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Supplementing translation with noncanonical amino acids (ncAAs) can
yield protein sequences with new-to-nature functions but existing ncAA

incorporation strategies suffer from low efficiency and context dependence.
We uncover codon usage as a previously unrecognized contributor to
efficient genetic code expansion using non-native codons. Relying only on
conventional Escherichia coli strains with native ribosomes, we develop
aplasmid-based codon compression strategy that minimizes context
dependence and improves ncAA incorporation at quadruplet codons.

We confirm that this strategy is compatible with all known genetic code
expansion resources, which allowed us to identify 12 mutually orthogonal
transfer RNA (tRNA)-synthetase pairs. Enabled by these findings, we evolved
and optimized five tRNA-synthetase pairs to incorporate abroad repertoire
of ncAAs at orthogonal quadruplet codons. Lastly, we extend these
resources to aninvivo biosynthesis platformthat can readily create >100
new-to-nature peptide macrocycles bearing up to three unique ncAAs. Our
approach will accelerate innovations in multiplexed genetic code expansion
and the discovery of chemically diverse biomolecules.

Genetic code expansion, where noncanonical amino acids (ncAAs)
are added to the central dogma, has provided foundational tools to
study and manipulate biological processes'* Pioneering labs have
shown that genetic code expansion requires two components: heter-
ologous transfer RNA (tRNA)-synthetase pairs engineered to accept
researcher-defined ncAAs and ‘blank’ codons available for assignment
toncAAsduring translation. Historically, the codon of choice hasbeen
theamber (UAG) stop and considerable effort has focused onimproving
UAG-dependent ncAAincorporation through strain and ribosome engi-
neering®®. While the linkage between a tRNA and the ncAAwould later
be addressed through the directed evolution of dedicated aminoacyl
tRNA synthetases’, the availability of unassigned codons has consist-
entlybeen akey limitation'®. Recentinnovations in genome synthesis'"?
and artificial nucleobases™ have begun to address this fundamental
issue by erasing redundant codons from the host genome or by creating
de novo codons, respectively. However, genome synthesis requires a
deep understanding of regulatory signatures embedded within genes

and the use of artificial nucleobases relies on expertise in their syn-
thesis and activation for use as substrates in vivo. Conversely, in vitro
genetic code expansion can access chemically diversified peptides
through precise control over tRNA aminoacylation and abundance™
butcanresultinlow proteinyield and require extensive tRNA prepara-
tion. Combining thein vitro chemical diversity with the scalability and
throughput of in vivo genetic code expansion could streamline the
discovery of bioactive peptides and noncanonical polymers.

While many aspects of translation (for example, codon sequence,
tRNA aminoacylation and ribosome components) have been investi-
gated to address these limitations and improve ncAA incorporation
outcomes”>’, mRNA has received comparatively little attention. We set
out toinvestigate the contribution of mMRNA sequence to ncAA incor-
poration using quadruplet codon translation. Quadruplet-decoding
tRNAs (qtRNAs) can ‘read’ afour-base codon complementary to an engi-
neered four-base anticodon, resulting in a +1 frameshift and restoration
of the openreading frame during translation®*. While quadruplet codon
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translation offers new codons for multiplexed ncAAincorporation, itis
less efficient thantriplet decoding®. Nonetheless, quadruplet decod-
ingis compatible with native ribosomes because (1) qtRNAs are activein
invitro translation®; (2) qtRNAs can be evolved toimprove their in vivo
activities'®?%; and (3) aminoacylation by engineered synthetases can
occur in an anticodon-independent manner”. We hypothesized that
two mRNA parameters may impact quadruplet codon translation.
First, codon usage in natural genes can fine-tune the rate”, fidelity®
and efficiency® of translation. While amino acid*** identities near UAG
can affect ncAA incorporation®>**, the impact of neighboring codons
on quadruplet decoding remains unknown. Second, the unavoidable
sequence overlap betweentriplet and quadruplet codons may seques-
ter qtRNAs from their intended decoding events and inadvertently
promote frameshift errors. Inagreement with this, the most commonly
used qtRNAs decode sequences that overlap with low-usage triplet
codons™*>**; however, no analysis of qtRNA-dependent mistranslation
has beenreported to date.

Here, we explored the impact of mRNA codon usage on quad-
ruplet decoding, finding a preference for a high-usage triplet codon
immediately downstream of aquadruplet codon. Toimprove on-target
decodingand eliminate off-target activities in the same gene, we gener-
alized this observation such thatall plasmid-borne genes were recoded
using asingle representative codon for each ofthe 20 canonical amino
acids (cAAs). We optimized virtually all parameters predicted to affect
qtRNA-dependent decoding using this framework, including plasmid
designs, copy numbers, ribosome-binding site (RBS) strengths, qtRNA
sequences and synthetase identities. Ourimproved resources catalyze
the efficient incorporation of multiple unique ncAAs into proteins
withoutrequiring host Escherichia coli cell alteration. We applied this
approach toward the biosynthesis of peptide macrocycles encoding up
tothree unique ncAAsinliving cells, bridging the gap betweenin vitro
andinvivo genetic code expansion approaches. Insummary, our sim-
ple recoding strategy was refined into a user-friendly ‘plug-and-play’
technology for expansive quadruplet codon translation.

Results

Localand remote codon usage influences quadruplet
decoding

Local sequence context and codon usage can influence natural trans-
lation and UAG decoding***>*, To explore its impact on quadruplet
decoding, we used a superfolder green fluorescent protein (sfGFP)
reporter, where the permissive Y151 was replaced by a quadruplet
codon’®, and varied the codon usage of five upstream and downstream
residues (Fig. 1a). Using cAA-specific and ncAA-specific qtRNAs?**3¢,
we sorted cells on the basis of high versus low sfGFP expression (Sup-
plementary Fig. 1). We repeated this analysis using a UAG codon at
Y151 to ensure that our findings were specific to quadruplet decod-
ing. Sorted clones showed a wider sfGFP distribution when decoding
quadruplet codons versus UAG, suggesting that quadruplet decoding
ismore sensitive to local sequence contexts (Supplementary Fig. 4a,b).
Next-generation sequencing (NGS) showed little change in codon pref-
erence between UAG bins (Fig. 1b and Supplementary Fig. 4c), whereas
quadruplet decoding populations showed clear codon usage biases
(Supplementary Fig. 4d-f). Specifically, high sfGFP bins consistently
showed astrong preference for a high-usage codonimmediately 3’ to
the quadruplet codon (thatis, +1 position; Fig.1c-e). We also observed
codon bias at other positions within our libraries, namely at the —4,
-1,+2 and +3 positions with respect to the decoding site. However,
these positions did not show arecurring trend for UAGA versus AGGA
codons or for quadruplet versus triplet decoding. We hypothesized
that these observations may, therefore, reflect context-dependent
effects and we did not explore them further. We validated our NGS
results by assaying the top sequences from the top 5% and top 1% pools
(Fig.1f) and confirmed amino acid incorporation using purified sfGFP
from the naive library and all sorted pools using mass spectrometry

(MS) (Supplementary Figs. 3 and 4). Lastly, we tested high-usage ver-
sus low-usage codon substitutions at the +1 position when decoding
AGGA at other positionsin sfGFP, finding that +1recoding to high-usage
codonsis either beneficial or of no consequence (Fig. 1g).

Next, we speculated that qtRNAs likely do not distinguish between
on-target (which corrects the translation frame) and off-target decod-
ing (which creates de novo frameshift mutations during translation).
Because quadruplet codons ofteninclude low-usage triplet codons at
the first three positions*, we hypothesized that restricting mRNAs to
high-usage codons would eliminate off-target decoding and improve
protein purity (Fig. 1h). We recoded our reporter genes, antibiotic
resistance markers and plasmid replication proteins to use a single
high-usage codon for each amino acid. We expected that this recod-
ing may impair protein function in some cases but did not observe
any issues with maintenance or growth of strains carrying recoded
plasmids. Using different AGGA-decoding qtRNAs, we observed robust
quadruplet decodingin our optimized circuit architecture lacking AGG
triplet codons (Supplementary Fig. 5a,b), whereas reintroducing AGG
in sfGFP reduced apparent decoding efficiency through presumed
off-target frameshifting (Fig. 1i,j and Supplementary Fig. 5c). These
results collectively implicate codon usage as an unrecognized yet
important determinant of efficient on-target quadruplet decoding.

tRNA-synthetase pairs are active in recoded circuits
Introducing multiple unique ncAAsinto asingle protein requires mutu-
ally orthogonal tRNA-synthetase pairs”. To ensure that our recoding
strategy can be extended to multiplexing studies, we first synthesized
a Methanosarcina barkeri (Mb)-derived PyIRS-tRNA™'.,, using our
high-usage codon set and evaluated its activity using a sensitized UAG
luciferase reporter (Fig. 2a and Supplementary Fig. 6a)*>***. We opti-
mized synthetase plasmid copy number, induction conditionsand tRNA
expression (Supplementary Fig. 6b-d), finding that our recoded com-
ponents performed as effectively as their E. coli codon-optimized coun-
terparts (Fig. 2b). Aiming to nominate the most robust components for
multiplexed ncAA incorporation, we next evaluated representatives of
alltRNA-synthetase pairs reportedin E. colito date using UAG decod-
ing (forboth cAA and ncAAincorporation)'>'#***-! Insome cases, we
testedrelated synthetases with differing ncAA scopes, altered protein
expression to improve host tolerance and optimized tRNA decoding
efficiencies and specificities (Supplementary Figs. 7-9).

