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Abstract

The ability to selectively modify proteins at two or more defined locations opens new avenues

for manipulating, engineering, and studying living systems. As a chemical biology tool for the
site-specific encoding of noncanonical amino acids into proteins /n vivo, genetic code expansion
(GCE) represents a powerful tool to achieve such modifications with minimal disruption to
structure and function through a two-step “Dual Encoding And Labeling” (DEAL) process. In this
review, we summarize the state of the field of DEAL using genetic code expansion. In doing so,
we describe the basic principles of GCE-based DEAL, catalogue compatible encoding systems
and reactions, explore demonstrated and potential applications, highlight emerging paradigms in
DEAL methodologies, and propose novel solutions to current limitations.
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Introduction and Scope

The ability to selectively attach two different labels onto biomolecules enables powerful
approaches to detect, construct, characterize and study biomolecules and/or their
interacting partners with great precision, even in their native contexts. In general,
achieving this requires a two-step process composing of 1) biochemical encoding of
two distinct bioorthogonal and mutually orthogonal reactive groups or “handles” into
the targeted macromolecule(s), and 2) the subsequent selective /abeling of these handles
through reaction with the probes of interest (Figure 1). Here, we call this general
two-step process “Dual Encoding and Labeling” (DEAL)L. DEAL has been achieved
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through several approaches including: metabolic labeling (i.e. metabolic oligosaccharide
engineering, etc.)23, affinity tags (i.e. FIAsH- and ReAsH-tags, etc.)*7, chemoenzymatic
labeling (i.e. Biotin ligase, Sortase, Lipoic acid ligase, etc.)813, self-labeling enzymatic
domains (i.e. SNAP-, CLIP-, and Halo-tags, etc.)14-16 and genetic code expansionl:17:18,
Many impactful applications of DEAL include (Figure 1): simultaneous tracking and
imaging of two distinct species of biomolecules®19-22, temporal labeling of different
biomolecular populations2123:24, studying protein-protein interactions2®, monitoring of
protein dynamics using spectroscopic probes?6-29, engineering and modifying proteins
through site-specific conjugation10:3%:31 protein-protein crosslinking?:11:32-34 constructing
supramolecular protein complexes®:10:25.35.36 and designing novel biosensor platforms37-40,

An “ideal” approach to DEAL would be: 1) site-specific and compatible with virtually any
location on a protein’s surface, permitting attachments to be non-disruptive to the protein’s
structure and function; 2) modular, so it can be easily retooled for new applications, and 3)
based on labeling chemistry that is bioorthogonal, biocompatible (i.e. non-toxic), biostable,
and efficient /n vivo. Unfortunately, most approaches listed above fall short of these criteria,
as they either lack the required levels of site-specificity*1-4, are non-covalent4>:5-7:46-48 qr
require large and disruptive encoding approaches®-16:2549 Recently, genetic code expansion
(GCE)%9-52 has emerged as a technique that meets all of the criteria for an “ideal” DEAL
approach. As a chemical biology tool that allows the site-specific encoding of unobstructive
noncanonical amino acids (ncAAs) into proteins, it is unparalleled in its exquisite site-
specificity and its minimal invasiveness (for recent reviews see®1-°4). Advances in GCE have
enabled the simultaneous encoding of multiple ncAAs, including those with bioorthogonal
reactivity, thereby transforming the protein into a “blank slate” chassis for functionalization
with virtually any imaginable modification at virtually any site, even in vivo.

Through summarizing and synthesizing the information in the 32 papers we have found that
represent the GCE-based DEAL field thus far (Table 1), the purpose of this review is to
highlight how GCE opens up new possibilities for powerful DEAL experiments, including
those /n vivo, and to provide information that lowers the barriers to its use and further
development. We first outline the basic principles underlying the use of GCE for efficient
DEAL. Then, based on published GCE-base DEAL experiments (Table 1), we summarize
the specific compatible pairings of GCE components that are useful for DEAL. Finally, we
identify aspects of GCE-based DEAL (referred to henceforth simply as “DEAL”) that need
improvement and also showcasing recent advances addressing these shortcomings. As our
scope is limited to /n vivo GCE applications, we will not cover residue-specific GCE>>7,
and cell-free GCE®8-62 which have been reviewed elsewhere.

Basic Principle 1: Dual encoding requires ncAA-encoding subsystems with

sufficient mutual orthogonality at three key steps

GCE uses an orthogonal encoding subsystem for each ncAA to be incorporated

Genetic code expansion relies on the action of an exogenous aminoacyl-tRNA synthetases
and their cognate tRNAs (aaRS/tRNA pairs) to outcompete endogenous decoding systems
and/or release factors to encode an ncAA. This process has historically been called
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suppression since such a process worked to suppress the action of release factors, but

we will simply refer to it as encoding. An ncAA-encoding “subsystem” is comprised

of four components (Figure 2A): 1) the ncAA to be encoded, 2) the tRNA that the

ncAA will be charged to, 3) the cognate aaRS that charges the ncAA to the tRNA,

and 4) the blank codon that the tRNA decodes. A key requirement for faithful encoding

of the targeted ncAA is that there be sufficient orthogonality83 throughout the encoding
process between the exogenous ncAA-encoding subsystem and all other host organism’s
subsystems. During encoding, the need for orthogonality arises at three distinct molecular
recognition steps (Figure 2A). These are the (i) ncAA-aaRS, (ii) aaRS-tRNA, and (iii)
tRNA anticodon-codon recognition steps, with orthogonality at each step being governed
by both the concentration and nature of molecular interactions between each of the
components of an exogenous subsystem and their host counterparts (Figure 2B). Failure to
maintain sufficient orthogonality at any of these three steps leads to either contamination of
canonical amino acids at the desired ncAA encoding site®455, or unwanted encoding of the
ncAA sporadically throughout the proteome86. Notably, maintaining orthogonality becomes
more challenging when performing DEAL, because two separate and mutually orthogonal
decoding subsystems are needed to encode two distinct ncAAs. In the next three subsections
we discuss factors related to orthogonality at each of the three steps and highlight important
considerations for combining subsystems to enable DEAL.

Two key considerations related to ncAA-aaRS orthogonality

The substrate specificity of aaRSs is mediated by key active-site residues that make contact
with the ncAA substrate8. This specificity is often acquired through directed evolution

to enrich for aaRSs that recognize the new ncAA substrate but not canonical amino acid
substrates®®:69. Depending on the stringency of the selection parameters, the resulting aaRSs
will exhibit varying degrees of fidelity and permissivity, two key factors to consider in
designing DEAL experiments. As illustrated in Figure 2C, fidelityis the ability of the aaRS
to discriminate against all canonical amino acid types and permissivity is the ability of the
aaRS to recognize additional ncAAs beyond the one it was selected to recognize’©.

