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Supplementary Figure 1 | Gating Strategy for sfGFP Positive Cell Sorting. 
E. coli S3489 cells carrying genetic code expansion plasmids and sfGFP libraries were first gated based on 
cell size (FSC-A by SSC-A), then single cells (SSC-H x SSC-W, and FSC-H x FSC-W). Next, cells were 
gated based on sfGFP fluorescence (excitation at 488 nm, emission at 513 nm). Histograms and scatter plots 
are shown for IPTG-induced libraries with the cognate ncAA as appropriate, and each plot includes a back-
gating summary with events used in final analysis highlighted in red: 

a) Ec tRNASer
UAGA; 

b) Ec tRNAHis
AGGA; 

c) Af tRNATyr
AGGA + AfTyrRS(G5) with 1 mM para-iodophenylalanine (pIF); 

d) Mb tRNAPyl
UAG + MbPylRS with 1 mM N6-(tert-butoxycarbonyl)-lysine (BocK). 

  



 
 
Supplementary Figure 2 | Ni-NTA-Purified sfGFP-His6 Products from Library Populations.  

a) Nickel-NTA-purified sfGFP(Y151UAG)-His6 from UAG synonymous codon library populations 
grown in the presence of 1 mM BocLys and sfGFP(Y151UAGA)-His6 from UAGA synonymous 
codon library populations. Molecular weight marker present in left most column.  

b) Nickel-NTA-purified sfGFP(Y151AGGA)-His6 from AGGA synonymous codon library populations 
and sfGFP(Y151AGGA)-His6 from AGGA synonymous codon library populations grow in the 
presence of 1 mM 4-iodo-Phe. In all cases the sorted population is indicated and naming is consistent 
with other figures. Molecular weight marker present in left most column.  

For both gels, samples are derived from a heterogenous cultures of sorted cells from the flow-cytometry 
analysis and sorting in Figure 1a. The samples correspond to those used to prep HTS in Figure(s) 1b-e. 



 
 

 
 
Supplementary Figure 3 | Mass Spectrometry Analysis of sfGFP-His6 Library Products.  

a) Time-of-flight mass spectrometry (TOF-MS) of Ni-NTA-purified sfGFP(Y151UAG)-His6 in the 
presence of 1 mM BocLys for sorted populations from the UAG synonymous codon library.  

b) TOF-MS analysis of Ni-NTA-purified sfGFP(Y151UAGA)-His6 for sorted populations from the 
UAGA synonymous codon library using a serine-encoding qtRNA.  

c) TOF-MS analysis of Ni-NTA-purified sfGFP(Y151AGGA)-His6 for sorted populations from the 
AGGA synonymous codon library using a histidine-encoding qtRNA. 

e) TOF-MS analysis of Ni-NTA-purified sfGFP(Y151AGGA)-His6 in the presence of 1 mM 4-iodo-Phe 
for sorted populations from the AGGA synonymous codon library. 

In all cases, the sorted population is indicated and naming is consistent with other figures. The codon 
substitution at sfGFP Y151, target amino acid or ncAA, expected, and observed masses are indicated. 
Whereas the correct mass is observed in the higher % bins for most samples (indicating correct translation), 
the 4-iodo-Phe-incorporating samples did not show the correct mass in the top bin. We attribute this to the 
poor ncAA incorporation efficiency (see Supplemental Data 1 below) and artifacts of library generation (see 
Methods). 



 
Supplementary Figure 4 | Codon Usage Near Quadruplet Codons Impacts Decoding Efficiency. 

a) Single clones from each sorted population were assayed for sfGFP activity after FACS: bottom 1%, 
bottom 5%, top 5%, and top 1% (n = 16 biological replicates from each population). Error represents 
the standard deviation of clones in each pool. 

b) Mean dynamic range between top 1% and bottom 1% for each library strain, calculated from (a). 
For c-f, sorted libraries were subjected to NGS and codon enrichment was calculated relative to the 
unsorted library populations at positions –5 to +5 of the UAG/quadruplet decoding site for: 

c) Mb tRNAPyl
UAG with MbPylRS incorporating N6-(tert-butoxycarbonyl)-lysine (BocK); 

d) Af tRNATyr(A01)
AGGA with AfTyrRS(G5) incorporating para-iodophenylalanine (pIF); 

e) Ec tRNASer(evo2)
UAGA incorporating serine; 

f) Ec tRNAHis
AGGA incorporating histidine. 

  



 

 
Supplementary Figure 5 | High mRNA Expression and Removal of Off-Target Quadruplet Codons 
Improves Apparent Quadruplet Decoding Efficiency. 

a) Increasing SC101 copy number (x-axis) through RepA mutations1 improves sfGFP signal upon 
quadruplet decoding (y-axis). In all cases, Ec qtRNAHis

AGGA is expressed from a low copy RK2 origin 
of replication (4-7 copies/cell) using the PproK–lacO promoter (n = 6). SC101 RepAN99D is used for 
quadruplet decoding experiments from this point forward. 

b) New AGGA-decoding qtRNAs were engineered by swapping their anticodon sequences for UCCU, 
resulting in variable decoding efficiencies using a Y151AGGA sfGFP reporter. Ec tRNAAlaT

GCA was 
used as a negative control. For each engineered qtRNA, data shows mean and standard deviation (n = 
4 biological replicates).  

c) Using plasmids that have been fully recoded to use only 20 high usage codons, introduction of AGG 
codons at positions R96 and R122 reduce apparent decoding at Y151AGGA. For each engineered 
qtRNA, data shows mean and standard deviation (n = 4 biological replicates). Each set is normalized 
to AGGA decoding efficiency of each qtRNA without additional AGG codons in sfGFP.  



 
 

Supplementary Figure 6 | Optimization of LuxAB UAG Decoding Circuit. 
a) Kinetic analysis of fully recoded wild-type bacterial luciferase (LuxAB) reporter in E. coli S3489 

cells. Luminescence values (left y-axis) and cell density (OD600; right y-axis) were quantified in 10 
min intervals. Peak luminescence signal occurs in early exponential growth (OD600 = 0.2-0.4). The 
grey shaded areas represent time and cell density conditions used for subsequent analyses and 
UAG/quadruplet decoding is reported as a percentage of this reporter’s luminescence activity (n = 4). 

b) Kinetic analysis of Mb tRNAPyl
UAG decoding (with MbPylRS and BocK) as compared to wild-type 

LuxAB translation in E. coli S3489 cells (n = 2). 
c) Testing the impact of synthetase plasmid copy number and MbPylRS codon usage on UAG decoding. 

Fully recoded and E. coli codon optimized MbPylRS genes behave similarly using the medium copy 
number origin ColA (20-40 copies/cell), but the higher origin RSF1030 (>100 copies/cell) can reduce 
cell fitness and apparent UAG decoding. MbPylRS is expressed from an aTc-controlled promoter 
(PtetAP) and the grey shaded area indicates the aTc concentration used in subsequent assays (0.15-1000 
ng/mL). Data represents the mean (n = 2 biological replicates). Values are normalized to a wild-type 
LuxAB reporter under the same growth conditions (WT). 

d) Ma tRNAPyl
UAG (left) and Mb tRNAPyl

UAG (right) decoding activities were evaluated with and without 
the previously described E. coli MG1655 derived intergenic sequences alaW-alaX and valU-valX2. 
MbPylRS and BocK used in both cases. Red text indicates the first and last bases of the tRNA. Data 
represents the mean and standard deviation (n = 4 biological replicates).  Values are normalized to a 
wild-type LuxAB reporter under the same growth conditions. 

  



 
Supplementary Figure 7 | Investigating the Impact of tRNA–Synthetase Identity, Expression, Host 
Tolerance, and Substrate Scope on Decoding Efficiency. 
Diverse tRNA–synthetases pairs were mined from literature sources and evaluated for UAG decoding 
efficiency. All genes have been fully recoded and tested data as follows: no additive, tRNA induction (IPTG 
only), tRNA–synthetase co-induction (IPTG and aTc), tRNA–synthetase co-induction with ncAA. Cognate 
tRNAs were used unless otherwise indicated. All values reported relative to wild-type LuxAB: 

a) ApHisRS, CaArgRS, CcHisRS, MpCysRS, and ScAspRS.  Data represents the mean and standard 
deviation (n = 4 biological replicates); 

b) ScGlnRS. Data represents the mean and standard deviation (n = 4 biological replicates); 
c) ScTyrRS. Data represents the mean and standard deviation (n = 4 biological replicates); 
d) MmSerRS alongside tRNA variants. Data represents the mean and standard deviation (n = 4 

biological replicates); 
e) MmGluRS and PhGluRS alongside tRNA variants. Data represents the mean and standard deviation 

(n = 4 biological replicates); 
f) AfLeuRS, MjLeuRS, and MtLeuRS alongside tRNA variants. Data represents the mean and standard 

deviation (n = 4 biological replicates); 



g) Tuning RBS strength driving MjLeuRS. Data represents the mean and standard deviation (n = 4 
biological replicates); 

h) ScPheRS alongside tRNA variants. Data represents the mean and standard deviation (n = 4 biological 
replicates); 

i) PhProRS variants alongside tRNA variants. Data represents the mean and standard deviation (n = 4 
biological replicates); 

j) Tuning RBS strength driving PhProRS(h3). Data represents the mean and standard deviation (n = 4 
biological replicates); 

k) Active site mutant of PhProRS(h3) reported to incorporate PCA (pipecolinic acid). Data represents 
the mean and standard deviation (n = 4 biological replicates); 

l) PhLysRS shows toxicity upon synthetase induction. Data represents the mean and standard deviation 
(n = 4 biological replicates); 

m) PhLysRS expression plasmid was plated on agar containing increasing aTc concentrations. A 
consensus mutation in the tetO2 (below) was found and renamed PhLysRS*; 

n) PhLysRS* improves synthetase-dependent aminoacylation but a reported active site variant is 
incapable of incorporating the cognate ncAA homoglutamine (hGln). Data represents the mean and 
standard deviation (n = 4 biological replicates); 

o) MacTyrRS alongside tRNA variants. Data represents the mean and standard deviation (n = 4 
biological replicates). 

  



 

 
Supplementary Figure 8 | Rational Engineering of Sc tRNATrp

UAG Improves Decoding Efficiency and 
Dynamic Range. 

a) Recoded genetic circuits were created using previously reported ScTrpRS–Sc tRNATrp variants were 
evaluated in the absence (–) or presence (+) of the pooled cognate substrates: 1-methyltryptophan 
(1meW), 6-methyltrytophan (6meW), 5-hydroxytryptophan (5hW), 1-napthylalanine (1NapA). 
Normalized dynamic range is shown. In all cases UAG decoding activity is normalized to a wildtype 
LuxAB reporter (n = 4 biological replicates). 

b) Secondary structures of the prioritized Sc tRNATrpH14
UAG, as well as previously reported mutations 

introduced into this scaffold (in red). We refer to the mutant sets as M13, M24, and M34, respectively. 
tRNA 2D representations were predicted with RNAfold5 and tRNA schematics were drawn with 
RNAcanvas6.  

c) All possible mutational combinations were introduced into Sc tRNATrpH14
UAG and evaluated against all 

reported ScTrpRS variants as in part (a). In all cases UAG decoding activity is normalized to a 
wildtype LuxAB reporter (n = 4 biological replicates). Sc tRNATrp(M13)

UAG was used for all assays 
from this point forward, which contains the combined mutations M1 and M3 in the Sc tRNATrpH14

UAG 
scaffold. 

  



 
Supplementary Figure 9 | Optimization of Phosphoserine Incorporation Using Fully Recoded Genetic 
Circuits. 

a) Schematic representation of circuit architecture of a four-plasmid phosphoserine (pSer) incorporation 
assay. MmSepRS and EF-Sep variants are encoded on the same plasmid, whereas TkSerK (generates 
phosphoserine) is provided from a separate plasmid. Eight combined designs were evaluated without 
induction (–IPTG, –aTc) and with induction (+IPTG, +aTc). Normalized dynamic range is shown (n = 
4 biological replicates). 

b) Schematic representation of circuit architecture of a three-plasmid phosphoserine (pSer) incorporation 
assay. MmSepRS, EF-Sep, and TkSerK are all expressed from a single plasmid. Four combined 
designs were evaluated without induction (–IPTG, –aTc) and with induction (+IPTG, +aTc). 
Normalized dynamic range is shown (n = 4 biological replicates). 

  



 
 
Supplementary Figure 10 | Western Blot Analysis of Quadruplet Codon Decoding Using Starting and 
Evolved qtRNAs.  
In each case, sfGFP has been tagged N-terminally using a cMyc-tag and includes the indicated quadruplet 
codon at position Y151. Failure to decode the quadruplet codon results in a truncated product with a lower 
molecular weight. For the UAGA reporter, truncation will occur at Y151UAGA due to the in-frame stop 
codon (18 kDa) and will shift the frame to +1 for the other quadruplet codons (AGGA, AUAG, CGGA, 
CUAG) and terminate 5 amino acids later (19 kDa). This analysis was carried out for all quadruplet codons 
and is visualized across two blots: (a) AGGA, UAGA, and AUAG, and (b) CGGA and CUAG. The tRNAs ± 
evolution (tRNA evo) are the same as described in main text (Figure 3). In all cases, four colonies were 
picked to grow independent cultures, pooled, and lysed to carry out the Western Blot analysis. 
  



 
 
Supplementary Figure 11 | TOF-MS Analysis of Quadruplet Codon Decoding Using Starting and 
Evolved qtRNAs. 
Ni-NTA-purified cMyc-sfGFP(Y151quad)-His6 was subjected to electron spray ionization time-of-flight 
mass spectrometry (ESI-TOF MS). The data includes the starting (a) and evolved (b) qtRNAs. c) Analogous 
ESI-TOF MS data using wild-type cMyc-sfGFP-His6. LC traces and m/z spectra can be found in 
(Supplemental Data 2).   



 
 

Supplementary Figure 12 | Screening G1PylRS Active Site Variants with Broad ncAA Substrate Scope. 
a) Previously reported G1PylRS active site variants were screened against a representative set of six 

ncAAs that include tryptophan, phenylalanine, and lysine analogs (n = 4). This analysis nominated 
G1pCNP02 as the lead candidate for further exploration due to its low background activity and robust 
ncAA incorporation. All active site mutations are described in Supplementary Table 6. 

b) Broader exploration of the ncAA scope of G1mCNP43 and G1pCNP02, which can use a large 
repertoire of related meta- and para-substituted phenylalanine and tyrosine derivatives. Data 
represents the mean and standard deviation for G1mCNP43 (n = 4 biological replicates), and 
G1pCNP02 (n = 3 biological replicates). G1mCNP43 has the broadest ncAA scope but G1pCNP02 
has lower background activity and less overlap with other synthetase-tRNA pairs in this study. 

  



 
 
Supplementary Figure 13 | Screening MjTyrRS Active Site Variants with Broad ncAA Substrate Scope. 

a) Previously reported MjTyrRS active site variants were screened against a representative set of 11 
ncAAs that include bulky phenylalanine analogs (n = 4 biological replicates). This analysis nominated 
p-TpaRS-1* as the lead candidate for further exploration due to its low background activity and 
robust ncAA incorporation. Black squares were not tested. All active site mutations are described in 
Supplementary Table 7.  

b) Broader exploration of the ncAA scope of p-TpaRS-1*, which uses diverse para-substituted and 
para-/meta-disubstituted phenylalanine derivatives including bulky adducts. Data represents the mean 
and standard deviation (n = 4 biological replicates).  

  



 

 
 

Supplementary Figure 14 | Screening Mlum1RS Active Site Variants with Broad ncAA Substrate 
Scope. 

a) Previously reported Mlum1RS active site variants were screened against a set of 28 ncAAs enriched 
in phenylalanine analogs (n = 4 biological replicates). This analysis nominated PylHRS* as the lead 
candidate for further exploration due to its broader ncAA scope. All active site mutations are 
described in Supplementary Table 8. 

b) Detailed ncAA scope of PylHRS*, which charges derivatives of histidine, thiophene, naphthalene, as 
well as meta- or ortho-substituted phenylalanine. Data represents the mean and standard deviation (n 
= 4 biological replicates).  
  



 
 
Supplementary Figure 15 | Screening MmPylRS Active Site Variants with Broad ncAA Substrate 
Scope. 

a) Previously reported MmPylRS active site variants were screened against a representative set of 11 
ncAAs enriched in lysine analogs (n = 4 biological replicates). The black square was not tested. All 
active site mutations are described in Supplementary Table 9. 

b) This analysis nominated PylRS(Y306A/Y384F) as the lead candidate for further exploration due to its 
focused ncAA scope and more robust signal. Data represents the mean and standard deviation (n = 4 
biological replicates).   

 
 
 
  



 

 
 
Supplementary Figure 16 | Screening ScTrpRS Active Site Variants with Broad ncAA Substrate Scope. 

a) Previously reported ScTrpRS active site variants were screened against a representative set of four 
tryptophan analog ncAAs (n = 4 biological replicates). This analysis nominated ScTrpRS-H15 as the 
lead candidate for further exploration since it had the broadest ncAA scope. All active site mutations 
are described in Supplementary Table 10. 

b) Guided by 5OH-R3-13 and ScTrpRS-H15, we rationally engineered combinations of their active site 
mutations that may provide access to all 4 ncAAs. While this yielded synthetases with altered ncAA 
scope (e.g., A1*), no engineered variant could incorporate all four ncAAs (n = 4 biological 
replicates). 

  



 
 
Supplementary Figure 17 | Multi-synthetase Expression Plasmid for Multiple ncAA Incorporation. 
Synthetase gene, promoter, RBS, and terminators are indicated in all panels for multi-synthetase expression. 

a) Synthetase expression cassette architecture for AGGA + CGGA decoding in sfGFP, data represents 
the mean with standard deviation. Assay conditions: 1 mM ncAA, 1 mM IPTG (tRNA expression), 
100 ng mL-1 aTc (synthetase expression where ptetAP is used). Data represents the mean (n = 2 
biological replicates).  

b) Synthetase expression cassette architecture for AGGA + UAGA decoding in sfGFP, data represents 
the mean with standard deviation. Assay conditions: 1 mM ncAA, 1 mM IPTG (tRNA expression), 
100 ng mL-1  aTc (synthetase expression where ptetAP is used). Data represents the mean (n = 2 
biological replicates).  

c) Synthetase expression cassette architecture for AGGA + CGGA or AGGA + UAGA decoding in 
sfGFP, data represents the mean with standard deviation. Assay conditions: 1 mM ncAA, 1 mM IPTG 
(tRNA expression), titration of aTc  400-0.4 ng mL-1 (synthetase expression where ptetAP is used). 
Synthetase variants used for triple ncAA incorporation into macrocycles (Fig. 6): ScTrpRS (ScTrpRS-
H15), Mlum1PylRS (PylHRS*), MmPylRS (wt). Data represents the mean (n = 2 biological 
replicates).   