We assayed 25 representative synthetases alongside 32 cognate
tRNAs (800 combinations) and quantified UAG decoding as a per-
centage of a wild-type luciferase reporter (Fig. 2c and Methods). We
uncovered 69 tRNA-synthetase pairs with >20% decoding efficiency,
which could be assigned to 12 mutually orthogonal clusters. Clusters
1-6 are ncAA specific and 7-12 are cAA specific (Fig. 2d-f). Cluster
1 contains TyrRS-tRNA™,,; pairs: AfTryRS, MjTyrRS, MaTyrRS and
ScTyrRS. Clusters 2-4 contain orthogonal PyIRS—-tRNA™!,,; variants*:
MaPyIRS, GIPyIRS, RumPyIRS, MlumIRS, MmPyIRS and MbPyIRS. Clus-
ters1-4 represent the current state of the art for mutually orthogonal
tRNA-synthetase pairs in E. coli**. Cluster 5 contains ScTrpRS with a
new SctRNA™™3) | - we developed (Supplementary Fig. 8). Cluster
6 contained two MmSepRS-tRNAS®,,; variants*”*%, which required
the L-serine kinase TkSerK*? and elongation factor EF-Sep* for phos-
phoserine incorporation (Supplementary Fig. 9). Clusters 7-12 cor-
respond to six cAA-incorporating tRNA-synthetase pairs that may
serve as starting points for further evolution: ScPheRS*¢, MmSerRS™,
InGInRS*®, ScGInRS*, PhLysRS" and MjLeuRS* (Fig. 2f). In addition,
this dataset uncovered 12 mutually orthogonal tRNA-synthetase pairs
and confirmed that codon compression is compatible with cAA and
ncAAincorporation.

qtRNA directed evolution improves quadruplet decoding
Multiplexed ncAA incorporation requires engineered qtRNAs
that efficiently decode nonoverlapping quadruplet codons***,
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Fig.1|Local and remote codons influence apparent quadruplet decoding.

a, Library design and screening approach to investigate the influence of codon
usage on quadruplet decoding. Codon abundance before and after fluorescence-
activated cell sorting is shown at the +1 position. [152 is encoded by three codons:
AUA, AUC and AUU. AUA is a low-usage codon, while AUC and AUU are both
high-usage codonsin E. coli.b-e,The codon abundance in transcripts at the +1
(I152) position is shown for Mb tRNA™! . with MbPyIRS incorporating N,-(tert-
butoxycarbonyl)-lysine (BocK) (b), EctRNAS"°?, , - incorporating serine (c),
EctRNAMS, ... incorporating histidine (d) and AftRNA™, . .. with AfTyrRS(GS5)
incorporating para-iodophenylalanine (pIF) (e). f, Variants from the top 1% and
5% populations showed greater AGGA decoding than the library average using
AfTyrRS(G5)-AftRNA® % .. (n=4biological replicates; error bars show the
s.d.)and EctRNA"s, ... (n = 4 biological replicates; error bars show the s.d.).

g, Testing the influence of low-usage versus high-usage codons at the +1 position
using multiple positions in sSfGFP and Ec tRNA"*,.,. The codon changed to high
or low usage is indicated on the x axis (n = 4 biological replicates; error bars

show thes.d.). h, Schematic representation of putative competition between a

+

122-123 AGG AUU

qtRNA and tRNA whose codons overlap at nucleotides 1-3. Recoding the mRNA
to remove triplet codons that overlap with quadruplet codons eliminates this
competition at unintended sites. i, Using an all-triplet codon sfGFP reporter,
introduction of in-frame AGG codons at positions R96, R122 and Y151 results
inmistranslation by eight different AGGA-decoding qtRNAs (GItT, GlyU, MetT,
ArgQ, ArgW, SerT, SerW and HisR) and reduced apparent GFP translation (n =4
biological replicates). Box-and-whisker plot: minima and maxima are defined
by the error bar, the center is the median and bounds of the box represent the
upper and lower quartiles (75th and 25th percentiles, respectively). j, Apparent
AGGA decoding at Y151 is similarly reduced when AGG codons are introduced in
frame at positions R96 and R122, resulting in reduced apparent GFP translation
with eight different AGGA-decoding qtRNAs (GItT, GlyU, MetT, ArgQ, ArgW,
SerT, SerW and HisR) (n = 4 biological replicates). Box-and-whisker plot: minima
and maxima are defined by the error bar, the center is the median and bounds
ofthe box represent the upper and lower quartiles (75th and 25th percentiles,
respectively).
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Fig.2| Twelve mutually orthogonal tRNA-synthetase pairs and validation
inrecoded circuits. a, Schematic representation of the tRNA-synthetase
benchmarking assay. All tRNAs are expressed from the IPTG-controlled promoter
(P,ox~1acO) and synthetase proteins are produced from the aTc-responsive
promoter (P.,). The LuxAB reporter genes are separated by an engineered

linker (EL) that contains an amber (UAG) codon. Origins of replication (white
circles) and antibiotic resistance genes (gray arrows) are shown. b, All plasmid-
encoded protein-coding genes were recoded to reflect a single high-usage triplet
codon for each cAA as shown. The MbPyIRS-Mb tRNA™,; was tested using this
recoding strategy and compared to conventional E. coli codon-optimized genes.
Luminescence values are normalized to OD,, and raw arbitrary units (AU) are
shown (n =3 biological replicates; error bars show thes.d.). ¢, Heterologous
synthetase (x axis) and tRNA (y axis) genes were combinatorially tested using

the UAG LuxAB reporter. AllncAAs shown in parentheses on the x axis were

included in the growth medium at1 mM each, whereas MmSepRS was tested
alongside EF-Sep and TkSerK. This analysis yielded a priority list of 12 mutually
orthogonal tRNA-synthetase pairs (black boxes). Reporter activity is normalized
towild-type (wt) LuxAB expression in all cases (n = 4 biological replicates).

d, Validation of mutual orthogonality of the six identified ncAA-specific
tRNA-synthetase pairs from the primary screen (n = 4 biological replicates). e,
Validation of low crosstalk between ncAAs used by all six tRNA-synthetase pairs:
BocK, N-methylhistidine (NmH), pIF, Ni-((benzyloxy)carbonyl)-lysine (CbzK),
1-methyltryptophan (ImeW) and phosphoserine (pS). AllncAAs were included
at1mM each, whereas MmSepRS was tested alongside EF-Sep and TkSerK (n =4
biological replicates). f, Validation of mutual orthogonality of the six identified
cAA-specific tRNA-synthetase pairs from the primary screen (n = 4 biological
replicates). Wherever reported, the UAG decoding percentage was calculated by
normalizing OD-corrected luminescence values to a wt LuxAB control.

Having established five mutually orthogonal tRNA-synthetase pairs
for UAG decoding and ncAA incorporation, we next optimized their
quadruplet-decoding activities. The tRNA-synthetase pairs GIPyIRS,
AfTyrRS, LumIRS and MmPyIRS have been engineered to decode
quadruplet codons*, although their decoding efficiencies ranged
from approximately 0% to 20% in our assays (Extended Data Fig. 1a).
Reducing plasmid burden by condensing all components from three
to two plasmids improved efficiencies to 8-100% depending on the
tRNA-synthetase pair, albeit with high background activity in some
cases (Extended DataFig.1b). These poor activities may restrict future
multiplexing studies. Whereas the above ncAA qtRNAs were created
by swapping anticodon stem-loop segments from established vari-
ants**, we showed that directed evolution canimprove qtRNA decoding
efficiencies™.

We used established chloramphenicol acyltransferase
(CAT)-positive selections and barnase negative selections® to
improve qtRNA activities (Fig. 3a). We systematically targeted the
qtRNA anticodon stemloop, acceptor stem, W-arm and/or D-arm with
site saturation mutagenesis and subjected the libraries to iterative
positive-negative selection campaigns. These efforts improved the
qtRNA-synthetase pairs described above to decode orthogonal quad-
ruplet codons with up to 100% efficiency in a two-plasmid system:

GIPyIRS (3.4-foldimprovementin dynamic range using AUAG), AfTyrRS
(1.6-fold; CUAG), LumIRS (5.3-fold; AGGA) and MmPyIRS (9.8-fold;
UAGA) (Fig. 3b-e, Extended Data Figs. 2-5 and Supplementary
Tables 1-4). Seeking to supplement our ncAA repertoire with tryp-
tophan analogs, we further developed CGGA as a new quadruplet
codon for the ScTrpRS-tRNA""™ pair (Extended Data Fig. 6) and
used directed evolution to discover Sc tRNA™ ., variants with up
to a 38.1-fold dynamic range in the three-plasmid circuit and fivefold
dynamicrangein the two-plasmid system (Fig. 3f,g and Supplementary
Table 5). We confirmed these enhancements in quadruplet decod-
ing between the starting and evolved qtRNAs through western blot
(Supplementary Fig. 10) and MS analyses (Supplementary Fig. 11).
Cumulatively, these campaigns yielded five ncAA-incorporating,
mutually orthogonal qtRNA-synthetase pairs that effectively function
inliving cells.

