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The standard genetic code uses 64 codons to encode 20 canonical amino acids across
domains of life. New-to-nature genetic codes enable new chemistries, therapeutics
and ecosystem engineering, but recoding the genome of an organism is exceptionally
challenging'¢. Here we describe automated genetic tRNA expansion (AGENTEX) for
multiplexed robotic prototyping of genetic codes in cell-free translation systems. Two
Watson-Crickinteractionsin the ribosomal large subunit (LSU) mediate recognition
ofthe 3’ CCA end of tRNAs, preventing tRNAs with alternative 3’ sequences from being
accommodated during translation’®, Building on these interactions, we investigated

the extent to which non-CCA-3’ tRNAs (otRNAs) would be aminoacylated by natural
aminoacyl tRNA synthetases (aaRSs), allowing pools of otRNAs to specify unique
genetic codes using ribosomes with altered LSU. We developed multiplexed

and automated methods to read aminoacylationin libraries of synthetic tRNAs.

We discovered that the tRNA 3’ end shows remarkable flexibility to mutation,
allowing aminoacylation of most otRNAs by all Escherichia coli aaRSs. Building on our
discovery, we developed cell-free translation systems enabling compressed genetic
codes of 34 aaRSs for 34 codons. Using AGENTEX, we evaluated two genetic codes
alongside the standard genetic code, with non-standard amino acid incorporation
and reassignment of up to three codons. Our findings have implications for the design
of radically new translation systems, the synthesis of biopolymers with several
instances of non-standard monomers, and understanding of possible past and future

genetic codes.

Synthetic genetic codes*** have enabled construction of organisms
with new properties such asincreased virus resistance and reduced hor-
izontal gene transfer?®'°, as well as production of genetically encoded
materials™?, therapeutics®and biocatalysts'. Using engineered ribo-
somes™ ", tRNAs™ and aaRSs™®"”, genetic code expansion has enabled
theintroduction of more than 400 non-standard amino acids (nsAAs)
into proteins in living cells?® and synthesis of sequence-defined poly-
mers* 2, However, reassigning more than a handful of sense codons
across an entire genome>° remains challenging, as does incorpora-
tion of multiple nsAAsinto polypeptides with high purity. Much more
radical redesign of translation systemsis required to achieve complete
control, fromgenetic sequence space to sequence-defined chemistry.

Given the challenges of genome synthesis and editing, a fully auto-
mated workflow to design and test new genetic codes can accelerate
genome engineering, push genomes beyond what nature has evolved
and allow unprecedented control over sequence-defined polymer
synthesis (Fig. 1a). Compressing the 64-codon near-universal genetic
codetoonly20sense codons, onestart codon and one stop codon liber-
ates 14 codons for non-standard building blocks (Fig. 1b and Extended
DataFig.1). We predicted amodular, automated, data-driven redesign
cycle. By combining custom lysate-based translation systems with syn-
thetic pools of tRNAs carrying engineered anticodons, we canrapidly
prototype alternative genetic codes and evaluate their performance
in polypeptide synthesis (Fig. 1a).

Cell-free translation platforms are divided into lysate-derived (lysate)
and PURExpress (PURE) systems. Lysate is produced from crude cell
extracts and retains both translational machinery and enzymes for
RNA and post-translational modifications?. PURE uses individu-
ally purified components, including ribosomes, aaRSs, tRNAs and
translation factors, combined in defined ratios®. Lysate offers sev-
eral advantages for genetic code prototyping, including support for
native tRNA modifications that enhance codon-anticodon pairing??,
scalability for bioproduction®**? and similarity to in vivo systems®’.
However, lysates also contain the complete tRNA set of the host, which
can exhibit crosstalk with reassigned sense codons and obscure syn-
thetic genetic code designs. Consequently, proof-of-concept genetic
code expansion studies and directed evolution have largely been per-
formed in PURE®*?, although PURE is less suitable for preparative-scale
bioproduction.

To overcome this limitation, we proposed engineering the universal
Watson-Crick interaction between the 3’ CCA sequence of all tRNAs
andbases G2251and G2553 inthe 23S rRNA of the Escherichia coliribo-
some’®, which ensures specific tRNA accommodation during transla-
tion. Purified ribosomes containing G2251C and G2553C mutations
were previously shown in PURE to accommodate tRNAs with 3’ CGA
ends forshort peptide translation®. This, however, relied on flexizyme
charging and purification of each unique tRNA species used*>*, pre-
venting multiplexed testing of entire genetic codes. We asked whether
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Fig.1|AGENTEX enables multiplexed testing of genetic codes and sequence-
defined biopolymer synthesis. a, Ribosomes containing G2251C and G2553C
mutationsin the large subunit (CGA ribosomes) specificallyaccommodate
tRNAs with 3’ CGA ends (0otRNAs) and do not accept natural tRNAs for
translation. Natural aaRSs can aminoacylate allotRNAs in aone-potreaction,
allowingtheir usein translation. A cell-free translation system (lysate) is
generated by lysing cells containing CGA ribosomes and used for subsequent
translation tests in an automated workflow. Each genetic code is synthesized as
apoolof otRNAs thatarerobotically produced and introduced into the lysate.
Forexample, asingle tRNA for each amino acid can be provided, producing a
compressed genetic code. Similarly, mMRNA templates for polypeptide
translation are automatically synthesized and purified, and all reaction steps
areautomated. The otRNAs are continuously aminoacylated by aaRSsin the
lysate and specifically interact with the CGA ribosome while avoiding crosstalk
with the natural translation system. The effect of each genetic code, specified
inthe composition of an otRNA pool, can be analysed and used for rapid
generation of the next genetic code experiments. The makeup of this system
ensures biocontainment, as the components of AGENTEX are not functional if
transferredtoliving organismsin the environment. b, Design of compressed
genetic codes. Given 64 otRNA triplet codons and normal wobble rules,

20 canonicalamino acids caneach be decoded by asingle tRNA and 14 codons
available for reassignment, indicated in red. Alternatively, all 34 codons could
be used for making peptides analogous to non-ribosomal peptide synthase
using amixture of canonical and other amino acids. Further details on codon
choice and design of open codons are provided in Extended Data Fig. 1.
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aaRSs could instead aminoacylate an entire tRNA poolin one reaction,
thus enabling one-pot synthesis of biopolymers using engineered
genetic codes. By supplementing engineered ribosomes with only
tRNAs carrying non-CCA 3’ ends (0tRNAs) into alysate already contain-
ingthe complete set of aaRSs, we predicted aseamless, high-through-
put workflow for evaluating expanded genetic codes.

A longstanding assumption has held, however, that the 3’ CCA
sequence is required for successful aminoacylation of most tRNAs* 38
by aaRSs because of its proximity to the site of aminoacylation, and
universality in tRNAs charged by both classland Class I1aaRSs. Earlier
reports of in vitro aminoacylation assays using tRNAs with mutated
CCA ends found that they could not be aminoacylated by purified
aaRSs* . However, a previous study reported weak aminoacylation
of in-vitro-transcribed tRNA"? carrying CUA or CAA 3’ ends by E. coli
valyl-tRNA synthetase, although a CGA-ending tRNA"" was a poor sub-
strate for aminoacylation*. We therefore proposed that other tRNAs
mighttolerate greater variationat their 3’ ends and sought to determine
the extent of this flexibility. Understanding why the CCA sequence is
universally conserved may also provide insights into the evolution of
the translation system and the origins of life.

Here, we developed multiplexed, automated methods to quantify
tRNA aminoacylation and applied them to study the full sequence vari-
ation of engineered pools of E. coli tRNAs with diversified 3’ terminal
trinucleotides. Using cell-free translation, robotics, next-generation
sequencing and analytical chemistry, we identified permissive 3’ tRNA
sequences that function as substrates for all aaRSs and tested them
in translation. We also measured aminoacylation of all £. coli tRNA
isoacceptors in their unmodified state compared with modification
conditions. Building on our discovery, we developed AGENTEX to con-
struct and test genetic codes in a multiplexed, automated workflow
while avoiding the crosstalk and laborious manipulations that limited
previous approaches. Using AGENTEX, we built and tested minimal
genetic codes for polypeptide translation and nsAA incorporation. This
work providesinsightsinto the evolution of the translation system and
enables further evolution and expansion of the genetic code.

