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Hacking the Genetic Code of Mammalian Cells
Dirk Schwarzer*[a]

The proteins of all living organisms con-
sist of the same canonical twenty amino
acids encoded by the universal genetic
code. Although these standard amino
acids are sufficient to support the bio-
chemical processes of life, additional
amino acids with new chemical proper-
ties serve as excellent tools to study bio-
logical systems or even enhance certain
properties of whole organisms. In this
regard a general method has been de-
veloped that allows the addition of new
amino acids to the genetic repertoire of
living organisms.[1]

The first genetically enhanced organ-
ism was an E. coli strain, which was able
to incorporate the unnatural amino acid
o-methyl-l-tyrosine with high fidelity
into its proteins.[2] This was achieved by
installing an additional aminoacyl-tRNA
synthetase (aaRS) and tRNA set that was
specific for the new amino acid. TheACHTUNGTRENNUNGrequirements for such an orthogonal
tRNA/aaRS pair are stringent because
specific incorporation of the new amino
acid is only possible when neither the
new tRNA is aminoacylated by an en-
dogenous aaRS nor does the new aaRS
charge any endogenous tRNAs. Further-
more, the orthogonal tRNA needs a
dedicated codon for specific incorpora-
tion of the new amino acid. This can be
achieved by suppression of the amber
codon (UAG), which usually serves as
one of three stop codons. However, so-
called amber suppressor tRNAs exist,
which efficiently incorporate amino acids
in response to the amber codon, and or-
thogonal tRNAs can be engineered to
suppress the codon by incorporating the
new amino acid at this site.

Orthogonal aaRS and tRNA pairs used
in E. coli are often derived from Archaea
because they differ significantly from
their eubacterial counterparts. The or-
thogonal tRNA/aaRS pairs still need to
be evolved specifically for the new
amino acids. This process begins with a
randomized library of aaRS with active-
site mutation affecting their substrate
recognition. This library is passed
through a series of positive and negative
selections to identify mutants that can
incorporate the desired amino acid with
high fidelity (Scheme 1). The initial posi-
tive selection is based on amber sup-
pression in an antibiotic-resistance gene.
The cells are then cultivated on media
supplemented with both the antibiotic
and the new amino acid, and survive
when the orthogonal tRNA/aaRS set in-
corporates the new amino acid in re-
sponse to the amber codon and the an-
tibiotic-resistance conferring protein is
expressed. In the following negative se-
lection, orthogonal tRNA/aaRS pairs that
suppress the amber codon with an en-
dogenous amino acid are removed from
the library. In this case the cells contain a
toxic barnase gene disrupted by amber
codons. When these cells are cultivated
on media without the new amino acid,

incorporation of any endogenous amino
acids results in cell death due to expres-
sion of the full-length barnase protein.
After repetitive rounds of positive and
negative selection tRNA/aaRS pairs can
be obtained that are highly specific for
the new amino acid, which is now en-
coded by the amber codon. This strategy
has become a general tool for expand-
ing the genetic code of E. coli and is also
used to optimize the incorporation effi-
ciency of new amino acids and the or-
thogonality of tRNAs.[1]

Based on this technology a manifold
of unnatural amino acids have been
added to the genetic code of E. coli. A
prominent example is a benzophenone-
derived amino acid, which serves as a
photocrosslinker for studying protein–
protein interactions.[3] This methodology
has been demonstrated for a mutant
glutathione S-transferase (GST) with the
photocrosslinker amino acid incorporat-
ed at the dimer interface. Irradiation of
cells expressing the modified GST result-
ed in efficient cross-linking of the dimers
in the cytoplasm of E. coli.[4] This amino
acid was accommodated by an evolved
Methanocaldococcus jannaschii tyrosly–
tRNA/TyrRS set, which has become the
scaffold for encoding many novel amino

Scheme 1. General selection strategy for evolving orthogonal tRNA/aaRS pairs.
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acids in E. coli. Other variants with useful
applications include photocaged amino
acids, fluorescent amino acids and resi-
dues carrying bioorthogonal functional
groups for bioconjugation reactions.[1]

