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Abstract

Recently, a general method was developed that makes it possible
to genetically encode unnatural amino acids with diverse physical,
chemical, or biological properties in Escherichia coli, yeast, and mam-
malian cells. More than 30 unnatural amino acids have been in-
corporated into proteins with high fidelity and efficiency by means
of a unique codon and corresponding tRNA/aminoacyl-tRNA syn-
thetase pair. These include fluorescent, glycosylated, metal-ion-
binding, and redox-active amino acids, as well as amino acids with
unique chemical and photochemical reactivity. This methodology
provides a powerful tool both for exploring protein structure and
function in vitro and in vivo and for generating proteins with new
or enhanced properties.
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Genetic code:
consists of 64
nucleotide triplets
(A, U, C, and G) that
encode the 20 amino
acids used in protein
translation, and is
universal in all
known organisms

Unnatural amino
acids: amino acids
not specified by the
existing genetic code
for protein synthesis
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INTRODUCTION

With the rare exceptions of selenocysteine (9)
and pyrrolysine (72), the genetic codes of all
known organisms specify the same 20 amino
acid building blocks. Although a number of
arguments have been put forth to explain the
nature and number of amino acids in the code,
it is clear that proteins require many addi-
tional chemistries, beyond the limited num-
ber of functional groups contained in the 20
amino acids, to carry out their natural func-
tions. Thus while a 20 amino acid code is suf-
ficient for life, it may by no means be ideal.
The development of a method that allows one
to genetically encode additional amino acids
might enable the evolution of proteins, or
even entire organisms, with new or enhanced
properties.

Such methodology would also provide
powerful new tools to probe protein struc-
ture and function both in vitro and in vivo.
Although conventional site-directed mutage-
nesis has dramatically expanded our ability to
manipulate protein structure, the number of
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substitutions that can be made remains lim-
ited. Ideally, one would like to be able to
make precise changes in the steric and elec-
tronic properties of an amino acid (e.g., acid-
ity, size, redox potential, nucleophilicity, and
polarity) or introduce spectroscopic probes,
posttranslational modifications, metal chela-
tors, photoaffinity labels, and other chemical
moieties at unique sites in a protein. Here, we
describe an approach that makes it possible for
the first time to uniquely encode additional
amino acids with novel physical, chemical, or
biological properties in both prokaryotic and
eukaryotic organisms with high fidelity and
efficiency.

BACKGROUND

Both chemical and biosynthetic strategies
have been developed to incorporate unnatu-
ral amino acids into proteins. The former are
simple and straightforward but are often lim-
ited by the homogeneity and/or size of the
protein that can be synthesized. For exam-
ple, chemical modification of amino acid side
chains (13) can lead to nonselective and non-
quantitative derivatization. Moreover, only a
limited number of residues can be chemically
modified with exogenous agents. Solid-phase
peptide synthesis allows a large number of
modifications to be made to protein structures
butis generally limited to peptides and smaller
proteins owing to the decreased yield and pu-
rity associated with the synthesis of larger pro-
teins (46). The recent development of chem-
ical (21) and intein-mediated (31, 36) peptide
ligation allows the semisynthesis of larger pro-
teins, but substitutions are confined largely to
the N or C terminus.

A general in vitro biosynthetic method for
incorporating unnatural amino acids into pro-
teins uses nonsense or frameshift suppressor
tRNAs that are chemically misacylated with
the amino acid (6, 40, 62). This method can
be used to synthesize proteins of virtually
any size with the novel amino acid located
at any site designated by the corresponding
codon. Indeed, more than 80 novel amino
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acids have been incorporated into proteins by
this methodology (18). However, the protein
in cell-free translation systems yields are low
and the generation of aminoacyl-tRINA is rel-
atively complex.

The ability to incorporate unnatural amino
acids directly into proteins in vivo offers
considerable advantages over both chemical
and in vitro biosynthetic strategies, including
higher yields, fidelity, and technical ease; it
also allows one to study protein structure and
function both in vitro and in vivo. One such
method involves growing bacteria in media
in which a close structural analogue is sub-
stituted for the corresponding genetically en-
coded amino acid. For example, replacement
of methionine with selenomethionine (38), or
a common amino acid with its " N-labeled
analogue (60), has been used extensively in
crystallographic and NMR studies of protein
structure, respectively. However, nonquanti-
tative substitution and substitution at multiple
sites throughout the protein (and proteome)
can limit the utility of this technique. The
use of strains that are auxotrophic in a par-
ticular amino acid minimizes the competition
between the unnatural amino acid and its nat-
ural counterpart (42), but the former must
nonetheless be a close analogue of the com-
mon amino acid. In some cases it is also pos-
sible to relax the substrate specificity of the
aminoacyl-tRNA synthetases through active-
site mutations (44) or to attenuate the proof-
reading activity of the synthetase (26, 74).
Finally, microinjection of a chemically mis-
acylated amber suppressor tRNA and the
corresponding mutant mRNA into Xenopus
Inevis oocytes has led to the selective incorpo-
ration of unnatural amino acids into proteins
(7). Unfortunately, protein yields are again
low because the tRNA is chemically acylated
in vitro and cannot be reacylated in vivo.

METHODOLOGY

To cotranslationally introduce an unnatural
amino acid at a defined site in a protein di-
rectly in a living organism, one requires a

unique tRNA-codon pair, a corresponding
aminoacyl-tRNA synthetase, and significant
intracellular levels of the unnatural amino
acid. To ensure that the unnatural amino acid
is incorporated uniquely at the site speci-
fied by its codon, the tRNA must be con-
structed such that it is not recognized by the
endogenous aminoacyl-tRNA synthetases of
the host, but functions efficiently in transla-
tion (an orthogonal tRNA). Moreover, this
tRNA must deliver the novel amino acid in re-
sponse to a unique codon that does not encode
any of the common 20 amino acids. Another
requirement for high fidelity is that the cog-
nate aminoacyl-tRINA synthetase (an orthog-
onal synthetase) aminoacylates the orthogo-
nal tRNA but none of the endogenous tRNAs.
In addition, this synthetase must aminoacy-
late the tRNA with only the desired unnatural
amino acid and no endogenous amino acids.
Likewise, the unnatural amino acid cannot be
a substrate for the endogenous synthetases if
it is to be incorporated uniquely in response
to its cognate codon. Finally, the amino acid
must be transported efficiently into the cyto-
plasm when added to the growth medium, or
biosynthesized by the host, and be stable to
endogenous metabolic enzymes.