For DEAL, relative fidelity is more crucial than absolute fidelity.—Low fidelity
can occur when selected aaRSs retain some level of activity towards their ancestral (or
similar) canonical amino acids, as has been observed repeatedly with the commonly

used tyrosyl aaRS originating from Methanocaldococcus jannashii (MjTyrRS), among
others®>.71.72 For example, Odoi and colleagues observed that in the absence of the
preferred ncAA substrate, M/TyrRS led to incorporation of phenylalanine, which closely
resembles the ancestral tyrosine substrate’3. While this may seem problematic, we and
others have noted that in the presence of the ncAA, homogenous ncAA incorporation can
still be observed, indicating a sufficient relative preference for the ncAA1870-73, This leads
to the importance of distinguishing what we call absolute fidelity and refative fidelity: the
former is the ability to avoid incorporating a canonical amino acid in the absence of ncAA,
and the second is the ability to avoid incorporating a canonical amino acid in the presence of
ncAA. While it may seem that lower absolute fidelity is always detrimental, a lower absolute
fidelity can be advantageous when it is accompanied by sufficient re/ative fidelity. Indeed,
as shown by Cooley and colleagues, lowering the selective stringency for absolute fidelity
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resulted in an aaRS with sufficient relative fidelity but with much higher overall encoding
efficiency, showing that lower absolute fidelity can be associated with higher encoding
efficiency and minimal fidelity penalties under conditions where ncAA is provided?0.
Interestingly, the commonly used pyrrolysyl aaRSs (PyIRS) for DEAL originating from
various archaeal and bacterial species have been shown to exhibit markedly lower relative
fidelity18.71.73 possibly as a result of the unique structure of the ancestral substrate which is
absent in most organisms’#. Thus, in dual encoding applications, high background encoding
in the absence of ncAA (i.e. low absolute fidelity) does not represent a limitation to mutual
orthogonality, provided ncAA will be present during the experiments.

Permissivity.—Permissivity or “polyspecificity” (Figure 2C) refers to an aaRS exhibiting
specificity for more than one ncAA’>. While this property is generally useful for increasing
the number of ncAAs that can be encoded by a single aaRS’>-77, in the case of DEAL it can
lead to a breakdown in the mutual orthogonality of the two ncAA-encoding subsystems.
This may be particularly problematic as, from our experience, many aaRSs have at

least some permissivity towards structurally similar ncAAs’>78. In one example, Zheng
and coworkers observed that the leucyl aaRS from £. coli (EcLeuRS) and PyIRS from
Methanosarcina barkeri (MEPYIRS) they had generated shared specificity for several ncAAs,
preventing their concomitant use, a problem that was bypassed by simply using ncAAs with
less structural similarity”®. In general, permissivity-based orthogonality breaches appear

to be more common when two closely related aaRS are used, such as two PyIRSs.

While developing DEAL systems, Meineke and colleagues observed that such aaRSs

often have overlapping permissivity profiles, a condition that could be partially offset
through active-site mutations, but one that nevertheless limited the suite of available

ncAA combinations and subsequent applications80-81, It remains to be seen whether, under
dual encoding contexts, such systems could exhibit sufficient relative fidelity between the
ncAAs to avoid ncAA intermixing. Regardless, these examples highlight the importance

of assessing aaRS-ncAA compatibility, particularly between similar ncAAs and aaRSs. As
such, we recommend empirically validating the relative fidelity of any new ncAA-encoding
subsystem combinations at the ncAA-aaRS step to ensure that both systems are sufficiently
orthogonal to each other as well as to the host machinery.

aaRS-tRNA orthogonality and mutually-orthogonal aaRS-tRNA pairings

The recognition of tRNAs by cognate aaRSs is mediated by Jidentity factors present on

the tRNA82—features that are typically located in distal portions of the tRNA such as the
acceptor-stem and anticodon83:84, Such interactions within a single organism have been fine-
tuned over evolutionary timespans to provide mutual orthogonality between native encoding
subsystems. However, if there are overlapping identity factors, ncAA-encoding subsystems
might also charge an endogenous tRNA, leading to a breakdown in orthogonality. This
phenomenon renders the commonly used MjTyrRS/tRNAT' pair orthogonal in £. coli, but
not in eukaryotes because the presence of a shared C1:G72 identity factor (among other
sequence similarities®®) between archaeal and eukaryotic tRNATY (86) results in mischarging
of ncAA and Tyr between exogenous and endogenous tRNAS.
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Common, natural, mutually-orthogonal aaRS-tRNA pairings.—In DEAL
experiments, this breakdown in orthogonality is of particular concern because it can

also occur between two otherwise orthogonal ncAA-encoding subsystems, thereby
violating mutual orthogonality (Figure 2D). Fortunately, in published studies (Table

1) researchers have identified numerous compatible subsystems, which we summarize

in Figure 3. The majority of compatible combinations involve various PyIRS/tRNAPY!
encoding subsystems®’, due their unique constellation of identity factors compared

with most other classes of aaRS/tRNA pairs87-89, In bacteria, the compatibility of

such PyIRS/tRNAPY! systems with the A/ TyrRS/tRNAT pair has been extensively
documented?18.26-28,34,90-92,72,93-95,1,96-98 | eykaryotic systems, where the MjTyrRS/
tRNATY pair is not orthogonal, the PylIRS/tRNAPY! pair has often been combined with
aaRS/tRNA pairs from bacteria which, given their ancient evolutionary divergence, often
possess sufficiently distinct identity factors89. Two bacterial aaRS/tRNA pairs in common
use are the TyrRS/tRNATY" and LeuRS/tRNALEY pairs from £. coli’%:99, Intriguingly, even
though the £. coli Tyr and Leu-encoding subsystems are orthogonal in their native host,

in mammalian cells the £cTyrRS can charge the EtRNALeU (99). Despite also observing
this phenomenon, Shi and colleagues recently found that the EcTyr and Ecleu subsystems
(along with the MmPyl subsystem) could still be paired in mammalian cells, indicating
that these two systems may exhibit sufficient relative fidelity to be of functional usel00,
This highlights the need to be cautious in checking for orthogonality of ncAA-encoding
subsystems during DEAL and to empirically check for relative fidelity of tRNA/RS needed
for specific applications.

Engineered mutually-orthogonal aaRS-tRNA pairings.—Given the limited number
of available, mutually orthogonal ncAA-encoding subsystems, researchers have sought to
engineer and discover new subsystems with mutual orthogonality. An innovative approach
pioneered by the Chatterjee group was to replace the endogenous £cTrpRS/tRNATP
system within £, coliwith a functional yeast analog’?. This functional replacement for

the encoding of Trp allowed the authors to engineer the £cTrpRSARNATP to encode
ncAAs directly in £. coli; since in this context it no longer retained the obligate role of
encoding Trp. This new system, along with the A TyrRS/tRNAT" and MbPyIRS/tRNAPY!
encoding subsystems, allowed successful triple encoding and labeling in £. co/i’2. A similar
approach has since been applied to the £cTyrRS/tRNATY' system101, Others have taken

a more direct approach to engineering mutually orthogonal ncAA-encoding subsystems.
For example, given that the N-terminal domain of PyIRS plays a major role in molecular
discrimination of tRNAs, the Chin group utilized several archaeal PyIRSs — including the
PYIRS of Methanomethylophilus alvus— that lack this N-terminal domain (so-called AN
PyIRSs, originally discovered by the Brugére group©2) and so might serve as the basis of
an orthogonalization approach103, By selecting tRNAPY! with an expanded and mutagenized
variable loop, they found several tRNAs with specificity towards “AN” over “+N” PyIRS,
effectively orthogonalizing the two ncAA-encoding subsystems104. Taking this approach
further, the “AN” class of PyIRS could be divided into two distinct subgroups that were
partially orthogonal to one another. Several further rounds of engineering generated triply
mutually orthogonal PyIRS/tRNAPY! pairs consisting of a “+N”, a “Class A AN,” and a
“Class B AN” PyIRSs, which were then used to encode three distinct ncAAs105, Together,
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these studies reveal that mutagenizing both the acceptor stem and variable loop of differing
tRNAs is an effective means of engineering orthogonality, even between closely related
aaRSs80:103.105 Another innovative approach developed by Reinkemeier and Lemke was
to engineer a system in which aaRSs were physically separated in cellular space, and

thus became orthogonal by proximity, despite being orthogonal only at the ncAA-aaRS
step1%6. To do so, the authors generated two discrete, film-like, membraneless organelles
comprised of localized, phase-separated proteins in different regions of a mammalian cell.
By targeting two distinct PyIRS and two distinct mMRNA to these different organelles,
Reinkemeier and Lemke were able to effectively co-opt the TAG codon to encode two
distinct protein populations with different ncAAs in two different loci of the same cell.