Optimizing synthetase ncAA scope and qtRNA expression

Multiplex ncAA incorporation would benefit from synthetases with a
broad substrate scope toenable theintroduction of alarge repertoire
of ncAAs using only a handful of mutually orthogonal synthetase-
tRNA pairs. Because synthetases are often reported to incorporate
only a single ncAA, we screened active site variants and homologs

Nature Biotechnology


http://www.nature.com/naturebiotechnology

Article

https://doi.org/10.1038/s41587-024-02385-y

Positive selection pipeline

aTcncAA IPTG Chlor O
fung e Y
tetR lacl /;.J % Validation Map sequence
» 5 assay to phenotype
PDIOK\BCO PDVOD >
. Transform
l[:—l ] to selection Select phenotype
sfGFP cat bla RepA™® strain s
R $C101 Selection input variables equence
m
tRNA 2aVa aaRS: G1PyIRS AfTyrRS MlumiRS MmPyIRS ScTrpRS
fp— MbPyIRS
- tRNA:  MatRNA™®  AFtRNA™™Y  nttRNAM  Spe tRNAPL  Sc tRNAT™M
aa-tRNA Create Ma tRNA" Mb tRNAP
P Synthetase degenerate .
tetAP SfGFP +ve QtRNA libraries Codon: AGUA CUAG AGGA UAGA CGGA
AUAG CGAA
Cell growth CUAG AGUA
CGAA CCcu
DHFR ColA
b st evo MBI c st evo Mo d st evo M5.3 e st evo MCO7
85x 282x G—CGCCA 15x 94x C—GACCA 18x 87x G—cecea 20x 192x G—CGCCA
_ 120 gEg _ 150 §:§ A _ 150 EE‘E _ 120 c—¢
2 100 e—=¢ ca. &2 c—G CéJ IS A—U 2 100 5 &
= A—U ﬁ\ G = c—G u \G v : A—U Ll =~ 7Y 63 v
o T C—G. c\C\c\ SL 2 W6 g6V o c e _5c& AD 3 62 ulp
£ 80 o S RC\ U’ € 100 GAcy oA G\Ccc £ 100 chys “\C\X;G £ £ 80 UAGUA ﬁ o
° P ? 66 ° é ¢e e ed/ j eVt T G ﬂJ | (f s6yU
S cead c o} (Ufé c Q GA s} UAGAUC, cco
O 60 N G o ® _UAGAG u o G O 60 A N G
% A uU % e GG % \A—u UA % 6—cA
40 6—cC 50 \u—nl 50 A—Y 0 = "
[0} ¢—G o G—C < c—G < 25— 39
< 2n-B—0 < c—G O] G—cC O} R0 3
> 20 6—¢ =] 29—H—5—40 €] ! —38 < 20 G 37
<C 26-8—C 35 Q CU* INES < 24*G ~37 ) CG*CU
0 ¢ 0 U A 0 27<.C—6G 0o U A
CyaC Ug yA
e B S - [ CY - cu
/
ncAA 2’ ncAA ncAA ce ncAA
f PTG Negative selection pipeline 9 st evo MATI
l el 1.6x 5.2x e—cacca
"~7-~,(5J 1 100 A—U oA
lacl e @ ﬁ:ﬁ u A
1 o Off-target @ > & UAA T
proklaco proD ‘ activity @ £ C/G N cA
T Transform inhibits T 60 o L i
il n o Aot to selection growth 3 l U\ J
aa fa oo arnase a  Rep soro1 strain l S 40 o— %3432
\—¢mRNA & -
NN\ Surviving o 20 =%
— e O 0T
Cell growth - QtRNAs o) Y
tRNA Host L e progress to i N e e
synthetase _— > RNA Create positive - - 34 35
aat degenerate selection Q N ncAA

QqtRNA libraries

Fig.3 | Directed evolution of highly efficient qtRNAs for ncAA incorporation.
a, Schematic representation of the selection strategy to evolve improved

qtRNA activities in the recoded framework: qtRNAs were subjected to positive
selection by decoding quadruplet codons in an sfGFP-cat fusion gene. Starting
(st) and evolved (evo) qtRNA genes were validated by decoding their cognate
quadruplet codon at position Y151in sfGFP. In each case, quadruplet decoding
isreported for the final evolved variant and the discovered mutations are
mapped onto the starting qtRNA scaffold. b, Ma tRNA™, ,,; evolved to mutant
(MB11), aminoacylated by GIPyIRS (n = 4 biological replicates, error bars show
thes.d.).c, AftRNA™ . evolved to mutant (M9), aminoacylated by AfTyrRS

(n=4Dbiological replicates; error bars show the s.d.). d, Int tRNA™ ;.. evolved to
mutant (M5.3), aminoacylated by MlumIPyIRS (n = 4 biological replicates; error
bars show thes.d.). e, Spe tRNA™ ;. evolved to mutant (MCO7), aminoacylated
by MmPYIRS (n = 4 biological replicates; error bars show the s.d.). f, In the case of
SctRNA™ ., a negative selection was firstimplemented to eliminate ncAA-
independent aminoacylation by host synthetases and then subjected to positive
selection. g, Sc tRNA™ ., evolved to mutant (MA11), aminoacylated by ScTrpRS
(n=4Dbiological replicates; error bars show the s.d.). Wherever reported, the
quadruplet decoding percentage was calculated by normalizing OD-corrected
fluorescence values to awild-type sfGFP control.

of our prioritized tRNA-synthetase pairs for broadened ncAA scope
beyond their cognate substrates (Supplementary Figs. 12-16 and
Supplementary Tables 6-11). We prioritized synthetases that can
access at least three ncAAs with >10% efficiency. These analyses
uncovered variants of our five prioritized synthetases that together
provide access to 47 unique ncAAs with diverse physicochemical
properties (Fig. 4a).

Briefly, MjTyrRS (Y321, L65I, Q109M, D158G, L162V and V164G)'® was
developedtoincorporate para-(2-tetrazole)phenylalanine and fortui-
tously uses diverse para-substituted and para/meta-disubstituted phe-
nylalanine derivatives (Fig. 4b). We note that this MjTyrRS also carried
mutationsthatimprove tolerance to qtRNA anticodon changes (Y230K,
C231K, P232K, H283Q and D286S)>. GIPYIRS (L124S, Y125F, Y204W,
A221Sand W237Y)* was developed to incorporate cyanopyridylalanine
butis capable of charging alarge repertoire of related meta-substituted
and para-substituted phenylalanine and tyrosine derivatives (Fig. 4c).
MlumIRS (L125I, Y126F, M129G, V168F and Y205F) was grafted from

areported MbPyIRS” that uses histidine derivatives, which allows
LumIRS to charge derivatives of histidine, thiophene and naphtha-
lene, as well as meta-substituted or ortho-substituted phenylalanines
(Fig.4d). MmPyIRS (Y271A and Y349F)** was developed to incorporate
lysine analogs, which we reproduce here (Fig. 4e). ScTrpRS (Y106V,
E141P, T233C and 1253C)* was evolved to use 6-methyltryptophanand
we show that it can also tolerate related analogs (Fig. 4f).

Lastly, we optimized qtRNA production from a multicistronic
cassette because this can improve multiplexed quadruplet decoding
efficiency?**. We used a reported 4-qtRNA cassette and mined the
E. coli genome for inter-tRNA sequences (20-60 nucleotides) to use
as spacers for our fifth qtRNA (Fig. 4g and Supplementary Table 2).
Multiple spacers resulted in expression of the fifth qtRNA and robust
quadruplet decoding (Extended Data Fig. 7). The best qtRNA expres-
sion cassette resulted in excellent quadruplet decoding for all five
optimized qtRNAsin an ncAA-dependent manner (Fig. 4h). Together,
these chosen synthetases and qtRNA expression constructs enable
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Fig. 4| Validation of synthetases with broad, nonoverlapping ncAA substrate
scope. a, Prioritized ncAAs for incorporation at quadruplet codons using
optimized qtRNA-synthetase pairs. All shown ncAAs showed detectable signal
using an sfGFP reporter using at least one qtRNA-synthetase pair. Detailed

lists of tested synthetase variants (Supplementary Tables 6-10) and ncAAs
(Supplementary Table 11) are provided. b—f, The ncAA substrate scope is shown
for the representative synthetases: MjTyrRS (p-TpaRS-1*) (b; n = 4 biological
replicates; error bars show the s.d.); GIPyIRS (G1IpCNP02) (c; n = 4 biological
replicates; error bars show the s.d.); MlumIPyIRS (PylHRS*) (d; n = 4 biological
replicates; error bars show the s.d.); MmPyIRS (Y306A;N346A;C348A;Y384F),

(e; n=4biological replicates; error bars show thes.d.); ScTrpRS (ScTrpRS-H15) (f;
n=4biological replicates; error bars show the s.d.). g, Schematic representation
of amulticistronic qtRNA operon and testing using dedicated synthetases by
decoding quadruplet codons at Y151in sfGFP. h, Decoding efficiency of sfGFP
Y151 mutated to a quadruplet codon for each evolved qtRNA encoded on an
optimized multicistronic operon. Decoding was evaluated in the absence (-)

and presence (+) of acognate ncAA at1 mM. Wherever reported, the quadruplet
decoding percentage was calculated by normalizing OD-corrected fluorescence
values to awt sfGFP control (n = 4 biological replicates; error bars show the s.d.).
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efficient decoding of quadruplet codons and incorporation of diverse
ncAAsin conventional E. colicells.