 
 

Supplementary Figure 18 | 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 main text Figure 5. 
b) Incorporation of two unique ncAAs in cyclo-CLLFVY using combinations of AGGA+AUAG 

codons. Extracted ion chromatogram (XIC) at the anticipated mass +H are shown. In total, 46 
macrocycles encoding two unique ncAAs were generated through quadruplet decoding, 10 by 
AGGA+AUAG decoding (Supplemental Data 5).



Scaffold Library Identifier Sequence (5'–3') 

Ma qtRNAPyl
AGUA Anticodon stem 

MD03 GGGGGACGGTCCGGCGACCAGGCAGGCTTACTAACCGGGGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 
MC03 GGGGGACGGTCCGGCGACCAGGCAGGCTTACTAACCGGCGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 
MA02 GGGGGACGGTCCGGCGACCAGCGTGCCTTACTAAGCATCGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 
MA03 GGGGGACGGTCCGGCGACCAGCGTGCCTTACTAAGCATCGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 
MG02 GGGGGACGGTCCGGCGACCAGCGTGCCTTACTAAGCATCGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 
ME02 GGGGGACGGTCCGGCGACCAGCGTGGCTTACTAACCAGCGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 
MF02 GGGGGACGGTCCGGCGACCAGCTGAGCTTACTAACTCTAGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 
ME03 GGGGGACGGTCCGGCGACCAGGCGCTCTTACTAAAGCTAGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 

Ma qtRNAPyl
CGAA Anticodon stem MA12 GGGGGACGGTCCGGCGACCAGCCAGTCTTTCGAAACTAGGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 

MB12 GGGGGACGGTCCGGCGACCAGGCGGCCTTTCGAAGCCTTGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 
Anticodon loop MB07 GGGGGACGGTCCGGCGACCAGCGGGTATTTCGAAACCTAGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 

Ma qtRNAPyl
AUAG 

Anticodon stem 

MB11 GGGGGACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 
MC10 GGGGGACGGTCCGGCGACCAGCGTGCATCTATACGCACTGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 
ME10 GGGGGACGGTCCGGCGACCAGGCGGGATCTATACCCTGTGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 
ME11 GGGGGACGGTCCGGCGACCAGCGCACATCTATACGTGCAGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 

Anticodon loop MD01 GGGGGACGGTCCGGCGACCAGCGGGTATCTATACACCTAGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 

Acceptor stem 

MA03 GGGGGACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 
MA08 GCCAGACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCTGGCGCCA 
MB02 GGGGAACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCCCCCGCCA 
MB03 GGGGGACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 
MB04 GTGGGACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCCCGCGCCA 
MB05 GGGGGACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 
MB12 GGGCGACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCGCTCGCCA 
MC02 GGGGAACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCCCCCGCCA 
MC04 GGGAGACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCTCCCGCCA 
MC05 GTGGGACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCCCTCGCCA 
MD02 GTCTGACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCAGACGCCA 
MD12 GAAGGACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCCTTCGCCA 
ME02 GTGGGACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCCCGCGCCA 
MF01 GTCGGACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCCGACGCCA 
MF02 GGGGGACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 
MF03 GGGGGACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCTCCCGCCA 
MF05 GGGGAACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCA 
MG08 GTGGGACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCCCTCGCCA 
MG12 GCCGAACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTACGGCGCCA 
MH01 GGGGGACGGTCCGGCGACCAGCAGGCCTCTATAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCCCCCGCCA 

 
Supplementary Table 1 | Sequences of Evolved Ma qtRNAPyl

AGUA, Ma qtRNAPyl
CGAA, and Ma qtRNAPyl

AUAG Variants. 
The evolved mutant B11 (MB11; highlighted) was designated as the best variant used for all assays. 
  



Scaffold Library Identifier Sequence (5'–3') 

Af qtRNATyr
CUAG Anticodon stem 

M1 CCCGCCCTAGCTCAGAGGTAGAGCGTGCGTCTCTAGAAATGCATGGTCCCCGGTTCAAATCCTGGGGGCGGGACCA 
M2 CCCGCCCTAGCTCAGAGGTAGAGCGTGCCTCTCTAGAAGGGCATGGTCCCCGGTTCAAATCCTGGGGGCGGGACCA 
M3 CCCGCCCTAGCTCAGAGGTAGAGCGTGCTCCTCTAGAATAGCATGGTCCCCGGTTCAAATCCTGGGGGCGGGACCA 
M4 CCCGCCCTAGCTCAGAGGTAGAGCGTGCACCTCTAGAAATGCATGGTCCCCGGTTCAAATCCTGGGGGCGGGACCA 
M5 CCCGCCCTAGCTCAGAGGTAGAGCGTGCGACTCTAGAATTGCATGGTCCCCGGTTCAAATCCTGGGGGCGGGACCA 
M6 CCCGCCCTAGCTCAGAGGTAGAGCGTGCTTCTCTAGAATTGCATGGTCCCCGGTTCAAATCCTGGGGGCGGGACCA 
M8 CCCGCCCTAGCTCAGAGGTAGAGCGTGTTTCTCTAGAAAAACATGGTCCCCGGTTCAAATCCTGGGGGCGGGACCA 
M9 CCCGCCCTAGCTCAGAGGTAGAGCGTGCCTCTCTAGAAGGGCATGGTCCCCGGTTCAAATCCTGGGGGCGGGACCA 

 
Supplementary Table 2 | Sequences of Evolved Af qtRNATyr

CUAG Variants. 
The evolved mutant 9 (M9; highlighted) was designated as the best variant used for all assays. 
  



Scaffold Library Identifier Sequence (5'–3') 

Int qtRNAPyl
AGGA 

Anticodon stem 

M1 GGTGTTCTGGTCCGGGACCACCGTGCCTTCCTAAGCCTCGGTTAGCCGGGTTCAACTCCCGGGAACATCGCCA 
M3 GGTGTTCTGGTCCGGGACCACCGTGCCTTCCTAAGCCTCGGTTAGCCGGGTTCAACTCCCGGGAACATCGCCA 
M13 GGTGTTCTGGTCCGGGACCACCGGGCCTTCCTAAGCCTCGGTTAGCCGGGTTCAACTCCCGGGAACATCGCCA 
M5 GGTGTTCTGGTCCGGGACCACCGAGCCTTCCTAAGCTCCGGTTAGCCGGGTTCAACTCCCGGGAACATCGCCA 

Anticodon loop 

M5.1 GGTGTTCTGGTCCGGGACCACCGAGCCTTCCTATGCTCCGGTTAGCCGGGTTCAACTCCCGGGAACATCGCCA 
M5.2 GGTGTTCTGGTCCGGGACCACCGAGCATTCCTACGCTCCGGTTAGCCGGGTTCAACTCCCGGGAACATCGCCA 
M5.3 GGTGTTCTGGTCCGGGACCACCGAGCATTCCTAAGCTCCGGTTAGCCGGGTTCAACTCCCGGGAACATCGCCA 
M5.4 GGTGTTCTGGTCCGGGACCACCGAGCCCTCCTATGCTCCGGTTAGCCGGGTTCAACTCCCGGGAACATCGCCA 

 
Supplementary Table 3 | Sequences of Evolved Int qtRNAPyl

AGGA Variants. 
The evolved mutant 5.2 (M5.2; highlighted) was designated as the best variant used for all assays. 
  



Scaffold Library Identifier Sequence (5'–3') 

Spe qtRNAPyl
UAGA 

Anticodon stem 

MD01 GGAAATCTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGGGTTTCCGCCA 
MG02 GGAAATCTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGGGTTTCCGCCA 
MA01 GGAAATCTGATCATGTAGATCGAAGCGGCTTCTAATCCAACTCAGCCGGGTTAGATTCCCGGGGTTTCCGCCA 
MG05 GGAAATCTGATCATGTAGATCGAAGCGGCTTCTAATCCAACTCAGCCGGGTTAGATTCCCGGGGTTTCCGCCA 
MB06 GGAAATCTGATCATGTAGATCGAAGCGGCTTCTAATCCAACTCAGCCGGGTTAGATTCCCGGGGTTTCCGCCA 
ME04 GGAAATCTGATCATGTAGATCGATGCGGCTTCTAATCCCAATCAGCCGGGTTAGATTCCCGGGGTTTCCGCCA 

Acceptor stem 1 

MA02 GGATTCGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGAATCCGCCA 
MA03 GGACGTGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGCGTCCGCCA 
MA07 GCAGGTGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGCCTGCGCCA 
MA08 GCAGGTGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGCCTGCGCCA 
MB07 GGACGTGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGCGTCCGCCA 
MC07 GGACCTGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGGGTCCGCCA 
MD07 GAAGGTGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGCCTTCGCCA 
MD07* GGACGTGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGCGTCCGCCA 
ME07 GCAGGTGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGCCTGCGCCA 
MF07 GGACGTGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGCGTCCGCCA 

Acceptor stem 2 

MA01 GGATTGGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCCAATCCGCCA 
MA05 GGACGTGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCACGTCCGCCA 
MA09 GGAGGCGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGCCTCCGCCA 
MB05 GGAGTGGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCCACTCCGCCA 
MB06 GGATCGTTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGACGATCCGCCA 
MD01 GGAGTGGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCCACTCCGCCA 
MD06 GGAGGCGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGCCTCCGCCA 
MD10 GGAGTGGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCCGCTCCGCCA 
ME01 GGAGGCATGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGTGCCTCCGCCA 
ME06 GGAGCGTTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGACGCTCCGCCA 
MG05 GGATCCTTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGAGGATCCGCCA 

D-loop 

MA01 GGACGTGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGCGTCCGCCA 
MA09 GGACGTTTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGAGCGTCCGCCA 
MB09 GGACGTGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGCGTCCGCCA 
MC09 GGACGTGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGCGTCCGCCA 

Ψ-stem MA02 GGAGTGGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGTCACTCCGCCA 
 
Supplementary Table 4 | Sequences of Evolved Spe qtRNAPyl

UAGA Variants. 
The evolved mutant C07 (MC07; highlighted) was designated as the best variant used for all assays. 
  



Scaffold Library Identifier Sequence (5'–3') 

Sc qtRNATrp
CGGA 

Anticodon stem 

MA04 GAACTGGTGGCTCAATGGTAGAGCTGCGCGCTTCCGAACGCGTTGGTTGCAGGTTCAAGTCCTGTCCAGTTCACCA 
MA11 GAACTGGTGGCTCAATGGTAGAGCTGCACGCTTCCGAACGTGTTGGTTGCAGGTTCAAGTCCTGTCCAGTTCACCA 
MB06 GAACTGGTGGCTCAATGGTAGAGCTAGGCACTTCCGAATGCCGTGGTTGCAGGTTCAAGTCCTGTCCAGTTCACCA 
MB09 GAACTGGTGGCTCAATGGTAGAGCTGGGGGCTTCCGAAACCCTTGGTTGCAGGTTCAAGTCCTGTCCAGTTCACCA 
MB11 GAACTGGTGGCTCAATGGTAGAGCTCTGCCCTTCCGAATGCAGTGGTTGCAGGTTCAAGTCCTGTCCAGTTCACCA 
MD01 GAACTGGTGGCTCAATGGTAGAGCTAGGCACTTCCGAATGCCGTGGTTGCAGGTTCAAGTCCTGTCCAGTTCACCA 

Sc qtRNATrp
CGGC 

MG01 GAACTGGTGGCTCAATGGTAGAGCTGCGGGCTGCCGAACCCGTTGGTTGCAGGTTCAAGTCCTGTCCAGTTCACCA 
MG07 GAACTGGTGGCTCAATGGTAGAGCTCTCGGCTGCCGAATCGAGTGGTTGCAGGTTCAAGTCCTGTCCAGTTCACCA 

 
Supplementary Table 5 | Sequences of Evolved Sc qtRNATrp

CGGA and Sc qtRNATrp
CGGC Variants. 

The evolved mutant A11 (MA11; highlighted) was designated as the best variant used for all assays. 



Synthetase Published Name 

L1
24

 

Y
12

5 

N
16

5 

V
16

7 

Y
20

4 

A
22

1 

W
23

7  

DOI 

G1PylRS 

G17F15 S F A F W G Y 10.1021/acssensors.1c02467 
G17F36 Q F A F W G Y 10.1021/acssensors.1c02467 
G17F52 L Y A F W G Y 10.1021/acssensors.1c02467 
G17F02 G F G F W G Y 10.1021/acssensors.1c02467 
G17F29 H F A A W G Y 10.1021/acssensors.1c02467 
G1TFAKRS  I L N A W C W 10.1021/jacs.1c10104 
G1mCNP43 A F N V F S Y 10.1002/anie.202114154 
G1mCNP34 A L N A W S W 10.1002/anie.202114154 
G1mCNP58 A L N C W S W 10.1002/anie.202114154 
G1mCNP11 R C S C W A W 10.1002/anie.202114154 
G1mCNP60 A M N S W C W 10.1002/anie.202114154 
G1mCNP13 G R N V W C W 10.1002/anie.202114154 
G1pCNP11 A F N V W A Y 10.1002/anie.202114154 
G1pCNP37 A F N V W S Y 10.1002/anie.202114154 
G1pCNP02 S F N V W S Y 10.1002/anie.202114154 

 
Supplementary Table 6 | G1PylRS Active Site Variants with Altered ncAA Substrate Scopes. 
Published synthetase names, active site mutations, and DOIs are given in each case. 



 

Synthetase Published Name Y
32

 

L6
5 

H
70

 

K
90

 

E1
07

 

F1
08

 

Q
10

9 

Q
15

5 

D
15

8 

I1
59

 

H
16

0 

Y
16

1 

L1
62

 

V
16

4 

A
16

7 

DOI 

MjTyrRS 

BipAlaRS1 H H H K E W M Q G I H Y K V A 10.1002/anie.200703397 
BpyAlaRS1 G Y A K E F Q E G W H Y S V A 10.1002/anie.200703397 
p-TpaRS-1* I I H K E F M Q G I H Y V G A 10.1021/ja104350y 
NpOH-RS1 E T H K E F Q Q S A P T Q V W 10.1021/bc400168u 
NpOH-RS2 E V H E E F Q Q D A W G Q V I 10.1021/bc400168u 
PacFRS.1.t1 L L H K E F Q Q G C H Y R V D 10.3389/fbioe.2022.913057 
PacFRS.2.t1 L V H K E F Q Q G C H Y R V D 10.3389/fbioe.2022.913057 
PazFRS.2.t1 L L H K E F Q Q S M H Y K V H 10.3389/fbioe.2022.913057 
Mut1-RS L V H K E F Q Q G A H Y E V H 10.3389/fbioe.2022.913057 
Mut2-RS L V H K E F Q Q G M H Y S V H 10.3389/fbioe.2022.913057 
Mut3-RS G V H K E F Q Q G Y H Y S V F 10.3389/fbioe.2022.913057 
Mut4-RS L V H K S V S Q G Y H Y S V F 10.3389/fbioe.2022.913057 
AzoRS-1 L V H K N V L Q G Y H Y S V F 10.3389/fbioe.2022.913057 
AzoRS-2 G V H K E F Q Q G Y H Y R V A 10.3389/fbioe.2022.913057 
AzoRS-3 L V H K N V L Q G Y H Y S V F 10.3389/fbioe.2022.913057 
AzoRS-4 G V H K E F Q Q G Y H Y R V A 10.3389/fbioe.2022.913057 

 
Supplementary Table 7 | MjTyrRS Active Site Variants with Altered ncAA Substrate Scopes. 
Published synthetase names, active site mutations, and DOIs are given in each case. The published sequence for p-TpaRS-1 includes Y32L, whereas our variant 
contains Y32I. All MjTyrRS variants also include mutations to allow bindings and aminoacylation of qtRNA7: Y230K, C231K, P232K, H283Q, D286S. 



Synthetase Published Name 

L1
21

 

L1
25

 

Y
12

6 

M
12

9 

V
16

8 

Y
20

5 

DOI 

Mlum1RS 
Lum1PylRS(NmH) M I F A F Y 10.1038/s41557-020-0472-x 
Wild-type L L Y M V Y 10.1038/s41557-020-0472-x 
PylHRS* L I F G F F 10.1021/cb500032c 

  
Supplementary Table 8 | Mlum1RS Active Site Variants with Altered ncAA Substrate Scopes. 
Published synthetase names, active site mutations, and DOIs are given in each case. We note that PylHRS was 
developed using MmPylRS, and that the discovered mutations were transplanted onto the Mlum1RS sequence. 
PylHRS* has therefore not been previously described. 
  



Synthetase Published Name 

Y
30

6 

N
34

6 

C3
48

 

Y
38

4 

DOI 

MmPylRS 
Wild-type Y N C Y 10.1016/j.chembiol.2008.10.004 
PylRS(Y306A/Y384F) A N C F 10.1016/j.chembiol.2008.10.004 
PylRS(Y306A/N346A/C348A/Y384F) A A A F 10.1021/bc500361d 

 
Supplementary Table 9 | MmPylRS Active Site Variants with Altered ncAA Substrate Scopes. 
Published synthetase names, active site mutations, and DOIs are given in each case. 
  



Synthetase Published Name 

Y
10

6 

T1
07

 

E1
41

 

T2
33

 

I2
53

 

P2
54

 

C2
55

 

F2
63

 

DOI 

ScTrpRS 

5OH-R3-13 Y C E T I T A F 10.1038/nbt.2714 
ScTrpRS-H3 L T P T C P C W 10.1002/anie.201301094 
ScTrpRS-H5 L T A C V P C C 10.1002/anie.201301094 
ScTrpRS-H6 V T P C V P C G 10.1002/anie.201301094 
ScTrpRS-H13 L T P V V P C Y 10.1002/anie.201301094 
ScTrpRS-H15 V T P C C P C F 10.1002/anie.201301094 
ScTrpRS-H19 I T P T I P C A 10.1002/anie.201301094 
ScTrpRS-H49 V T P S V P C Y 10.1002/anie.201301094 
A1* V C E T I T A F – 
A2* V C E C I T A F – 
A3* V C E T C T A F – 
A4* V C E C C T A F – 
A5* Y C P T I T A F – 
A6* Y C P C I T A F – 
A7* Y C P T C T A F – 
A8* Y C P C C T A F – 
A9* Y C E C I T A F – 
A10* Y C E T C T A F – 
A11* Y C E C C T A F – 
A12* V C P T I T A F – 
A13* V C P C I T A F – 
A14* V C P T C T A F – 
F1* V C P C C P C F – 
F2* V T P C C T C F – 
F3* V T P C C P A F – 
F4* V C P C C T C F – 
F5* V T P C C T A F – 
F6* V C P C C P A F – 
F7* V C P C C T A F – 

 
Supplementary Table 10 | ScTrpRS Active Site Variants with Altered ncAA Substrate Scopes. 
Published synthetase names, active site mutations, and DOIs are given in each case. We note that all ScTrpRS 
variants with created through rational mutagenesis based on published mutants, and have therefore not been 
previously described. 
  