As designed, the system cannot encode two distinct ncAAs into the same protein chain.
Despite this, these findings indicate that “spatial orthogonality”197 (using partitioning to
bypass the requirement for molecular discrimination) is a legitimate avenue for engineering
orthogonality for certain applications106.

Discovering new natural, mutually-orthogonal aaRS-tRNA pairings.—
Discovering new natural mutually orthogonal aaRS/tRNA pairs from nature has also been

a fruitful avenue of identifying mutually orthogonal aaRS/tRNA pairs. As exemplified,
Cervettini and colleagues developed a computational pipeline to score ~3 million
metagenomic tRNA sequences on the basis of known £, coli identity factors'98, From

these, the authors identified five new functional and orthogonal aaRS/tRNA pairs which also
shared mutual orthogonality with three previously know aaRS/tRNA pairs. All the above
studies demonstrate that the identity factor paradigm for explaining aaRS-tRNA molecular
orthogonality is powerfully predictive and can be leveraged for the design and scalable
discovery of novel, mutually orthogonal aaRS/tRNA pairs.

tRNA-Codon orthogonality and the problem of near cognate suppression

MRNA decoding occurs at the ribosome and is initiated by triplet base-pair interactions

at the A-site during protein translation. Whereas there are 61 sense codons (and 3 stop
codons) in the genetic code, there are only 47 unique isoacceptor tRNAs spread across

86 genes that are responsible for encoding all 21 amino acids (including selenocysteine)
within the £. coli proteomel99, This discrepancy is in part resolved by the occurrence of
wobble base pair interactions, as predicted by Crick in 1966110, Since then, it has become
apparent that a single tRNA is capable of recognizing and decoding more than one codon
through a variety of non-Watson-Crick interactions, and that these can be influenced by
post-transcriptional modifications11, Although such cross-talk is an essential part of proper
genetic encoding, it is also the source of misincorporation through what has been called
“near-cognate suppression’12. GCE relies on the use of unassigned “blank” codons—ones
ideally not used for another purpose—as a component of the ncAA-encoding subsystem. The
near-cognate suppression reading of these “blank” codons by near-cognate tRNAs disrupts
orthogonality and is of increased concern for dual encoding, since there are two different
codons that can be misread, either by endogenous or exogenous decoding systems (Figure
2D).
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Near cognate suppression by canonical tRNAs.—All codons (including nonsense
codons) are susceptible to near-cognate suppression from natural decoding systems (Figure
2D). In fact, the error rate of translation is estimated to be between 1073 — 1074, indicating
that such errors are common, well-tolerated, and may even provide cellular fitness benefits
under certain circumstances12. In the context of dual encoding, where protein stalling is
hypothesized to be exacerbated, endogenous near-cognate suppression can become more
pronounced, often in a codon-dependent manner84114. For example, up to 10 distinct
amino acids have been reported to contaminate UAG (amber) suppression sites during
GCE, with the most frequently reported being Gln, Tyr, and Lys, all of which involve only
a single mismatch84.73.114-119 UGA (opal) codons reportedly have the highest levels of
near-cognate suppression at around 3% in £. coli, due chiefly to wobble interactions with
tRNATP (73.112,116,118) (Figure 2D) that appear to be highly dependent on codon context in
the 3’ direction120121 |n contrast, UAA (ochre) codons have less endogenous near-cognate
suppression relative to the commonly utilized UAG (amber) codon, presumably due to

an overlap of recognition from both release factors!16:119, Conversely, it should be noted
that the UAG codon still enjoys higher suppression efficiency in eukaryotes, despite the
presence of only a single release factor’?. This observation underscores the notion that
relatively little is understood about the nature of tRNA anticodon-codon interactions in
eukaryotic systems, wherein additional factors such as differing post-transcriptional tRNA
modifications116, and nonsense-mediated decayl?2 can come into play. While Indeed, the
removal of release factors, as in the £, coli C321.AA.exp and B95 strains123124 seems to
exacerbate endogenous near-cognate suppression64.115.117.119 Fyrthermore, the observation
that such near-cognate suppression can be overcome by improving the efficiency of an
ncAARS®4, further highlights that it is a relative rather than an absolute fidelity feature of
ncAA-encoding subsystem that impacts its effectiveness’3-115.119,

Near cognate suppression of UAG codons by UAA suppressor tRNAs.—In dual
encoding contexts it has been observed that UAA-decoding tRNAs can, to a small degree,
decode UAG codons18:73:80.99.125,126 ' nresymably due to the strong U:G base pairing typical
of wobble interactions12”. This cross-recognition may appear to be a “DEAL breaker” for
configurations using the UAG+UAA codon combination, as the UAA suppressor tRNA
may insert the wrong ncAA at UAG sites. However, this is another case in which relative
fidelity outweighs absolute fidelity, as we and others have observed that in the presence

of a functional ncAA-charged UAG suppressor, relative fidelity is still achieved-18.118 e
suspect that the UAG suppressor tRNA simply outcompetes near-cognate suppression, but
this has not been shown. Interestingly, the UAG suppressor tRNA has not been observed

to decode UAA codons; while it may seem strange, this asymmetry is easily rationalized

in that a C:A mispairing at the third position is known to not form a strong wobble
interaction18.73.99,

Choosing “blank” codon pairs for DEAL.—For the purpose of DEAL, a wide variety
of blank codons have been utilized, ranging from the standard triplet nonsense codons’?, to
quadruplet (also referred to as frameshif) codons!’, to sense codons®8, and even unnatural
codons¥” (Table 1). Owing to its higher suppression efficiencies'8:3479 the UAG codon
remains the most widely used blank codon for dual encoding (Table 1). While this may
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often be the case, the Venkat and colleagues observed that within £. coli, the PyIRSARNA
pair performed roughly as well at all three stop codons2®, whereas Zheng et al., noted that
in a mammalian context, this same pair exhibited significantly higher encoding efficiency
while decoding UAG stop codons’®. These results highlight the fact that encoding efficiency
depends on a myriad of factors and can be highly contextual. Nevertheless, the UAG

codon frequently finds use with the UAA codon, and to a lesser extent the UGA codons
during dual-ncAA encoding (Table 1). An exception to this is in mammalian settings,

where the UGA codon enjoys a similar usage to the UAA codon’9:99.104 Despite the

allure of the vastly expanded codon space afforded by quadruplet codons (256 codons),
their usage has been plagued by low suppression efficiencies!?> and notable near-cognate
suppression!18. As reported by the S6ll group, the dominant amino acid encoded at AGGA
codons is actually contaminant Arg (possibly through near-cognate suppression by tRNAAT
in combination with a +1 frameshift to retain the reading frame)!18. To overcome this
limitation, the Chin group developed a series of orthogonal ribosomes based on a unique
Shine-Dalgarno sequence that substantially reduces background encoding and improves
quadruplet decoding34. These systems have been used for dual encoding7-34.91,94,104,105.
however, they tend to suffer from lower suppression efficiencies (yields ~1% of the wild-
type protein level)2” when compared to dual triplet stop codons (yields ~5-20% of wild-
type)18:99,

