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Abstract: Incorporation of noncanonical amino acids (ncAAs) via genetic code expansion (GCE) opens up new
possibilities for chemical biology. The technology has led to the development of novel xenobiotic enzymes
with tailored properties which can serve as entry points into a multitude of applications, including protein con-
jugation, immobilization, or labeling. In this review, we discuss recent progress in the use of GCE to create
biocatalysts possessing reaction repertoires that lie beyond what is achievable with canonical amino acids
(cAAs). Furthermore, we highlight how GCE enables to gain mechanistic insights into protein function by the
incorporation of judiciously selected ncAAs. As the amino acid alphabet continues to grow and improved tools
for ncAA incorporation are being developed, we anticipate the creation of additional powerful biological catalysts
for synthetic applications merging the chemical versatility of anthropogenic building blocks with the exquisite
selectivities of enzymes.
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1. Introduction
Nature combinatorically builds its powerful catalysts – en-

zymes – from a defined set of building blocks, the twenty canoni-
cal amino acids (cAAs). If considering a sequence length of 300
amino acids, enzyme engineers can thus explore 20300 enzyme

variants, a wealth of possible sequences effectively dwarfing the
number of atoms in the universe.[1] This enzyme space is explored
in enzyme engineering by methods such as directed evolution[2]
and/or (semi)-rational design[3] and enables researchers to create
enzymes with improved functions, including catalytic, biophysi-
cal, and molecular recognition properties. Optimized enzymes are
applied in medicinal chemistry,[4,5] the synthesis of commodity
chemicals[6,7] or for the manufacture of pharmaceutical intermedi-
ates.[8,9] It should be noted, however, that the number of exploit-
able enzyme variants is greatly reduced compared to the number
of theoretical enzyme variants. The reduction of sequence space
is caused, among others, by the necessity to have folded protein
structures which require the formation of certain basic second-
ary protein structure elements, such as a-helices and b-sheets.
Additionally, the twenty canonical amino acids used in ribosomal
protein biosynthesis possess a limited functional and structural di-
versity and are therefore restricting the accessible catalytic reper-
toire of enzymes. While nature addresses these limitations by the
utilization of co-factors[10] and posttranslational modifications,[11]
an additional avenue towards a broader synthetic utility of en-
zymes is to explore the use of noncanonical amino acids (ncAAs)
for the construction of biocatalysts.[12]

The successful incorporation of ncAAs into proteins is an en-
try point to many applications, including conjugation,[13] immo-
bilization,[14] labeling,[15] or stability improvement[16] of enzymes.
The technique is not limited to E. coli strains but has also been
utilized in different prokaryotic or mammaliancells[17–19] to facili-
tate the production of otherwise difficult-to-express proteins. In
addition, certain biological processes need to be studied in mam-
malian cells to give meaningful information.

This review will highlight how the construction of ncAA-con-
taining enzymes in E. coli can afford mechanistic knowledge and/
or can be profitably employed to broaden the synthetic scope of
the targeted enzymes. It will focus on advances made in the last
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et al. replaced all known UAG stop codons in E. coli MG1655
with UAA codons which permitted the deletion of RF1.[30] The
optimized strain, named C321.DA.exp, was successfully used to
express enzymes with ncAAs[31] but the genetic modification se-

three years and delineate how this knowledge can be employed
in future enzyme engineering campaigns with the aim to develop
powerful new-to-nature catalysts in chemical synthesis. For a
more comprehensive overview of additional ncAA applications
the reader is referred elsewhere.[20–22]

1.1 Noncanonical Amino Acid Incorporation
Today, powerful methods of genetic code expansion (GCE)

allow the incorporation of ncAAs at predefined positions into pro-
teins enabling the creation of xenobiotic enzymes. Typically, in
vivo incorporation of ncAAs into proteins is performed via one of
the following twomethods: Selective pressure incorporation (SPI)
or stop codon suppression (SCS).

