in high throughput discovery of chemically expanded peptides in the future.

5.4.3 Engineering Binding Proteins using Genetic Code Manipulation and High Throughput Screening

Antibodies and other protein-based binding ligands offer distinct molecular recognition
capabilities in comparison to peptides, with antibodies playing particularly expansive roles in basic
research, diagnostics, and therapeutics®'®*'*. While chemically expanded antibody discovery remains in
early phases, multiple discovery platforms are now technically validated and poised to facilitate high
throughput discovery in protein-small molecule “hybrid” spaces. Van Deventer et al. established an E.
coli display platform for engineering ncAA-substituted, clickable forms of antibody fragments®**. Starting
from an existing anti-digoxin antibody fragment, global replacement of methionine with structural
analogs was found to be detrimental to antigen binding. Two rounds of random mutagenesis and
screening with analog-substituted libraries led to clickable antibodies with enhanced display and binding
properties. Notably, evolved, azide-containing variants exhibited improved affinity in comparison to Met-
substituted forms of the same clones; this was an unexpected enhancement likely mediated by the unique
properties of the azide side chain. Several azide-substituted variants tolerated strain-promoted azide-
alkyne cycloadditions without loss of binding function. This work raises intriguing chemically expanded
antibody engineering possibilities with clones containing multiple instances of a ncAA.

Liu et. al. reported a series of phage display studies using an expanded genetic code. A phage
antibody library encoding ncAA substitution sites in antibody complementarity determining regions was
constructed and paired with different OTSs for high-throughput discovery. Recognizing that some anti-
HIV antibodies exhibit potent binding to gp120 with sulfated tyrosine residues, the researchers
demonstrated that screens against gp120 resulted in the preferential isolation of sulfated antibodies. These
screens yielded clones exhibiting affinities approaching those of known, naturally sulfated antibodies®"™
31 This library was also used in combination with an OTS that supported the incorporation of the glycan-
targeting ncAA p-borono-L-phenylalanine; screens led to preferential enrichment of ncAA-containing
clones against a model sugar target. Overall, these studies demonstrate that ncAAs can substantially
influence enrichment outcomes when presented within antibody libraries.

We have integrated genetic code expansion into yeast display for chemically expanded antibody
discovery (and alternative binding ligand scaffolds)® 107 149 244.284.317322 ‘T4 date, our published discovery
efforts have described systematic evaluations of binding ligands. Alcala-Torano et al. established
workflows for identifying covalent single-domain antibody variants on the yeast surface for both
photocrosslinkable and spontaneously crosslinkable ncAAs (single-domain antibodies (sdAbs) are also
referred to as nanobodies or VHHs)**. This work used an existing set of sdAbs targeting the light chain
protease of botulinum neurotoxin serotype A (LC/A)**. Infection with botulinum neurotoxin enables
LC/A to enter neurons and cause neuronal paralysis; an individual LC/A protein can retain its proteolytic
activity inside neurons for months. As a proof of concept, Alcala-Torano et al. investigated over 40
chemically expanded sdAb variants by constructing and evaluating candidates on the yeast surface for
covalent target engagement. Incorporation of the highly reactive, photocrosslinkable ncAA AzF into
sdAbs led to numerous putatively crosslinkable variants (majority of variants tested), while incorporation
of the weakly electrophilic ncAA O-bromoethyl-L-tyrosine (OBeY) into sdAbs led to identification of 3
putatively crosslinkable variants (out of 21 variants tested). Follow-up investigations of selected clones in
solution confirmed crosslinking activities and indicated low or undetectable levels of off-target
crosslinking in cell lysates. This represents a promising approach to covalent binding protein discovery
that complements existing in-solution assays for covalent target engagement; it also has the potential to be
applied with higher throughput screens in future work.

In a related approach, Huang et al. described the systematic evaluation of protein-small molecule
hybrids on the yeast surface'®. In a collaboration between the Van Deventer and Hackel groups, the labs
investigated the roles of ncAA side chain structure and small molecule pharmacophore identity on the
potency and specificity of hybrids targeting isoforms 2 and 9 of human carbonic anhydrase (hCA2,
hCA9). Starting from previously reported hybrids based on reactive thiols and a potent acetazolamide



warhead™, a series of clickable ncAAs and pharmacophores were used to construct dozens of chemical

hybrid variants via CuAAC. Interestingly, numerous clones containing the acetazolamide warhead
retained potent binding activity against hCA2 and hCA9, even though the chemical structures of the
ncAA-acetazolimade linkers differed substantially from the parent linker structures. In addition,
replacement of the potent warhead for a much weaker aryl sulfonamide warhead yielded several variants
exhibiting activity. These observations suggest that chemical explorations of “hybrid space” have strong
potential, especially when combined with 96 well-plate workflows established in the report. The
identification of chemically expanded, crosslinkable antibodies and hybrids in these studies suggest that
higher throughput screens on the yeast surface have the potential to yield a broader range of chemically
expanded ligands. Overall, the availability of numerous technically validated, chemically expanded
protein and peptide discovery platforms offers opportunities for discovery in unexplored hybrid binding
ligand and drug discovery spaces.