While the innate properties of each codon are often considered when selecting which

codon to use, the choice is often limited by the aaRS, which may recognize the anticodon

as a key identity factor. For example, the MjTyrRS had to be extensively engineered

to recognize its UAG-decoding suppressor tRNA after codon reassignment, which has
essentially shoehorned it for usage with this codon128:129. Moreover, codon reassignment

of a suppressor tRNA may alter the orthogonality of the tRNA, as Italia and colleagues noted
that reassigning the £, colitRNAT™ to a UAG suppressor rendered it a substrate for the
native £¢GInRS’L. Alternatively, as mentioned earlier PylRSs are not known to interact with
the anticodon loop of their cognate tRNA, granting them immense flexibility to their codon
compatibility for DEAL purposes. For a visual representation of the various combinations
and frequencies of codons used for dual encoding in prokaryotes and eukaryotes, see Figure
S1.

Seeking scalable solutions for multi-ncAA encoding.—Despite their popularity, the
use of triplet nonsense codons is not a scalable solution for multi-codon suppression, as was
illustrated by Italia ef a/, and Shi et a/, who used all three stop codons to simultaneously
encode three ncAAs in £. co/i2 and mammalian cells1%0 respectively, leaving no codons

to encode termination. In the former case, the authors needed to use a protease to produce
the correct final product’2. While serving to demonstrate that it is possible to encode three
ncAAs, these examples represent the upper limit of triplet nonsense codons for multi-ncAA
encoding. A novel approach by Tharp and colleagues was to utilize an ncAA-encoding
initiator tRNA in addition to stop codons®. By reassigning a previously-generated UAG-
decoding MjTyr tRNA that shares identity factors with the native £. co/i fMet initiator
tRNAL0 to decode UAU codons, the authors were able to encode a number of ncAAs at
the first position within the protein of interest, thereby generating a dual-use sense codon
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that encodes a ncAA at the initiation position, while retaining its Tyr-encoding assignment
elsewhere in the protein®. By combining this with two other encoding subsystems, Tharp
and coworkers were able to achieve triple-ncAA encoding and labeling in £. coli while

still reserving a UGA stop codon to terminate translation. While limited to the N-terminus,
such an approach enables effective triple encoding potential without the need for additional
processing steps, or the quadruple encoding of ncAAs with such processing. Despite its
drawbacks, the use of a quadruplet genetic code, on the other hand, does represent a scalable
approach, as Dunkelmann et a/. have demonstrated through a combination of UAG, AGGA,
and AGUA codons19, The authors have continued to scale this approach to the encoding of
up to four distinct ncAAs in a single protein using four quadruplet codons, exemplifying
that quadruplet codons indeed represent a legitimate scalable approach to multi-ncAA
encoding®3L. Further support for this notion was found by DeBenedictis and colleagues,
who identified that all 20 £. coliisoacceptor tRNA classes can be converted to quadruplet
codon suppressors, nine of which can be used to faithfully encode their respective amino
acid as a mutually orthogonal set, indicating that the £. coli genetic code is tolerant towards
expansion by quadruplet codon usagel32. Another approach, pioneered by the Romesberg
group, has been to simply expand the genetic alphabet to create novel codons based on
noncanonical base-pairst33. Through this method, an £. coli genome possessing 67 codons
was used to encode two different ncAAs and a serine through three new codons®”. While the
high levels of background render sense codons impractical for GCE®8:134  the Chin group
has demonstrated that these codons can be used for multi-ncAA encoding in refactored
genomes that lack some redundant sense codons. In a tour de force effort, the £. coli genome
was engineered so as to remove all 18,214 instances of TAG, TCG, and TCA codons, as
well as their respective decoding machinery, effectively creating a 61 codon “compressed”
genome with three new blank codons!3°. This £, colistrain (dubbed Syn61) has since been
used to encode up to three ncAAs using the three liberated blank codons!38. It will be
interesting to see which approach will present itself as the scalable method-of-choice for
multi-ncAA encoding. Regardless, we are excited at the plurality of avenues to access new
vistas for ncAA encoding in the currently-limited codon landscape, and look forward to
greater opportunities for developing improved multi-encoding approaches.

Basic Principle 2: Dual Labeling requires sufficiently mutually orthogonal

reactive groups

The need for mutually orthogonal bioorthogonal chemistry:

Much like dual encoding, the success of a dual labeling approach depends on orthogonality.
When two encoded bioorthogonal handles react with two exogenously added labels,

there are six possible reactions: two desirable on-target reactions, and four undesirable
off-target reactions (Figure 4A). In this case, the two labeling reactions, in addition to

being bioorthogonal, need to be mutually orthogonal — having sufficiently low off-target
reactions between noncognate reactants. This property is frequently referred to as chemical
orthogonality or mutually orthogonal bioorthogonality. Depending on the experimental
configuration, exogenous labels can sometimes be added sequentially in a step-wise manner,
potentially with a washout phase, thereby reducing the number of off-target reactions that
must be considered. Nevertheless, a loss in chemical orthogonality will result in scrambled
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labeling and thus a deterioration of site-specificity; therefore, balancing the reactivity of the
participating encoded handles is key to successful labeling.

Achieving sufficient chemical orthogonality through relative reaction rates
and/or sequentiality.—The relative rate of possible reactions is what dictates whether
the chemical orthogonality of the components of a system is sufficient to yield acceptably
homogeneous labeled products. As Hu and colleagues note, a general recommendation is
simply that the on-target reaction reactions be at least around two orders of magnitude
faster than the competing off-target reactions13”. (The relative rates of some commonly
used bioorthogonal reactants are summarized in Figure 4B). This approach has been
exploited extensively by Lemke and colleagues who leveraged the tunability of inverse
electron demand Diels-Alder (IEDDA) reactions38 to enable DEAL. In this example, the
researchers encoded two distinct lysine-derivatized ncAAs bearing either a cyclooctene
(TCO; J, in Figure 5) or a cyclooctyne (OCT; similar to 13, in Figure 4) group into two
temporally-separated populations of proteins using a single polyspecific PyIRS/tRNAPY!
system. The resulting proteins could be sequentially labeled using two carefully selected
tetrazine labels bearing either methyl (9) or pyridyl groups (8)23. The added ring-strain
on the TCO group allowed reaction with the less-reactive methyl-tetrazine group, which
showed minimal reactivity towards the OCT group. Subsequently, the OCT group could
be labeled through reaction with the much more reactive pyridyl-tetrazine-functionalized
label, thereby permitting dual labeling in live mammalian cells. This example highlights how
carefully selected reactants with differential reactivity can be leveraged, along with their
order-of-addition to enable DEAL in a living system.