An Orthogonal tRNA-Codon Pair

Efforts to develop such an approach focused
first on Escherichia coli because of its ease of
genetic manipulation and the large body of
knowledge around its translational machinery.
"To uniquely specify an unnatural amino acid,
one can use either nonsense (triplet) codons or
frameshift (quadruplet) codons, or even con-
struct a bacterium in which redundant codons
and their corresponding tRNAs are deleted
from the genome. Initially the amber non-
sense codon (UAG) was used to specify the
unnatural amino acid because it is the least-
used stop codon in E. coli and Saccharomyces
cerevisiae. Moreover, some L. coli strains con-
tain natural amber suppressor tRNAs that
efficiently incorporate common amino acids
without significantly affecting growth rates
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Aminoacyl-tRNA
synthetase: an
enzyme that
catalyzes the
attachment of a
specific amino acid
to the acceptor stem
at the 3’ end of the
cognate tRINA
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Orthogonal
tRNA/aminoacyl-
tRNA synthetase
pair: the tRNAis
not recognized by
the endogenous
aminoacyl-tRNA
synthetases of the
host but functions
efficiently in
translation; the
cognate
aminoacyl-tRNA
synthetase
aminoacylates the
orthogonal tRNA
but none of the
endogenous tRINAs

Mj: Methanococcus
Jannaschii

TyrRS:
tyrosyl-tRINA
synthetase
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(8, 35). Amber suppressors can also be en-
gineered, and natural or engineered amber
suppressors have been used routinely for con-
ventional protein mutagenesis in E. co/i (63)
and for the in vitro introduction of unnatu-
ral amino acids into proteins using chemically
aminoacylated suppressor tRNAs. In addi-
tion, nonsense suppressors also exist in mam-
malian cells (27, 43) and yeast (48, 71).

In theory it should be possible to evolve
an orthogonal tRNA/aminoacyl-tRNA syn-
thetase pair from an existing bacterial pair
for use in E. coli. This was first attempted
by mutating an E. co/i glutaminyl tRNA to
a translationally competent suppressor tRNA
that is no longer recognized by its cognate
synthetase. Although an orthogonal tRNA
was successfully generated (56), we were not
able to alter the specificity of the correspond-
ing glutaminyl-tRNA synthetase to selectively
recognize this new suppressor tRNA and not
the wild-type tRNA (which would result in
misincorporation of the unnatural amino acid
atglutamine sites) (55). An alternative strategy
for generating orthogonal tRINA/aminoacyl-
tRINA synthetase pairs in bacteria makes
use of orthologues from archaeal bacteria
and eukaryotic organisms. Some prokaryotic
tRINA/aminoacyl-tRNA synthetase pairs do
not cross-react to any significant degree with
their eukaryotic counterparts, as a result of
differences in tRNA identity elements, pri-
marily in the acceptor stem and variable arm
(25, 53). Therefore, it should be possible
to generate an orthogonal tRNA/synthetase
pair for E. co/i by importing a pair from
an eukaryotic organism. Although we found
that the yeast amber suppressor tRNASH,
(Sc tRNASR ) and cognate glutaminyl-tRNA
synthetase are orthogonal in E. co/i (57), no
mutant yeast GInRS could be evolved that
aminoacylates the Sc tRNAZS, with an un-
natural amino acid in E. coli (possibly owing
to the low intrinsic expression and/or activ-
ity of the synthetase in bacteria). Efforts to
use yeast tRNA/synthetase pairs specific for
various hydrophobic amino acids, as well as
pairs from Homo sapiens, were also unsuccess-
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ful (L. Wang & P. G. Schultz, unpublished
results).

Attention was then focused on archaea as a
source of orthogonal tRNA/synthetase pairs
for use in E. coli. Archaeal aminoacyl-tRNA
synthetases are more similar to their eukary-
otic than prokaryotic counterparts (45, 53),
but unlike synthetases from eukaryotic cells,
which often express poorly or have low activ-
ities in E. coli, synthetases from archaea can
be expressed efficiently in E. co/i in their ac-
tive forms. Moreover, early work (53) indi-
cated that most tRNAs from the halophile
Halobacterium cutirebrum cannot be charged
by E. coli aminoacyl-tRNA synthetases. The
first orthogonal E. coli tRINA/synthetase pair
to be generated from archaeal bacteria was de-
rived from the tyrosyl pair from Methanococcus
jannaschii (79). Previous experiments showed
that the major recognition elements of M.
Jjannaschii tRNAY" include the discriminator
base A73 and the first base pair, C1-G72, in
the acceptor stem; the anticodon triplet par-
ticipates only weakly in identity determina-
tion (32). This pattern is the same as that
of yeast tRNA" but differs from that of E.
coli tRNA"; the latter uses A73, G1-C72,
a long variable arm, and the anticodon as
identity elements (Figure 14). The M. jan-
naschii tyrosyl-tRNA synthetase (Mj TyrRS)
also has a minimalist anticodon loop binding
domain (73), which should make it possible
to change the anticodon loop of its cognate
tRNA to CUA with little loss in affinity by
the synthetase. Finally, this aminoacyl-tRNA
synthetase does not have an editing mecha-
nism that could deacylate the attached unnat-
ural amino acid. Indeed, an amber suppressor
M. jannaschii t(RNALS, (Mj tRNAZL,) and
cognate Mj TyrRS were shown to function
efficiently in E. co/i, but unfortunately some
degree of aminoacylation of this tRNA by
endogenous E. coli synthetases was observed
(81).

A general strategy for the evolution of or-
thogonal tRNAs in E. co/i from heterologous
precursors was therefore developed (82). This
method consists of a combination of negative



Annu. Rev. Biophys. Biomal. Struct. 2006.35:225-249. Downloaded from www.annualreviews.org
by Universitadegli Studi di Roma La Sapienza on 10/25/12. For personal use only.