6. Conclusions and Outlook

High throughput screening is strongly impacting both genetic code manipulation systems and
their application to chemically expanded protein discovery. Expansion or alteration of the genetic code to
accommodate ncAAs has benefitted greatly from efficient routes to the biocatalytic preparation of
acylated tRNAs via engineered aminoacyl-tRNA synthetases (for cellular translation) and ribozymes (for
in vitro translation). A growing range of components of the translation apparatus can now be screened or
evolved in high throughput, enabling access to translational activities that cannot easily be identified
through existing rational or computational approaches. By strategically engineering components involved
in translation, researchers have demonstrated the ability to tune key interactions and mitigate competition
with endogenous cellular processes. In addition to directly improving efficiencies of ncAA incorporation,
this engineering paradigm has the potential to push large-scale biomanufacturing of ncAA-containing
proteins and peptides beyond initial hard-won successes®** ** to the point of being routine. Beyond
industrially relevant opportunities, many of the intricacies of protein translation apparatuses remain
poorly understood. Unbiased screening approaches for ncAA incorporation present opportunities to
uncover interaction networks and mechanisms that dictate protein translation efficiency and fidelity. This
may even extend to components beyond the conventionally defined elements of the protein translation
apparatus.

The availability of high-performing genetic code manipulation systems has fueled the
establishment of high throughput discovery platforms for ncAA-containing proteins and peptides. In fact,
there are compelling examples of screening platforms based on each of the three major types of genetic
code manipulation. Exciting implementations of mRNA display are already being used as powerful tools
in chemically expanded peptide drug discovery. In addition, the ongoing development of phage, yeast,
and F. coli display platforms offers complementary strengths for chemically expanded binding ligand
discovery efforts, including for antibodies and other protein-based binding ligands. Rapid advances in the
discovery of enzymes that use ncAA-mediated, new-to-nature catalytic mechanisms are starting to push
the boundaries of biocatalysis. While early screening campaigns have mostly used well plate formats
(hundreds to thousands of variants), there are now numerous classes of enzymes amenable to directed
evolution in display formats (millions of variants)*****; advances in automation may also streamline
discovery efforts in this area. For enzymes, binding ligands, and other polypeptides, a key challenge
remains identifying the best “chemical starting points” that will lead to properties that cannot be accessed
with canonical amino acids alone. In addition, the potential benefits of chemically expanded proteins must
be weighed carefully against added costs or production complexities.

It is well-known that canonical amino acid sequence space is incomprehensibly large and must be
navigated carefully; adding ncAAs to polypeptides results in further expanded sequence spaces.
Computational approaches to navigating these spaces have the potential to be highly impactful. In the area
of enhancing ncAA incorporation systems (with canonical amino acids only), existing frameworks for
bioinformatics, biomolecular design, and machine learning can be applied to engineering protein
translation apparatuses (and beyond)'*'"'*°. We expect this to be relatively straightforward because of the



availability of vast sequence and structural datasets on the proteins and nucleic acids that comprise the
translation apparatus. In addition, fit-for-purpose datasets linking sequence and function can be generated
using the powerful set of screening platforms described in Sections 3 and 4 of this review. Extending
these tools to ncAA-containing proteins and peptides is likely to require substantial additional work.
While some approaches, such as transfer learning™’, may inform models of ncAA-containing proteins,
there is a dearth of experimental data on ncAA-containing proteins. There is no Protein Data Bank for
structures of chemically expanded proteins, nor is there sequencing or evolutionary data on the DNA
encoding such proteins. High throughput experimentation has an important role to play in establishing
sufficient quantities of data in this area, and bioinformatics workflows will need to continue to be adapted
to accommodate additional amino acids. Advances in laboratory automation, perhaps even including self-
driving laboratories, will aid in the collection of this data*'-***. Given the rapid rise of biomolecular
machine learning, there are numerous opportunities to establish powerful design tools for ncAA-
containing proteins.

From early on, researchers have used high throughput screening to “discover the unexpected” in
genetic code manipulation and its applications. Fueled by advances in areas including directed evolution,
DNA sequencing, biomolecular machine learning, and even laboratory automation, high throughput
screening stands to play a critical role as genetic code manipulation continues to reach new heights.
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