Development and optimization of tSCAN

As we sought to study the aminoacylation of otRNAs lacking the uni-
versally conserved 3’ CCA sequence, we anticipated challenges that
would require new methods. tRNAs undergo the most extensive cova-
lent modifications of any cellular RNA*2, Moreover, tRNA biogenesis
involves multi-step maturationinvivo, anditis challenging to produce
intact tRNAs with non-natural architectures such as non-CCA ends in
living cells®®*, As tRNA modifications mediate tRNA-aaRS interactions,
they may affect aminoacylation, especially if the CCA end is altered.
For thisreason, we required amultiplexed method to measure ami-
noacylation of synthetic tRNAsinacomplex pool while avoiding tRNA
maturation challenges. Furthermore, we sought to modify tRNAs on
demandto causally determine whether the modification status of each
tRNA affected its aminoacylation. To our knowledge, no such method
was available. Previously, periodate tRNA sequencing was developed
to quantify in vivo tRNA repertoires with next-generation sequencing
(NGS)*. Instead of cloning libraries of tRNA genes into cells and lys-
ing populations to sequence their tRNAs**, we reasoned we could use
lysate-based £. coli cell-free translation systems to recapitulate charg-
ingofinvitroproduced tRNAs by the aaRS repertoire of the cell present
in the lysate. We called this method tRNA sequencing of charging by
automated NGS (tSCAN) (Fig. 2a and Supplementary Discussion1).
We optimized tSCAN to use magnetic beads for all tRNA purification
stepsand automated the workflow on an open-source robotic platform,
the Opentrons OT2 (Fig. 2b, Supplementary Discussion 1and Supple-
mentary Figs. 1-5), enabling a multiplexed pipeline to build and test
non-natural tRNA designs. Aminoacylated tRNAs are protected from
periodate oxidation and retain the CCA 3’ end, whereas uncharged
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Fig.2|Automated reading ofaminoacylation withtSCAN.a, The tSCAN
procedureisdividedinto unit operations on the Opentrons OT-2 robotic
system. All procedures consist of incubations, magnetic purifications or
reactionsetups. Each step of the procedureisinherited from one of these
base programs (numbered asinb).b, The steps within the tSCAN protocol
(Supplementary Discussion 1). Chip-synthesized oligonucleotide pools (1)
are PCR-amplified into dsDNA (2) and in-vitro-transcribed into tRNAs (3).
Cell-freereactionsareincubated with the tRNAs (4), and the tRNA is extracted (5).
Then, periodate oxidation, B-elimination (6) and dephosphorylation (7) are

tRNAs lose the terminal adenosine. By quantifying ratios of intact to
truncated reads for each species, we quantify aminoacylation. We exam-
ined orthogonality” of exogenous tRNAs to the E. coli system, because
native E. coli tRNAs would be indistinguishable from wild-type (WT)
tRNAs inlysate. We synthesized all tRNAs from Methanomethylophilus
alvus and Methanosarcina mazei, two species used for genetic code
expansion**, as chip-synthesized oligo pools** and in-vitro-transcribed
and purified them (Methods). After incubationin £. colilysate, we found
thatas expected the tRNAP from M. alvus and M. mazei showed low ami-
noacylation efficiency, consistent with minimal cross-reactivity with the
E. colisystem (Fig. 2c,d). Other tRNAs also showed low aminoacylation,
including tRNA*?in M. alvus (Fig. 2c) and tRNA™" in M. mazei (Fig. 2d),
although not previously reported as orthogonal and may represent
additional orthogonal tRNAs in £. coli. Most of the M. alvus and M. mazei
tRNAs were aminoacylated by the E. coli lysate (Fig. 2¢,d).

AllaaRSs aminoacylate non-CCA-tRNAs

After validation of tSCAN, we next tested a library of E. coli tRNAs in
which the second base of the CCA sequence was degenerate (CNA) to
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carried out. The RNA s purified at each step using magneticbeads. Then 3’
adapter ligationis performed, followed by reverse transcriptionand 5’ adapter
ligation. The cDNA is PCR-amplified to add Illumina sequencing barcodes (8-11)
(Supplementary Fig.4), and thelibraryis read by NGS (12). c¢,d, tSCAN was

used to profile the aminoacylation of tRNAs from M. alvus (c) and M. mazei

(d). We confirmed minimal charging of known orthogonal tRNA™ fromboth
speciesand determined cross-reactivity of additional tRNAs from these
organisms with the E. colitranslation system. All datarepresentn=2
independentreplicates.

determine whether E. coli synthetases aminoacylate tRNAs with this
change. The extent of aaRS promiscuity to otRNAs was unknown, and
knowledge of which aaRSs could accept otRNAs would be animportant
starting point for the development of AGENTEX. We produced tRNAs
through in vitro transcription (IVT) having an A, U or G substitution
atthe penultimate position of the tRNA and incubated these tRNAs in
an E. coli cell-free protein synthesis system (Methods) for 2 hat 37 °C.
We observed that £. coliaaRSs can charge most non-CCA-tRNAs (Fig. 3
and Extended Data Fig. 2a-c), with CGA-tRNAs having the best overall
charginglevels. As previous work examining tRNA aminoacylation with
non-CCA ends had been performed with in vitro purified aaRSs*’

chose to benchmark our lysate-based assays using PURExpress A (aa,
tRNA) kit, in which all components have been affinity-purified, and
instead of awhole-cell lysate®, native tRNAs are excluded. In contrast to
thelysate-based cell-free translation system, we expected that no tRNA
modifications would be added to the tRNAs produced through IVT in
the PURE system. The IVT tRNA pool wasincubated for2 hat37 °C. We
observed much lower levels of aminoacylation by aaRSs for most of the
tRNAs (Extended Data Fig. 3). Only about 62% of otRNAs witha CGA end
were charged by E. coli aaRSs. Meanwhile, approximately 57% of CUA
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Fig.3|Analysis ofaminoacylationlevels of tRNAs containing CCA, CGA,
CUA and CAA 3’ ends without or with RNA modifications. a-d, Aminoacylation
datacollected using tSCAN in PURExpress reconstituted cell-free translation
system (a,b) or E. colilysate-based translation system (c,d) was divided into
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independentreplicates. These dataarealsorepresented in Extended Data

Figs.2-4 asbar graphs.
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Fig.4|E. colitRNAswith full variation of the CCA 3’ end are aminoacylated
by natural E. coliaaRSs. Alibrary of all E. coliisoacceptor tRNAs was synthesized
asassDNA pooland amplified and transcribed into tRNAs. Bases 74 and 75
comprising the 3’ CCAsequence were degenerateinall tRNAisoacceptors.IVT
tRNAswereadded totheE. colicell-free translation system, and aminoacylation

otRNAs were charged and around 42% of CAA otRNAs were charged
(Fig.3a,band Extended Data Fig.3a-c). The comparable otRNAsin the
lysate-based system all showed much higher charginglevels (Fig.3c,d
and Extended Data Fig. 2a-c).

Impact of tRNA modifications on charging

We proposed that differences between lysate and PURE translation
systems arise from native tRNA modifications affecting tRNA-aaRS
interactions, because RNA-modifying enzymes are present in lysate
butabsentin PURE. We produced IVT tRNAs for all £. coli natural tRNAs
(3’ CCA) and compared aminoacylationin PURExpress A (aa, tRNA) and
lysate systems under identical conditions (Fig. 3, Extended Data Fig. 4
and Supplementary Discussion 2), matching assays for CNA tRNAs.
Aminoacylation levels in lysate agreed with previous measurements
of E. coliisoacceptors, including low serine and threonine charging
invivo®, supporting that tSCAN captures biologically meaningful dif-
ferences. Average aminoacylation was 56% for CCA-tRNAsin PURE, 47%
for CGA-tRNAs in PURE, and 67% for CCA-tRNAs in lysate (Extended
Data Figs. 3 and 4). Although CCA-tRNAs were generally more highly
aminoacylated than CGA-tRNAsin PURE (Extended DataFig.4a), several
CCA-tRNAs showed reduced aminoacylation in PURE compared with
lysate, including glyT and lysQ, which were about 50% lower in PURE
(Extended DataFig. 4b).

tRNAs charged by class IlaaRSs generally showed lower aminoacyla-
tion than class I, especially serine and threonine tRNAs (Fig. 3b,d),
consistent with previous reports® in E. coli. Altering the WT CCA
end to CGA, CUA or CAAin lysate-incubated serine and threonine

was quantified with tSCAN. The aminoacylation percentage of all £. colitRNAs
was measured and plotted asaheatmap. The rows represent the identity of the
nucleotide of the third-to-last position on the tRNA and the columns represent
theidentity of the nucleotide in the penultimate position on the tRNA. All data
representn=_2independentreplicates.

tRNAs increased aminoacylation (Fig. 3d), but this was not seen for
mostunmodified tRNAs (Fig. 3b). Overall, unmodified tRNAs showed
reduced aminoacylation compared with lysate, particularly for class|I
aaRSs. Structural modelling (AlphaFold3) suggested steric hindrance
differences between CCA and CGA ends, including -1t stacking
between A75 of tRNA glyT and Y80 of GlyRS (Extended Data Fig. 7 and
Supplementary Discussion 2).

