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Abstract

Genetically encoding distinct non-canonical amino acids (ncAAs) into proteins synthesized in
cells requires mutually orthogonal aminoacyl-tRNA synthetase (aaRS)/tRNA pairs. The
pyrrolysyl-tRNA synthetase/?YtRNA pair from M. mazei (Mm) has been engineered to
incorporate diverse ncAAs and is commonly considered an ideal pair for genetic code expansion.
However, finding new aaRS/tRNA pairs that share the advantages of the MmPyIRS/MnPYtRNA
pair and are orthogonal to both endogenous aaRS/tRNA pairs and the MmPyIRS/MnPYYRNA pair
has proved challenging. Here we demonstrate that several ANPYIRS/PYtRNAcya pairs, in which
PyIRS lacks an N-terminal domain, are active, orthogonal and efficiently incorporate ncAAs in E.
coli. We create new PyIRS/PYHRNA pairs that are mutually orthogonal to the MmPyIRS/
MnrFYYRNA pair and show that transplanting mutations that reprogram the ncAA specificity of
MmPyIRS into the new PyIRS reprograms its substrate specificity. Finally we show that distinct
PyIRS/PY*RNA derived pairs can function in the same cell, decode distinct codons, and
incorporate distinct ncAAs.

Genetically encoding the co-translational incorporation of multiple distinct ncAAs into
proteins facilitates strategies for synthesizing proteins bearing combinations of biophysical
probes (for example, Forster resonance energy transfer (FRET) probes) to follow protein
conformational change1-3, protein stabilization through cyclizationl, 4, and decoding the
combinatorial effects of post-translational modifications. Moreover, strategies for encoding
the co-translational incorporation of multiple ncAAs may provide a foundation for the
encoded cellular synthesis of non-canonical biopolymers5.

Encoding multiple ncAAs into proteins synthesized in cells requires (1) the creation of
additional codons or the repurposing of triplet codons5, (2) the creation or discovery of
aminoacyl-tRNA synthetase/tRNA pairs that are both orthogonal to the synthetases and
tRNAs used by the host organism for natural translation, and mutually orthogonal with
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respect to other orthogonal aminoacyl-tRNA synthetases and tRNAs6, 7, and (3) the
reprogramming of these mutually orthogonal pairs to selectively use distinct ncAAs4, 5, 8.

The Methanosarcina mazei (Mm) pyrrolysyl-tRNA synthetase (PyIRS encoded by

PyIS) MnPYYRNAcua (encoded by MmPyIT) pair, along with the homologous pair from
Methanosarcina barkeri (Mb), has been extensively developed for the co-translational
incorporation of ncAAs into proteins via genetic code expansion9. These orthogonal pairs
do not recognize the canonical 20 amino acids, and their active sites have been evolved to
accommodate numerous ncAAs, including those used in this study (Fig. 1). Moreover,
MmPyIRS and MEPYIRS do not recognize the anticodon of their cognate PYtRNAcas10: a
feature that facilitates the decoding of diverse codons by these pairs, through mutation of
their anticodons1, 11. The Mmor Mb PyIRS/PYtRNA pairs have been used in combination
with derivatives of the Methanocaldococcus janaschii (M) TyrRSITYtRNAcua pair, to
direct the co-translational incorporation of several pairs of ncAAs into proteins in £. colil.
However, MjTyrRS recognizes the anticodon of its cognate tRNA, which restricts the codons
this pair can be easily altered to efficiently decode, and this pair has primarily been used to
incorporate aromatic ncAAs related to phenylalaninel2. There is a pressing need to discover
new highly active and mutually orthogonal synthetase/tRNA pairs with comparable
flexibility to the MmPyIRS/ MnPYtRNAcUa pair. Such pairs would provide a foundation for
expanding the diversity of chemical structures that can be simultaneously incorporated into
proteins and, in combination with emerging advances in creating or repurposing codons4,
13-15, may provide a foundation for increasing the number of monomers that can be
simultaneously encoded in cellular translation.