# Name CAS # 
1 7-fluoro-L-trptophan 53314-95-7 
2 4-benzoyl-L-phenylalanine 104504-39-4 
3 4-pyridyl-L-alanine 178933-04-5 
4 7-chloro-L-tryptophan 73945-46-7 
5 L-thyronine 1596-67-4 
6 3-(2-Oxo-1,2-dihydro-4-quinolinyl)-DL-alanine  4876-14-6 
7 Biphenyl-L-alanine 155760-02-4 
8 O-benzyl-L-tyrosine 16652-64-5 
9 7-aza-DL-tryptophan 7303-50-6 
10 4-cyano-L-phenylalanine 167479-78-9 
11 4-methoxy-L-phenylalanine 01-11-6230 
12 O-tert-butyl-L-tyrosine 18822-59-8 
13 4-fluoro-L-phenylalanine 1132-68-9 
14 3-fluoro-L-phenylalanine 19883-77-3 
15 3-fluoro-L-tyrosine 403-90-7 
16 4-acetyl-L-phenylalanine 20299-31-4 
17 4-isoproyl-L-phenylalanine 98708-79-3 
18 4-propargyloxy-L-phenylalanine 1080496-42-9 
19 O-tert-butyl-L-phenylalanine 82372-74-5 
20 4-nitro-L-phenylalanine 949-99-5 
21 4-chloro-L-phenylalanine 14173-39-8 
22 4-azido-L-phenylalanine 33173-53-4 
23 3-amino-L-tyrosine 23279-22-3 
24 3,4-dichloro-L-phenylalanine 52794-99-7 
25 3,4-difluoro-L-phenylalanine 32133-36-1 
26 4-bromo-L-phenylalanine 24250-84-8 
27 3-nitro-L-phenylalanine 19883-74-0 
28 4-iodo-L-phenylalanine 24250-85-9 
29 3-(2-naphthyl)-L-alanine 58438-03-02 
30 3-cyano-L-phenylalanine 57213-48-6 
31 3-bromo-L-phenylalanine 82311-69-1 
32 3-methoxy-L-phenylalanine 33879-32-2 
33 3-methyl-L-histidine 368-16-1 
34 3-chloro-L-phenylalanine 80126-51-8 
35 3-pyridyl-L-alanine 64090-98-8 
36 2-methyl-L-phenylalanine 80126-53-0 
37 2-chloro-Cbz-L-lysine 42390-97-6 
38 Cbz-L-lysine 1155-64-2 
39 N6-alloc-L-lysine 147529-99-5 
40 N6-Boc-L-lysine 2418-95-3 
41 4-nitro-Cbz-L-lysine 3557-90-2 
42 3-(1-naphthyl)-L-alanine 55516-54-6 
43 3-benzothienyl-L-alanine 72120-71-9 
44 1-methyl-L-tryptophan 21339-55-9 
45 6-methyl-L-tryptophan 33468-34-7 
46 5-hydroxy-L-tryptophan 08-09-4350 

 
Supplementary Table 11 | Identifiers and CAS Numbers for All Tested ncAAs. 
  



Identifier Sequence (5'–3') 
valU-valX ACTACTTTATGTAGTCTCCGCCGTGTAGCAAGAAATTGAGAAGT 
glyX-glyY AAATTTGAAAGTGCTGTAAGGCACAGACCACCCAA 
argY-argZ TCTCTTACTTGATATGGCTTTAGTAGCGGTATCAATATCAGCAGTAAAATAAATTTCCCGAT 
alaW-alaX AATTTTGCACCCAGCAAACTTGGTACGTAAACGCATCGT 
glyW-cysT GTTTAAAAGACATCGGCGTCAAGCGGATGTCTGGCTGAAAGGCCTGAAGAATTT 
ileV-alaV AATTTGCACGGCAAATTTGAAGAGGTTTTAACTACATGTTAT 
valX-valY CTTTCTCGCCAGCTAAATTTCTTGTAAAAATGTGAAGTACCGAAGT 
metZ-metW ATTAAAATTTGATGAAGTAAAGCAGTACGGTGA 
metW-metV ATCAAATTTGATGAAGTAAAAGCAGTACGGTGA 
argX-hisR TTTAGTCCCGGCGCTTGAGCTGCGGTGGTAGTAATACCGCGTAACAAGATTTGTAGT 
hisR-leuT TTATTAGAAGTTGTGACAAT 
leuT-proM CGACTTTAAAGAATTGAACTAAAAATTCAAAAAGCAGTATTT 
ileT-alaT AATTTGCACGGCAAATTTGAAGAGGTTTTAACTACATGTTAT 
glyV-glyX AAATTTGAAAAGTGCTGCAAAGCACAGACCACCCAA 
leuQ-leuP AAAACCACGTTGATATTGCTCGCACTGG 
leuP-leuV AACGAGGCGATATCAAAAAAAGTAAGATGACTGT 
ileU-alaU AATTTGCACGGCAAATTTGAAGAGGTTTTAACTACATGTTAT 
leuW-glnU TTCACCAGAAAGCGTTGTACGGA 
glnU-glnW TCTTCTTCGAGTAAGCGGTTCACCGCCCGGTTAT 
metU-glnV AATTCTGAATGTATCGAATATGTTCGGCAAATTCAAAACCAATTTGT 
glnV-glnX ATTTATTCAAGACGCTTACCTTGTAAGTGCACCCAGT 

 
Supplementary Table 12 | Mined E. coli Inter-tRNA Sequences Used to Improve qtRNA Production. 
  



Panel Description ncAA(s) Chemical 
Formula 

Calculated 
[M+H]+  

 Found 
[M+H]+ 

Figure 6b C[AGGA]LF[AGGA]Y 3OmeF C47H56N6O9S 881.3908 881.389 
Figure 6b CL[AGGA][AGGA]VY 3OmeF C43H56N6O9S 833.3908 833.3907 
Figure 6b C(AGGA)(AGGA)F(AGGA)Y 3OmeF C51H56N6O10S 945.3857 945.3856 
Figure 6b C(AGGA)(AGGA)F(AGGA)Y 3OmeF C47H56N6O9S 881.3908 881.3884 
Figure 6c C(AGGA)LF(CGGA)Y 3OmeF 6meW C49H57N7O8S 904.4068 904.4029 
Figure 6c CLL(AGGA)(CGGA)Y 3OmeF 6meW C46H59N7O8S 870.4224 870.4216 
Figure 6c C(AGGA)LF(CGGA)Y 3meH 6meW C46H55N9O7S 878.4023 878.4023 
Figure 6c CLL(AGGA)(CGGA)Y 3meH 6meW C43H57N9O7S 844.418 844.4155 
Figure 6c C(AGGA)(UAGA)FVY 3CNF AllocK C46H56N8O9S 897.3969 897.3951 
Figure 6c C(AGGA)LF(UAGA)Y 3CNF AllocK C47H58N8O9S 911.4126 911.4085 
Figure 6c CL(AGGA)FV(UAGA) 3CNF AllocK C43H58N8O8S 847.4177 847.4153 
Figure 6c CLLF(AGGA)(UAGA) 3CNF AllocK C44H60N8O8S 861.4333 861.4319 

Figure 6d CL(AGGA)(CGGA)(UAGA)Y  3OmeF 6meW 
AllocK C50H64N8O10S 969.4544 969.4542 

Figure 6d CL(AGGA)F(CGGA)(UAGA) 3OmeF 6meW 
AllocK C50H64N8O9S 953.4595 953.4554 

Figure 6d C(AGGA)(UAGA)F(CGGA)Y  3OmeF 6meW 
AllocK C53H62N8O10S 1003.4388 1003.4387 

Figure 6d C(AGGA)(UAGA)FV(CGGA) 3OmeF 6meW 
AllocK C49H62N8O9S 939.4439 939.4423 

Figure 6d C(AGGA)L(UAGA)(CGGA)Y  3OmeF 6meW 
AllocK C50H64N8O10S 969.4544 969.4533 

Figure 6d CL(AGGA)F(UAGA)(CGGA) 3OmeF 6meW 
AllocK C50H64N8O9S 953.4595 953.4565 

Figure 6d CLL(AGGA)(UAGA)(CGGA) 3OmeF 6meW 
AllocK C47H66N8O9S 919.4752 919.4734 

Figure 6d CLL(CGGA)(AGGA)(UAGA) 3OmeF 6meW 
AllocK C47H66N8O9S 919.4752 919.4729 

Figure 6d CL(AGGA)(CGGA)(UAGA)Y  3BrF 6meW 
AllocK C49H61BrN8O9S 1017.3544 1017.3526 

Figure 6d CLL(CGGA)(AGGA)(UAGA) 3BrF 6meW 
AllocK C46H63BrN8O8S 967.3751 967.3742 

 
Supplementary Table 13 | High Resolution Mass Spectrometry (HRMS) Analysis of Macrocycles. 
HRMS was carried out for all macrocycles with multiple ncAA incorporation events. The table indicates the 
panel in which the XIC trace is shown in the Main Text, a description of the peptide, the ncAA(s) used, the 
chemical formula, calculated and found masses in each case.   
  



 
Classification Plasmid ID Description Sequence (5'-3') 

Synthetase 
expression 
plasmid 

pAB228i16 ColA BBa_B0014 tetAp SD8 G1_PylRS(rc) 
[mCNPR43] T3Te-T7Te DHFR(rc) 

aaacgtcctagaagatgccaggaggatacttagcagagagacaataaggccggagcgaagccgtttttccataggctccgcccccctgacgaacatcacgaaatctg
acgctcaaatcagtggtggcgaaacccgacaggactataaagataccaggcgtttccccctgatggctccctcttgcgctctcctgttcccgtcctgcggcgtccgtgtt
gtggtggaggctttacccaaatcaccacgtcccgttccgtgtagacagttcgctccaagctgggctgtgtgcaagaaccccccgttcagcccgactgctgcgccttatc
cggtaactatcatcttgagtccaacccggaaagacacgacaaaacgccactggcagcagccattggtaactgagaattagtggatttagatatcgagagtcttgaagtg
gtggcctaacagaggctacactgaaaggacagtatttggtatctgcgctccactaaagccagttaccaggttaagcagttccccaactgacttaaccttcgatcaaaccg
cctccccaggcggttttttcgtttacagagcaggagattacgacgatcgtaaaaggatctcaagaagatcAtttacggattcccgacaccaaagaggacatccggttca
cactggctcaccttcgggtgggcctttctgcgtttatatactagagagagaatataaaaagccagattattaatccggcttttttattatttagacttagggaccctgcggcc
gccattaattcctaatttttgttgacactctatcattgatagagttattttaccactccctatcagtgatagagaaaagtgaaatgaatagacctgcaggtgcagtaaggagg
aaaaaaaaATGGTTGTTAAATTCACCGATTCTCAGATTCAGCATTTGATGGAATACGGTGATAACGATTG
GTCTGAAGCGGAATTCGAAGATGCGGCGGCGCGTGATAAAGAATTCTCTTCTCAGTTCTCTAAATTG
AAATCTGCGAACGATAAAGGTTTGAAAGATGTTATTGCGAACCCGCGTAACGATTTGACCGATTTGG
AAAACAAAATTCGTGAAAAATTGGCGGCGCGTGGTTTCATTGAAGTTCATACCCCGATTTTCGTTTCT
AAATCTGCGTTGGCGAAAATGACCATTACCGAAGATCATCCGTTGTTCAAACAGGTTTTCTGGATTG
ATGATAAACGTGCGTTGCGTCCGATGCATGCGATGAACGCGTTCAAAGTTATGCGTGAATTGCGTGA
TCATACCAAAGGTCCGGTTAAAATTTTCGAAATTGGTTCTTGTTTCCGTAAAGAATCTAAATCTTCTA
CCCATTTGGAAGAATTCACCATGTTGAACTTGGTTGAAATGGGTCCGGATGGTGATCCGATGGAACA
TTTGAAAATGTACATTGGTGATATTATGGATGCGGTTGGTGTTGAATACACCACCTCTCGTGAAGAA
TCTGATGTTTTCGTTGAAACCTTGGATGTTGAAATTAACGGTACCGAAGTTGCGTCTGGTTCTGTTGG
TCCGCATAAATTGGATCCGGCGCATGATGTTCATGAACCGTACGCGGGTATTGGTTTCGGTTTGGAA
CGTTTGTTGATGTTGAAAAACGGTAAATCTAACGCGCGTAAAACCGGTAAATCTATTACCTACTTGA
ACGGTTACAAATTGGATTAAacttaattaacggcactcctcagctgtaaccaactcactggctcaccttcacgggtgAgcctttcttcgcgcagaaa
ggcccacccgaaggtgagccagtgtgattacatttatgcccatggcgtTTAACCTTTCTGCCAAATCTGGTAAGAGTAGTTAATGT
TAGACGCGAAATCCTGGGTGAAAACCGGACGGAAGTTAGACGGAATTTCCGGGAAGTAAACATCAC
CTTCCGGTTCAATATCAATGGTAGAAATATGCAAGGTATCAACCTGATCAATCAAAGATTTGTAAAT
TTCACCACCACCAGAAACAATAACATGATCGGTAATTTTTTTCAAGTTGGTCAACGCATCTTTAATAG
ACGGGAAAATCAAAACGTTTTCGTTATCAGAGGTGAAAGAAGAACGGGTAACAACCGCGTATTTAC
GGTTCGGCAACGCACCCATAGAACCGAAGGTTTTACGACCAACCAACAACCACTGGTTGTAGGTAAT
CGCTTTGAACAACAACTGTTCACCTTTCGCAGACCACGGAATATCCGGACCGTTACCAATAACACCG
TTTTTAGAAATCGCAACCATCAAAGACAATTTCATaattcttcctcagaggttaacattttattagtaagcatgctcgttttgtcacccgct
gatgcttaccgttaattaatataatcacttgtattaaatagactttctctaaaaatacaagacactctgttattacaaatcgtgcgtgccgtctatcctgcttgcaaggccaaat
aggccgt 

pAB228i24 ColA BBa_B0014 tetAp SD8 G1_PylRS(rc) 
[pCNPR02] T3Te-T7Te DHFR(rc) 

aaacgtcctagaagatgccaggaggatacttagcagagagacaataaggccggagcgaagccgtttttccataggctccgcccccctgacgaacatcacgaaatctg
acgctcaaatcagtggtggcgaaacccgacaggactataaagataccaggcgtttccccctgatggctccctcttgcgctctcctgttcccgtcctgcggcgtccgtgtt
gtggtggaggctttacccaaatcaccacgtcccgttccgtgtagacagttcgctccaagctgggctgtgtgcaagaaccccccgttcagcccgactgctgcgccttatc
cggtaactatcatcttgagtccaacccggaaagacacgacaaaacgccactggcagcagccattggtaactgagaattagtggatttagatatcgagagtcttgaagtg
gtggcctaacagaggctacactgaaaggacagtatttggtatctgcgctccactaaagccagttaccaggttaagcagttccccaactgacttaaccttcgatcaaaccg
cctccccaggcggttttttcgtttacagagcaggagattacgacgatcgtaaaaggatctcaagaagatcAtttacggattcccgacaccaaagaggacatccggttca
cactggctcaccttcgggtgggcctttctgcgtttatatactagagagagaatataaaaagccagattattaatccggcttttttattatttagacttagggaccctgcggcc
gccattaattcctaatttttgttgacactctatcattgatagagttattttaccactccctatcagtgatagagaaaagtgaaatgaatagacctgcaggtgcagtaaggagg
aaaaaaaaATGGTTGTTAAATTCACCGATTCTCAGATTCAGCATTTGATGGAATACGGTGATAACGATTG
GTCTGAAGCGGAATTCGAAGATGCGGCGGCGCGTGATAAAGAATTCTCTTCTCAGTTCTCTAAATTG
AAATCTGCGAACGATAAAGGTTTGAAAGATGTTATTGCGAACCCGCGTAACGATTTGACCGATTTGG
AAAACAAAATTCGTGAAAAATTGGCGGCGCGTGGTTTCATTGAAGTTCATACCCCGATTTTCGTTTCT
AAATCTGCGTTGGCGAAAATGACCATTACCGAAGATCATCCGTTGTTCAAACAGGTTTTCTGGATTG
ATGATAAACGTGCGTTGCGTCCGATGCATGCGATGAACTCTTTCAAAGTTATGCGTGAATTGCGTGA
TCATACCAAAGGTCCGGTTAAAATTTTCGAAATTGGTTCTTGTTTCCGTAAAGAATCTAAATCTTCTA
CCCATTTGGAAGAATTCACCATGTTGAACTTGGTTGAAATGGGTCCGGATGGTGATCCGATGGAACA
TTTGAAAATGTACATTGGTGATATTATGGATGCGGTTGGTGTTGAATACACCACCTCTCGTGAAGAA
TCTGATGTTTGGGTTGAAACCTTGGATGTTGAAATTAACGGTACCGAAGTTGCGTCTGGTTCTGTTGG