Collectively, lysateimproved aminoacylation of most tRNAs. Given
that aaRS concentration in PURE is more than 1,000-fold lower than
tRNA concentration® and comparable to lysate ratios™, these differ-
ences probably reflect meaningful system-specificaaRS-tRNA interac-
tions (that s, lysate compared with PURE). To further validate tSCAN
aminoacylation patternsinlysate and PURE, we analysed aminoacyla-
tion withliquid chromatography-mass spectrometry (LC-MS) (Supple-
mentary Discussion2). We performed in vitro aminoacylation reactions
on purified aaRS enzymes and IVT tRNAs, followed by detection of the
aminoacylated amino acid by LC-MS (Methods, Extended DataFig. 5a,
top, and Supplementary Discussion 2). Analysis of leuW, proK and valT
tRNAs (with 3’ CCA or 3’ CGA ends) with their cognate aaRSs matched
the tRNA aminoacylation patternsin PURE, as IVT tRNAs were unmodi-
fied in both experimental systems. We observed aminoacylation of
all tRNAs with 3’ CCA ends, but only valT was aminoacylated among
tRNAs with 3’ CGA ends (Extended Data Fig. 5b), corresponding to
tSCAN data (Fig. 3a,b).

To examine the identity of amino acids charged to tRNAs directly
in the lysate, we required a new method that would allow incubation
of IVT tRNAs in lysate and distinguish tRNAs differing by even asingle
nucleotide (that is, 3’ CGA or CCA ends). We developed tRNA-species
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Fig.5|See next page for caption.

charging analysis by mass (tSCAN-M), which uses isotopically labelled
tRNAs incubated in lysate and subsequent digestion, isolation and
LC-MS detection of the charged amino acid species (Extended Data
Fig. 6aand Supplementary Discussion 2). We first validated tSCAN-M
byinvitro transcribing natural Tyr and Trp tRNAs using N-ATP during
the IVT reaction and incubating them in lysate for aminoacylation by
endogenous aaRSs. After bulk digestion and precipitation of proteins,
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we confirmed both endogenous and IVT Tyr and Trp tRNAs were ami-
noacylated with their target amino acids (Extended Data Fig. 6b and
Supplementary Discussion 2). Using tSCAN-M, we analysed leuW,
proK and valT tRNAs with 3’ CCA or CGA ends in lysate. We found that
all of these tRNAs were aminoacylated with both 3’ end sequences
(Extended Data Fig. 5c), again confirming our findings with tSCAN in
lysate (Fig. 3c,d).



Fig.5|Theribosome and 3’ end of tRNAs prevent crosstalk between genetic
codes. a, We propose that the ribosome, and not aaRSs, maintains tight control
over the genetic code by interactions withthe tRNA 3’ end, given that aaRSs can
readily acylate both CCA and non-CCA-tRNAs. This prevents alternative genetic
codes that could operate with tRNAs having non-CCA 3’ sequences. b, To
determine whether CGA-tRNAs canstillbeaccommodated atlow levels by
WTribosomes, we used acell-free translation system with WT ribosomes
andintroduced dsDNA templates for reporter peptides that can be identified
by LC-MS/MS. We performedIVT of alibrary of CGA-otRNAs representing a
minimal code of all 20 amino acids and methionine initiator (MP1) and
introduced the MP1pooltoacell-free translation system also containing £. coli
native-charged tRNAs and £. coliaaRSs. The alanine and serine anticodons were
swapped so that we could determine whether a CGA-tRNA wasincorporated at

analanine codoninthereporter peptide instead of the native serine tRNA.

c-j, Incell-free translation reactions, we used dsDNA templates for peptide
MHHHHHHSKVPGAGVPGAGVPGAGKGGG (ELP-AAA) or MHHHHHHAKVPGSG
VPGSGVPGSGKGGG (ELP-SSS), in which the trypsin-digested product, VPGSG
VPGSGVPGSGK or VPGAGVPGAGVPGAGK, respectively, canbe robustly
detected by LC-MS/MS™. The elution times of the respective peptidesis
indicated withshading. The ELP-AAA peptide was detected and confirmed by
LC-MS/MS using a Q Exactive Orbitrap mass spectrometer bothin the presence
(c,d) orabsence (e,f) of the MP1 pool.Inneither case was there evidence of
misincorporation of otRNAs. Similarly, the ELP-SSS reporter peptide was
detected and confirmed by LC-MS/MSbothinthe presence (g,h) or absence
(i,j) of the MP1 pool.Inneither case was there evidence of misincorporation

of otRNAs.

Landscape of acceptor stem charging

Following from our surprising discovery of the flexibility of E. coli
aaRSsto charge otRNAs having CGA, CUA and CAA ends, we next asked
whether the position two bases away from the terminal adenosine
could also be diversified and be tolerated by aaRSs as a substrate for
aminoacylation. We synthesized an oligonucleotide library of all £. coli
isoacceptor tRNAs with the two terminal bases, 74 and 75, before the
final adenosine was degenerate (Fig. 4a). We performed tSCAN within
alysate-based E. colitranslation system. We plotted the analysis of the
tSCAN results as aheatmap inwhich the rows correspond to the identity
ofbase 74 and the columns correspond to theidentity of base 75ineach
terminal tRNA sequence. Many positions were found to be permissive
to substitutions (Fig. 4b), such as A or U being the first base of the 3’
sequence. Also, some tRNAs exhibited a generally larger flexibility to
substitution, such as valT, valV, valU and pheV. GCA exhibited reduced
aminoacylation in about 60% of tRNAs, in contrast to other terminal
sequences that were mostly permitted. Thisisintriguing, as it was pre-
viously shown® that the WT E. coli ribosome can accept a few tRNAs
with 3’ GCA end that were charged with an amino acid using flexizymes
but with less efficiency than natural tRNAs with 3’ CCA end. However,
accommodation of tRNAs with 3’ CGA ends by WT ribosomes was not
observed™®. This difference between GCA and CGA 3’ ends may suggest
translation regulation of non-CCA-tRNAs at the aminoacylation stage
ifribosome selection is not effective.

Ribosomes prevent translation crosstalk

Having determined that there is wide flexibility for charging otRNAs, we
nextinvestigatedif otRNAs could participatein translationin the native
translation system (that is, using natural ribosomes without G2251C and
G2553C mutationsinthe 23S rRNA) (Supplementary Discussion 3). We
proposed that the WT ribosome, by interactions with the tRNA accep-
tor stem, would selectively accept tRNAs only with CCA ends, even if
otRNAsaminoacylated by E. coliaaRSs are present (Fig. 5a). We began by
testing translation using acompressed genetic code with two swapped
codons to measure crosstalk with the natural genetic code. Based on
our tSCAN data, we synthesized an IVT pool of otRNAs with 3’ CGA ends,
including 20 tRNAs for sense codons and one initiator methionine tRNA
(Fig. 5b and Extended Data Fig. 8a). Anticodons of alanine and serine
were swapped (pool MP1) to determine whether anative tRNA or otRNA
was used in decoding areporter peptide messenger RNA (mRNA). We
designed and validated translation of peptide reporters (ELP-AAA and
ELP-SSS) that can be detected by LC-MS/MS'™ to determine whether
alanine or serine wasincorporated at three positions within the peptide
(Supplementary Fig. 9a,b and Supplementary Discussion 3).

Next, we tested translationinthe presence or absence of the swapped
compressed genetic code MP1to determine the levels of accommoda-
tion of charged CGA-otRNAs by WT E. coli ribosomes (Supplementary
Discussion 3). With translation carried out using dsDNA for the ELP-AAA
peptide asatemplate, we detected ELP-AAA (Fig.5c,d). We saw equivalent

resultsin the no MP1 pool addition control (Fig. Se, f). With translation
carried out using dsDNA for the swapped ELP-SSS reporter template,
we detected ELP-SSS but not ELP-AAA or any alanine substitutions into
the peptide (Fig. 5g,h). We saw equivalent results in the no MP1 pool
addition control (Fig. 5i,j). Insummary, we could not detect evidence of
non-specificaccommodation of otRNAs containing a CGA endinto the
WT ribosome for translation. Thus, although otRNAs are aminoacylated
by all E. coli native aaRSs, the WT ribosome acts as a filter to prevent
otRNA accommodation during translation. These findings were highly
encouraging for us to proceed with testing AGENTEX with the addition of
amutantribosomeintoalysate system, whichwould specifically interact
with otRNAs while not having crosstalk with the standard genetic code.

