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A unique transfer RNA (tRNA)/aminoacyl-tRNA synthetase pair has been gen- 
erated that expands the number of genetically encoded amino acids in Esch- 
erichia coli. When introduced into E. coli, this pair Leads to the in vivo incor- 
poration of the synthetic amino acid 0-methyl-L-tyrosine into protein in re- 
sponse to an amber nonsense codon. The fidelity of translation is greater than 
99%, as determined by analysis of dihydrofolate reductase containing the 
unnatural amino acid. This approach should provide a general method for 
increasing the genetic repertoire of living cells to include a variety of amino 
acids with novel structural, chemical, and physical properties not found in the 
common 20 amino acids. 

The genetic code of all organisms encodes 
the same 20 common amino acids. These 
amino acids can be modified by posttransla- 
tional modification, e.g., phosphorylation or 
oxidation, and in rarer instances. augmented 
by selenocysteine (I). Nonetheless, it is re- 
markable that polypeptides synthesized from 
20 simple building blocks carry out all of the 
complex processes of life. Is it possible that 
the properties of proteins, or possibly an en- 
tire organism. could be enhanced by expand- 
ing the genetic code to include additional 
amino acids with novel biological, chemical. 
or physical properties? To begin to address 
this question, we developed a strategy that 
makes it possible to site-specifically incorpo- 
rate unnatural amino acids directly into pro- 
teins in living cells. This methodology should 
also provide a powerful tool for analyzing 
protein function both in vitro and in vivo. 

Unnatural amino acids can be site-specif- 
ically incorporated into proteins in vitro by 
the addition of chemically aminoacylated 
suppressor tRNAs to protein synthesis reac- 
tions programmed with a gene containing a 
desired amber nonsense mutation (2-6). One 
can also substitute a number of the common 
20 amino acids with close structural ho- 
mologs using auxotrophic strains (7-9). 
However. the addition of a new amino acid to 
the genetic repertoire in vivo requires addi- 
tional components for the biosynthetic ma- 
chinery. A new tRNA must be constructed 
that is not recognized by existing E. coli 
aminoacyl-tRNA synthetases, but functions 
efficiently in translation (an orthogonal 
tRNA). This tRNA must deliver the novel 
amino acid in response to a codon that does 
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not encode any of the common 20 amino 
acids, e.g.. nonsense or four base codons. The 
former have been used together with suppres- 
sor tRNAs in conventional protein mutagen- 
esis (10); the latter can be suppressed effi- 
ciently by tRNAs containing modified anti- 
codon loops (11, 12). A new aminoacyl-
tRNA synthetase (an orthogonal synthetase) 
is also required that aminoacylates the or-
thogonal tRNA. but does not recognize any 
of the endogenous E. coli tRNAs. This syn- 
thetase must aminoacylate the tRNA with 
only the desired unnatural amino acid and 
none of the common 20 amino acids. Like- 
wise. the unnatural amino acid cannot be a 
substrate for the endogenous synthetases. 
Lastly, the amino acid, when added to the 
growth medium. must be efficiently trans- 
ported into the cytoplasm. 

An orthogonal tRNAisynthetase pair in E. 
coli can be generated by importing a pair 
from a different organism if cross-species 
aminoacylation is inefficient and the antico- 
don loop is not a key determinant of syn- 
thetase recognition. One such candidate pair 
is the tyrosyl tRNA:synthetase pair of Meth- 
ntzococcus jatznaschii. an archaebacterium 
whose tRNAT'' identity elements differ from 
those of E. coli tRNAT'' (in particular, the 
first base pair of the acceptor stem is GC in E. 
coli and CC in h4. jnnnnschii), and whose 
tyrosyl-tRNA synthetase (TyrRS) has only a 
minimalist anticodon loop binding domain 
(13). In addition, the M. jannaschii TyrRS 
does not have an editing mechanism (14)  
and, therefore, should not proofread an un- 
natural amino acid ligated to the tRNA. We 
have shown that the $I. jannuschii TyrRS 
efficiently aminoacylates an amber suppres- 
sor tRNA derived from its cognate tRNAr" 
( I j ) ,  but does not aminoacylate E. coli 
tRNAs (13). Moreover, the :24. jnnnnschii 
tRNA26 ,  is a poor substrate for the E. c,oli 
synthetases but functions efficiently in pro- 
tein translation in E, coli (1.5). To further 
reduce recognition of the .tf. jatznnschii 