TCCGCATAAATTGGATCCGGCGCATGATGTTCATGAACCGTACGCGGGTATTGGTTTCGGTTTGGAA
CGTTTGTTGATGTTGAAAAACGGTAAATCTAACGCGCGTAAAACCGGTAAATCTATTACCTACTTGA
ACGGTTACAAATTGGATTAAacttaattaacggcactcctcagctgtaaccaactcactggctcaccttcacgggtgAgcctttcttcgcgcagaaa
ggcccacccgaaggtgagccagtgtgattacatttatgcccatggcgtTTAACCTTTCTGCCAAATCTGGTAAGAGTAGTTAATGT
TAGACGCGAAATCCTGGGTGAAAACCGGACGGAAGTTAGACGGAATTTCCGGGAAGTAAACATCAC
CTTCCGGTTCAATATCAATGGTAGAAATATGCAAGGTATCAACCTGATCAATCAAAGATTTGTAAAT
TTCACCACCACCAGAAACAATAACATGATCGGTAATTTTTTTCAAGTTGGTCAACGCATCTTTAATAG
ACGGGAAAATCAAAACGTTTTCGTTATCAGAGGTGAAAGAAGAACGGGTAACAACCGCGTATTTAC
GGTTCGGCAACGCACCCATAGAACCGAAGGTTTTACGACCAACCAACAACCACTGGTTGTAGGTAAT
CGCTTTGAACAACAACTGTTCACCTTTCGCAGACCACGGAATATCCGGACCGTTACCAATAACACCG
TTTTTAGAAATCGCAACCATCAAAGACAATTTCATaattcttcctcagaggttaacattttattagtaagcatgctcgttttgtcacccgct
gatgcttaccgttaattaatataatcacttgtattaaatagactttctctaaaaatacaagacactctgttattacaaatcgtgcgtgccgtctatcctgcttgcaaggccaaat
aggccgt 

pAB228q12 ColA BBa_B0014 tetAp SD8 MjTyrRS(rc) [p-
TpaRS-1*] T3Te-T7Te DHFR(rc) 

aaacgtccttagaagatgccaggaggatacttagcagagagacaataaggccggagcgaagccgtttttccataggctccgcccccctgacgaacatcacgaaatct
gacgctcaaatcagtggtggcgaaacccgacaggactataaagataccaggcgtttccccctgatggctccctcttgcgctctcctgttcccgtcctgcggcgtccgtg
ttgtggtggaggctttacccaaatcaccacgtcccgttccgtgtagacagttcgctccaagctgggctgtgtgcaagaaccccccgttcagcccgactgctgcgccttat
ccggtaactatcatcttgagtccaacccggaaagacacgacaaaacgccactggcagcagccattggtaactgagaattagtggatttagatatcgagagtcttgaagt
ggtggcctaacagaggctacactgaaaggacagtatttggtatctgcgctccactaaagccagttaccaggttaagcagttccccaactgacttaaccttcgatcaaacc
gcctccccaggcggttttttcgtttacagagcaggagattacgacgatcgtaaaaggatctcaagaagatcatttacggattcccgacaccaaagaggacatccggttc
acactggctcaccttcgggtgggcctttctgcgtttatatactagagagagaatataaaaagccagattattaatccggcttttttattatttagacttagggaccctgcggcc
gccattaattcctaatttttgttgacactctatcattgatagagttattttaccactccctatcagtgatagagaaaagtgaaatgaatagacctgcaggtgcagtaaggagg
aaaaaaaaatggatgaattcgaaatgattaaacgtaacacctctgaaattatttctgaagaagaattgcgtgaagttttgAAAAAAGATGAAAAATctgcg
ATTattggtttcgaaccgtctggtaaaattcatttgggtcattacttgcagattaaaaaaatgattgatttgcagaACGCGGGTTTcgatattattattATTttg
GCGgatttgCATgcgtacttgaaccagaaaggtgaattggatgaaattcgtaaaattggtgattacaacAAAaaagttttcgaagcgatgggtttgAAAGC
GAAATacgtttacggttctGAATTCATGttggataaagattacaccttgaacgtttaccgtttggcgttgaaaaccaccttgaaacgtgcgcgtcgttctatgg
aattgattgcgcgtgaagatgaaaacccgaaagttgcggaagttatttacccgattATGCAGGTTaacGGTATTCATTACGTTggtGGTgatgt
tGCGgttggtggtatggaacagcgtaaaattcatatgttggcgcgtgaattgttgccgaaaaaagttgtttgtattcataacccggttttgaccggtttggatggtgaagg
taaaatgtcttcttctaaaggtaacttcattgcggttgatgattctccggaagaaattcgtgcgaaaattaaaaaagcgAAAAAAAAAGCGGGTGTTgtt
gaaggtaacccgattatggaaattgcgaaatacttcttggaatacccgttgaccattaaaCGTccggaaaaaTTCggtggtgatttgaccgttaactcttacgaaga
attggaatctttgttcaaaaacaaagaattgCAGccgatgTCTttgaaaaacgcggttgcggaagaattgattaaaattttggaaccgattcgtaaacgtttgtaaact
taattaacggcactcctcagctgtaaccaactcactggctcaccttcacgggtgagcctttcttcgcgcagaaaggcccacccgaaggtgagccagtgtgattacattta
tgcccatggcgtttaacctttctgccaaatctggtaagagtagttaatgttagacgcgaaatcctgggtgaaaaccggacggaagttagacggaatttccgggaagtaaa
catcaccttccggttcaatatcaatggtagaaatatgcaaggtatcaacctgatcaatcaaagatttgtaaatttcaccaccaccagaaacaataacatgatcggtaatttttt
tcaagttggtcaacgcatctttaatagacgggaaaatcaaaacgttttcgttatcagaggtgaaagaagaacgggtaacaaccgcgtatttacggttcggcaacgcacc
catagaaccgaaggttttacgaccaaccaacaaccactggttgtaggtaatcgctttgaacaacaactgttcacctttcgcagaccacggaatatccggaccgttaccaa
taacaccgtttttagaaatcgcaaccatcaaagacaatttcataattcttcctcagaggttaacattttattagtaagcatgctcgttttgtcacccgctgatgcttaccgttaatt
aatataatcacttgtattaaatagactttctctaaaaatacaagacactctgttattacaaatcgtgcgtgccgtctatcctgcttgcaaggccaaataggccgt 

pAB228r3 ColA BBa_B0014 tetAp SD8 Lum1PylRS(rc) 
[PylHRS*] T3Te-T7Te DHFR(rc) 

aaacgtcctagaagatgccaggaggatacttagcagagagacaataaggccggagcgaagccgtttttccataggctccgcccccctgacgaacatcacgaaatctg
acgctcaaatcagtggtggcgaaacccgacaggactataaagataccaggcgtttccccctgatggctccctcttgcgctctcctgttcccgtcctgcggcgtccgtgtt
gtggtggaggctttacccaaatcaccacgtcccgttccgtgtagacagttcgctccaagctgggctgtgtgcaagaaccccccgttcagcccgactgctgcgccttatc
cggtaactatcatcttgagtccaacccggaaagacacgacaaaacgccactggcagcagccattggtaactgagaattagtggatttagatatcgagagtcttgaagtg
gtggcctaacagaggctacactgaaaggacagtatttggtatctgcgctccactaaagccagttaccaggttaagcagttccccaactgacttaaccttcgatcaaaccg
cctccccaggcggttttttcgtttacagagcaggagattacgacgatcgtaaaaggatctcaagaagatcAtttacggattcccgacaccaaagaggacatccggttca
cactggctcaccttcgggtgggcctttctgcgtttatatactagagagagaatataaaaagccagattattaatccggcttttttattatttagacttagggaccctgcggcc
gccattaattcctaatttttgttgacactctatcattgatagagttattttaccactccctatcagtgatagagaaaagtgaaatgaatagacctgcaggtgcagtaaggagg
aaaaaaaaATGGATACCCGTTTGACCCCGGCGCAGGCGCAGCGTATTCGTGAAATGGGTGGTACCGTTGA
TCCGTCTTTGGCGTTCTCTTCTGAAGCGGAACGTGAATCTGCGTTCCAGCGTATTTCTGCGGATTTGC
AGGGTGCGAACTTGGCGAAAATTCGTCGTTGTGCGGAAGCGCCGGAACGTCATCCGATTGGTTCTTT
GGAAAACACCTTGGCGTGTGCGTTGGCGGCGAAAGGTTTCATTGAAGTTAAAACCCCGATGATGATT
CCGGCGGATGGTTTGGTTAAAATGGGTATTGATGAATCTCATCCGTTGTGGAACCAGGTTTTCTGGGT
TGGTCCGAAAAAAGCGTTGCGTCCGATGTTGGCGCCGAACATTTTCTTCTTGGGTCGTCATTTGCGTC
GTTCTGTTCCGGCGCCGTTGTTGTTGTTCGAAATTGGTCCGTGTTTCCGTAAAGAATCTCGTGGTTCT



AACCATTTGGAAGAATTCACCATGTTGAACTTGTTCGAATTGGCGCCGCAGGCGGATGCGACCGAAC
GTTTGAAAGAACATATTGCGACCGTTATGAACGCGGTTGGTTTGCCGTACGAATTGGTTGTTGAAGG
TTCTGAAGTTTTCGGTACCACCATTGATGTTGAAGTTGATGGTGTTGAATTGGCGTCTGGTGCGGTTG
GTCCGTTGCCGATGGATAAACCGCATGGTATTACCGAACCGTGGGCGGGTGTTGGTTTCGGTTTGGA
ACGTATTGCGTTGATGCGTACCAAAGAACAGAACATTAAAAAAGTTGGTCGTTCTTTGGTTTACGTT
AACGGTGCGCGTATTGATATTTAAacttaattaacggcactcctcagctgtaaccaactcactggctcaccttcacgggtgAgcctttcttcgcg
cagaaaggcccacccgaaggtgagccagtgtgattacatttatgcccatggcgtTTAACCTTTCTGCCAAATCTGGTAAGAGTAGTTA
ATGTTAGACGCGAAATCCTGGGTGAAAACCGGACGGAAGTTAGACGGAATTTCCGGGAAGTAAACA
TCACCTTCCGGTTCAATATCAATGGTAGAAATATGCAAGGTATCAACCTGATCAATCAAAGATTTGT
AAATTTCACCACCACCAGAAACAATAACATGATCGGTAATTTTTTTCAAGTTGGTCAACGCATCTTTA
ATAGACGGGAAAATCAAAACGTTTTCGTTATCAGAGGTGAAAGAAGAACGGGTAACAACCGCGTAT
TTACGGTTCGGCAACGCACCCATAGAACCGAAGGTTTTACGACCAACCAACAACCACTGGTTGTAGG
TAATCGCTTTGAACAACAACTGTTCACCTTTCGCAGACCACGGAATATCCGGACCGTTACCAATAAC
ACCGTTTTTAGAAATCGCAACCATCAAAGACAATTTCATaattcttcctcagaggttaacattttattagtaagcatgctcgttttgtc
acccgctgatgcttaccgttaattaatataatcacttgtattaaatagactttctctaaaaatacaagacactctgttattacaaatcgtgcgtgccgtctatcctgcttgcaag
gccaaataggccgt 

pAB228p ColA BBa_B0014 tetAp SD8 MmPylRS(rc) [wt] 
T3Te-T7Te DHFR(rc) 

aaacgtcctagaagatgccaggaggatacttagcagagagacaataaggccggagcgaagccgtttttccataggctccgcccccctgacgaacatcacgaaatctg
acgctcaaatcagtggtggcgaaacccgacaggactataaagataccaggcgtttccccctgatggctccctcttgcgctctcctgttcccgtcctgcggcgtccgtgtt
gtggtggaggctttacccaaatcaccacgtcccgttccgtgtagacagttcgctccaagctgggctgtgtgcaagaaccccccgttcagcccgactgctgcgccttatc
cggtaactatcatcttgagtccaacccggaaagacacgacaaaacgccactggcagcagccattggtaactgagaattagtggatttagatatcgagagtcttgaagtg
gtggcctaacagaggctacactgaaaggacagtatttggtatctgcgctccactaaagccagttaccaggttaagcagttccccaactgacttaaccttcgatcaaaccg
cctccccaggcggttttttcgtttacagagcaggagattacgacgatcgtaaaaggatctcaagaagatcAtttacggattcccgacaccaaagaggacatccggttca
cactggctcaccttcgggtgggcctttctgcgtttatatactagagagagaatataaaaagccagattattaatccggcttttttattatttagacttagggaccctgcggcc
gccattaattcctaatttttgttgacactctatcattgatagagttattttaccactccctatcagtgatagagaaaagtgaaatgaataAacctgcaggtgcagtaaggagg
aaaaaaaaATGGATAAAAAACCGTTGAACACCTTGATTTCTGCGACCGGTTTGTGGATGTCTCGTACCGG
TACCATTCATAAAATTAAACATCATGAAGTTTCTCGTTCTAAAATTTACATTGAAATGGCGTGTGGTG
ATCATTTGGTTGTTAACAACTCTCGTTCTTCTCGTACCGCGCGTGCGTTGCGTCATCATAAATACCGT
AAAACCTGTAAACGTTGTCGTGTTTCTGATGAAGATTTGAACAAATTCTTGACCAAAGCGAACGAAG
ATCAGACCTCTGTTAAAGTTAAAGTTGTTTCTGCGCCGACCCGTACCAAAAAAGCGATGCCGAAATC
TGTTGCGCGTGCGCCGAAACCGTTGGAAAACACCGAAGCGGCGCAGGCGCAGCCGTCTGGTTCTAA
ATTCTCTCCGGCGATTCCGGTTTCTACCCAGGAATCTGTTTCTGTTCCGGCGTCTGTTTCTACCTCTAT
TTCTTCTATTTCTACCGGTGCGACCGCGTCTGCGTTGGTTAAAGGTAACACCAACCCGATTACCTCTA
TGTCTGCGCCGGTTCAGGCGTCTGCGCCGGCGTTGACCAAATCTCAGACCGATCGTTTGGAAGTTTTG
TTGAACCCGAAAGATGAAATTTCTTTGAACTCTGGTAAACCGTTCCGTGAATTGGAATCTGAATTGTT
GTCTCGTCGTAAAAAAGATTTGCAGCAGATTTACGCGGAAGAACGTGAAAACTACTTGGGTAAATTG
GAACGTGAAATTACCCGTTTCTTCGTTGATCGTGGTTTCTTGGAAATTAAATCTCCGATTTTGATTCC
GTTGGAATACATTGAACGTATGGGTATTGATAACGATACCGAATTGTCTAAACAGATTTTCCGTGTT
GATAAAAACTTCTGTTTGCGTCCGATGTTGGCGCCGAACTTGTACAACTACTTGCGTAAATTGGATCG
TGCGTTGCCGGATCCGATTAAAATTTTCGAAATTGGTCCGTGTTACCGTAAAGAATCTGATGGTAAA
GAACATTTGGAAGAATTCACCATGTTGAACTTCTGTCAGATGGGTTCTGGTTGTACCCGTGAAAACTT
GGAATCTATTATTACCGATTTCTTGAACCATTTGGGTATTGATTTCAAAATTGTTGGTGATTCTTGTAT
GGTTTACGGTGATACCTTGGATGTTATGCATGGTGATTTGGAATTGTCTTCTGCGGTTGTTGGTCCGA
TTCCGTTGGATCGTGAATGGGGTATTGATAAACCGTGGATTGGTGCGGGTTTCGGTTTGGAACGTTTG
TTGAAAGTTAAACATGATTTCAAAAACATTAAACGTGCGGCGCGTTCTGAATCTTACTACAACGGTA
TTTCTACCAACTTGTAAacttaattaacggcactcctcagctgtaaccaactcactggctcaccttcacgggtgAgcctttcttcgcgcagaaaggccc
acccgaaggtgagccagtgtgattacatttatgcccatggcgtTTAACCTTTCTGCCAAATCTGGTAAGAGTAGTTAATGTTAG
ACGCGAAATCCTGGGTGAAAACCGGACGGAAGTTAGACGGAATTTCCGGGAAGTAAACATCACCTT
CCGGTTCAATATCAATGGTAGAAATATGCAAGGTATCAACCTGATCAATCAAAGATTTGTAAATTTC
ACCACCACCAGAAACAATAACATGATCGGTAATTTTTTTCAAGTTGGTCAACGCATCTTTAATAGAC
GGGAAAATCAAAACGTTTTCGTTATCAGAGGTGAAAGAAGAACGGGTAACAACCGCGTATTTACGG
TTCGGCAACGCACCCATAGAACCGAAGGTTTTACGACCAACCAACAACCACTGGTTGTAGGTAATCG
CTTTGAACAACAACTGTTCACCTTTCGCAGACCACGGAATATCCGGACCGTTACCAATAACACCGTT



TTTAGAAATCGCAACCATCAAAGACAATTTCATaattcttcctcagaggttaacattttattagtaagcatgctcgttttgtcacccgctgat
gcttaccgttaattaatataatcacttgtattaaatagactttctctaaaaatacaagacactctgttattacaaatcgtgcgtgccgtctatcctgcttgcaaggccaaatagg
Gccgt 

pAB228p4 ColA BBa_B0014 tetAp SD8 MmPylRS(rc) [AF] 
T3Te-T7Te DHFR(rc) 

aaacgtcctagaagatgccaggaggatacttagcagagagacaataaggccggagcgaagccgtttttccataggctccgcccccctgacgaacatcacgaaatctg
acgctcaaatcagtggtggcgaaacccgacaggactataaagataccaggcgtttccccctgatggctccctcttgcgctctcctgttcccgtcctgcggcgtccgtgtt
gtggtggaggctttacccaaatcaccacgtcccgttccgtgtagacagttcgctccaagctgggctgtgtgcaagaaccccccgttcagcccgactgctgcgccttatc
cggtaactatcatcttgagtccaacccggaaagacacgacaaaacgccactggcagcagccattggtaactgagaattagtggatttagatatcgagagtcttgaagtg
gtggcctaacagaggctacactgaaaggacagtatttggtatctgcgctccactaaagccagttaccaggttaagcagttccccaactgacttaaccttcgatcaaaccg
cctccccaggcggttttttcgtttacagagcaggagattacgacgatcgtaaaaggatctcaagaagatcAtttacggattcccgacaccaaagaggacatccggttca
cactggctcaccttcgggtgggcctttctgcgtttatatactagagagagaatataaaaagccagattattaatccggcttttttattatttagacttagggaccctgcggcc
gccattaattcctaatttttgttgacactctatcattgatagagttattttaccactccctatcagtgatagagaaaagtgaaatgaataAacctgcaggtgcagtaaggagg
aaaaaaaaATGGATAAAAAACCGTTGAACACCTTGATTTCTGCGACCGGTTTGTGGATGTCTCGTACCGG
TACCATTCATAAAATTAAACATCATGAAGTTTCTCGTTCTAAAATTTACATTGAAATGGCGTGTGGTG
ATCATTTGGTTGTTAACAACTCTCGTTCTTCTCGTACCGCGCGTGCGTTGCGTCATCATAAATACCGT
AAAACCTGTAAACGTTGTCGTGTTTCTGATGAAGATTTGAACAAATTCTTGACCAAAGCGAACGAAG
ATCAGACCTCTGTTAAAGTTAAAGTTGTTTCTGCGCCGACCCGTACCAAAAAAGCGATGCCGAAATC
TGTTGCGCGTGCGCCGAAACCGTTGGAAAACACCGAAGCGGCGCAGGCGCAGCCGTCTGGTTCTAA
ATTCTCTCCGGCGATTCCGGTTTCTACCCAGGAATCTGTTTCTGTTCCGGCGTCTGTTTCTACCTCTAT
TTCTTCTATTTCTACCGGTGCGACCGCGTCTGCGTTGGTTAAAGGTAACACCAACCCGATTACCTCTA
TGTCTGCGCCGGTTCAGGCGTCTGCGCCGGCGTTGACCAAATCTCAGACCGATCGTTTGGAAGTTTTG
TTGAACCCGAAAGATGAAATTTCTTTGAACTCTGGTAAACCGTTCCGTGAATTGGAATCTGAATTGTT
GTCTCGTCGTAAAAAAGATTTGCAGCAGATTTACGCGGAAGAACGTGAAAACTACTTGGGTAAATTG
GAACGTGAAATTACCCGTTTCTTCGTTGATCGTGGTTTCTTGGAAATTAAATCTCCGATTTTGATTCC
GTTGGAATACATTGAACGTATGGGTATTGATAACGATACCGAATTGTCTAAACAGATTTTCCGTGTT
GATAAAAACTTCTGTTTGCGTCCGATGTTGGCGCCGAACTTGGCGAACTACTTGCGTAAATTGGATC
GTGCGTTGCCGGATCCGATTAAAATTTTCGAAATTGGTCCGTGTTACCGTAAAGAATCTGATGGTAA
AGAACATTTGGAAGAATTCACCATGTTGAACTTCTGTCAGATGGGTTCTGGTTGTACCCGTGAAAAC
TTGGAATCTATTATTACCGATTTCTTGAACCATTTGGGTATTGATTTCAAAATTGTTGGTGATTCTTGT
ATGGTTTTCGGTGATACCTTGGATGTTATGCATGGTGATTTGGAATTGTCTTCTGCGGTTGTTGGTCC
GATTCCGTTGGATCGTGAATGGGGTATTGATAAACCGTGGATTGGTGCGGGTTTCGGTTTGGAACGT
TTGTTGAAAGTTAAACATGATTTCAAAAACATTAAACGTGCGGCGCGTTCTGAATCTTACTACAACG
GTATTTCTACCAACTTGTAAacttaattaacggcactcctcagctgtaaccaactcactggctcaccttcacgggtgAgcctttcttcgcgcagaaag
gcccacccgaaggtgagccagtgtgattacatttatgcccatggcgtTTAACCTTTCTGCCAAATCTGGTAAGAGTAGTTAATGTT
AGACGCGAAATCCTGGGTGAAAACCGGACGGAAGTTAGACGGAATTTCCGGGAAGTAAACATCACC
TTCCGGTTCAATATCAATGGTAGAAATATGCAAGGTATCAACCTGATCAATCAAAGATTTGTAAATT
TCACCACCACCAGAAACAATAACATGATCGGTAATTTTTTTCAAGTTGGTCAACGCATCTTTAATAG
ACGGGAAAATCAAAACGTTTTCGTTATCAGAGGTGAAAGAAGAACGGGTAACAACCGCGTATTTAC
GGTTCGGCAACGCACCCATAGAACCGAAGGTTTTACGACCAACCAACAACCACTGGTTGTAGGTAAT
CGCTTTGAACAACAACTGTTCACCTTTCGCAGACCACGGAATATCCGGACCGTTACCAATAACACCG
TTTTTAGAAATCGCAACCATCAAAGACAATTTCATaattcttcctcagaggttaacattttattagtaagcatgctcgttttgtcacccgct
gatgcttaccgttaattaatataatcacttgtattaaatagactttctctaaaaatacaagacactctgttattacaaatcgtgcgtgccgtctatcctgcttgcaaggccaaat
aggGccgt 

