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tRNAs have evolved to act as highly efficient amino acid
carriers and activators during each stage of protein synthesis.
Each tRNA must be selectively charged by its cognate
aminoacyl-tRNA synthetase (aaRS); the resulting aminoacyl-
tRNA must be efficiently bound by elongation factor Tu (EF-
Tu) for transport to the ribosome; after binding to the
ribosomal A site, the aminoacyl-tRNA must function effi-
ciently in translation as a substrate for peptidyl transferase;
and finally the tRNA bearing the growing peptide chain must
be translocated to the P site, undergo another acyl transfer
reaction, and be released from the ribosome. We and others
have used orthogonal tRNA/aaRS pairs for the site-specific
incorporation of nearly 50 nonnatural amino acids in E. coli,
S. cerevisiae, and mammalian cells in response to unique
nonsense and frameshift codons.[1] An engineered M. janna-
schii amber suppressor tyrosyl-tRNA/tRNA-synthetase
(MjtRNATyr

CUA/MjYRS) pair has been the most extensively
used system for the evolution of aaRS variants that incorpo-
rate nonnatural amino acids in E. coli. Although nonnatural
amino acids are typically incorporated into proteins with good
efficiency and excellent fidelity, further system optimization
resulting in increased protein yields is highly desirable.

Because MjtRNATyr
CUA is derived from an archaeal tRNA

and therefore significantly differs in sequence from E. coli
tRNAs, it may not function optimally with the E. coli
translational machinery. Furthermore, in vitro binding studies
have shown that while correctly acylated tRNAs bind EF-Tu
with near uniform affinity, tRNAs bearing noncognate amino
acids show a broad range of affinities for EF-Tu,[2] indicating
that the tRNA body and the esterified amino acid make
compensatory contributions to EF-Tu binding. A number of
genetic, biochemical, and structural studies have implicated
specific residues within the tRNA acceptor stem and T stem
as being important for EF-Tu binding.[3] tRNA misacylation
has also recently been shown to perturb binding to the
ribosomal A site.[4] Thus, it is likely that tRNAs acylated with

noncognate nonnatural amino acids result in a lower effi-
ciency of protein synthesis owing to less than optimal
interactions with EF-Tu and/or the ribosome. Therefore we
have used in vitro evolution to optimize the sequence of
MjtRNATyr

CUA with MjYRS and a panel of six evolved MjYRS
variants incorporating nonnatural amino acids, and have
identified several unique tRNA sequences that confer sig-
nificantly improved expression of mutant proteins in E. coli.
While most tRNAs identified show some improvement in
protein yields for all aaRSs tested, the degree of improvement
for each tRNA often varies depending on the identity of the
esterified amino acid.

Examination of the X-ray crystal structure of the T. aqua-
ticus EF-Tu·E. coli cysteinyl-tRNACys·GDPNP ternary com-
plex[6] reveals that residues 1–3, 50–54, 63–67, and 73–76,
which reside in the acceptor stem and T stem of the tRNA,
are in close proximity to EF-Tu (Figure 1). Interactions with
EF-Tu almost exclusively involve the tRNA backbone,
although contacts also exist between EF-Tu and the base of
residue 63. Based on the notion that mutation of the
corresponding positions in MjtRNATyr

CUA might modulate its
binding affinity for EF-Tu, we created a tRNA library
(Library I, theoretical diversity 1.05 � 106, > 99% coverage)
in which the five base pairs of the T stem (49–53, 61–65) were
randomized. The tRNA library was subjected to a negative
selection to remove tRNAs that are substrates for endoge-
nous aaRSs using an amber mutant of the barnase gene as
previously described;[6] positive selection of surviving clones
to identify functional tRNA sequences was carried out in the
presence of aaRSs specific for tyrosine (1) (MjYRS), l-3-(2)-
naphthylalanine (2) (NapRS[7a]), p-azidophenylalanine (3)
(pAzPheRS[7b]), p-iodophenylalanine (4) (pIPheRS[7c]), p-
acetylphenylalanine (5) (pAcPheRS[7d]), and p-benzoylphe-
nylalanine (6) (pBpaRS[7e]) (Scheme 1), chloramphenicol,
and an amber mutant of chloramphenicol acetyltransferase
(CAT) as previously described. The surviving tRNAs were
then screened by cell fluorescence using an amber-suppres-
sible GFPuv construct to identify the most active tRNAs (see
the Supporting Information for experimental details). Nine
unique tRNA sequences were identified with protein yields
significantly improved compared with those of MjtRNATyr

CUA

(see Table S3 in the Supporting Information). The G52–C62
and G53–C61 pairs, which are highly conserved among E. coli
tRNAs, were invariant in all hits. The consensus sequence for
the most active hits is W49NRGG53-C61CYNW65 (where W =