MmPyYIRS and MbPyYIRS are composed of an N-terminal domain, that binds to the T-arm
and variable loop of their cognate tRNAs16, 17, linked to a C-terminal catalytic domain
(PyIRSA184 in M. mazei)18. While the catalytic domain can (inefficiently) aminoacylate its
cognate tRNA /n vitro, the full-length protein is absolutely required for measureable amber
suppression activity in cells16, 19. Another group of PyIRS enzymes, commonly
exemplified by Desulfitobacterium hafniense (Dh), have separate genes encoding the N-
terminal domain (DAPyISn) and the C-terminal catalytic domain (D/APylISc) of PyIRS as
distinct polypeptides. These polypeptides are believed to assemble to create a functional
synthetase /n vivo. In E. colithe C-terminal protein, DAPyISc, is reported to have less than
1% of the activity of MbPyIRS19.

Here we demonstrate that several ANPyIRS/PYfRNAca pairs, in which PyIRS lacks an N-
terminal domain, are active and orthogonal in £. coli and efficiently incorporate ncAAs. We
create new PyIRS/PYRNA pairs that are mutually orthogonal to the MmPyIRS/ MnPYtRNA
pair and show that transplanting mutations that reprogram the ncAA specificity of
MmPyIRS into the new PyIRS reprograms its substrate specificity in a predictable manner.
Finally we show that two PyIRS/PYHRNA derived pairs can function in the same cell, decode
distinct codons, and incorporate distinct ncAASs.
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Results
Identifying active and orthogonal ANPYIRS/PYtRNA pairs

To identify the full complement of PyIRS genes we searched genomes for genes that contain
the C-terminal region of PyIRS, via a BLAST search for sequence similarity to
MmPyIRSA184. We then searched the resulting genomes for sequence similarity to
DAPylISn. This search identified genomes that contain both a D/APyISn-like sequence and the
C-terminal catalytic domain, either in a single gene (as in M. mazei) or in separate genes (as
in D. hafniense). Importantly the search also identified 21 PyIRS sequences that contained
the C-terminal catalytic domain, but for which we did not identify a D/APyISn-like sequence
in the corresponding genome (Fig. 2a); we designated this class of PyIRS variants as
ANPyIRS. In some cases the N-terminal domain may not be identified because of an
incomplete genome sequence. However, phylogenetic analysis suggested that most of these
PyIRS sequences that do not contain a DAPylSn-like sequence in their genomes come from
organisms that form a distinct clade (Supplementary Fig. 1). Intriguingly, the organisms
within this clade are part of a recently described seventh order of methanogens
(Methanomassiliicoccales) that have an energy metabolism distinct from other
methanogens20 and are divergent from the order of methanogens that contains MmPyIRS
and MEPyIRS (Methanosarcinales 21. For five of the PyIRS sequences
(Methanomethylophilus alvus (Ma) PyIRS, Methanogenic archaeon 1SO4-G1 (GI) PylIRS,
Methanogenic archaeon 1SO4-H5 (H5) PYIRS, Methanonatronarchaeum termitum (M)
PyIRS, and Methanomassiliicoccus luminyensis (MI) PyIRS) that do not contain a DAPyISn-
like sequence in their genome (Supplementary Fig. 2) we were able to identify a Py/7T-like
sequence in the genome. The predicted MaPy/T sequence and MIPyIT sequence have
previously been identified21 and BLAST searches, using these sequences as a reference,
allowed us to identify predicted sequences for G1, H5and Mt PyIT in the relevant genomes.
The identified tRNAs are predicted to fold into clover-leaf structures with a similar length of
D-arm, T-arm, acceptor stem and anticodon stem to MaPYtRNAcya and DAPYRRNACuA
(Supplementary Fig. 3). Interestingly, the majority of tRNA sequences identified contained
nucleotide loops or bulges in the anticodon stem; to the best of our knowledge this is a
hitherto uncharacterized feature in cellular tRNAs.

The five (Ma, G1, H5, Mt M) PyIRS/PYtRNAa pairs lack the N-terminal domain
commonly considered to be required for /n vivo activity, and we were curious whether these
pairs are sufficient to support co-translational read-through of the amber codon /n vivo. To
investigate this possibility we cloned synthetic genes for each synthetase/tRNA pair into a
pKW vector for expression in E. coli and tested their ability to produce GFPHisg from
GFP(150TAG)Hisg in the presence and absence of Ne-((tert-butoxy)carbonyl)-L-lysine
(BocK, 1, Fig. 1). We anticipated that BocK would be a good substrate for the five
synthetases because their active sites are homologous to those of M&PyIRS and MmPyIRS
(Supplementary Fig. 2), both of which efficiently incorporate BocK22.