The SPI method utilizes the translational machinery of a cell
to incorporate a ncAA that is structurally related to a cAA.[23] For
this method, an auxotrophic E. coli strain unable to produce a spe-
cific target cAA is employed as the host strain for protein expres-
sion. Before inducing the translation of a target protein, an excess
amount of the ncAA is added to the culture. Without the presence
of the cAA, the desired ncAA is utilized as a substrate for the
cognate aminoacyl-tRNA synthetase (aaRS) and consequently, an
enzyme that incorporates the ncAA at every native position of the
absent cAA is produced. Notably, since the SPI method compre-
hensively replaces the selected cAA with the desired ncAA in the
entire protein, it is impossible to generate a xenobiotic enzyme
that incorporates the ncAA only at specific positions within the
enzyme sequence.

In contrast, the SCS method constitutes an avenue for a more
targeted incorporation of ncAAs: Using stop codon suppression,
it is possible to incorporate a ncAA site-specifically into an en-
zyme structure while the rest of the enzyme sequence remains un-
touched. Developed in the group of Peter Schultz,[24] SCS makes
use of an orthogonal pair of aaRS and tRNA that can recognize
the desired ncAA and incorporates it in response to the appro-
priate DNA codon. Since the amber codon (UAG) is the least
frequently used stop codon in E. coli, it is usually reassigned to
encode the desired ncAA (Fig. 1). Furthermore, to enable success-
ful incorporation of ncAAs using orthogonal aaRSs, it is critical
that these aaRSs exclusively recognize the associated orthogonal
tRNA and target ncAA as a substrate, without any recognition of
the endogenous tRNA or cAAs of the microbial host strains. Of
course, the orthogonal tRNA may equally not act as a substrate
for any endogenous aaRS.Although different strategies have been
explored for the generation of orthogonal aaRS/tRNA pairs,[25,26]
the most straightforward and efficient method entails the intro-
duction of a heterologous aaRS/tRNA pair derived from a distinct
domain of life.[27] Several aaRS/tRNA pairs have been used to suc-
cessfully incorporate ncAAs into enzymes in E. coli, such as the
TyrRS/tRNA

CUA
from Methanococcus jannaschii (Mj),[24] PylRS/

tRNA
CUA

from the methanogen Methanosarcina barkeri (Mb),[28]
or the LeuRS/tRNA

CUA
pair for which the aaRS is derived from

Methanobacterium thermoautotrophicum and the tRNA from
Halobacterium sp. NRC-1.[29] These aaRS/tRNA pairs are usually
evolved towards incorporation of the desired ncAA in positive and
negative screening rounds of aaRS variant libraries. The positive
round ensures incorporation of any amino acid in answer to a
UAG codon located on a viability associated gene. The following
negative screening in absence of the ncAA has a UAG codon lo-
cated on a lethal gene, guaranteeing that none of the cAAs are in-
corporated by the aaRS/tRNA pair.[26] Altogether, more than 200
ncAAs have been reported to be incorporated by SCS (selected
examples of ncAAs in Fig. 2),[20] providing a versatile toolbox to
specifically modify enzymes for targeted applications.

Importantly, ncAA incorporation in E. coli through reassign-
ment of the UAG stop codon is in direct competition with the
action of release factor 1 (RF1), which terminates translation in
response to UAG and UAA codons. To address this issue, Lajoie