Paired reactions that have been successfully used for DEAL.—Following these
basic principles, researchers have employed several mutually orthogonal bioorthogonal
reactions for DEAL (Figure 5). Early demonstrations, like those by Kim and colleagues!3?,
relied on relatively simple reactions, such as the oxime!40 and copper-catalyzed azide-
alkyne coupling (CUAAC)141 reactions between encoded carbonyl- (F-G)/azide (C-E)
handles and their cognate alkoxylamine (4)/alkyne labels (2), respectively. Such reactions
are either slow in the case of oxime labeling142, or can generate damaging reactive

oxygen species in the case of the CUAAC reaction43. In pursuit of more biocompatible
options, many researchers have turned to the strain-promoted azide-alkyne coupling
(SPAAC) reaction18:28.30.97 \which while slower than the CUAAC reaction, relies on

the intrinsic ring strain of reactants such as dibenzoannulated cyclooctynes (DBCO; 3),
among other reagents, to avoid the use of a metal catalyst while still retaining chemical
orthogonality towards many other reactions44. Dispensing with both sluggish reaction
rates and toxic catalysts, the IEDDA reaction has become, by and large, the most popular
reaction for DEALL17.79.81.91,94,95.99 not least for its exceptional speed and tunability,
excellent biocompatibility38.145 and orthogonality towards other popular cycloaddition
reactions46.147_ For example, we previously demonstrated that these properties of IEDDA
(between | and 6) allowed us to perform DEAL, in combination with the SPAAC reaction
(between C and 3), even within a living system, illustrating the ability of this approach to
study proteins in their native context!. Moreover, Italia and colleagues recently showed that
the SPAAC and IEDDA reactions are also triply orthogonal to a novel reaction between
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5-hydroxytryptophan (N) and diazonium compounds (11) referred to as the Chemoselective
and Rapid Azo-Coupling Reaction (CRACR)8, which they used to site-specifically label a
protein at three distinct locations’?

Paired reactions that appear to be of possible use for DEAL.—As can be implied
from above, a relatively small subset of bioorthogonal reactions have been adopted for
DEAL, despite there being a plethora of potential reactions that could easily be adapted for
this purpose, which have been summarized in Figure 6. For example, Bruins and colleagues
recently demonstrated that the recently described Strain-Promoted Cyclooctyne-Quinone
reaction (between 5 and 17)149, with an exceptionally fast reaction rate, was orthogonal

to the SPAAC reaction (between 1 and 7) and could be used in combination with it
(although, this reaction is not orthogonal to the IEDDA reaction)!2. Similarly, Cheng et

al. demonstrated that a reimagined variant of the classical Staudinger ligation consisting

of tetrafluoro-para-azidophenylalanine handle (15) could react rapidly enough (k> of ~73
M~1 s71) with triphenylphosphine (16) in an orthogonal manner to the SPAAC reaction,
when order of additions were controlled inside of live HEK cells!50, Orthogonality to
SPAAC in live mammalian cells has also been demonstrated for the reaction between
in-situ generated nitrile oxides (from chlorooximes; 20) and isonitriles (21), provided that
this reaction proceeds SPAAC labeling?21:152, |sonitriles have also found to be reactive
towards 1,2,4,5-tetrazines. Interestingly, as the Houk and Francini groups have shown,

by adding bulky substituents onto the 3,6-positions of tetrazines (e.g. 18) this handle

can be tuned to adopt preferential and rapid reactivity towards tertiary isonitriles (19; A,

of ~60 M~1 s71) over the more commonly-used strained alkenes such as TCO (5; 4>

of ~0.2 M~1 s71), providing the basis for mutually orthogonal reactivity between bulky
tetrazines and isonitriles in combination with the more traditional IEDDA, and the SPAAC
reactions1®3. Likewise, Wu and Boger recently demonstrated that unlike their 1,2,4,5-
relatives, 1,2,3,5-tetrazines (22) are capable of undergoing a distinct reaction mechanism
with amidines (23), which has been shown to be orthogonal to the classic IEDDA

reaction involving 1,2,4,5-tetrazines (between 12 and 7)1%4. In pursuit of triply-orthogonal
reactions, Schart and colleagues demonstrated that nitrile imines (generated /n situ through
photolysis from 25) are capable of chemoselectively reacting with terminal alkenes (24),
even in the presence of methylcyclopropene (14) and azide handles (1) which participate

in IEDDA and SPAAC reactions, respectively, thereby enabling orthogonal triple labeling
in HEK cells155, Adopting a different approach, the Raines and Schomaker groups used

a computational approach to rationally design a series of Sulfur-, Nitrogen-, and Oxygen-
containing Cyclooctynes (SNO-OCTSs; 26 and 28) that enabled differential reactivity towards
either tetrazines (10) or diazoacetamides (27). Surprisingly, these handles were shown to
participate in reactions that were not only orthogonal to one another, but also towards the
bioorthogonal reaction between hydrazines (29) and boronic acids (30)12, creating a palette
of three mutually orthogonal reactions for chemospecific triple labeling of proteins3’. The
orthogonality of these reactions have been summarized in supplemental Figures S3-S10. For
more information on how to utilize Figure 6 for the discovery of new reaction pairings, see
supplemental Figures S2 and S11.
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Computational and empirical efforts to find additional compatible pairs.—As
mentioned above, the use of computational screening approaches is having an increasing
impact on the design of chemically orthogonal reactions. Liu et al. recently developed a
distortion/interaction model to predict the impact of sterics/electronics on reaction kinetics.
Using this approach, they estimated the reaction rate for 121 cycloaddition reactions,
allowing the identification of putatively mutually orthogonal reactions®6, demonstrating
that there is a wide breadth and depth of chemical space that has yet to be explored,

and that computational approaches may be powerful tools for navigating this space. Both
computational and empirical approaches are continuing to uncover novel reaction modalities
that can serve as a feedstock for DEAL purposes. While few of these new reactions have
been adapted for GCE, we are confident that the field will continue to develop new ncAAs
and their accompanying encoding subsystems. As the number of blank codons increases and
opportunities for site-specific multi-ncAA encoding and labeling grow to complement them,
we are eager to see which reactions will be embraced to meet these applications.

Applications of GCE-based Dual Encoding and Labeling

Genetic encoding of bioorthogonally reactive handles has enabled a number of exciting
applications, ranging from protein immobilization1%7 to in vivo labeling®8. Since
bioorthogonally reactive groups essentially serve as a modular hub for the attachment

of virtually any subsequent functionality, applications are far reaching. The ability to
site-specifically install and subsequently label a protein at two or more locations extends

the power and versatility of protein labeling by enabling the multiplexing of such

abilities. Simultaneous installation of both probes and auxiliary functional moieties provides
opportunities to study and manipulate proteins in an increasingly precise and sophisticated
manner (Figure 1). In the below sections, we highlight published DEAL applications, as well
as identify potential areas where DEAL could enhance existing approaches, and/or provide
novel applications.