pAB228v ColA BBa_B0014 tetAp SD8 Sc WRS(rc) [5OH-
R3-13] T3Te-T7Te DHFR(rc) 

aaacgtcctagaagatgccaggaggatacttagcagagagacaataaggccggagcgaagccgtttttccataggctccgcccccctgacgaacatcacgaaatctg
acgctcaaatcagtggtggcgaaacccgacaggactataaagataccaggcgtttccccctgatggctccctcttgcgctctcctgttcccgtcctgcggcgtccgtgtt
gtggtggaggctttacccaaatcaccacgtcccgttccgtgtagacagttcgctccaagctgggctgtgtgcaagaaccccccgttcagcccgactgctgcgccttatc
cggtaactatcatcttgagtccaacccggaaagacacgacaaaacgccactggcagcagccattggtaactgagaattagtggatttagatatcgagagtcttgaagtg
gtggcctaacagaggctacactgaaaggacagtatttggtatctgcgctccactaaagccagttaccaggttaagcagttccccaactgacttaaccttcgatcaaaccg
cctccccaggcggttttttcgtttacagagcaggagattacgacgatcgtaaaaggatctcaagaagatcAtttacggattcccgacaccaaagaggacatccggttca
cactggctcaccttcgggtgggcctttctgcgtttatatactagagagagaatataaaaagccagattattaatccggcttttttattatttagacttagggaccctgcggcc
gccattaattcctaatttttgttgacactctatcattgatagagttattttaccactccctatcagtgatagagaaaagtgaaatgaatagacctgcaggtgcagtaaggagg
aaaaaaaaATGTCTAACGATGAAACCGTTGAAAAAGTTACCCAGCAGGTTTCTGAATTGAAATCTACCGA
TGTTAAAGAACAGGTTGTTACCCCGTGGGATGTTGAAGGTGGTGTTGATGAACAGGGTCGTGCGCAG



AACATTGATTACGATAAATTGATTAAACAGTTCGGTACCAAACCGGTTAACGAAGAAACCTTGAAAC
GTTTCAAACAGGTTACCGGTCGTGAACCGCATCATTTCTTGCGTAAAGGTTTGTTCTTCTCTGAACGT
GATTTCACCAAAATTTTGGATTTGTACGAACAGGGTAAACCGTTCTTCTTGTACTGTGGTCGTGGTCC
GTCTTCTGATTCTATGCATTTGGGTCATATGATTCCGTTCGTTTTCACCAAATGGTTGCAGGAAGTTTT
CGATGTTCCGTTGGTTATTGAATTGACCGATGATGAAAAATTCTTGTTCAAACATAAATTGACCATTA
ACGATGTTAAAAACTTCGCGCGTGAAAACGCGAAAGATATTATTGCGGTTGGTTTCGATCCGAAAAA
CACCTTCATTTTCTCTGATTTGCAGTACATGGGTGGTGCGTTCTACGAAACCGTTGTTCGTGTTTCTCG
TCAGATTACCGGTTCTACCGCGAAAGCGGTTTTCGGTTTCAACGATTCTGATTGTATTGGTAAATTCC
ATTTCGCGTCTATTCAGATTGCGACCGCGTTCCCGTCTTCTTTCCCGAACGTTTTGGGTTTGCCGGATA
AAACCCCGTGTTTGATTACCGCGGCGATTGATCAGGATCCGTACTTCCGTGTTTGTCGTGATGTTGCG
GATAAATTGAAATACTCTAAACCGGCGTTGTTGCATTCTCGTTTCTTCCCGGCGTTGCAGGGTTCTAC
CACCAAAATGTCTGCGTCTGATGATACCACCGCGATTTTCATGACCGATACCCCGAAACAGATTCAG
AAAAAAATTAACAAATACGCGTTCTCTGGTGGTCAGGTTTCTGCGGATTTGCATCGTGAATTGGGTG
GTAACCCGGATGTTGATGTTGCGTACCAGTACTTGTCTTTCTTCAAAGATGATGATGTTTTCTTGAAA
GAATGTTACGATAAATACAAATCTGGTGAATTGTTGTCTGGTGAAATGAAAAAATTGTGTATTGAAA
CCTTGCAGGAATTCGTTAAAGCGTTCCAGGAACGTCGTGCGCAGGTTGATGAAGAAACCTTGGATAA
ATTCATGGTTCCGCATAAATTGGTTTGGGGTGAAAAAGAACGTTTGGTTGCGCCGAAACCGAAAACC
AAACAGGAAAAAAAATAAacttaattaacggcactcctcagctgtaaccaactcactggctcaccttcacgggtgAgcctttcttcgcgcagaaagg
cccacccgaaggtgagccagtgtgattacatttatgcccatggcgtTTAACCTTTCTGCCAAATCTGGTAAGAGTAGTTAATGTT
AGACGCGAAATCCTGGGTGAAAACCGGACGGAAGTTAGACGGAATTTCCGGGAAGTAAACATCACC
TTCCGGTTCAATATCAATGGTAGAAATATGCAAGGTATCAACCTGATCAATCAAAGATTTGTAAATT
TCACCACCACCAGAAACAATAACATGATCGGTAATTTTTTTCAAGTTGGTCAACGCATCTTTAATAG
ACGGGAAAATCAAAACGTTTTCGTTATCAGAGGTGAAAGAAGAACGGGTAACAACCGCGTATTTAC
GGTTCGGCAACGCACCCATAGAACCGAAGGTTTTACGACCAACCAACAACCACTGGTTGTAGGTAAT
CGCTTTGAACAACAACTGTTCACCTTTCGCAGACCACGGAATATCCGGACCGTTACCAATAACACCG
TTTTTAGAAATCGCAACCATCAAAGACAATTTCATaattcttcctcagaggttaacattttattagtaagcatgctcgttttgtcacccgct
gatgcttaccgttaattaatataatcacttgtattaaatagactttctctaaaaatacaagacactctgttattacaaatcgtgcgtgccgtctatcctgcttgcaaggccaaat
aggccgt 

pAB228v6 ColA BBa_B0014 tetAp SD8 ScWRS(rc) 
[ScTrpRS-H15] T3Te-T7Te DHFR(rc) 

aaacgtcctagaagatgccaggaggatacttagcagagagacaataaggccggagcgaagccgtttttccataggctccgcccccctgacgaacatcacgaaatctg
acgctcaaatcagtggtggcgaaacccgacaggactataaagataccaggcgtttccccctgatggctccctcttgcgctctcctgttcccgtcctgcggcgtccgtgtt
gtggtggaggctttacccaaatcaccacgtcccgttccgtgtagacagttcgctccaagctgggctgtgtgcaagaaccccccgttcagcccgactgctgcgccttatc
cggtaactatcatcttgagtccaacccggaaagacacgacaaaacgccactggcagcagccattggtaactgagaattagtggatttagatatcgagagtcttgaagtg
gtggcctaacagaggctacactgaaaggacagtatttggtatctgcgctccactaaagccagttaccaggttaagcagttccccaactgacttaaccttcgatcaaaccg
cctccccaggcggttttttcgtttacagagcaggagattacgacgatcgtaaaaggatctcaagaagatcAtttacggattcccgacaccaaagaggacatccggttca
cactggctcaccttcgggtgggcctttctgcgtttatatactagagagagaatataaaaagccagattattaatccggcttttttattatttagacttagggaccctgcggcc
gccattaattcctaatttttgttgacactctatcattgatagagttattttaccactccctatcagtgatagagaaaagtgaaatgaatagacctgcaggtgcagtaaggagg
aaaaaaaaATGTCTAACGATGAAACCGTTGAAAAAGTTACCCAGCAGGTTTCTGAATTGAAATCTACCGA
TGTTAAAGAACAGGTTGTTACCCCGTGGGATGTTGAAGGTGGTGTTGATGAACAGGGTCGTGCGCAG
AACATTGATTACGATAAATTGATTAAACAGTTCGGTACCAAACCGGTTAACGAAGAAACCTTGAAAC
GTTTCAAACAGGTTACCGGTCGTGAACCGCATCATTTCTTGCGTAAAGGTTTGTTCTTCTCTGAACGT
GATTTCACCAAAATTTTGGATTTGTACGAACAGGGTAAACCGTTCTTCTTGgttaccGGTCGTGGTCCGT
CTTCTGATTCTATGCATTTGGGTCATATGATTCCGTTCGTTTTCACCAAATGGTTGCAGGAAGTTTTCG
ATGTTCCGTTGGTTATTccgTTGACCGATGATGAAAAATTCTTGTTCAAACATAAATTGACCATTAACG
ATGTTAAAAACTTCGCGCGTGAAAACGCGAAAGATATTATTGCGGTTGGTTTCGATCCGAAAAACAC
CTTCATTTTCTCTGATTTGCAGTACATGGGTGGTGCGTTCTACGAAACCGTTGTTCGTGTTTCTCGTCA
GATTACCGGTTCTACCGCGAAAGCGGTTTTCGGTTTCAACGATTCTGATTGTATTGGTAAATTCCATT
TCGCGTCTATTCAGATTGCGtgtGCGTTCCCGTCTTCTTTCCCGAACGTTTTGGGTTTGCCGGATAAAAC
CCCGTGTTTGtgtccgugtGCGATTGATCAGGATCCGTACTTCCGTGTTTGTCGTGATGTTGCGGATAAATT
GAAATACTCTAAACCGGCGTTGTTGCATTCTCGTTTCTTCCCGGCGTTGCAGGGTTCTACCACCAAAA
TGTCTGCGTCTGATGATACCACCGCGATTTTCATGACCGATACCCCGAAACAGATTCAGAAAAAAAT
TAACAAATACGCGTTCTCTGGTGGTCAGGTTTCTGCGGATTTGCATCGTGAATTGGGTGGTAACCCG
GATGTTGATGTTGCGTACCAGTACTTGTCTTTCTTCAAAGATGATGATGTTTTCTTGAAAGAATGTTA



CGATAAATACAAATCTGGTGAATTGTTGTCTGGTGAAATGAAAAAATTGTGTATTGAAACCTTGCAG
GAATTCGTTAAAGCGTTCCAGGAACGTCGTGCGCAGGTTGATGAAGAAACCTTGGATAAATTCATGG
TTCCGCATAAATTGGTTTGGGGTGAAAAAGAACGTTTGGTTGCGCCGAAACCGAAAACCAAACAGG
AAAAAAAATAAacttaattaacggcactcctcagctgtaaccaactcactggctcaccttcacgggtgAgcctttcttcgcgcagaaaggcccacccgaag
gtgagccagtgtgattacatttatgcccatggcgtTTAACCTTTCTGCCAAATCTGGTAAGAGTAGTTAATGTTAGACGCG
AAATCCTGGGTGAAAACCGGACGGAAGTTAGACGGAATTTCCGGGAAGTAAACATCACCTTCCGGT
TCAATATCAATGGTAGAAATATGCAAGGTATCAACCTGATCAATCAAAGATTTGTAAATTTCACCAC
CACCAGAAACAATAACATGATCGGTAATTTTTTTCAAGTTGGTCAACGCATCTTTAATAGACGGGAA
AATCAAAACGTTTTCGTTATCAGAGGTGAAAGAAGAACGGGTAACAACCGCGTATTTACGGTTCGGC
AACGCACCCATAGAACCGAAGGTTTTACGACCAACCAACAACCACTGGTTGTAGGTAATCGCTTTGA
ACAACAACTGTTCACCTTTCGCAGACCACGGAATATCCGGACCGTTACCAATAACACCGTTTTTAGA
AATCGCAACCATCAAAGACAATTTCATaattcttcctcagaggttaacattttattagtaagcatgctcgttttgtcacccgctgatgcttaccgtt
aattaatataatcacttgtattaaatagactttctctaaaaatacaagacactctgttattacaaatcgtgcgtgccgtctatcctgcttgcaaggccaaataggccgt 

pAMC070n1a12 
ColA BBa_B0014 tetAp SD8 ScTrpRS rrnB1 proB 
SD8 Lum1PylRS(rc) BBaB10014RNAItrpA+ 
J23100 SD8 MmPylRS(rc) T3Te-T7Te DHFR(rc) 

aaacgtcctagaagatgccaggaggatacttagcagagagacaataaggccggagcgaagccgtttttccataggctccgcccccctgacgaacatcacgaaatctg
acgctcaaatcagtggtggcgaaacccgacaggactataaagataccaggcgtttccccctgatggctccctcttgcgctctcctgttcccgtcctgcggcgtccgtgtt
gtggtggaggctttacccaaatcaccacgtcccgttccgtgtagacagttcgctccaagctgggctgtgtgcaagaaccccccgttcagcccgactgctgcgccttatc
cggtaactatcatcttgagtccaacccggaaagacacgacaaaacgccactggcagcagccattggtaactgagaattagtggatttagatatcgagagtcttgaagtg
gtggcctaacagaggctacactgaaaggacagtatttggtatctgcgctccactaaagccagttaccaggttaagcagttccccaactgacttaaccttcgatcaaaccg
cctccccaggcggttttttcgtttacagagcaggagattacgacgatcgtaaaaggatctcaagaagatcAtttacggattcccgacaccaaagaggacatccggttca
cactggctcaActtcgggtgggcctttctgcgtttatatactagagagagaatataaaaagccagattattaatccggcttttttattatttagacttagggacccttgtgcttc
tcaaatgcctgaggccagtttgctcaggctctccccgtggaggtaataattgacgatatgatcagtgcacggctaactaagcggcctgctgactttctcgccgatcaaaa
ggcattttgctattaagggattgacgagggcgtatctgcgcagtaagataattgtgagcggataacaattagcagacaagatAATTTTGCACCCAGCAA
ACTTGGTACGTAAACGCATCGTGGcGaacTGGTCCGGGACCACCgaGCaTtcctAAGCtcCGGttAGCCGGGT
TCAACTCCCGGGttCgTCGCCAAAATTTGAAAGTGCTGTAAGGCACAGACCACCCAAGGGGGACGGTC
CGGCGACCAGCAGGCCTctatAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCTCTCGCCAGTTTAAA
AGACATCGGCGTCAAGCGGATGTCTGGCTGAAAGGCCTGAAGAATTTGGACCTGTGATCATGTAGAT
CGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGGGTCCGCCATCTCTTACTTGATATG
GCTTTAGTAGCGGTATCAATATCAGCAGTAAAATAAATTTCCCGATCCCGCCcTAGCTCAGAGGTAG
AGCGTGCcTCTctagAAggGCATGGTCCCCGGTTCAAATCCTGGGGGCGGGACCAACTACTTTATGTAGT
CTCcGCCGTGTAGCAAGAAATTGAGAAGTGAACTGGTGGCTCAATGGTAGAGCTGCACGCTTCCGAA
CGTGTTGGTTGCAGGTTCAAGTCCTGTCCAGTTCACCAATTTATTCAAGACGCTTACCTTGTAAGTGC
ACCCAGTaggatccgtcgacctgcagatccttagcgaaagctaaggattttttttaagcttctgccattcatccgagacttagggaccctgcggccgccattaattc
ctaatttttgttgacactctatcattgatagagttattttaccactccctatcagtgatagagaaaagtgaaatgaatagacctgcaggtgcagtaaggaggaaaaaaaaA
TGTCTAACGATGAAACCGTTGAAAAAGTTACCCAGCAGGTTTCTGAATTGAAATCTACCGATGTTAA
AGAACAGGTTGTTACCCCGTGGGATGTTGAAGGTGGTGTTGATGAACAGGGTCGTGCGCAGAACATT
GATTACGATAAATTGATTAAACAGTTCGGTACCAAACCGGTTAACGAAGAAACCTTGAAACGTTTCA
AACAGGTTACCGGTCGTGAACCGCATCATTTCTTGCGTAAAGGTTTGTTCTTCTCTGAACGTGATTTC
ACCAAAATTTTGGATTTGTACGAACAGGGTAAACCGTTCTTCTTGgttaccGGTCGTGGTCCGTCTTCTG
ATTCTATGCATTTGGGTCATATGATTCCGTTCGTTTTCACCAAATGGTTGCAGGAAGTTTTCGATGTT
CCGTTGGTTATTccgTTGACCGATGATGAAAAATTCTTGTTCAAACATAAATTGACCATTAACGATGTT
AAAAACTTCGCGCGTGAAAACGCGAAAGATATTATTGCGGTTGGTTTCGATCCGAAAAACACCTTCA
TTTTCTCTGATTTGCAGTACATGGGTGGTGCGTTCTACGAAACCGTTGTTCGTGTTTCTCGTCAGATTA
CCGGTTCTACCGCGAAAGCGGTTTTCGGTTTCAACGATTCTGATTGTATTGGTAAATTCCATTTCGCG
TCTATTCAGATTGCGtgtGCGTTCCCGTCTTCTTTCCCGAACGTTTTGGGTTTGCCGGATAAAACCCCGT
GTTTGtgtccgtgtGCGATTGATCAGGATCCGTACTTCCGTGTTTGTCGTGATGTTGCGGATAAATTGAAAT
ACTCTAAACCGGCGTTGTTGCATTCTCGTTTCTTCCCGGCGTTGCAGGGTTCTACCACCAAAATGTCT
GCGTCTGATGATACCACCGCGATTTTCATGACCGATACCCCGAAACAGATTCAGAAAAAAATTAACA
AATACGCGTTCTCTGGTGGTCAGGTTTCTGCGGATTTGCATCGTGAATTGGGTGGTAACCCGGATGTT
GATGTTGCGTACCAGTACTTGTCTTTCTTCAAAGATGATGATGTTTTCTTGAAAGAATGTTACGATAA
ATACAAATCTGGTGAATTGTTGTCTGGTGAAATGAAAAAATTGTGTATTGAAACCTTGCAGGAATTC
GTTAAAGCGTTCCAGGAACGTCGTGCGCAGGTTGATGAAGAAACCTTGGATAAATTCATGGTTCCGC
ATAAATTGGTTTGGGGTGAAAAAGAACGTTTGGTTGCGCCGAAACCGAAAACCAAACAGGAAAAAA



