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Abstract

The development of new orthogonal aminoacyl-tRNA synthetase/
tRNA pairs has led to the addition of approximately 70 unnatural amino
acids (UAAs) to the genetic codes of Escherichia coli, yeast, and mam-
malian cells. These UAAs represent a wide range of structures and func-
tions not found in the canonical 20 amino acids and thus provide new
opportunities to generate proteins with enhanced or novel properties
and probes of protein structure and function.
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INTRODUCTION

Proteins carry out a remarkable range of
functions—{rom photosynthesis to transcrip-
tion and signal transduction—with only 20
amino acids. Nonetheless, proteins often
require chemistries beyond those contained in
the canonical 20 amino acids for function, in-
cluding cofactors, such as pyridoxal, thiamine,
flavins, and metal ions (1), and posttranslational
modifications (PTMs) such as methylation,
glycosylation, sulfation, and phosphorylation
(2). Moreover, the modification of proteins
by chemical methods can lead to new physic-
ochemical,

biological, or pharmacological
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properties (3—8). A number of archaea and eu-
bacteria even encode the noncanonical amino
acids selenocysteine or pyrrolysine for added
function (9). Thus, the creation of organisms
with expanded genetic codes that include
amino acids beyond the common 20 building
blocks might allow the design of peptides and
proteins with enhanced or novel activities.
Additional building blocks might also facilitate
the incorporation of biophysical probes into
proteins for the analysis or control of protein
structure and function in vitro and in living
cells. Finally, an expanded genetic code may
provide an advantage in the evolution of new
molecular or organismal function. Here, we
describe efforts to augment the genetic codes
of both prokaryotic and eukaryotic organisms
with unnatural amino acids (UAAs) that have
novel properties, and we illustrate the utility
of this methodology in exploring protein
structure and function and in generating
proteins with new and/or enhanced activities.

BACKGROUND

Chemists have exquisite control over the struc-
tures of small molecules, but the control of
macromolecular, especially protein, structure
and function still represents a major challenge.
A number of approaches are being pursued
to address this limitation. The first of these
is solid-phase peptide synthesis, which allows
chemists to rationally manipulate polypeptide
structure using natural and unnatural amino
acids (5, 10). Though this method is subject
to size limitations (peptides containing over
50-100 amino acids are difficult to synthesize
in significant quantities), it can be used in
conjunction with semisynthetic methods to
produce larger full-length proteins containing
UAAs. For example, in native chemical ligation,
a peptide containing a C-terminal o-thioester
is reacted with a second peptide containing an
N-terminal cysteine. The resulting thioester
linkage undergoes an acyl rearrangement to
form a native peptide bond, joining the two
smaller peptides (7). A C-terminal «-thioester
leaving group can also be generated by an
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intein-mediated reaction arrested before the
final splicing step. This method, termed
expressed protein ligation (EPL), allows the
linkage of a recombinantly expressed protein to
a synthetic UAA-containing peptide (8). Solid-
phase peptide synthesis and ligation techniques
have been used to modify protein backbones
(11), make polymer-modified erythropoietin
analogs (12, 13), introduce fluorescent probes
into peptides and proteins, and produce
modified signaling proteins, ion channels, and
histones (14-16). However, the general appli-
cation of these techniques is limited by the need
for protecting group chemistry, the restrictions
on the sites of ligation, the constraints on
protein folding, and the inherent extracellular
nature of these synthetic techniques.
Biosynthetic approaches have also been
developed for the in vitro synthesis of pro-
teins containing UAAs. In these techniques,
truncated tRNAs are enzymatically ligated
to chemically aminoacylated nucleotides,
effectively decoupling the identity of the tRNA
from that of the attached amino acid (17-21).
Cell-free translation systems then use these
aminoacylated tRNAs for protein synthesis
in response to either “blank” (nonsense or
frameshift codons that can be used to specify
an UAA) or coding codons. Though techni-
cally challenging, this method has been very
useful in the study of protein structure and
function. Examples include the incorporation
of amino acids with modified backbones (22,
23), fluorophores (24-26), functional groups
corresponding to PTMs (27), photo- and
chemically reactive side chains (28), and altered
pK.s (29). This method has also been combined
with mRNA display to generate selectable
peptide libraries that contain UAAs (30, 31).
A variation of this approach involves the injec-
tion or transfection of chemically or otherwise
aminoacylated tRNAs into living cells (32,
33). For example, by chemically acylating an
amber suppressor tRNA, such as one derived
from Tetrabymena thermophilia tRNAS™ (which
affords high efficiency and fidelity of UAA
incorporation when microinjected into Xenopus
oocytes) (34), UAAs spanning a range of

electronic, structural, and conformational
properties have been incorporated into ion
channels directly in cells (35-37). This has
allowed for detailed structure-function studies
by the systematic modification of individual
protein residues (38), including the determi-
nation of the role of proline isomerization
in channel gating (39). Nevertheless, these
methods are limited by the accessibility and
stability of the aminoacyl-tRNA adducts, the
stoichiometric use of aminoacylated tRNAs
that cannot be continuously delivered, and
the disruptive nature of microinjection and
transfection techniques.

Another approach thatis applicable to living
cells involves the use of wild-type aminoacyl-
tRNA synthetases (aaRSs) to incorporate UAAs
that are close structural analogs of canonical
amino acids (40, 41). In this approach, a strain
auxotrophic for one of the common 20 amino
acids is used to substitute that amino acid
with an UAA analog. Although the resulting
wholesale replacement of a common amino
acid by an UAA cannot sustain exponential
growth, nondividing cells are still viable and
are able to overexpress proteins that contain
the UAA. In these newly synthesized proteins,
the canonical amino acid is efficiently replaced
by its UAA analog at all sites (42, 43). The
diversity in the range of UAA analogs that
can be incorporated using this approach has
been increased by aaRS overexpression (44),
active-site engineering (45, 46), editing domain
mutations (47), and sorting by cell-surface
display of the UAA whose incorporation was
desired (48). The global incorporation of UAA
analogs by this method has a number of useful
applications. For example, substitution of
methionine with selenomethionine introduces
a heavy atom into proteins for crystallographic
phasing experiments (49); replacement of me-
thionine by noreleucine in cytochrome P450,
leucine by 5',5',5'-trifluoroleucine in chloram-
phenicol acetyltransferase, and tryptophan by
4-aminotryptophan in barstar and green fluo-
rescent protein (GFP) yields proteins with new
activities and properties (50-53); and timed
substitution of methionine or phenylalanine

www.annualreviews.org o FExpanded Genetic Codes

aaRS: aminoacyl-
tRNA synthetase

415



Annu. Rev. Biochem. 2010.79:413-444. Downloaded from www.annualreviews.org
by University of South Carolina- Columbia on 05/23/12. For personal use only.

Orthogonal
aminoacyl-tRNA

synthetase/iso-tRNA

(aaRS/iso-tRNA)
pair: an aaRS/

iso-tRINA pair that is
specific for its cognate
amino acid and does

not exhibit cross-

reactivity with other
aaRS/iso-tRNA pairs

EF: elongation factor

RF: release factor

416

by alkyne-containing UAA analogs allows the
tracking of newly synthesized proteins (54, 55).
Such methods, however, are not site-specific
(rather, they are residue-specific and result in
global replacement), do not usually allow for
continuous cell growth, and are only generally
applicable to UAAs that are close analogs of
canonical amino acids.

TRANSLATION WITH
NEW AMINO ACIDS

To further enhance our ability to control the
structure and properties of proteins, both in
vitro and in the context of living cells, we
sought to directly create organisms that genet-
ically encode 21 or more amino acids. In this
approach, the biological, chemical, or physical
properties of new amino acids are precisely de-
fined by the chemist at the bench, but because
these UAAs are genetically encoded, their in-
corporation into proteins should occur with the
same fidelity, efficiency, and genetic manipu-
lability of natural protein synthesis. To realize
this goal, we developed a general method for
the engineering and direct integration of aaRS
and tRNA components into the translational
machinery.

