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6.1 Introduction

Naturally occurring proteins are linear polypeptides that are generally
comprised of the twenty canonical amino acids. There are two notable ex-
amples of additional genetically-encoded amino acids, selenocysteine' and
pyrrolysine,” as well as a large array of post-translational modifications of
amino acids, such as phosphorylation,® sulfonation® and glycosylation.>°
Proteins can adopt a variety of structures and spontaneously fold in a
multitude of shapes and conformations that allow them to carry out their
diverse physiological roles. These roles range from being purely structural
proteins, to receptors, catalysts (enzymes), and regulatory proteins, such as
transcription factors.

Enzymes, which are the focus of this chapter, have been studied for over a
century owing to their remarkable ability to catalyse chemical reactions.
They increase the rates of chemical reactions essential to sustain life and
allow them to take place on biologically relevant timescales. Over many
years, our understanding of enzymatic catalysis has become increasingly
sophisticated, with concepts such as transition state theory, catalytic
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preorganization, conformational change and even quantum tunnelling, all
contributing to our now relatively mature understanding of these extra-
ordinary molecular machines.”® That being said, the exact biophysical and
biochemical basis of enzymatic catalysis is not without controversy. Rational
engineering and design, which is the ultimate test of our understanding of
protein structure and function, still has a failure rate that is too high for us
to truly say that we understand their function. The use of protein muta-
genesis is one of the best available approaches to expand our understanding,
allowing us to probe the function of proteins by altering their structure.

Owing to their remarkable catalytic properties, enzymes rapidly became
the focus of applied research and are frequently used in industrial and
medical applications. For instance, enzymes have been used in the pro-
duction of cheese and as digestive aids since the 19th century. Their use
greatly increased through the development of recombinant gene technology,
which allowed the facile production of large amounts of specific enzymes
through fermentation. Large-scale production led to their widespread use in
industry, for example as detergents such as subtilisin,” or in medicine, for
example tissue plasminogen activator, which is produced recombinantly to
break down blood clots.’® The development of enzymes in biocatalysis has
been greatly facilitated through the advent of engineering techniques, from
rational design,'" through to random approaches like directed evolution,"?
and onto computational protein design (see Chapters 4, 5 and 7)."*'* This
has resulted in an explosion in the use of designer enzymes, particularly in
the industrial production of valuable chemical precursors."”

In parallel to intensive efforts to genetically engineer enzymes, in recent
years there has also been increasing focus on new methodologies to chem-
ically modify proteins. The lure of chemical modification has always been
the ability to introduce functionalities that go beyond what is available
among the canonical amino acids. Traditionally, the most commonly
applied form of chemical modification utilizes thiol groups in a protein
reacting with maleimides to form covalent bonds with other molecules."
This has been used to label proteins with dyes,'” metal chelators that can act
as paramagnetic lanthanide tags,'® and metal chelators that allow the
formation of entirely novel metalloenzymes.’® A second frequently used
avenue to chemically modify proteins takes advantage of reactive amine
groups to allow covalent attachment of bulk chemicals. For instance, protein
modification with polyethylene glycol (PEGylation) is widely used in the
pharmaceutical industry,>® because it has been shown to significantly in-
crease the circulatory lifetime of biotherapeutics. Finally, the isoelectric
point (pI) of proteins can be drastically modified by chemical modification
of amino acids,”* which can facilitate the electrostatic attachment of poly-
mers to create hybrid proteins.*?

Despite the advances in our understanding of enzyme function and the
technical progression of our abilities to genetically engineer improved en-
zymes and modify them with new chemical functionalities, these areas of
research have their limitations. In terms of advancing our understanding of
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enzymes, the ubiquitous nature of the canonical amino acids makes it dif-
ficult to use particular amino acids as mechanistic probes, or “handles” in
biophysical characterization; in genetic engineering we are fundamentally
limited by the functionalities and reactivity inherent in the canonical amino
acids; in chemical modification, we are limited by the reactivities present in
the canonical amino acids and since thiol and amine groups are present in
most/all proteins, it is impossible to make specific chemical modifications
in complex mixtures.

Non-proteogenic or “unnatural” amino acid (UAA) mutagenesis was first
developed as a method to allow global, or residue-specific replacement of
amino acids either through natural metabolic incorporation of structural
analogues,” or chemical misacylation of tRNA,** to yield proteins with
UAAs.> This approach was improved by taking advantage of suppressor
read-through, allowing site-specific incorporation of amino acids using
bioorthogonal machinery derived from distantly related organisms.”*>* UAA
mutagenesis is a potential solution to many of the challenges one faces when
engineering enzymes, because it allows the introduction of new bioortho-
gonal reactive groups or biophysically unique probes at specific positions. In
the following sections, we provide a brief outline to the residue-specific and
site-specific approaches, before highlighting recent prominent examples of
the use of UAAs for the study and engineering of enzymes. Finally, we pro-
vide some perspectives for the field in coming years, focusing in particular
on the challenges to be addressed and the opportunities that are available.