$e
o«

3i
c Aon
c c
A c
5ica . A
Pca SipG ¢
GC GC
Gc UA
ca Gc
cc R Gc
Gc
cc6, UG C casecVA - uA
CUUG A cG cuucc
geueay (R WY
GAAC C u GAAGG
GguA G u u
Gu AGGG c
G CAyG AR A Yy
cG G cCq, Cag
cc ca Y, S
Gc AU c
AU Gc
c A AU
U s c A
GUA u A
GyA

M. jannaschii tRNATY"

E. coli tRNATY

S e
g

@
]

o00coco
000OOPO>00

u
DG
D=7 A pccah
& ancacg
DD

c
ceeae Y ‘G
Gaaca
gooor e

A

5

A A

>O0>>0
cocec®

c A
u A
Gy A

S. cerevisiae tRNATY

Je
e

@
o

POOOO00
000000OP00

u
NG
NT A cuueh
N

GAAC
GgnA G

N
caaccN A
A
Geuaa
¢y Vu®

c
Z»0000
coo00
>
2
°

z

N
CyA

A mutant amber supressor tRNA
library based on M. jannaschii
tRNAY:N=A+U+C+G

C/;,r 4,,70,
Negative
pAC-iib pSCB2 selection Survivors encode non-functional 2
or orthogonal tRNAcuas §
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the coanate syntherace bt <o pacan ),
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Orthogonal and non- Cognate in E. coli cuA
functional tRNAcuxs aaRs
Figure 1
(#) Comparison of sequences of tRNAT" from three different species. The major identity elements are in
red. (b) Directed evolution of orthogonal amber suppressor tRNA (), in E. coli by alternating negative
and positive selections. (¢) A library of amber suppressor tRNAT" was generated by randomizing 11
nucleotides (red) of M. jannaschii tRNA’Cr}S A thatTdo not interact directly with the cognate TyrRS.
(d) The orthogonal amber suppressor Mj tRNAC%  (changed nucleotides are in red).
and positive selections with a library of tRNA  are suppressed and the ribonuclease barnase
mutants (derived from a heterologous sup- is produced, resulting in cell death. Only
pressor tRNA) in the absence and pres- cells harboring orthogonal or nonfunctional
ence of the cognate synthetase, respectively ~ tRINAs can survive. All tRNAs from surviving
(Figure 1b). In the negative selection, the clones are then subjected to a positive selec-
tRNA library is introduced into E. co/i along  tion in the presence of the cognate heterolo-
with a mutant barnase gene in which amber  gous synthetase and a 3-lactamase gene with
nonsense codons are introduced at sites per-  an amber codon at a permissive site. tRINAs
missive to substitution by other amino acids.  that can function in translation and are good
When a member of the suppressor tRINA  substrates for the cognate heterologous syn-
library is aminoacylated by an endogenous thetase are selected on the basis of their ability
E. coli synthetase (i.e., it is not orthogonal  to suppress the amber codon and produce ac-
to the E. coli synthetases), the amber codons  tive 3-lactamase. Therefore, only tRNAs that
www.annualreviews.org © Expanding the Genetic Code 229
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CAT:
chloramphenicol
acetyl transferase

OMeTyr:
O-methyl-L-tyrosine
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(@) are not substrates for endogenous E. coli
synthetases, (b)) can be aminoacylated by the
synthetase of interest, and (¢) function in
translation will survive both selections.

This approach was applied to the Mj
tRN. Tyé 4 to further reduce recognition of this
tRINA by endogenous E. coli synthetases, while
preserving activity with both the cognate
synthetase and translational machinery (82).
Eleven nucleotides of Mj tRNAL, that do
not interact directly with the Mj TyrRS were
randomly mutated (based on consensus anal-
ysis of archaeal tRNAT™ sequences) to gen-
erate a suppressor tRNA library (Figure 1¢).
This tRNA library was passed through rounds
of negative and positive selections to afford a
functional, orthogonal tRNA (mutRNAZ){}A
that functions efficiently with Mj TyrRS to
translate the amber codon (Figure 1d). Ad-
ditional orthogonal tRNA/synthetase pairs
have since been generated and include a
tRN. A‘SS A/AspRS pair derived from yeast (65)
and an E. coli initiator tRNAM /yeast TyrRS
pair (52). Orthogonal suppressor tRNAs can
also be derived from consensus sequences
of multiple archaeal tRINAs and then im-
proved with the above selections (4). This
approach has been used to evolve an or-
thogonal Methanococcus thermoautotrophicum
tRNAEY, /LeuRS pair (3), an orthogonal
Methanosarcina mazei tRNASY,/GluRS pair
(68), and an orthogonal Pyrococcus horikoshii

tRNALS,/LysRS pair (4).

An Orthogonal Aminoacyl-tRNA
Synthetase

Next, it was necessary to alter the substrate
specificity of the orthogonal Mj TyrRS to
charge its cognate orthogonal tRNA with only
the desired unnatural amino acid and none
of the common 20 amino acids. Our goal
was to develop a general scheme for evolv-
ing the specificity of aminoacyl-tRNA syn-
thetases that is independent of the structure
of the amino acid of interest. One such ap-
proach involves generating a focused library
of synthetase active-site mutants and again us-
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ing a combination of positive and negative se-
lections to evolve synthetases that aminoacy-
late the cognate tRNA with the unnatural and
no endogenous amino acids (79, 83). Libraries
of synthetase variants were generated by ran-
domizing five or six residues in the substrate
binding pocket of the synthetase, based on an
analysis of the X-ray crystal structure of the
synthetase (or a homologue) complexed with
its cognate amino acid or aminoacyl adenylate
(Figure 2a4). To identify synthetase vari-
ants that specifically recognize the unnatural
amino acid and no endogenous host amino
acid, the synthetase libraries were subjected
to alternating rounds of positive and neg-
ative selections (Figure 2b). In E. coli, the
positive selection is based on resistance to
chloramphenicol conferred by suppression of
an amber mutation at a permissive site in
the chloramphenicol acetyl transferase (CAT)
gene; the negative selection uses the bar-
nase gene with amber mutations at permissive
sites. When the library of synthetase mu-
tants is passed through the positive selec-
tion in the presence of the unnatural amino
acid, those cells with mutant synthetases that
can acylate the tRNA with either the un-
natural amino acid or an endogenous amino
acid survive. Plasmids encoding active mu-
tant synthetases are then transformed into the
negative selection strain, and selections are
carried out in the absence of the unnatural
amino acid. Those cells containing mutant
synthetases that recognize endogenous amino
acids incorporate the latter in response to the
amber codons in the barnase gene and die.
Repeated rounds of positive and negative se-
lections lead to the isolation of mutant syn-
thetases that can specifically incorporate the
unnatural amino acid in response to the amber
codon.