Comparing the GFPHisg produced by each pair in the presence and absence of BocK to the
GFPHisg produced by the MPyIRS/MnPYtRNAua pair in the presence and absence of
BocK allowed us to assess the activity and orthogonality of the pairs relative to a system
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commonly used for genetic code expansion (Fig. 2b). The activity of the MaPyIRS/
MEPYMRNAC A pair with BocK was greater than that of the MmPyIRS/MmPYYRNAcuA
pair with BocK, and the two pairs had comparably low levels of GFP production in the
absence of BocK. We conclude that the MaPyIRS/ Ma&YtRNAcua pair is active and that
MEYMRNACA is functionally orthogonal with respect to the aminoacyl-tRNA sythetases in
E. coli.

Electrospray ionization mass spectrometry of GFP-His6 produced from GFP(150TAG)Hisg
by the MmPyIRS/ MnFY'YRNAcua pair in the presence of BocK reveals a single peak
corresponding to the incorporation of BocK in response to the amber stop codon (Fig. 2c,
Supplementary Fig. 4), and confirms that MnPyIRS is functionally orthogonal with respect
to the set of tRNAs in £, coli. Similarly, the MaPylRS/MaFYYRNAca pair incorporates a
single BocK into GFP in response to the amber codon (Fig. 2d, Supplementary Fig. 4)
indicating that MaPyIRS is functionally orthogonal in £. coli. Taken together our
observations reveal that the MaPyIRS/ Ma&YtRNAu, pair is a new extremely active and
orthogonal aminoacyl-tRNA synthetase/tRNA pair in £. coli. Similarly, we find that the
GIPyIRS/GIPYHYRNA A pair is an orthogonal, albeit slightly less active, orthogonal pair in
E. coli (Fig. 2b,e, Supplementary Fig. 4). The H5PyIRS/ HFYYRNAca pair, MPYIRS/
MPY'RNAcUa pair and MPYIRS/MEPYYRNAC A pair are less active than the

MmPyIRS/ MnFPYYRNACcua pair. The HFYMRNAGya and MPYRRNAGya are orthogonal
while the MPYIRS/MFPYYRNAua pair facilitates read through of the amber stop codon in
the absence of BocK. Because of the lower activity of these three pairs we did not
investigate them further. Our experiments identified the MaPyIRS/Ma&Y'RNAca pair and
GIPYIRS/GIPYRYRNACa pair as orthogonal, and very active, pairs for further investigation.
In additional experiments we demonstrated that the anticodon of the MaPyIRS/
MEFYRNACA pair can be altered to facilitate the decoding of additional codons
(Supplementary Fig. 5).

The high activity of the MaPylRS/Ma£YRNAcua pair and the low activity of the
MPY'RSIMPYMYRNAC A pair are consistent with the higher percentage of amber stop
codons predicted to be used for termination in the M/genome (11%) versus the Ma genome
(1.6%), the number of amber stop codons in open reading frames predicted to incorporate
pyrrolysine in M/ (3) versus Ma (19), and the predicted methylamine availability in the
evolutionary history of the two organisms21.

Mutual orthogonality amongst natural PyIRS/PYtRNA pairs

Next we investigated the orthogonality of MmPyIRS, MaPyIRS, and GIPyIRS with respect
to MPY'RNAcua, MEYHRNACUA, and GIPYRRNAGua by measuring the ability of each
of the nine synthetase/tRNA combinations to produce GFPHisg from GFP(150TAG)Hisgin
the presence of BocK (Fig. 3). We found that MnPyIRS functions with M#YtRNAcuA
about as efficiently as with its cognate MaFPYtRNAya. In contrast, MmPyIRS functioned
24 times less efficiently with GIPYHRNAya than with its cognate tRNA. MaPyIRS does
not function with MrPY*RNAGya but does aminoacylate GIPYtRNAcya. GIPYIRS
functions with M&YtRNAcua but not with MrFYHRNACuA.
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Thus, the MaPyIRS/MEYHYRNACa pair and the GIPYIRS/GIPYYRNAGA pair are not
mutually orthogonal, as each synthetase functions with its non-cognate tRNA. And the
MmPyYIRS/ MPYYRNAcua pair and the MaPyIRS/MEYRRNAca pair are not mutually
orthogonal because MnPyIRS functions with M&#YtRNAcyA.