Compressed genetic codes with AGENTEX

Aswe found the otRNAs do not have detectable crosstalk with the native
translation system, we next deployed AGENTEX to test acompressed
genetic code and apply it to translate polypeptides with an expanded
genetic alphabet. We tested a 22-codon genetic code for polypeptide
translation with AGENTEX. We synthesized aminimal tRNA pool (MP2)
with otRNAs containing 3’ CGA ends, consisting of an initiator methio-
nine otRNA and 20 otRNAs for all canonical amino acids (Fig. 6a and
Supplementary Discussion 3). The codons of serine and alanine were
swapped. The Methanocaldococcus jannaschii tRNA™ ., with CGA 3’
endwasincluded todecode UAG and enable para-azido phenylalanine
(pazF) incorporation by its aaRS*? (Extended Data Fig. 8b).

As before, we designed automated procedures for AGENTEX with
custom Python code controlling all unit operations in the OT-2 robot
and that separated data representation from robotic execution (Sup-
plementary Fig. 10 and Supplementary Discussion 3). Compressed
genetic codes were generated to specify aminimal set of codons for the
canonical amino acids and the ability to modify anticodons of tRNAs
to maximize codon space.

We developed a high-sensitivity luminescence reporter assay for
rapid testing of translation of recoded genetic codes with AGENTEX.
Ourreporteris based on the HiBiT peptide, which with LgBiT reconsti-
tutes luciferase function, enabling quantitative measurement of its pro-
ductionby luminescence (Fig. 6b and Supplementary Discussion 3). We
constructed anengineered peptide (h-TAG-1), inwhichashort peptide
(MGVGXGVG, where Xisa UAG codon) precedes the HiBiT sequence. We
tested translation using AGENTEX and a22-codon code using the MP2
tRNA pool (Extended Data Fig. 8b). Successful translation produces a
full HiBiT peptide and luminescence on LgBiT complementation. If MP2
tRNAs are notaccommodated, translation terminates early because of
lack of suppression by M. jannaschii otRNA™ ., and HiBiT contains two
incorrect alanines instead of serines. We performed translation with
or without pazF in lysates containing WT or CGA ribosomes. With CGA
ribosomes, there was approximately six-fold higher HiBiT production
with MP2 and pazF (+pazF, +pazFRS) than WT lysate, and about 10-fold
higher than the no-template control (Fig. 6¢). This suggests correct
message translation is more successful with CGA ribosomes and MP2
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Fig. 6|See next page for caption.
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Fig. 6| Translation of polypeptides with an expanded genetic code using
sequential decoding of otRNAs and mutant ribosome. a, We tested
translation of compressed genetic code MP2 with AGENTEX using mutant CGA
ribosomes (G2251C/G2553Cin 23S rRNA) and an MP2 orthogonal tRNA (otRNA)
pool. The compressed genetic code should be specifically translated by CGA
ribosomes andis orthogonal to the natural translation system. The MP2 tRNA
pool decodes each canonicalamino acid with asingle tRNA, with serineand
alanine anticodons swapped. M. jannaschii tRNA™",, decodes the UAG codon
with para-azido phenylalanine (pazF). b, Translation efficiency and fidelity
were evaluated using the h-TAG-1reporter, which contains a TAG codon for pazF
and swapped Ser/Alacodons. Standard-code translation produces truncated
or mistranslated h-TAG-1withreduced luminescence, whereas the compressed
codeyields full-length h-TAG-1, which reconstitutes luciferase luminescence by
full-length HiBiT (Supplementary Discussion 3). ¢, h-TAG-1was translated in

AGENTEX using WT or CGA ribosome lysates, with or without pazF, pazFRS and
thereporter template. Luminescence was measured in an endpoint assay. Data
representn=3independentreplicates (mean +s.d.). AStudent’s t-test was used
to calculate statistical significance relative to the WT ribosome condition and
presence of all variables (leftmost bar), where NS denotes not significant,
P>0.05,*P<0.05,**P<0.01,***P< 0.001and ****P < 0.0001.d-h, To verify
peptide products and assess translational crosstalk, we used the ELP-SAS
reporter, containing three codons whose identities depend on the genetic code
and arereadily distinguished by LC-MS/MS (Supplementary Fig.12). With CGA
ribosomes and the MP1pool, both swapped and standard-code products were
detected, but no mixed alanine/serine crosstalk products; MS/MS confirmed
swapped (e) and standard-code (f) products. With WT ribosomes, only the
standard-code product was detected (g), confirmed by MS/MS (h).a.u.,
arbitrary units.

tRNAs (Supplementary Discussion 3). When translating in WT and CGA
lysates without functional pazFRS (+pazF, -pazFRS), luminescence
was at background levels (Fig. 6¢), indicating the high signal (+pazF,
+pazFRS) with CGA ribosomes reflects correct decoding (about six-fold
over background, P< 0.001).

To determine whether otRNAs were accommodated by CGA ribo-
somes and whether there was any crosstalk with native ribosomes, we
used LC-MS/MS for peptide detection (Supplementary Discussion 3).
We used a ZenoTOF7600+ mass spectrometer with femtomolar sen-
sitivity, up to 100-fold higher than Q Exactive Orbitrap®?, to improve
detection of rare crosstalk events (Methods). We tested AGENTEX using
a21-codon code with MP1tRNA pool (Extended Data Fig. 8a) for pro-
duction of peptide ELP-SAS (Fig. 6d-h and Supplementary Fig.12) in
WT compared with CGA lysates. We used ELP-SAS because it has three
codons whose amino acid identity would depend on which genetic code
was used forits translation and whichis robustly identified by LC-MS/
MS. As ELP-SASis 32 amino acidsinlength, it would also be atest of the
ability for consecutive decoding of a peptide of this length solely by
0otRNAs (Supplementary Discussion 3). We monitored GVPGJGVPGJGK
acrossallsamples, where] = Aor S. The extracted ion chromatograms
(EICs) for the expected masses of the peptide (Extended Data Table 1)
were analysed and from this generated MS/MS spectra. In CGA lysates,
both GVPGAGVPGSGK (expanded genetic code) and GVPGSGVPGAGK
(standard genetic code) were detected and confirmed (Fig. 6d-f), which
wouldbe expected as two translationsystems are present in this sample,
with higher abundance of GVPGSGVPGAGK (Supplementary Fig. 13).
We did not detect GVPGSGVPGSGK or GVPGAGVPGAGK, indicating
no crosstalk (Fig. 6d). A non-specific eluent with mass matching GVP-
GAGVPGSGK (Extended Data Table 1) was not confirmed by MS/MS and
was a false-positive hit. In analysis of all peptides matching our library
search and manual inspection of MS/MS spectra, no other alanine/
serine substitutions were found, indicating no detectable crosstalk.
In WT lysates, only GVPGSGVPGAGK was detected (Fig. 6g,h), which
matched our previous analysis of WT ribosomes in the presence of
otRNAs (Fig. 5). We did not detect any other peptides that would indi-
cate translation crosstalk (Fig. 6g). These findings are in agreement
withtheincreased HiBiT activity observed with CGAribosomesinthe
presence of the MP2 0otRNA pool. Collectively, these datademonstrate
translation of peptides with expanded genetic alphabet and two com-
pressed genetic codes. When PTC mutations in the ribosome, such as
G2251Cand G2553C exist, otRNAs are aminoacylated by natural aaRSs
and are selectively and efficiently accommodated into polypeptides.

Discussion

We developed AGENTEX and demonstrated its abilities for the test-
ing of multiple genetic codes for polypeptide production with an
expanded genetic alphabet, using a robotic workflow from dsDNA
assembly and tRNA production to polypeptide translation and puri-
fication. We determined that we could avoid detectable crosstalk with

the native translation system, and prototyped multiple compressed
genetic codes. Furthermore, we developed new methods, tSCAN and
tSCAN-M, to quantify aminoacylation of synthetic pools of tRNAs in
cell-free translation systems and identify their esterified amino acids.
In contrast to previous work, with tSCAN we can rapidly test multiple
exogenous tRNA designs using laboratory automation, with control
over translation system composition, and determine the identity
of amino acids charged to tRNA. Using this technology, we studied
orthogonal tRNAs from M. alvus and M. mazei, characterized the bio-
chemical flexibility of one of the most conserved sequences in nature,
the CCA end of tRNA, and investigated aminoacylation of all E. coli
isoacceptor tRNAs in conditions in which RNA modifications were
absent or could occur. tRNAs are central to the biology of all organisms,
and mutations to tRNAs can cause diseases in humans such as hearing
loss and diabetes mellitus®. Many studies of tRNAs and construction
of artificial genetic codes could benefit from the ability to read tRNA
aminoacylation alongside tRNA modification status and identity of
esterified amino acids.