Forster Resonance Energy Transfer

Forster resonance energy transfer (FRET) is the nonradiative transfer of energy between

an excited donor and acceptor fluorophore whose excitation spectrally overlaps with the
donor’s emission, leading to a fluorescent emission from the acceptor upon excitation

of the donor!®®. Owing to its exceptional distance-dependence (%), FRET has been

adopted as a biophysical tool to monitor intra- and inter-molecular distances and study

the dynamic changes of biomolecules8%, However, for the tool to be utilized to its full
potential, minimally-invasive and site-specific labeling is required62, a condition that,
unlike competing approaches62:163 can be uniquely satisfied by DEAL. The earliest
example of dual encoding for FRET was demonstrated by the Hohsaka group, who in

2006 used chemically-acylated tRNAs bearing fluorescent ncAAs to encode a FRET pair
into calmodulin1®4. As this example highlights, the encoding of FRET pairs using GCE

has historically been limited by the relatively small size of fluorescent ncAAs that can be
encoded, crowding the available spectral landscape with dim, blue-shifted dyes6°; however,
subsequent labeling using bioorthogonally-reactive ncAAs bypasses this limitation. In 2012,
Wu and colleagues modernized the approach by encoding two bioorthogonally-reactive
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ncAAs, paving the way for a generalized DEAL approach that enables installation of any
FRET pairs at virtually any location within a protein with minimal invasiveness?8. Since
then, DEAL has been used to install FRET pairs into numerous proteins such as glutamine
binding protein28, ketosteroid isomerasel8, and calmodulinl”-139, Nevertheless, DEAL for
FRET remains underutilized, despite its benefits and limited drawbacks making it the ideal
tool for such applications. With the introduction of new and efficient mutually orthogonal
bioorthogonal reactions, we expect to see greater adoption of DEAL for FRET applications,
particularly in /in vivo contexts.

In vivo Applications

Since DEAL within living cells uses mutually orthogonal bioorthogonal reactions, the
approach is highly suitable for /n vivo applications. Indeed, DEAL offers the most

precise approach to modifying proteins in their most native environment. Despite virtually
unfettered freedom to install a wide variety of modifications at practically any location, only
recently have advances in bioorthogonal chemistry and improvements in encoding efficiency
made the use of /n vivo DEAL feasible. The first report of /n vivo DEAL by Meineke

and colleagues improves on their previous work89 by rationally orthogonalizing two PyIRS/
tRNAPY! ncAA-encoding subsystems for usage on live mammalian cells8L. Polyspecificity
at the ncAA-aaRS level limited the compatible subset of ncAAs leading the researchers

to use CUAAC, and unfortunately, the toxicity and limited permeability of the copper
catalyst limited labeling to the extracellular regions of SynNotch and the CRFR1 receptor;
nevertheless, this work demonstrated the feasibility of DEAL for two-color labeling on the
exterior of live cells. While the Meineke system could not be used for cytoplasmic labeling,
our group has shown that through a careful configuration that maximizes both encoding

and labeling efficiency, labeling inside live cells can be achieved. Our system relied on
highly active ncAA-encoding subsystems that encoded two ncAAs that optimized SPAAC
and IEDDA for robust /n vivo labeling The abilities we demonstrated inside live £. coli cells
included: two-color labeling (for the dual labeling of a single protein for i.e. FRET, or for
the dual labeling of distinct populations of proteins for i.e. localization/interaction studies),
protein-protein crosslinking, and protein stapling®. Despite this progress, there is much room
for improvements in /7 vivo DEAL, and given the freedom and precision offered, we expect
a rapid expansion in /in vivo applications.

Additional Applications

Aside from FRET and various /n vivo demonstrations, DEAL has been used in applications
ranging from material sciences to biomedicine. One early application was for the
construction of antibody-based theranostic agents. The Schultz group used DEAL to site-
specifically install both an imaging agent (Alexa488) and an auristatin warhead onto

a single antibody, the resulting dual-functionalized theranostic serving both for efficient
drug-delivery and imaging3C. The precision of DEAL lends itself to easier characterization
compared to existing stochastic labeling approaches'66.167 and greatly extends the functional
space available for modification. Moreover, we can see this approach synergizing with
emerging modalities, such as bispecific antibodies to provide a biologic capable of both
bivalent binding, while also hosting two distinct cargos, such as drugs, probes, or conjugated
proteins, greatly expanding the functionality of existing treatments.
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Another potential DEAL application is protein stapling. With the potential to stabilize/
control functionl®8, protein stapling has traditionally been limited to the use of engineered
disulfide bonds which are not universally employable and are susceptible to reduction8, As
demonstrated by Chin and others, DEAL can provide a generalizable stapling approach that
does not have those limitations1:3481,

DEAL has also been applied to answer key questions in material sciences. The development
of protein-based biomaterials such as biosensors, proteomic microarrays, and immobilized
biocatalysts rely on proteins that are attached to a surfacel’0; however, relatively little is
known about how proteins interact with surfaces!’L. In a collaboration with the Kaar group,
we used DEAL in combination with traditional cysteine labeling to generate triply-reactive
proteins. This combination enabled us to use these three different handles to both monitor
protein conformation by FRET while also achieving covalent immobilization at varying
rates, depending on which handle was used for the immobilization reaction. This allowed
us to observe that the rate of protein immobilization strongly affected the folded state — and
thereby the activity — of the immobilized protein population®. These studies illustrate that
dual encoding and labeling has the potential to solve meaningful problems associated with
site-specific manipulation of proteins for a wide variety of applications in various fields of
study.

Future Possibilities

While many uses of DEAL have already been exemplified, we have only seen the “tip of
the iceberg” in terms of the potential for novel DEAL applications. For example, while

the Lemke group has demonstrated that mutually orthogonal bioorthogonal reactions can
be used to track two protein populations by super-resolution microscopy, their use of a
single permissive suppression system and pulse-chase design limited the trackable species
to two time-resolved populations of the same protein23. A more flexible DEAL system,
alternatively, would enable seamless tracking of two (or more) distinct proteins, the use

of multiple probe modalities, the use of FRET-based tracking, and even the tracking of
multiple temporally-resolved protein subpopulations via pulse-chase approaches. Also, as
we showed through our simple demonstration in £. co/t, DEAL can also be used for the
construction of topologically-defined protein-protein complexes. Such an approach could
be used for controlled protein dimerization, the artificial assembly of nanomaterials!’2,
the construction of metabolon-like protein superstructures’3-175 and/or the targeting of
proteins for degradation through controlled, covalent “molecular glue-like” labeling!7S, all
in vivo. Since the two encoded handles behave like a “blank-slate,” one can envision dual
labeling systems using virtually any functionality. Included among them is the attachment
of two distinct prosthetic groups, such as stimuli-responsive polymersl77:178 tethered small-
molecule regulators39:179, and/or multi-modal probes to generate multi-functional protein-
based biosensors with functionalities that cannot be accessed naturally, or with current
technologies. Using this DEAL approach, we envision that virtually any protein can become
a chassis for extended biochemical functionality for both /i vivo and in vitro applications.
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Conclusions and Outlook

As the examples highlighted in this review make clear, DEAL offers unparalleled freedom
and precision for the dual modification of proteins even in their most native environment.
Despite these advantages, DEAL remains underutilized. We foresee a future of expanding
DEAL capabilities through the development of novel, high-yielding, rapid, and mutually
orthogonal bioorthogonal reactions as well as the encoding systems to support them. A
greater understanding of interplay between the components involved in dual encoding
will improve the development of DEAL systems and illuminate the path from “trial-and-
error” approaches to more straightforward, principled approaches. In this regard, we have
emphasized a “relative fidelity paradigm,” in which it is not absolute qualities, but the
competition between various components that dictates the success of a DEAL experiment;
and as such, we expect a systems biology approach to provide useful insights into the
fine-tuning of such systems.