Fig. 1. Illustration of genetic code expansion by the SCS method utiliz-
ing the amber stop codon. The orthogonal aaRS aminoacylates the
ncAA to the orthogonal tRNA, which recognizes the UAG codon.
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Using a similar concept, Roelfes and coworkers incorpo-
rated 2-amino-3-(8-hydroxyquinolin-3-yl)propanoic acid (3,
HQ-Ala-2), a structural isomer of HQ-Ala-1 (2), into the ho-
modimeric LmrR at positions V15 and M89 and complexed the
resulting LmrR variants with a variety of transition metal ions
such as CuII and ZnII. Following assembly, the resulting enzyme
variants were examined for their ability to catalyze selected reac-
tions: the ZnII-containing variants were found to be capable of
hydrolysing the amide bond between a model tripeptide and p-
nitrophenylalanine, whereas CuII-containing variants catalyzed a
vinylogous Friedel-Crafts alkylation reaction (Fig. 3a).[45] In fur-
ther experiments, valine at position 15 of LmrR was replaced by
para-aminophenylalanine (4, pAF) to create LmrR_pAF, which
was shown to facilitate a Friedel-Crafts alkylation between a,b-
unsaturated aldehydes and indoles in a metal-free fashion without
the need for a chelating group (Fig. 3b). Using LmrR_pAF as a
starting point for further enzyme engineering, several key residues
around the enzyme’s active site were selected for randomization
utilizing the NDT codon encoding 12 chemical diverse cAAs.
The experiments identified a pAF-containing (4) triple mutant
(L18R, S95G, M89N) characterized by a >2-fold improved yield
of the alkylation product (87%), compared to LmrR_pAF (42%).
In substrate scope experiments, the evolved variant additionally
outperformed the parent in various substrate combinations and
was shown to transform a-substituted acroleins, which are steri-
cally particularly demanding substrates (Fig. 3b).[46,47] In a further
study, wildtype LmrR served as a scaffold for the introduction of
a phosphine ligand with the aim to bridge the gap between non-
biological phosphine ligands and protein chemistry. (S)-2-amino-
3-(4-(2,5-dihydro-1H-phosphol-1-borane-1-yl)phenyl)propanoic
acid (5, P3BF), a borane-protected phosphine derivative of phe-
nylalanine, was inserted at position V15 of LmrR using the SCS
technology and subsequently chemically transformed into the
metal-binding phosphine ligand P3F via the addition of a pal-
ladacycle dimer under aerobic conditions (Fig. 3c). This straight-
forward approach provided an efficient one-pot deboronation and
palladium coordination of the artificial metalloenzyme in aqueous
solution under aerobic conditions and demonstrates the first ex-
ample of a phosphine ligand containing enzyme created in vitro,
laying the groundwork for the development of numerous novel
ArMs.[48]

A further example of how enzymatic properties can be
modulated by introducing ncAAs is the incorporation of L-3,4-
dihydroxyphenylalanine (6, l-DOPA) into alcohol dehydrogenase
II (ADHII) from Zymomonas mobilis at position H277. The re-
sulting xenobiotic protein exhibited an almost 3-fold higher bind-

verely affected the strain’s growth rate and increased its doubling
time by 60%. In response to this observation, Sakamoto and co-
workers opted to replace only 95 out of a total of 178 selected
UAG codons. The resulting strain, B95.DA, retained its reproduc-
tive strength[32] and has been successfully employed in the expres-
sion of ncAA-containing enzymes.[33–38]

2. Enzyme Engineering Using Non-canonical Amino
Acids

The ability to introduce ncAAs into enzymes at precise lo-
cations has resulted in the creation of enzymes with intriguing
catalytic capabilities. Examples of such enzymes include a com-
putationally designed hydrolase containingN

d
-methylhistidine (1,

NMH)[39] and a lactococcalmultidrug-resistance regulator (LmrR)
that was transformed into a designer enzyme for hydrazone and
oxime formation.[40] In this section, we provide a detailed discus-
sion of the latest additions to these xenobiotic enzymes.