Our results indicate that the tRNA CCA end, despite its essential
role in tRNA function®*8, can exhibit remarkable flexibility in its
sequence without compromising its ability to interact with aaRSs. By
comprehensively varying the first two bases of the 3’ CCA end of all
E.colitRNAs and testing their aminoacylation efficiency, we determined
whichsequence patterns were tolerated by aaRSs. Many non-CCA-tRNA
variants retain substantial aminoacylation efficiency, suggesting that
the CCAsequenceis more tolerant to mutation than previously antici-
pated. Moreover, this flexibility may have been underexplored because
previous studies examined aminoacylation using purified aaRSs and
tRNAs in vitro, lacking native RNA modifications. We show that the
full cellular context (that is, in lysate), not only purified translation
system components (that is, in PURE or in vitro aminoacylation reac-
tions), is necessary for aminoacylation of most tRNAs with diverging
3’ ends, which we propose reflects the requirement for proper modi-
fications*>*%, Our comparison of CCA-tRNA charging in lysate and
PURE system conditions (Fig. 3 and Extended Data Fig. 4) highlights
that even CCA-tRNAs are preferentially aminoacylated under native
conditions. This pattern appears more pronounced for tRNAs with
diverging 3’ ends. We also identified using purified aaRSs in the PURE
system that only a portion of aaRSs charged non-CCA-tRNAs, suggest-
ing that tRNA modifications modulate recognition and aminoacylation
(Supplementary Discussion 4).

Our findings further help torevise the view of the translation system
as alinear progression from genome to proteome in genetic code
maintenance (Extended DataFig. 9a) to amultilayered systemin which
the genetic code is actively maintained by the translation apparatus
(Extended Data Fig. 9b and Supplementary Discussion 4). Although
aaRSs can aminoacylate tRNAs with altered 3’ CCA sequences, the
ribosome serves as the primary filter, and ribosomes with match-
ing mutations can accommodate these variant tRNAs, raising the
possibility of parallel genetic codes within a single cell. This feature
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may originate before the last universal common ancestor, in an RNA
world preceding DNA genomes* or aaRS proteins®®*’ (Supplementary
Discussion 4). We also found that tRNA modifications influence aaRS
recognition by class I and class Il aaRSs, with altered aminoacylation
becoming more pronounced when the CCA sequence is mutated
(Extended Data Fig. 9b). These results indicate that tRNA modifica-
tions can provide a second layer of regulation that helps preserve
the standard genetic code. Together, we propose that coordinated
changes in ribosomes, tRNAs and their modification status could
enable alternative genetic codes, but that strong selective pressures
normally prevent their emergence.

Onthebasis of these discoveries, we successfully tested compression
of the 64-codon standard genetic code into areduced genetic code
specified by 22 tRNAs using AGENTEX (21 tRNAs with sense anticodons
and one tRNA with a stop anticodon), allowing a theoretical genetic
code of 20 canonical amino acids and 14 open codons (34-codon genetic
code). Using this code, we translated polypeptides with an nsAA and
threereassigned codons. This work exemplifieshow AGENTEX enables
rapid exploration of genetic codes not foundin nature (Supplementary
Discussion 5). Moreover, we demonstrate two genetic codes operating
inparallelin the same translation system: our compressed genetic code
and the standard genetic code. We anticipate that these insights will
enable constructionof in vivo genetic codes with up to 14 open codons
for non-standard monomer incorporation.

Collectively, this work provides a foundation for rapid testing of
genetic codes far removed from their natural counterparts. Future
applications of this work will facilitate the construction of new organ-
isms with both recoded genomes and in vivo parallel genetic codes
(relying onorthogonal ribosomes, tRNAs, aaRSs and mRNAs). Our tech-
nology presents ageneralized solution for evaluating the fulldynamics
of agenetic codein vitro at the level of mMRNA, ribosomes, tRNAs and
polypeptides, and withbiocontainmentbuiltin (Supplementary Discus-
sion 5). The cell-free nature of this technology enables rapid and safe
testing of highly divergent genetic codes. Many dynamics of genetic
codes are consequential at this level even without the context of a full
genome. Future developments to this work may expand the mechanistic
assays thatcanbe usedinvitrowhengenetic codes are evaluated with
AGENTEX, including changesin mRNA secondary structure of multiple
genes translated in parallel, variation of coding sequences, ribosomal
occupancy during translation, translational rates and translation accu-
racy under diverse genetic codes. However, we also recognize that
construction of new genomes entails higher-order interactions beyond
genetic code considerations, such as chromosome organization and
entire metabolisms®°. Similar to the rapid design-build-test cycle used
here, we anticipate that AGENTEX will efficiently evaluate many new
genetic code designs before strain construction, substantially derisking
future genome engineering efforts. These abilities will be instrumental
for constructing organisms with radically divergent properties from
extant life and facilitating cellular synthesis of biopolymers composed
of non-standard monomers.
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Methods

tRNA invitro production

Oligonucleotides containing tRNA under a T7 promoter and followed
by an HDV ribozyme® were synthesized by IDT as high-fidelity DNA
microchip oligo pools from 254-275 nucleotides in length, and dsDNA
was amplified inasingle PCRreaction for each pool. These tRNA pools
included 48 unique E. coliisoacceptor tRNAs with all combinations of
base 75, all combinations of bases 74 and 75 (degeneracy introduced
with machine mixing), and all M. alvus and M. mazeiisoacceptor tRNAs.
IVT reactions were carried out at 37 °C using the amplified tRNA dsDNA
as template using NEB HiScribe T7 High Yield RNA Synthesis Kit, with
addition of ATP, CTP, GTP, UTP, reaction buffer, 200 ng dsDNA template
and T7 RNA polymerase. After reverse transcription, polynucleotide
kinase treatment was performed to dephosphorylate the tRNA 3’ ter-
minus®2. tRNA produced by IVT was purified and size-selected using
SPRIselect beads. The tRNA was refolded by heating to 80 °C for 5 min
and slow cooling toroom temperature. At 50 °C, MgCl,wasaddedtoa
final concentration of 10 mM.

For amplification of individual tRNAs from a tRNA pool, aunique
primer was designed for each tRNA covering the T7 promoter and 5
unique sequence of the tRNA. The same reverse primer was used for all
tRNAs as for the pooled amplification. Alternatively, individual tRNA
sequences were synthesized and amplified.

tRNA aminoacylationin cell-free lysates

Atotal of 40-120 pg of IVT tRNA libraries were incubated in 200 pl
NEBExpress Cell-free E. coli Protein Synthesis System (New England
Biolabs), or a custom cell lysate translation system we prepared (see
below), and incubated for 2 hat 37 °C. Alternatively, 40-120 pg of IVT
tRNA libraries were incubated in the NEB PURExpress A(aa, tRNA) kit
andincubated for2hat37°C.

tRNA extraction

Cellpellets were suspended in1 ml TRIzol (Thermo Fisher) and frozen
at-80 °C.1-Bromo-3-chloropropane (1/10 volume) was added, and the
samples were vortexed and centrifuged at 15,000 x gfor15 minat4 °C.
The aqueous phase was transferred to anew tube containing 400 pl of
70% ethanol. Short RNAs were then isolated using a modified RNeasy
MinElute Cleanup Kit protocol (Qiagen) to size-select for RNAs <200 nt
in length. Samples were centrifuged through MinElute spin column
at 12,000 x gfor 5 min at room temperature. The flow-through was
added to 450 pl of 100% ethanol and centrifuged in a new MinElute
spincolumnat12,000 x gfor1 minatroom temperature. The column
was washed three times with 80% ethanol in 50 mM sodium acetate
and dried with open capsat12,000 x gfor 5 min. Samples were eluted
in 50 mM sodium acetate and 1 mM EDTA.

