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Studies of biological macromolecules by NMR spectroscopy
become increasingly difficult as the molecular weight of the
molecule of interest increases, due to signal overlap and signal
reduction resulting from faster transverse relaxation. Partial
and uniform 2H-, 13C-, and 15N-labeling of proteins combined
with heteronuclear, multidimensional NMR experiments[1] can
overcome these problems to some extent and has allowed the
structure elucidation of proteins with molecular weights of
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30 kDa.[1, 2] The development of transverse relaxation optimized
spectroscopy (TROSY)[3] has extended the limit of solution NMR
studies to systems as large as 900 kDa.[4, 5] Ultimately the reso-
nances in large proteins become impossible to resolve even at
the highest-available magnetic fields. In many cases, including
solution studies of protein–ligand interactions, protein confor-
mational changes, and enzyme catalysis, it would be sufficient
to only assign residues of an active site or a ligand-binding site
by using, for example, the SEA-TROSY experiment.[6] The ability
to introduce one or several site-specific NMR labels at defined
locations in a protein would greatly simplify the assignment
problem.

To obtain sufficient quantities for NMR measurements, most
isotopically labeled proteins are recombinantly expressed in
E. coli by using minimal media in combination with 13C glu-
cose, 15N ammonium salts, and deuterium oxide. Strategies for
the more selective incorporation of isotopes include feeding
experiments with labeled amino acids in defined media,[1b]

often by utilizing auxotrophic bacterial expression strains, “re-
verse isotope” labeling,[7] segmental labeling by trans-splic-
ing,[8] total and semisynthesis by chemical ligation,[9] and cell-
free expression systems with chemically aminoacylated sup-
pressor tRNAs.[10] Although site-specific incorporation of isoto-
pic labels into a protein has been demonstrated by the last
method,[10b] the production of milligram quantities sufficient
for NMR measurements can be difficult. Here, we present a so-
lution to this problem based on unnatural amino acid muta-
genesis[11] that allows for the site-specific incorporation of iso-
topically-labeled amino acids in vivo.

Previously, we demonstrated that a Methanococcus janna-
schii tyrosyl tRNA/tRNA-synthetase pair (MjTyrRS/tRNACUA) is or-
thogonal in E. coli, that is, neither the tRNA nor the synthetase
cross reacts with endogenous E. coli tRNAs or synthetases. The
specificity of this and other orthogonal tRNA-synthetase pairs
has been evolved to allow the selective and efficient incorpo-
ration of a number of unnatural amino acids in response to
nonsense and frameshift codons, including keto, sugar, azido,
alkynyl, and photocrosslinking amino acids.[12] In order to selec-
tively introduce an isotopically labeled amino acid into a pro-
tein in E. coli by this method, the amino acid must be structur-
ally distinguishable from the common 20 amino acids by the
mutant aminoacyl tRNA synthetase. This difference cannot rely
on the isotope itself, since the wild-type synthetase for any
particular common amino acid would incorporate the corre-
sponding isotopically substituted amino acid throughout the
protein. However, a methoxy group is sufficient for the transla-
tional machinery of E. coli to differentiate it from phenylala-
nine, tyrosine, and other natural amino acids, yet it is small
enough to minimize structural perturbations within the protein
of interest. Therefore a methylated 15N-labeled tyrosine deriva-
tive 2 was initially used and synthesized from commercially
available material 1 in four steps and an overall yield of 76 %
(Scheme 1). The reaction sequence consists of a Boc-protection
of the amino group (Boc2O, Et3N, dioxane/H2O), simultaneous
methylation of the hydroxy and the carboxy group (MeI,
K2CO3, DMF), removal of the Boc group (HCl, MeOH), and a
subsequent saponification of the ester (NaOH, MeOH/H2O).