Biosynthesis of new-to-nature macrocycles with single ncAAs
Strategies tointroduce ncAAs into peptide macrocycles have yielded
natural product-inspired molecules***° and probes of protein func-
tion'**', Advances inin vitro tRNA aminoacylation and cell-free trans-
lation have catalyzed the discovery of chemically diverse bioactive
macrocycles using mRNA display, usually enriched through binding
to purified proteins®>®*. While recent advances in genome rewriting
have enabled the biosynthesis of macrocycles encoding two ncAAs
or hydroxy acids, these methods are restricted to a single engineered
bacterium and require in vitro cyclization of a cell-generated thi-
oester intermediate®**. Efforts to create chemically complex mac-
rocycle libraries in vivo remain limited by poor ncAA incorporation
and codon decoding efficiencies. Addressing these limitations would
enable streamlined macrocycle discovery in vivo by increasing the
chemical repertoire available to protein translation and potentially
capitalizing on directed evolution paradigms to optimize attributes
beyond binding.

We explored an intracellular biosynthesis strategy to generate
macrocyclic peptides that encode diverse, researcher-assigned ncAAs.
We adapted areported split-intein circular ligation of peptides and
proteins (SICLOPPS) system using the Nostoc punctiformeintein (Npu)®
engineered to create cyclo-CLLFVY®® and combined it with our opti-
mized system for ncAA incorporation (Fig. 5a). We first confirmed
that active Npu generated cyclo-CLLFVY with robust signal, whereas
an active site mutant (C1A)*” showed no detectable macrocycle pro-
duction by liquid chromatography (LC)-MS (Fig. 5b). Npu plasmid
copy number and cyclic peptide sequence both influenced product
yield (Extended Data Fig. 8), in line with prior observations®®. Next,
we extended this approach to ncAA incorporation using quadruplet
decoding in Npu-derived macrocycles. We co-transformed strains
with each of the five optimized qtRNA-synthetase pairs and Npu
genes encoding quadruplet codons at variable macrocycle positions,
finding macrocycle products with robust ion counts comparable to
cyclo-CLLFVY (Fig. 5c-g and Supplementary Data 1). In all cases, we
observedthe correct primary massatM + 1. In these assays, incorpora-
tion of 3-bromophenylalanine (3BrF) was a key validation step because
bromine has a unique isotopic pattern (M and M + 3 in roughly equal
abundance) and is otherwise poorly abundant in E. coli. We observed
this isotopic pattern for a 3BrF-containing macrocycle, providing
confidenceinthe correct assignment of the target macrocycle froma
heterogenous sample (Extended Data Fig. 9).

We note that apparent variability in macrocycle extracted ion
chromatograms (XICs) may be attributed to splicing, ionization and/
or protonation differences and cannot be directly compared. To pro-
videinsightintoyield and corroborate our peak assignment, we com-
pared our LC-MS profiles to authentic standards generated using
solid-phase peptide synthesis (SPPS), which showed identical XIC
retention times and confirmed correct peak assignment. By serially

titrating each synthetic macrocycle, we could estimate cellular yield
of select macrocycles. Across the five synthetase pairs, we observe up
to2 pM macrocycleyields following extraction (Extended Data Fig.10
and Supplementary Data 4). In total, we generated 50 macrocycles
encoding a single unique ncAA each, highlighting the scope of our
optimized qtRNA-synthetase pairs.

New-to-nature macrocycles with up to three unique ncAAs
Prior work by our lab and others has shown that multiplexing quad-
ruplet decoding events can often lead to poor overall protein produc-
tion’>**, Bolstered by robust decoding efficiencies and broad ncAA
scope in model macrocycles, we tested multiplexed incorporation of
distinct ncAAs through quadruplet codon decoding. To our knowledge,
nostrategy has demonstrated the cellular biosynthesis of macrocycles
with more than two distinct ncAAs or hydroxy acids. We first explored
theincorporation of asingle ncAA multiple times within the same mac-
rocycle, finding that our approach resulted in excellent production
of macrocycles containing up to three identical ncAAs (Fig. 6a,b and
Supplementary Data5).

We then designed and validated genetic constructs to coexpress
two or three of our prioritized synthetases (MlumIRS + MmPyIRS,
MlumIRS + ScTrpRS or MlumIRS + MmPyIRS + ScTrpRS; Fig. 6a and
Supplementary Fig. 17). We substituted codons in the model macro-
cycle cyclo-CLLFVY with combinations of UAGA, CGGA and/or AGGA
and monitored macrocycle biosynthesis by LC-MS. Using these com-
ponents, we generated 72 unique macrocycles that encoded two or
three ncAAs without extensive protein or macrocycle purification
(Fig. 6b-d, Supplementary Fig. 18 and Supplementary Data 5). While
poor processivity indecoding adjacent quadruplet codons canreduce
protein yield”***, our evolved qtRNAs show robust processivity as
evidenced by the biosynthesis of 17 macrocycles carrying three con-
secutive ncAAs. In summary, we showcase optimized resources for
genetic code expansion capable of generating new-to-nature peptide
macrocycles containing up to three distinct ncAA residues.

Discussion

To realize the promise of genetic code expansion, our lab and others
recently developed new biotechnologies to improve qtRNAs, syn-
thetases and the ribosome in high throughput®>****%°, Strategies that
enhance theincorporation of diverse ncAAs can catalyze innovations
inprotein design and bioengineering that go beyond the constraints of
the natural proteinogenic amino acids. In this report, we investigated
how an underexplored parameter—mRNA codon composition—can
influence this process. We found that local and global mRNA codon
usage can have a notable impact on quadruplet decoding and ncAA
incorporation efficiency. We develop new genetic circuits that obviate
these issues, improve qtRNA decoding and expression and optimize
synthetase dosing and ncAA scope. Together, our optimized resources
were distilled into a streamlined plasmid series (Supplementary
Table 14) that can incorporate up to three ncAAs across various pro-
tein contexts.

Fig. 5| Intracellular biosynthesis of ncAA-encoding peptide macrocycles
through optimized quadruplet decoding. a, Schematic representation

ofthe macrocycle biosynthesis pipeline. The split Npu genes are expressed

from an arabinose-controlled pBAD promoter, whereas the qtRNAs and
synthetase are expressed from IPTG-inducible and aTc-inducible promoters,
respectively. Desired macrocycle sequences (with or without quadruplet
codons) are incorporated between the split Npu genes, resulting in splicing and
macrocyclization after translation. Following expression, cells were lysed and
organic soluble components were isolated for analysis by LC-MS. b, The model
macrocycle cyclo-CLLFVY is robustly biosynthesized by Npu, whereas the C1A
active site substitution ablates macrocycle generation. The peak corresponding
to cyclo-CLLFVY is highlighted. This sequence was used as a template for all
subsequent ncAAincorporation studies. c-g, Individual quadruplet codons were

tested at positions 2-60of cyclo-CLLFVY (cysteine is required for intein-mediated
peptide macrocyclization) and combined with the cognate synthetase plasmids
to explore scope and positional tolerance for ncAA incorporation. Examples

of XICs at the anticipated mass +H are shown (50 unique macrocycles found
inSupplementary Information). In each case, XICs for the indicated mass are
shown for the following conditions: +ncAA (+), -ncAA (-) and ClA inactivated
intein + ncAA (C1A). Color highlights for the ncAAs indicate the used qtRNA-
synthetase pairs consistent with Fig. 4: AGGA decoding in yellow by Int tRNA™ ;4
M5.3 and MlumIPyIRS (PylHRS*) (c); AUAG decoding in red by Ma tRNA™, ¢
MB11and GIPyIRS (G1pCNP02) (d); UAGA decoding in purple by Spe tRNA™ 4
MCO07 and MmPyIRS (Y306A;N346A;C348A;Y384F) (e); CUAG decodingin blue
by AftRNA™ ;.o M9 and MjTyrRS (p-TpaRS-1*) (f); CGGA decoding in green by Sc
tRNA ;. MAI1and ScTrpRS (ScTrpRS-H15) (g).
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Fig. 6 | Biosynthesis of peptide macrocycles encoding multiple ncAAs.
a, Schematic representation of the macrocycle biosynthesis pipeline for
multiplexed ncAA incorporation. The inducible promoters and extraction
strategy are identical to Fig. 5. b, Demonstration of processive ncAA
incorporation into the model macrocycle cyclo-CLLFVY using 3-methoxy-L-
phenylalanine. XICs at the anticipated mass +H are shown. ¢, Incorporation of
two unique ncAAsin cyclo-CLLFVY using combinations of AGGA + CGGA or
AGGA + UAGA codons. XICs at the anticipated mass +H are shown. In total, 36
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macrocycles encoding two unique ncAAs were generated through quadruplet
decoding (Supplementary Information). d, Incorporation of three unique ncAAs
incyclo-CLLFVY using combinations of AGGA + CGGA + UAGA codons. XICs
atthe anticipated mass +H are shown. In total, 17 macrocycles encoding three
unique ncAA were generated through quadruplet decoding (Supplementary
Information). High-resolution MS analysis for all samplesis detailed in
Supplementary Table13.
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We note, however, that our codon compression strategy assigns
only asingle codonfor each of the 20 cAAs, which may be undesirable
in some cases as this can affect protein folding or overall yield. None-
theless, we found that all tested recoded proteins performed nearly
identically to their E. coli codon-optimized counterparts, suggesting
that many proteins may tolerate this approach. In cases where our
focused codon compression strategy results in deleterious outcomes,
intermediate versions of triplet codon compression may be required.
For example, ifimplementing a single AGGA decoding eventinagene
of interest, one could remove AGN triplet codons from the transcript,
as well as alter the +1 position codon to a high-usage codon. In the
context of multiplexed quadruplet codon decoding, more extensive
codon compression may still be required. Furthermore, we speculate
that future multiplexed ncAA incorporation efforts would benefit
tremendously from the development of low-burden strategies for
synthetase coexpression, which we found can have an unexpectedly
large role in gene circuit behavior (Supplementary Fig. 17).