Translation is a unique biological process in
which mRNA templates the assembly of a dis-
tinct biopolymer, a polypeptide chain, through
a tRNA adapter molecule. This process is
different from the synthesis of DNA and RNA
where the same basic recognition elements
are required in the template and product. As a
consequence, translation has a greater intrinsic
capacity to be adapted to accommodate new
building blocks. The relationship of template
(mRNA) to product (polypeptide) is defined
by the genetic code, which assigns a specific
amino acid to each triplet codon and utilizes
aminoacyl-tRINA adapters to establish the map
between mRNA and protein sequence. The
fidelity and efficiency of translation rely on
numerous molecular recognition steps. First,
the 20 amino acids are specifically loaded
onto 20 isoacceptor tRNA (iso-tRNA) sets
by aaRSs, each specific for its own unique
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amino acid substrate and its own unique set of
iso-tRNAs (56-58). This results in a network
of orthogonal aaRS/iso-tRNA pairs (that is,
a given aaRS, which is specific for its cognate
amino acid, will only recognize its cognate
iso-tRINA set, which itself is only recognized by
the given aaRS) (59). Next, aminoacyl-tRNAs
enter the ribosome and recognize the correct
mRNA codons. This is accomplished by
elongation factor Tu (EF-Tu), which binds and
transports the range of aminoacyl-tRNAs into
the ribosome, where standard (and sometimes
wobble) base pairing mediates the recognition
between an incoming aminoacyl-tRNA’s
anticodon loop and the mRNA codon being
read. Correct anticodon-codon pairing results
in a peptidyl transfer reaction between the
incoming aminoacyl-tRNA and the growing
polypeptide chain, a reaction catalyzed by the
ribosome’s peptidyl transfer center. Finally,
translocation and eventually release factor (RF)
binding continue and ultimately terminate
translation of the desired protein product.
One can expand the genetic code of an or-
ganism to include new amino acids by adding
new components to this template-directed
biosynthetic machinery. These include a cell-
permeable or biosynthesized UAA, a unique
codon, a corresponding iso-tRNA set (in this
case, an iso-tRNA set with cardinality one is
simplest), and a cognate aaRS. These compo-
nents must satisfy a number of criteria: First,
the UAA must be metabolically stable and have
good cellular bioavailability; it must be toler-
ated by EF-Tu and the ribosome, but it must
not be a substrate for any endogenous aaRSs.
Second, the unique codon must be recognized
by the new tRNA but not by any endogenous
tRNAs. Third, the a2aRS/tRNA pair must be
specific for the UAA, functional in the host
organism, and orthogonal in the context of
all endogenous aaRS/tRNA pairs in the or-
ganism (60). In general, most UAAs added to
the media are taken up by both prokaryotic
and eukaryotic cells (exceptions include highly
charged amino acids, which can be modified
as metabolically labile derivatives or incorpo-
rated into dipeptides to increase permeability).
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In addition, natural aaRSs have evolved high
specificity for their cognate amino acids, and
the aminoacyl-binding site of EF-Tu and the
ribosome are highly promiscuous (in vitro and
in vivo translation experiments have demon-
strated that the range of acceptable substrates
includes many noncanonical amino acid side
chains as well as D-amino acids and even «-
hydroxy acids where ester rather than amide
backbone bonds are formed) (61). Thus, the
first criterion is easily met for most UAAs. Be-
cause codon recognition is determined by sim-
ple base pairing rules, the second criterion is
easily fulfilled by choosing a blank (nonsense,
frameshift, or otherwise unused) codon and de-
signing a tRNA with the corresponding an-
ticodon. The real challenge is to fulfill the
third criterion, aaRS/tRNA orthogonality and
aminoacylation specificity.

Although several strategies to generate or-
thogonal aaRS/tRNA pairs have been explored,
ultimately, the most straightforward solution
involves the importation of a heterologous
2aRS/tRNA pair from a different domain of
life. This is because tRINA recognition by aaRSs
can be domain or species specific (62), a feature
that can serve as the basis for orthogonality.
The anticodon loop of the imported tRNA is
then mutated to create a blank codon (codong;)
suppressor tRNA (tRNAgg), and the orthogo-
nality of the resulting aaRS/tRINAgp pair is as-
sessed. If necessary, the orthogonality of this
pair is improved by a two-step process, involv-
ing both positive and negative rounds of selec-
tion to identify functional optimized tRNAggs
that exhibit no cross-reactivity with endoge-
nous aaRSs (60, 63). Finally, structure-based
mutagenesis and a similar two-step selection
strategy are used to alter the specificity of the
heterologous aaRS so that it uniquely recog-
nizes the UAA of interest (60, 64, 65). This
process has allowed for the systematic directed
evolution of aaRS/tRNA pairs that are spe-
cific for a variety of UAAs (Figure 1) and are
orthogonal in bacteria, yeast, and mammalian
cells (Table 1). This approach should, in the-
ory, make translation with UAAs accessible in
any organism.

Encoding Unnatural Amino Acids
in Escherichia coli

To genetically encode UAAs in E. coli, one
first imports a heterologous aaRS/tRNA pair
from archea or eukaryotes, mutates the anti-
codon loop to generate tRNAgp, and if neces-
sary, uses mutagenesis and selection to improve
the orthogonality of the imported pair. Selec-
tion is achieved by transforming a library of mu-
tant tRNAggs (which is based on the heterolo-
gous tRNAgp) into E. coli cells that contain the
toxic barnase gene with a codongy, at permis-
sive sites. In this negative selection step, only
clones containing mutant tRNAggs that are not
substrates for endogenous aaRSs grow. The
surviving tRNAggps are then transformed into
E. coli cells that express the heterologous aaRS
and have a 3-lactamase gene with a codongy, at
a permissive site. In this positive selection step,
the presence of ampicillin in the growth me-
dia kills all clones that contain a nonfunctional
tRNAgg, leaving only tRNAgg mutants that are
aminoacylated by the heterologous aaRS. The
result is a tRINAgp that functions with its cog-
nate aaRS$ as a highly orthogonal pair in E. co/i.

A similar two-step selection scheme is then
used to alter the specificity of the heterologous
aaRS$ so that it uniquely recognizes the UAA
of interest (Figure 24). First, a library of aaRS
mutants, containing randomized residues in
the amino acid-binding site, is constructed
on the basis of available crystal structures.
This library is transformed into E. coli cells
that express tRNAgg and a gene encoding
chloramphenicol acetyltransferase (CAT) with
a codongy, mutation at a permissive site. In this
positive selection step, these cells are grown in
the presence of chloramphenicol and the UAA
of interest so that only the aaRS mutants capa-
ble of aminoacylating tRNNAgp with the UAA
and/or endogenous amino acids live. Surviving
mutants are then transformed into E. co/i cells
that express tRINAgp and the toxic barnase gene
with codong;, mutations at permissive sites.
In this negative selection step, cells are grown
in the absence of the UAA so that all clones
whose mutant aaRS aminoacylates endogenous
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Table 1 Summary of unnatural amino acids incorporated via expanded genetic codes

Unnatural amino

Organism(s) in which UAA

acid (UAA) Common name (if applicable) is encoded? References® (and notes)

1 p-Acetylphenylalanine E. coli, yeast, mammalian cells 66,123,131, 133

2 m-Acetylphenylalanine E. coli 67

3 E. coli 68

4 O-allyltyrosine E. coli 69

5 Phenylselenocysteine E. coli 70

(precursor to dehydroalanine)

6 p-Propargyloxyphenylalanine E. coli, yeast, mammalian cells 71,125,131,133

7 p-Azidophenylalanine E. coli, yeast, mammalian cells 72,123,125,131, 133

8 p-Boronophenylalanine E. coli 73

9 E. coli H. Zeng & P.G. Schultz, unpublished
10 E. coli H. Zeng & P.G. Schultz, unpublished
11 E. coli M. Jahnz & P.G. Schultz, unpublished
12 O-methyltyrosine E. coli, yeast, mammalian cells 74,123,124, 131, 133, 134
13 p-Aminophenylalanine E. coli 64,75
14 p-Cyanophenylalanine E. coli 76
15 m-Cyanophenylalanine E. coli J. Chittuluru & P.G. Schultz,

unpublished
16 p-Fluorophenylalanine E. coli 100
(requires auxotrophic strain)
17 p-Todophenylalanine E. coli, yeast, mammalian cells 78,123,131, 133
18 p-Bromophenylalanine E. coli 77,78, 139
19 E. coli 79
20 p-Nitrophenylalanine E. coli 80
21 L-DOPA E. coli 81
22 3-Aminotyrosine E. coli 82
23 3-Todotyrosine E. coli, yeast, mammalian cells 83,132
24 p-Isopropylphenylalanine E. coli 64
25 3-(2-Naphthyl)alanine E. coli 84
26 Biphenylalanine E. coli 85
27 Yeast, mammalian cells 126
28 Yeast, mammalian cells 127
29 Yeast, mammalian cells 130
30 Homoglutamine E. coli 104
31 D-tyrosine E. coli J. Guo & P.G. Schultz, unpublished
32 p-Hydroxyphenyllactic acid E. coli 86
(requires a strain with disrupted #yrB
and aspC)
33 2-Aminocaprylic acid Yeast, mammalian cells 89, 127
34 Bipyridylalanine E. coli 85
35 HQ-alanine E. coli 87
36 p-Benzoylphenylalanine E. coli, yeast, mammalian cells 88,123,131, 133, 134, 169
37 o-Nitrobenzylcysteine Yeast, mammalian cells 124
(Continued)
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Table 1 (Continued)