However, the MmPyIRS/MnPYYRNAca pair and the GIPyIRS/GIPYHRNAC A pairs are
mutually orthogonal, though there is clearly a low level of activity of MmPyIRS with
GIPYYRNAua. This surprising observation reveals that there is sufficient divergence
between PyIRS/PYtRNAca recognition within methanogenic archea to generate mutually
orthogonal pairs. We are not aware of any prior examples of natural mutual orthogonality
between synthetase/tRNA pairs used for the same amino acid within a domain of life.

Evolving mutually orthogonal PyIRS/PYHRNAca pairs

Next we wanted to create a pair that was optimized for both activity and mutual
orthogonality with respect to the MmPyIRS/MmFYYRNAcua pair. We considered either
improving both the orthogonality and the activity of the G pair, or improving the
orthogonality of the M&YtRNAcua with respect to MmPyIRS, while maintaining the
activity of the MaPyIRS/MEFYHRNAca pair. We decided to address the later challenge as
we had a clear hypothesis about how to improve the orthogonality of M&YtRNAcya with
minimal effect on the activity of the MaPylRS/M&YtRNAca pair. The N-terminal domain
of MmPyIRS, which is absent in MaPyIRS, binds to the T-arm and variable loop regions of
its cognate tRNA16, 17. We therefore reasoned that it might be possible to create variants of
MEFYMRNAC A that are not recognized by MmPyIRS or endogenous synthetases but still
function with MaPyIRS, by altering the variable loop of M&#YtRNACUA.

To discover variants of M&YtRNAca that are orthogonal to MmPyIRS and function
efficiently with MaPyIRS we preformed a positive selection followed by a negative screen
on M&YMRNAca libraries (Fig. 4a). We first created a library of 64 M&#YtRNAcua
mutants by randomising nucleotide positions 41, 42 and 43 in its variable loop to all possible
combinations of the four common bases (Fig. 4b). We selected M&YtRNAcya variants that
functioned with MaPyIRS and enabled cells to grow on 100 pg ml-! of chloramphenicol in
the presence of BocK, by facilitating read through of an amber codon at position 111 of a
chloramphenicol acetyl transferase reporter, cat(111TAG). Next we performed a negative
screen on the selected M&YtRNAya Variants, to identify tRNAs that do not function with
MmPyIRS or any endogenous synthetases. Cells bearing GFP(150TAG)Hisg, MmPyIRS and
each M&YtRNAya variant were provided with BocK and screened for the absence of
GFPHisg expression.

This serial positive selection and negative screen identified four unique sequences, which
vary nucleotides 41 and 42 but conserve G43 (Fig. 4c). Expression of GFP(150TAG)Hisgin
the presence of each evolved M&YtRNAGa variant, BocK, and either MnPyIRS or
MaPyIRS revealed that the selected sequences do not function with MmPyIRS but do
function with MaPyIRS (Fig. 4d). However, the activity of these evolved MaPyIRS/
MEYRNACA pairs did not exceed 47% that of the parent MaPyIRS/MEYYRNAcua pair.
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Next we investigated whether MaPylRS/ MaEFYYRNAca pairs that are more active but still
mutually orthogonal to the MmPyIRS/MnFYYRNAcua pair can be created by introducing
further diversity in the variable loop of M&#YtRNAcya. We generated libraries in which the
length of the variable loop was expanded from 3 nucleotides to 4, 5 or 6 randomised
nucleotides (Fig. 4b). We performed the serial positive selection and negative screen for each
of the expanded libraries and characterized the resulting M&YtRNAc clones. From the
expanded libraries we obtained evolved M&YtRNAca sequences with expanded variable
loops and non-programmed mutations in either the T-loop or D-loop (e.g.
MEYMRNA(B)cua, MEYHRNA(L0)CUA, MFY'RNA(14)CUA and M YHRNA(23)CUA
(Fig. 4c)). These tRNAs form MaPyIRS/MaFYRNAcua pairs that are as active as the
MmPyIRSIMmFYYRNAua pair, and do not function with AMmPyIRS (Fig. 4d,e). These
experiments demonstrated that the MmPyIRS/MmPY'RNAca pair and several of the
evolved MaPylRS/MFYHRNACa pairs, with expanded variable loops and high activity, are
mutually orthogonal. The activity of the evolved MaPyIRS/ MEYHRNA(6)cua pair is 91%
of the parent MaPyIRS/MEYHRNAcya and is slightly greater than that of the GIPyIRS/
GIPYHRNAua pair. The evolved MaPyIRS/ Ma£YYRNAu pairs are more orthogonal than
the GIPYIRS/GIPYHRNAa pair, with respect to the MmPyIRS/ MnPY'RNAcUa pair,
since GIPYHRNAya shows a low level of activity with MmPyIRS (Fig. 3).

