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here is considerable interest among
protein scientists in methods that per-
mit unnatural amino acids to be incorpo-
rated at specific sites in proteins. Such
methods would facilitate studies of pro-
tein structure and function and would
allow for the synthesis of proteins having
novel properties. Current methods use
nonsense-suppressing tRNAs (1) to incor-
porate an unnatural amino acid at the
desired site in a protein and chemical
(rather than enzymatic) means to attach
the unnatural amino acid to the nonsense-
suppressing tRNA (2). However, protein
yields are typically modest because the
suppressor tRNA participates in only one
round of translation. Protein expression
could be increased by the development of
in vivo systems, but this poses significant
challenges. It requires a synthetase that
activates an unnatural amino acid and only
attaches it to a designated tRNA. In ad-
dition, it requires that the designated
tRNA is not aminoacylated by any other
synthetase in the cell and that it efficiently
translates a nonsense codon. A “21st cog-
nate pair” is essentially created if all of
these criteria are met (Fig. 1). The paper
by Kowal et al. (3) in this issue of PNAS
makes an important contribution by de-
scribing a novel approach for creating
tRNA-synthetase pairs that efficiently in-
corporate natural amino acids at specific
sites in proteins in vivo.
To incorporate a desired amino acid at
a specific codon, the translation machin-
ery must be manipulated without disrupt-
ing its overall accuracy and efficiency.
Each amino acid is normally activated by
a single aminoacyl-tRNA synthetase,
which subsequently attaches the amino
acid to only the corresponding tRNA. The
charged tRNA is then bound by an elon-
gation factor that transports it to the ri-
bosome. At the ribosome, complementary
base-pairing between tRNA anticodons
and mRNA codons dictates the order of
addition of amino acids to the growing
polypeptide chain. Ordinarily, there are
no tRNAs that read the three nonsense
(stop) codons. However, tRNAs compe-
tent to insert an amino acid in response to
nonsense codons can be engineered by
altering the tRNA anticodon (4-6). Co-
expression of a suppressor and a gene
having an introduced nonsense codon
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Fig. 1. Network of potential interactions among
tRNAs (cloverleaf) and synthetases ("' C-shape’’). (A)
Hypothetical wild-type case having three cognate
pairs. In the typical cell, about 1,200 potential in-
teractions are possible. (B) The increase in network
complexity that arises when a new cognate pair is
introduced. Colored arrows indicate cognate inter-
actions, and dashed arrows indicate interactions
that would result in amino acid misincorporation.

gives a full-length protein. Thus, this
method permits a spectrum of desired
amino acids to be inserted at a single site
in a protein.

Engineering an endogenous tRNA with
the requisite characteristics is problem-
atic. Abundant structural and functional
data (7) make it relatively easy to identify
nucleotide changes in a tRNA that dis-
courage aminoacylation by the cognate
synthetase. The difficulty lies in identify-
ing changes that do not promote recogni-
tion by another synthetase. All of the

PNAS

synthetases and the 20 types of tRNA are
coexpressed in the same cellular compart-
ment, resulting in a complex network of
potential interactions among these mac-
romolecules. The subset of correct inter-
actions that gives rise to accurate amino
acid incorporation thus depends on a
proper balance among the concentrations
of tRNAs and synthetases (8, 9) as well as
on positive elements that promote pro-
ductive interactions with the cognate syn-
thetase and negative elements that dis-
courage interactions with the 19
noncognate synthetases (10, 11).

The sequence space available for creat-
ing a tRNA that is not recognized by the
endogenous synthetases but that is recog-
nized by a “21st” synthetase is limited
(11). tRNAs are comprised of only about
74-90 nt; and typically, nucleotides in only
a few regions of the tRNA are specifically
contacted by synthetases (7, 12-15). Con-
sequently, changes that discourage amino-
acylation by the cognate synthetase often
concomitantly encourage aminoacylation
by a noncognate synthetase(s). The prob-
lem is particularly acute for nonsense sup-
pressors (6). By definition, these tRNA
variants have an altered anticodon trimer.
Because most synthetases recognize at
least one of the three anticodon nucleo-
tides (15), a change in the anticodon tri-
mer can abolish recognition by the cog-
nate synthetase but can concomitantly
promote recognition by another syn-
thetase in the cell (6, 15, 16).

Fortunately, there are loopholes in the
rules governing tRNA recognition. In par-
ticular, the identity of nucleotides that
comprise the complex network of positive
and negative interactions among the
tRNAs and synthetases differs from or-
ganism to organism. Thus, when a tRNA
is expressed in a heterologous system, it
often accepts an amino acid but does so
with a reduced efficiency (7, 17-19). The
introduction of mutations into these de-
bilitated tRNAs can render them unrec-
ognizable by any endogenous synthetase
in the cell, giving them one of the char-
acteristics required of tRNA for the site-
specific incorporation of amino acids.

See companion article on page 2268.
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Engineering a 21st synthetase that ac-
tivates an unnatural amino acid has
proven to be extremely difficult. The prob-
lem can be circumvented by chemical (2,
20), rather than enzymatic, aminoacyla-
tion of a nonsense suppressor and the
subsequent introduction of the acylated
tRNA into an in vitro translation system
(2). This approach has been used exten-
sively and successfully with a broad range
of amino acid analogues (21). However,
protein yields are limited by inherent
properties of in vitro translation systems
and by the inability of the engineered
tRNA to participate in multiple rounds of
translation. An approach was developed
to overcome some of these limitations. It
involved chemical acylation of a nonsense
suppressor followed by its microinjection
into Xenopus oocytes (22). Using this
method, proteins such as membrane-
bound receptors can be expressed at levels
suitable for their characterization in intact
eukaryotic cells. Nevertheless, protein ex-
pression is limited because the tRNA par-
ticipates in only one round of translation.