Even more importantly, we believe the key to greater adoption of DEAL is to substantially
improve the efficiencies of ncAA-encoding subsystems — which are often ~3 orders of
magnitude lower than their natural counterparts’8-180.181 Although low yields can be
workable for single ncAA-encoding experiments, the challenges they cause are exacerbated
under DEAL conditions and severely limit the potential of the tool. We are excited to see
that scalable solutions exist for many other limitations of DEAL, including approaches to
designing and discovering new orthogonal aaRS/tRNA pairs, and approaches to expand
the available codon space. Concordant with such advances an increasing availability of
necessary ncCAAs and labeling reagents, we expect to see increased interest in dual- and
multi-ncAA encoding and labeling, and with this, new and innovative applications that
capitalize on them. The development of such applications will contribute to a greater
understanding of the roles of proteins in their biological settings and will be an important
tool in the next generation of protein-based biotechnologies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Encoding
The full set of processes required for the site-specific incorporation of an amino acid into a
growing peptide chain during translation of mRNA codons to proteins.

Labeling
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The conjugation of a functional group present in a biomolecule with an exogenous chemical
moiety.

Blank codon

Any codon which does not does not specify a canonical amino acid. May refer to stop
codons, quadruplet codons, unnatural codons, or sense codons which lack a cognate tRNA
capable of decoding the codon in question.

Suppression
The process of outcompeting a release factor to encode an amino acid in place of
translational termination.

Mutual orthogonality
A property of two or more encoding subsystems wherein each subsystem does not interact
with (i.e. is orthogonal to) all other subsystems.

Fidelity
The faithful encoding of an amino acid in response to its cognate codon.

Absolutefidelity
A form of fidelity wherein an encoding subsystem exhibits fidelity (i.e. does not incorporate
a different amino acid) even in the absence of its cognate amino acid.

Relative fidelity

A form of fidelity wherein an encoding subsystem exhibits fidelity when its cognate amino
acid is present, but may incorporate other amino acids in the absence of its cognate amino
acid.

Permissivity
The ability of an aaRS to recognize multiple ncAAs but not canonical amino acids.

| dentity factor
A structural element or locus of a tRNA molecule that confers specific recognition by their
cognate aaRSs.

Near-cognate suppression

An error in translation wherein the wrong amino acid is encoded due to a mismatch between
the MRNA codon and a similar (but non-cognate) tRNA anticodon during ribosomal
decoding.

Frameshift codon
A four-base codon; also referred to as a quadruplet codon.

Chemical orthogonality

A property of two or more chemical reactions wherein reactions only occur between the
intended cognate groups, and not with any of the other chemical groups present. Also
referred to as mutually orthogonal bioorthogonality.
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Significance

As the chemical biology community continues to push the boundaries of protein research,
there is an increasing need for tools that enable the site-selective modification of proteins
at multiple defined locations. Among the top technologies for meeting this demand,
genetic code expansion is well suited for such a task due to its ability to direct the
site-specific encoding virtually any reactive handle at any location in any protein with
minimal invasiveness. Despite this potential, the use of genetic code expansion for
multiple site-specific protein labeling remains underutilized. In this review, we catalogue
the available encoding systems and reactions and aim to provide a conceptual toolkit that
will guide users in the basic principles and practices of utilizing genetic code expansion
for Dual Encoding And Labeling (DEAL).
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Figurel.
Some demonstrated (red background) and potential (blue background) applications of

DEAL. Dual encoded groups are indicated by the red star and blue pentagon and the ligated
compounds are indicated by the complementary shapes of matching color. For demonstrated
applications, the numbers in parentheses correspond to the publications listed in Table 1.
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Canonical Subsystems
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Figure 2. Orthogonality considerationsin dual encoding and labeling.
A Schematic of the four key components of an encoding subsystem: 1) ncAA , 2) orthogonal

tRNA, 3), orthogonal aaRS, and 4) codon as they participate in the three orthogonal
encoding steps: i) ncAA recognition by the aaRS, ii) tRNA recognition by the aaRS, and iii)
codon decoding by the charged tRNA. B Overview of DEAL indicating desired interactions
(black arrows with color-coded outlines for each encoding subsystem), and undesirable
interactions that violate orthogonality (hashed gray arrows). The + symbol indicates a

point of essential orthogonality (i.e. where no crosstalk is required) between subsystems.

C Relative fidelity (left image) is when an aaRS has sufficient preference for its cognate
ncAA (black arrow) that in its presence no canonical amino acids (thin gray arrow) are
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incorporated. Permissivity (right image) is when an aaRs is able to efficiently incorporate
multiple ncAA, depending on which ones are included in the medium. D Documented
examples of near-cognate suppression due to orthogonal tRNAs (colored) and endogenous
tRNAs (gray with canonical amino acid residue types involved given in bold) interacting
not just with their cognate codons (black arrows) but with off-target noncognate codons that
violate orthogonality (gray arrows) via near cognate suppression. This can include a UAA
suppressor tRNA (yellow) decoding the UAG codon (red).
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Figure 3.
Orthogonality relationships between all aaRS/tRNA subsystem pairings from the

publications in Table 1. The thickness of the chord between a pair of aaRS nodes reflects the
frequency that that combination has been used. The colors indicate pairs that are naturally
orthogonal (green), are not orthogonal (red), or that have been engineered to be orthogonal
(yellow). The gray chord indicates a discrepancy between observations in Table 1 entries 27
and 32. The numbers at the ends of the chords indicates the relevant entry numbers in Table
1. The color of the node (the bar at the edge of the circle) indicates orthogonality of that
subsystem with only prokaryotic (orange), with only eukaryotic (blue) or with both (purple)
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host decoding systems, while gray indicates that orthogonality has only been assessed in one
host. Surrounding the chord plot is a circular cladogram showing the level of similarity of
aaRSs within various clades (alignments performed using Clustal Omegal8°).
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Exogenous Labels

Figure 4.
Identifying chemical orthogonality for reactive groups. A Schematic overview of all possible

reactions that can occur during an example dual labeling scenario involving encoded
tetrazine 9 and azide 1, and exogenously added TCO 5 and DBCO 3. Depicted are the
targeted cognate reactions (green arrows), and the possible off-target reactions between the
encoded handles or exogenously added labels (yellow dashed arrows), and between either
encoded handle and the non-cognate added label (red arrows; solid arrows indicate observed
reactivity and dashed arrows indicate reaction is not detected). For this case, reaction rates
(from Karver et al., 2012146) are as indicated for each reaction, with “nd” meaning not
detected. As encoded handles that do not react with each other are always selected, and

the exogenous labels may be added one after the other, the reactions indicated by the two
yellow arrows and one of the red arrows may not be of concern. B Reaction rates of common
cycloaddition bioorthogonal handles. Compounds are identified by numbers as indicated.
Each panel is color coded (as indicated in the bar to the right) to convey the second order
rate constant in M~1 s~ for the reaction of that pair of compounds. White boxes indicate
reaction was not detected (“nd” on the scale bar), and gray boxes “?” indicates that the
reaction rate is not published.
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Orthogonality matrix between encoded ncAAs and their exogenous cognate reaction
partners used in the Table 1 DEAL papers. The matrix coloring indicates observed reactivity
(green), non-reactivity (dark gray) or lack of information (white) for an encoded ncAA
handle (identified by a letter) paired with a possible exogenous labeling groups (identified
by a number). The background colors on which compounds are shown group them into
subsets with similar reaction chemistry (e.g. azide-alkyne, and IEDDA cycloadditions,
oxime ligation, and CRACR). The dashed planchette illustrates a useful way of using this
matrix to select chemically orthogonal groups. A suitable chemically orthogonal pair of
reactions will have two opposite corners of the rectangle in green boxes — indicating cognate
handle-label pairs that react well (green dots here and green arrows in Figure 4A) — and