Engineering MaPyIRS for selective ncAA incorporation

MmPyIRS and MbPYIRS have been used extensively for genetic code expansion and the
active sites of these enzymes naturally accept several ncAA substrates, but exclude others9,
12. Structure-guided mutagenesis and directed evolution of the active site of MbPyIRS and
MmPyIRS has expanded the repertoire of ncAAs that can be incorporated23, 24, and created
enzymes that are selective for some ncAAs with respect to others25. Mutants discovered in
MBPYIRS can commonly be transplanted to MmPyIRS and vice versa.

In light of the extensive homology in the amino acid-binding pockets of MmPyIRS and
MaPyIRS (Supplementary Fig. 2), we investigated whether the substrate specificity of
MaPyIRS could be expanded through the introduction of mutations identified in the active
sites of MmPyIRS or MBPyIRS. The Y306A, Y 384F double mutant of MmPyIRS
(MmPyIRS-AF) expands its substrate specificity to facilitate the incorporation of several
additional ncAAs23. Using an alignment of MmPyIRS and MaPyIRS (Supplementary Fig.
2) we identified Y126 and Y206 in MaPyIRS as the residues corresponding to Y306 and
Y384 in MmPyIRS, and created the corresponding Y126A and Y206F mutations in
MaPyIRS (MaPyIRS-AF). The MmPyIRS-AF/ MmPYYRNAua pair facilitates the
incorporation of a bicyclononyne-containing amino acid (BCNK, 2), which is poorly
incorporated by MnPylRS/MmPYYRNAca pair (Fig. 52)26, 27. Similarly we find that the
MaPyIRSI MEYWRNA pair inefficiently incorporates BCNK, and that the efficiency of
BCNK incorporation is substantially improved by using the MaPyIRS-AF/MEFYYRNACuA
pair (Fig. 5a). These experiments demonstrated that the mutations identified in MnmPyIRS
can be transferred to MaPyIRS to expand its substrate specificity.

Next we asked whether we could create MaPyIRS and MmPyIRS variants with mutually
orthogonal ncAA substrate specificity. We recently demonstrated that parallel positive
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selections on a MbPyIRS library in the presence of either Ne - benzyloxycarbonyl-L-lysine
(CbzK, 3) or Ne-(((2-methylcycloprop-2-en-1-yl)methoxy)carbonyl)-L-lysine (CypK, 4) or
in the absence of ncAA, coupled to deep sequencing and comparative sequence analysis,
enables the direct identification of MbPyIRS variants that incorporate ChzK, but not CypK
or any natural amino acids, and vice versa25. MBPyIRS-MutRS1 (Y271M, L274G, C313T)
selectively incorporates ChzK, but not CypK; we introduced the corresponding mutations
into MaPyIRS, creating MaPyIRS-MutRS1 (Y126M, M129G,V168T). We found that the
MaPyIRS-MutRS1/ MFYYRNAca pair directs the incorporation of ChzK but not CypK
(Fig. 5b). MbPYIRS-MutRS2 (A267S) selectively incorporates CypK, but not CbhzK. We
found that the MmPyIRS-MutRS2 (A302S)/ MnPYYRNAca pair directs the incorporation
of CypK but not ChzK (Supplementary Fig. 6); we subsequently found that the wild-type
MmPyIRSIMmFYYRNA A pair directs the incorporation of CypK but not ChzK with
comparable efficiency and specificity to the mutant, and used this pair for further
experiments (Fig. 5b). These experiments demonstrated that active sites of MaPyIRS and
MnPyIRS can be diverged for mutually orthogonal ncAA incorporation.

