
Adding amino acids to the genetic repertoire
Jianming Xie and Peter G Schultz
Considerable progress has been made in expanding the

number and nature of genetically encoded amino acids in

Escherichia coli, yeast and mammalian cells in the past four

years. To date, over 30 unnatural amino acids have been

cotranslationally incorporated into proteins with high fidelity

and efficiency by means of a unique codon and corresponding

orthogonal tRNA–aminoacyl-tRNA synthetase pair. The

incorporated amino acids contain spectroscopic probes, post-

translational modifications, metal chelators, photoaffinity labels

and unique functional groups. The ability to genetically encode

additional amino acids, beyond the common 20, provides a

powerful approach for probing protein structure and function

both in vitro and in vivo, as well as generating proteins with new

or enhanced properties.
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Introduction
The ability to genetically encode unnatural amino acids

with defined physical, chemical or biological properties

provides a powerful new method to investigate and

manipulate protein structure and function. In 2001, our

group first reported the selective cotranslational incor-

poration of an unnatural amino acid, O-methyl-L-tyrosine,

into proteins in Escherichia coli in response to an amber

nonsense codon [1��]. Further development of this meth-

odology during the past several years has made it possible

to systematically incorporate a large number of structu-

rally diverse unnatural amino acids into proteins in E. coli
[1��], yeast [2��] andmammalian cells. To date, more than

30 unnatural amino acids have been incorporated into

proteins in response to unique triplet or quadruplet

codons with high fidelity and in yields of up to 1 g/l

[3�,4]. In this article, we review recent advances in this

novel methodology.
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Methodology
To cotranslationally incorporate unnatural amino acids

into proteins at specified sites, new components of the

protein biosynthetic machinery are required. These

include a codon that uniquely designates the unnatural

amino acid, and an orthogonal tRNA–aminoacyl-tRNA

synthetase pair that can specifically incorporate the unna-

tural amino acid into proteins in response to the cognate

codon. The amber stop codon TAG is the least used

among the three stop codons in E. coli and yeast, rarely

terminates essential genes, and is efficiently translated by

amber suppressor tRNAs in vivo and in vitro. Therefore,

the use of TAG to encode novel amino acids is not

expected to significantly perturb the growth of a host

organism (which indeed is the case). One can also use the

opal stop codon TGA, rare codons such as AGG, and

codons made up of four nucleotides to encode new amino

acids. Recently, a combination of amber and frameshift

codons (TAG and AGGA, respectively) were used to

simultaneously incorporate two different unnatural amino

acids at distinct sites in the same protein with high fidelity

[5�].

The first orthogonal tRNA–synthetase pair in E. coli
was derived from a tyrosyl-tRNA synthetase (TyrRS)–

tRNATyr pair from the archaea Methanococcus jannaschii
(Mj). Archaeal tRNAs have distinct aminoacyl-tRNA

synthetase recognition elements relative to their E. coli
counterparts, and therefore do not cross-react with the

endogenous synthetases of the latter. The Mj TyrRS

also has a minimalist anticodon loop binding domain [6]

which makes it possible to alter the anti-codon loop of

its cognate tRNA to CUA (to suppress UAG) with little

loss in affinity by the synthetase. In addition, it lacks an

editing mechanism that could deacylate an unnatural

amino acid. Finally, this pair can be expressed in high

levels in functional form in E. coli. Indeed, an ortho-

gonal tRNA–synthetase pair evolved from the Mj tyr-

osyl pair has been used to incorporate more than 20 new

amino acids into protein in E. coli. Recently, several
additional orthogonal E. coli pairs were generated

from archaea using a consensus-based strategy. These

pairs include a tRNALys–LysRS pair from the archaea

Pyrococcus horikoshii [5], a tRNAGlu–GluRS pair from

Methanosarcina mazei [7], and a heterologous pair con-

sisting of a leucyl-tRNA synthetase from Methanobacter-
ium thermoautotrophicum and a mutant leucyl tRNA

derived from Halobacterium sp [8]. These and other

new orthogonal pairs in E. coli will probably increase

the structural diversity and number of unnatural amino

acids that can be incorporated into proteins by this

method.
www.sciencedirect.com
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The first orthogonal pair for use in yeast was generated

from an E. coli TyrRS–tRNATyr pair. This pair has been

evolved to incorporate 10 unnatural amino acids into

proteins in response to the amber codon [2,9]. Another

orthogonal pair derived from an E. coli tRNALeu–LeuRS

pair was recently used to incorporate fluorescent and

photocaged amino acids into proteins in yeast [10]. RajB-

handary and co-workers have reported that human initia-

tor tRNA and E. coli glutaminyl-tRNA synthetase

(GlnRS) is also an orthogonal pair in yeast [11].