In summary, our approach here aims to combine the codon flex-
ibility and chemical scope of in vitro macrocycle biosynthesis with
the scalability and throughput of in vivo genetic code expansion.
Accordingly, it provides key strengths beyond state-of-the-art meth-
ods. First, the chemical breadth provided by five mutually orthogo-
nal qtRNA-synthetase pairs allows access to diverse macrocycles
using a single DNA sequence. Future macrocycle discovery efforts
may, therefore, benefit from smaller DNA libraries that can be easily
elaborated using unique ncAA combinations, overcoming transfor-
mation efficiency bottlenecks that often hinder directed evolution
campaigns. Second, our strategy does not require any host genome
modifications to enable multiplexed ncAA incorporation, which will
allow researchers to explore biosynthetic strategies using ncAAsin
their favored E. coli strains. Third, our combined macrocycle biosyn-
thesis and ncAAincorporation strategy is fully genetically encodable
and does not require purification of any intermediates from cells to
complete peptide cyclization. Our approach can, therefore, leverage
design-build-test-learn cyclestoaccelerate small-molecule discovery
through macrocycle-dependent selections. Taken together, we envi-
sionthat these favorable properties will catalyze new innovations using
in vivo genetic code expansion to build chemically diverse polymers
inaprogrammable manner.

Online content
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maries, source data, extended data, supplementary information,
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Methods

General methods

All DNA manipulations were performed using NEB Turbo cells (New
England Biolabs) or MachlF cells, which are Mach1 T1® cells (Thermo
Fisher Scientific) mated with S2057 F’ to constitutively provide TetR
and Lacl®. All assays were performed with E. coli S3489 as previously
described™. Water was purified using a MilliQ water purification system
(Millipore). All amplifications were carried out using Phusion U Hot
Start DNA polymerase (Life Technologies) or repliQa HiFi ToughMix
(Quantabio). A MinElute PCR purification kit (Qiagen) was used to
purify all PCR products to a 10-pl final volume, which was quantified
using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scien-
tific). All plasmids were constructed by USER (uracil-specific excision
reagent; endonuclease VIl and uracil-DNA glycosylase) cloning”.

USER cloning and sequencing

A single internal deoxyuracil base was included at 10-20 bases from
the 5’ end of each primer used to amplify plasmid components. This
region is described as the USER junction, which specifies the homol-
ogy required for correct assembly. USER junctions were designed to
contain minimal secondary structure, have 42 °C < T, <70 °Cand begin
with a deoxyadenosine and end with a deoxythymine (to be replaced
by deoxyuridine). For USER assembly, equimolar ratios (up to 1 pmol
each) of PCR products carrying complementary USER junctions were
mixed ina10-pl reaction containing 0.75 U of Dpnl (New England Bio-
labs), 0.75 U of USER enzyme (New England Biolabs), 1 pl of CutSmart
Buffer (50 mM potassium acetate, 20 mM Tris-acetate, 10 mM magne-
siumacetateand 100 pg mI™ BSA at pH 7.9; New England Biolabs). The
reactions were incubated at 37 °C for 20-45 min, followed by heating
at 80 °C for 2 min and slow cooling to 12 °C at 0.1°C s in a thermo-
cycler. The hybridized constructs were directly used for heat-shock
transformation of chemically competent NEB Turbo E. coli cells or
MachlF E. coli cells. 2xYT (United States Biological) agar plates (1.8%)
supplemented with the appropriate antibiotic(s) were used to select
for transformants. Inall cases, cloned plasmids were verified by Sanger
sequencing usingtemplate generated by the TempliPhi 500 amplifica-
tion kit (GE Life Sciences) according to the manufacturers protocol or
by Nanopore sequencing of purified plasmid DNA (Primordium Labs).
For high-throughput sequencing of synonymous codonlibrary pools,
plasmid DNA was isolated from sorted populations using conventional
silica-based column purification. The region of interest was amplified,
barcoded and sequenced using aMiSeqinstrument (Illumina). For data
analysis, a33-bp or 34-bp insert between forward and reverse primers
was extracted and the frequencies of silent codons was quantified. Data
were filtered for only synonymous mutations to eliminate issues that
mayresultfromincorrect synthesis of the library primers. During our
synonymous codon library generation efforts, we noted that creating
acodonfor serine at the —4 position required six codons but this could
not be exclusively introduced using a degenerate codon approach. In
this case, we elected to use the degenerate codon WSN (where W =A/T,
S=C/Gand N =A/C/G/T), whichincludes all six serine codons, as well
as codons corresponding to arginine, threonine, cysteine and trypto-
phan.Inour NGS analysis, we excluded the reads that did not match the
intended amino acid sequence (that is, serine) as our goal was to only
identify codon usage biases that affect quadruplet decoding and not
local amino acid contexts.

Chemically competent cell preparation and transformation

An overnight culture was diluted 100-fold in 2xYT media containing
maintenance antibiotics and grown at 37 °C with shaking at 350 r.p.m.
to anoptical density at 600 nm (ODy,) of 0.5-0.7. Cells were pelleted
by centrifugationat 5,000g for 5 minat O °C. Supernatant was decanted
and the pellet was resuspended in the residual medium, keepingit on
ice for 10-15 min and gently shaking at short regular intervals. TSS
(2xYT medium supplemented with 5% v/v DMSO, 10% w/v PEG 3350 and

20 mM MgCl,) was added to the resuspend cells and mixed by gently
swirling atavolume of 10% of the original culture. The cell suspension
wasthenaliquoted, flash-frozeninliquid nitrogen and stored at —80 °C
until needed. To transform cells, 100-400-pul aliquots of competent
cells were thawed from -80 °C on ice for 15 min. An equal volume of
KCMsolution (100 mMKCI, 30 mM CaCl,and 50 mM MgCl,) was added
tothe tube and mixed gently by tapping the tube. Plasmid DNA or USER
reactions were mixed with TSS-KCM-cell mixtures and left on ice for
10-30 min. Then, cell-DNA mixtures were heat-shocked at 42 °C for
90 s. The transformation was then chilled onice for 2 minand added to
1mlof2xYT medium. Cells were allowed to recover at 37 °C with shaking
at 350 r.p.m. for 1 h before plating on 2xYT agar (1.5%) containing the
appropriate antibiotics and incubated at 37 °C for 16-18 h.

Luminescence assays

Early log-phase (OD¢,, = 0.3-0.5) S3489 cells carrying the reporter
plasmid (RP) grown in 2xYT (United States Biological) were made
chemically competent, transformed with the desired tRNA-synthetase
expression plasmids (EPs) and recovered for2 hin 2xYT (United States
Biological). Transformations were plated on 1.8% agar-2xYT plates
(United States Biological) supplemented with carbenicillin (15 pg ml™),
trimethoprim (3 pg mI™) and spectinomycin (30 pg ml™). The plates
wereincubated for12-18 hina 37 °Cincubator. Colonies transformed
with the appropriate EPs were picked the following day and grown in
Davis Rich Medium (DRM) containing carbenicillin (15 pg ml™), trimeth-
oprim (3 pg ml™) and spectinomycin (30 pg ml™) for 18 h. Following
overnight growth of the EP/RP-carrying strains, cultures were diluted
250-fold into fresh DRM supplemented with carbenicillin (15 pg ml™),
trimethoprim (3 pg ml™) and spectinomycin (30 pg ml™). The cultures
were induced with anhydrotetracycline (aTc) (100 ng mI™) and IPTG
(1 mM) and supplemented with relevant ncAAs (1 mM). After 4-6 h
of growth ina 37 °C incubator shaking at 900 r.p.m., 150 pl of culture
was transferred to a 96-well black-wall clear-bottom plate (Costar)
and measured for OD,,, and luminescence. In all cases, values were
recorded using an Infinite M1000 Pro microplate reader (Tecan) or
Spark plate reader (Tecan) running software (SPARKCONTROL ver-
sion 2.3). Each plasmid combination was assayed in four biological
replicates. Luminescence activities were tabulated at OD4,, = 0.1-0.5
in all cases. Where luminescent signal is reported as a percentage of
wild-type reporter activity, a control RP encoding a wild-type luciferase
was grown in parallel and used for normalization across assays. Data
analysis for meanands.d. was performedin GraphPad Prism (version 9).

