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The genetic code sets the correspondence between codons and
the amino acids they encode in protein translation.* The code is
enforced by two key processes: the aminoacylation of specific
tRNAs with specific amino acids and the decoding of tRNA:
mRNA (anticodon:codon) interactions by the ribosome.? To
efficiently expand the genetic code of organisms we require new
blank codons (since each of the 64 triplet codons is used in
encoding proteome synthesis) and mutually orthogonal syn-
thetase/tRNA pairs that recognize distinct amino acids and
decode the blank codons.

The genetic code of E. coli has been expanded, allowing a
range of functional groups to be site-specifically installed into
proteins. Thiswork has taken advantage of either evolved active
site mutants of the Methanococcus jannaschii tyrosyl-tRNA
synthetase (MjTyrRS)/tRNAcya pair® or the Methanosarcina
barkeri pyrrolysyl-tRNA synthetase (MbPyIRS)/tRNAcya pair
and its evolved active site mutants.*~® Using these pairs asingle
type of unnatural amino acid at a time can be incorporated, with
limited efficiency,” in response to the amber stop codon.

We recently described the creation of an evolved orthogonal
ribosome that efficiently decodes quadruplet codons, which are
inefficiently decoded by the natural ribosome.®° This provides
a series of blank codons on the orthogonal mMRNA, which is
specifically translated by the orthogonal ribosome.®2 We have
initially assigned one blank codon to an azide containing amino
acid and another to an alkyne containing amino acid, using
mutually orthogonal derivatives of the MjTyrRS/tRNA and
MbPyIRS/tRNA pairs.® This has allowed us to genetically direct
the formation of specific, redox-insensitive, nanoscale protein
cross-links, via bio-orthogonal cycloaddition reactions, and to
explore the programming of emergent properties into proteins
via combinations of unnatural amino acids.®

A central challenge in further reprogramming the genetic code
is to discover additional mutually orthogonal aminoacyl-tRNA
synthetase tRNA pairs. The orthogonality of the two useful
synthetase/tRNA pairs identified so far results from the fortuitous
evolutionary divergence of synthetase and tRNA sequence, over
billions of years, between kingdoms of life.®>* However, the
discovery of more naturally orthogonal pairs is likely to be
fundamentally limited by the small number of orthogonal pairs
that may have arisen by evolutionary drift and by the decreasing
probability that arbitrarily combined pairs will display mutual
orthogonality.

The evolutionary record suggests that a primitive genetic code
expanded into the current genetic code, over billions of years,
through duplication and specialization (neofunctionalization) of
aminoacyl-tRNA synthetases and tRNAs from common ancestral
synthetase/tRNA pairs.*® This process produced the current set
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of mutually orthogonal aminoacyl-tRNA synthetases and tRNAs
that direct natural protein synthesis.

In principle it should be possible to create new orthogonal
synthetase/tRNA pairs from existing synthetase/tRNA pairs. This
is a significant challenge that requires the de novo generation
of orthogonality, with respect to the progenitor synthetase/tRNA
module and all other synthetases and tRNAs present in the cell.
The new tRNA must not recognize the progenitor synthetase,
or any other synthetases in the cell, and must decode a new
codon and not decode the original codon. The new synthetase
must specifically aminoacylate the new tRNA with an amino
acid and must not efficiently aminoacylate the progenitor tRNA
or use the amino acid substrate of the original synthetase. At
the molecular level this requires the de novo generation of
orthogonality in RNA—RNA interactions, protein—RNA interac-
tions, and small molecule substrate selection by protein cata-
lysts.