Encoding distinct ncAAs with mutually orthogonal PyIRS/PYHRNA pairs

Next we demonstrated that the MaPyIRS-MutRS1/MZFYRNA(6) and MmPyIRS/
MnFYYRNA pairs can function as mutually orthogonal pairs in the same cell. We created a
single vector encoding both the MaPyIRS-MutRS1/ MEYHRNA(6)cua pair and the
MmPyIRS! MrPYYRNAccy pair, and introduced this into cells along with
GFP(150TAG)Hisg Addition of the MaPylRS-MutRS1 substrate, CbzK, led to robust
GFPHisg synthesis, while addition of the MmPyIRS substrate, CypK, led to minimal
synthesis of GFPHisg, and addition of both CbzK and CypK led to robust GFPHisg synthesis
(Fig. 6a, Supplementary Fig. 7). Mass spectrometry demonstrates that GFPHisg produced
from GFP(150TAG)Hisgin the presence of the MaPyIRS-MutRS1/ MEYHRNA(6)cya and
MmPyIRS! MrPYYRNAccy pairs and both CbzK and CypK incorporates ChzK but not
CypK (Fig 6b, Supplementary Fig. 8). In complementary experiments we introduced the
MaPyIRS-MutRS1/ MEFYMRNA(6) uacu and MrPyIRS/ MnFYYRNACua pairs, along with
GFP(150TAG)Hisg, into cells. Addition of the MmPyIRS substrate, CypK, led to robust
GFPHisg synthesis, while addition of the MaPyIRS-MutRS1 substrate, CbhzK, led to minimal
synthesis of GFPHisg, and addition of both ChzK and CypK led to robust GFPHisg synthesis
(Fig. 6¢, Supplementary Fig. 7). Mass spectrometry demonstrates that GFPHisg produced
from GFP(150TAG)Hisgin the presence of the MaPyIRS-MutRS1/MFYHRNA(6)yacy and
MmPyIRSI MmFYYRNAa pairs and both ChzK and CypK incorporates CypK, but not
CbzK (Fig 6d, Supplementary Fig. 8).

These experiments demonstrated the modular combination of mutations in
MZEYHRNA(6)cua, that confer orthogonality with respect to MmPyIRS, with the mutations
in MaPyIRS-MutRS1, that re-program the ncAA specificity of this enzyme, to produce a
pair that combines the properties conferred by each set of mutations. Moreover, these
experiments demonstrated that the MaPylRS-MutRS1/MaFYHtRNA(6) and MmPyIRS/
MnPYYRNA pairs can function independently in the same cell.
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Finally we demonstrated that we can encode distinct ncAAS into a single polypeptide using
the mutually orthogonal PylRS/PYRNA pairs. We introduced the MaPyIRS-MutRS1/
MEFYRNA(B)cua pair and MmPyIRS/ MnPYWRNAyccy pair into cells that produce ribo-
Q, an orthogonal ribosome that is directed to an orthogonal message and facilitates decoding
of quadruplet and amber codons by cognate tRNAs4. Cells also contained 0-GST-
CaM(1UAG, 40AGGA), an orthogonal message for a glutathione-S-transferase-calmodulin
fusion that is read by ribo-Q1 and contains amber and quadruplet codons that are
complementary to the anticodons of M&YtRNA(6)cua and MaPYRRNAccy. Addition of
both ChzK and CypK to cells was required for efficient full length GST-CaM synthesis, with
an unoptimized yield of approximately 0.5 mg per L of culture, from the orthogonal
message (Fig. 6e, Supplementary Fig. 7). Additional experiments and mass spectrometry
confirmed the programmed incorporation of both ncAAs into a single polypeptide
(Supplementary Fig. 9). These experiments demonstrated that the MaPyIRS-MutRS1/
MEPYMRNA(B)cua and MmPyIRS/MnFYYRNAccu pairs can function in the same cell to
incorporate distinct substrates into a single polypeptide in response to distinct codons.