Fluorescence assays

Chemically competent S3489 cells were transformed with combina-
tions of tRNA-synthetase EPs alongside sfGFP RPs. In all cases, trans-
formations were recovered for 2 h in 2xYT (United States Biological)
and then plated on 1.8% agar-2xYT plates (United States Biological)
supplemented with carbenicillin (50 pg ml™) and trimethoprim
(10 pg ml™) for one-plasmid or two-plasmid circuits or carbenicillin
(15 pg mlI™), trimethoprim (3 pg ml™) and spectinomycin (30 pg ml™)
for three-plasmid circuits. Plates wereincubated for 12-18 hina37 °C
incubator. Colonies were picked the following day and grownin DRM
containing appropriate antibiotics. After growth for 16-24 h at 37 °C
shakingat 900 r.p.m., cultures were diluted 100-500-fold in DRM with
antibiotics, inducers and ncAAs as above. Following another 16-24 h
at 37 °C shaking at 900 r.p.m., 150 pl of culture was transferred to a
96-well black-wall clear-bottom plate (Costar) and measured for OD,
and fluorescence values. The reporter protein sSfGFP was recorded by
excitation at 485 nm and emission at 510 nm. In all cases, values were
recorded using an Infinite M1000 Pro microplate reader (Tecan) or
Spark plate reader (Tecan) running software (SPARKCONTROL version
2.3).Eachvariant was assayed in 4-8 biological replicates. Fluorescent
proteinyields were normalized to the culture OD, in all cases. Where
sfGFPyieldis reported as a percentage of wild-type sfGFP, a control RP
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encoding awild-type sfGFP was grownin parallel and used for normali-
zation across assays. Data analysis formeanands.d. was performedin
GraphPad Prism (version 9).

qtRNA directed evolution

qtRNA libraries were made by PCR with degenerate base primers to
amplify the qtRNA of interest. Libraries were assembled by USER clon-
ing (described above) and transformed into S3489 cells carrying an
aaRS EP. Library transformations were recovered for 1 hin DRM with
aaRSandtRNAinductionand, where applicable, cognate ncAA (1 mM).
Transformations were plated by spreading on DRM agar chloram-
phenicolselection plates (described below) and grown at 37 °C for up
to 96 h. For DRM plates, DRM was combined 4:1 with a 5% molten agar
solution. All maintenance antibiotics were added to the DRM agar:
carbenicillin (50 pg ml™) and trimethoprim (10 pg ml™), along with
aaRS and qtRNA induction using aTc (100 ng mL™) and IPTG (1 mM).
For positive selections, cognate ncAA (1 mM) was added as a powder to
molten DRM agar and mixed by stir bar. A titration of chloramphenicol
from 32 to O pg ml™ was made in molten DRM agar with all required
small molecules. To validate colony resistance to chloramphenicol,
colonies found to grow above the strain MCI were picked into DRM
with maintenance antibiotics overnight. These cultures were used to
inoculate liquid culture titration of chloramphenicol to validate the
phenotype.

Protein purification and analysis

S$3489 strains transformed with synthetase EPs and RPs (sfGFP with
C-terminal His-tag) were grown with maintenance antibiotics, aTc
(100 ng mI™), IPTG (1 mM) and, where relevant, ncAA (1 mM) in 4 ml
of DRM. Overnight cultures were pelleted and the supernatant was
removed. To each pellet, 0.5 ml of BugBuster (Millipore) was added
before incubating for 30 min at room temperature with gentle rock-
ing. Soluble protein was separated by centrifugation at 16,000g for
20 min and the supernatant was recovered (soluble total protein
lysate). Next, 300 pl of soluble lysate was loaded onto a His-Spin Pro-
tein Mini-prep column (Zymo) and purified using the manufacturer’s
protocol with one change (centrifugation steps were conducted at
700g for 2 min). All samples were eluted in 150 pl of elution buffer.
Soluble protein lysate or Ni-NTA-purified protein was visualized by
mixing 10 pg of lysate or 5 pl of eluted protein from purification with
4 pl of NuPAGE LDS sample buffer (Invitrogen), 10 mM dithiothreitol
anddistilled H,0 up to 16 pland running on a4-12% Bis-Tris NUPAGE gel
(Invitrogen).

Immunoblotting

Protein material was resolved by SDS-PAGE in 17-well 4-12% Bis-tris
NuPAGE gels (Invitrogen) in1x MES-SDS buffer (Invitrogen). Samples
were transferred to a nitrocellulose membrane (Amersham Protran)
usingasemidry transfer apparatus (BioRad). Membranes were blocked
for 1h at room temperature with StartingBlock (Thermo Fisher Sci-
entific) in PBS. Membranes were incubated overnight with shaking at
4 °C with primary antibody (anti-c-Myc monoclonal antibody 9E10)
(Thermo Fisher Scientific) at a 1:1,000 dilution in TBST with 5% BSA.
Membranes were exposed to fluorophore-conjugated secondary anti-
bodies (IRDye 680RD donkey antimouse IgG secondary antibody)
(Li-Cor) diluted 1:5,000 in TBST with 5% BSA at room temperature.
Signals were recorded witha Li-Cor fluorescence imager using a Chemi-
Docinstrument (BioRad).

Time-of-flight (TOF) MS analysis

Thesaltconcentration of Ni-NTA-purified sSfGFP purified products was
reduced in samples by buffer exchange with Amicon (Millipore) column
centrifugation. Protein samples were then subjected to LC-MS analysis.
The analysis was performed on an LC-MS instrument consisting of a
Waters I-Class LC and a Waters Xevo G2-XS TOF, which uses a LeuEnk

lockmass andis calibrated against sodium formate clusters. An Acquity
BEH C4 column (1.7 pm, 2.1 x 55 mm) was used with a 5-99% B gradient
lasting 4.4 min, followed by a 99% B isocratic hold lasting 0.6 min (A,
0.1% aqueous formic acid; B, 0.06% formic acid in acetonitrile; flow
rate, 0.4 ml min™; column temperature, 55 °C). Multiply-charged elec-
trospray ionization data were deconvoluted using the Waters MaxEnt
1algorithm (Masslynx, Waters). The theoretical molecular weights
of proteins encoding ncAAs were calculated by first computing the
theoretical molecular weight of wild-type protein using an online
tool (Expasy ProtParam; http://web.expasy.org/protparam/) and then
manually corrected for the theoretical molecular weight of ncAAs fol-
lowing chromophore maturation.

Macrocycle biosynthesis and purification

Chemically competent S3489 were transformed with plasmids encod-
ingthe synthetase, tRNA/qtRNA and desired macrocycle generating
Npu intein. In all cases, transformations were recovered for 2 hin
2xYT (United States Biological). All transformations were plated
on 1.8% agar-2xYT plates (United States Biological) supplemented
withrelevant antibiotics: carbenicillin (50 pg ml™) and trimethoprim
(10 pg mlI™) for two-plasmid circuits. The plates were incubated for
12-18 hina37 °Cincubator. Colonies transformed with the appropri-
ate EPs were picked the following day and grown in DRM containing
carbenicillin (50 pg ml™) and trimethoprim (10 pg ml™). After growth
for16-24 hat37 °Cwith 900 r.p.m. shaking overnight, cultures were
diluted 200-fold in DRM with carbenicillin (50 pg ml™), trimetho-
prim (10 pg ml™), aTc (100 ng ml™ or 15 ng ml™ for triple suppression
experiments), IPTG (1 mM), L-arabinose (10 mM) and chosen amino
acid(s) (1 mM). Following 16-24 h at 37 °C with 900 r.p.m. shaking,
overnight cultures were centrifuged at 3,000g for 5 min and the
supernatant was discarded. The pellet was resuspended in 500 pl of
PBS with 15% glycerol per ml of overnight culture and then centrifuged
at 3,000g for 5 min. The supernatant was discarded. The cell pellet
was vigorously vortexed and sonicated for 10 min and then subjected
to 3-5 cycles of 10 s of liquid nitrogen, 2 min at 42 °C and 2 min of
sonication. Following this, the pellet was resuspended in 50 pl of
acetonitrile and sonicated for 20-30 min. Finally, this was filtered
through a 96-well PVDF filter plate (Corning 3505) by centrifugation
at800gfor 10 min. LC-MS analysis was conducted on filtered samples
by the Scripps Research Institute Automated Synthesis Facility, per-
formed on aWatersI-Class LC and a Waters SQD2 single-quadrupole
MS with a Waters Cortecs C18 column (1.6 pm, 2.1 x 55 mm) using
a5-99% B gradient lasting 2.5 min (A, 0.1% aqueous formic acid; B,
0.06% formic acid in acetonitrile; flow rate, 0.8 ml min™; column
temperature, 35 °C). XICs and mass spectrawere analyzed, collected
and exported using Waters Empower 3.7. SPPS and purified mac-
rocycle standards were generated by a commercial manufacturer
(GenScript).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
articleandits Supplementary Information. Select representative plas-
mids and strains were deposited to Addgene. NGS data were uploaded
to the National Center for Biotechnology Information Sequence Read
Archive (PRJNA1111233). Source data are provided with this paper.
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Extended Data Fig. 1| Circuit Architecture Optimization for Efficient
Quadruplet Decoding. a) Schematic representation and data of three-plasmid
circuitarchitecture (PS3).aaRS and tRNA genes are encoded onisolated
plasmids and used in combination to decode a quadruplet codonin the reporter
plasmid. Y151 substituted sfGFP quadruplet decoding by Ma tRNAP®, ...
AFtRNAPTAOD - Int tRNAPYAI7VEOS - - and Spe tRNA™ ., in PS3 circuit
architectures. ncAAs are 3-cyano-L-phenylalanine, 4-iodo-L-phenylalanine,
3-methyl-L-histidine, and N6-Boc-L-Lysine respectively, (n = 4 biological
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replicates, error shows standard deviation). b) Circuit architecture was refined
to two plasmids (PS2) by moving the tRNA expression cassette onto the reporter
plasmid. Y151 substituted sfGFP quadruplet decoding by Ma tRNA™'®, .,
AFtRNADTAOD . Int tRNAPYAI7VBDS - - and Spe tRNAPY ., in PS2 circuit
architectures. ncAAs are 3-cyano-L-phenylalanine, 4-iodo-L-phenylalanine,
3-methyl-L-histidine, and N6-Boc-L-Lysine respectively, (n = 4 biological
replicates, error shows standard deviation).