This selection scheme was first used to
evolve a Mj TyrRS mutant capable of selec-
tively inserting O-methyl-L-tyrosine (OMe-
‘Tyr) into proteins in E. coli in response to
the amber codon (79). A library of syn-
thetase mutants was generated by random-
izing the five active-site residues Tyr-32,
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Modification of the amino acid specificity of an orthogonal M. jannaschii TyrRS (Mj TyrRS) in E. coli.

(@) A library of Mj TyrRS mutants was generated by randomizing five residues (in parentheses) in the
tyrosine binding site. () A general positive and negative selection scheme for evolving synthetase variants
specific for an unnatural amino acid in E. co/i. Cm, chloramphenicol.
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Glu-107, Asp-158, Ile-159, and Leu-162
based on the crystal structure of the ho-
mologous Bacillus stearothermophilus TyrRS—
tyrosyl adenylate complex (Figure 2a)
[more recently, the X-ray structure of Mj
TyrRS itself was solved (49, 90), allow-
ing the generation of improved libraries].
This library was then subjected to rounds
of positive and negative selection to af-
ford clones that survived at high chloram-
phenicol concentrations in the presence of
OMe'Tyr and atlow chloramphenicol concen-
trations in its absence. Incorporation of OMe-
Tyr by the evolved MjtRNAcya/synthetase
pair was assayed directly by suppression of am-
ber codons in E. coli dihydrofolate reductase
(DHFR). In the presence of OMeTyr and the
mutant Mj tRNAcya/synthetase pair, 5 to 10
mg/liter of protein was purified from mini-
mal media. In the absence of any one com-
ponent (synthetase, tRNA, or amino acid) no
protein could be detected by Western blot
analysis, silver stain, or coomassie stain. High-
resolution mass analysis of intact protein and
tryptic digests confirmed that only OMeTyr is
incorporated in response to the amber codon,
and OMeTyr is incorporated at no other site
in the protein.

An alternative selection scheme makes use
of an amber-T7/GFPuv (a type of green fluo-
rescent protein) instead of an amber-barnase
reporter in the negative selection (69). Sup-
pression of amber codons introduced at per-
missive sites in T7 RINA polymerase produces
full-length T7 RNA polymerase, which drives
the expression of GFPuv. In this approach
both the amber-CAT reporter and amber-
T7/GFPuv reporter are encoded in a sin-
gle plasmid. After positive selection, surviv-
ing cells are grown in the absence of both
the unnatural amino acid and chlorampheni-
col. Cells containing mutant synthetases that
can acylate the tRNA with any of the 20
common amino acids express GFPuv, whereas
cells containing mutant synthetases that can
acylate the tRNA only with the unnatural
amino acid do not. These nonfluorescent cells
are sorted using fluorescence-activated cell-
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sorting. One advantage of this latter method
is that both reporters are contained within a
single genetic construct, eliminating the need
for plasmid shuttling between positive and
negative selections. Other selection schemes
have been pursued, including cell surface and
phage display systems, but these are less gen-
eral (i.e., require capture reagents specific for
the amino acid of interest) or not as efficient
(66).

More than 30 unnatural amino acids
have been incorporated into proteins in E.
coli. In general, for most unnatural amino
acids, suppression efficiencies range from
25% to 75% of wild-type protein and trans-
lational fidelity is >99%. In an optimized
system, approximately 1 g/liter of mu-
tant protein containing the unnatural amino
acid p-acetylphenylalanine (pAcPhe) was pro-
duced (H. Cho & T. Daniel, unpublished

results).

Encoding Unnatural Amino Acids
in Eukaryotic Cells

In addition to having distinct identity ele-
ments, eukaryotic tRNAs differ from bac-
terial and archaeal tRNAs in transcription
and modification. Eukaryotic tRNAs have
internal A- and B-box sequences required
for transcription, and the 3'-CCA is added
enzymatically rather than encoded in the
gene as in E. coli (34, 54). In addition, eu-
karyotic tRNAs are transcribed in the nu-
cleus and must be exported to the cytoplasm
via an exportin-tRNA-dependent process (5).
Consequently, a new family of orthogonal
tRNA/synthetase pairs was generated to ge-
netically encode unnatural amino acids in eu-
karyotic organisms. These include an E. coli
tRNALY,/TyrRS pair (29, 30, 53) and a hu-
man initiator tRNAME/E. coli GInRS pair
(52) that are orthogonal in yeast. In addition,
a modified Bacillus subtilis tRN. TrgA/TrpRS
(91) and a B. stearothermophilus tRNAL,,/E.
coli 'TyrRS pair (67) were found to be orthog-
onal opal and amber suppressors, respectively,
in mammalian cells.
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To selectively introduce an unnatural
amino acid into proteins in eukaryotes,
Yokoyama and coworkers (47) screened a
collection of designed active-site variants of
E. coli TyrRS in a wheat germ translation
system and discovered a mutant synthetase
that uses 3-iodotyrosine more effectively than
it uses tyrosine. This mutant synthetase was
used with the B. stearothermophilus tRNALY
to incorporate 3-iodotyrosine into proteins
in mammalian cells (67). Similarly, an or-
thogonal B. subtilis tRNA{2,/TrpRS pair
has been used to selectively introduce 5-
hydroxytryptophan (5-HTTP) into proteins
in 293T cells (91). On the basis of the crys-
tal structure of the homologous B. stearother-
mophilus TrpRS, a synthetase mutant was gen-
erated that selectively charges 5S-HTPP. This
mutant synthetase and its cognate orthogonal
tRNA were used to suppress the opal nonsense
codon in the foldon gene in the presence of 5-
HTPP (91). Indeed, expression of full-length
protein was seen only in the presence of 5-
HTPP. Electrospray mass spectrometry of the
mutant foldon protein verified site-specific
incorporation of 5-HTPP with a fidelity of
>97%. Theyield of the 5-HTPP mutant pro-
tein was approximately 100 pg/liter of culture,
compared with that of about 1 mg/liter for
wild-type protein.

To develop a general selection scheme in
yeast to evolve synthetases specific for unnat-
ural amino acids (analogous to those used in
E. coli), a selection strain of S. cerevisiae that
contains the transcriptional activator protein
GAL4 was created in which codons at two
permissive sites were mutated to amber non-
sense codons (14) (Figure 3). Suppression of
these amber codons leads to the production
of full-length GAL4, which in turn drives
transcription of genomic GAL4-responsive
his3, ura3, and lacZ reporter genes. Expres-
sion of HIS3 and URA3 complements the his-
tidine and uracil auxotrophy in this strain and
provides a positive selection for clones ex-
pressing active tRNA/synthetase pairs. On the
other hand, addition of 5-fluoroorotic acid (5-
FOA), which is converted to a toxic product by

URA3, results in the death of cells expressing
active tRNA/synthetase pairs. In the absence
of the unnatural amino acid, this serves as a
negative selection to remove synthetases spe-
cific to endogenous amino acids. Like GFP,
the /acZ reporter can serve as an additional
chromogenic marker to identify active syn-
thetase from inactive ones.