While previous efforts to address the de novo creation of
orthogonal synthetase tRNA pairs were unsuccessful** we now
demonstrate that, by careful, structure guided design of combi-
natorial libraries and the implementation of a series of genetic
selections on a duplicated pair, it is possible to evolve mutually
orthogonal pairs from a single orthogonal pair. The mutually
orthogonal pairs function in the same cell to specifically direct
the incorporation of distinct amino acids in response to distinct
codons.
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Figure 1. De novo generation of mutually orthogonal aminoacyl-tRNA
synthetase (aaRS)/tRNA pairs. Black arrows indicate functional interactions;
gray arows indicate the absence of a functional interaction. Yellow,
magenta, and blue patches indicate amino acids and nucleotides targeted
for evolution in each step. Bpa (p-benzoyl-L-phenylaanine).
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We began with the Methanococcus jannaschii (Mj) tyrosyl-
tRNA synthetase (MjTyrRS)/tRNAcya pair, the active site of
which has been altered to allow the incorporation of numerous
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unnatural amino acids in proteins in response to the amber
codon.® In afirst step (Figure 1, step 1) we created a version of
MjtRNAcua, Which is neither a substrate for any of the
endogenous aminoacyl-tRNA synthetases in E. coli nor a
substrate for MjTyrRS. The structure of MjTyr-tRNA synthetase
in complex with its cognate tRNA and the characterized identity
elements™® ' suggest that the synthetase recognizes its cognate
tRNA via interactions with the acceptor stem, discriminator base,
and the anticodon of the tRNA (Supplementary Figures 1 and
2). We envisioned that combinations of mutations in these
regions of the tRNA might provide orthogonal tRNAs. In this
step we aimed to create a new amber suppressor tRNA and
therefore focused on mutating the acceptor stem of the tRNA,
rather than the anticodon. We created a library in which the
C1-G72, C2-G71 base pairs were mutated to all other Watson—
Crick pairs as well as the G-U, U-G wobble pairs to maintain
the tRNA structure, and A73 was mutated to A, G, C, and U
(Supplementary Figure 1). We screened this library of Mj-
tRNAcua variants for tRNAs which are not a substrate for any
of the endogenous aminoacyl-tRNA synthetases or the wild-
type MjTyrRS (Figure 1, step 1). To do this we cotransformed
E. coli with a vector containing MjTyrRS and a library of pRep
YC JYCUA vectors™ (each vector in this library contains a
chloramphenicol acetyl transferase (cat) gene containing an
amber codon at a site permissive to many different amino acids
and atRNA which is a member of the library described above).
We picked 400 individual colonies (oversampling the mutated
sequence space 10-fold) and arrayed the resulting clones in the
presence and absence of chloramphenicol (Cm). From this
procedure we isolated 86 tRNA clones that do not survive on
10 ug mL~* chloramphenicol, providing a pool of tRNAs that
are functionally orthogonal to both the E. coli synthetases and
MjTyrRS.

To produce avariant of MjTyrRS that is able to aminoacylate
atRNA isolated in the previous step we designed and created a
synthetase library that mutates amino acids responsible for
recognizing the C1-G72, C2-G71 pairs in the MjtRNA acceptor
stem (Arg 132, Ser 133, Arg 174, Lys 175, and Met 178) to all
20 amino acids (Supplementary Figure 1). This library has a
theoretical diversity of 107 and is more than 99% complete. We
selected synthetase enzymes from this library that aminoacylate
anew orthogonal tRNA by selection in E. coli bearing selected
pRep YC JYCUA clones on 75 ug mL~* Cm. This selection
revealed a single synthetase mutant (6A3-TyrRS) that is able to
aminoacylate a selected tRNA (6A3-tRNAcya). 6A3-TyrRS has
the mutations Argl74Trp, Lys175Arg, Metl178lle, Alal30Val,
Glul35Gly, while 6A3-tRNAcya has the mutations C2A, G71U,
and A73G. The 6A3-tRNA aone or in combination with
MjTyrRS confers a Cm resistance of less than 10 ug mL ™%, while
the selected 6A3-TyrRS/6A3-tRNAcua pair confers resistance
to Cmto 250 ug mL 1. These results demonstrate that the 6A3-
tRNAua isorthogonal to both E. coli synthetases and MjTyrRS
and that the 6A3-TyrRS/6A3-tRNAcya pair functions to ef-
ficiently decode amber codons. However, the selected 6A3-
TyrRS in combination with MjtRNAcya efficiently suppresses
amber codons in a cat gene, conferring resistance to Cm to 200
ug mL~L Thisindicates that we have isolated a dual specificity
synthetase that recognizes both the progenitor MjtRNAcya and
the selected 6A3-tRNAcua (Figure 1, step 2).