To alter the specificity of the orthogonal synthetase to

acylate the cognate tRNA with the unnatural amino acid,

and not any endogenous amino acids, a directed evolution

approach was developed in which large libraries of

synthetase variants were passed through a series of strin-

gent positive and negative selections. For the tyrosyl

system in E. coli [1��], the library was initially generated

by randomizing five residues in the amino acid binding

site of the TyrRS (Figure 1a). To identify synthetase

variants specific for unnatural amino acids, the libraries

were first transferred into cells containing chlorampheni-

col acetyl transferase (CmR) with an amber mutation at a

permissive site, and grown in media containing chloram-

phenicol and the unnatural amino acid. Survivors con-

tained synthetase variants that incorporate either the

unnatural or an endogenous amino acid in response to

the amber codon. Selected synthetase clones were then

transferred into cells containing a toxic barnase gene with

amber mutations at permissive sites, and grown in the

absence of unnatural amino acid. All clones that charged

endogenous amino acids produced full-length barnase

protein and died [1��]. Repeated rounds of positive and

negative selections resulted in the isolation of mutant

synthetases that can specifically incorporate the unnatural

amino acid in response to the amber codon (Figure 1b). In

a simplified genetic selection system, an amber-T7/

GFPuv was used as an additional reporter in the positive

selection [12]. Suppression of amber codons introduced at

permissive sites in the T7 RNA polymerase gene pro-

duces full-length T7 RNAP, which drives the expression

of GFPuv.

A similar double-sieve selection strategy (Figure 1c) was

developed for yeast [2��,13]. Two amber codons were

introduced at permissive sites in the gene encoding the

transcriptional activator GAL4. The reporter genes HIS3,

URA3 and lacZ, under the control of a GAL4 promoter,

were inserted into the chromosome of yeast MaV203.

Suppression of amber codons in the GAL4 gene leads to

the expression of full-length GAL4, which in turn acti-

vates the transcription of the reporter genes. Positive

selection of an active-site library ofE. coliTyrRS mutants

(an orthogonal synthetase in yeast) was carried out in the

presence of the unnatural amino acid and absence of

histidine or uracil. Survivors encoded mutant TyrRSs

that incorporate either the unnatural amino acid or an
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endogenous amino acid into the GAL4 protein. For the

negative selection, survivors were plated on media lack-

ing the unnatural amino acid but containing the protoxin

5-fluoroorotic acid (5-FOA). Those cells containing

mutant synthetases that recognize an endogenous amino

acid died as a result of the expression of the URA3 gene

product, which converts 5-FOA to a toxin.

Recently, this methodology has been extended to mam-

malian cells. Yokoyama and co-workers showed that an E.
coli TyrRS mutant and the Bascillus stearothermophilus
amber suppressor tRNATyr can be used together to incor-

porate 3-iodotyrosine [14�] and p-benzoyl-L-phenylalanine
[15] into proteins in response to the TAG codon in mam-

malian CHO cells. Similarly, we have used E. coli TyrRS

mutants evolved in yeast (to accept p-azidophenylalanine,
p-benzoyl-L-phenylalanine, p-iodophenylalanine, p-acet-
ylphenylalanine and p-methoxyphenylalanine) together

with the B. stearothermophilus amber suppressor tRNATyr

to insert the unnatural amino acids in response to an amber

codon in the gene encoding firefly luciferase inmammalian

293T cells (PG Schultz, unpublished data). Another ortho-

gonal mammalian tRNA–synthetase pair has been devel-

oped from the Bacillus subtilis tryptophanyl tRNA–

synthetase pair. A rationally designed point mutant of this

synthetase has been used to incorporate 5-hydroxytrypto-

phan into proteins inmammalian 293T cells in response to

the opal TGA codon [16�].

A final consideration is that the unnatural amino acid to be

incorporated should be either passively or actively trans-

ported into the host organism, or biosynthesized in vivo,
and be stable inside the cell. LC-MS-based assays [17�]
have shown that most unnatural amino acids, with the

exception of highly charged amino acids (e.g., p-phospho-
nomethylphenylalanine), are transported into E. coli and
yeast cytoplasm, consistent with the relatively broad sub-

strate specificity of the amine and amino acid transporters.

Some amino acids such asa-hydroxy acids aremetabolized

before incorporation and therefore require deletion of the

corresponding enzymes if they are to be biosynthetically

incorporated. In one case, an E. coli strain was engineered

to both biosynthesize and cotranslationally incorporate the

unnatural amino acid p-amino-L-phenylalanine in response

to an amber codon into proteins [17�].