Nature Biotechnology


http://www.nature.com/naturebiotechnology

Article

https://doi.org/10.1038/s41587-024-02385-y

a Ma tRNAPY® b Anticodon stem library C d
giﬁGCCA giﬁscc;« MDO03 MC03
é—¢ ¢ Anticodon stem 628 6§ Ma tRNAPY®
G—C cA G— cA library anticodon transplant
c p 2 ¢ 2 top clones
G _C—G_ XC\G/\J ¥ N (\2\;\' G—C G—C -
ST e AR\ 5 &5 =
Acd d U A U A A
\ 8 \ 8 Yacl UacY o
Nece N MAO3  MEO3  MF02  MEO3 SR,
c—G G—C G—C G—C —C A
| A C— c—C c—G
= o e e o
G—C S *% G—C G—C
u—A . !
Sl b o 2 B35
Ae Ac UacY Bl Uaed el
ncAA B +ncAA Ma(17) e Ma(8) -ncAA B +ncAA -NcAA B +ncAA
1000 10 1000 1000
_ % IR _ 219x 216x 7.6x 10.5x 7.26x 7.6x S
S 49% g dependent S § Low
g 1007 33 St o11e ® 0 ¢ £ 100 S 100+ -NCAA
] < = ] 8 activity
Q el Q o] —_
] 25 3 °
° £9 . ° %
< 10+ OF 014 ¢ < 104 S 104
0] o:IE > Q 5
< Sasa e -4 < §
1 T T 0.01 T T 1- 1-
G1PyIRS G1PyIRS 0.01 0.1 1 10 D03 C03 A03 EO02 F02 EO3 X O\T ?‘O YY Y@
Ma tRNAP(IT) Ma (RNAPY(® ODggo (A-U.) Ma tRNA™® anticodon stem mutant ‘?‘0 ‘?‘0 ?9 & 0\5
16pg/mL Chlor (- ncAA) Ma tRNAP® codon
e Input libraries f
AUAG CGAA AUAG CGAA _ncAA B +ncAA AUAG top clones
anticodon loop - anticodon loop 1000 ) 1000 - ) 9% oax 20x 21x 30 30x 26x 15 ps el A Gl
G—¢C G—C G = I c—a Cc—G C—i
¢ ¢—¢ 100 - 100 S s LA e Fui
6—uy G—U 2 S 2 o—¢ G—U G—C
6—¢ &=¢ i i S £ 100+ —Cc &V &—¢
G—C c—¢C 10 10 > B 5— ¢
o — 2 =3 3 L3 c A C A C A
U + 1 | — 1 | — 3 S UcUAu UcUAUA U(:UAUA UcUAUA
g 1 10 1001000 1 10 1001000 ° 104
) s CGAA top clones
AUAG CGAA < 1000 1000 » £ v
anticodon stem  anticodon stem o < o 2 g MBO7 MA12  MB12
—c o G5 100+ 100 I le] 4 6—¢ G—¢c &—¢
g b s S ¢ )
‘ ® 10 10+ S S ey e—¢
%] — —C
& Q G—C G—C
33 e e 8 o £
UvA U 1 10 100 1000 1 10 1001000 AUAG clones CGAA clones UUUCG Uyc6  YycS
SFGFP (A.U.) (- ncAA)
g h i -ncAA Bl +ncAA
G—C
c— AUAG MB11  §—QGCCA 10000 1000179, 74x 22x 18x 42x Top MG02 MA08  MG12
— acceptor S—¢  G—C
AUAG MB11 Gfg acceptor g ° % = " p c—6 ¢—6
Anticodon loop  §—§ stem g % & 100+ msutean:ﬂs (= |
library library 1 é:g + 1000+ E’ 2:5 2:3
Cua = § c—G Cc—G
3 g 107 MEO2 MF03  MCO04
cocen  Z © G—Cc G—C G—C
T = L) e SR=N:
acceptor S8 9] <D: gjc 6—u Gtg
Returned stem g @ A—U  A—U A—U
input MB11 library 2 10 . . 0.1 ¢—¢ ¢ o
10 100 1000 10000 Q> 9 Q9 S »
Q Q! Q N
SfGFP (A.U.) (- ncAA) ¥ © ¥ N

Extended Data Fig. 2| Directed Evolution of Improved Quadruplet Decoding
Using of GIPYIRS-Ma qtRNAPYIAUAG. a) The starting Ma tRNA™, ,, variants
(8) and (17)** show poor AGUA decoding at Y151in sfGFP using a two-plasmid
system alongside GIPyIRS and 1 mM H-Lys(Z)-OH (CbzK), four biological
replicates, (n =4 biological replicates, error shows standard deviation). b) Both
qtRNA anticodon stems were randomized using degenerate oligonucleotides
and subjected to positive selection on chloramphenicol agar plates. Single clones
were assayed for resistance to 16 pg/mL chloramphenicol with and without 1 mM
CbzK, yielding variants that catalyzed CbzK-dependent AGUA decoding (n=1).

c) Top chlor-resistant clones were further validated through AGUA decoding
atY151in sfGFP. Start line indicates the highest activity achieved with the (8)
variant, (n =4 biological replicates, error shows standard deviation). Most clones
showed areduction in CbzK-independent decoding rather than animprovement
in CbzK-dependent decoding. Subsequent selections and randomization at other
positions did not further improve dynamic range (not shown). d) Alternative
codons were tested through transplantation into the Ma tRNA™',,,, variant

(8) scaffold. Cognate codon decoding was monitored using a dedicated sfGFP
reporter at Y151 withand without 1 mM CbzK in each case (n =1). AUAG and

CGAA codons were prioritized due to low background. e) Ma tRNA™, ,,;and

Ma AUAG MB11 acceptor stem

MatRNA ., anticodon stems and loops were randomized using degenerate
oligonucleotides, and subjected to positive selection on chloramphenicol agar
plates. Single clones were assayed for decoding at Y151 in sfGFP, showing robust
CbzK dependence (n =1).f) Top chlor-resistant clones were further validated
through AUAG and CGAA decoding at Y151in sfGFP. Start line indicates the
highest activity achieved with the (8) variant, (n = 4 biological replicates, error
shows standard deviation). AUAG decoding qtRNAs were prioritized due to their
lower background without CbzK. g) An anticodon loop library for Ma tRNA™ .
variant MB11 returned input sequence despite robust library coverage. h) Ma
tRNA™ AUAG variant MB11 acceptor stem was randomized using degenerate
oligonucleotides, and subjected to positive selection on chloramphenicol

agar plates. Single clones were assayed for decoding at Y151 in sfGFP, showing
improved decoding and CbzK dependence (n =1). i) Top chlor-resistant clones
were further validated through AUAG decoding at Y151in sfGFP. Start line
indicates the highest activity achieved with the (8) variant, (n = 4 biological
replicates, error shows standard deviation). Despite the improvementsin
dynamic range of these qtRNAs, mutant B11 (MB11) was designated as the best
variant due its higher signal with 1 mM CbzK in (f) and used for all subsequent
assays.
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Extended Data Fig. 3| Directed Evolution of Improved Quadruplet Decoding
Using AfTyrRS-AfqtRNATYrCUAG. a) The starting Af qtRNA™ .-

variant* shows moderate CUAG decoding at Y151in sfGFP using a two-plasmid
system alongside AfTyrRS and 1 mM 4-iodo-L-phenylalanine, (n = 4 biological
replicates, error shows standard deviation). b) The qtRNA anticodon stem was
randomized using degenerate oligonucleotides, and subjected to positive
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selection on chloramphenicol agar plates. Evolved single clones showed robust
chloramphenicol above the MIC using the starting qtRNA (n =1). c¢) Top chlor-
resistant clones were further validated through CUAG decoding at Y151in sfGFP.
Start line indicates the highest activity achieved with the AfgtRNA® %, .
variant, (n =4 biological replicates, error shows standard deviation). Mutant 9
(M9) was designated as the best variant and used for all subsequent assays.
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Extended DataFig. 4 | Directed Evolution of Improved Quadruplet Decoding
Using Mlum1RS-IntqtRNAPYIAGGA. (a) The starting Int qtRNA™, ., variant
A17B03** shows poor AGGA decoding at Y151in sfGFP using a three-plasmid
system alongside MlumIRS and 1 mM 3-methyl-L-histidine (NmH), (n=4
biological replicates, error shows standard deviation). (b) The qtRNA anticodon
stem was randomized using degenerate oligonucleotides, and subjected to
positive selection on chloramphenicol agar plates. Evolved single clones showed
robust chloramphenicol above the MIC using the starting qtRNA (n=1). (¢)