Artificial metalloenzymes (ArMs), which are created by in-
corporating an abiotic transition metal cofactor into a protein
scaffold, are versatile tools in bioengineering. The new-to-nature
enzymes can achieve transition metal reactivity with substrate
specificity and regio- and enantioselectivity reminiscent of natural
enzymes.[41] For example, HaloTag, a self-labeling protein, was
used as a scaffold for the generation of an ArM that catalyzes
olefin metathesis.[42] Building on this work, Ward and coworkers
further tailored the HaloTag ArM through the incorporation of
ncAAs. In order to assemble an artificial deallylase, the metal-
chelating ncAA 2-amino-3-(8-hydroxyquinolin-5-yl)propanoic
acid (2, HQ-Ala-1) was introduced into three different positions
(F144, A145, and M175) that lie in proximity of the binding-cleft
of HaloTag.[43] HQ-Ala-1 (2) was selected as the preferred ncAA
candidate to position [(h5-C

5
H

5
)Ru(MeCN)

3
]+ as prior experi-

ments had shown that in vivoCpRu-catalyzed deallylation is more
efficient in the presence of hydroxyquinoline-based bidentate li-
gands.[44]Additionally, the synthesis of HQ-Ala-1 (2) was found to
be considerably less complex than other hydroxyquinoline-based
ncAAs. To assess the catalytic performance, the conveniently
quantifiable deallylation of O-allyl carbamate-protected couma-
rin to 7-aminocoumarin was performed. Notably, the turnover
number (TON) of all three variants was increased 1.3- to 1.5-fold
compared to wildtype HaloTag. The authors hypothesized that the
improved catalytic performance is due to the increased ruthenium
content of ncAA-containing HaloTag variants compared to wild-
typeHaloTag and conclude that this studymight serve as a starting
point for the creation of unique HaloTag-basedArMs through the
incorporation of ncAAs.[43]

Fig. 2. Overview of ncAAs described in the examples of this review.
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alanine (9, pNTF) in place of Y385. This strategy enabled the
introduction of side chains characterized by aromatic ring elec-
tron densities distinct from those available within the repertoire
of the twenty cAAs. Compared to the previous best variant, the
pCNF (8) variant exhibited a 43-fold increase in specific activ-
ity for the conversion of 50 mM 3-hydroxybenzaldehyde and
a doubled k

cat
(k

cat
(S385Y/D469T/R520Q) = 18.7 ± 0.5 min–1;

k
cat
(S385pCNF/D469T/R520Q) = 36.7 ± 0.6 min–1), while the K

m
of the pNTF (9) variant was improved by approximately 3-fold
(K

m
(S385Y/D469T/R520Q) = 44.8 ± 16.3 mM; K

m
(S385pNTF/

D469T/R520Q) = 14.8 ± 4.2 mM). Finally, the pAF (4) variant
exhibited a >3-fold increase in k

cat
/K

M
(k

cat
/K

M
(S385Y/D469T/

R520Q) = 6.9 ± 1.1 s–1M–1; k
cat
/K

M
(S385pAF/D469T/R520Q) =

23.8 ± 0.8 s–1M–1) and decreased substrate inhibition in addition to
causing a 7.8 °C increase in the thermal transition mid-point T

m
.

Notably, the pAF (4) variant thus constitutes the first example for
which a simultaneous enhancement of catalytic activity and sta-
bility through site-specific ncAA incorporation was achieved.[53]

3. Structural and Mechanistic Studies with ncAAs
Installation of ncAAs characterized by properties which are

distinct from the native cAA at key positions within enzymes of-
fers the possibility to study enzymatic interactions, dynamics, or
mechanisms in more detail. Common examples are the replace-
ment of crucial tyrosine, tryptophane or histidine residues, such
as the tyrosine residues in E. coli ribonucleotide reductases.[54,55]

The installation of tyrosine analogs has been found to be a
valuable tool for mechanistic investigations of enzymes follow-
ing a radical reaction scheme in which such residues often play
a key role. In this context, ribonucleotide reductases (RNR) are
involved in the production of deoxyribonucleotide pools needed
for DNA biosynthesis and repair. For catalysis in class I RNRs,
the creation of a thiyl radical in the a2b2 complex is a key step. It
occurs on the RNR a2 subunit at C439 and involves a long-range
proton-coupled electron transfer (PCET) from Y122 located in
the b2-subunit bridging around 35 Å via a series of conserved
aromatic amino acids. By substituting the critical tyrosine resi-
due with (2,3,5)-trifluorotyrosine (10, F