A, T; N = A, T, G, C; R = A, G; and Y= C, T).
Next, we constructed a second tRNA library (Library II,

theoretical diversity 1.7 � 107, > 99% coverage) in which the
consensus sequences at positions 49–53 and 61–65 from the
best hits from Library I were retained and the remaining
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positions in contact with EF-Tu (2, 3, 6, 7, 66, 67, 70, and 71)
were randomized. Positions 1 and 72–76 were not mutated
because of their high degree of conservation and their
importance in recognition by MjYRS. Library II was sub-
jected to the same selection/screening procedure as was used
for Library I. In addition to the six previously used aaRSs, the
aaRS specific for p-hydroxy-l-phenyllactic acid (7) (PlaRS)1c,
was also used for positive selection. Fourteen unique tRNA
sequences were identified that lead to significant improve-
ments in protein yields relative to that of MjtRNATyr

CUA (see
Table S4 in the Supporting Information). Of these, ten unique
sequences were found to be among the top three tRNAs in
terms of fluorescence intensity for at least one aaRS, and
resulted in mutant protein yields 200–2200% of those
obtained with MjtRNATyr

CUA (Table 1). Yield improvements
were far greater with 6 (18 to 21-fold better than
MjtRNATyr

CUA) than with the other amino acids (100–350%
better than MjtRNATyr

CUA). Several of the best hits contained
base deletions in the D loop which arose as artifacts of library
construction.

These ten tRNAs were isolated, crossed against thirteen
aaRSs (the seven used in this study and six additional aaRSs
previously evolved for incorporation of bipyridylalanine (8)
(BbyAla),[8a] hydroxyquinolinylalanine (9) (HQAla),[8b] sul-

fotyrosine (10) (SfY),[8c] p-azobenzylphenylalanine (11)
(pABPhe),[8d] o-nitrobenzyltyrosine (12) (ONBY),[8e] and 7-
hydroxycoumarinylethylglycine (13) (Cou)[8f] (Scheme 1) and
assayed for GFP production in order to identify the tRNA
sequence that confers the largest improvement in expressed
protein yield for each amino acid. Improvements in yield of
175–320% were seen with the best tRNAs charged with
compounds 1–5, 8, 10, and 11. However, significantly greater
improvements were observed with 9 (405%), 7 (420%), 13
(790%), 12 (2070%), and 6 (2520 %) (Figure 2). Interestingly,
the compounds with the most significant improvements in
yield have bulky side chains. Notable exceptions include 7,
which differs from tyrosine only by the replacement of the a-
amino group with an a-hydroxy group; and 11, which gave
only a 255 % improvement, yet has a bulky side chain. This
data suggests that the structure of the nonnatural amino acid
can affect the ability of the corresponding aminoacyl-tRNA
to function productively in translation. This may be a result of
interactions between the amino acid and the EF-Tu binding
pocket. Consistent with this hypothesis, it was recently shown
that mutation of the EF-Tu amino acid binding pocket
resulted in more efficient binding of tRNAs bearing bulky
nonnatural amino acids.[9] The 195 % yield increase observed
with the natural amino acid 1 represents the baseline
improvement of MjtRNATyr

CUA arising from optimization of
this archaeal tRNA for the E. coli translational machinery.
Five tRNAs (Tyr1, pAzPhe1, Nap1, Nap3, and pIPhe1)
consistently give the largest increases in yield. Of these,
Nap1 is the best “general” hit (the tRNA that gives the best
overall yield improvements with all amino acids). Yields of
purified GFP expressed using Nap1 and a GFPN149TAG

Figure 1. The EF-Tu/tRNA interface. a) Putative M. jannaschii tRNATyr
CUA

nucleotides that interact with EF-Tu are shown in red. Previously
mutated positions[6] are shown in green. b) A diagram derived from
the X-ray crystal structure of T. aquaticus EF-Tu/E. coli cysteinyl-
tRNACys [5] showing EF-Tu/tRNA interactions. The tRNA residues that
interact with EF-Tu are numbered and shown in red. Interacting
residues of EF-Tu are shown in green. Note that all interactions
between tRNA and EF-Tu involve the tRNA backbone except in the
case of residue 63.

Scheme 1. Structures of amino acids used in this study.
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construct with 1–7 range from 2.7–16.3 mgL�1 (380–1175 % of
yields obtained with MjtRNATyr

CUA) in rich media (see Fig-
ure S9 in the Supporting Information). The fidelity of non-
natural amino acid incorporation with Nap1 and 1–7 was
determined by LC-ESI-MS of purified GFP proteins pro-
duced using evolved tRNAs and is comparable to the high
fidelity obtained with MjtRNATyr

CUA (see Table S2 and Figur-
es S11–S17 in the Supporting Information).