tRNAz<.4 by E. coli synthetases. 11 nucleo- 
tides of the tRNA that do not interact directly 
with the M. jannaschii TyrRS (C16, C17, 
U17a, U20, C32. G37, A38, U45. U47, A.59. 
and U60) were randomly mutated to generate 
a suppressor tRNA library. This tRNA library 
was passed through a negative selection (sup- 
pression of amber mutations in the bamase 
gene), which removes tRNAs that are amino- 
acylated by E. coli synthetases, and then a 
positive selection for tRNAs that are effi-
ciently aminoacylated by :M. iatztzaschii 
TyrRS (suppression of amber mutations In 
the 6-lactamase gene) (16) The orthogonal 
nature of the resultmg suppressor tRhAs \+as 
tested by an in v ~ v o  complementation assay. 
w h ~ c h  1s based on suppression of an amber 
stop codon at a nonessential posltion (Ala'") 
of the TEM-1 0-lactamase gene carried on 
plasmid pBLAM Am~noacylat~on of a trans- 
formed suppressor tRNA by any endogenous 
E ioll synthetase results In cell growth in the 
presence of ampic~llln E (011 transformed 
w ~ t h  the W jar~tzaschu tRUA:;', and 
pBLAM sun  lve at 55 p g  ml ampicill~n 
When the best mutant suppressor tRNA 
(mutRNA::;,) selected from the Iibrarq was 
expressed ( 17). cells survive at only 12 p g  
ml ampicillin: similar values are obtained in 
the absence of any suppressor tRN,4 When 
the M jatznaschzl TyrRS 1s coexpressed w ~ t h  
this mutRNA:;',, cells sunike at 440 p g  1111 
a m p ~ c ~ l l ~ nThus, the mutRhA: :' ,15 a poorel 
substrate for the endogenous synthetases than 
the ,Z4jafznasch~l tRhA: ::,but is stdl arm- 
noacylated efficlentlq by the 2.1 /nnr~trtrhil 
TyrRS 

To alter the amino acid specificity of the 
orthogonal TyrRS so that it charges the 
mutRNAx,  with a desired unnatural amino 
acid, a library of TyrRS mutants was generated 
and screened On the basis of the crystal struc-
ture of the homologous TyrRS from Raizll~r\ 
stearother7~zoph~lus(18). fike residues (T? I ' '  
Glul"-. AsplTX, Ileliq. and Leu1"') In the actne 
s ~ t eof \.I jannasihll TyrRS that are w~thin 6 5 
'4 of the para position of the aryl nng of bound 
tyrosine were mutated (Fig. 1 ) (19). These res- 
idues were all initially mutated to alanine, and 
the resulting inactive Alai TyrRS was used as 3 

template for polymerase chain reaction (PCR) 
random mutagenesis with doped oligonucleo- 
tides. A positive selection was then applied that 
is based on suppression of an amber stop codon 
at a nonessent~al pos~tion (Asp1 12) m the chlor- 
amphen~col acetyltransferase (CAT) gene (20)  
Cells transformed with the mutant T y R S  II- 
brary and mutRNA:?, gene uere grown in 
medla containing the unnatural ammo acld and 
were selected for thelr surv~\al In the presence 
of vanous concentrations of chloramphen~col 
If a mutant TwRS charges the orthogonal 
mutRNA:!', w ~ t h  any amino acld, e~ther nat- 
ural or unnatural. the cell produces CAT and 
survi\,es. The sunriving cells were then gro\vn 
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in the presence of chloramphenicol and the 
absence of the unnatural amino acid. Those 
cells that did not survive, i.e., those that encode 
mutant TyrRS's which charge the orthogonal 
mutRNA& with an unnatural amino acid, 
were isolated from a replica plate supplemented 
with the unnatural amino acid. The mutant 
TyrRS genes were isolated from these cells, 
recombined in vitro by DNA shuffling (21), and 
transformed back into E. coli for further rounds 
of selection with increasing concentrations of 
chlorarnphenicol. 

A tyrosine analog with the para hydroxyl 
group substituted with a methoxy group was 
used in the selection. Two rounds of selection 
and DNA shuffling were carried out and a 
clone evolved whose survival in chloram- 
phenicol was dependent on the addition of 1 
mM 0-methyl-L-tyrosine to the growth me- 
dia (22). In the absence of 0-methyl-L-ty- 
rosine, cells harboring the mutant TyrRS 
were not viable on minimal media plates 
containing 1% glycerol, 0.3 mM leucine 
(GMML), and 15 p,g/ml of chloramphenicol. 
Cells were able to grow on GMML plates 
with 125 p,g/ml chloramphenicol in the pres- 
ence of 1 mM 0-methyl-L-tyrosine. Similar 
results were obtained in liquid GMML. As a 
control, cells with the mutRNAF;, and the 
inactive Ala, TyrRS did not survive at the 
lowest concentration of chloramphenicol 
used, either in the presence or absence of 1 
mM 0-methyl-L-tyrosine. Addition of 1 mM 
0-methyl-L-tyrosine itself does not signifi- 
cantly affect the growth rate of E. coli. 