This selection scheme has allowed us to
evolve orthogonal E. coli tRN T%A/TyrRS
pairs that have been used to incorporate more
than 10 unnatural amino acids into proteins
in yeast (14, 22). A synthetase library (10® in
size) was similarly constructed by randomiz-
ing five active-site residues in E. coli TyrRS.
Mutant synthetases were identified after sev-
eral rounds of positive and negative selection
thatincorporate a number of unnatural amino
acids into proteins, with yields corresponding
to 20% to 40% of those of wild-type protein
and expression levels up to 75 mg/liter. A
similar approach has been used to evolve or-
thogonal E. coli leucyl tRNAcya/LeuRS pairs
that selectively incorporate photochromic
and fluorescent amino acids into proteins in
yeast (86). These same mutant aminoacyl-
tRNA synthetases that were evolved in
yeast (to accept p-azidophenylalanine,
p-benzoyl-L-phenylalanine,  p-iodophenyl-
alanine, p-acetylphenylalanine, and p-metho-
xyphenylalanine) have been used together
with a B. stearothermophilus amber suppressor
tRNAZ’G A to selectively insert unnatural
amino acids into proteins in mammalian cells
(P. G. Schultz, unpublished results), albeit
currently in low yield.

Additional Codons to Specify
Unnatural Amino Acids

It should also be possible to use quadruplet
codons and cognate suppressor tRNAs with
expanded anticodon loops to specify addi-
tional amino acids. There are many examples
of naturally occurring +1 frameshift suppres-
sors (11, 19, 64). Moreover, genetic selections
have been used to identify efficient four-
and five-base codon suppressor tRNAs from
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A general positive and negative selection scheme for evolving synthetase variants specific for unnatural

amino acids in yeast. 5-FOA, 5-fluoroorotic acid.

mutant tRINA libraries (2, 59). The genera-
tion of an orthogonal tRNA/synthetase pair
that decodes four-base codons requires either
that the tRNA anticodon loop is not in-
volved in tRINA/synthetase recognition or
that the corresponding anticodon binding site
of the synthetase can be modified to rec-
ognize a specific four-nucleotide anticodon
sequence. Recently, an orthogonal four-base
suppressor tRNA-synthetase pair was gen-
erated from tRNAILjyéCU/LysRS of Pyrococcus
borikoshii. The resultant orthogonal pair effi-
ciently and selectively incorporates the unnat-
ural amino acid homoglutamine into proteins
in E. coli in response to the quadruplet codon
AGGA (4). Frameshift suppression with ho-
moglutamine does not significantly affect pro-
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tein yields or cell growth rates, and it is mutu-
ally orthogonal with amber suppression. This
has allowed the simultaneous incorporation
of two unnatural amino acids at distinct sites
within a single protein, suggesting that nei-
ther the number of available triplet codons nor
the translational machinery itself represents a
significant barrier to further expansion of the
code.

An alternative approach that can be used to
generate additional codons that uniquely en-
code unnatural amino acids involves eliminat-
ing degenerate codon-tRNA pairs from the E.
coli genome. To this end we have shown that
it is possible to remove four codons from a
number of genes, including genes essential for
growth, without affecting E. co/i growth rates.
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The biosynthesis of an unnatural amino acid, p-aminophenylalanine, in E. co/i. Proteins PapA, PapB, and
PapC convert chorismate to p-aminophenylpyruvic acid, and E. co/i aromatic aminotransferase completes

the biosynthesis to afford p-aminophenylalanine.

We are currently evaluating methods for the
efficient construction of a “codon-deleted”
E. coli genome.

Amino Acid Transport and
Biosynthesis

We have found from measurements of cyto-
plasmic levels of amino acids added to the
growth medium that a large number of amino
acids are efficiently transported to the E.
coli cytoplasm in millimolar concentrations.
Highly charged or hydrophilic amino acids
may require derivatization (e.g., esterification,
acylation) with groups that hydrolyze in the
cytoplasm. Metabolically labile amino acids
or analogues (e.g., a-hydroxy acids, N-methyl
amino acids) may require strains in which spe-
cific metabolic enzymes are deleted.

An alternative to adding exogenous amino
acids to the growth media involves engineer-
ing a pathway for the biosynthesis of the un-
natural amino acid directly in the host organ-
ism. For example, a completely autonomous
21-amino-acid bacterium has been gener-
ated that contains genes for the biosynthe-
sis of p-amino-L-phenylalanine (pAF) from
simple carbon sources, an aminoacyl-tRNA
synthetase that uses pAF (and no other en-
dogenous amino acids), and a tRNA that
delivers pAF into proteins in response to
the amber codon (61). pAF was biosynthe-
sized from the metabolic intermediate, cho-
rismic acid, using the papA, papB, and papC

genes from Streptomyces venezuelae in combi-
nation with a nonspecific E. co/i transaminase
(Figure 4). E. coli containing these genes pro-
duced pAF at levels comparable to those of
the other aromatic amino acids and had nor-
mal growth rates. In the presence of a pAF-
specific, orthogonal mutRNAE"{S A/ TyrRS pair,
E. coli transformed with papA-C produced mu-
tant proteins containing pAF at sites encoded
by the amber codon with excellent yield and
fidelity (61). In addition to pAF, it should be
possible to biosynthesize and genetically en-
code other amino acids in vivo as well, includ-
ing methylated, acetylated, and glycosylated
amino acids.