6.2 Residue-specific vs. Site-specific UAA
Incorporation

6.2.1 Residue-specific UAA Incorporation

The purpose of residue-specific UAA incorporation is to replace a given en-
dogenous amino acid with a specific UAA analogue. Pauling”® proposed that
compounds isosteric to a given amino acid may be bound and acylated to a
cognate tRNA by the respective aaRS.>>*' This phenomenon is observed
where structurally similar aliphatic amino acids isoleucine, methionine and
valine often compete with the cognate leucine amino acid for activation and
acylation by leucyl-tRNA synthetase (LeuRS).**> Further, mistranslation can
be an adaptive response for organism survival: in the hyperthermophilic
archaea Aeropyrum pernix, MetRS misacylates tRNA"" with methionine at
low temperatures because substituting leucine with methionine in the pro-
teome increases the flexibility of proteins, which is advantageous at low
temperatures.®® Thus, by replacing a given amino acid with an isosteric UAA
analogue, the UAA can often be successfully incorporated by the endogenous
aminoacyl-tRNA synthetase (aaRS):tRNA pair for the particular amino acid.**
Alternatively, chemical misacylation of tRNA can allow incorporation of
UAAs that are unable to be charged to tRNA using native tRNA synthetases
(aaRSs).>* Because most amino acids are present at multiple positions
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throughout a protein’s primary sequence (and throughout the proteome),
replacement of an amino acid in the cell or in cell-free translation media
with an isosteric analogue results in global substitution of that amino acid
throughout the protein.>®

Selective Pressure Incorporation (SPI) is the most commonly used
methodology for in vivo residue specific UAA incorporation.*® The procedure
is founded upon work in the late fifties, which successfully replaced
methionine with the isosteric analogue selenomethionine throughout the
E. coli proteome.?” For selenomethionine incorporation, auxotrophic cells
that have been genetically engineered to lack the biosynthetic pathways re-
quired for the synthesis of methionine are most commonly used, making
protein translation dependent on the availability of methionine (or an
isosteric analogue) in the growth medium. SPI has been further refined by
recombinant DNA technology, which can amplify the expression of a target
gene under the control of an artificial promoter.®® This minimizes any det-
rimental effects to cell growth and is more economical because the isosteric
amino acid analogue is supplied only when cells have reached the appro-
priate growth stage and overexpression of the recombinant protein has been
initiated.> The combination of these metabolic engineering advances has
allowed for almost any gene to be expressed in conditions where a canonical
amino acid has been replaced with its isosteric analogue to allow residue-
specific incorporation. It is important to recognize that the SPI methodology
depends on an endogenous aaRS misacylating tRNA with a UAA. If this
process is inefficient, low UAA incorporation is the result. This can be ad-
dressed by simple overexpression of specific aaRSs or through directed
evolution or rational design of aaRS for improved UAA affinity.*

The primary advantage of residue specific incorporation is the ability to
incorporate multiple amino acid substitutions throughout the protein
sequence.*’ This multiplicity of substitutions can result in cumulative, or
synergistic effects of the UAAs, yielding much larger improvements to certain
properties than can be achieved with single amino acid substitutions. For
example, this has been exploited to increase the thermal stability of coiled-
coil proteins via introducing hydrophobic side chains at the helix interface.**
However, multiple mutations in a protein can also be problematic because a
single deleterious substitution may cause the enzyme to become structurally
unstable or lose catalytic activity, and thereby masking the effects of other
neutral or beneficial substitutions. In general, the probability of the protein
misfolding and exhibiting reduced activity increases with the difference
between the physical and chemical properties between the canonical amino
acids and the UAA replacement.?

6.2.2 Site-specific UAA Incorporation

Owing to the lack of control over which amino acids are substituted with
UAAs using residue-specific incorporation, site-specific UAA incorporation
is a valuable alternative methodology. Site-specific UAA incorporation is
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comparatively more involved than residue-specific incorporation in terms
of the underlying methodology. It requires a ‘“bio-orthogonal pair” of an
UAA-specific aminoacyl-tRNA synthetase (uaaRS) and a cognate tRNA that
recognises a nonsense or frameshift codon at which the UAA is inserted
(Figure 6.1)."* For example, a bio-orthogonal suppressor tRNA that is com-
plementary to an amber stop codon will allow read-through of the TAG stop
codon,?”** with UAA incorporation occurring due to the bioorthogonal tRNA
having been aminoacylated with an UAA by a cognate bio-orthogonal
aaRS.**® tRNA-aaRS pairs from different domains of life are often bio-
orthogonal and provide the platform to expand the genetic code of an or-
ganism with additional UAAs. The most commonly used approaches for the
genetic encoding of UAAs in bacterial cells utilize mutants of the tyrosyl-RS
and tRNA™" pair from the archaeon Methanococcus jannaschii, which do not
cross-react in bacterial cells due to a unique recognition of the tRNA C1-G72
base-pair by aaRS.*’

Native RSs

Orthogonal RS * Orthogonal
S _ tRNA(NNN)

Canonical AAs
Native RSs

Canonical AAs
Native tRNAs

R Translation
(NNN:XXX nonsense codon)

Figure 6.1 Orthogonal translational machinery for in vivo UAA incorporation.
A tRNA synthetase from a distantly related organism is introduced to
the cell and is bio-orthogonal because it does not interact with endogen-
ous tRNA molecules, and is engineered to interact with UAAs in place of
canonical/endogenous amino acids. An orthogonal tRNA from a distant
related organism is introduced that is recognised by the orthogonal
tRNA synthetase, but not recognised by endogenous tRNA synthetases.
The tRNA is modified to possess a (typically) nonsense anticodon that
will recognise a complementary nonsense codon. This orthogonal tRNA
synthetase:tRNA pair then charges the orthogonal tRNA with the UAA;
the nonsense codon (usually stop codon, such as UAG) results in sup-
pression of translation termination, resulting in incorporation of
the UAA.
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6.2.3 In Vitro and In Vivo UAA Incorporation

Most of the work described above focuses on UAA incorporation via natural
systems, such as mammalian cells,*®*® yeast,”® and prokaryotes.”” In vitro
site specific incorporation by cell-free protein synthesis is an alternative and
increasingly popular avenue for mutagenesis.”’ The method is generally
considered to be less time consuming and more economical, while simul-
taneously providing more control over components in the reaction mix-
ture.>® To this end, cell-free protein synthesis can be even applied in cases
when the UAA is toxic to cells,”® and is well suited when chemically mis-
acylated tRNAs are used.** While exact details of the protocol may vary to
satisfy individual goals, the essential steps are obtaining and adding all the
components necessary for RNA transcription and protein translation to a
reaction mixture containing an energy source and amino acids.>?