Periodate oxidation and 3-elimination

Periodate oxidation was carried out with 10 pg total RNA isolated above
in10 mMsodium acetate and 50 mM NalO,. The reaction wasincubated
at22°Cfor30 minand quenched with100 mM D-glucose for 5 min. The
samples were size-selected using SPRIselect beads (Beckman Coulter)
and eluted in RNase-free water. B-Elimination and deacylation were
carried outin 60 mM sodium tetraborate at 45 °C for 90 min. RNA was
purified and size-selected using SPRIselect beads. The 3’ phosphoryl
group was removed using New England Biolabs T4 Polynucleotide
Kinasekit following the protocol of the manufacturer. Dephosphoryl-
ated RNA was purified using SPRIselect beads.

tRNA library preparation and sequencing

tRNAs were ligated to a 3’ pre-adenylated adapter oligo using New
England Biolabs T4 RNA Ligase 2, truncated KQ kit to ligate adenylated
5 end of aDNA oligo to the 3 OH on RNA samples. The reaction was
carried out according to the protocol of the manufacturer for 2 h at

25°Cand quenched with 0.5 M EDTA and subsequently size-selected
with SPRIselect. Primer-dependent reverse transcription reaction was
carried out using Maxima H Minus Reverse Transcriptase®. A total of
50 ngof 3’-adapter-ligated samples were incubated with 6 pMRT primer
and 20 mM dNTP mixture at 75 °C for 5 min to denature the primer and
were added to Maxima kit components according to the protocol of
the manufacturer. After incubation, alkaline hydrolysis was carried
out through the addition of NaOH and incubation at 95 °C for 3 min,
and the solution was neutralized with HCI. The samples were purified
using SPRIselect. The 5’ adapter was ligated using New England Biolabs
Thermostable 5’ App DNA/RNA Ligase according to the protocol of
the manufacturer, and the adapter-ligated samples were size-selected
with SPRIselect. The barcodes were added to the 3’and 5" ends of cDNA
through single-step PCR with KAPA Hifi HotStart ReadyMix using prim-
ers, including the Illumina P5 and P7 regions, and barcodes adapted
from Illumina TruSeq. Libraries were purified using SPRIselect and
quantified using QuBit. Libraries were prepared for sequencing using
the Illumina MiSeq protocol and sequenced on an Illumina MiSeq or
NovaSeq instrument.

Robotic procedure for tSCAN

We carried out the same procedure as above, with all pipetting and
magnetic bead purification steps fully automated using the OT-2 plat-
form. We used an Opentrons OT-2 equipped with two Magnetic Mod-
ules (GEN2), a P300 8-Channel Pipette (GEN2), a P20 Single-Channel
Pipette (GEN2) and two Temperature Modules with 96-well aluminium
temperature blocks. We used 96-well plates and 12-well reservoirs for
input of samples and reagents.

We used a Jupyter notebook of OT-2 to control all protocols. For
each consumable in each deck position, we initially calibrated the x,
yand z positions and stored these objects for reuse in all procedures.
We also calibrated the x, y and z positions of the 8-Channel within the
wells for aspiration and resuspension steps. For all purifications, we
specified the number of columns to be purified at the beginning of
the protocol, and the multichannel pipette was used to carry out the
procedure. All buffers used during the procedure were provided in
12-well reservoirs with quantities calculated by the protocol at time
ofinitialization. All reaction steps were inherited from a mixing script
that separated sample data representation from machine control.
Three.xIsx spreadsheets were provided containing layouts of two
source plates as well as reactions. A CSV file was automatically gener-
ated that specified all operations the instrument would perform. The
machine control protocol would then control the hardware and execute
all steps.

Analysis of tRNA aminoacylation from NGS data

The .fastqfiles obtained from sequencing were analysed with custom
Pythonscripts. After quality filtering, reads were aligned with MMseq
toalibraryofall E. colitRNAs. Next, the aligned data were searched for
each tRNA sequence and adapter sequence along with each combina-
tion of terminal 3’ nucleotides. All reads were quantified for the pres-
ence or absence of terminal adenosine as charged or uncharged tRNAs,
respectively. All charged and uncharged percentages were quantified
for eachisoacceptor tRNA with all 3’ trinucleotide combinations and
outputas.csv files.

In-lysate determination of tRNA aminoacylation using
isotopically labelled ATP with tSCAN-M
Each tRNA species being assayed for aminoacylation was in-vitro-
transcribed as described above, except that isotopically labelled ATP
(Adenosine-N, 5’-triphosphate, Adenosine-*C,,,*N; 5-triphosphate
or Adenosine-*C,, 5’-triphosphate) replaced the ATP supplied in the
HiScribe kit. The tRNA was purified and refolded as before.

In each cell-free reaction, 1-2 pg of in-vitro-transcribed tRNA
being assayed for aminoacylation was added into a 10 pl volume of



NEBExpress Cell-free E. coli Protein Synthesis System (New England
Biolabs) and incubated at 37 °C for 2 h. Then 10 pl of RNase A digestion
solution was added, consisting of 200 mM sodium acetate (pH 5.2) and
1.5U pl' RNAse A and incubated for 20 min at room temperature. The
protein was precipitated by addition of 1% formic acid, and the reac-
tions were then frozen at =80 °C for 30 minto 1 day. After precipitating
protein at —80 °C for 30 min, the insoluble material was removed by
centrifugationat16,000 x gfor15 min at4 °C. The soluble fraction was
then transferred to autosampler vials, kept on ice until immediately
before high-resolution LC-MS analysis and returned to ice immedi-
ately afterwards.

aaRs protein production and purification

E. coliLeuRS, ProRS and ValRS were subjected to PCR amplification
from the genome of E. coli K12 MG1655 and cloned with His-tag into
a ColE1 backbone with a bla resistance marker and transformed into
E. coli BL21(DE3) expression strain. The aaRSs were overexpressed in
E. colicellswith an optical density (OD) of 0.6. Protein production was
induced by adding 0.5 mM isopropyl-b-D-1-thiogalactopyranoside (Mil-
lipore Sigma), and the cells were moved to a 33 °Cincubator and grown
at 250 rpm for 2.5 h. The cells were harvested at 6,000 x g for 15 min
at4 °C, washed with 1x PBS buffer, and stored at —80 °C. The frozen
cell pellet was thawed in lysis buffer (100 mM HEPES pH 7.2, 500 mM
NaCl, 5 mMBME). The cell paste was suspended in 15 ml of lysis buffer
(50 mM Tris (pH 7.5), 300 mM NaCl, 20 mM imidazole) and lysed by
sonication. The crude extract was centrifuged at 30,000 x g for 30 min
at4 °C.Thesoluble fraction wasloaded onto a column containing 2 ml
of Ni-NTA resin (Qiagen) previously equilibrated with 20 ml lysis buffer.
The columnwas washed with20 ml lysis buffer, and the bound protein
was then eluted with 2 ml of 50 mM Tris (pH 7.5), 300 mM NaCl and
300 mM imidazole. The purified proteins were dialysed with 10 mM
Tris (pH 7.5), 0.5 M NaCl,1 mM DTT and 50% glycerol, and stored at
-80 °C for further studies.

Invitro aminoacylation activity assay

A 20 plaminoacylationreaction contained the following components:
50 mM Tris-HCI (pH7.2),10 mM MgClI2,10 mM ATP,2 mM amino acids,
500 nM aaRS and 20 pg tRNA. Aminoacylation reactions were incu-
bated at1hat 37 °C. The reactions were stopped by the adding 20 pl
digestion solution consisting of 200 mM sodium acetate (pH 5.2) and
1.5U pl™RNase A, and incubated for 20 min at room temperature. The
protein was precipitated by addition of 1% formic acid, and the reac-
tions were then frozen at -80 °C for 30 min to1day. After precipitating
protein at —80 °C for 30 min, the insoluble material was removed by
centrifugationat16,000 x gfor 15 minat4 °C. The soluble fraction was
then transferred to autosampler vials, kept on ice until immediately
before high-resolution LC-MS analysis and returned to ice immedi-
ately afterwards.

Mass spectrometry analysis of tRNA aminoacylation

Quantitative mass spectrometry data were collected using an Agi-
lent 6530 Quadrupole Time-of-Flight (QTOF) MS with an electro-
spray ionization (ESI) source, coupled to an Agilent Infinity 1290
ultrahigh-performance liquid chromatography (UHPLC) system with
an Agilent Poroshell 120 EC-C18 2.7 pm, 2.1 x50 mm column. The sol-
vents used were water and 0.1% formic acid (solvent A) and acetonitrile
and 0.1% formic acid (solvent B). Mass spectra were gathered using
Dual Agilent Jet Stream (AJS) ESI in positive mode. The mass range
was set from100 m/zto1,700 m/zwithascanspeed of 3 scans per sec-
ond. The capillary and nozzle voltages were set at 3,500 Vand 1,000 V,
respectively. The source parameters were set with a gas temperature
of325°Candaflowrate of 121 min™, nebulizer at 35 psi and sheath gas
temperature at 350 °C ata flow rate of 111 min™. MS data were acquired
with MassHunter Workstation Data Acquisition (v.B.06.01, Agilent
Technologies) and analysed using MassHunter Qualitative Analysis

(v.10.0, Agilent Technologies). All amino acid adenylate masses were
monitored, and the EICs were plotted for each ion of interest.