UNNATURAL AMINO ACIDS
AND APPLICATIONS

The above methodology has been used
successfully to add more than 30 unnat-
ural amino acids to the genetic codes of
E. coli, yeast, or mammalian cells (Figure
5). Many of these unnatural amino acids
have novel properties that are useful for a
variety of biochemical and cellular stud-
ies of protein structure and function. For
example, unnatural amino acids with chem-
ically reactive groups have been genetically
encoded in bacteria and/or yeast (16, 23,
85, 93), including p-acetylphenylalanine
1 and m-acetylphenylalanine 2,
p-(3-oxobutanoyl)-L-phenylalanine 3,
p-(2-amino-3-hydroxyethyl)phenylalanine 4,
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A list of representative unnatural amino acids that have been added to the genetic codes of E. coli, yeast,

or mammalian cells.

p-ethylthiocarbonyl-phenylalanine 5, p-pro-
pargyloxyphenylalanine 6, and p-azido-
phenylalanine 7. By virtue of their unique
reactivity, these amino acids can be used to
selectively modify native proteins under mild
conditions with a variety of reagents in the
absence of protecting groups. For example,
the keto and (-diketo moieties selectively
react with both hydrazides and alkoxyamines
(85, 93); the azide can be selectively modified
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by a copper(l)-catalyzed [3+2] cycloaddition
reaction with an alkyne derivative (23) or by a
Staudinger conjugation reaction with a phos-
phine derivative (76); and the thioester group
can be used in a modified chemical ligation
reaction to derivatize protein side chains (and
may allow the facile generation of cyclic and
branched proteins and peptides). Similarly,
a phenylselenide containing amino acid 8
has been introduced selectively into proteins,
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3

mAcPhe
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+ mAcPhe + mTyrRS
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Site-specific modification of proteins containing a keto amino acid. (#) In vitro labeling of mutant Z
domain that contains p-acetyl-L-phenylalanine with fluorescein hydrazide. (4) In vivo labeling of E. coli
surface-expressed LamB mutant that contains 7z-acetyl-L-phenylalanine (7zAcPhe) with the
nonmembrane-permeable fluorescent dyes Cascade blue hydrazide (blue), Alexa568 hydrazide (red), and

Alexa647 hydrazide (green).

which, after oxidation and R-elimination,
allows intramolecular or intermolecular thiol
conjugation reactions (P. G. Schultz, unpub-
lished results).

These
been used to selectively modify proteins
with a number of fluorophores (85, 93)

orthogonal  chemistries have

(Figure 6a), tags, and other exogenous
reagents (23, 85, 93). In one example, a
mutant human growth hormone was site-
specifically modified in high yield with
polyethylene glycol (PEG) to afford a protein
that retained wild-type activity but had a
considerably improved half-life in serum
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Site-specific incorporation of a photocrosslinker into proteins for mapping protein-protein interactions
in vivo. (#) The chemical structure of p-benzoyl-L-phenylalanine (pBpa). (b)) Residue Phe-52 or Tyr-198
in Schistosoma japonica glutathione S-transferase (SjGST) was substituted by pBpa. Monomers of the
dimer are shown in blue and red. The side chain of Phe-52 is shown in orange for each monomer (/ef?).
The side chain of residue Tyr-198 is shown in orange (right). (c) The covalent dimerization of SjGST

(Phe52pBpa) in vivo upon irradiation at 365 nm.

(H. Cho & T. Daniel, unpublished results).
This work is being extended to other thera-
peutic proteins, as well as the generation of
homo- and heterodimeric PEG-linked Fab
fragments, and may allow the synthesis of
chemically modified proteins and peptides
with unprecedented control over selectivity,
homogeneity, and chemical structure. In
a second example a series of fluorescent
dyes were selectively introduced at one site
of a m-acetylphenylalanine mutant of the
membrane protein lamB in live bacteria
(Figure 6b). In a third example of gener-
ating homogeneous glycoprotein mimetics,
amino-oxy-containing sugars were selectively
introduced at defined sites in proteins that
were subsequently elaborated by adding
additional saccharides to the pendant sugar
with glycosyltransferases (58).

Two wunnatural amino acids, p-azido-
phenylalanine 7 and p-benzoylphenylalanine
9, have side chains that can be pho-
tocrosslinked both in vitro and in vivo (15—
17). Benzophenone is a particularly useful

Wang o Xie o Schultz

photocrosslinker because it absorbs at rel-
atively long wavelengths (~360 nm), and
the excited state inserts efficiently into
carbon-hydrogen bonds (33). Indeed, a mu-
tant homodimeric glutathione S-transferase
with p-benzoylphenylalanine substituted site-
specifically at the dimer interface could be
cross-linked in greater than 50% yield in the
cytoplasm of E. coli (Figure 7). More re-
cently, Yokoyama and coworkers showed that
p-benzoylphenylalanine can be selectively
incorporated into human Grb2 protein in
mammalian Chinese hamster ovary cells and
cross-linked with the epidermal growth fac-
tor receptor upon exposure of cells to 365-nm
light (39). These amino acids should be use-
ful for in vitro and in vivo probes of protein-
protein and protein—nucleic acid interactions,
studies of protein structure and dynamics,
and the identification of receptors for orphan
ligands.

Photocaged cysteine, serine, and tyro-
sine amino acids 10-12 have also been site-
specifically introduced into proteins using this
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methodology (86). The side chain hydroxy or
thiol groups of these amino acids are blocked
by nitrobenzyl groups, which can be pho-
tochemically removed either in vivo or in
vitro upon irradiation with 330 nm light. In
one example the active-site cysteine of the
proapoptotic cysteine protease caspase 3 was
substituted with nitrobenzyl cysteine to af-
ford inactive protein, which could be pho-
toactivated with greater than 70% efficiency
upon photolysis. In a related experiment
the photochromic amino acid, p-azophenyl-
phenylalanine 13, was site-specifically intro-
duced into the cAMP binding site of the E. coli
transcription factor catabolite activator pro-
tein (CAP) (10). Irradiation of this amino acid

at 334-nm light converts the t7ans form of the
amino acid to predominantly the ¢is form. Be-
cause the two isomers differ significantly in
structure and dipole, the cis and #rans 13 mu-
tants have different affinities for cAMP, and as
a result, the affinity of this mutant CAP for its
promoter can be photoregulated (Figure 8).
Similarly, it should be possible to photomodu-
late the activity of other enzymes (e.g., kinase,
phosphatases) as well as receptors, ion chan-
nels, and transcription factors either in vitro
or in vivo.