will have the two opposite corners of the rectangle in gray boxes — indicating that the
“noncognate off-target” reactions (red dots here and red arrows in Figure 4A) do not occur.
The suitable pair illustrated with the rectangle shown was used by Bednar et al., 20211
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Figure6.
Orthogonality matrix for a larger group of reactions of potential use in DEAL, including

many that have not yet been used in DEAL. Coloring is as in Figure 5 (green for

reactions that occur, gray for reactions that don’t or only minimally occur, and white for
uncharacterized reactions). A set of two overlapping planchettes (as in Figure 5) represent
information about the 6 unique reaction combinations possible for the handles and labeling
agents used by Wu and Boger 20191%4 as an example. These compounds and reaction
combinations are shown to the right of the matrix using a scheme like Figure 4. For a more
complete explanation and examples of how to use this matrix for the discovery of new
chemically orthogonal reactions, see Figures S2 and S11. For a concise visual representation
of the reactions that comprise this table, see Figures S3-S10.
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Table 1.

Publications reporting GCE-based dual-ncAA encoding that are identified in this review. Entries indicated by
an “*” perform both dual encoding and dual labeling, “t” indicates that meta-azidophenylalanine (mAzF), a
meta-substituted isomer of pAzF (C) was used.

Subsystem A Subsystem B Subsystem C System D
: aaRsS/ aaRS/ aaRS/ aaRS/
Entry Protein(s) ncAA(s) | Codon tRNA ncAA(s) | Codon tRNA ncAA Codon {RNA ncAA | Codon {RNA Referen
Prokaryotic Systems
1 Myoglobin | omey | uac | myTyr hGIn AGGA | PrLys g”d;(;f)%
: pAzF PrK (A) Neumann
2% Calmodulin ©) AGGA | MjTyr Bock UAG MbPyl al.. 20103
BocK
3 GFPuV E’é)ZF UAG | MyTyr Pk (A) | uaa | mepyi %ﬁ%gg a
CycpK
KetoK Wuetal.,
4 QBP pAzF UAG MjTyr ® UAA | Mmpyl 201228
: AcF Kim et al
5 Calmodulin ?G) UAG | MjTyr Prk (A) | UGA | Mmpyl 201326
pAzF AzZK
©) Chatterje
6* KSI GFP DACF UAG MyTyr (D) UAA | mbryl al., 20131
©) BocK
’()é)ZF BocK
Prk (A) | UAG .
7+ GST-Cam | JEtLO | UAG "} /0, AKK | AGUA | mpyl Wang et
H) AGGA NbK UAGA 2014
Pry (B)
Bpa L)
: CpK Sachdeva
8* Calmodulin Pry (B) UAG MjTyr M) AGUA | MbPyl al., 20149
GFP GST- pAzF PrK (A) Lammers
9 MBP ©) AGGA | MfTyr Bock | UAG [ MiPyl al., 20142
AcK Venkat et
10 sfGFP MDH | Sep UAG MmSep ) UAA | MRyl al., 20161
pAzF Tharp anc
11 QBP © UAG MyTyr PrK (A) | UAA | Myl Liu, 2018
sfGFP Zheng et
12 Histone H3 Bpa UGA MjTyr AcK UAG MbPyl 2018%2
Willis anc
GST- CpK :
13 Calmodulin ChzK UAG MaPyl M) AGGA | MmPyl Chln,103
2018
14 TrxR1 AcK UAG | mepyl Sec UGA | EcSec Wright et
al., 2018
sfGFP pAzF CpK .
15 | Herceptin- | (©) UAG | MyTyr M) UAA | meryl ?H)TP UGA | EcTrp ';g';gﬁt a
Fab OMeY BocK
pAcF BocK Hankore
16 GFPuv ©) UAGA | mjTyr Pri (a) | AGCA Myl al., 20108
CoK Oller-Sal
17 ScFv-P3 PryY (B) UAG MjTyr P AGUA | MbPyl etal.,
(M) 201994
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Subsystem A Subsystem B Subsystem C System D
: aaRS/ aaRS/ aaRS/ aaRS/
Entry Protein(s) ncAA(s) | Codon tRNA ncAA(s) | Codon tRNA ncAA Codon {RNA ncAA | Codon {RNA Referen
pAzF AzK Fischer e
18 SfGFP ©) AXC MjTyr (D) AGX MnPyl N/A GXT N/A al.. 2020°
Dunkelm:
19 GFP BocK UAG MnPyl NmH AGGA | LumlPyl | ChzK AGUA | 1R26Pyl etal.,
2020105
20¢ SfGFP MeF UAG | myTyr Bock | uaA | Myl ;gggeg f
pAzF Tet3.0 Sosa et al
21* tsCA © UAG MjTyr 0 UAA MbPyI 2021%
BocK
AllocK
chzk | uce | 1Raepyl | SPK | uca | MmPyl
Ubiguitin Y (M) Y Robertsot
22 Noncanonical | pIF UAG AfTyr PrK I 20212
polymer (A) al,
AllocK
PrK (A) UCG MmPyl ChzK UCA 1R26PyI
Dunkelm:
23 Strep-GFP NmH AGGA | RumEnPyl | ChzK AGUA | G1pyl AllocK | UAGA | MmPyl pIF CUAG | AfTyr | etal,
2021131
sfGFP
SUMO-
% sfGFP pAzF Tet3.0 Bednar et
24 SfGFP- | (0) UAG | MjTyr 0 UAA [ MEPyl al., 2021
mTagBFP2
SCRPA
25 SFGFP ?;‘:/.;\)ZF UAG | Myl Pk (A) | uaa | Moyt | pack | uau | mTyr ggggg:t f
Eukaryotic Systems
.| pAcF AzZK .
26 | ESEPAN | (@) UAG | EcTyr ©) UAA | mpyl ;(oligﬁ%t al
g OMeY Bock
pAzF Serfling e
27 CRFIR © UAG EcTyr ChzK UGA MbPyl al. 20171
OMeY
pAzF BocK
©) UGA EcTyr AzK Zheng
28 EGFP Pry (B) [ UAG 0) UGA 1 eyl etal.
pACF Prk (A) | UAG 20179
©) CpK
(M)
Cap UAG Ecleu
TCOK Meineke
29 SsfGFP ) UAG MaPyl AcK UAA MmpPyl al., 20188
CpK
C5Az (M) Zheng et
30 EGFP () UAG Ecleu NbK UGA MbPyl 201879
L)
31 GFP NmH UGA | mapyl BocK UAG | Maryl Beranek
al., 2019
CRFI1R .
32 | synNoteh | Pric(a) | uac | Gipyl (SOK L uaa | mapyl Meineke
SFGFP O al., 2020
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Subsystem A Subsystem B Subsystem C System D
Entry Protein(s) ncAA(s) | Codon ?Sﬁil ncAA(s) | Codon ?Sﬁil ncAA Codon ?Sﬁi/ ncAA | Codon ?Sﬁi/ Referen
33 GFP Anap UAG | Edeu pAcF | uaa | EcTyr (ADZ)K UGA | Mmpyl SS'ZS}O%"*
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