AATAAacttaattaacggcactcaaataaaacgaaaggctcagtcgaaagactgggcctttcgttttgctgaggagacttagggaccctcacagctaacaccacgt
cgtccctatctgctgccctaggtctatgagtggttgctGGATAACTTTACGGGCATGCATAAGGCTCGTAATATATATTCAGg
gagaccacaacggtttccctctacaaataattttgtttaactttacctgcaggtgcagtaaggaggaaaaaaaaATGGATACCCGTTTGACCCCGG
CGCAGGCGCAGCGTATTCGTGAAATGGGTGGTACCGTTGATCCGTCTTTGGCGTTCTCTTCTGAAGCG
GAACGTGAATCTGCGTTCCAGCGTATTTCTGCGGATTTGCAGGGTGCGAACTTGGCGAAAATTCGTC
GTTGTGCGGAAGCGCCGGAACGTCATCCGATTGGTTCTTTGGAAAACACCTTGGCGTGTGCGTTGGC
GGCGAAAGGTTTCATTGAAGTTAAAACCCCGATGATGATTCCGGCGGATGGTTTGGTTAAAATGGGT
ATTGATGAATCTCATCCGTTGTGGAACCAGGTTTTCTGGGTTGGTCCGAAAAAAGCGTTGCGTCCGA
TGTTGGCGCCGAACATTTTCTTCTTGGGTCGTCATTTGCGTCGTTCTGTTCCGGCGCCGTTGTTGTTGT
TCGAAATTGGTCCGTGTTTCCGTAAAGAATCTCGTGGTTCTAACCATTTGGAAGAATTCACCATGTTG
AACTTGTTCGAATTGGCGCCGCAGGCGGATGCGACCGAACGTTTGAAAGAACATATTGCGACCGTTA
TGAACGCGGTTGGTTTGCCGTACGAATTGGTTGTTGAAGGTTCTGAAGTTTTCGGTACCACCATTGAT
GTTGAAGTTGATGGTGTTGAATTGGCGTCTGGTGCGGTTGGTCCGTTGCCGATGGATAAACCGCATG
GTATTACCGAACCGTGGGCGGGTGTTGGTTTCGGTTTGGAACGTATTGCGTTGATGCGTACCAAAGA
ACAGAACATTAAAAAAGTTGGTCGTTCTTTGGTTTACGTTAACGGTGCGCGTATTGATATTTAAacgga
gccaatgtcctcagcgtcacactggctcaccttcgggtgggcctttctgcgtttatatactagagagagaatataaaaagccagattattaatccggcttttttattatttgga
tccgatccggcaaacaaaccaccgttggtagcggtggtttttttgtttgaccggtaaaaaaaagcccgctcattaggcgggctgggtatctgattgctggtaccTTGA
CGGCTAGCTCAGTCCTAGGTACAGTGCTAGCggtgcagtaaggaggaaaaaaaaATGGATAAAAAACCGTTGAAC
ACCTTGATTTCTGCGACCGGTTTGTGGATGTCTCGTACCGGTACCATTCATAAAATTAAACATCATGA
AGTTTCTCGTTCTAAAATTTACATTGAAATGGCGTGTGGTGATCATTTGGTTGTTAACAACTCTCGTT
CTTCTCGTACCGCGCGTGCGTTGCGTCATCATAAATACCGTAAAACCTGTAAACGTTGTCGTGTTTCT
GATGAAGATTTGAACAAATTCTTGACCAAAGCGAACGAAGATCAGACCTCTGTTAAAGTTAAAGTTG
TTTCTGCGCCGACCCGTACCAAAAAAGCGATGCCGAAATCTGTTGCGCGTGCGCCGAAACCGTTGGA
AAACACCGAAGCGGCGCAGGCGCAGCCGTCTGGTTCTAAATTCTCTCCGGCGATTCCGGTTTCTACC
CAGGAATCTGTTTCTGTTCCGGCGTCTGTTTCTACCTCTATTTCTTCTATTTCTACCGGTGCGACCGCG
TCTGCGTTGGTTAAAGGTAACACCAACCCGATTACCTCTATGTCTGCGCCGGTTCAGGCGTCTGCGCC
GGCGTTGACCAAATCTCAGACCGATCGTTTGGAAGTTTTGTTGAACCCGAAAGATGAAATTTCTTTG
AACTCTGGTAAACCGTTCCGTGAATTGGAATCTGAATTGTTGTCTCGTCGTAAAAAAGATTTGCAGC
AGATTTACGCGGAAGAACGTGAAAACTACTTGGGTAAATTGGAACGTGAAATTACCCGTTTCTTCGT
TGATCGTGGTTTCTTGGAAATTAAATCTCCGATTTTGATTCCGTTGGAATACATTGAACGTATGGGTA
TTGATAACGATACCGAATTGTCTAAACAGATTTTCCGTGTTGATAAAAACTTCTGTTTGCGTCCGATG
TTGGCGCCGAACTTGTACAACTACTTGCGTAAATTGGATCGTGCGTTGCCGGATCCGATTAAAATTTT
CGAAATTGGTCCGTGTTACCGTAAAGAATCTGATGGTAAAGAACATTTGGAAGAATTCACCATGTTG
AACTTCTGTCAGATGGGTTCTGGTTGTACCCGTGAAAACTTGGAATCTATTATTACCGATTTCTTGAA
CCATTTGGGTATTGATTTCAAAATTGTTGGTGATTCTTGTATGGTTTACGGTGATACCTTGGATGTTAT
GCATGGTGATTTGGAATTGTCTTCTGCGGTTGTTGGTCCGATTCCGTTGGATCGTGAATGGGGTATTG
ATAAACCGTGGATTGGTGCGGGTTTCGGTTTGGAACGTTTGTTGAAAGTTAAACATGATTTCAAAAA
CATTAAACGTGCGGCGCGTTCTGAATCTTACTACAACGGTATTTCTACCAACTTGTAAacttaattaacggcact
cctcagctgtaaccaactcactggctcaccttcacgggtgAgcctttcttcgcgcagaaaggcccacccgaaggtgagccagtgtgattacatttatgcccatggcgt
TTAACCTTTCTGCCAAATCTGGTAAGAGTAGTTAATGTTAGACGCGAAATCCTGGGTGAAAACCGGA
CGGAAGTTAGACGGAATTTCCGGGAAGTAAACATCACCTTCCGGTTCAATATCAATGGTAGAAATAT
GCAAGGTATCAACCTGATCAATCAAAGATTTGTAAATTTCACCACCACCAGAAACAATAACATGATC
GGTAATTTTTTTCAAGTTGGTCAACGCATCTTTAATAGACGGGAAAATCAAAACGTTTTCGTTATCAG
AGGTGAAAGAAGAACGGGTAACAACCGCGTATTTACGGTTCGGCAACGCACCCATAGAACCGAAGG
TTTTACGACCAACCAACAACCACTGGTTGTAGGTAATCGCTTTGAACAACAACTGTTCACCTTTCGCA
GACCACGGAATATCCGGACCGTTACCAATAACACCGTTTTTAGAAATCGCAACCATCAAAGACAATT
TCATaattcttcctcagaggttaacattttattagtaagcatgctcgttttgtcacccgctgatgcttaccgttaattaatataatcacttgtattaaatagactttctctaaaaa
tacaagacactctgttattacaaatcgtgcgtgccgtctatcctgcttgcaaggccaaataggccgt 

sfGFP and 
tRNA operon pAMC042z21 

RepA(rc)(N99D) SC101 T0-BS7 proD SD8 
sfGFP(rc) ( V93AGGA Y151UAGA) ProK 5 
tRNA operon tetA-orfL bla(rc) 

TTAAATACGACCGTATTTCGCCAAAATGTTTTCCAAGGTGGTACGCTGTTTCTGGGTCAACCAAGAG
AAAGAACCGTTCAAATCATGTTTAGACTGCATATCAGACAAGAATTTCGCTTCGAAAGAGGTCAACT
GAATTTTCGCGGTCAACGCATCATGCAAGGTTTTACGCAAACCGTTACGCAAGTAAGAATCAGAGGT
AATGGTGGTCGGAATTTTATCACCGTTCATTTTAATCTGGTTGTTTTCCAATTCGGTAACCAAATCCA



TCTGACGATCCAATTCAACCTGGAAAATCAAGGTATCGGTCGGACGACCACGTTTATCAACAACCAA
TTTCATGTTAGAGTAGGTGTTCAAATCTTTAGAAATCGGTTTCAAAACCCACTGGTTCAAACGTTTGA
ATTCATGGTAGTTGTTTTCCAACATCAACATGAATTTGAATTCATCCAAAGAAATTTCAATGTTCGCT
TTATGGGTTTTTTTCTGGGTCAATTCTTTCAACAACCATTCGTAAATACGCATAGAGTATTTGTTTTCG
AAAGATTTAACATGTTCCAAGTTGTATTTAATGAATTTTTTCAACTGGAACAAGTACGGCAAAATTTC
TTCAGAGAAAACCAATTCCAATTTTTCAGAAGAGAATTTCGCGTAATCGGTCCACTGGAAAATTTCG
AAACCTTTAACCAACGGGTTACGAATTTCAACGGTACGGGTCATCAATTCACGGGTCGCTTTCGCCA
AAACACCGTACGCGTTTTCACGAGAAATGTTCATCATCTGCGCGTACTGGTTGTAGGTGAAAGAAAC
GGTACGTTCTTTACGGGTCGGGTTTTCAATGGTCGGGTTCAACAACGCAACACAACACAAAATCAAT
TTGGTTTCATGTTCGGTCAAATCGTAACGAGAAATCGCCAATTCGTTCGCTTTGAAAACAACCAATTC
AGACATacatctcaattgtctaggtgattttaatcACTATAccaattgagatgggctAGTCAAtgataattactagtccttttcctttgagttgtgggtatctg
taaattctgctagacctttgctggaaaacttgtaaattctgctagaccctctgtaaattccgctagacctttgtgtgttttttttgtttatattcaagtggttataatttatagaataaa
gaaagaataaaaaaagataaaaagaatagatcccagccctgtgtataactcactactttagtcagttccgcagtattacaaaaggatgtcgcaaacgctgtttgctcctct
acaaaacagaccttaaaaccctaaaggcttaagtagcaccctcgcaagctcgggcaaatcgctgaatattccttttgtctccgaccatcaggcacctgagtcgctgtcttt
ttcgtgacattcagttcgctgcgctcacggctctggcagtgaatgggggtaaatggcactacaggcgccttttatggattcatgcaaggaaactacccataatacaagaa
aagcccgtcacgggcttctcagggcgttttatggcgggtctgctatgtggtgctatctgactttttgctgttcagcagttcctgccctctgattttccagtctgaccacttcgg
attatcccgtgacaggtcattcagactggctaatgcacccagtaaggcagcggtatcatcaacaggcttacccgtcttactgtcaagaggacatccggtttgttcagaac
gctcggtcttgcacaccgggcgttttttctttgtgagtccatagtacacttgaataaataaaaacagccgttgccagaaagaggcacggctgtttttattttagacttaggga
ccctCACAGCTAACACCACGTCGTCCCTATCTGCTGCCCTAGGTCTATGAGTGGTTGCTGGATAACTTT
ACGGGCATGCATAAGGCTCGTATAATATATTCAGGGAGACCACAACGGTTTCCCTCTACAAATAATT
TTGTTTAACTTTacctgcaggtgcagtaaggaggaaaaaaaaATGTCTAAAGGTGAAGAATTGTTCACCGGTGTTGTT
CCGATTTTGGTTGAATTGGATGGTGATGTTAACGGTCATAAATTCTCTGTTCGTGGTGAAGGTGAAG
GTGATGCGACCAACGGTAAATTGACCTTGAAATTCATTTGTACCACCGGTAAATTGCCGGTTCCGTG
GCCGACCTTGGTTACCACCTTGACCTACGGTGTTCAGTGTTTCTCTCGTTACCCGGATCATATGAAAC
AGCATGATTTCTTCAAATCTGCGATGCCGGAAGGTTACaggaCAGGAACGTACCATTTCTTTCAAAGAT
GATGGTACCTACAAAACCCGTGCGGAAGTTAAATTCGAAGGTGATACCTTGGTTAACCGTATTGAAT
TGAAAGGTATTGATTTCAAAGAAGATGGTAACATTTTGGGTCATAAATTGGAATACAACTTCAACTC
TCATAACGTTtagaATTACCGCGGATAAACAGAAAAACGGTATTAAAGCGAACTTCAAAATTCGTCAT
AACGTTGAAGATGGTTCTGTTCAGTTGGCGGATCATTACCAGCAGAACACCCCGATTGGTGATGGTC
CGGTTTTGTTGCCGGATAACCATTACTTGTCTACCCAGTCTGCGTTGTCTAAAGATCCGAACGAAAAA
CGTGATCATATGGTTTTGTTGGAATTCGTTACCGCGGCGGGTATTACCCATGGTATGGATGAATTGTA
CAAAGGTTCTCATCATCATCATCATCATtaaacttaattaacggcactcaaataaaacgaaaggctcagtcgaaagactgggcctttcgttttg
ctgaggagacttagggacccttgtgcttctcaaatgcctgaggccagtttgctcaggctctccccgtggaggtaataattgacgatatgatcagtgcacggctaactaag
cggcctgctgactttctcgccgatcaaaaggcattttgctattaagggattgacgagggcgtatctgcgcagtaagataattgtgagcggataacaattagcagacaaga
tAATTTTGCACCCAGCAAACTTGGTACGTAAACGCATCGTGGcGaacTGGTCCGGGACCACCgaGCaTtcct
AAGCtcCGGttAGCCGGGTTCAACTCCCGGGttCgTCGCCAAAATTTGAAAGTGCTGTAAGGCACAGACC
ACCCAAGGGGGACGGTCCGGCGACCAGCAGGCCTctatAAGCCTCGCCTTGCGGGGTTCGACACCCCG
GTCTCTCGCCAGTTTAAAAGACATCGGCGTCAAGCGGATGTCTGGCTGAAAGGCCTGAAGAATTTGG
ACCTGTGATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGGGTCCG
CCATCTCTTACTTGATATGGCTTTAGTAGCGGTATCAATATCAGCAGTAAAATAAATTTCCCGATCCC
GCCcTAGCTCAGAGGTAGAGCGTGCcTCTctagAAggGCATGGTCCCCGGTTCAAATCCTGGGGGCGGG
ACCAACTACTTTATGTAGTCTCcGCCGTGTAGCAAGAAATTGAGAAGTGAACTGGTGGCTCAATGGT
AGAGCTGCACGCTTCCGAACGTGTTGGTTGCAGGTTCAAGTCCTGTCCAGTTCACCAATTTATTCAAG
ACGCTTACCTTGTAAGTGCACCCAGTaggatccgtcgacctgcagatccttagcgaaagctaaggattttttttaagcttctgccattcatccgac
ttaattaacggcactcctcagcaaatataatgaccctcttgataacccaagagggcattttttaatgcccatggcgtTTACCAATGTTTAATCAAAGA
CGCACCAATTTCCGCAATCTGACGGTTACGTTCATCCATGGTCGCCTGAGAACCGGTGGTGTAAATA
ACAACAATACGAGACGGTTTACCATCCGGACCCAACGCCGCAATAATACCACGAGAACCACGTTCA
CCCGCACCAGATTTATCCGCAATGAACCAACCCGCCGGCAACGCAGAACGCAACAACGGACCCGCA
ACTTTATCCGCTTCCATCCAATCAATCAACTGCTGACGAGACGCCAAGGTCAACAATTCACCGGTCA
ACAATTTACGCAAGGTGGTCGCCATCGCAACCGGCATGGTGGTATCACGTTCATCGTTCGGAATCGC
TTCGTTCAATTCCGGTTCCCAACGATCCAAACGGgTAACATGaTCACCCATGTTATGCAAGAACGCGG
TCAATTCTTTCGGACCACCAATGGTGGTCAACAACAAGTTCGCCGCGGTGTTATCAGACATGGTAAT



CGCCGCAGAACACAATTCACGAACGGTCATACCATCGGTCAAATGTTTTTCGGTAACCGGAGAGTAT
TCAACCAAATCGTTCTGAGAGTAATGAATACGACGACCCAACTGTTCCTGACCCGCATCAATACGAG
ACAAAACCGCACCACACAACAAAACTTTGAAGGTAGACATCATCGGGAAACGTTCTTCCGGACGGA
AAGATTCCAAAATTTTACCAGAGTTCAAATCCAATTCAATGTAACCAACACGCGCACCCAACTGATC
TTCCGCATCTTTAACTTTAACCAAGGTTTCCGGATGCGCGAAAACCGGCAAACAGAACGCCGCGAAG
AACGGAATCAACGCAACACGGAAATGCTGAATAGACATactcttcctttttcaatattattgaagcatttatcagggttattgtctcatg
agcggatacatatttgaatgtatttagaaaaataaaggccaaataAgccgt 