When the above system is used to express proteins

containing unnatural amino acids in E. coli, typically 5–

20 mg/l of each protein can be purified from minimal

media. In general, suppression efficiencies range from

25% to 50% of wild type protein and translational fidelity

is > 99%. Recently, the system was optimized by using

stronger promoters to drive the transcription of tRNA and

mutant synthetase genes. By using the optimized systems

in rich media, up to 1 g/l of mutant protein has been

expressed in E. coli (H Cho et al., unpublished data) and

75 mg/l in yeast (Y Ryu et al., unpublished data).
Current Opinion in Chemical Biology 2005, 9:548–554



Figure 1

Current Opinion in Chemical Biology 2005, 9:548–554 www.sciencedirect.com



Adding amino acids to the genetic repertoire Xie and Schultz 551

Figure 2

Unnatural amino acids that have been added to the genetic codes of E. coli or yeast.
An expanded amino acid repertoire
More than 30 unnatural amino acids (Figure 2) have been

successfully incorporated in E. coli, yeast or mammalian

cells with the orthogonal tRNA–synthetase pairs and the

genetic selections described above. For example, unna-

tural amino acids with uniquely reactive functional groups

have been genetically encoded in E. coli and/or yeast
(Figure 1 Legend) Modification of the amino acid specificity of an orthogon

mutants was generated by randomizing five residues (in parentheses). Resid

homologous B. stearothermophilus TyrRS residues and tyrosyl adenylate in

adenylate complex. A similar library of E. coli TyrRS mutants (not shown) w

M. jannaschii TyrRS variants in E. coli. (c) Directed evolution of E. coli TyrR

aa, amino acid; 5-FOA, protoxin 5-fluoroorotic acid.
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[18–21] including: p-acetylphenylalanine (1),m-acetylphe-
nylalanine (2), p-(3-oxobutanoyl)-L-phenylalanine (3),
p-(2-amino-3-hydroxyethyl)phenylalanine (4), p-isopro-
pylthiocarbonyl-phenylalanine (5), p-ethylthiocarbonyl-
phenylalanine (6), p-propargyloxyphenylalanine (7) and

p-azidophenylalanine (8). These amino acids can be used

to selectivelymodify proteins undermild conditionswith a
al TyrRS in E. coli and in yeast. (a) A library of M. jannaschii TyrRS

ues were selected based on observed contacts between the

the crystal structure of the B. stearothermophilus TyrRS–tyrosyl

as generated for selection in yeast. (b) directed evolution of

S variants in yeast. Abbreviation: aaRS, aminoacyl-tRNA synthetase;

Current Opinion in Chemical Biology 2005, 9:548–554
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variety of reagents. For example, the keto- and b-diketo-

moieties can selectively react with both hydrazides and

hydroxylamine derivatives to form stable hydrazone and

oxime linkages, respectively [18,20]. This approach has

been used to modify proteins with fluorophores [18,20],

biotin [18,20], sugar analogues [22] and polyethylene gly-

cols (PEGs), etc. The azide containing amino acid 8 can be
selectivelymodifiedbycopper(I) catalyzed [3 + 2] cycload-

ditionswith an alkynederivative [21] (and vice versa), or by

a Staudinger ligation with appropriate water-soluble phos-

phine-containing reagents [23]. The thioester moiety in

amino acids 4 and 5 can react with amines to form stable

amide bonds.

Unnatural amino acids containing photoactive side chains

have also been selectively incorporated into proteins. For

example, two photo-crosslinking amino acids, p-azido-L-
phenylalanine (8) [2��,19] and p-benzoyl-L-phenylalanine
( pBPA) (9) [24–26], have been added to the genetic codes

of bothE. coli and yeast. AnE. coliTyrRSmutant evolved

to specifically incorporate pBPA in yeast has been used by

Yokoyama and co-workers to incorporate pBPA into

human Grb2 protein in CHO cells. The synthesized

Grb2 variant containing pBPA was cross-linked with

epidermal growth factor (EGF) receptor upon exposure

of cells to 365 nm light [15]. Amino acids with photocaged

side chains, O-(2-nitrobenzyl)tyrosine (10) and S-(2-nitro-
benzyl)cysteine (11) [10], have been genetically encoded

in E. coli and yeast, respectively. In model studies, these

amino acids were used to generate light-activated b-

galactosidase and caspase 3 mutants. A photoisomerizable

amino acid, p-azophenyl-phenylalanine (azoPhe) (12), has
been genetically encoded in E. coli. Introduction of this

amino acid at specific sites in the cAMP-binding domain

of an E. coli transcriptional activator CAP (catabolite

activator protein) made it possible to photochemically

regulate the accessibility of the functional domain of CAP

to cAMP, affording a light-controlled genetic switch [27].