Protein yields can be increased by using
in vivo expression systems and by ensuring
that the nonsense suppressor efficiently
reads the corresponding mRNA codon.
Recently, two cognate pairs were devel-
oped for use in intact Escherichia coli cells
(23, 24). One pair is specific for glutamine
and is comprised of a yeast tRNA and
synthetase. The other pair is specific for
tyrosine and is comprised of an archaeon
tRNA and synthetase. Although these
pairs can be used in vivo, protein yields are
modest due to the low translation effi-
ciency of the heterologous nonsense sup-
pressors. The efficiency with which tRNA
reads mRNA codons depends on proper
covariations between the last (3") nucleo-
tide of the anticodon and nucleotides
within the anticodon loop and stem (25).
Thus, nonsense-suppressing tRNAs are
usually designed according to these rules.
Nevertheless, their efficiency is typically
lower than that of wild-type tRNAs. Two
alternative strategies help to circumvent
this problem. In one strategy, the interac-
tion between release factor and stop
codons is impaired, making stop codons
accessible to the suppressor tRNA (26,
27). Another strategy uses the unusual
codon assignments of Tetrahymena in
which the codon UAG encodes glutamine
rather than stop (28, 29). An engineered
variant of the tRNAS™ that reads this
codon has a high translation efficiency, is
not recognized by the endogenous syn-
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thetases of Xenopus oocytes, and is thus a
useful vehicle for the delivery of unnatural
amino acids (30).

By taking a novel approach in their
choice of tRNAs and synthetases for
membership in a new cognate pair, RajB-
handary’s group has created two in vivo
systems that substantially alleviate the
protein expression problem (3). The ap-
proach is based on their previous studies
comparing the sequences and properties
of elongator and initiator tRNAMet (31,
32) and uses tRNA from one organism
and a synthetase from another to create
new cognate pairs. The E. coli system uses
an engineered E. coli nonsense-suppress-
ing initiator tRNAMet that participates in
protein chain elonga-
tion rather than initia-
tion, that is not amino-
acylated by any of the
E. coli synthetases, but
that is aminoacylated
by yeast tyrosyl-tRNA
synthetase (TyrRS).
Because yeast TyrRS
also recognizes E. coli
tRNAFP™ it was sub-
jected to mutagenesis
and selection to elimi-
nate recognition of this
noncognate tRNA. The
eukaryotic system uses
an engineered human
nonsense suppressing
initiator tRNAMet that participates in pro-
tein chain elongation. It is not aminoacy-
lated by any mammalian synthetases but is
aminoacylated by E. coli glutaminyl-tRNA
synthetase (GInRS). Because E. coli
GInRS does not recognize any of the
mammalian tRNAs, it is an ideal member
of a new cognate pair. By deriving the
nonsense suppressor from an endogenous
tRNA and pairing it with a synthetase
from a different organism, two cognate
pairs of tRNAs and synthetases were cre-
ated, one for use in E. coli and the other
for use in yeast. The partners in each pair
“know” each other but do not cross-react
with other tRNAs or synthetases in the
cell. The engineering of endogenous
tRNAs is a crucial aspect of these new
reagents because in heterologous systems,
incompatibilities in the details of tRNA-
ribosome interactions, and in the recog-
nition of tRNA by the processing and
modification enzymes, can limit the rate of
protein synthesis. By avoiding these prob-
lems, the new cognate pairs give improved
protein expression.
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By taking a novel
approach in their choice
of tRNAs and synthetases
for membership in a new
cognate pair,
RajBhandary’s group has
created two in vivo
systems that substantially
alleviate the protein
expression problem.

Now that new cognate pairs are available,
attention will turn to identifying unnatural
amino acids suitable for use in vivo. To be
incorporated into protein, an unnatural
amino acid must be transported into the cell
and not degraded. Strategies are currently
being developed to identify unnatural
amino acids with these properties (33). In
addition, the availability of entire genome
sequences for a broad range of organisms
may help in identifying “nonstandard” path-
ways having the desired uptake characteris-
tics. To be a useful tool, the 21st synthetase
must activate the amino acid analogue of
choice and must exclude amino acids with
similar characteristics. Otherwise, the ex-
pressed protein will contain a mixture of
amino acids at the site
of interest. In some
synthetases, certain
residues participate in
amino acid binding
and activation as well
as in tRNA binding
and amino acid trans-
fer (34, 35). Thus,
changes that alter
amino acid recogni-
tion or activation
might either disrupt
the transfer of the
amino acid to tRNA
or redirect tRNA
specificity, causing
the novel amino acid
to be incorporated at an unintended site(s)
in the protein. Given the complexity of the
problem, rational design is unlikely to yield
a solution. Accordingly, several labs are
combining limited mutagenesis of syn-
thetase genes combined with in vivo or in
vitro selection schemes to identify syntheta-
ses with the desired characteristics (3, 33).
These screens for unnatural amino acid
incorporation will undoubtedly provide new
insights into the mechanisms by which syn-
thetases recognize amino acids and tRNAs
and the interactions that aminoacyl-tRNA
makes with other macromolecules of the
translation machinery. Once unnatural
amino acids can be routinely inserted into
protein, it will be possible to create proteins
with novel characteristics that will be useful
for addressing a broad range of basic and
applied problems.
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