6.3 Engineering tRNA Synthetases for UAA
Incorporation

No discussion of the role of UAAs in enzymology would be complete without
first covering how the enzymes that are responsible for incorporating UAAs
have themselves been modified to carry out this role. Amino acids are
‘charged’ to their cognate tRNAs via a two-step process catalysed by aaRSs.
The amino acid is first adenylated by an ATP molecule in the active site of
the aaRS before the amino acid moiety of the resulting amino acid-AMP
complex is transferred to the 2’ or 3’ hydroxyl group of the ribose moiety on
the 3’ end of the terminal adenine of the tRNA molecule.’* The various aaRSs
and tRNAs form cognate pairs that each correspond to one of the twenty
canonical amino acids. Specific and selective binding of amino acids in the
aaRSs combined with an elaborate proof-reading process facilitates accurate
tRNA aminoacylation and ensures translational fidelity.

One of the greatest barriers to UAA-incorporation is the requirement for
the bio-orthogonal aaRS to recognise the UAA and aminoacylate the amber-
suppressor tRNA. Recognition is not a major problem for isosteric structural
analogues (although this can result in low specificity), but becomes prob-
lematic when the structure of the UAA diverges significantly from the natural
amino acid. In these instances, it is necessary to use protein engineering to
alter the substrate specificity of the aaRS. Directed evolution has been one of
the most successful approaches, and begins with the generation of a large
library of mutants that have been generated from a bio-orthogonal wild-type
protein, for instance through the use of error-prone PCR.>>*® Alternatively,
computational design is initiated with docking and energy minimization
programs, such as Rosetta.”” Here, substrates can be superimposed on a
known aaRS structure, as obtained through X-ray crystallography. Atomic
interactions between residues around the active site and the substrate are
then scored. Favourable interactions are hypothesized to increase binding
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affinity to the UAA without negatively impacting on the protein, and mu-
tations with low energy scores are then chosen for experimental testing.”®”°
These methods are thought to be complementary when designing aaRSs that
are specific for UAA, because rational design can efficiently explore larger
variations in sequence whereas directed evolution is very apt to improve on
basal function.®®

In the variant screening procedure developed by Schultz et a mutant
sequences go through a double sieve selection process to determine their
function and translation fidelity in vivo. Initially, the antibiotic resistance
of the bacteria assesses positive selection; resistance is achieved if the
UAA-charged tRNA, aminoacylated by the mutant aaRS, effectively sup-
presses a nonsense or frameshift codon in the chloramphenicol acetyl
transferase gene. Remaining sequences subsequently undergo negative se-
lection. In a growth medium that contains only the 20 proteogenic amino
acids, the uaaRS/tRNAY** pair will be co-expressed with a toxic barnase gene
containing nonsense or frameshift codons at permissive sites. If the en-
gineered aaRS misacylates an endogenous amino acid to the tRNAY**, and
the amino acid successfully fills the permissive sites in the toxic gene, cell
death ensues.*®

L ,61

6.4 Enzyme Engineering with UAAs
6.4.1 UAAs for Increased Protein Thermostability

Since the first years of protein engineering, researchers have been seeking
ways to increase the thermostability of enzymes, particularly for industrial
applications and developing more robust and longer-lived enzymes for use
in biocatalysis.®” As with traditional protein mutagenesis and chemical
modification, UAA incorporation has been used to increase protein stability
(Figure 6.2).

The fluorous effect has been widely exploited in medicinal chemistry and
industry to yield molecules with altered physicochemical properties, with
one of the most prominent examples being Teflon.®® Similarly, one of the
most common applications of UAAs in enzyme engineering is the in-
corporation of fluorinated analogues.®* Incorporation of fluorinated amino
acids is particularly suited to residue-specific approaches because of the
minimal structural changes that fluorination causes, which makes the
isosteric amino acid analogues compatible with existing translation ma-
chinery, while the novel physicochemical properties of fluorinated UAAs can
result in marked changes to the target enzymes. Several proteins containing
one, two, or three different simultaneously fluorinated amino acids
have been produced. For example, Budisa et al. have produced a lipase
from Thermoanaerobacter thermohydrosulfuricus with (4S)-fluoroproline, 4-
fluorophenylalanine, and 6-fluorotryptophan analogues in place of proline,
phenylalanine and tryptophan, respectively.®> They successfully incorpor-
ated monofluorinated amino acids at 24 different positions in a single
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Figure 6.2 The use of UAA in engineering enzymes with enhanced stability. (A)
Phenylalanine, tryptophan and proline were replaced by 4-fluoropheny-
lalanine (1), 6-fluorotryptophan (2), (4S)-fluoroproline (3), respectively, in
a lipase from T. thermohydrosulfuricus (represented by the structurally
similar lipase from Geobacillus sp. SBS-4S, 3AUK),'™ resulting is in-
corporation of fluorinated UAAs at almost 10% of the sequence positions
in the enzyme with no loss of stability. (B) Tyrosine was replaced by the
UAA 3-fluorotyrosine (4) in a residue-specific manner in the Vibrio
fluvialis o-transaminase (4E3Q),"'° resulting in significantly enhanced
stability in organic solvents. (C) 3-Chloro- (5) and 3-bromo-i-tyrosine (6)
UAAs were used to replace native tyrosine residues in glutathione-S-
transferase from Schistosoma japonicum (4WR4),°® leading to significant
increases in the thermostability of the enzyme.