3
Y) in the context of the

double mutant E52Q/Y122F
3
Y, the Drennan group could trap the

ing affinity towards zinc compared to wildtype ADHII, while Fe
binding was abolished. As a result, the l-DOPA (6) containing
variant was rendered tolerant to oxygen and showed activity both
for acetaldehyde reduction and ethanol oxidation reactions under
aerobic conditions.[49]

Going beyond the incorporation of metal-coordinating resi-
dues to induce new reactivities into enzymes, ncAAs can also be
used to improve wildtype enzymatic activities or improve protein
stability. In this context, a (R)-amine transaminase, which had pre-
viously been engineered for the conversion of the aromatic amine
substrate (R)-phenylethylamine and the amine acceptor pyruvate
to yield acetophenone and d-alanine, respectively,[50] was used as
a scaffold for ncAA introduction. Informed by the original analy-
sis, which had highlighted that three of the six beneficial mu-
tations (Y31F, H86F and Y88F) heavily contributed towards the
hydrophobicity of the active site, replacement of F88 residue with
para-benzoylphenylalanine (7, pBpA) was targeted. As expected,
the pBpA-containing variant further increased the hydrophobic-
ity of the active site and exhibited increased relative activity for a
range of amine donors, such as 1-(4-fluorophenyl)ethan-1-amine
and 1-phenylpropan-1-amine, compared to the parental enzyme.
While F88pBpA displayed thermostability identical to that of the
parent enzyme, both enzyme variants only retained 45% of their
activity at 55 °C. In contrast, a double variant, F86A/F88pBpA,
demonstrated improved thermostability and kept 85% of its activ-
ity when exposed to the identical temperature challenge. In sum-
mary, the results of this study provide evidence for the potential to
tune the activity of enzymes through the incorporation of ncAAs
without detrimental effects on protein stability.[51]

Another example of improving enzymatic catalytic efficiency
and stability through the incorporation of ncAAs can be found
in an engineered E. coli transketolase created by Dalby and co-
workers. TheE. coli transketolase was previously evolved towards
acceptance of aromatic aldehydes which were not converted by
the wildtype enzyme.[52] In the improved variant (S385Y/D469T/
R520Q), the introduction of tyrosine at position 385 was iden-
tified as a critical factor for the binding of aromatic substrates.
The triple mutant was further fine-tuned by incorporation of pAF
(4), para-cyanophenylalanine (8, pCNF), and para-nitrophenyl-

Fig. 3. Example reactions of xenobiotic LmrR variants, homodimeric proteins. a) Incorporation of HQ-Ala-2 (3) at V15 and M89 enables vinylogous
Friedel-Crafts alkylation.[44] b) Incorporation of pAF (4) at V15 enables an analogous Friedel-Crafts alkylation between a,b-unsaturated aldehydes
and indoles in a metal-free fashion.[45] Further directed evolution of the ncAA containing enzyme increased substrate scope towards acroleins with
substituents in the a-position.[46] c) Incorporation of P3BF (5) provides a tool for an efficient one-pot deboronation and palladium coordination with
LmrR in aqueous solution under aerobic conditions.[47]
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active state of the a2b2 RNR complex and obtain its structure
with an overall resolution of 3.6 Å by cryo-electron microscopy
(Fig. 4a). The reduced dissociation rate of the a2b2 complex from
the second (wildtype) to the minute time scale (E52Q/Y122F

3
Y

variant) enabled the imaging of a 32Å-long pathway for the PCET
for the first time.[56]