Discussion

The N-terminal domain of PyIRS is commonly believed to be essential for robust activity /n
vivo. We have discovered PyIRS variants that lack the N-terminal domain but are
exceptionally active and orthogonal in £. coliand can be used to direct the incorporation of
ncAAs. These single domain PyIRS variants may provide an improved starting point for
engineering new substrate specificity. We have shown that the GIPyIRS/GIPYtRNA pair is
mutually orthogonal with the MmPyIRS/ MnFYHYRNA pair. Our results reveal that there is
sufficient divergence between PylIRS/PYtRNAca recognition within methanogenic archea
to generate mutually orthogonal pairs. We are not aware of any prior examples of natural
mutual orthogonality between synthetase/tRNA pairs used for the same amino acid within a
domain of life and our results suggest it will be interesting to further explore the mutual
orthogonality of aaRS/tRNA pairs from distinct archeal orders.

We have created exceptionally active variants of the MaPyIRS/MaYRNA pair that have a
high level of mutual orthogonality with respect to the MmPyIRS/ MrFYYRNA pair.
Moreover we have shown that the active sites of the MaPyIRS/MaYtRNA and

MmPyIRSI MnFYYRNA pairs can be diverged to recognize distinct substrates, and that the
pairs can be used together to program distinct ncAAs into proteins in £. coli. \We anticipate
that the MaPyIRS/MaYHRNA(6) pair and its derivatives may be used to further expand the
combinations of ncAAs that can be encoded into polypeptides synthesized in £. coli. It will
be interesting to explore whether the new PyIRS/tRNA pairs reported herein are also
orthogonal in eukaryotic cells and organisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Summary

Pyrrolysyl-tRNA synthetase(PyIRS)/PYHRNAca pairs that lack the N-terminal domain
but are active and orthogonal are discovered, and pairs that are mutually orthogonal to
existing PyIRS/PYHRNAc pairs are developed. Mutually orthogonal PyIRS/PYtRNA
pairs are combined to genetically encode the incorporation of distinct ncAAs into
proteins synthesized in £. coli.
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Figure 1. The structures of the amino acids used in this work.

1, Ne-((tertbutoxy)carbonyl)-L-lysine; 2 Ne-(((1R,8S)-bicyclo[6.1.0]non-4-yn-9-
ylmethoxy)carbonyl)-L-lysine, exo isomer shown, 4:1 exo/endo mixture used; 3, Ne-
benzyloxycarbonyl-L-lysine; 4, Ne-(((2-methylcycloprop-2-en-1-yl)methoxy)carbonyl)-L-
lysine.
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Figure 2. Identifying ANPyIRS/Py'tRNA pairs are active and orthogonal in E. coli
(a) Classification of identified PyIRS sequences according to the presence of a domain

homologous to D. hafniense PylISn either within the same gene (py/Sn-py/Scfusion class),
present within a separate gene in the same genome (py/Sn class), or absent entirely (Apy/Sn
class). (b) /n vivoamber suppression activity assay using £. co/i DH10B bearing pBAD
GFP(150TAG)Hisg and the corresponding pKW PylIRS/PYtRNAca plasmid in the presence
and absence of BocK (1) demonstrates the activity of ANPYIRS/PYtRNAca pairs and the
orthogonality of several PYHRNAs with respect to £. coliaminoacyl-tRNA sythetases. Each
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data point shows the mean of three technical replicates that form one biological replicate; the
error bars show the mean and SEM of three independent biological replicates. (c), (d), (€)
Confirmation of specific BocK incorporation into purified GFPHisg by MmPyIRS/
MPYYRNACua, MaPyIRSIMEYMRNACuA and GIPYIRS/GIPYHRNACya analysed by
electrospray ionisation mass spectrometry (ESI-MS, predicted mass 27,942 Da, observed
mass 27,942 Da) reveals the functional orthogonality of each PyIRS with respect to £. coli
tRNAs. The ESI-MS experiments in (c), (d), (e) were performed once. Raw ESI-MS spectra
are provided in Supplementary Fig. 4.
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Figure 3. Mutual orthogonality amongst natural PyIRS/Py'tRNA pairs.
In vivo amber suppression activity assay using £. co/i DH10B bearing pBAD