Unnatural amino

Organism(s) in which UAA

acid (UAA) Common name (if applicable) is encoded? References’ (and notes)
38 o-Nitrobenzylserine Yeast, mammalian cells N. Wu & P.G. Schultz, unpublished
39 4,5-Dimethoxy-2- Yeast, mammalian cells 128
nitrobenzylserine
40 o-Nitrobenzyllysine E. coli, yeast, mammalian cells 120
41 o-Nitrobenzyltyrosine E. coli 89
42 2-Nitrophenylalanine E. coli 90
43 E. coli 91
44 E. coli 92
45 Dansylalanine Yeast, mammalian cells 129, 134
46 E. coli 93
47 Yeast, mammalian cells 126;]. Guo, H.S. Lee, E.A. Lemke,
R.D. Dimla, & P.G. Schultz,
unpublished results
48 p-Carboxymethylphenylalanine | E. coli 94
49 3-Nitrotyrosine E. coli 95
50 Sulfotyrosine E. coli 96
51 Acetyllysine E. coli, yeast, mammalian cells 114,121
52 Methylhistidine Yeast, mammalian cells F. Peters, J. Chittuluru, & P.G. Schultz,
unpublished
53 2-Aminononanoic acid Yeast, mammalian cells 127
54 2-Aminodecanoic acid Yeast, mammalian cells 127
55 Yeast, mammalian cells 127
56 Yeast, mammalian cells 127
57 Yeast, mammalian cells 127
58 Yeast, mammalian cells 127
59 Pyrrolysine E. coli, yeast, mammalian cells 111
(UAARS from a natural expanded
genetic code)
60 Cbz-lysine E. coli, yeast, mammalian cells 112,114
61 E. coli, yeast, mammalian cells 115
62 E. coli, yeast, mammalian cells 116, 120
63 E. coli, yeast, mammalian cells 115,117
64 E. coli, yeast, mammalian cells 117
65 Boc-lysine E. coli, yeast, mammalian cells 112,114
66 E. coli, yeast, mammalian cells 118
67 Allyloxycarbonyllysine E. coli, yeast, mammalian cells 112
68 E. coli, yeast, mammalian cells 112
69 E. coli, yeast, mammalian cells 116
70 E. coli, yeast, mammalian cells 119
71 E. coli, yeast, mammalian cells 119

*Underlined font, functionality not experimentally demonstrated but based on parent aminoacyl-tRINA synthetase (aaRS)/tRNA pair orthogonality.

PReferences are those pertinent to the original encoding of the UAA.
¢Abbreviation: UAARS, UAA-specific mutant aminoacyl-tRNA synthetase.
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« Cells that incorporate endogenous amino acids make a toxic product from 5-FOA and die
« Cells that incorporate the UAA (not available here) survive on 5-FOA
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Selection schemes for genetically encoding amino acids in E. co/i and yeast. (2) Two-step selection for the
directed evolution of orthogonal UAARS/tRINAgp pairs in E. coli. (b) Two-step selection for the directed
evolution of orthogonal UAARS/tRINAgg pairs in yeast. Abbreviations: aaRS, aminoacyl-tRINA synthetase;
codongy,, blank codon; 5-FOA, 5-fluoroorotic acid; GFPyy, green fluorescent protein; P17, bacteriophage
T7 promoter; T7 RNAP, bacteriophage T7 RNA polymerase; tRNAgg, suppressor tRNA; UAA, unnatural
amino acid; UAARS, UAA-specific mutant aaRS; URS, upstream repression sequence.
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amino acids die. This leaves only mutant aaRSs
that aminoacylate tRNAgg with the UAA.
The two-step selection is usually repeated
for two to three additional rounds to yield an
UAA-specific mutant aaRS (UAARS). We can
assume that the UAARS does not aminoacylate
endogenous tRNAs to any appreciable extent
as this would lead to missense incorporation
throughout the proteome, resulting in cell
death. Through this selection scheme and its
more facile variants (64, 65), many structurally
distinct amino acids have been genetically
encoded in E. coli, most successfully using the
amber (TAG) codon as codong, and importing
the heterologous Methanocaldococcus jannaschii
TyrRS/ARNATT (M TyrRS/MjtRNATY)  pair
from which ~38 orthogonal UAARS/tRNAgg
pairs specific for chemically distinct UAAs
(e.g., UAAs 1-15, 17-26, 31, 32, 34-36,
41-44, 46, and 48-50, shown in Figure 1
and Table 1) have been derived (64, 66-96).
In general, these UAAs are incorporated with
excellent fidelity and yields. Indeed, shake-flask
expression yields in the 1-100 mg/L range
and/or optimized high-density fermentation
yields in the g/L range have been achieved for
almost all UAA-containing mutant proteins.
However, mRNA context effects, protein
folding and stability, and other factors can lead
to low incorporation efficiency at some desired
sites; these areas remain an opportunity for
methodological improvements.

Although evolution of orthogonal UAARS/
tRNAgp pairs from the MjTyrRS/MjtRNAT"
pair has been very successful, the ability to
evolve aaRSs specific for any given amino
acid depends on structural constraints in
the active site. Thus, it may be necessary
to consider other aaRS/tRNA pairs with
structurally diverse active sites as starting
points. Toward this end, several additional
orthogonal pairs have been adapted for
use in E. coli. These include pairs from
Saccharomyces cerevisiae (e.g., AspRS/IRNAMP,
GInRS/tRNAY" TyrRS/tRNA", and PheRS/
tRNAP) (97-100), pairs from archea (e.g.,
MTyrRS/MjtRNATY) - (101),
with  hybrid or consensus

and  pairs
components
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(e.g., S. cerevisine TyrRS/E. coli initiator
tRNAMe . Methanobacterium — thermoau-
totrophicum LeuRS/Halobacterium sp. NRC-1
tRNAYY, Pyrococcus horikoshii or Methanosarcina
mazei GluRS/consensus tRNA derived from
archael tRNAS" sequences, and P. horikoshii
LysRS/consensus tRNA from archael tRNAL
sequences) (102-105). The utility of each pair
is dependent on efficient expression in bacteria,
orthogonality, ability to suppress the desired
codong;, (once the tRNA’s anticodon loop is
changed), and ability to evolve the aaRS active
site to accommodate novel amino acids. All of
these characteristics can be optimized through
promoter engineering, rational mutations, and
selection. Recently, some pairs have also been
imported, without loss of orthogonality, into
Mycobacteria smegmatis, bovis, and tuberculosis,
thus allowing the genetic incorporation of
UAAs into these organisms to study their
pathogenesis and produce vaccines (106).

An additional set of heterologous pairs
has been added to this list with the re-
cent characterization of naturally occurring 21
amino acid methanogens that genetically en-
code pyrrolysine (107, 108). These organisms
contain a pyrrolysyl-tRNA synthetase (PyIRS)
that aminoacylates tRNAM! ¢y, with pyrroly-
sine; pyrrolysyl—tRNApleUA in turn incorpo-
rates this twenty-first amino acid in response
to the amber codon. In its native contexts, the
PylRS/tRNAP! .y pair functions alongside the
20 canonical aaRS/iso-tRINA set pairs without
any cross-reactivity among pairs. Therefore, its
importation into other organisms might also
preserve orthogonality, especially given that the
ancient pre-LUCA PylRS likely underwent sig-
nificant horizontal gene transfer among other
aaRS/tRNA pairs in early life (109, 110). In-
deed, this has so far been the case. For instance,
importation of the Methanosarcina barkeri
PyIRS/M. barkeri tRNAM! M. mazei PyIRS/M.
mazei tRNA™ and Desulfitobacterium hafniense
PyIRS/D. hafniense tRNAP! pairs (and certain
hybrid pair combinations thereof) into E. coli
and mammalian cells maintains orthogonality
without requiring further modification (111—
114). This has allowed pyrrolysine (59) and
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many of its analogs (e.g., UAAs 61-67 and 69—
71) to be genetically encoded in bacteria (111,
112, 114-119). In addition, rational mutagene-
sis/screening or the general two-step selection
scheme has been used to alter the specificity
of PylRS/tRNAP -y, pairs to encode struc-
turally distinct amino acids (e.g., UAAs 40, 51,
60, and 68), including a photocaged lysine and
acetyllysine (112, 114, 120, 121).

The identification of multiple heterologous
aaRS/tRNA pairs orthogonal in E. coli also
makes possible the simultaneous encoding of
two or more UAAs, which requires two or more
different blank codons recognized by two or
more mutually orthogonal aaRS/tRNA pairs.
An example is the use of both the AGGA
frameshift and TAG nonsense codons with cor-
responding orthogonal UAARS/tRNAgg pairs
derived from the P. horikoshii LysRS/tRNA
(a consensus tRNA from archael tRNAM* se-
quences) and the My TyrRS/MjtRNAT pairs to
site specifically incorporate two distinct UAAs
(30 and 12, respectively) into a single myo-
globin protein in E. co/i (104). In this case, it was
not necessary to explicitly engineer mutual or-
thogonality, probably because the two UAARSs
were derived from pairs that specify different
natural amino acids. If necessary, one could
evolve orthogonality of one pair in the context
of the other and vice versa by using the general
two-step selection scheme described above.