expression, corresponding to approximately 10% of the amino acid
sequence. Notably, the enzyme retained native structure and significant
activity. Yun et al. have shown that, by non-specifically incorporating 3-
fluorotyrosine into o-transaminase in place of tyrosine, the fluorinated UAA
was able to enhance the thermostability of the enzyme.®® They also
demonstrated that the effects of fluorotyrosine led to increased stability in
organic solvent, for instance, increasing the half-life of the enzyme in 20%
(v/v) DMSO from less than 10 hours to approximately 50 hours. However, in
contrast to these positive reports of the effects of fluorinated UAAs on
stability, Holzberger and Marx have shown that multifluorination of DNA
polymerase resulted in very little change to the catalytic activity, but did
cause loss of thermostability.®”

Recently, Sakamoto et al have shown that the thermostability of
enzymes can also be enhanced by incorporating bulky halogenated UAAs,
such as 3-chloro- and 3-bromo-i-tyrosines, at certain sites in glutathione
S-transferase.®® The level of stabilization that was achieved was significant
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(up to 5.6 kcalmol ). In this study, the author explored the biophysical
basis for the stabilizing effect through the use of X-ray crystallography,
which showed that the additional steric bulk from the halogen moieties
provided a stabilizing effect by filling internal cavities and forming add-
itional van der Waals interactions. Filling internal cavities in proteins is a
well-established mechanism of enzyme stabilization.®® This mechanistic
understanding of the stabilizing effect of these UAAs allowed the authors to
extend this work to include the facile stabilization of an industrially relevant
azoreductase in the same study.

Altogether, these examples reinforce two observations: (i) at certain pos-
itions, mutations can be highly destabilizing, and (ii) UAAs can also provide
stabilizing effects in excess of those that can be conferred by canonical
amino acids. This suggests that, as our knowledge of the fluoro-effect de-
velops alongside the development of our understanding of the epistatic,
context dependent, effects of mutations,””’" we are likely to see fluorinated
amino acids incorporated more widely, particularly in industrial biocata-
lysts, owing to their ability to increase stability and resilience to harsh in-
dustrial environments.

6.4.2 UAAs for Increased Catalytic Efficiency

When it comes to enzyme engineering, one of the foremost motivations is to
increase the activity of these catalysts. As such, there are thousands of re-
ports of better combinations of canonical amino acids within and around
the active site of an enzyme, which led to increased activity. A number of
approaches have been utilized to achieve this, from rational design,””
through directed evolution approaches,”> and most recently, computa-
tional design (see Chapters 4 and 7).'*'* However, these approaches are
often limited by the intrinsic reactivity of canonical amino acids; for in-
stance, serine, one of the most common nucleophiles in enzymes, is a
relatively poor nucleophile at physiological pH unless it is part of a catalytic
triad including histidine and aspartic or glutamic acid. When additional
reactivity is required, enzymes have evolved the ability to incorporate non-
covalently bound organic or inorganic cofactors, which complicate the
development of designer enzymes due to the need to retain, synthesise or
recycle these cofactors. UAA mutagenesis is a potential route to producing
cofactor-free enzymes with unique chemical properties that can extend be-
yond those found in nature (Figure 6.3).

Using a residue-specific approach, Antranikian and colleagues have
investigated UAA incorporation in a lipase from Thermoanaerobacter
thermohydrosulfiricus.”* They showed that global replacement of methionine
residues throughout the enzyme with the UAA norleucine resulted in an
~10-fold increase in the enzymatic activity without thermal activation.
This was suggested to be due to the significantly greater hydrophobicity of
norleucine than that of methionine, which could enhance the hydro-
phobicity of the lid domain and interactions with hydrophobic lipids.
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Figure 6.3 The use of UAA in engineering enzymes with improved catalytic activity.

(A) Residue-specific replacement of methionine residues with the UAA
norleucine (7) in a lipase from T. thermohydrosulfuricus (represented by the
structurally similar lipase from Geobacillus sp. SBS-4S, 3AUK),"*” resulted
in a 10-fold increase in catalytic activity without enzyme thermal acti-
vation. (B) In investigating whether UAA mutagenesis could lead to better
catalytic activity than mutagenesis with naturally occurring amino acids,
it was found that replacement of a phenylalanine amino acid by either
p-trifluoromethylphenylalanine (8) or p-nitrophenylalanine (9) in a
nitroreductase from E. coli (1IDT)""” was significantly superior than mu-
tation to Tyr, Lys or Asn. (C) When a tyrosine residue within the substrate
binding site of a bacterial phosphotriesterase (2R1N)"'® was mutated to a
hydroxycoumarinyl amino acid (10), the activity was increased to a larger
extent that could be achieved by screening thousands of different
randomly generated natural mutants of the enzyme. (D) A phenylalanine
at position 31 was substituted by 2-napthylphenylalanine (11) and para-
bromo-phenylalanine (12) in murine dihydrofolate reductase (1U70),""
resulting in significantly lower substrate and product inhibition.

Site specific mutagenesis has also been used in enzyme engineering: Mehl
and coworkers have shown that the use of UAAs can be advantageous in
enzyme engineering and allows rapid improvement of enzyme activity.””
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In that work, they studied a nitroreductase from Escherichia coli that
can activate a prodrug used in cancer therapy, CB1954,”® showing that
improvement of the enzyme activity was not only possible (by >30-fold)
using UAAs, but that UAAs also out-performed native amino acids at
this position. Substitution of phenylalanine at position 124 with p-
trifluoromethylphenylalanine or p-nitrophenylalanine was significantly
superior than mutation to Tyr, Lys or Asn. The work also demonstrated that
UAAs can lead to the development of enzymes that have greater catalytic
efficiency than those that can be generated using the naturally occurring
amino acids. Similarly, Fasan and colleagues have investigated the effect of
UAAs on the regio-selectivity of cytochromes P450 using a site-specific ap-
proach.”” The addition of p-aminophenylalanine, in particular, resulted in a
5-fold increase in the oxidation rate of (+4)-nootkatone. Importantly, the
functional changes that were observed could not be replicated through
the use of any of the 20 canonical amino acids, reinforcing the idea that the
UAAs provided new and otherwise inaccessible structure and function to
these modified enzymes.