This methodology has also been used
to incorporate glycosylated amino acids
into proteins in E. co/i to produce homo-
geneous glycoproteins (Figure 9). Protein
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UDP-[H?]-galactose was used as the glycosyl donor.

glycosylation is an essential posttranslational
modification in eukaryotic cells (28), but
existing methods for generating glycopro-
teins often impose restrictions on the size,
quantity, and/or purity of the glycoproteins
produced (20, 37, 70, 78). To provide a
general solution to this problem, mutant
synthetases were evolved that site-specifical-
ly incorporate [-N-acetylglucosamine-O-
serine (B-GlcNAc-Ser) 14 into proteins
in E. coli with high translational fidelity
92). An  O-GleNAc-Ser
globin generated by this method could
be elaborated further to form more com-

mutant myo-

plex saccharides with galactosyltransferases
(Figure 9¢). A similar approach was used
to selectively introduce «-GalNAc-Thr
15 into proteins (89), and it is currently
being extended to a number of other O-
and N-linked sugars. This methodology
should make it possible to genetically encode
other posttranslationally modified amino
acids including methylated and acetylated
lysine, and phosphorylated tyrosine, serine,
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and threonine. Indeed, p-carboxylmethyl-
L-phenylalanine 16 has recently been
successfully introduced into proteins in E. coli
as a stable mimetic of phosphotyrosine (P. G.
Schultz, unpublished results).

Unnatural amino acids that can serve as
probes of protein structure and function both
in vivo and in vitro have also been genetically
encoded in E. co/i and yeast. For example, fluo-
rescent amino acids with 7-hydroxycoumarin
17 and dansyl side chains 18 have been
selectively incorporated into proteins, pro-
viding small fluorescent probes for the di-
rect visualization of protein conformational
changes, localization, and intermolecular in-
teractions. These amino acids may offer an
advantage over GFP and its derivatives by
virtue of their smaller size and the fact that
they can be introduced throughout a protein
at any site. For example, the dansyl con-
taining amino acid 18 was used to spectro-
scopically monitor the unfolding of superox-
ide dismutase. A combination of fluorescent
amino acids and/or GFPs may also facilitate
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FRET measurements in vitro or in vivo.
Indeed, nitrophenylalanine 19 can be selec-
tively introduced into proteins and used to
quench tryptophan fluorescence. In another
example the heavy-atom-containing amino
acid p-iodo-L-phenylalanine 20 was geneti-
cally encoded in both E. coli and yeast and
used for single-wavelength anomalous disper-
sion phasing in protein crystallography (with
alaboratory CuK« X-ray source). This amino
acid caused little structural perturbation when
substituted for Phe in the core of T4 lysozyme
(88). In yet another example, *N-labeled O-
methyltyrosine 21 has been selectively incor-
porated into proteins as a site-selective NMR
probe (24). Finally, p-cyanophenylalanine 22
was recently successfully incorporated into
proteins (P. G. Schultz, unpublished results).
Because the nitrile group has a distinct vibra-
tional frequency, it should be a useful infrared
probe of local environment and protein dy-
namics.

Another novel amino acid that has been in-
corporated into proteins is dihydroxypheny-
lalanine (DHP) 23 (1). DHP can undergo
2-electron oxidation to the corresponding
quinone and can be used to both probe and
manipulate electron transfer processes in pro-
teins. Similarly, a second redox-active amino
acid, 3-amino-L-tyrosine 24, was selectively
incorporated into proteins in E. coli. This
amino acid can act as a radical trap owing to
the stability of its oxidized semiquinone form
or can serve as a unique handle for chemi-
cal modification of proteins (41). The redox-
active amino acid 5-HTTP 25 has also been
selectively incorporated into proteins in mam-
malian cells in response to an opal codon (91).
This amino acid undergoes electrochemical
oxidation to form an efficient protein cross-
linking agent. Unnatural amino acids may also
be used to perturb the electronic properties of
aprotein. For example, introduction of several
unnatural amino acids in place of Tyr-65 in
GFP led to changes in absorbance and fluores-
cence spectra and altered quantum yields (84).

In another series of experiments, a
bipyridyl amino acid 26 has been selectively

incorporated into proteins (P. G. Schultz, un-
published results). In this case we could not
evolve a synthetase specific for 26 directly,
but rather first evolved a synthetase specific
for the biphenyl analogue 27. Generation
of a second-generation library from the lat-
ter in conjunction with subsequent rounds
of positive and negative selections afforded a
synthetase specific for 26. This amino acid
can be used to (¢) introduce redox-active
or electrophilic metal ions into proteins, (/)
form fluorescent metal ion complexes, or (¢)
mediate the metal-ion-dependent dimeriza-
tion of proteins containing 26. Other rep-
resentative unnatural amino acids that have
been added to the genetic code of E. coli
or yeast include r-3-(2-naphthyl)alanine 28
(80), x-aminocaprylic acid 29 (86), and r-
homoglutamine 30 (4). The large number of
structurally diverse amino acids that have been
genetically encoded to date suggest that the
translational machinery is rather tolerant of
side chain structure. Thus, it should be possi-
ble to add additional building blocks to the
genetic code including spin labels, electron
transfer mediators, infrared and near-infrared
probes, «-hydroxy acids, and N-alkyl amino
acids.

STRUCTURAL STUDIES OF
MUTANT SYNTHETASES

We have been surprisingly successful in iden-
tifying mutant aminoacyl-tRINA synthetases
with altered specificities (79, 83, 87). Crystal-
lographic studies of these mutant synthetases
provide an opportunity to examine the ori-
gins and evolution of amino acid specificity
in this important class of enzymes. For ex-
ample, in the case of an Mj TyrRS mutant
specific for pAcPhe (Figure 10a), there are
significant changes in the active site that lead
to altered hydrogen bonding and packing in-
teractions that favor binding of the unnatural
amino acid relative to tyrosine (77). Active-
site D158G and Y32L mutations remove two
hydrogen bonds to the tyrosine side chain hy-
droxyl group, which would be expected to
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Figure 10

Structure of wild-type and mutant Mj TyrRSs bound to cognate amino acids. (#) pAcPhe synthetase
bound to p-acetylphenylalanine (pAcPhe). (b) pBrPhe synthetase bound to p-bromophenylalanine.

(c) Wild-type Mj TyrRS bound to tyrosine. 1: residue 158; 2: residue 159; 3: residue 162; 4: residue 32;
5: residue 107; 6: residues 160 and 161.
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dramatically reduce binding of the natural
substrate to the enzyme. The D158G muta-
tion also deepens the binding pocket to ac-
commodate the para substituent of pAcPhe,
while Y32L forms a suitable hydrophobic
packing surface for the acetyl methyl group.
In addition, the side chain carbonyl oxygen
of pAcPhe forms a hydrogen bond to Gln-
109. In the wild-type Mj TyrRS structure (49,
90), the side chain of Asp-158 disrupts this
hydrogen bond vector; in the pAcPhe-specific
synthetase the D158G mutation removes this
intervening side chain. The D158G mutation
also alters the backbone structure of helix «8.
The glycine residue truncates the C termi-
nus of helix «8 by four residues, resulting in a
new C-terminal cap. Several intrahelical main
chain hydrogen bonds are broken by prema-
ture termination of helix «8; however, a short
310-helix formed in the new structure is sta-
bilized by side chain/main chain and main
chain/main chain hydrogen bonds. This al-
tered helix a8 conformation facilitates recon-
figuration of active side chains to selectively
bind pAcPhe.