Efforts have also focused on enlarging
the genetic repertoire of eukaryotic or-
ganisms. The genetic tools for eukary-ACHTUNGTRENNUNGotes, and for mammalian cells in particu-
lar, are more limited than those for
E. coli. Ideally, it should be possible to
simply transfer an orthogonal tRNA/aaRS
set evolved in E. coli into mammalian
cells without further alterations. Howev-
er, this is not feasible in the case of the
M. jannaschii tyrosyl–tRNA/TyrRS pair be-
cause it is not orthogonal in most eukar-
yotes. Alternative strategies use tRNA/
aaRS pairs, which are orthogonal in eu-
karyotes, from other bacteria. To this end
a tyrosyl–tRNA/TyrRS pair from E. coli
and Bacillus stearothermophilus could be
engineered by rational design to recog-
nize and incorporate 3-iodo-tyrosine into
mammalian proteins.[5] Furthermore, a
scheme for evolving bacterial tRNA/aaRS
sets in yeast has been developed and
used for subsequent transfer into mam-
malian cells.[6]

Despite these recent advances, the ge-
netic background of E. coli still provides
advantages for evolving proteins, and a
system in which a tRNA/aaRS pair can be
evolved in E. coli and utilized in mamma-
lian cells without further modifications is
highly desirable. Schultz, Geierstanger
et al. have now linked the E. coli selec-
tion system to amber suppression in
mammalian cells in a “shuttle system”.[7]

The basic requirement is a tRNA/aaRS

set that is orthogonal in both E. coli and
mammalian cells. A pair fulfilling this
prerequisite is the well studied pyrroly-
syl–tRNA/PylRS, which incorporates pyr-
rolysine (Pyl) by amber suppression in
proteins of several Archaea
(Scheme 2 A).[8] Previously, the Methano-
sarcina mazei pyrrolysyl–tRNA/PylRS set
was shown to maintain orthogonality in
mammalian cells and could be used to
include Pyl derivatives into proteins of
this host.[9] In E. coli orthogonality of an
analogous pyrrolysyl–tRNA/PylRS set
from M. barkeri was reported and used
to incorporate Pyl analogues into pro-
teins.[10] Addition of Ne-acetyllysine
through amber suppression after altering
the specificity of the M. bakeri PylRS has
also been demonstrated.[11] Furthermore,
the specificity of the M. mazei PylRS
could be altered by rational design and
used to incorporate Ne-protected lysine
derivatives into proteins expressed in
E. coli.[12]

In the initial step of establishing the
shuttle system the authors reconfirmed
the orthogonality of the M. mazei pyrro-
lysyl–tRNA/PylRS pair in E. coli and mam-
malian cells, and continued to evolve a
mutant PylRS specific for o-nitrobenzyl-ACHTUNGTRENNUNGoxycarbonyl-Ne-l-lysine (ONBK;
Scheme 2 B). This photocaged lysine de-
rivative is a useful tool for controlling
the onset of lysine modifications in vitro
and in vivo. Based on the selection
scheme described above for E. coli and
the solved crystal structure, a focusedACHTUNGTRENNUNGlibrary of mutant PylRS proteins with
randomized substrate-recognition resi-
dues was created and subjected to sev-

eral selection cycles in either the pres-
ence or absence of ONBK.[7, 12, 13] After
three positive and two negative rounds
of selection, two ONBK specific mutant
pyrrolysyl–tRNA/PylRS pairs were ob-
tained. The ONBK incorporation in E. coli
proceeded efficiently, and the more
potent pair—referred to as NBK-1—was
shuttled into human HEK293 cells.
ONBK-dependent amber suppression
was monitored by the expression of en-
hanced green fluorescent protein (EGFP).
Expression of full-length EGFP in HEK293
cells was only observed in the presence
of ONBK, and ESI-MS analysis confirmed
the incorporation of ONBK into EGFP. Fi-
nally, the EGFP protein was irradiated to
remove the caging group of ONBK and
the uncaging yielded a lysine residue at
the site of ONBK incorporation.

The establishment of this “shuttle
system” represents an important step
toward controlling the chemical compo-
sition of mammalian proteins. With re-
spect to the enormous scientific task of
uncovering the complex networks of
biochemical and signaling processes in
mammals the chemical tools provided
by new amino acids will be very useful.
At this point it remains to be seen if the
M. mazei PylRS can give rise to the same
functional diversity as was realized by
evolving the M. jannaschii TyrRS. Encour-
agingly, protein evolution and rational
design have already demonstrated the
flexibility of the PylRS scaffold; this gives
rise to the expectation that further
amino acids can be added to the genetic
repertoire of mammalian cells in the
near future.[7, 11, 12]
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