In contrast to the previous studies, which investigated enzymatic catalysis
of synthetic substrates or substrates for which the enzyme had not evolved
under strong selective pressure to turn over, recent work examined a nat-
urally evolved and highly efficient (kea/Kny=10” M~ 's™') phosphotriester-
ase’®”? with the ability to detoxify and protect against neurotoxic
organophosphates.®>®' This enzyme was engineered using UAAs to test
whether highly efficient natural enzymes can be improved further through
UAAs, ie. whether the catalytic potential of the enzyme can be advanced
beyond what is possible through natural evolution. Several efforts to increase
the activity of the phosphotriesterase through rational design and directed
evolution with canonical amino acids, effectively sampling hundreds of
thousands of different mutations, yielded only a modest improvement in
activity (4-fold) with the substrate paraoxon.®” In contrast, a single tyr-
osine > hydroxycoumarinyl amino acid replacement at the substrate binding
site yielded an order of magnitude greater activity, establishing that the
catalytic limits observed in nature can indeed be exceeded through the use of
UAA mutagenesis.®

Another area of interest in the context of increasing enzyme efficiency and
usefulness involves reducing the level of substrate or product inhibition that
enzymes undergo, as substrate/product inhibition has the potential to lessen
substrate loading and/or reduce total substrate turnover in biocatalytic ap-
plications.®* The unique attributes of UAAs also have potential in this area.
Zheng and Kwon have used site-specific UAA incorporation into murine
dihydrofolate reductase (mDHFR) as a model system to control the level of
inhibition by methotrexate.®® Structural analysis highlighted the role that
phenylalanine 31 played in substrate and inhibitor binding. This residue
was then mutated to p-bromophenylalanine and 2-napthylphenylalanine.
These unnatural variants of mDHFR displayed interesting kinetic charac-
teristics, with the p-bromophenylalanine and 2-napthylphenylalanine
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variants exhibiting ~2-fold and ~4-fold higher dissociation constants (Kg)
for the inhibitor methotrexate. Surprisingly, both variants also exhibited
higher affinity as measured by the Michaelis constant (Ky) for the substrate
dihydrofolate (6.5 pM for the wild-type vs. 3.4 and 4.8 uM for the respective
variants). Although this was accompanied by a trade-off in turnover number
(kear) in the case of the 2-napthylphenylalanine variant, the p-bromopheny-
lalanine variant actually displayed enhanced substrate turnover leading to a
4-fold increase in the ratio of inhibitor affinity to substrate affinity (Kq/Ky).

6.4.3 UAAs to Alter Specificity and Selectivity

The desire to increase the catalytic efficiency of enzymes is partly academic—
to understand how we can improve enzymes in a general sense—but also
derives from a need to make more efficient catalysts for medical and in-
dustrial applications. However, any efforts to increase catalytic efficiency
assume that the enzyme already has the necessary substrate specificity. In
many medical and industrial applications, the target substrate is synthetic
and no enzymes have naturally evolved to recognise it. Thus, there is sig-
nificant interest in engineering enzymes for altered substrate specificity
(Figure 6.4). A particular subfield within this topic is the intense research
into modulating enzymatic stereo/regioselectivity, which is of particular
relevance to the chemical and pharmaceutical industry, where production of
the correct stereoisomer can be of particular importance.®

Using a residue-specific approach, Fasan and colleagues have investigated
the effect of UAAs on the regioselectivity of cytochromes P450.”” In this work,
a number of different aromatic UAAs were introduced at the substrate-
binding site and these variants were screened against (S)-ibuprofen and
(+)-nootkatone. The addition of the UAAs in place of Alag82 dramatically
increased the rate of oxidation of (+)-nootkatone to form an allylic alcohol
(from 4% oxidation to 62% oxidation in the case of a p-acetylphenylalanine)
and replacement of Ala78 with p-acetylphenylalanine catalysed the oxidation
of (+)-nootkatone to (9R)-hydroxynootkatone with absolute stereoselectivity,
when this reaction did not proceed at detectable rates with the native en-
zyme. Similarly, replacement of Leu75 with p-aminophenylalanine resulted
in a significant increase in the oxidative conversion of (S)-ibuprofen to
produce a tertiary alcohol (from 38% to 86%). Additional residue-specific
work to alter enzyme specificity includes the global incorporation of
m-fluorophenylalanine, replacing phenylalanine, in a lipase from
Thermoanaerobacter thermohydrosulfiricus, which also resulted in increased
substrate range,”* with the lipase displaying greater activity with a range of
triglyceride chains, both greater and shorter than the wild-type enzyme,
which is relatively specific for C6-C8 substrates.

A notable example of the use of site-specific UAA mutagenesis to enhance
the enantioselectivity of diketoreductase has been recently reported by Chen
and colleagues.®” Diketoreductase is an important biocatalyst that is capable
of stereoselectively reducing B,5-diketo esters to dihydroxy products.®®
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Figure 6.4 The use of UAA in engineering enzymes with altered substrate specificity.
(A) The substrate specificity of a cytochrome P450 (21]2)*?° was altered by
introducing the UAAs para-acetyl-phenylalanine (13) and para-amino-
phenylalanine (14) into the active site of the enzyme. (B) The lipase from
T. thermohydrosulfuricus (represented by the structurally similar lipase
from Geobacillus sp. SBS-4S, 3AUK)""> was engineered by the residue-
specific substitution of phenylalanine with m-fluorophenylalanine (15),
leading to an increase in the substrate range. (C) By introducing a series
of bulky UAAs (4-methoxy-L-phenylalanine (16), 4-cyano-L-phenylalanine
(17), O-tert-butyl-i-tyrosine (18) and 4-phenyl-i-phenylalanine (19)) in
place of a native tryptophan at position 222 in a diketoreductase
(4E12),%° the enantiomeric excess of the enzyme could be altered.