Encoding Unnatural Amino Acids
in Yeast

The processing, expression, and recognition of
tRNAs in yeast are distinct from those in
E.  coli. ‘Therefore, new heterologous
2aRS/tRNA  pairs are needed to expand
the genetic code of yeast. Toward this end,
several aaRS/tRNA  pairs, including the
E. coli GluRS/human initiator tRINA, the
E. coli TyrRS/E. coli tRNAY", the E. coli
LeuRS/E. coli tRNAM, and the M. mazei
PyIRS/M. mazei tRNAPY! pairs (102, 114, 122—-
124), have been shown to be orthogonal in
S. cerevisiae. 'To change the amino acid speci-
ficity of the a2aRS/tRINA pairs for incorporation

of UAAs in response to codongy,, a two-step
selection similar to that used in E. co/i is applied
(Figure 2b) (123). First, a library of aaRS
mutants is generated and transformed into a
S. cerevisiae uracil auxotrophic strain containing
a GAL4 transcriptional activator with codong,
at two permissive sites, a URA3 gene (required
for uracil synthesis) under the control of GAL4,
and the heterologous tRNA with its anticodon
mutated to suppress codong;, (tRNAgg). In
positive selection, these cells are grown in
the presence of UAA and in the absence of
uracil. Clones expressing aaRS mutants that
can aminoacylate tRNAgg with the UAA
and/or natural amino acids produce GAL4 by
suppressing codongy,, which results in uracil
synthesis and survival. This is followed by neg-
ative selection, where surviving cells are grown
in the absence of UAA but in the presence of
uracil and 5-fluoroorotic acid (5-FOA). When
GAL4 is produced, URA3 is expressed, which
converts 5-FOA into a toxic product, killing
the cell. Therefore, those clones containing
2aRS mutants that aminoacylate tRNAgp with
natural amino acids express URA3 and die.
The clones that survive both steps of selection
are ones that aminoacylate tRNAgg exclusively
with the desired UAA. This process is often
repeated for several rounds to yield orthogonal
UAARS/tRNAg;g pairs specific for the UAA of
interest.

In this way, multiple UAARS/tRNAgg pairs
based on both the E. coli TyrRS/E. coli tRNAT"
and E. coli LeuRS/E. coli tRNA™" pairs have
been evolved, resulting in the addition of ~22
UAAs to the yeast genetic code (e.g., UAAs
1,6,7,12,17,27-29, 33, 36-39, 45, 47, and
52-58) (123-130). Furthermore, these evolved
UAARS/tRNAgg pairs retain their activity and
orthogonality when imported into the methy-
lotrophic yeast Pichia pastoris, a host that facil-
itates large-scale recombinant protein expres-
sion and control over glycosylation patterns.
Indeed, expression systems containing op-

timized transcriptional control elements
have been created for the transfer of
UAARS/tRNAgg  pairs from S. cerevisiae

to P. pastoris. In one case, these systems were

www.annualreviews.org o FExpanded Genetic Codes

423



Annu. Rev. Biochem. 2010.79:413-444. Downloaded from www.annualreviews.org
by University of South Carolina- Columbia on 05/23/12. For personal use only.

424

used to produce human serum albumin con-
taining the UAA 1 in shake-flask expression
yields of >100 mg/L (131).

Encoding Unnatural Amino Acids
in Mammalian Cells

In mammalian cells, directed evolution efforts
are severely limited by technical challenges as-
sociated with transformation efficiency, slow
doubling times, and growth conditions; there-
fore, the two-step selection strategy is not
ideal for evolving aaRSs with altered speci-
ficities here. Instead, there are a number of
2aRS/tRNA pairs orthogonal both in E. coli
or S. cerevisine and in mammalian cells. Thus,
evolution of UAA specificity can be carried
out in E. coli or S. cerevisine, where large
libraries can be constructed. The resulting
UAARS/tRNAgg pairs can then be transferred
into mammalian cells without loss of orthogo-
nality. This shuttle approach has been used for
several UAARS/tRNAgg pairs, including ones
derived from the M. mazei PyIRS/M. mazei
tRNA™ pair, which is orthogonal in both E. co/i
and mammalian cells (114, 120); and ones de-
rived from the E. coli TyrRS/Bacillus stearother-
mophilus tRNAW" pair, which is orthogonal
in eukaryotes (132, 133). In the latter case,
B. stearothermophilus tRNAT" is used rather
than E. coli tRNAT" because it contains in-
tact internal A- and B-box promoters that drive
proper tRNA expression in mammalian cells
(132). More recently, use of external H1 and
U6 promoters and 3’ flanking regions derived
from mammalian sequences has led to the
general production of functional heterologous
tRNAs (e.g., E. coli tRNAY" and E. coli
tRNAL) in mammalian cells, thus amending
the list of shuttle UAARS/tRNAgg pairs with
ones derived from the E. coli TyrRS/E. coli
tRNAT" and the E. coli LeuRS/E. coli tRNALe
pairs (134; W. Liu, J. Guo, & P.G. Schultz,
unpublished results). In this way, the genetic
codes of mammalian cells including CHO cells,
293T cells, and even primary neurons have been
augmented with ~10 structurally diverse UAAs
(e.g., UAAs 1,6,7,12,17,36,45,47, and 52)
incorporated by UAARS/tRNAg pairs evolved
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in S. cerevisiae (133, 134; J. Guo, H.S. Lee, E.A.
Lemke, R.D. Dimla, & P.G. Schultz, unpub-
lished results). In addition, several lysine and
pyrrolysine derivatives (e.g., UAAs 40, 51, 60,
62, and 65) have been incorporated into pro-
teins in mammalian cells by UAARS/tRNAgg
pairs derived from the PyIRS/tRNAM! pairs
(114, 120). For these UAAs, laboratory mam-
malian expression systems result in protein
yields in the microgram per 107 cells range
with no misincorporation detected. These or-
thogonal pairs are also being transferred to
Caenorbabditis elegans and Mus musculus cells
with the aim of creating whole multicellular or-
ganisms with expanded genetic codes that allow
the cotranslational incorporation of UAAs for
in vivo biological studies.

Other Methods for Genetically
Encoding Unnatural Amino Acids

Alternative approaches have also been used to
genetically encode UAAs. For example, ratio-
nal mutagenesis of heterologous aaRS/tRNAgp
pairs followed by their use in auxotrophic
E. coli strains has allowed the site-specific in-
corporation of several UAAs (e.g., tryptophan
analogs, UAA 16 and UAA 18) (100, 135,
136). In this approach, a largely orthogonal
yeast aaRS/tRNA pair, modified to suppress
a blank codon, is imported into E. co/i. The
yeast aaRS recognizes the UAA of interest but
also recognizes one or more of the common
20 amino acids, often owing to limitations on
rational design. To favor incorporation of the
UAA, an auxotrophic E. coli strain that does
not biosynthesize the corresponding common
amino acid is used so that its concentration
can be strictly limited. Even though an aux-
otrophic strain is necessary, the UAA does not
replace a common amino acid throughout the
proteome but rather is separately encoded.
Another approach uses a rationally designed
orthogonal aaRS/tRNA pair that recognizes
3-iodotyrosine (23) and site specifically in-
corporates it into proteins in response to the
amber codon in mammalian cells (132). To
further favor incorporation of UAA 23 over
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tyrosine, the editing domain from PheRS was
fused to the mutant aaRS (137). These methods
can be quite useful, but they are often limited
by moderate aaRS/tRNA pair orthogonality,
modest UAA specificity, and difficulties inher-
ent to rational design, especially in addressing
UAAs that have structural features significantly
different from the canonical amino acids.
Therefore, they have mostly been improved or
supplanted by directed evolution methods.