Top chlor-resistant clones were further validated through AGGA decoding at
Y151in sfGFP. Start line indicates the highest activity achieved with the *17'B03

variant, (n =4 biological replicates, error shows standard deviation). (d) The
top mutant (M5) was used as a scaffold for further randomized using targeting
the anticodon loop, and subjected to another round of positive selection on
chloramphenicol agar plates. Evolved single clones showed an even greater MIC
to chloramphenicol as compared to the starting qtRNA (n =1). (e) Top chlor-
resistant clones were further validated through AGGA decoding at Y151in sfGFP.
Startline indicates the highest activity achieved with the *17,YB03 variant, (n =4
biological replicates, error shows standard deviation). Mutant 5.3 (M5.3) was
designated as the best variant and used for all subsequent assays.
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Extended DataFig. 5| Directed Evolution of Improved Quadruplet Decoding
Using MmPyIRS-SpetRNAPyl. a) The starting Spe qtRNA™,,;,>* shows poor
UAGA decoding at Y151in sfGFP using a two-plasmid system alongside both
MbPyIRS and MmPyIRS and 1 mM Né6-Boc-L-Lysine (BocK), (n = 4 biological
replicates, error shows standard deviation). b) The qtRNA anticodon stem was
randomized using degenerate oligonucleotides, and subjected to positive
selection on chloramphenicol agar plates. Evolved single clones showed robust
chloramphenicol above the MIC using the starting qtRNA (n =1). Related qtRNA
genes Mb qtRNA™,...”* and Vul qtRNA™ ;> engineered to make Vul qtRNA™ ¢4,
were subjected to the identical selection but did not resultin chloramphenicol
survival (not shown). ¢) Top chlor-resistant clones were further validated
through UAGA decoding at Y151in sfGFP using both MbPyIRS and MmPyIRS.
Start line indicates the highest activity achieved with the initial Spe qtRNA™ 4
variant, (n = 4 biological replicates, error shows standard deviation).d) The
starting Spe qtRNA™ ., mutants AO1 (MAO1) and GO2 (MGO2) were used as

scaffolds for further randomization targeting the anticodon loop, W-arm, D-arm,
and D-loop. Inall cases, the selection returned Spe qtRNA™! .., MGO2 input
suggesting maximal fitness. e) Alternative codons AGAN, AUAN, CCCN, CGAN,
and AGUN were tested through transplantation into the Spe qtRNA™ ;. MG02
scaffold in atRNA-mRNA selection using 4 pg/ mL chloramphenicol plates.
Cognate codon decoding was validated by using dedicated sfGFP reporter at Y151
with and without 1 mM BocK. In each case, sixteen colonies tested for each codon-
anticodon library, (n=16). All variants were ultimately abandoned due to lower
signal than Spe qtRNA™ ;. MGO2. f) Spe qtRNA™ ., variant MGO2 acceptor
stem was randomized using degenerate oligonucleotides, and subjected to
positive selection on chloramphenicol agar plates. Top chlor-resistant clones
were further validated through UAGA decoding at Y151in sfGFP. Start line
indicates the highest activity achieved with the initial Spe qtRNA™',., variant,
(n=4biological replicates, error shows standard deviation). Mutant CO7 (MCO07)
was designated as the best variant and used for all subsequent assays.
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Extended DataFig. 6 | Directed Evolution of Improved Quadruplet Decoding
Using ScTrpRS-SctRNATrpCGGA. a) To define an appropriate quadruplet
codon-anticodon pair, all possible pairs were evaluated using a library-cross-
library approach. Position Y151 of sfGFP and the Sc tRNA™ ™! anticodon were
randomized using degenerate oligonucleotides and co-transformed into
S3489 E. colicells carrying ScTrpRS. Transformants were streaked on agar
plates supplemented with 1 mM 5-hydroxy-L-tryptophan (ShW). Single colonies
were then picked based on green fluorescence and evaluated with and without
ncAA (n=1). All5hW-dependent clones carried CGGN codons and qtRNAs

with the corresponding anticodons, including mismatches at the 4™ position.
b) Evaluation of all possible CGGN codon-anticodon pairs at position Y151in
sfGFP with and without1 mM 5hW. Sc tRNA™MB) . .. and Sc tRNA™MS) .- were
prioritized in subsequent studies. ¢) Confirmation of ScTrpRS- and

Sc tRNATP mutant

5hW-dependent quadruplet decoding by comparison to anon-cognate

tRNA, AlaT, (Ec tRNA*? o). We note a high ShW-independent background
translation. d) The starting Sc tRNA™™3) . .. and Sc tRNA™MD .. were
randomized at the anticodon stem or acceptor stem, subjected to negative
selection to eliminate aminoacylation by host synthetases, then subjected to
positive selection on chloramphenicol agar plates. Evolved single clones showed
robust 5ShW-dependent growth at 2 pg/mL chloramphenicol (n =1). e) Top chlor-
resistant clones were further validated through CGGA or CGGC decoding at Y151
insfGFP using ScTrpRS. Start line indicates the highest activity achieved with the
initial Sc tRNAT™™) . .. variant, (n = 4 biological replicates, error shows standard
deviation). Mutant A11 (MA11) was designated as the best variant and used for all
subsequent assays.
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Extended Data Fig. 7| Rational Engineering of a qtRNA Operon to Include
Sc tRNATrp(M13)CGGA. a) Schematic representation of the genetic circuit
for 5’ placement of Sc qtRNAT™M3) . .. Sc qtRNATPMD . . isencoded 5 of Int
qtRNAM', .., where the two qtRNAs are separated by E. coli derived inter-tRNA
sequences (navy highlight). Functional Sc qtRNA™™? . .. production will yield
green fluorescence when tested alongside ScTrpRS and the cognate ncAA. b)
ScqtRNA™MB) . . production is dependent on the 5’ inter-qtRNA sequence as
determined by CGGA decoding at Y151in SfGFP (n =1). OD, values following
overnight growthin the presence of 1 mM 5-hydroxy-L-tryptophan (ShW) are
shownontheright (n=1). ¢) Schematic representation of the genetic circuit

for 3’ placement of Sc gtRNATPM . .. Sc qtRNA™™MD . . isencoded 5’ of Af
qtRNA™" .., where the two qtRNAs are separated by E. coli derived inter-tRNA
sequences (navy highlight). Functional Sc qtRNA™™Y ... production will yield
green fluorescence when tested alongside ScTrpRS and the cognate ncAA. d)
SCtRNA™MB) . . productionis dependent on the 3’ inter-qtRNA sequence as
determined by CGGA decoding at Y151in sfGFP (n =1). ODg, values following
overnight growthin the presence of 1 mM ShW are shown on the right (n =1). Due
toits lower error and tolerated cell growth, ginV-ginXinter-tRNA sequence was
chosen for the 3’ spacer sequence, making Sc qtRNA™™) . .. the final qtRNA in
the engineered operon.
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Extended Data Fig. 8| Optimization of aMacrocycle Biosynthesis Platform findings, and the grey area described the standard deviation of the regression.

for cyclo-CLLFVY. a) The split-Npu gene cassette driven by the pBAD promoter b) Arginine (R) substitutions and additions were made to the cyclo-CLLFVY

was cloned on plasmids bearing different origins of replication with variablecopy = macrocyclic peptide scaffold to explore tolerance to insertions and mutations.
number. Following expression, cells are lysed and organic soluble components Following expression, cells were lysed and organic soluble components isolated
isolated for analysis by LC-MS. Straight line is the logarithmic regression of these for analysis by LC-MS.
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Extended Data Fig. 9 | Validation of LC-MS Analysis of E. coli Crude Lysate
for Macrocycle Biosynthesis. Following expression, lysis, and organic
solvent extraction of soluble components, LC-MS analysis was used to validate
expression of macrocycle products. a) Mass spectrum for C[30meF]LFVY. The

primary massis M + H when analysing the peak indicated on the XIC trace from
Fig. 5c.b) Characteristic isotopic pattern (M + 1and M + 3) of bromine in the mass
spectrum of this macrocycle product.
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Extended Data Fig. 10 | Quantifying Biosynthesis of Npu-Generated
Macrocycles. Standard curves were derived using macrocycles generated by
solid-phase peptide synthesis (SPPS standard) to quantify the biosynthetic
yield of our platform. For each synthetase - tRNA - quadruplet codon set, we
used asingle representative macrocycle. We interpolated the Area (uV*sec) of
SPPS standards over a serial dilution from 10 - 0.3 uM but changes depending
onmacrocycle (see Source Data File) and used this to calculate the yield of
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macrocycles generated by intracellular decoding of (a) AUGA with 4-nitro-L-
phenylalanine, (b) CUAG with 4-iodo-L-phenylalanine, (¢) AGGA with 3-pyridyl-
L-alanine, (d) UAGA with N6-alloc-L-lysine, and (e) CGGA with 3-(1-naphthyl)-
L-alanine. All SPPS and biosynthesized macrocycle samples were tested in
biological triplicate (n = 3). LC traces and m/z spectra for all concentrations

of SSPS synthesized samples and biosynthesized macrocycles can be found in
(Supplemental Information).
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Analysis of TOF-MS samples: multiply-charged electrospray data (ESI+) were deconvoluted using the Waters’ MaxEnt 1 algorithm (Masslynx;
Waters). The theoretical molecular weights of proteins encoding ncAAs were calculated by first computing the theoretical molecular weight of
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Materials & experimental systems Methods
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Plants
Antibodies
Antibodies used Primary antibody (c-Myc Monoclonal Antibody 9E10) (Thermo Fisher).
Secondary antibodies (IRDye® 680RD Donkey anti-Mouse 1gG Secondary Antibody) (Li-Cor).
Validation We included a control in our Western Blot experiments: a c-Myc-tagged sfGFP bearing no quadruplet codon. This control was run in
all experiments. We also run a blank lane in our experiments to show no binding of our antibody in the absence of the c-Myc tag.
Plants
Seed stocks n/a

Novel plant genotypes  n/a

Authentication n/a

Flow Cytometry

Plots

Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

g All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation Bacterial cultures were diluted 100-fold in PBS solution prior to FACS.
Instrument Beckman Coulter Astrios. Excitation/emission wavelength 488/513nm for sfGFP.
Software FlowJo
Cell population abundance For SCS library sample collection 1ES-1E6 cells were sorted for each enriched population "Top 1%, Top 5%, Bottom 5%, and
Bottom 1%".
Gating strategy The cells were gated first for all cells. Doublets were gated out of final analysis. Finally sfGFP positive cells were gated with

respect to a negative control.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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