Similar side chain and backbone con-
formational changes were observed in the
structure of a mutant Mj TyrRS specific
for pBrPhe (which has the mutations Y32L,
E107S, D158P, 1159L, and L162E) (P. G.
Schultz, unpublished results) (Figure 105).
The D158P and Y32L mutations remove two
hydrogen bonds to the hydroxyl oxygen of
tyrosine. The Y32L mutation also increases
the size of the active-site cavity and results in
van der Waals interactions between the alkyl
side chain and the bromine atom of the bound
pBrPhe. The D158P mutation also terminates
helix &8 and, as a result, induces formation of
a subsequent short 31¢-helix by residues 157—
161, which again is stabilized by side chain
and main chain hydrogen bonds. As a re-
sult of the D158P mutation and the result-
ing 3;o-helix, significant translational and ro-
tational movements of several active residues
expand the active-site cavity [compared with
the wild-type structure (49, 90)] to form new
van der Waals interactions with the pBrPhe

side chain. Preliminary results in the case of
an Mj TyrRS mutant specific for naphthylala-
nine show that similar backbone conforma-
tional changes again reconfigure the active site
to bind the unnatural amino acid.

In both of these mutant enzymes, a handful
of random mutations alter the substrate speci-
ficity of the Mj TyrRS by changing the pattern
ofhydrogen bonding and packing interactions
with bound substrate. These mutations lead to
changes in both side chain and backbone con-
formations, indicating a high degree of struc-
tural plasticity in the active site of the enzyme.
The structural differences between these mu-
tant and wild-type TyrRS are more pro-
nounced than those found in previously de-
scribed mutant aminoacyl-tRNA synthetases
that recognize unnatural or unusual amino
acids (12, 50, 51). Indeed, mutations that al-
ter enzyme specificity generally have little
effect on backbone configuration. The struc-
tural changes observed in these mutant syn-
thetases are likely due to the sites of mutation
and the method used to generate the libraries.
Structural changes in the solvent-exposed «8
helix minimize the number of required com-
pensatory structural changes on the exposed
face, as bulk water can easily reorganize to
solvate the exposed residues. In addition, the
use of a focused library of mutated residues
in close proximity to each other increases the
likelihood of selecting compensatory muta-
tions. In contrast, mutations that arise from
DNA shuffling are recombined from inde-
pendent selection experiments, and the re-
sulting set of mutations may not be cooper-
ative. Random-point mutations also have a
low probability of being cooperative owing to
the limited size of sequence space that can be
explored.

CONCLUSIONS AND
PERSPECTIVES

The approach described above has proven re-
markably effective in allowing us to add a
large number of structurally diverse amino
acids to the genetic codes of both prokaryotic
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and eukaryotic organisms. Coincidently, it has
recently been shown that nature has evolved
a similar strategy using an orthogonal am-
ber suppressor tRINA/synthetase pair derived
from lysine to genetically encode the unnat-
ural amino acid pyrrolysine in Methanosarcina
barkeri (72). Future work in this field will likely
focus on expanding the nature and number
of amino acids that can be genetically en-
coded in both prokaryotic and eukaryotic or-
ganisms, including multicellular organisms.
Additional orthogonal pairs that suppress
three- and four-base codons are also being
developed. It may even be possible to delete
rare redundant codons from the E. co/i genome
and use them instead to encode unnatural
amino acids. Considerable improvements in
the yields of mutant proteins have been re-
alized in E. coli and yeast, but further modi-
fications to the structures of the tRNAs and
synthetases, optimization of expression levels,
and genomic mutations to the host organism
(e.g., ribosome, transporters) are likely to fur-
ther increase yields, especially in mammalian
systems.

The ability to genetically encode unnatural
amino acids should provide powerful probes,

SUMMARY POINTS

both in vitro and in vivo, of protein structure
and function. It may also allow the design or
evolution of proteins with novel properties.
Examples might include the rational design of
glycosylated or PEGylated therapeutic pro-
teins with improved pharmacological proper-
ties, fluorescent proteins that act as sensors
of small molecules and protein-protein inter-
actions in the cell, or proteins whose activity
can be photoregulated in vivo. One may be
able to select for peptides and proteins with
enhanced function from libraries of unnatural
amino acid mutants. For example, we recently
showed that it is possible to incorporate un-
natural amino acids into phage-displayed pep-
tides (75); a peptide with enhanced affinity for
streptavidin was isolated that contained an un-
natural amino acid. It should also be possible
to incorporate nonamino acid building blocks
into proteins or perhaps even create biopoly-
mers with entirely unnatural backbones. Fi-
nally, the ability to add novel amino acids
to the genetic codes of organisms should al-
low us to test experimentally whether there is
an evolutionary advantage for organisms with
more than the 20 genetically encoded amino
acids.

1.

A general method was developed that makes it possible to genetically encode unnatural
amino acids in E. co/7, yeast, and mammalian cells.

. More than 30 unnatural amino acids have been cotranslationally incorporated into

proteins with high fidelity and efficiency by means of unique nonsense (triplet) or
frameshift (quadruplet) codons and the corresponding tRNA/aminoacyl-tRINA syn-
thetase pairs.

. Unnatural amino acids that have been genetically encoded include those containing

spectroscopic probes, posttranslational modifications, metal chelators, photoaffinity
labels, functional groups with unique reactivity, and other chemical moieties.

. Orthogonal tRNA/aminoacyl-tRNA synthetase pairs were derived from heterologous

pairs with distinct tRNA identity elements.

. The amino acid substrate specificity of the orthogonal aminoacyl-tRINA synthetase

was altered by alternating positive and negative genetic selections using a large library
of active-site mutants of the synthetase.
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6. The ability to incorporate amino acids with defined steric and electronic properties
at unique sites into proteins will provide powerful new tools for exploring protein
structure and function both in vitro and in vivo, and for generating proteins with
novel properties.
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