Recognition of Unnatural Amino
Acids by Evolved Aminoacyl-tRINA
Synthetases

To understand how the evolved UAA-specific
synthetases recognize their substrates, the X-
ray crystal structures of a number of aaRSs have
been solved. For UAARSs based on TyrRS,
these studies reveal that this class I synthetase
contains an amino acid-binding pocket with
a high degree of tolerance for substitutions.
For the most part, substitutions that arise from
the two-step selection scheme alter the side
chains that line the amino acid-binding pocket
to increase complementarity with UAAs while
decreasing complementarity with endogenous
amino acids. For example, the UAARS spe-
cific for p-benzoylphenylalanine (36), evolved
in E. coli from the heterologous MjIyrRS,
accommodates the large side chain of UAA
36 primarily through the mutation Tyr32Gly,
which deepens the substrate-binding pocket
(138). In some cases, substitutions can also
change the conformation of the protein back-
bone, suggesting a significant degree of struc-
tural plasticity. For example, in the UAARS spe-
cific for p-bromophenylalanine (18), evolved
from MjTyrRS, the Aspl58Pro mutation ter-
minates the og-helix, flipping residues 158,
159, and 162, which normally line the bind-
ing pocket, outward (139). Mutations that ac-
commodate UAAs are often selected together
with ones that disfavor binding of natural
amino acids. For example, in the UAARS
specific for p-acetylphenylalanine (1), evolved
from MjIyrRS, substitutions Tyr32Leu and
Asp158Gly have the dual effect of removing

hydrogen bonding with tyrosine’s phenolic hy-
droxyl group and opening up the binding
pocket to accommodate the acetyl group of
UAA 1. To further increase affinity for UAA
1, the unmutated residue GIn109 forms a hy-
drogen bond with the acetyl group (140).
Perhaps the best illustration of aaRS tol-
erance to substitutions is the selection of an
UAARS specific for bipyridylalanine (34) (85).
In this case, a library of mutants based on
MjTyrRS did not directly yield a aaRS spe-
cific for bipyridylalanine but did yield one spe-
cific for the isostere biphenylalanine (26). The
crystal structure of the biphenylalanine-specific
UAARS bound to UAA 26 was solved, and
the structure served as a guide for the de-
sign of a new library of aaRS mutants, which
was subjected to further selection for incor-
poration of UAA 34. Though one may ex-
pect that the accumulation of additional substi-
tutions should reduce synthetase stability and
activity, this second selection yielded an ac-
tive bipyridylalanine-specific UAARS, suggest-
ing that the thermophilic M;jIyrRS is highly
tolerant to mutations in its amino acid-binding
domain. This explains, at least in part, why a
large number of UAARSs have been success-
fully evolved from the heterologous MjTyrRS.
Taken together, these structural studies sup-
port the use of structure-based library design
and selection and suggest that successful selec-
tion of new synthetases from libraries based on
known structures of MjTyrRS, UAARSs, and
the class T E. coli LeuRS (from which several
UAARSs have been evolved but for which crys-
tal structures are few) (141) will continue. Fur-
thermore, structural and phylogenetic studies
on the class IT PylRS suggest that its specificity
for pyrrolysine is achieved by interactions lo-
calized to its side chain-binding pocket (109);
therefore, aaRS libraries based on PyIRS should
also yield new amino acid specificities, a predic-
tion that recent experiments have already begun
to confirm. Nonetheless, despite the fact that
aaRSs have been engineered to recognize rather
large, structurally complex amino acids (includ-
ing those with ferrocenyl, dimethoxynitroben-
zyl seryl, dansyl, and bipyridyl side chains), the

www.annualreviews.org o FExpanded Genetic Codes

425



Annu. Rev. Biochem. 2010.79:413-444. Downloaded from www.annualreviews.org
by University of South Carolina- Columbia on 05/23/12. For personal use only.

426

development of strategies and aaRS libraries to
accept even greater structural diversity remains
a challenge.

Blank Codons

Amber nonsense codons and, to a lesser ex-
tent, ochre, opal, or frameshift codons have
been used to specify UAAs. In each case, sup-
pression is in competition with other processes,
such as RF binding to nonsense codons or
recognition of frameshift codons by tRNAs
with three-base anticodons, both of which
lead to decreased cotranslational incorpora-
tion efficiency. Although a number of ef-
forts are employed to mitigate these undesired
effects—examples include the overproduction
of tRNAgg suppressors, synonymous mutation
of codons surrounding codongy,, selection of
efficient suppressors of frameshift codons that
compete well with embedded rare three-base
codons, and modulation of RF levels (142—
145)—and other efforts have tried to circum-
vent them—for example, a sense codon was
used to encode an UAA in an auxotrophic strain
by exploiting wobble position stability differ-
ences and limiting endogenous amino acid con-
centrations (146)—a general solution that in-
volves the conversion of sense codons into blank
codons would be ideal.

In theory, such a strategy is feasible
with genome synthesis, whereby certain sense
codons in an organism are replaced in a whole-
sale manner through synonymous mutations.
Although effects on mRNA folding and trans-
lation initiation rates would have to be consid-
ered (147, 148), the decreased degeneracy of
the code would allow the reassignment of un-
used sense codons to UAAs. Such an approach is
currently being carried outin S. cerevisiae and, if
successful, would not only avoid the inefficien-
cies associated with nonsense and frameshift
suppression, but would also allow several UAAs
to be simultaneously encoded through mutually
orthogonal UAARS/tRNAgg pairs. Such strains
might allow completely unnatural polypep-
tides to be made ribosomally. An alternative
approach that uses unnatural base pairs in
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addition to A-T and C-G could also provide
new blank codons, in this case by extending the
number of possible three-base codons beyond
64 (149-151). Although the inefficiency of un-
natural base pairs in replication, transcription,
and translation has kept this approach from
moving beyond simple in vitro expression sys-
tems, the modularity of genetic code elements
should allow for the direct integration of un-
natural codons once these problems are solved.

Optimized Systems
for Protein Expression

The practical utility of organisms with 21 (or
greater) amino acid codes is dependent on the
efficiency and fidelity with which proteins con-
taining UAAs can be expressed. Therefore,
several improvements to the components in-
volved in cotranslational UAA incorporation
have been made. The most basic of these in-
volve optimization of expression vectors. For
example, in one case, a 20-fold increase in the
yield of an UAA-containing myoglobin pro-
tein was observed in E. co/i when the origi-
nal two-plasmid system encoding M. jannaschii
tRNAcua (MjtRNAcua, an amber tRNAgg)
under the control of the /pp promoter and an
UAARS derived from MjIyrRS (MjUAARS)
under the control of the g/nS promoter was
replaced by a single-plasmid system encoding
3 or 6 copies of MjtRNAcya under the con-
trol of the ProK promoter (this promoter drives
endogenous tRNAP™ expression in E. co/i) and
the MjUAARS under the control of a strong
mutant g/nS promoter (142). This plasmid de-
sign (pSup) was further improved by encoding
an additional copy of the MjUAARS under the
control of inducible 472 and T7 promoters (79).
The resulting pSUPAR plasmids afford shake-
flask expression yields ranging from ~40 mg/L
to ~65 mg/L for UAA containing the FAS-TE
(fatty acid synthase thioesterase domain) as well
as high yields for many other proteins tested
(although yields do vary based on the individ-
ual proteins and codon context effects) (152).
Plasmid system improvements have also been
made for UAA incorporation in S. cerevisiae
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by increasing promoter strengths, raising plas-
mid copy number, and using optimized codons
(153). For example, a particularly effective opti-
mization effort significantly increased the yield
of an UAA-containing protein over earlier sys-
tems by placing E. coli tRNAM¢y, (an amber
tRNAgg that is part of an orthogonal pair in
yeast) under the control of an external promoter
containing A- and B-box sequences (154). Ex-
pression was conducted in a nonsense-mediated
decay-deficient S. cerevisiae strain, which pre-
vents the degradation of mRNAs that contain
premature stop codons.

Synthetase mutations and tRNA optimiza-
tion have resulted in further improvements
in these expression systems. For example,
a T252A mutation in the editing domain
of E. coli LeuRS variants increases the fi-
delity of UAA incorporation by reducing net
aminoacylation with an undesired common
amino acid (129), and a D286R substitution
in MjTyrRS variants increases the efficiency
of MjUAARS/MjtRNAy, pairs by mediating
better recognition of the CUA anticodon (155).
In addition, MjtRNAcya has been engineered
for higher expression levels of UAA-containing
proteins by randomizing tRNA T-stem nu-
cleotides at the EF-Tu-binding interface and
conducting stringent selection for increased
amber suppression efficiency (156). The result-
ing selected tRINAs are in general less toxic to
E. coli and in some cases enhance expression ef-
ficiency in an UAA-dependent manner. Some
of these resulting tRNAs have been combined
with the pSUPAR plasmid design to achieve
UAA-containing protein overexpression yields
that approach wild-type levels (wild-type refers
to the analogous proteins where the UAA is re-
placed by a common amino acid) (157).

Though more challenging, elongation fac-
tors and ribosomes themselves can also be opti-
mized for UAA incorporation. For example, the
recent development of orthogonal ribosomes
that only translate mRNAs containing artifi-
cial 5" sequences allows for ribosome evolution
by decoupling mutant and endogenous ribo-
some action (158). The use of this approach
yielded the orthogonal ribosome ribo-X, which

contains mutations that likely decrease its in-
teraction with RF-1, thereby preventing early
termination and increasing the efficiency of
translation with UAAs (159). It is also possi-
ble to develop EF-Tu mutants that better tol-
erate UAAs, especially those with large side
chains or altered backbones. This has been
demonstrated in an in vitro translation sys-
tem with rationally designed EF-Tu variants
that have mutations in their aminoacyl-binding
pockets (160). Although their activity for natu-
ral amino acids is lower than that of wild-type
EF-Tu, these variants have increased activity
for large aromatic UAAs, thus increasing the
efficiency of their incorporation. Selection in
cells with UAARS/tRNAgp pairs should allow
tuning of EF-Tu-binding site variants to bet-
ter accommodate UAAs. Other efforts, includ-
ing the selection of optimal nucleotide contexts
surrounding blank codons, random genome-
wide mutagenesis and complementation to find
other factors that affect UAA-incorporation ef-
ficiency, and enhancement of cellular uptake of
charged UAAs by their delivery as dipeptides or
precursors, are currently being explored.