By using structure-guided rational design, they pinpointed Trp149 and Trp222
as important residues for substrate binding.®® Trp222 was replaced by
several canonical amino acids (valine, leucine, methionine, phenylalanine,
tyrosine) or UAAs (4-cyano--phenylalanine, 4-methoxy-t-phenylalanine, 4-
phenyl-i-phenylalanine, O-tert-butyl-i-tyrosine). The kinetic behaviour of the
variants revealed that the enantiomeric excess of the wild-type enzyme for
the R-isomer of 2-chloro-1-phenylethanone could be increased from 9.1% for
the wild-type enzyme to 10.5%, 29.7% and 33.7% when tryptophan was
replaced, by 4-methoxy-L-phenylalanine, 4-phenyl-L-phenylalanine and O-
tert-butyl-i-tyrosine, respectively. This is an excellent example of an UAA
providing properties not otherwise accessible by the 20 canonical amino
acids. In this case, the greater enantiomeric excess was a result of greater
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steric bulk of the residue at this position as it controls access of the re-
spective isomers into the active site. Thus, tryptophan, which is the largest
canonical amino acid by volume (147.1 A®), could not be improved upon by
any canonical amino acid, but could be more favourably replaced by the
larger UAAs 4-methoxy-i-phenylalanine (166.7 A®), 4-phenyl-i-phenylalanine
(181.9 A%) and O-tert-butyl-i-tyrosine (185.3 A%).

6.4.4 UAAs to Probe Enzyme Function and Mechanism

One of the most valuable applications of UAA mutagenesis and incorpor-
ation, given the practical challenges that still need to be overcome for broad
utilization in industrial biocatalysis,’ is for the UAAs to be used as mech-
anistic probes to allow us to better understand enzyme structure, function
and catalytic mechanisms. One of the earliest examples of the use of UAAs
to probe enzyme structure and function was from Dupureur et al., who
used residue-specific incorporation of o-, m- or p-fluorophenylalanine
into the Pvull restriction endonuclease.”’ Notably, the incorporation of
m-fluorophenylalanine did not affect conformational stability but caused a
doubling of specific activity. Analysis of the effects that substitutions that
were remote from the active site had on the catalytic activity of the enzyme
allowed the authors to conclude that relatively subtle changes in enzyme
conformation due to remote mutations can have significant impact on en-
donuclease activity and suggests novel ways to influence catalytic behaviour
(Figure 6.5).

In a recent and particularly elegant study, Boxer and colleagues have used
UAA mutagenesis to dissect the proton delocalization in the hydrogen bond
network of the model enzyme ketosteroid isomerase.”” This work was carried
out to examine the role of extended hydrogen bond networks in enzymes due
to their common occurrence. Extending work that suggested quantum de-
localization of protons across a triad of Tyr16, Tyr32, and Tyr57 residues with
very close bonding distances and an unusually low pK, value in the ketos-
teroid isomerase active site was an important factor in the understanding of
the catalytic mechanism of the enzyme.”>®* Using site-specific UAA muta-
genesis, the tyrosine residues were replaced, separately with 3-chlorotyrosine
analogues, to investigate the delocalization of protons in the triad (since the
reduced pK, value of the 3-chlorotyrosine disrupts the proton affinity
balance, but not the H-bonding). Biophysical analysis with X-ray crystal-
lography, UV-Vis spectroscopy and '>C-NMR revealed that the proton de-
localization within the triad was affected by the replacements, highlighting
the complexity of enzymes and the role of quantum effects such as proton
delocalization in enzyme catalysis.

Recently, Otting and colleagues have used site-specific UAA incorporation
to introduce O-tert-butyltyrosine into the DnaB helicase from
Stearothermophilus.”> DnaB unwinds double stranded DNA during DNA
replication and functions as part of the larger replisome complex.”® O-tert-
Butyltyrosine was particularly useful as a NMR probe, because the nine
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Figure 6.5 The use of UAAs in engineered enzymes to study structure and function.
(A) The residue-specific incorporation of o-, m- or p-fluorophenylalanine
(21, 22, 23) in Place of phenylalanine in the Pyull restriction endonu-

12

clease (1PVU)

allowed for analysis of subtle, remote, structural effects

on enzyme activity. (B) In studying the contribution of quantum delocal-
ization to the catalytic activity of a ketosteroid isomerase (5D82),”> the
replacement of certain tyrosine residues with 3-chlorotyrosine (24) was
useful because the UAA has a significantly lower pK, than the native
amino acid, allowing selective disruption of the proton delocalization.
(C) The use of the UAA O-tert-butyltyrosine (25) in the study of the DnaB

helicase from E. coli (represented here by DnaB from A. aeolicus)

122

allowed the quaternary structure of the enzyme to studied by NMR
spectroscopy. (D) Using p-benzoyl-i-phenylalanine (26), an UAA capable
of undergoing photo-induced crosslinking, the interaction between
acyl carrier proteins and ketosynthase (represented by the keto-

synthase-chain length factor heterodimer; 1KAS)">?

unprecedented detail.

could be studied in

protons of a solvent-exposed tert-butyl group produce a narrow and intense
single signal which stands out from the background of other methyl
resonances in the protein. This unique chemical property means that the
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O-tert-butyl group can be easily observed in one-dimensional proton NMR
spectra, eliminating the need for expensive isotope labeling and time con-
suming multi-dimensional NMR experiments. Remarkably, even though
NMR is most often used for analysis of relatively small proteins (<50 kDa),
the 320 kDa hexamer of DnaB could be shown to adopt 3-fold, rather than
6-fold, symmetry in solution.

