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There is a considerable need for chemical reactions that modify
proteins under physiological conditions in a highly selective
fashion.1 Most reactions currently used for the selective modification
of proteins involve covalent bond formation between nucleophilic
and electrophilic reaction partners: e.g., the reaction ofR-halo
ketones with histidine or cysteine side chains. Selectivity in these
cases is determined by the number and accessibility of the
nucleophilic residues in the protein. In the case of synthetic or
semisynthetic proteins, other more selective reactions can be used,
such as the reaction of an unnatural keto amino acid with hydrazides
or aminooxy compounds.2 Recently, we demonstrated that ketone-
containing amino acids can be genetically encoded in bacteria and
yeast using orthogonal tRNA-synthetase pairs with altered amino
acid specificities.3,4 This methodology has made possible the
selective labeling of virtually any protein with a host of reagents,
including fluorophores, cross-linking agents, and cytotoxic mol-
ecules.

We now report a second highly efficient method for the selective
modification of proteins which involves the genetic incorporation
of azide- or acetylene-containing unnatural amino acids into proteins
in response to the amber nonsense codon, TAG. These amino acid
side chains can then be modified by a Huisgen [3+ 2] cycloaddition
reaction5 with acetylene or azide derivatives, respectively. Because
this method involves a cycloaddition rather than a nucleophilic
substitution, proteins can be modified with extremely high selectiv-
ity.6 This reaction can be carried out at room temperature under
aqueous conditions with excellent regioselectivity (1,4> 1,5) by
the addition of catalytic amounts of Cu(I) salts to the reaction
mixture.7 Indeed, Finn and co-workers have shown that this azide-
alkyne [3+ 2] cycloaddition can be conducted on the surface of
an intact cowpea mosaic virus.8,9 To selectively introduce either
the acetylene or azide functional group into eukaryotic proteins at
unique sites, we have evolved orthogonal TyrRS/tRNACUA pairs
in yeast that genetically encode the acetylene and azido amino acids
1 and2, respectively.

Previously we demonstrated that anE. coli tyrosyl tRNA-tRNA
synthetase pair is orthogonal in yeast; i.e., neither the tRNA nor
the synthetase cross-react with the endogenous yeast tRNA or
synthetases.10 This orthogonal tRNA-synthetase pair has been used
to selectively and efficiently incorporate a number of unnatural
amino acids in yeast in response to the TAG codon.4c To alter the
amino acid specificity of theE. coli tyrosyl-tRNA synthetase to
accept amino acid1 or 2, a libary of∼107 mutants was generated
by randomizing the codons for Tyr37, Asn126, Asp182, Phe183, and

Leu186. These five residues were chosen on the basis of a crystal
structure of the homologous synthetase fromB. stearothermophilus.
To obtain a synthetase for which the particular amino acid serves
as a substrate, a selection scheme was used in which the codons
for Thr44 and Arg110 of the gene for the transcriptional activator
GAL4 were converted to amber nonsense codons (TAG).10 Sup-
pression of these amber codons in the MaV203:pGADGAL4-
(2TAG) yeast strain leads to production of full-length GAL4,11

which in turn drives expression of theHIS3 and URA3 reporter
genes. The latter gene products complement histidine and uracil
auxotrophy, allowing clones harboring active synthetase mutants
to be selected in the presence of1 or 2. Synthetases that load
endogenous amino acids are removed by growth on medium lacking
1 or 2 but containing 5-fluoroorotic acid, which is converted into
a toxic product by URA3. By passing the library through three
rounds of selection (positive, negative, positive), we identified
synthetases selective for1 (pPR-EcRS1-5) and for2 (pAZ-EcRS1-
6), as shown in Table 1 (see the Supporting Information).