Production of custom E. coli cell-free translation system

We cloned a plasmid containing the ribosomal 23S rRNA with G2251C
and G2553C mutations and transformed it into BL21(DE3) competent
cellsto produce alysate with CGA ribosomes. As acontrol, we cloned a
plasmid containing the WT ribosomal 23S rRNA and transformed it into
BL21(DE3). For both plasmids, we used a ColE1 backbone with adesign
as previously reported” to have a copy number of 50-100 within each
cellandincrease the quantity of CGA ribosomesin the lysate (compared
with the seven copies of native ribosomesin the E. coli genome).

BL21(DE3) competent cells containing ribosome plasmids were
grown in11of 2xYT medium (16 g I tryptone, 10 g 1! yeast extract,
5gI*NaCl, 7 gl K,HPO4, 3 g1 KH,PO4, pH 7.2) supplemented with
100 pg ml™ of carbenicillin and incubated at 37 °C at 250 rpm. At an
0Dy, 0f 0.6, cultures were inoculated with 1 mM IPTG and grown to
an OD of 3.0. The cells were then centrifuged for 15 min at 5,000 x g
and4 °C.The pellets were washed three times with ice-cold S30 buffer
(10 mM tris-acetate pH 8.2,14 mM magnesium acetate, 60 mM potas-
sium acetate, 2 mM dithiothreitol) and frozen at -80 °C.

Thefrozen pellets were thawed and resuspended in 0.8 ml g™ of pel-
let mass and sonicated in a QSonica sonicator at 50% amplitude in an
ice-water bath with a cycle of 45 s on and 59 s off, with a total of about
600 ] delivered per ml of sample. DTT (3 ml) was added per ml of the
sample immediately after sonication. The lysate was centrifuged at
18,000 x gat 4 °C for 15 min, and the supernatant underwent a run-off
reaction with incubation at 37 °C and 250 rpm for 1 h. The samples
were then centrifuged again at10,000 x gand 4 °C for 10 min, and the
supernatant was aliquoted and frozen at -80 °C.

Peptide productionin cell-free translation systems
Invitrotranslationreactions were set up with NEBExpress Cell-free E. coli
Protein Synthesis System (New England Biolabs) or custom-produced
E. coli cell-free translation systems. Briefly, the reactions were set
up consisting of 12 ul S30 extract, 25 pl of the NEBxpress synthesis
buffer, 5 pgoflinear DNA, 1 pl RNase inhibitor, 1 ul T7 polymerase, 1
GamSinhibitorand water to 50 pl. Parallel reactions were also set up to
increase yields of peptide production and then pooled before purifica-
tion. Linear DNA was amplified with T7 promoter and terminator from a
double-stranded DNA template and purified with AMPure XP magnetic
beads (Thermo). The reactions were incubated for 18 hat 30 °C. The
translation reactions were affinity-purified using Dynabeads His-Tag
Isolation and Pulldown beads (Thermo). Samples for WT ribosome
crosstalk experiments were washed in 10 mM imidazole in1x PBS and
eluted with 500 mMimidazolein1x PBS. The purified samples were then
size-filtered using 10 kDafilters (Pall) and run on a Q Exactive Orbitrap
mass spectrometer (see below). The other samples were incubated
on the Dynabeads His-Tag Isolation and Pulldown beads and directly
digested on beads before proteomic analysis (see below).

Compressed genetic code generation and AGENTEX workflow
As mentioned previously, we used an Opentrons OT-2 equipped with
two Magnetic Modules (GEN2), a P300 8-Channel Pipette (GEN2), a
P20 Single-Channel Pipette (GEN2) and two Temperature Modules
with 96-well aluminium temperature blocks. We used 96-well plates
and 12-well reservoirs for input of samples and reagents.

All protocols were run using the Jupyter notebook of OT-2. The pro-
tocol was divided into dsDNA production, DNA purification, tRNA pro-
duction, tRNA purification, polypeptide production and polypeptide
purification steps (polypeptide purification was optional and used for
LC-MS/MS analysis but not for luminescence experiments). For all
purifications, we specified the number of columns to be purified at
the beginning of the protocol, and the multichannel pipette was used
to carry out the procedure.
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The tRNA pool sequences were automatically generated depend-
ing on the specified number of codons to be used for translation. The
peptide DNA sequence was also generated with compressed genetic
code from a provided amino acid sequence. All DNA sequences were
ordered as chip-synthesized oligonucleotides and amplified and puri-
fied by machine protocols. All of the tRNAs in each tRNA pool were
transcribed in onereaction, and all pools were purified in parallel. When
anorthogonal aaRS, asin pazFRS used for M. jannaschii tRNAY.,,, was
required, its dSDNA was also included in the translation reaction mix-
ture. Allreaction steps (dsDNA production, tRNA production, cell-free
translation reaction) were inherited from a mixing script that separated
sample datarepresentation from machine control. Three .xIsx spread-
sheets were provided containing layouts of two source plates as well
asreactions. A .csv file was automatically generated that specified all
operations the instrument would perform. The machine control pro-
tocol would then control the hardware and execute all steps.

Proteomic analysis of peptides produced in cell-free translation
systems

Quantitative analysis was performed by a Q Exactive Orbitrap mass
spectrometer (Thermo) equipped with an Evosep (Odense) nano-pump.
The samples were runon 30 SPD (samples per day) method by Evosep.
Flow-through that was size-filtered by 10 kDa filters was further
digestedin 50 mM TEAB buffer with trypsin for 3 h. The resulting digests
wereloaded directly onto Evotips (Evosep). The peptides were eluted
from Evotips directly to 15 cm PepSep C18 (Bruker) column for chro-
matographic separation. The Q Exactive instrument was run in WWA
mode (wide window isolation) with MS data-dependent acquisition.
The datawere searched by Thermo Proteome Discoverer 3.1.1.93 with
Chimerys search engine. The data were searched against the general
E. coliK12 database from Uniprot and a custom-built library database
that included all predicted amino acid changes. We allowed variable
modification on Ala (+4 Da) in cases in whichisotopically labelled ala-
ninewasincluded in the cell-free translation system. All quantitation of
the presence of such heavy amino acids was done based on MS spectra
peak volumes that were automatically extracted by software from
raw data. The results were kept at 0.1% FDR level on both peptide and
protein level by Percolator®*.

For analysis of AGENTEX crosstalk, quantitative analysis of pulldown
samples from magnetic beads was performed with ZenoTOF7600+
(SCIEX) coupled with Evosep (Odense) nanoHPLC system. The sam-
ples were digested directly from the magnetic beads in 50 mM TEAB
bufferat37 °Cover 3 h. The digested peptides wereloaded directly into
Evosep tips for analysis. The peptides were eluted from Evotips directly
to 15 cm PepSep C18 (Bruker) column for chromatographic separa-
tion. The instrument was running in DIA mode with a400-800 Da
and automatic window isolation with 20 ms accumulation time for
MS/MS acquisition. Searches were done with the PEAKS 13 database
(BSI). All searches were done with1%FDR at protein and peptide levels.
The data were searched against the general E. coli K12 database from
Uniprotand a custom-builtlibrary database thatincluded all predicted
amino acid changes.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1|Design of compressed genetic codes. Given 64 otRNA todecodethe canonical amino acids or for start or stop codons indicated in
triplet codons and normalwobble rules, 20 canonical amino acids caneach be white. Gray rectanglesindicate redundant codons and red rectangles indicate
decoded by asingle tRNA and 14 codons available for reassignment, indicated open codons or anticodons. RNA modifications areindicated as: Q=Queuosine,
inredand numbered. The codonsused to decode the 20 canonical amino acids U,=x0°U, C; =K?C, I=Inosine, U2=xm>(s?)U.

areindicated with yellow, and anticodons of tRNAs or release factors (RFs) used
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inExtended DataFig. 4awithasynthetic pool of 3’ CCA tRNAs that were

conducted under identical conditions and constitute asingle panel with these
experiments. These dataarealsorepresented in heatmap formatin Fig. 3.