6.4.5 UAAS to Control Enzyme Activity and Interactions

Just as UAAs can act as chemical tags and handles that allow us to gain a
deeper understanding of a protein’s structure and mechanism, they can also
be used to control enzyme activity and interactions. This is of tremendous
value in allowing us to better understand enzyme function in complex
biological environments.

Photo-labile UAAs have found application in the study of enzyme function
due to their ability to act as figurative “cages” for chemical reactivity: in their
caged form they have no activity and it is only after the UAA is irradiated with
UV light that it undergoes chemical decomposition to yield the active amino
acid. Consequently, enzyme function can be tightly controlled through the
use of photo-chemistry.”””°® This approach has recently been used in en-
zymology, allowing the precise control of T7 RNA polymerase with a pho-
tocaged lysine derivative that was incorporated through the use of
engineered, orthogonal pyrrolysine synthetase/tRNA pair in mammalian
cells.” The ability to control T7 RNA polymerase activity allowed Hemphill
et al. to control the transcription of short RNA hairpins that could sub-
sequently be used for RNA interference of other genes, creating a powerful
optogenetic system for light-controlled manipulation of biology. This work
has been extended further with the development of small molecule caging
approaches. In work by Deiters et al., phosphine-mediated Staudinger re-
duction was used to uncage an unnatural azidobenzyloxycarbonyl amino
acid to activate protein function.'® This UAA was again genetically encoded
using an orthogonal pyrrolysyl tRNA synthetase/tRNA pair in mammalian
cells. In this application, the authors successfully demonstrated control over
the activity of luciferase to induce fluorescence, as well CRISPR/Cas9 gene
editing.

UAAs have also found a niche in the study of enzyme:protein interactions,
primarily through their applicability to photo-cross-linking. For example,
Williams et al. have used the photo-cross-linking UAA p-benzoyl-i-phenyl-
alanine to probe the interactions between acyl carrier proteins and
ketosynthase subunit in fatty acid synthase."®" By using photo-cross-linking,
a variety of acyl carrier proteins were tested, highlighting the role of residues
within the conserved helix II region of the acyl carrier proteins. This work is
notable because it demonstrated that UAAs are of particular value in mod-
erate throughput screening experiments owing to their specificity and bio-
orthogonality.
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6.4.6 UAAs for Chemical Modification of Enzymes

Protein chemical modification is of increasing interest to the enzymology
community. For example, chemical modification of non-catalytic scaffolds
can allow the attachment of reactive groups to generate a catalyst,'** specific
labelling of an enzyme with a fluorescent tag to monitor function,'® and
PEGylation to protect enzymes and increase their circulatory lifetime and
stability.'®* One of the biggest challenges in the area of enzyme chemical
modification is the need for specificity—it is often necessary to chemically
modify a single protein in a complex mixture, or a single position in a
protein. The development of new labelling methodologies through UAA
mutagenesis appears to have become one of the largest sub-fields in the
applications of UAAs to enzyme engineering. The value of UAAs in this ap-
proach is their bio-orthogonality: whereas almost all proteins include amine
groups, and most include thiol groups, the addition of an UAA results in the
incorporation of a unique amino acid, with reactivity not otherwise present
among the proteome, thereby allowing specific labelling (Figure 6.6).'%

One of the most commonly used chemical modifications of enzymes is
PEGylation, which has been shown to increase the stability and circulatory
lifetime of medically useful enzymes.'®* In one of the earliest examples of
UAA incorporation, Schultz and colleagues have shown that p-azidopheny-
lalanine, which can be incorporated in a site-specific manner in proteins,
can be used in a [3+ 2] cycloaddition reaction with an alkyne derivatised
PEG reagent for PEGylation of superoxide dismutase,'® building on previ-
ous work demonstrating that an azide-alkyne pair can be used in copper-
mediated Huisgen [3 + 2] cycloaddition."®”

Similar work has also exploited copper-catalysed alkyne-azide cycloaddi-
tion click reactions to allow labelling of T4 lysozyme with fluorescent probes.
By labelling one cysteine amino acid with a fluorescent dye using maleimide
chemistry, and incorporating UAAs such as propargyllysine, which contains
an alkyne functionality that reacts with azide-containing dyes,'®” two dyes
could be attached that can then undergo Forster Resonance Energy Transfer,
or FRET (previous work utilized p-acetylphenylalanine, which contains a
ketone functionality that reacts with hydroxylamine-containing dyes)'® to
allow the enzyme to be studied through single molecule spectroscopy. This
provided new insight into the folding landscape of T4 lysozyme.

Enzyme function in many biological situations is dependent on post-
translational modification, such as phosphorylation or acetylation of im-
portant amino acids. Studying the effects of post-translational modification
is extremely challenging owing to the heterogeneity of biological systems,
where there is often a mixture of differently modified enzymes. To define the
effects of the modification on enzyme activity, or to study the biological ef-
fects of the mutation, it is necessary to generate a homogeneous population
of the modified protein. Thus, UAA incorporation is a powerful technique
that allows specific amino acids within a protein to be replaced with an UAA
that mimics or contains the post-translational modification, generating a
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Figure 6.6 The use of UAA in engineering enzymes to facilitate chemical modifi-
cation. (A) The site-specific introduction of p-azidophenylalanine (27)
into superoxide dismutase (1S0S)'** allowed site-specific PEGylation of
the enzyme. (B) Single-molecule FRET spectroscopy of T4 lysozyme
(2LZM)"* was made possible by the site-specific attachment of fluor-
escent dyes at positions where the UAA propargyllysine (28) was in-
corporated. (C) Chemical modification at specific positions of lipase B
from Candida antarctica (4ZV7)'*® was made possible through the resi-
due-specific replacement of methionine by azidohomoalanine (29), ex-
ploiting the fact that only one methionine residue was in a solvent
exposed position.