To create a 6A3-TyrRS variant that efficiently aminoacylates
6A3-tRNAcu,, but does not efficiently aminoacylate the progeni-
tor MjtRNAcua (Figure 1, step 3), we designed a second-
generation synthetase library and performed three rounds of

selection (positive, negative positive). This library mutates
residues Ser 12, Asn 193, Pro 194, Val 195 in 6A3-TyrRS that
form a pocket around the discriminator base in the MjTyrRS/
tRNA complex structure to all 20 amino acids (Supplementary
Figure 1). Thislibrary has atheoretical diversity of 10° and was
more than 99% covered by 108 independent transformants. In
the first round of positive selection we transformed this library
in cells containing pRep 6A3-tRNAcya (a variant of pRep YC
JYCUA that contains the 6A3-tRNAcua gene in place of the
progenitor tRNA) and selected for synthetase/6A3-tRNAya pairs
that can confer chloramphenicol resistance via amber suppres-
sion. For the negative selection the surviving synthetase clones
were isolated and used to transform cells harboring a reporter
plasmid that allows selection against an interaction of the
synthetases with the progenitor MjtRNAcya. This reporter
plasmid codes for barnase.*® Suppression of amber codons in
the barnase gene leads to expression of the enzyme, killing the
cell. After a third round of positive selection, 20 synthetases
were screened for selectivity in amber suppression with 6A3-
tRNAcua versus MjtRNAcya. Synthetase clones (10, Supple-
mentary Tables 1 and 3) conferred chloramphenicol resistance
up to 175 ug mL™* on cells in the presence of 6A3-tRNAcya
but only 50—70 «g mL™! in the presence of the MjtRNAcya.
This suggests that these selected synthetases have a reversed
specificity with respect to the progenitor synthetase and specif-
ically aminoacylate 6A3-tRNAcya in preference to MjtRNAcuya.-

While the selected synthetase/tRNA pair and progenitor pair
are mutually orthogonal in their interaction, both MjtRNAcya
and 6A3-tRNA s decode the same insertion signal on mRNAS,
the amber codon (UAG). To differentiate the insertion codons
used by the pairs (Figure 1, step 4), we altered the anticodon of
6A3-tRNAcua from CUA to UCCU, which decodes the qua-
druplet codon AGGA, albeit inefficiently, to create XtRNA yccu.
Expression of myoglobin-his6é from myohis6(4AGGA) (which
contains an AGGA codon at position 4 of a myoglobin gene)
using three 6A3-TyrRS derivatives (Supplementary Table 1) that
are specific for 6A3-tRNAcya produced little full length pro-
tein when paired with XtRNAyccy (data not shown). This is
consistent with XtRNAyccuy being a poor substrate for these
synthetases, as expected based on the previous reports that the
C-terminal domain of MjTyrRS recognizes the anticodon and
that alterations in the anticodon decrease aminoacylation ef-
ficiency 10°-fold.*® To discover synthetase variants that function
with XtRNAyccy We created alibrary in the C-terminal domain
of the synthetase by mutating residues Tyr 230, Cys 231, Pro
232, Phe 261, His 283, Asp 286 (Supplementary Figure 2), using
the pool of 10 6A3-tRNAcya specific synthetases (Supplementary
Table 1) as atemplate. We selected synthetase variants via three
rounds of selection, positive - negative - positive, for the ability
to function with XtRNA ccu to decode the AGGA codon, while
maintaining the ability to discriminate against MjtRNAcya. The
selected synthetases function in combination with XtRNA yccu
to decode an AGGA codon in chloramphenicol acetyl transferase
and confer chloramphenicol resistance to cells up to 450 ug mL~*
(Supplementary Tables 2 and 4).