GENETICALLY ENCODED
UNNATURAL AMINO ACIDS
AND THEIR APPLICATIONS

Clearly, the 20 common amino acids are suffi-
cient for all known forms of life. However, if
one assumes a substantial proteomic contribu-
tion to fitness during the solidification of the
genetic code (Crick’s “frozen accident” factor)
(161, 162), then one must conclude that the
identities of the 20 canonical amino acids are
a consequence of factors present during early
evolution (163, 164). Therefore, additional ge-
netically encoded amino acids may offer evo-
lutionary advantages to modern organisms and
certainly extend our ability to manipulate the
physicochemical and biological properties of
proteins. To this end, we and others have ge-
netically encoded UAAs representing an exten-
sive range of structural and electronic proper-
ties not found in the common 20 amino acids

(Figure 1).

www.annualreviews.org o FExpanded Genetic Codes

427



Annu. Rev. Biochem. 2010.79:413-444. Downloaded from www.annualreviews.org
by University of South Carolina- Columbia on 05/23/12. For personal use only.

428

UAAs with chemically reactive groups can
be used as bioorthogonal handles for the site-
specific in vitro, and in some cases intracellular,
modification of proteins; they can also be used
to introduce a new or enhanced catalytic func-
tion into proteins. Such amino acids include
UAAs1-11,17,18,64,67,68,70,and 71. Pro-
teins containing these UAAs have been selec-
tively modified with nonproteinogenic moieties
using a variety of selective chemistries, includ-
ing oxime condensation reactions, click chem-
istry, Michael addition reactions, and Suzuki
couplings. Members of another class of UAAs
represented by UAAs 12-33, 36, 44, 45-47,
53-63, 65, 66, and 69 contain, in their side
chains, in vitro or cellular probes of protein
structure and function. These UAAs can be
used as IR, NMR, and fluorescent probes, as
well as redox-active reagents, heavy atoms for
X-ray structure determination, and probes of
hydrogen bonding and packing interactions in
proteins. This class also includes photocross-
linking amino acids, which can be used as in
vitro or cellular probes of protein-protein and
protein-nucleic acid interactions. UAAs can
also be used to directly engineer into pro-
teins new functions that may be challenging
to generate with the common 20 amino acids.
Such UAAs include metal ion-binding, pho-
toisomerizable, photocaged, and photoreactive
amino acids (34-44). Another class of UAAs
is represented by UAAs 48-52, which are all
free amino acids that correspond to the prod-
uct of a PTM. These UAAs allow the ex-
pression of proteins containing defined PTMs
in simple hosts; lift the sequence restrictions
to which PTMs must otherwise adhere; and
have been used to express sulfated, nitrosy-
lated, and methylated proteins. In addition, p-
carboxymethylphenylalanine (48) was substi-
tuted in the transcription factor STATT as a
stable mimetic of phosphotyrosine and over-
came the complexities associated with removal
of this PTM by phosphatases (94). Below, we
overview a number of examples to illustrate
the utility of genetically encoded UAAs in the
study and manipulation of protein structure and
function.
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Probes of Protein Structure
and Function

Many biophysical and mechanistic studies re-
quire significant quantities of proteins with a
probe incorporated at a unique site in a protein.
UAA mutagenesis methodology is well suited to
many such problems. For example, in a recent
application of UAAs as NMR probes, milligram
quantities of site specifically labeled FAS-TE
were produced from <25 mg of either * C/"N-
labeled O-methyltyrosine (12), "N-labeled o-
nitrobenzyltyrosine (41), or OCF;Phe (19)
(79). The resulting variants of FAS-TE (33
in total were generated) were then character-
ized by 'H-1C HSQC, 'H-N HSQC, and
"F NMR in the absence and presence of a
small-molecule inhibitor. Using the isolated
NMR signals of the UAA probes, these experi-
ments identified the binding site of the inhibitor
and revealed conformation changes of certain
residues that occur upon binding. A particu-
larly interesting aspect of these studies was the
incorporation of a "N-labeled variant of the
photoreactive UAA 41, which upon irradiation
decages to afford site-specific isotopic label-
ing at only one of the many tyrosines. When
an active-site tyrosine was mutated to a "N-
labeled UAA 41, chemical shifts corresponding
to ligand binding were observed only after the
Tyr was decaged.

UAAs with unique IR and X-ray diffrac-
tion signatures have also been efficiently in-
corporated into proteins to study structure and
dynamics. For example, p-cyanophenylalanine
(14) contains a cyano group that absorbs in a
clear spectral window at ~2200 ecm™' and is
sensitive to subtle changes in local environ-
ment. It was incorporated into myoglobin to
probe metal ion and ligand binding (76) and is
also used as a Stark effect probe of local pro-
tein dipoles. Similarly, p-azidophenylalanine
(7), which absorbs in a clear spectral window at
~2100 cm™! and is sensitive to changes in elec-
trostatic environment, was incorporated site
specifically at various sites in rhodopsin. After
expression and reconstitution into lipid mem-
branes, changes in the stretch frequency of the
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azido group upon light-induced receptor acti-
vation were analyzed by Fourier transform in-
frared (FTIR) difference spectroscopy for sev-
eral rhodopsin mutants, revealing changes in
the local environments of specific amino acids
(165). In addition, solution of the X-ray crystal
structures of O-acetylserine sulthydrylase, N-
acetyltransferase, and T4 lysozyme was facili-
tated by the site-specific incorporation of UAAs
containing heavy atoms (Zn?*-bound UAA 35,
23, and 17, respectively) (78, 83, 87). Several
other recent studies have also exploited UAA
mutagenesis to selectively introduce novel bio-
physical probes. These include the dissection
of radical propagation in ribonucleotide reduc-
tase with a redox-active amino acid (82), the
exploration of K* channel inactivation by per-
turbing the diameter of the inactivation pep-
tide (134), the mutation of backbone amides to
esters in order to evaluate the contribution of
hydrogen bonding interactions to protein sta-
bility (86, 118), and the study of protein dynam-
ics in dihydrofolate reductase with deuterated
amino acids site specifically incorporated by ge-
netically encoded photocaged variants (166).
In this last example, FTIR characterization of
specifically placed C-D bonds allowed the time-
resolved characterization of the microenviron-
ment of Tyr100 upon substrate binding.
Because the genetic encoding of UAAs
exploits the cells’ own translational machinery,
one can use genetically encoded biophysical
probes to study processes both in vitro and in
living cells. For example, one can genetically
encode small fluorescent UAAs at surface sites
in a protein with minimal structural perturba-
tion (this is in contrast to traditional fluorescent
genetic tags such as GFP and its variants, which
are limited by their large size). Recently, such a
strategy was used to incorporate UAA 47 into
histones, whose nuclear localization in yeast
and mammalian cells could then be visualized
through fluorescence microscopy (Figure 3a)
(J. Guo, H.S. Lee, E.A. Lemke, R.D. Dimla,
& P.G. Schultz, unpublished results). Further-
more, because the fluorescence properties of
UAA 47 and other fluorescent UAAs are highly

sensitive to environmental changes, and these

— 100 nM
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Figure 3

(@) Fluorescence images of labeled histone H3 in CHO cells acquired by
confocal, two-photon microscopy. Each scale bar is 10 pum. (i-7i7) CHO cells
expressing an mCherry-labeled histone H3 with UAA 47 at position 59
(excitation, 730 nm, two photon; emission, 420-500 nm). (7v-vi) CHO cells
expressing an mCherry-labeled histone H3 with UAA 47 at position 59
(excitation, 543 nm; emission, 600700 nm). (vi7) Composite of images 7 and 7v.
(vitiy Composite images of i and v. (ix) Composite of images i and vi.

() Fluorescence spectra of glutamine-binding protein with UAA 47 at position
160 and different concentrations of Gln (excitation, 350 nM).
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amino acids can be selectively incorporated
at or near a site of interest, this labeling
method can be used for the characterization
of local protein conformation changes, protein
folding, and biomolecular interactions (87, 93,
126, 129, 167). Recent examples include the
characterization of myoglobin unfolding using
UAA 46 (e.g., urea-dependent unfolding of the
amino terminus prior to global unfolding), and
the detection of ligand binding by glutamine-
binding protein (QBP) using UAA 47
(Figure 3b). In the latter case, UAA 47 was
placed in a deep cleft that lies between the two
domains of QBP, which are connected by two
peptide hinges. Upon binding of glutamine,
significant conformational changes in this
hinge region were directly revealed [without
the use of a Forster resonance energy transfer
(FRET) pair] by a significant shift in the
emission Ap,, and intensity of UAA 47. The
K, of the mutant QBP for Gln was determined
from these spectral changes and found to be
close to that of wild-type protein.