homogeneous sample. Successes in this area include the incorporation of
N(e)-acetyllysine in the enzyme manganese superoxide dismutase by Chin
et al. using an orthogonal pyrrolysine synthetase/tRNA pair from Methano-
sarcina barkeri in E. coli."®® This allowed them to measure and define the
effect of lysine acetylation on manganese superoxide dismutase, revealing
that the enzyme kinetics were essentially the same as the unacetylated form
and suggesting acetylation must affect another aspect of its function. More
recently, Chin et al. have engineered an orthogonal pathway for phospho-
serine and demonstrated it was successfully incorporated into ubiquitin and
the kinase Nek7.'"® The technological advance that allowed the challenging
incorporation of phosphoserine involved exploiting the mechanism used by
some methanogenic bacteria for cysteine incorporation, which involves
aminoacylation of phosphoserine onto tRNA®°gc, by the tRNA synthetase
SepRS (conversion of phosphoserine to cysteine happens subsequently)."""
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This orthogonal archael SepRS/tRNA pair was introduced into E. coli after
converting the GCA anticodon to CUA, which significantly reduced the
efficiency of amino acylation. Thus, extensive evolution and manipulation of
the regions around the anticodon in the tRNA was performed to facilitate
recognition and decoding of the tRNA by the bacterial ribosome, and SepRS
was also subsequently evolved for improved recognition of the new
anticodon.

Finally, van Hest and colleagues have used UAA mutagenesis to site-
specifically modify the commonly used industrial lipase B from Candida
antarctica.'™ By using residue-specific replacement of methionine by azi-
dohomoalanine, they were able to carry out specific functionalisation of
these UAAs. Notably, four methionines in this enzyme are buried in the
hydrophobic core of the enzyme and are therefore not solvent accessible.
The one remaining and solvent accessible methionine was therefore targeted
for replacement by UAA mutagenesis. Again using a copper-catalysed cy-
cloaddition reaction, a monofunctionalised, and active, enzyme could be
obtained.

6.4.7 Engineering Enzymes for UAA Biosynthesis

One of the greatest hurdles to the large-scale use of UAAs is the need to
chemically synthesise the majority of the UAAs that are incorporated, which
vastly increases the cost of the experiment and requires that these UAAs be
effectively fed to the organism or cell-free system into which they will be
incorporated.”® In contrast, most naturally occurring amino acids are in-
expensively biosynthesised. To address this, Turner and colleagues have
performed engineering of the bacterial ammonia lyase EncP, which allowed
them to biosynthetically produce in high enantiomeric excess, a range of
phenylalanine derivatives.""® Similar work has been carried out to allow the
whole-cell biosynthesis of r-homoalanine."* Although the primary focus of
that work was to reduce the cost of i-homoalanine production and use as a
chiral precursor for the pharmaceuticals levetiracetam, brivaracetam, and
ethambutol, it demonstrated that engineering bacteria to produce add-
itional UAAs is feasible. In that work, they altered the substrate specificity of
glutamate dehydrogenase to work more efficiently with 2-ketobutyrate, ra-
ther than the natural substrate, 2-ketoglutarate. Through coexpression with
a threonine dehydratase in a modified threonine-hyperproducing Escherichia
coli strain, substantial amounts of t-homoalanine could be produced.

6.5 Future Perspectives

In writing this chapter, we were surprised at the relatively small number of
examples of UAAs being used to improve our understanding of enzymes, as
well as their catalytic activity and physical properties. In contrast to the
phenomenal growth of enzyme engineering in general, the application of
UAAs in this field appears to be lagging, despite the enormous potential that
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they have. The reasons for this are probably two-fold: (i) the technique of
UAA mutagenesis, especially site-specific UAA mutagenesis, is still signifi-
cantly more demanding than traditional mutagenesis, which has led to its
use being generally confined to research groups that have developed ex-
pertise in UAA mutagenesis; (ii) the approach is unfortunately limited by
economic factors, especially the need to chemically synthesise UAAs and
the intrinsically low yields of the enzymes that are produced through site-
specific mutagenesis. This has mostly limited their application to academic
research or proof-of-principle style studies that have, importantly, demon-
strated the potential of UAA incorporation, or yielded new insight into en-
zyme function, but cannot be translated into industrial scale without
difficulty, owing to the yield and cost.

There are therefore two areas that need particular attention in the coming
years to further advance the use of UAAs in enzymology. First, the continuing
efforts to simplify and make the technique widely available should see it
become adopted by a wider range of research groups and industry, as a
standard laboratory approach, rather than a specialist technique. Second,
the economic limitations of the technique must continue to be addressed,
perhaps through the development of biosynthetic pathways for UAAs to
allow them to be produced as cheaply and simply, in vivo, as canonical
amino acids. However, this requires the development of separate bio-
synthetic pathways for every amino acid, although this might be less de-
manding than it initially appears, since the majority of UAAs are derivatives
of tyrosine and lysine.

6.6 Conclusion

In conclusion, UAA incorporation and site-specific mutagenesis are ideally
suited to use in modern enzymology, from providing unique biochemical
and biophysical handles and probes to advance our understanding of en-
zymes, through to more applied outcomes, such as exploiting the novel
chemistry that can be incorporated into UAAs to push back the limits of
catalysis and improving the physical properties of enzymes. The use of UAAs
could potentially lead to the development of true designer enzymes with
vastly superior catalytic power and biophysical robustness or versatility than
we see in the natural repertoire of enzymes. However, to get to this point,
more work is required to increase the usability of this technique and grow
the size of the community of UAA-enzyme engineers, as well as to address
some of the economic barriers that currently limit the industrial appli-
cations of this technique.
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