To further demonstrate that the observed 
phenotype is due to the site-specific incorpora- 
tion of 0-methyl-L-tyrosine by the orthogonal 
m ~ t R N A ~ ~ / r n u t a n t  TyrRS pair in response to 
an amber stop codon, an 0-methyl-L-tyrosine 
mutant of dihydrofolate reductase (DHFR) was 
generated and characterized. The third codon of 
the E. coli DHFR gene (a permissive site) was 
mutated to TAG, and a COOH-terminal H i d  

tag was added to separate the mutant protein 
from endogenous E. coli DHFR. As a control, 
the mutRNA?GA was coexpressed with the 
wild-type M. jannaschii TyrRS, resulting in 
efficient suppression of the nonsense codon in 
DHFR with tyrosine (Fig. 2). When the mutant 
TyrRS was expressed in the presence of 
mutRNA2GA and 1 rnM 0-methyl-L-tyrosine 
in liquid GMML growth media, full-length 
DHFR was also produced and could be purified 
by Ni afiinity chromatography with an isolated 
yield of 2 mg/liter (23). In the absence of either 
0-methyl-L-tyrosine, mutRNAz;, or mutant 
TyrRS, no DHFR (<0.1% by densitometry) 
was observed by analysis with SDS-polyacryl- 
amide gel electrophoresis (SDS-PAGE) and sil- 
ver staining (Fig. 2). Westem analysis fiuther 
demonstrated that no trace amount of DHFR 
was produced in the absence of either 
mutRNAFdA, mutant TyrRS, or 0-methyl-L- 
tyrosine (Fig. 2). 

The identity of the amino acid inserted in 
response to the TAG codon was confirmed by 
mass analysis of both the intact protein and 
tryptic fragments. The average mass of the in- 
tact protein was determined by electrospray 
ionization Fourier transform-ion cyclotron res- 
onance mass spectrometry (FT-ICR MS). The 
observed value for the monoisotopic mass from 
the cluster next to the internal calibrant was 
18,096.002 daltons, which is within 5 parts per 
million (ppm) of the theoretical mass of 
18,095.908 daltons and clearly demonstrates 
the incorporation of 0-methyl-L-tyrosine (24). 
This result also indicates that other endogenous 
E. coli synthetases do not use 0-methyl-L-ty- 
rosine as a substrate. Liquid chromatography 
tandem mass spectrometry of tryptic digests 
was carried out to confm the sequence of the 
NH2-terminal peptide. An example of a tandem 
MS spectrum is shown in Fig. 3. The doubly 
charged precursor ion at 691.5 daltons, corre- 
sponding to the NH2-terminal tryptic peptide 
MIY*MIAALAVDR (25), was selected and 

Fig. 1. Stereo view of the active site of TyrRS (78). Residues from 6. stearothermophilus TyrRS are 
shown in the figure. Corresponding residues from M. jannaschii TyrRS are ~ y r ~ *  ( ~ y r ~ ~ ) ,  GIU'~~ 
( ~ s n ' ~ ~ ) ,  ( ~ s p l ~ ~ ) ,  lle159 (Phe177), and Leu162 (LeuTs0) with residues from B. stearother- 
mophilus TyrRS in parenthesis; mutated residues are in yellow. 

fragmented in an ion trap mass spectrometer 
(ITMS). The fragment ion masses could be 
unambiguously assigned as shown in Fig. 3, 
c o n k i n g  the site-specific incorporation of O- 
methyl-L-tyrosine. Neither the protein mass 
spectra nor the tryptic peptide maps gave any 
indications of the incorporation of tyrosine or 
other amino acids in place of 0-methyl-L-ty- 
rosine; a minimum 95% incorporation purity 
for 0-methyl-L-tyrosine was obtained from the 
signal-to-noise ratio of the protein mass spectra. 
Taken together, the cell growth, protein expres- 
sion, and mass spectrometry experiments dem- 
onstrate that the mutRNAF'mutant TyrRS 
orthogonal pair is capable of selectively insert- 
ing 0-methyl-L-tyrosine into proteins in re- 
sponse to the amber codon with a fidelity rival- 
ing that of the natural amino acids. The fact that 
this amino acid, which is structurally similar to 
phenylalanine and tyrosine, is incorporated 
with high fidelity suggests that it will also be 
possible to incorporate other less homologous 
amino acids with high fidelity. 