In addition to fluorescent probes, one can
use photocaged and photoisomerizable UAAs
to study protein function. In vitro these
UAAs have been used to photoregulate ligand-
protein binding (91), site specifically cleave
proteins (90), and probe protein-nucleic acid
interactions (168). Such genetically encoded
UAAs can also allow the study of cellu-
lar processes. For example, 4,5-dimethoxy-2-
nitrobenzylserine (39), a photocaged serine,
was encoded in the transcription factor Pho4
at either Ser114 (termed S2) or Ser128 (termed
S3). These variants, fused to GFP, were local-
ized in the nucleus when expressed in S. cere-
visiae in low-phosphate media. Photolysis with
a visible laser pulse (465 nm) decaged S2 or S3,
leading to subsequent phosphorylation and ex-
port from the nucleus by Msn5 under P;-rich
conditions (Figure 44). The kinetics of this
process were monitored in real time to better
understand the activities of differentially phos-
phorylated Pho4 mutants (Figure 45) (128).

Another use of UAA incorporation is
the characterization of protein-protein and
protein-nucleic acid interactions in vitro or
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in living cells through photocross-linking. In
many cases, biomolecular interactions are tran-
sient or unstable to in vitro isolation condi-
tions, thus requiring covalent cross-linking of
the interacting molecules to isolate relevant
complexes. In a proof-of-principle study, p-
benzoylphenylalanine (36), which upon irradi-
ation inserts into nearby C-H bonds (or relaxes
back to the ground state), was site specifically
incorporated into the adapter protein Grb2.
This protein mediates extracellular signaling
to the Ras protein by binding various target
molecules, including members of the epidermal
growth factor (EGF) receptor family. When
expressed in CHO cells together with the EGF
receptor, in vivo light-induced cross-linking re-
sulted in the identification of covalently linked
Grb2-EGF receptor complexes (169). Further-
more, the efficiency of cross-linking varied with
the position of p-benzoylphenylalanine incor-
poration. This methodology is now being used
in many labs to map cell circuitry and identify
orphan ligands and/or receptors.

Protein Therapeutics

UAA mutagenesis is beginning to find many ap-
plications in the generation of therapeutic pro-
teins, where the production of large quantities
of homogenously modified protein is desired.
Three examples illustrate this best. First, is the
use of immunogenic amino acids to break im-
munological tolerance and generate therapeu-
tic vaccines against self-proteins associated with
cancer or inflammation. In this approach, in-
corporation of p-nitrophenylalanine (20) into
a target protein results in immunogenic epi-
topes that upon immunization induce high-
titer, long-lived, and cross-reactive antibodies
to native proteins. For example, murine TNF-
o mutants containing UAA 20 at position 11
or position 86 induce, in mice, antibodies that
are cross-reactive with native murine TNF-o
and protect against lipopolysaccharide-induced
death (Figure 5) (170, 171). This occurs
through the stimulation of T cells by epitopes
containing UAA 20, which ultimately leads to
activation of autoreactive B cells that produce
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Figure 4

In vivo photolysis and nuclear export of Pho4 in yeast under high-phosphate conditions. (#) Magnification of
two cells before and after photolysis (Ser128 — UAA 39 mutant of Pho4-GFP), and scheme depicting
photolysis followed by serine phosphorylation. (5) Real-time analysis of in vivo photolysis of Pho4-GFP
mutants. The normalized average fluorescence intensity is plotted as a function of time for the Ser128 —
UAA 39 mutant of Pho4-GFP (blue) and the Ser114 — UAA 39 mutant of Pho4-GFP (green). Panel b
reprinted with permission from Nature Publishing Group and adapted from Reference 128.

polyclonal antibodies against the native self-
protein, a mechanism that should be general
to many antigens and epitopes against which
a strong immune response is desired. This ap-
proach is currently being applied to other self-
antigens, such as EGF and HER?2 (involved in
cancer), PCSK9 (involved in cardiovascular dis-
ease), and C5a (involved in inflammation), as
well as to conserved epitopes of human im-
munodeficiency virus (HIV) and malaria that
are difficult to target with traditional vac-

cines. This approach should also prove use-
tul as a tool to knock down levels of secreted
proteins through targeted antibody responses.
Moreover, the demonstration that a single p-
nitrophenylalanine residue can break tolerance
provides support to the intriguing notion that
the enzymatic posttranslational generation of
nitrotyrosine in proteins, stimulated by local in-
flammation and cytokine release, could create
immunogenic epitopes that are the underlying
initiating event in many autoimmune diseases.
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(@) X-ray crystal structure of murine tumor necrosis factor alpha (TNF-«)
trimer with Tyr86 indicated (Protein Data Bank code 2TNF). () Substitution
of Tyr86 in murine TNF-o with p-nitrophenylalanine and subsequent
vaccination leads to a robust T cell-driven immune response, which cross-
reacts with wild-type (wt) TNF-« and protects mice from lipopolysaccharide
(LPS) challenge. Survival of mice vaccinated with the Tyr86 — UAA 20
TNF-« mutant is compared to survival of mice vaccinated with wild-type
TNF-«. Survival is plotted as a function of days after LPS challenge. Reprinted
with permission from the National Academy of Sciences, U.S.A., copyright ©
2008 and adapted from Reference 170.
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A second example is the production of
the anticoagulant leech protein sulfohirudin.
Because natural sulfohirudin is the product
of posttranslational tyrosine sulfation, which
occurs in higher eukaryotes, it can only be
obtained in minute amounts through tradi-
tional methods. As such, it is not available in
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clinically useful quantities; instead, a recombi-
nant hirudin that lacks sulfation is commer-
cially expressed and used as a direct throm-
bin inhibitor (DTT) with a K; of ~307 fM.
However, by expanding the genetic code of
E. coli to incorporate sulfotyrosine (50), one
can access sulfohirudin directly (96). This al-
lows for the expression of the higher-affinity
DTI sulfohirudin (K; = 26 fM) in excel-
lent yields, which also facilitates the crystal-
lization of the sulfohirudin/thrombin complex
(Figure 6) (172), and should allow clinical ap-
plication of sulfohirudin.

Third is the production of protein con-
jugates containing a site specifically attached
toxin, radioisotope, polyethylene glycol, or

even another protein (creating a bispecific
therapeutic). In these cases, an UAA containing
a bioorthogonal reactive functional group is in-
corporated at a specific position, which is then
further functionalized in vitro with another
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Figure 6

Sulfotyrosine at position 63 (Tys63) in the X-ray
crystal structure of the sulfohirudin/thrombin
complex. Interactions mediated by the sulfate of
UAA 50 are shown. (H refers to the heavy chain of
thrombin.) Adapted with permission from Reference
172, copyright © 2007 American Chemical Society.
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small molecule or macromolecule of interest.
This method overcomes the challenges of
nonspecific labeling typically associated with
electrophilic reagents or the labeling of cys-
teine residues that may not be unique or may
be involved in folding. In nontherapeutic con-
texts, this strategy has been used for glycan and
lipid conjugation (70, 173), dual-fluorophore
labeling for single-molecule FRET studies
(174), labeling of G protein—coupled receptors
with fluorophores (175), nonnative histone
modification (176), and scarless protein pu-
rification (73). In therapeutic contexts, this
strategy is especially valuable as it allows the
creation of homogenous therapeutic agents
with defined pharmacological activity and
toxicity. Moreover, because the cotranslational
incorporation of UAAs is highly efficient,
clinically useful quantities of labeled proteins
can be produced. Indeed UAA-containing
therapeutic candidates can be generated in
yields of grams per liter on a >1000 liter
fermentation scale in bacteria (high-yielding
Pichia and mammalian systems are in develop-
ment). For example, human growth hormone
(hGH) containing p-acetylphenylalanine (1)
has been expressed commercially and site
specifically PEGylated in kilogram quantities
(177). The modified hGH has a significantly
improved serum half-life while retaining
biological activity and is currently in Phase
IT clinical trials. Similar approaches are being
applied to cytokines, growth factors, and other
proteins for clinical use. Various antibodies
have also been efficiently expressed with keto
amino acid 1 at specific sites for conjugation
to therapeutically or diagnostically relevant
molecules. For example, in a recent study,
p-acetylphenylalanine mutants of the x-HER2
antibody trastuzumab were conjugated to
the toxins saporin or auristatin, resulting in
targeted killing of HER2-positive cells (B.
Hutchins, S. Kazane, J. Yin, P.G. Schultz, &
V.V. Smider, unpublished results). In addition,
the conjugation of antibodies via amino acid
1 to oligonucleotides allows for polymerase
chain reaction-based immunodiagnostics as
well as the creation of spatially defined arrays

of proteins and possibly cells (S. Kazane, B.
Hutchins, P.G. Schultz, & V.V. Smider, unpub-
lished results). Efforts are also under way to
create structurally defined bispecific antibodies
using the additional orthogonal chemistries
afforded by UAAs to selectively couple proteins
at uniquely defined sites and also to conjugate
therapeutic peptides to carrier proteins, such
as HSA and antibodies, to improve their half-
lives. In all these experiments (and especially in
their potential clinical use), large quantities of
homogeneous high-molecular-weight UAA-
containing proteins are required; thus, the
ease and efficiency inherent to translation with
expanded genetic codes are highly desirable.