Similarly looking into tyrosine replacement, several analogs
of this aromatic amino acid were employed as probes to study
the mechanism of endoperoxide installation by the verruculogen
synthase (FtmOx1), an Fe(ii)/a-ketoglutarate-dependent dioxy-
genase. During the reaction, a tyrosine residue donates a hydrogen
atom to the C26• radical of the substrate. Replacing either Y224
or Y68 of FtmOx1 with phenylalanine revealed that the Y224F
variant produced wildtype-like yields, whereas the Y68F variant
produced unidentified alternative products. To further probe the
role of these two residues, ring-halogenated tyrosines and pAF
(4) were introduced in the place of either Y224 or Y68 to allow
for mechanistic studies with UV-Vis and electron paramagnetic
resonance (EPR). The experiments established that Y68 is the
hydrogen donor to C26• of the substrate verruculogen giving cru-
cial mechanistic insights into the installation of the endoperoxide
bridge of the mycotoxin (Fig. 4b).[57]

Moving beyond replacing tyrosine residues to evaluate their
roles in radical mechanisms, targeting metal coordinating resi-
dues has also provided important insights into enzymatic mecha-
nisms. Amino acid coordination of metal centers is a prevalent

motif in metalloenzymes, such as cytochrome c, myoglobin, or
matrix metalloproteases. Harnessing the modulating nature of the
coordinating amino acid residues on the properties of the metal,
Green and coworkers created a cytochrome c peroxidase (CcP)
variant with NMH (1) instead of histidine as proximal ligand. The
rationale behind the choice of the less electron donating NMH (1)
was the anticipated impact of the ncAA on the catalytic cycle of
CcPwhile having only aminor effect on enzyme structure. During
the CcP reaction, compound I (CpdI), containing an iron (iv)-oxo
species – often referred to as the ‘ferryl’ heme species – and a
tryptophan radical cation, is initially formed. This enzymatic in-
termediate is reduced to compound II (CpdII) by a single electron
transfer via CcP’s biological redox partner ferrous cytochrome c
before further reduction events return the enzyme to the resting
state. While the introduction of the proximal NMH-ligand had
little impact on CpdI reactivity, it was found to result in a 10-fold
slower reduction of CpdII, providing a direct link between axial
ligand electron donation and CpdII reactivity. In their analysis
of the results, the authors suggest that the pK

a
of Fe(iv)=O is an

important factor determining compound II reactivity in CcP and
other heme peroxidases, with reduced electron donation of the
NMH (1) ligand affording an electron-deficient ferryl oxygenwith
decreased proton affinity compared to the wild-type enzyme (Fig.
4d). Interestingly, the observed deleterious effect of NMH (1) on
CcP catalysis could be fully compensated by a W51F mutation,
located on the opposite site of the coordinated iron. By removing

Fig. 4. Examples of enzymes which were mechanistically or structurally studied with GCE. a: Replacement of Y122 with F3Y (10) (shown with green
sticks) in the enzyme RNR enabled the entrapment and analysis of the active state of the a2b2 complex by cryo-electron microscopy. Amino acids
involved in the 32 Å-long PCET pathway connecting F3Y122 to C349 are highlighted as sticks. Relevant distances are shown with dashed lines.
Figure adapted from Kang et al.[56] b: Replacement of two tyrosine residues in FtmOx1 with ring-halogenated tyrosines and the subsequent analysis
of the resulting enzyme variants with UV-Vis and EPR established that Y68 is the hydrogen donor to the C26• radical of the substrate verruculogen.
Figure adapted from Lin et al.[57] c: Incorporation of CF3-Phe (13) into PpiB at positions F27 and F98 allowed to detect through-space (TS) 19F–19F
couplings which confirmed the spatial proximity of the two enzyme residues. Figure adapted from Orton et al.[33] d: Replacement of the proximal
histidine ligand of CcP with the less electron-donating NMH (1) resulted in a 10-fold slower reduction of CpdII caused by a reduced proton affinity of
the ferryl oxygen compared to the wild-type enzyme. Conversely, replacement of W51 with S-Trp (11) resulted in an increased lifetime of CpdI, while
the lifetime of CpdII was decreased. Figure adapted from Ortmayer et al.[58,59]
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well accessible. In this context, the phototrigger (S)-2-amino-3-
(7-fluoro-9-oxo-9H-xanthen-2-yl)propanoic acid (17, FXO) was
introduced into a rationally designed human liver fatty-acid bind-
ing protein mutant (XOM) at position 63. Upon light absorption,
FXO (17) created a new C–C bond to the methylthio-group of
a close-by methionine (M71). The intermediates of this reaction
were captured via time-resolved serial femtosecond crystallogra-
phy (TR-SFX). Through this approach, the excited intermediate
state, a ketone triplet, responsible for precise C-H bond activation
was identified. As this intermediate is functionally equivalent to
high-valent metal-oxo species which are key in many metalloen-
zymes, the authors hypothesize that the gained structural insights
will be helpful in future enzyme design experiments. In addition,
they postulate that via FXO (17) incorporation, additional en-
zymes can be examined using TR-SFX to uncover reaction inter-
mediates important for their efficiency and selectivity.[61]