Analysis of the sequence of the mutant 
TyrRS that charges the mutRNAT,YJA with 
0-methyl-L-tyrosine revealed the following 
mutations: Ty?2+Gln32, A ~ p ' ~ ~ + A l a l ~ ~ ,  
G l ~ ' ~ ~ + T h r ' ~ ~ ,  and L e ~ ' ~ ~ + P r o ' ~ ~  (Fig. 
1). Based on the x-ray crystal structure of the 
homologous B. stearothermophilus TyrRS, 
we speculate that loss of the hydrogen-bond- 
ing network between Tyr32, and sub- 
strate tyrosine should disfavor binding of ty- 
rosine to the mutant TyrRS. Indeed, mutation 
of Asp'76 (which corresponds to Asp158 in M. 
jannaschii) of B. stearothermophilus TyrRS 
yields inactive enzyme (26). At the same 
time, the A ~ p ' ~ ~ - + A l a ' ~ ~  and L e ~ ' ~ ~ - + P r o ' ~ ~  

A 
~U~RNA;& + + + - + 

TyrRS wt mutant mutant mutant - 

Fig. 2. Accumulation of E. coli DHFR protein 
under different conditions. (A) Silver-stained 
SDS-PAGE gel of purified DHFR. A six-histidine 
tag was added to the COOH terminus of E. coli 
DHFR, and protein was purified by immobilized 
metal affinity chromatography. Expression con- 
ditions are notated at the top of each lane. The 
left lane is a molecular weight marker. (B) 
Western blot of gel in (A). A penta-His antibody 
was used to detect the six-histidine tag at the 
COOH terminus of DHFR. 
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d z  
Fig. 3. Tandem mass spectrum of the NH,-terminal peptide MIY*MIAALAVDR. The partial sequence 
Y*MIAALAVDR of the peptide containing the 0-methyl-L-tyrosine residue (Y*) can be read from 
the annotated b (red) or y (blue) ion series. 

mutations create a hydrophobic pocket that al- 
lows the methyl group of 0-methyl-L-tyrosine 
to extend fiuther into the substrate-binding cav- 
ity. Other important catalytic residues in the 
active site, which bind to the ribose or the 
phosphate group of the adenylate, were un- 
changed after two rounds of DNA shuffling. 

Kinetics of adenylate formation of O-methyl- 
L-tyrosine and tyrosine with adenosine triphos- 
phate (ATP) catalyzed by the mutant TyrRS 
were analyzed in vitro using a pyrophosphate- 
exchange assay at 37°C (27). The Michaelis 
constant (K,) for tyrosine (5833 ? 902 pM) is 
approximately 13-fold higher than that for 0- 
methyl-L-tyrosine (443 + 93 p,M), and the 
catalytic rate constant (kc,,) for tyrosine (1.8 + 
0.2 X lop3 s-I) is eightfold less than that for 
0-methyl-L-tyrosine (14 + 1 X lop3 s-I). 
Thus, the value of k,,JK, of the mutant TyrRS 
for 0-methyl-L-tyrosine is about 100-fold high- 
er than that of tyrosine. The physiological con- 
centration of tyrosine in E. coli is about 80 pM, 
which is far below K, value (5833 p,M) of the 
mutant TyrRS for tyrosine. Presumably, the 
concentration of 0-methyl-L-tyrosine in treated 
cells is comparable or greater than the K,,, (443 
PM). 

In conclusion, we have shown that it is 

properties. The methodology described here 
should be generalizable to other amino acids 
with novel spectroscopic, chemical, or structur- 
al properties. Indeed, we have shown that the E. 
coli ribosome is able to incorporate amino acids 
with a wide array of side chains into proteins 
using in vitro protein synthesis (2). Additional 
orthogonal tRNAIsynthetase pairs (28, 29), as 
well as four base codons (11, 12), may further 
expand the number and scope of amino acids 
that can be incorporated. It should also be pos- 
sible to generate orthogonal pairs for eukaryotic 
cells by a similar strategy. Lastly, this study 
underscores the potential created by the syner- 
gistic use of chemistry and biology in the syn- 
thesis of new molecular function. 
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