Protein Evolution with an
Expanded Genetic Code

It is quite possible that the ability to encode
additional amino acids with novel properties
would be evolutionarily advantageous, espe-
cially since nature’s choice of 20 could have
been arbitrarily fixed at the point of transi-
tion between communal and Darwinian evolu-
tion paradigms and subsequently sustained by
the code’s inertia (162). Furthermore, in the
limited scope of laboratory-directed evolution,
which concerns only one or few specific func-
tions over a short time rather than general or-
ganismal fitness over thousands or millions of
years, one can easily envision a selective advan-
tage conferred by additional amino acids. Be-
cause the templated assembly of polypeptides
from mRNA on the ribosome establishes a di-
rect link between genes (information) and pro-
teins (phenotype), UAA mutagenesis method-
ology can easily be adapted to the evolution
of proteins with novel or enhanced function.
As a first step in this direction, robust phage-
based systems for use with 21 amino acid or-
ganisms were recently developed (178, 179). In
one such system, phage-displayed protein li-
braries are generated in E. co/i that encode 21
amino acids (X-E. coli) such that library mem-
bers containing a TAG codon in a gene of in-
terest will have a corresponding UAA in the
displayed protein. Displayed proteins are then
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subjected to selection, and the surviving phage
clones are used to reinfect X-E. coli. Like tra-
ditional phage-display with the canonical 20
amino acids, rounds of mutation, amplification,
and selection resultin the discovery of new pro-
teins with desired properties that, in this case,
may be achieved by UAAs.

After optimizing this system to minimize
the expression bias against proteins containing
UAAs, several in vitro molecular evolution
experiments were conducted. For example,
a phage-displayed library of naive antibodies
containing six NNK-randomized residues
(N =AC G, orT; K = GorT)in the
Vi CDR3 was produced in X-E. coli that
encodes the UAA sulfotyrosine (50). Selection
experiments were then performed on the basis
of affinity for the HIV coat protein gpl120
(179). After several rounds of amplification
and selection, the phage population converged
on one antibody clone that contained a sulfo-
tyrosine. The selection of this phage-displayed
antibody was based on gp120-binding func-
tion, as determined by expression studies, and
this function was dependent on UAA 50, as
confirmed by enzyme-linked immunosorbent
assays. Another in vitro evolution experiment
used X-E. coli that encoded the reactive UAA
p-boronophenylalanine (8) to generate an
unbiased phage library of naive antibodies
containing NNK-randomized residues. The
resulting phage particles were exposed to
selection for binding to the acyclic glycan
glucamine (180). After one round, over 50%
of the phage population contained UAA 8,
and after three rounds, over 80% contained
UAA 8. This convergence on UAA-containing
sequences was concurrent with functional
enrichment for antibodies that bind glu-
camine, presumably by using the boronate
functionality as a “chemical warhead” to react
with diols. Furthermore, the function of the
selected  p-boronophenylalanine-containing
clones cannot be attributed to UAA 8 alone
but requires the contribution of the whole
selected sequence, as demonstrated in a series
of studies on both phage-displayed and soluble
Fab format clones. Several other studies using
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phage-based evolution with 21 amino acids are
currently being conducted, including the use of
UAAs to overcome PTM sequence constraints
(181), the use of reactive UAAs to evolve
inhibitors of glycoproteins and proteases, and
the incorporation of metal ion-binding UAAs
to evolve metalloproteins with novel activities.

In addition to these phage-based evolution
experiments, other efforts to include UAAs in
directed evolution experiments are under way.
For example, we are currently synthesizing and
selecting bioactive cyclic peptides that contain
UAAs, generated through the use of split in-
teins or a recently characterized ribosomal syn-
thesis pathway (182). Furthermore, although
there have been several recent successes of pro-
tein engineering with UAAs—for example, the
generation of a redox-active, bipyridylalanine-
containing catabolite activator protein mutant
that site specifically cleaves DNA (183)—we
expect that protein design alone will not be
enough as we move toward the application
of UAAs to more complex functions. There-
fore, a combination of computational design
and molecular evolution techniques are being
employed in several new efforts (for example,
to engineer metalloproteins that use a metal
ion-binding UAA as a structural element or
for catalysis). Future studies are also likely to
include organismal evolution experiments, in-
cluding those with an autonomous 21 amino
acid E. coli that biosynthesizes its own UAA (75).

Taken together, these experiments demon-
strate that the “chemical potential” contained
in expanded amino acid sets can, through di-
rected evolution, be realized as enhanced pro-
tein function and show that an expanded genetic
code can confer a selective advantage in pro-
tein evolution. In all these cases, the integration
of orthogonal UAARS/tRNAgg pairs into the
translation paradigm provides the direct link
between genotype and phenotype required for
protein evolution with UAAs.

CONCLUSION

Genetically encoded UAAs seamlessly integrate
new chemistry into biology and offer a number
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of advantages over other approaches for
chemically manipulating protein structure and
function. First, the generality of methods for
developing orthogonal UAARS/tRNAgg pairs
allows the systematic genetic encoding of new
UAAs in vivo to meet new needs in chem-
istry and biology. Second, the modularity of
components involved in this approach allows
the combination of multiple blank codons
with multiple UAARS/tRNAgp pairs to achieve
the biosynthesis of proteins containing many

SUMMARY POINTS

or perhaps exclusively UAAs. Finally, the
incorporation of UAAs directly through the
translation machinery greatly simplifies the ef-
ficient production of homogenous mutant pro-
teins, the development of cell biological probes,
and the evolution of new protein function.
Thus by removing the constraints imposed by
nature on the number and properties of geneti-
cally encoded amino acids, exciting new oppor-
tunities in basic and applied science research
have been (and will continue to be) realized.

1. A general method based on the engineering of modular orthogonal unnatural amino

acid-specific mutant aminoacyl-tRNA synthetase (UAARS)/tRNA pairs makes possible
the genetic encoding of unnatural amino acids (UAAs) in E. co/i, yeast, and mammalian
cells.

. Approximately 70 UAAs, representing various structures and chemistries distinct from

those contained in the 20 natural amino acids, have been genetically encoded in response
to blank codons, such as nonsense triplet codons and frameshift quadruplet codons.

. Structural studies of engineered UAARSSs suggest that their actives sites have consider-

able structural plasticity but that mutations in the amino acid-binding sites of synthetases
result in small, local perturbations rather than unpredictable large-scale changes, under-
scoring the utility of structure-based synthetase library design and selection to manipulate
aminoacyl-tRNA synthetase (aaRS) substrate specificity.

. A two-step selection system, which uses a positive step to select for aaRSs that amino-

acylate the cognate tRNA with the desired UAA and a negative step to remove aaRSs
that recognize endogenous host amino acids, is highly effective in the evolution of aaRS
specificity and orthogonality.

. The integration of UAARS/tRINA pairs directly into the translation machinery allows

for the efficient and selective introduction of UAAs into proteins in living cells.

. Applications of genetically encoded UAAs are widespread and are already leading to

novel protein therapeutics, new tools to study protein structure and function, and the
directed evolution of proteins that use UAAs to achieve new function.

FUTURE ISSUES
1. The further development of novel UAARS/tRINA pairs for the incorporation of new,

chemically distinct UAAs.

2. The further optimization of the translational machinery for more efficient expression of

proteins with UAAs at any defined site.
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. The creation of new codongys and mutually orthogonal UAARS/tRINA pairs to allow

the in vivo expression of proteins containing multiple UAAs or even fully unnatural
polypeptide polymers.

. The further application of UAA mutagenesis methods to the generation of novel protein

therapeutics (e.g., vaccines, bispecific proteins, immunotoxins) and to the development
of tools (e.g., fluorophores, photoreactive amino acids, amino acids containing modifica-
tions normally added posttranslationally) to study protein structure and function in vitro
and in living cells.

. The further use of expanded genetic codes to evolve new proteins with novel physical,

biochemical, and catalytic properties that are difficult to produce using only the 20
canonical amino acids.

. The creation of multicellular organisms that have expanded genetic codes for the in vivo

study of protein structure and function.
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