To incorporate 2 into proteins at unique sites, we employed
an orthogonal TyrRS/tRNACUA pair that genetically encodes p-
methoxylphenylalanine in E. coli. This tRNA-synthetase pair has
been used to incorporate p-methoxylphenylalanine into dihy-
drofolate reductase with high fidelity and efficiency.[13] Here,
we use this tRNACUA/TyrRS pair to selectively incorporate iso-
topically labeled 2 into sperm whale myoglobin, a monomeric
153-residue heme that has been the focus of a large number
of structural, mechanistic, and protein-folding studies.[14] Myo-
globin is therefore an attractive model system to test this ap-
proach. To produce site-specifically 15N-labeled myoglobin, the
fourth codon (Ser4) was mutated to the amber stop codon
TAG and a C-terminal 6 � His tag was added. In the presence of
the mutant MjTyrRS, tRNACUA, and 2 (1 mm in liquid minimal
media), full-length myoglobin was produced with a yield of
1 mg L�1 after purification by Ni-affinity chromatography, and
judged to be >90 % homogeneous by SDS-Page and Gelcode
Blue staining. In the absence of 2 no myoglobin was visible;
the fidelity for the incorporation of 2 is >99 % (Figure 1).

The purified protein was dialysed against 50 mm phosphate
buffer (pH 5.6) and concentrated to give 0.5 mL of a 55 mm

NMR sample (H2O/D2O 90 %:10 %).[10b] A similar sample was pre-
pared with unlabeled p-methoxyphenylalanine. Both samples
were used in 1H,15N HSQC experiments that were acquired
with 64 t1 increments and 512 scans per increment on a Bruker
Avance 600 at 300 K. The spectrum of the 15N-labeled protein
shows a single amide correlation peak at 8.86 ppm (1H chemi-
cal shift) for the amide proton and 120.6 ppm (15N chemical
shift) for the amide nitrogen resonance. The same region of a
1H,15N HSQC experiment acquired under identical conditions

Scheme 1. Synthesis of 15N-labeled p-methoxyphenylalanine (2).

Figure 1. Gelcode Blue-stained SDS-PAGE gel of purified 15N-MeOPhe-myo-
globin. Lane 1 contains protein expressed in minimal media in the presence of
1 mm 2 ; lane 2 contains a sample expressed in the absence of 2.
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for the unlabeled myoglobin sample shows no correlation
peak (Figure 2).

In summary, we have demonstrated that genetically encod-
ed isotopically labeled amino acids can be used to obtain
amounts of site-specifically labeled proteins sufficient for NMR
studies. Since our in vivo expression system uses defined mini-
mal media, it is expected that, in addition to incorporation of
the 15N label, fully or partially deuterated or 13C-labeled protein
samples of large proteins can be produced. One can also iso-
topically label additional positions in p-methoxyphenylalanine
or other unnatural amino acids. The production of site-specifi-
cally labeled proteins should also be possible in yeast.[15] Ulti-
mately, this methodology should facilitate detailed studies of
larger proteins, protein–ligand interactions, protein conforma-
tional changes, and mechanisms of enzyme catalysis. More-
over, this in vivo labeling technique may allow in-cell NMR ap-
plications by enabling the observation of a particular protein
in the context of other macromolecules.[16]

Experimental Section

To express protein, plasmid pBAD/JYAMB-4TAG containing the
mutant sperm whale myoglobin gene (constructed in our laborato-
ry) on an arabinose promoter and a rrnB terminator, tyrosyl
tRNACUA on a lpp promoter and a rrnC terminator, and a tetracy-
cline resistance marker were cotransformed with a pBK vector ex-
pressing the mutant synthethase and a kanamycin resistance gene
into DH10B E. coli. Cells were amplified in LB media (5 mL) supple-
mented with tetracycline (25 mg L�1) and kanamycin (30 mg L�1),
washed with PBS, and being used to inoculate GMML (500 mL)
with the appropriate antibiotics, 2 (1 mm), and arabinose (0.002 %).
Cells were grown to saturation and then harvested by centrifuga-

tion. The protein was purified by Ni-affinity chromatography, yield-
ing 15N-labeled myoglobin (~0.5 mg).
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