Macrocycle 
biosynthesis 
and 
tRNA operon 

pAAP003l2 
RepA(rc)(N99D) SC101 T0-BS7 araC(rc) pBAD 
SD8 NpuC-C[AGGA]LFVY-NpuN-SsrA(rc) ProK 
5 tRNA operon tetA-orfL bla(rc) 

TTAAATACGACCGTATTTCGCCAAAATGTTTTCCAAGGTGGTACGCTGTTTCTGGGTCAACCAAGAG
AAAGAACCGTTCAAATCATGTTTAGACTGCATATCAGACAAGAATTTCGCTTCGAAAGAGGTCAACT
GAATTTTCGCGGTCAACGCATCATGCAAGGTTTTACGCAAACCGTTACGCAAGTAAGAATCAGAGGT
AATGGTGGTCGGAATTTTATCACCGTTCATTTTAATCTGGTTGTTTTCCAATTCGGTAACCAAATCCA
TCTGACGATCCAATTCAACCTGGAAAATCAAGGTATCGGTCGGACGACCACGTTTATCAACAACCAA
TTTCATGTTAGAGTAGGTGTTCAAATCTTTAGAAATCGGTTTCAAAACCCACTGGTTCAAACGTTTGA
ATTCATGGTAGTTGTTTTCCAACATCAACATGAATTTGAATTCATCCAAAGAAATTTCAATGTTCGCT
TTATGGGTTTTTTTCTGGGTCAATTCTTTCAACAACCATTCGTAAATACGCATAGAGTATTTGTTTTCG
AAAGATTTAACATGTTCCAAGTTGTATTTAATGAATTTTTTCAACTGGAACAAGTACGGCAAAATTTC
TTCAGAGAAAACCAATTCCAATTTTTCAGAAGAGAATTTCGCGTAATCGGTCCACTGGAAAATTTCG
AAACCTTTAACCAACGGGTTACGAATTTCAACGGTACGGGTCATCAATTCACGGGTCGCTTTCGCCA
AAACACCGTACGCGTTTTCACGAGAAATGTTCATCATCTGCGCGTACTGGTTGTAGGTGAAAGAAAC
GGTACGTTCTTTACGGGTCGGGTTTTCAATGGTCGGGTTCAACAACGCAACACAACACAAAATCAAT
TTGGTTTCATGTTCGGTCAAATCGTAACGAGAAATCGCCAATTCGTTCGCTTTGAAAACAACCAATTC
AGACATacatctcaattgtctaggtgattttaatcACTATAccaattgagatgggctAGTCAAtgataattactagtccttttcctttgagttgtgggtatctg
taaattctgctagacctttgctggaaaacttgtaaattctgctagaccctctgtaaattccgctagacctttgtgtgttttttttgtttatattcaagtggttataatttatagaataaa
gaaagaataaaaaaagataaaaagaatagatcccagccctgtgtataactcactactttagtcagttccgcagtattacaaaaggatgtcgcaaacgctgtttgctcctct
acaaaacagaccttaaaaccctaaaggcttaagtagcaccctcgcaagctcgggcaaatcgctgaatattccttttgtctccgaccatcaggcacctgagtcgctgtcttt
ttcgtgacattcagttcgctgcgctcacggctctggcagtgaatgggggtaaatggcactacaggcgccttttatggattcatgcaaggaaactacccataatacaagaa
aagcccgtcacgggcttctcagggcgttttatggcgggtctgctatgtggtgctatctgactttttgctgttcagcagttcctgccctctgattttccagtctgaccacttcgg
attatcccgtgacaggtcattcagactggctaatgcacccagtaaggcagcggtatcatcaacaggcttacccgtcttactgtcaagaggacatccggtttgttcagaac
gctcggtcttgcacaccgggcgttttttctttgtgagtccatagtacacttgaataaataaaaacagccgttgccagaaagaggcacggctgtttttattttagacttaggga
ccctttaagacaatttaaccgcaacatcgttaactttttcttcacaacccgcacggaattcagacggagacgcaccggtacattttttgaaaacacgagagaagtacaact
gatcatcgaaaccaacgttacgaccaacggtcgcaatcggcatacgggtggtagacaacaacaatttcgcctgagaaatacgctgatcttcacgccaagacaaaaca
gaaatacccaactgctgacggaacaaatgagacaaacgagacggagacaaacaaacatgctgcgcaacagacgcaatatcgaagttagaatccgccaaatgatca
gaaatgtactgacacgcttcacgaacacggttatccatcggcggatgcaaagattcgttaatcgcttccatacgacgcaacaacaactgttccaacaagttaatcgccaa
caattcagagtaacgaccttcaccctgacccgcgttaataatctgaccgaacaaatcagagaaatgcggctgatgcgcttcatccggacggaagaaaccggtgttcgc
gaaaatagacggccagttcaaccattcatgccagtacgcacgcggacggaagtaaacccactgatggtaccattcacgcgcttccggatgacgaccgtaatgatgaa
tttcacccggcgggaacaacaaaatatcacccggacgacaaacgaattcacgaccctggtttttaacaacaccctgaccacgaatggtcaagttcaaaatgtaacctttc
atacccaacggacgatcaatgaagaaatccaagtaaccgttcgcttcaatcggggtcaaacccgcaaccaaatgcgcgttgaaagagtaacccggcaacaacggat
cgttctgcgcttccgccatacttttcatactcccaccattcagagaagaaaccaattgtccatattgcatcagacattgccgtcactgcgtcttttactggctcttctcgctaac
ccaaccggtaaccccgcttattaaaagcattctgtaacaaagcgggaccaaagccatgacaaaaacgcgtaacaaaagtgtctataatcacggcagaaaagtccacat
tgattatttgcacggcgtcacactttgctatgccatagcatttttatccataagattagcggatcctacctgacgctttttatcgcaactctctactgtttctccatacccgttttac
ctgcaggtgcagtaaggaggaaaaaaaaATGATTAAAATTGCGACCCGTAAATACTTGGGTAAACAGAACGTTTACG
ATATTGGTGTTGAACGTGATCATAACTTCGCGTTGAAAAACGGTTTCATTGCGTCTAACTGTAGGATT
GTTCGTTTACTGTTTGTCTTACGAAACCGAAATTTTGACCGTTGAATACGGTTTGTTGCCGATTGGTA
AAATTGTTGAAAAACGTATTGAATGTACCGTTTACTCTGTTGATAACAACGGTAACATTTACACCCA
GCCGGTTGCGCAGTGGCATGATCGTGGTGAACAGGAAGTTTTCGAATACTGTTTGGAAGATGGTTCT
TTGATTCGTGCGACCAAAGATCATAAATTCATGACCGTTGATGGTCAGATGTTGCCGATTGATGAAA
TTTTCGAACGTGAATTGGATTTGATGCGTGTTGATAACTTGCCGAACGGTACCGCGGCGAACGATGA
AAACTACGCGTTGGCGGCGTAAacttaattaacggcactcaaataaaacgaaaggctcagtcgaaagactgggcctttcgttttgctgaggagact
tagggacccttgtgcttctcaaatgcctgaggccagtttgctcaggctctccccgtggaggtaataattgacgatatgatcagtgcacggctaactaagcggcctgctga
ctttctcgccgatcaaaaggcattttgctattaagggattgacgagggcgtatctgcgcagtaagataattgtgagcggataacaattagcagacaagatAATTTT
GCACCCAGCAAACTTGGTACGTAAACGCATCGTGGcGaacTGGTCCGGGACCACCgaGCaTtcctAAGCtcC
GGttAGCCGGGTTCAACTCCCGGGttCgTCGCCAAAATTTGAAAGTGCTGTAAGGCACAGACCACCCAA



GGGGGACGGTCCGGCGACCAGCAGGCCTctatAAGCCTCGCCTTGCGGGGTTCGACACCCCGGTCTCTC
GCCAGTTTAAAAGACATCGGCGTCAAGCGGATGTCTGGCTGAAAGGCCTGAAGAATTTGGACCTGTG
ATCATGTAGATCGAGAGGCTTCTAATCCATATCAGCCGGGTTAGATTCCCGGCGGGTCCGCCATCTC
TTACTTGATATGGCTTTAGTAGCGGTATCAATATCAGCAGTAAAATAAATTTCCCGATCCCGCCcTAG
CTCAGAGGTAGAGCGTGCcTCTctagAAggGCATGGTCCCCGGTTCAAATCCTGGGGGCGGGACCAACT
ACTTTATGTAGTCTCcGCCGTGTAGCAAGAAATTGAGAAGTGAACTGGTGGCTCAATGGTAGAGCTG
CACGCTTCCGAACGTGTTGGTTGCAGGTTCAAGTCCTGTCCAGTTCACCAATTTATTCAAGACGCTTA
CCTTGTAAGTGCACCCAGTaggatccgtcgacctgcagatccttagcgaaagctaaggattttttttaagcttctgccattcatccgacttaattaacggc
actcctcagcaaatataatgaccctcttgataacccaagagggcattttttaatgcccatggcgtTTACCAATGTTTAATCAAAGACGCACCA
ATTTCCGCAATCTGACGGTTACGTTCATCCATGGTCGCCTGAGAACCGGTGGTGTAAATAACAACAA
TACGAGACGGTTTACCATCCGGACCCAACGCCGCAATAATACCACGAGAACCACGTTCACCCGCACC
AGATTTATCCGCAATGAACCAACCCGCCGGCAACGCAGAACGCAACAACGGACCCGCAACTTTATC
CGCTTCCATCCAATCAATCAACTGCTGACGAGACGCCAAGGTCAACAATTCACCGGTCAACAATTTA
CGCAAGGTGGTCGCCATCGCAACCGGCATGGTGGTATCACGTTCATCGTTCGGAATCGCTTCGTTCA
ATTCCGGTTCCCAACGATCCAAACGGgTAACATGaTCACCCATGTTATGCAAGAACGCGGTCAATTCT
TTCGGACCACCAATGGTGGTCAACAACAAGTTCGCCGCGGTGTTATCAGACATGGTAATCGCCGCAG
AACACAATTCACGAACGGTCATACCATCGGTCAAATGTTTTTCGGTAACCGGAGAGTATTCAACCAA
ATCGTTCTGAGAGTAATGAATACGACGACCCAACTGTTCCTGACCCGCATCAATACGAGACAAAACC
GCACCACACAACAAAACTTTGAAGGTAGACATCATCGGGAAACGTTCTTCCGGACGGAAAGATTCC
AAAATTTTACCAGAGTTCAAATCCAATTCAATGTAACCAACACGCGCACCCAACTGATCTTCCGCAT
CTTTAACTTTAACCAAGGTTTCCGGATGCGCGAAAACCGGCAAACAGAACGCCGCGAAGAACGGAA
TCAACGCAACACGGAAATGCTGAATAGACATactcttcctttttcaatattattgaagcatttatcagggttattgtctcatgagcggatacat
atttgaatgtatttagaaaaataaaggccaaataAgccgt 

 
Supplementary Table 14 | Key Plasmids From this Study for Plug-and-Play Genetic Code Expansion. 
Plasmid classification, ID, description, and sequence are given for the prioritized plasmids generated in this study. 



 

 

Supplementary Data 1 | Mass Spectrometry Data for Supplementary Figure 3. 
Condition: Library 
Codon: UAG 
AA/ncAA: N6-Boc-L-lys 
Expected mass: 27606 
Observed mass: 27620 
 

  
mass

20000 22500 25000 27500 30000 32500 35000 37500 40000

%

0

100 27620.0000
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27514.0000

22339.0000
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22354.0000

25894.0000

27637.0000

28520.0000



 

 

Condition: Bottom 1% 
Codon: UAG 
AA/ncAA: N6-Boc-L-lys 
Expected mass: 27606 
Observed mass: 27620 
 

 
 
  

mass
20000 22500 25000 27500 30000 32500 35000 37500 40000
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0

100 27620.0000
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26838.0000
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27637.0000

27704.0000
30868.0000



 

 

Condition: Bottom 5% 
Codon: UAG 
AA/ncAA: N6-Boc-L-lys 
Expected mass: 27606 
Observed mass: 27620 
 

  
mass

20000 22500 25000 27500 30000 32500 35000 37500 40000
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0

100 27620.0000

27605.0000

26873.0000

26850.0000

27637.0000

28368.0000



 

 

Condition: Top 5% 
Codon: UAG 
AA/ncAA: N6-Boc-L-lys 
Expected mass: 27606 
Observed mass: 27606.5 
 

 
  

mass
26000 27000 28000 29000 30000 31000
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100 27606.5000
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27620.0000
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28539.0000
28855.0000 29802.5000
29442.5000 31681.500030512.5000



 

 

Condition: Top 1% 
Codon: UAG 
AA/ncAA: N6-Boc-L-lys 
Expected mass: 27606 
Observed mass: 27606 
 

 
 
 
 
  

mass
20000 22500 25000 27500 30000 32500 35000 37500 40000

%

0

100 27606.0000

26838.0000

26770.0000
22339.0000

27620.0000

27675.0000

27705.0000

28469.0000

29351.0000



 

 

Condition: Library 
Codon: UAGA 
AA/ncAA: L-ser 
Expected mass: 27465 
Observed mass: 27479 
 

 
 
 
  

mass
20000 21000 22000 23000 24000 25000 26000 27000 28000 29000 30000 31000 32000 33000 34000 35000 36000 37000 38000 39000
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0

100 27479.0000
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22339.0000 25848.0000

27496.0000

28246.0000 28914.0000



 

 

Condition: Bottom 1% 
Codon: UAGA 
AA/ncAA: L-ser 
Expected mass: 27465 
Observed mass: 27477 
 

  
mass

20000 22500 25000 27500 30000 32500 35000 37500 40000
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0

100 27477.0000

26669.0000

22341.0000

22627.0000

25914.0000

27492.0000

28969.0000
34752.000029730.0000

36966.0000



 

 

Condition: Bottom 5% 
Codon: UAGA 
AA/ncAA: L-ser 
Expected mass: 27465 
Observed mass: 27478 
 

  
mass

20000 22500 25000 27500 30000 32500 35000 37500 40000

%

0

100 27478.0000

26736.0000

26624.0000
20612.0000 25952.0000

22898.0000
23566.0000

27497.0000

27526.0000

28242.0000
32076.0000

28341.0000

28410.0000

35742.0000
33909.0000 36658.0000



 

 

Condition: Top 5% 
Codon: UAGA 
AA/ncAA: L-ser 
Expected mass: 27465 
Observed mass: 27479 
 

  
mass

20000 22500 25000 27500 30000 32500 35000 37500 40000

%

0

100 27479.0000

27467.0000

26678.0000

22339.0000 26639.0000

28247.0000

28285.0000

30801.0000
36878.000032956.0000 38451.0000



 

 

Condition: Top 1% 
Codon: UAGA 
AA/ncAA: L-ser 
Expected mass: 27465 
Observed mass: 27465 
 

 
 
 
 
  

mass
20000 22500 25000 27500 30000 32500 35000 37500 40000
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0

100 27465.0000
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27480.0000

27497.0000

28248.0000



 

 

Condition: Library 
Codon: AGGA 
AA/ncAA: L-his 
Expected mass: 27515 
Observed mass: 27529 
 

 
 
  

mass
20000 22500 25000 27500 30000 32500 35000 37500 40000

%

0
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Condition: Bottom 1% 
Codon: AGGA 
AA/ncAA: L-his 
Expected mass: 27515 
Observed mass: 27530 
 

 
 
  

mass
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29827.0000
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Condition: Bottom 5% 
Codon: AGGA 
AA/ncAA: L-his 
Expected mass: 27515 
Observed mass: 27529 
 

 
  

mass
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Condition: Top 5% 
Codon: AGGA 
AA/ncAA: L-his 
Expected mass: 27515 
Observed mass: 27515 
 

  
mass

20000 22500 25000 27500 30000 32500 35000 37500 40000
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0
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27530.0000

27583.0000

28221.0000



 

 

Condition: Top 1% 
Codon: AGGA 
AA/ncAA: L-his 
Expected mass: 27515 
Observed mass: 27515 
 

 
 
 
 
 
 

mass
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Condition: Library 
Codon: AGGA 
AA/ncAA: 4-iodo-L-phe 
Expected mass: 27515 
Observed mass: 27529 
 

 
 
  

mass
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Condition: Bottom 1% 
Codon: AGGA 
AA/ncAA: 4-iodo-L-phe 
Expected mass: 27515 
Observed mass: 27530 
 

 
 
  

mass
20000 22500 25000 27500 30000 32500 35000 37500 40000
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100 27530.0000

22339.0000

26804.0000

26768.0000

26744.0000
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27557.0000
29827.0000

34006.0000 36018.0000



 

 

Condition: Bottom 5% 
Codon: AGGA 
AA/ncAA: 4-iodo-L-phe 
Expected mass: 27515 
Observed mass: 27529 
 

  
mass

20000 22500 25000 27500 30000 32500 35000 37500 40000
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0

100 27529.0000

22339.0000 26835.0000

27561.0000

29029.0000



 

 

Condition: Top 5% 
Codon: AGGA 
AA/ncAA: 4-iodo-L-phe 
Expected mass: 27515 
Observed mass: 27515 
 

  
mass

20000 22500 25000 27500 30000 32500 35000 37500 40000
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0
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27530.0000

27583.0000

28221.0000



 

 

Condition: Top 1% 
Codon: AGGA 
AA/ncAA: 4-iodo-L-phe 
Expected mass: 27515 
Observed mass: 27515 
 

 
 
  

mass
20000 22500 25000 27500 30000 32500 35000 37500 40000
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Supplementary Data 2 | Mass Spectrometry Data for Supplementary Figure 11. 
WT cMyc-sfGFP-His6 
Expected mass: 29213.65 
Observed mass: 29214.00 
 

 

 
  

mass
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29978.0000

30637.0000 31376.0000



 

 

WT cMyc-sfGFP-Y151AGGA-His6 
Int tRNAPylAGGA (start) 3-methoxy-L-phe 
Expected mass: 29227.67 
Observed mass: 29228.00 
 

 
  

mass
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29325.0000



 

 

WT cMyc-sfGFP-Y151AGGA-His6 
Int tRNAPylAGGA (evo) 3-methoxy-L-phe 
Expected mass: 29227.67 
Observed mass: 29228.00 
 

 
  

mass
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0

100 29228.0000

28261.0000

29246.0000
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WT cMyc-sfGFP-Y151UAGA-His6 
Spe tRNAPylUAGA (start) N6-Boc-L-lys 
Expected mass: 29278.73 
Observed mass: 29279.00 
 

  mass
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30816.0000
31944.0000
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WT cMyc-sfGFP-Y151UAGA-His6 
Spe tRNAPylUAGA (evo) N6-Boc-L-lys 
Expected mass: 29278.73 
Observed mass: 29279.00 
 

  mass
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0

100 29279.0000

27138.5000

29297.0000

30049.5000



 

 

WT cMyc-sfGFP-Y151AUAG-His6 
Ma tRNAPylAUAG (start) 3-nitro-L-phe 
Expected mass: 29242.64 
Observed mass: 29244.50 
 

  mass
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WT cMyc-sfGFP-Y151AUAG-His6 
Ma tRNAPylAUAG (evo) 3-nitro-L-phe 
Expected mass: 29242.64 
Observed mass: 29243.00 
 

 
  

mass
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WT cMyc-sfGFP-Y151CGGA-His6 
Sc tRNATrpCGGA (start) 5-hydroxy-L-trp 
Expected mass: 29252.66 
Observed mass: 29208.00 
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WT cMyc-sfGFP-Y151CGGA-His6 
Sc tRNATrpCGGA (evo) 5-hydroxy-L-trp 
Expected mass: 29252.66 
Observed mass: 29253.00 
 

 
  

mass
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100 29253.0000
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30783.5000

31594.0000



 

 

WT cMyc-sfGFP-Y151CUAG-His6 
Af tRNATyrCUAG (start) 4-bromo-L-phe 
Expected mass: 29275.56 
Observed mass: 29278.50 
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WT cMyc-sfGFP-Y151CUAG-His6 
Af tRNATyrCUAG (evo) 4-bromo-L-phe 
Expected mass: 29275.56 
Observed mass: 29277.00 
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Supplementary Data 3 | Mass Spectrometry Data for Main Text Figure 5. 
 