4. Challenges and Future Directions
Incorporation of ncAAs via the method of SCS has enabled

the creation of xenobiotic enzymes with unique properties and
broad application potential. Tailored ncAA containing enzymes
serve as tools for organic synthesis or can be used as valuable
mechanistic probes.[62]Yet, to evolve the technology further, sev-
eral challenges need to be addressed.While there are many aaRS/
tRNA pairs readily available for the incorporation of ncAAs, there
is a certain bias towards analogs of tyrosine and pyrrolysine since
over two-thirds of aaRS/tRNA pairs are derived from TyrRS/
tRNATyr or PylRS/tRNAPyl couples.[63] Consequently, to facilitate
the incorporation of a wider range of artificial amino acids, ad-
ditional orthogonal translation systems must be evolved.

Furthermore, the cost and availability of ncAAs can be
problematic. Synthetic routes toward ncAAs are often ineffi-
cient requiring multiple steps characterized by moderate yields.
Additional synthetic issues are often caused by the absence of en-
antio- and stereoselective methods to prepare the amino acid ana-
logues along with the requirement to protect the reactive amine
and carboxylic groups. Looking forward, enzymatic synthesis of
ncAAs could allow to address this issue: cascades of engineered
enzymes could deliver the desired amino acid analogs selectively
generating a more economically viable supply of the building
blocks. One example of this approach is the production of various
polyfluorinated tyrosines through the use of a tyrosine phenol ly-
ase.[55,64] Further expanding on the idea of ncAA synthesis by en-
zyme cascades, limited ncAA availability could also be overcome
by the engineering of autonomousmicrobial strains that utilize the
desired ncAA as a 21st amino acid building block and produce
the targeted xenobiotic enzyme.[65] In illustration of this concept,
Xiao and coworkers created an E. coli strain that biosynthesizes l-
DOPA (6) and shuttles the ncAA into DOPA-containing proteins.
The engineered E. coli strains produced the designer proteins with
higher yields than obtainable through exogenously fed cells.[66]