Useful probes of protein structure and function have also

been selectively incorporated into proteins using this

methodology. For example, fluorescent amino acids with

7-hydroxycoumarin (13) and dansyl side chains (14) have
been selectively incorporated into proteins in E. coli and
in yeast (PG Schultz, unpublished data), providing small

fluorescent probes for direct visualization of protein con-

formational changes, localization and intermolecular

interactions. The heavy-atom containing amino acid p-
iodo-L-phenylalanine (15) has been genetically encoded

both in E. coli and in yeast, and can be used for SAD

phasing in structure determination [28�]. In addition, 15N-

labeled O-methyltyrosine (17) has been selectively incor-

porated into proteins as an NMR probe [29].

Unnatural amino acids corresponding to post-translational

modifications have also been cotranslationally incorpo-

rated into proteins. For example, the selective incorpora-
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tion of b-GlcNAc-serine (18) and a-GalNAc-threonine

(19) into proteins provides a method for synthesizing

homogenous glycoproteins [30,31�]. p-Carboxymethyl-

phenylalanine (20) has also been incorporated into pro-

teins as a phosphotyrosine mimic. The hydroxylated

amino acid 3,4-dihydroxy-L-phenylalanine (DHP) (21)
has been site-specifically incorporated into proteins in

E. coli [32]; because this amino acid can be electroche-

mically oxidized to the semi-quinone radical or quinone

state within the protein it may facilitate study of electron

transfer in proteins, as well as the engineering of redox

proteins with novel properties. More recently, another

redox-active amino acid, 3-amino-L-tyrosine (22), was

incorporated into proteins in E. coli. This amino acid

can act as a radical trap due to the stability of its oxidized

semiquinone form, or can serve as a unique handle for

chemical modification of proteins [33].

Unnatural amino acids with aromatic hydrophobic side

chains, including biphenylalanine (23) and L-3-(2-

naphthyl)alanine (24) [34], have been added to the

genetic code ofE. coli. They may be useful in modulating

hydrophobic packing interactions in proteins or between

proteins. Other representative unnatural amino acids that

have been added to the genetic code of E. coli or yeast
include p-amino-L-phenylalanine (25) [17�], p-isopropyl-
L-phenylalanine (26) [12], a-aminocaprylic acid (27) [10],
L-homoglutamine (28) [5�], and p-nitro-L-phenylalanine
(29). Finally, the bipyridyl-containing amino acid (30) has
been added to the genetic code of E. coli (PG Schultz,

unpublished data). This amino acid chelates transition

metal ions (e.g., Zn2+, Cu2+, Fe2+ and Ru2+), and may

facilitate the generation of metalloproteins with novel

properties (e.g., metal-dependent protein dimerization,

metalloproteases, or in vivo imaging agents). Clearly, a

large number of structurally diverse building blocks have

been added to the genetic code using this approach.

The structures of the complexes between several mutant

M. jannaschii TyrRSs and their cognate unnatural amino

acids (e.g., naphthylalanine, p-iodophenylalanine and p-
acetylphenylalanine specific) have been determined by

X-ray crystallography. Surprisingly, some of the mutant

synthetases have significant conformational changes in

both the side chains and peptide backbone compared

with the wild type enzyme [35]. These conformational

changes lead to altered packing and hydrogen bonding

interactions that favor binding of the unnatural amino

acid, and at the same time disfavor binding of tyrosine.

The large degree of structural plasticity in the active site

of this enzyme may account for the relative ease with

which novel amino acids can be genetically encoded.

Most recently, we have also used this methodology in

conjunction with phage display as a general approach to

generate polypeptide libraries containing unnatural

amino acids [36�]. This should significantly increase
www.sciencedirect.com
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the scope of phage display technology. Other display

formats such as ribosome and yeast display may also be

extended by unnatural amino acid incorporation.

Concluding remarks
Given the structural diversity and number of unnatural

amino acids that have been selectively incorporated into

proteins to date, it is likely that a large number of

additional amino acids can be genetically encoded, such

as spin labels and IR probes, phosphorylated, prenylated,

acetylated and methylated amino acids, conformationally

restricted amino acids, and even a-hydroxyl or N-methyl

amino acids. By using quadruplet codons or systemati-

cally reassigning degenerate triplet codons, it should be

possible to further expand the code. Moreover, we are

attempting to generalize this methodology to multicel-

lular organisms. This methodology should provide a

powerful new approach toward the study of proteins (both

in vivo and in vitro) in which amino acids with novel

physical, chemical, or biological properties can be tailored

to address a specific structural/functional question at

hand. And finally, the ability to add new building blocks

to the genetic code may allow the rational design or

evolution of proteins with new or enhanced properties.
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