GFP(150TAG)Hisg and the corresponding pKW PylRS/PYtRNAca plasmid in the presence
and absence of BocK (1) demonstrates the activity of the indicated PyIRS with cognate and
non cognate PY*RNAca. Each data point shows the mean of three technical replicates that
form one biological replicate; the error bars show the mean and SEM of three independent
biological replicates.
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Figure 4. Evolution of MaPYHRNA to create mutually orthogonal PyIRS/PV'tRNA pairs.
(a) Evolution MZFYYRNA to abolish its function with AmPyIRS while preserving its

function with MaPyIRS, via positive selection in the presence of MaPyIRS followed by a
negative screen in the presence of MmPyIRS. (b) Libraries of M&YtRNA created by
randomising or expanding the length of the variable loop to 4, 5 or 6 randomised
nucleotides. (c) Variable loop sequences for the M&YtRNA hits identified. Hits are grouped
according to the library from which they were identified. Hits 6, 8, 10, 12, 15, 16, 17, 18 and
20 also contained a G55A mutation; hits 14, 19, 22, 23 and 24 also contained a G55T
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mutation; hits 11, 13 and 21 also contained a G55C mutation; hit 7 also contained a C15T
mutation. (d), (e) /7 vivo amber suppression activity assay (libraries N = 3 and 4 (d) and
libraries N = 5 and 6 (e)). Each data point shows the mean of three technical replicates that
form one biological replicate; the error bars show the mean and SEM of three independent
biological replicates. wt, wild-type
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Figure 5. Engineering the active site of MaPyIRS for selective ncAA incorporation.
(a) /n vivo amber suppression activity assay using £. co/i DH10B bearing pBAD

GFP(150TAG)Hisg and the corresponding pKW PylIRS/PYtRNAca plasmid in the presence
and absence of BCNK (2) demonstrates the transferability of the MmPyIRS-AF mutations
into MaPyIRS to facilitate improved incorporation of BCNK using MaPyIRS-AF. Each data
point shows the mean of three technical replicates that form one biological replicate; the
error bars show the mean and SEM of three independent biological replicates. (b) /n vivo
amber suppression activity assay using £. co/i DH10B bearing pBAD GFP(150TAG)Hisg
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and the corresponding pKW PyIRS/PYHRNAca plasmid in the presence and absence of
ChzK (3) and CypK (4) demonstrates the selective incorporation of CypK by MmPyIRS and
the selective incorporation of CbzK by MaPyIRS-MutRS1. Each data point shows the mean
of three technical replicates that form one biological replicate; the error bars show the mean
and SEM of three independent biological replicates.
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Figure 6. Encoding distinct ncAAs using mutually orthogonal PyIRS/Py'tRNA pairs.
(a) GFPHisg purified from E. coli containing GFP(150TAG)Hisg, MmPyIRS/

MmPYYRNAyccu and MaPyIRS-MutRS1/MEYYRNA(6)cua and analyzed by SDS-PAGE.
Two independent experiments were performed with similar results. (b) Electrospray
ionization mass spectrometry of GFPHisg purified from £. coli containing
GFP(150TAG)Hisg, MnPyIRSI MmPYYRNAccu, MaPylRS-MutRS1/ MEY'RNA(6)cya in
the presence of both CbzK and CypK. The peak corresponds to CbzK incorporation
(predicted mass 27,976 Da, observed mass 27,975 Da). ESI-MS was performed once. (c)
GFPHisg purified from £. coli containing GFP(150TAG)Hisg, MmPyIRSIMnFYYRNACyA,
MaPyIRS-MutRS1/ MFY'RNA(6)yacy and analyzed by SDS-PAGE. Two independent
experiments were performed with similar results. (d) Electrospray ionization mass
spectrometry of GFPHisg purified from E. coli containing GFP(150TAG)Hisg,

MmPyIRS/ MnPYYRNACua, MaPYIRS-MutRS1/MEYYRNA(6)uacu in the presence of both
ChzK and CypK. The peak corresponds to CypK incorporation (predicted mass 27,952 Da,
observed mass 27,951 Da). ESI-MS was performed once. () GST-CaM purifications from
E. coli containing ribo-Q1, 0-GST-CaM(1TAG, 40AGGA), MnPylRS/ MnPYYRNAccu,
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MaPyIRS-MutRS1/ Ma&YYRNA(6)cua grown in presence and absence of the indicated
ncAAs. Samples were analyzed by SDS-PAGE. Two independent experiments were
performed with similar results.
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