All synthetases show a strong sequence similarity, including a
conserved Asn126, suggesting an important functional role for this
residue. Surprisingly, the synthetases pPR-EcRS-2 and pAZ-EcRS-
6, evolved to bind1 and 2, respectively, converged to the same
sequence (Tyr37 f Thr37, Asn126 f Asn126, Asp182 f Ser182, and
Phe183 f Ala183, Leu186 f Leu186). Both hydrogen bonds between
the phenolic hydroxy group of bound tyrosine and Tyr37 and Asp182

are disrupted by mutations to Thr and Ser, respectively. Phe183 is
converted to Ala, possibly providing more space to accommodate
the unnatural amino acid. To confirm the ability of this synthetase
(and the other synthetases) to accept either amino acid as a substrate,
selection strains harboring the synthetase plasmids were grown on
media lacking uracil (the same results were obtained for media
lacking histidine) but supplemented with either1 or 2. Growth
results revealed that four of the five alkyne synthetases were able
to load both unnatural amino acids onto its tRNA. The azido
synthetases seem to be more selective, since only pAZ-EcRS-6
(which is identical with pPR-EcRS-2) was able to amino acylate
its tRNA with both1 and2. The fact that no growth was detected
in the absence of1 or 2 suggests that the synthetases do not accept
any of the 20 common amino acids as a substrate (see the
Supporting Information).

For all further experiments pPR-EcRS-2 (pAZ-EcRS-6) was used,
allowing one to control which unnatural amino acid is incorporated
simply by adding either1 or 2 to media containing the expression
strain. For protein production the codon for the permissive residue
Trp33 of human superoxide dismutase-1 (SOD) fused to a C-terminal
6×His tag was mutated to TAG. Protein was expressed in the
presence or absence of 1 mM1 or 2 and purified by Ni-NTA
chromatography. Analysis by SDS-PAGE and Western blot revealed
unnatural amino acid dependent protein expression with a fidelity
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of >99%, as judged by densitometry comparisons to protein
expression in the absence of1 or 2 (Figure 1). To further confirm
the identity of the amino acid incorporated, a tryptic digest was
subjected to liquid chromatography and tandem mass spectrometry.
The precursor ions corresponding to the singly and doubly charged
precursor ions of the peptide VY*GSIK containing the unnatural
amino acid (denoted Y*) were separated and fragmented with an
ion trap mass spectrometer. The fragment ion masses could be
unambiguously assigned, confirming the site-specific incorporation
of each unnatural amino acid. LC MS/MS did not indicate
incorporation of any natural amino acid at this position. The signal-
to-noise ratios of the peptide for all mutants were>1000, suggesting
fidelity of incorporation better than 99.8% (see the Supporting
Information).

To demonstrate that small organic molecules can be conjugated
to proteins by an azide-alkyne [3+ 2] cycloaddition reaction, the
dyes3-6, which contain either an acetylenic or an azido group
and bear a dansyl or fluoresceine fluorophore, were synthesized
(see the Supporting Information). The cycloaddition itself was
carried out with 0.01 mM protein in phosphate buffer, pH 8, in the
presence of 2 mM3-6, 1 mM CuSO4, and∼1 mg Cu wire for 4
h at 37°C (see Figure 2 and the Supporting Information). After
dialysis the labeled proteins were analyzed by SDS-PAGE and
in-gel imaged using a densitometer in the case of the dansyl dyes

3 and4 (λex ) 337 nm,λem ) 506 nm) or a phosphorimager in the
case of the fluoresceine dyes5 and6 (λex ) 483 nm,λem ) 516
nm).12 The labeled proteins were characterized by LC MS/MS
analysis of tryptic digests showing site-specific attachment of the
fluorophores (data not shown), and the conversion was 75% on
average.13 The selectivity of this bioconjugation was verified by
the fact that there was no observable reaction between3 and alkyne
protein or between4 and azido protein (data not shown).

In conclusion, we have demonstrated a site-specific, fast, reliable,
and irreversible method of bioconjugation to proteins based on a
[3 + 2] cycloaddition. We are currently investigating the possibility
of carrying out the cycloaddition in vivo as well as using this
approach to selectively modify proteins with a variety of other
moieties, including poly(ethylene glycol) and cross-linking agents.
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Figure 1. SOD expression in the presence or absence of1 and 2: (a)
Gelcode Blue stain; (b) Western blot with anti-SOD antibody; (c) Western
blot with anti-6×His antibody.

Figure 2. Protein labeling by [3+ 2] cycloaddition: (a) synthesized dye
labels 3-6; (b) reaction between SOD and dye; (c) in-gel fluorescence
scanning and Gelcode Blue staining.
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