aCGA3’end, (b)aCUA3’end, or (c)aCAA 3’ end wereincubated in Lysate
cell-freetranslation and analyzed by tSCAN to determine their levels of
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Extended DataFig.5|Natural tRNA modifications are required for

otRNA aminoacylation by aaRSs. (a) A schematicrepresentation of in vitro
determination of tRNA aminoacylation with aspecificamino acid using liquid
chromatography mass spectrometry (LC-MS), top, and determination of the
charging ofaspecific tRNA directly within a cell-free translation system using
tSCAN-M, bottom. IntSCAN-M, isotopically-labeled ATP is used for in vitro
transcription of aspecified tRNA whichis thenaddedinto cell-freelysate.
RNaseA digestionyields anisotopically labeled amino acid adenylate which can

bedistinguished from the native tRNArepertoire. (b) In vitroaminoacylation
was performed on tRNA'", tRNAP™, and tRNA"" with CCA or CGA 3’ ends,
respectively. (c) tSCAN-M was performed on tRNA'", tRNA"°, and tRNA"
with CCA or CGA 3’ ends, respectively directly withinan £. coli cell-free lysate
system, showing that aminoacylation of tRNAs witha CGA 3’ end was restored
comparedtoaninvitroaminoacylationreaction (b). All datashow gaussian
smoothed plots of raw extracted ion chromatograms, showing one datasetin
eachsubplot (relative scale in each subplot).
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Extended DataFig. 6| tSCAN-M validation with E. colitRNA™ and tRNA™,
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adenosinesareintroducedintoan£. colicell lysate, where they are subject to
tRNA modifying enzymes and aaRS charging. In-solution RNAase A digestion
digestsboth native and exogenous tRNAs to single nucleotides. Formicacid
precipitation removes proteins and large macromolecules from the reaction

mixture. The aminoacyl adenylates from exogenous tRNAs can be distinguished

from native tRNAs by LC-MS by a 5 Da mass difference, and the identity of the

charged aminoacid canbe determined. (b) tSCAN-M was performed on
exogenousE. colitRNA™ and tRNA™ introduced into a cell free reaction of
E.colilysate. Afterincubation, RNase Awas added directly to the lysates.
Samples were precipitated and runon QTOF LC-MS. The aminoacyl adenylates
oftheexogenous tRNAs are expected to have a5 Da greater mass than their
corresponding native tRNA aminoacyl adenylates. Both native and exogenous
tRNAswere detected from the E. colitranslation system using tSCAN-M.



Extended DataFig.7|Modeling of classand class Il aaRSs to understand
differencesin CGA vs. CCA tRNA reactivity. E. coliaaRSs were modeled with
AlphaFold3incomplex with their cognate tRNAs containinga CCA or CGA 3’
end, respectively. (a) LeuRS, aclasslaaRS, and tRNA leuW-CCA, or (b) leuWw-
CGA. (c) GlyRS, aclassIlaaRS, and tRNA glyT-CCA or (d) tRNA glyT-CGA.

(A-B) WhentRNA leuW containsa CGA 3’ end, thereis asteric hinderance
between A85and G84 with P105. This hinderanceis not presentinthe WT leuWw
tRNA where cytosineis at position 84. (c-d) -mi stacking is present between A75
of WTtRNA glyT and Y80 of glyRS. InglyT-CGA, this interactionis not observed,
which may destabilize the tRNA-aaRSinteraction for proper aminoacylation.
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Extended DataFig.8|Compressed geneticcodes MP1and MP2. (a) The
compressed genetic code corresponding to otRNA pool MP1, with alanine and
serine codons swapped. AGENTEX was used to test MP1for translation. (b) The
compressed genetic code corresponding to otRNA pool MP2, with TAG codon
used for pazF incorporation, and alanine and serine codons swapped. AGENTEX
was used to test MP2 for translation. The codonsincludedineach pool are

Alanine Leucine Alanine Leucine
a codon anticodon codon anticodon b codon anticodon codon anticodon
Arginine Arginine
codon anticodon codon anticodon
START/Methionine START/Methionine
codon anticodon codon anticodon
ATG CAU ATG CAU
Phenylalanine Phenylalanine
codon anticodon codon anticodon
AGA ucu TTT TTT
UUE
Asparagine Asparagine
codon anticodon Proline codon anticodon Proline
Quu codon anticodon AAT QuU codon anticodon
Aspartate Aspartate
codon anticodon codon anticodon
GAT GAT
QuC Serine Quc Serine
CAG codon anticodon EAC codon anticodon
Cysteine Cysteine
codon anticodon codon anticodon
TGT TGT
TGC GeA TGC GCA
Glutamine - Threonine Glutamine - T""e°”t!“ed
codon anticodon codon anticosey codon anticodon codon anticodon
CAG CUG CAG CUG
CAA uuG uuG
Glutamate Glutamate
codon anticodon codon anticodon
Tryptophan Tryptophan
GAG n GAG -
UuC codon anticodon uuc codon anticodon
Glycine - Tyrosmet. - Glycine - Tyroslnef ’
codon anticodon cTuA:n anticodon codon anticodon C:A‘I?n anticodon
oee = cce
GGA ucc GGA ucc 5G] QUA
Gac Gcc Valine GGe Gcc Valine_
codon anticodon codon anticodon
Histidine Histidine
codon anticodon codon anticodon
CAT CAT
CAC Que CAC QUG
Isoleucine STOP/pazF Isoleucine STOP/pazF
codon  anticodon codon  anticodon codon  anticodon codon  anticodon
ATA CAU ATA CAU
ATT ATT
ATC GAU ATC GAU
Lysine Lysine [NNN] Codon
codon anticodon codon anticodon Anticodon or RF
AAG .
Not present in pool
[NNN]| Reassigned

indicated withyellow, and anticodons of tRNAsincluded in the pool designated
withwhite. Gray rectangles indicate that the codons and anticodons were
removed from the code. Orange rectanglesindicate codons that have been
reassigned to adifferent aminoacid, or stop codon(TAG) reassigned for nsAA
incorporation. RNA modifications are indicated as: Q = Queuosine, U; =xo°U,
C,=K?C,I=Inosine, U2=xm>*(s?)U.



ribosome

CCA recognition
aaRS-tRNA code

4____

(=]
A .
! genetic code
genome
Class | aaRS
W poeelccs...333333888 esssss
5 22828
: +m
1~
=
5 -
I R .
2 C---20c05-S...-22555=

RNA
modifications

glnuw
glnVx
gTUVW
ileTUV

lass Il aaRS
v e . > s w ks BEEE E
S = [ORR LB BB BaFEEEFE
S+
©
Y a
b=
5
§ GGz2352535 55
Q935000003 =Q 33
< OV Yuv gy 9 9
883335883338883358¢3888388
S =k > & SN X2 Y232 =2 >
3353525853883 9%53 832223
PX5R2°%5£52a583 8 %gs £z
T3° % 5

glyVWXY

IysQTVWYZ

Extended DataFig.9|Arevised model of genetic code maintenance.

(a) Thecurrently accepted model of the genetic code and the translation system.
The CCAendoftRNAinteracts both with aaRSs and the ribosome to maintain
aminoacylation and accommodation. Theidentity elements of each tRNA are
furtherused for recognitionby its cognate aaRS. The genetic codeis linearly
specified viathe genome through mRNA and the tRNA molecule connects all
aspectsof the translation system to allow the instructions from DNA to be
translated into protein. (b) The revised model of the translation system from
thiswork highlighting the balance between aaRS-tRNA interactions and
tRNA-ribosome interactions that can maintain the present genetic code.
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The tRNA molecule is extensively modified, and Class 1and Class Il aaRSs
display differences in recognition of tRNA modifications. The efficiency of
aminoacylation further differs depending on whether the 3’ CCAsequenceis
mutated (Fig. 3). The large subunit of the ribosome interacts with the 3’ CCA
end of tRNA and prevents tRNAs with non-CCA ends frombeingaccommodated
(Fig.5). However, ifthe CCAsequenceisaltered, and if theribosome hasa
complimentary mutation, it can accept that tRNA for translation (Fig. 6). There
isthe possibility of new genetic codes arising purely from co-evolution of tRNA
CCAendsand theribosomallarge subunit. As this could resultin alternative
genetic codes, thereis selective pressure against this.
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Extended Data Table 1| Peptides and masses in MS/MS analysis of translation crosstalk

Peptide m/z z Retention time (min)
VPGAGVPGAGVPGAGK 645.3582 2 17.85*
VPGSGVPGSGVPGSGK 669.3506 2 14.44 *
PGSGVPGAGVPGSGK 612.6840 2 7.9373
GVPGAGVPGSK 491.7696 2 7.1291
GVPGSGVPGAK 491.7696 2 7.1085
GVPGSGVPGSK 499.7610 2 ND

GVPGAGVPGAK 483.7665 2 ND

*Run on Q Exactive Orbitrap mass spectrometer (Thermo, MA).
ND = Not detected.
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