To demonstrate that we have created an aminoacyl-tRNA
synthetase/tRNA pair that is mutually orthogonal to the progeni-
tor pair, we first examined the ability of MjTyrRS or a select-
ed XTyrRS (containing the mutations Ser12Gly, Asn193Ser,
Pro194lle, Val195Leu, Tyr230Arg, Cys231Lys, Pro232GIn,
His283Ala, and Asp286Tyr with respect to 6A3-TyrRS) in
combination with MjtRNAcya or XtRNA ccy to read amber or
AGGA codons in myohis6 (4TAG) or myohis6(4AGGA) (Figure
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Figure 2. The XTyrRS/XtRNAyccy pair is orthogonal to the MjBPARS
MjtRNAcua pair. (A) Myoglobin-Hiss was purified from E. coli and stained
with Coomassie or detected with an anti-His antibody. (B) Myoglobin-
Hiss was expressed in the presence of 1 mM Bpa in cells containing
MjBPARS, XTyrRS, MjtRNAcya, and XtRNAyccuy and a plasmid coding
for myoglobin-Hiss with either an AGGA codon at position 4 (orange trace)
or an amber codon at position 75 (green trace). The purified proteins were
analyzed by ES| mass spectrometry. Tyr (tyrosine), Bpa (p-benzoyl-L-
phenylalanine).

2A). We find that full-length myoglobin is produced by the
MjTYyrRS/IMjtRNAcya pair and the XTyrRS/XtRNA yccu pair, but
not by the MjTyrRS/XtRNA yccy pair or the XTyrRS/MjtRNAcya
pair. These experiments demonstrate that each synthetase specif-
ically directs amino acid incorporation when provided with its
cognate, but not noncognate, tRNA. However this does not
demonstrate that each synthetase pair is functionally independent
when both pairs are placed within the same cell. This is a
nontrivial distinction since the wild-type synthetase forms a
dimer which binds two tRNA molecules and there are therefore
are 10 possible multimeric complexes that could potentially
assemble in cells that contain the two different synthetases and
the two different tRNAs (Supplementary Figure 3). To assess
the net functional consequences of these potential assemblies
on amino acid incorporation, we first differentiated the amino
acid specificity of the evolved and progenitor aminoacyl-tRNA
synthetase (Figure 1, step 5) by replacing MjTyrRS with
MjBpaRsS (an active site variant of MjTyrRS that aminoacylates
MjtRNAcya With p-benzoyl-L-phenylalanine (Bpa)®). We com-
bined MjBpaRS, MjtRNAcya, XTYrRS, XtRNA yccy in the same
cell and read out the amino acids encoded in response to amber
or AGGA codons using myoglobin-hisé genes containing either
a UAG or AGGA codon (Figure 2B). Electrospray ionization
mass spectrometry (ESI-MS) of myoglobin purified from cells
containing a myoglobin-his6 gene with an AGGA codon
demonstrates the incorporation of tyrosine in response to this
codon and gives no peak corresponding to the incorporation of
Bpa. Similarly ESI-MS of myoglobin purified from cells
containing a myoglobin-his6 gene with a TAG codon demon-
strates the specific (~90%) incorporation of Bpa in response to
this codon. These experiments demonstrate that we have created
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mutually orthogonal synthetase/tRNA pairs from a single
orthogonal pair. The pairs function independently in the same
cell; the synthetases use distinct amino acids to aminoacylate
distinct tRNAs, and these tRNAs decode distinct codons. Overall
the progenitor and evolved synthetases differ at 14 positions and
are 95% identical, while the tRNAs differ at 6 positions and are
92% identical. In future work it will be interesting to determine
the structural, thermodynamic, and kinetic basis for the in vivo
specificities we have reported.

We have shown that it is possible to create new orthogonal
aminoacyl-tRNA synthetase/tRNA pairs, which are mutually
orthogonal with existing orthogonal pairs, de novo, by alogical
series of steps implemented in the laboratory. This provides
experimental evidence for duplication and specialization as a
plausible route to the current set of synthetases and tRNAs in
natural evolution.*® Moreover our experiments extend billions
of years of natural evolution and demonstrate that the small
number of naturally occurring orthogonal aminoacyl-tRNA
synthetase/tRNA pairs do not place an intrinsic limitation on
the scope of synthetic genetic code expansion for the incorpora-
tion of multiple distinct unnatural amino acids into proteins or
the synthesis and evolution of unnatural polymers in cells.
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