Growth rates were determined for E. coli TOP10 cells
expressing the evolved tRNAs (with GFP N149TAG reporter,
aaRS, IPTG, and 1–7) (see Figure S10 and Table S1 in the

Supporting Information). In all cell
lines except those expressing
PlaRS, the exponential growth
rates for cells expressing the
evolved tRNAs were significantly
faster [m = (0.47� 0.05) h�1] than
for those expressing MjtRNATyr

CUA

[m = (0.30� 0.05) h�1], indicating
that the evolved tRNAs are in
general less toxic than
MjtRNATyr

CUA. Because all tRNAs
were subjected to negative selec-
tion to remove those that are sub-
strates for endogenous aaRSs, it is
unlikely that altered toxicity results
from differences in orthogonality
of the tRNAs. The decreased tox-
icity of the evolved tRNAs could
result from decreased readthrough
of natural stop codons, or altered
interactions of the tRNA with EF-
Tu and/or the ribosome which
result in enhanced translation of
heterologously expressed amber
mutant genes. Several examples of
suppressor tRNA-dependent cellu-
lar toxicity, in which toxicity was
suggested to be the result of read-
through of endogenous stop

codons, have been reported.[10] The fact that cells expressing
all evolved tRNAs charged with 1–6 have nearly the same
growth rates, yet display a broad range of protein yields,
suggests that other factors in addition to ameliorated toxicity
contribute to the improvements in protein yield.

A recent study on the EF-Tu binding affinities of a
collection of acceptor stem and T-stem mutations allows
prediction of the strength of the EF-Tu interaction based on
sequence.[3a] This model predicts that our evolved tRNAs bind
EF-Tu 0.3–0.9 kcalmol�1 more tightly than MjtRNATyr

CUA. The
51–63 base pair, which was changed from a U–G pair in

Table 1: Evolved tRNA variants with improved amber suppression activity. The sequence of each tRNA at
randomized positions and the expressed protein yield compared to MjtRNATyr

CUA are listed. The three
most active tRNAs obtained from each selection are shown. S = G, C; W = A, T; B= G, T, C; V = A, G, C.

aaRS tRNA Position Yield [% of
2,3 6,7 16–

18
49–
51

63–67 70,71 MjtRNATyr
CUA activity]

– MjtRNATyr
CUA CG GG CAG GCT GGCCC CG –

Nap Nap1 CG CG CAG ATG CATCGT CG 260�7
Nap2 CC CC –A– TCG CGAGG GG 224�16
Nap3 CC CT CAG ACG CGTAG GG 206�9

pAzPhe pAzPhe1 CC CT –AG ACG CGTAG GG 365�16
pAzPhe2 same as Nap1 281�17
pAzPhe3 same as Nap2 219�4

Tyr Tyr1 same as Nap2 281�11
Tyr2 CG CT CAG ATG CATAG CG 221�8
Tyr3 same as Nap3 216�3

plPhe plPhe1 CG CG CAG TCG CGACG CG 345�17
plPhe2 same as Nap1 332�30
plPhe3 same as pAzPhe1 290�16

pAcPhe pAcPhe1 same as Nap2 274�9
pAcPhe2 same as Nap1 254�5
pAcPhe3 same as Nap3 211�12

pBpa pBpa1 same as pAzPhe1 2266�12
pBpa2 same as Nap1 2182�26
pBpa3 CG CT CAG ACG CGTAG CG 1977�8

Pla Pla1 CC CT CAG ATG CATAG GG 446�15
Pla2 CC CA CAG TGG CCATG GG 400�12
Pla3 CC CA CAG ATG CATTG GG 314�14

– consensus CS CN CAG WBG CVWNG SG –

Figure 2. Activity of the ten best evolved tRNAs with each aaRS shown as fold improvement over MjtRNATyr
CUA. tRNAs and aaRSs are arranged from

right to left in order of increasing yield improvement. Inset shows the region of the main graph between �1- and 5-fold improvement.
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MjtRNATyr
CUA to a G–C pair in all evolved tRNAs, is predicted

to strengthen the EF-Tu binding affinity by 1.0 kcalmol�1.
The gain in function observed for the evolved tRNAs may be
due in large part to this mutation, although convergence to
non-wild-type sequences at other positions suggests that these
mutations may act to fine tune tRNA affinity for EF-Tu. It is
possible that the predicted increase in binding energy
between EF-Tu and the evolved tRNAs compensates for
weaker binding of nonnatural amino acids in the EF-Tu
binding pocket, and that this compensation is the reason for
the large improvements in yield observed with some amino
acids. Detailed analysis of the interaction of the acylated
tRNAs with EF-Tu will provide additional insights into the
mechanistic basis for the improved activities of these tRNAs.

In conclusion, we have utilized an in vitro evolution
approach to identify MjtRNATyr

CUA variants with significantly
enhanced activity for the incorporation of nonnatural amino
acids into proteins, especially the photocrosslinking amino
acid 6, which is widely used to map biomolecular interactions.
We also found that the degree of yield improvement is in
some cases dependent on the nonnatural amino acid. These
tRNAs will facilitate the creation of an optimized and
standardized system for the genetic incorporation of non-
natural amino acids into proteins in E. coli.[11]
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