Finally, while the powerful method of directed evolution has
alreadybeen applied to improve enzymesharboringncAAs,[39,46,67]
recent advances in rational design through the availability of high-
ly accurate enzyme models[68] and machine learning approaches
in enzyme evolution[69] have yet to be employed to further fine-
tune the xenobiotic proteins. Particularly, the optimization of
ncAA containing enzymes could profit from in silico screenings,
as any reduction of experiments will save the required quantity of
the expensive ncAA and, of course, additional resources.[4]
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a hydrogen bond that is formed in the wildtype betweenW51 and
the ferryl oxygen, the authors hypothesize that theW51Fmutation
increased the ‘electron pull’ of the ferryl oxygen.[58]To investigate
this effect further in the context of the wildtype enzyme, Green
and co-workers replacedW51 with 3-benzothienyl-l-alanine (11,
S-Trp), a sulfur-containing tryptophan analog unable to serve as
a hydrogen bond donor. The S-Trp (11) substitution led to an in-
creased lifetime of CpdI, while decreasing the lifetime of CpdII.
Supplementing the experimental findings with density-functional
theory (DFT) calculations, the authors could confirm their sug-
gestion that tryptophan at position 51 suppresses reactivity and
proton affinity of CpdII through hydrogen bonding to the ferryl
oxygen (Fig. 4d).[59] In conclusion, these two studies highlight
how ncAAs can serve as valuable probes of enzyme mechanism
and provide insights into heme biochemistry. Looking forward,
the delineated ncAA strategy can be employed in similar attempts
to deconstruct bioinorganic mechanisms.

Beyond harnessing their influence on the reaction mechanism
of enzymes, ncAAs can be also used to introduce unique labels
for spectrometric analysis. Since fluorine is only rarely found in
biological systems, the 19F NMR spectra of proteins are devoid
of unwanted background resonances rendering it a useful tool
for studying proteins. Employing this methodology with the goal
to confirm the spatial proximity between two enzyme residues,
the incorporation of para-pentafluorosulfanyl-phenylalanine
(12, SF

5
Phe) into E. coli peptidyl-prolyl cis/trans-isomerase B

(PpiB) at F27 and F98 enabled Huber and coworkers to carry out
19F–19F nuclear Overhauser effect spectroscopy (NOESY) experi-
ments. The study allowed the direct experimental confirmation
of short contacts between the investigated residues and was the
first example of observation of intramolecular 19F–19F nuclear
Overhauser effects in a protein.[37] In a next step, para-trifluo-
romethyl-phenylalanine (13, CF

3
-Phe) and O-trifluoromethyl-

tyrosine (14, CF
3
-Tyr) were introduced at the same positions in

PpiB. The use of less bulky noncanonical amino acids resulted in
narrower line widths and thus improved spectral resolution and
sensitivity for the detection of through-space 19F–19F couplings
(Fig. 4c).Additionally, the reduced space demand of CF

3
-Phe (13)

and CF
3
-Tyr (14) compared to SF

5
Phe minimized their impact on

the natural protein structure.[33]
Apart from the utilization of fluorine labels, the introduction

of trimethylsilyl groups can also be a valuable strategy to facilitate
the NMR studies of proteins as these entities generate strong and
narrow singlet signals in the 1H NMR spectrum around 0 ppm, a
region that is relatively devoid of other proton resonances. In this
spirit, Otting and coworkers incorporated N6-(((trimethylsilyl)-
methoxy)carbonyl)-l-lysine (15, TMSK) into PbiB, Bacillus
stearothermophilus DnaB, and a Methanocaldococcus jannaschii
p-cyano-l-phenylalanyl-tRNA synthetase. Incorporation of
TMSK (15) enabled the assignment of the TMS signal from the
1H NMR resonance at 0 ppm and facilitated measurement of the
dissociation constant K

d
of tightly bound ligands and the deter-

mination of the exchange rate between open and closed enzyme
conformations.[35] Following a similar experimental setup, 4-(tri-
methylsilyl)phenylalanine (16, TMSiPhe) was incorporated into
arrestin, a key signal transducer downstream of most G-protein-
coupled receptors (GPCRs). To investigate the protein mecha-
nism, TMSiPhe (16) was genetically introduced at seven different
positions of arrestin allowing to track conformational changes of
the membrane protein complex at residue resolution with only
little perturbation to the target protein. Interestingly, the ncAA
technology can thus be used to improve our understanding of how
different ligands induce conformational changes in arrestin and
lead to the development of more specific and effective drugs that
target arrestin-mediated signaling pathways.[60]

Going beyond NMR, the incorporation of ncAAs can facilitate
the use of powerful analysis techniques that were prevously less
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