In ED  
data file Macrocycle ncAA(s) Mass Mass+H 

1 C[AGGA]LFVY 3-methyl-L-histidine 776.37 777.37 

2 CL[AGGA]FVY 3-methyl-L-histidine 776.37 777.37 

3 CLL[AGGA]VY 3-methyl-L-histidine 742.38 743.38 

4 CLLF[AGGA]Y 3-methyl-L-histidine 790.38 791.38 

5 CLLFV[AGGA] 3-methyl-L-histidine 726.94 727.94 

6 C(AGGA)LFVY 3-bromo-L-phenylalanine 850.27 851.27 

7 CL(AGGA)FVY 3-bromo-L-phenylalanine 850.27 851.27 

8 CLLFV(AGGA) 3-bromo-L-phenylalanine 800.29 801.29 

9 C(AGGA)LFVY 3-chloro-L-phenylalanine 806.32 807.32 

10 CL(AGGA)FVY 3-chloro-L-phenylalanine 806.32 807.32 

11 CLLFV(AGGA) 3-chloro-L-phenylalanine 756.34 757.34 

12 C(AGGA)LFVY 3-methoxy-L-phenylalanine 802.37 803.37 

13 CL(AGGA)FVY 3-methoxy-L-phenylalanine 802.37 803.37 

14 CLLFV(AGGA) 3-methoxy-L-phenylalanine 752.39 753.39 

15 C(AGGA)LFVY 3-cyano-L-phenylalanine 797.36 798.36 

16 CL(AGGA)FVY 3-cyano-L-phenylalanine 797.36 798.36 

17 CLLFV(AGGA) 3-cyano-L-phenylalanine 747.38 748.38 

18 C(AGGA)LFVY 3-pyridyl-L-alanine 773.36 774.36 

19 CL(AGGA)FVY 3-pyridyl-L-alanine 773.36 774.36 

20 CLLFV(AGGA) 3-pyridyl-L-alanine 723.38 724.38 

21 CL[CUAG]FVY 4-iodo-L-phenylalanine 898.26 899.26 

22 CLL[CUAG]VY 4-iodo-L-phenylalanine 864.27 865.27 

23 CLLFV[CUAG] 4-iodo-L-phenylalanine 848.28 849.28 

24 CL[CUAG]FVY 4-bromo-L-phenylalanine 850.27 851.27 

25 C[UAGA]LFVY 2-chloro-Cbz-L-lysine 921.39 922.39 

26 CLLF[UAGA]Y 2-chloro-Cbz-L-lysine 935.4 936.4 

27 CLLFV[UAGA] 2-chloro-Cbz-L-lysine 871.41 872.41 

28 CL[UAGA]FVY Cbz-L-lysine 887.43 888.43 

29 C[AUAG]LFVY 3-nitro-L-phenylalanine 817.35 818.35 

30 CL[AUAG]FVY 3-nitro-L-phenylalanine 817.35 818.35 

31 CLL[AUAG]VY 3-nitro-L-phenylalanine 783.36 784.36 

32 CLLF[AUAG]Y 3-nitro-L-phenylalanine 831.36 832.36 

33 CLLFV[AUAG] 3-nitro-L-phenylalanine 767.37 768.37 

34 CLL[AUAG]VY 4-benzoyl-L-phenylalanine 842.4 843.4 

35 CLLF[AUAG]Y 4-benzoyl-L-phenylalanine 890.4 891.4 

36 CL[AUAG]FVY 4-nitro-L-phenylalanine 817.35 818.35 

37 CLL[AUAG]VY 4-nitro-L-phenylalanine 783.36 784.36 

38 CLLF[AUAG]Y 4-nitro-L-phenylalanine 831.36 832.36 



 

 

39 CL[AUAG]FVY 4-bromo-L-phenylalanine 850.27 851.27 

40 CL[AUAG]FVY 4-acetyl-L-phenylalanine 814.37 815.37 
41 C[CGGA]LFVY 3-(1-naphthyl)-L-alanine 822.38 823.38 

42 CL[CGGA]FVY 3-(1-naphthyl)-L-alanine 822.38 823.38 

43 CLL[CGGA]VY 3-(1-naphthyl)-L-alanine 788.39 789.39 

44 C[CGGA]LFVY 1-methyl-L-tryptophan 825.39 826.39 

45 CL[CGGA]FVY 1-methyl-L-tryptophan 825.39 826.39 

46 CLLFV[CGGA] 1-methyl-L-tryptophan 775.41 776.41 

47 CLL[CGGA]VY 1-methyl-L-tryptophan 791.4 792.4 

48 CLL[CGGA]VY 6-methyl-L-tryptophan 791.4 792.4 

49 CL[CGGA]FVY 3-benzothienyl-Ala 828.33 829.33 

50 CLL[CGGA]VY 3-benzothienyl-Ala 794.35 795.35 

 
Products highlighted in white text appear in main text Figure 5.  
  



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 

 
  



 

 

Additional Controls from Main Text Figure 5.  
Below are XICs from (C1A mutants run + ncAA) and (– ncAA) controls. XICs 
correspond to those seen in Main Text Figure 5. The (– ncAA) conditions are shown as 
overlapping traces where all relevant m/z (these may differ based on ncAA used in 
positive condition) are searched against the single plasmid condition.  
 
AGGA decoding controls: 
Macrocycle: C(AGGA)LFVY (C1A mutant) 
Analysis: no product detected 

 
 
Macrocycle: CL(AGGA)FVY (C1A mutant) 
Analysis: no product detected 
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Macrocycle: CL(AGGA)FVY (C1A mutant) 
Analysis: no product detected 

 
 
 
Macrocycle: CL(AGGA)FVY (C1A mutant) 
Analysis: no product detected 
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Macrocycle: C(AGGA)LFVY (– ncAA) 
Analysis: no product detected 

 
 
Macrocycle: CL(AGGA)FVY (– ncAA) 
Analysis: no product detected 

 
 
  

Overlaid XICs

m/z 803.40
m/z 851.30
m/z 798.40
m/z 774.40

In
te
ns
ity

0.0e+00

5.0e+07

1.0e+08

1.5e+08

2.0e+08

2.5e+08

3.0e+08

3.5e+08

Minutes
0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80

Overlaid XICs

m/z 803.40
m/z 851.30
m/z 798.40
m/z 774.40

In
te
ns
ity

0.0e+00

5.0e+07

1.0e+08

1.5e+08

2.0e+08

2.5e+08

3.0e+08

3.5e+08

Minutes
0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80



 

 

AUAG decoding controls: 
Macrocycle: CLL(AUAG)VY (C1A mutant) 
Analysis: no product detected 

 
 
 
Macrocycle: CLL(AUAG)VY (C1A mutant) 
Analysis: no product detected 
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Macrocycle: CL(AUAG)FVY (C1A mutant) 
Analysis: no product detected 

 
 
 
Macrocycle: CL(AUAG)FVY (C1A mutant) 
Analysis: no product detected 
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Macrocycle: CLL(AUAG)VY (– ncAA) 
Analysis: no product detected 

 
 
Macrocycle: CL(AUAG)FVY (– ncAA) 
Analysis: no product detected 
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UAGA decoding controls:  
Macrocycle: C(UAGA)LFVY (C1A mutant) 
Analysis: no product detected 

 
 
Macrocycle: CL(UAGA)FVY (C1A mutant) 
Analysis: no product detected 
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Macrocycle: CLLF(UAGA)Y (C1A mutant) 
Analysis: no product detected 

 
 
Macrocycle: CLLFV(UAGA) (C1A mutant) 
Analysis: no product detected 
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Macrocycle: C(UAGA)LFVY (– ncAA) 
Analysis: no product detected 

 
 
 
Macrocycle: CL(UAGA)FVY (– ncAA) 
Analysis: no product detected 
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Macrocycle: CLLF(UAGA)Y (– ncAA) 
Analysis: no product detected 

 
 
Macrocycle: CLLFV(UAGA) (– ncAA) 
Analysis: no product detected 
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CUAG decoding controls: 
Macrocycle: CL(CUAG)FVY (C1A mutant) 
Analysis: no product detected 

 
 
Macrocycle: CLL(CUAG)VY (C1A mutant) 
Analysis: no product detected 
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Macrocycle: CLLFV(CUAG) (C1A mutant) 
Analysis: no product detected 

 
 
Macrocycle: CL(CUAG)FVY (C1A mutant) 
Analysis: no product detected 
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Macrocycle: CL(CUAG)FVY (– ncAA) 
Analysis: no product detected 

 
 
Macrocycle: CLL(CUAG)VY (– ncAA) 
Analysis: no product detected 
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Macrocycle: CLLFV(CUAG) (– ncAA) 
Analysis: no product detected 
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CGGA decoding controls: 
Macrocycle: CL(CUAG)FVY (C1A mutant) 
Analysis: no product detected 

 
 
Macrocycle: CLLFV(CUAG) (C1A mutant) 
Analysis: no product detected 
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Macrocycle: CLL(CUAG)VY (C1A mutant) 
Analysis: no product detected 

 
 
Macrocycle: CLL(CUAG)VY (C1A mutant) 
Analysis: no product detected 
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Macrocycle: CL(CUAG)FVY (– ncAA) 
Analysis: no product detected 

 
 
Macrocycle: CLLFV(CUAG) (– ncAA) 
Analysis: no product detected 
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Macrocycle: CLL(CUAG)VY (– ncAA) 
Analysis: no product detected 
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Supplementary Data 5 | Mass Spectrometry Data for Main Text Figure 6. 
 

# Macrocycle ncAA Mass Cyclized Mass  
+OMe+Me+H 

1 C(AGGA)(AGGA)FVY 3-methoxy-L-phenylalanine 866.37 867.37 
2 C(AGGA)L(AGGA)VY 3-methoxy-L-phenylalanine 832.38 833.38 
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3 C[AGGA]LF[AGGA]Y 3-methoxy-L-phenylalanine 880.38 881.38 
4 CL[AGGA][AGGA]VY 3-methoxy-L-phenylalanine 832.38 833.38 
5 CL(AGGA)F(AGGA)Y 3-methoxy-L-phenylalanine 880.38 881.38 
6 CLL(AGGA)(AGGA)Y 3-methoxy-L-phenylalanine 846.4 847.4 
7 C(AGGA)(AGGA)F(AGGA)Y  3-methoxy-L-phenylalanine 944.38 945.38 
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8 C(AGGA)(AGGA)FV(AGGA)  3-methoxy-L-phenylalanine 894.4 895.4 

9 C(AGGA)LF(CGGA)Y 3-methyl-L-histidine 
6-methyl-L-tryptophan 877.39 878.39 

10 CL(AGGA)F(CGGA)Y 3-methyl-L-histidine 
6-methyl-L-tryptophan 877.39 878.39 
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11 CLL(AGGA)(CGGA)Y 3-methyl-L-histidine 
6-methyl-L-tryptophan 843.41 844.41 

12 C(AGGA)(CGGA)FVY 3-methoxy-L-phenylalanine 
6-methyl-L-tryptophan 889.38 890.411 
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13 C(AGGA)L(CGGA)VY 3-methoxy-L-phenylalanine 
6-methyl-L-tryptophan 855.4 856.421 

14 C(AGGA)LF(CGGA)Y 3-methoxy-L-phenylalanine 
6-methyl-L-tryptophan 903.4 904.421 
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15 CL(AGGA)F(CGGA)Y 3-methoxy-L-phenylalanine 
6-methyl-L-tryptophan 903.4 904.421 

16 CL(AGGA)FV(CGGA) 3-methoxy-L-phenylalanine 
6-methyl-L-tryptophan 839.4 840.431 
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17 CLL(AGGA)(CGGA)Y 3-methoxy-L-phenylalanine 
6-methyl-L-tryptophan 869.41 870.441 

18 CLL(AGGA)V(CGGA) 3-methoxy-L-phenylalanine 
6-methyl-L-tryptophan 805.42 806.441 
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19 C(CGGA)(AGGA)FVY 3-methoxy-L-phenylalanine 
6-methyl-L-tryptophan 889.38 890.411 

20 C(CGGA)L(AGGA)VY 3-methoxy-L-phenylalanine 
6-methyl-L-tryptophan 855.4 856.421 
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21 CL(CGGA)(AGGA)VY 3-methoxy-L-phenylalanine 
6-methyl-L-tryptophan 855.4 856.421 

22 CL(CGGA)F(AGGA)Y 3-methoxy-L-phenylalanine 
6-methyl-L-tryptophan 903.4 904.421 
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23 CL(CGGA)FV(AGGA) 3-methoxy-L-phenylalanine 
6-methyl-L-tryptophan 839.4 840.431 

24 C(AGGA)(UAGA)FVY 3-methoxy-L-phenylalanine 
N6-alloc-L-lysine 901.4 902.481 
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25 C(AGGA)LF(UAGA)Y 3-methoxy-L-phenylalanine 
N6-alloc-L-lysine 915.42 916.501 
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26 CL(AGGA)(UAGA)VY 3-methoxy-L-phenylalanine 
N6-alloc-L-lysine 867.42 868.501 
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27 CL(AGGA)F(UAGA)Y 3-methoxy-L-phenylalanine 
N6-alloc-L-lysine 915.42 916.501 
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28 CL(AGGA)FV(UAGA) 3-methoxy-L-phenylalanine 
N6-alloc-L-lysine 851.43 852.501 

29 CLL(AGGA)(UAGA)Y 3-methoxy-L-phenylalanine 
N6-alloc-L-lysine 881.41 882.511 
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30 CLLF(AGGA)(UAGA) 3-methoxy-L-phenylalanine 
N6-alloc-L-lysine 865.44 866.521 
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31 C(AGGA)L(CGGA)VY 3-methoxy-L-phenylalanine 
3-(1-naphthyl)-L-alanine 852.39 853.411 
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32 CL(AGGA)(CGGA)VY 3-methoxy-L-phenylalanine 
3-(1-naphthyl)-L-alanine 852.39 853.411 
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33 CL(AGGA)F(CGGA)Y 3-methoxy-L-phenylalanine 
3-(1-naphthyl)-L-alanine 900.39 901.411 
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34 C(CGGA)L(AGGA)VY 3-methoxy-L-phenylalanine 
3-(1-naphthyl)-L-alanine 852.39 853.411 
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35 CL(CGGA)(AGGA)VY 3-methoxy-L-phenylalanine 
3-(1-naphthyl)-L-alanine 852.39 853.411 

36 CLL(AGGA)(CGGA)Y 3-methoxy-L-phenylalanine 
3-benzothienyl-L-alanine 872.36 873.391 
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37 CL(CGGA)(AGGA)VY 3-methoxy-L-phenylalanine 
3-benzothienyl-L-alanine 858.43 859.371 

38 CL(CGGA)F(AGGA)Y 3-methoxy-L-phenylalanine 
3-benzothienyl-L-alanine 906.34 907.371 
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39 CL(CGGA)FV(AGGA) 3-methyl-L-histidine 
3-(1-naphthyl)-L-alanine 810.39 811.39 
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40 CL(AGGA)F(CGGA)Y 3-methyl-L-histidine 
3-benzothienyl-L-alanine 880.34 881.34 
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41 CLL(AGGA)(CGGA)Y 3-methyl-L-histidine 
3-benzothienyl-L-alanine 846.36 847.36 
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42 C(AGGA)(UAGA)FVY 3-cyano-L-phenylalanine 
N6-alloc-L-lysine 896.39 897.45 

43 C(AGGA)LF(UAGA)Y 3-cyano-L-phenylalanine 
N6-alloc-L-lysine 910.4 911.47 
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44 CL(AGGA)FV(UAGA) 3-cyano-L-phenylalanine 
N6-alloc-L-lysine 846.41 847.47 

45 CLLF(AGGA)(UAGA) 3-cyano-L-phenylalanine 
N6-alloc-L-lysine 860.43 861.49 
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Date Acquired: 
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46 C(AGGA)(CGGA)F(UAGA)Y  
3-methoxy-L-phenylalanine 

6-methyl-L-tryptophan 
N6-alloc-L-lysine 

1002.4 1003.501 
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Date Acquired: 
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47 C(AGGA)LF(CGGA)(UAGA) 
3-methoxy-L-phenylalanine 

6-methyl-L-tryptophan 
N6-alloc-L-lysine 

952.45 953.521 
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Date Acquired: 
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48 CL(AGGA)(CGGA)(UAGA)Y  
3-methoxy-L-phenylalanine 

6-methyl-L-tryptophan 
N6-alloc-L-lysine 

968.45 969.521 
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49 CL(AGGA)F(CGGA)(UAGA) 
3-methoxy-L-phenylalanine 

6-methyl-L-tryptophan 
N6-alloc-L-lysine 

952.45 953.521 
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50 C(AGGA)(UAGA)F(CGGA)Y  
3-methoxy-L-phenylalanine 

6-methyl-L-tryptophan 
N6-alloc-L-lysine 

1002.4 1003.501 
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51 C(AGGA)(UAGA)FV(CGGA) 
3-methoxy-L-phenylalanine 

6-methyl-L-tryptophan 
N6-alloc-L-lysine 

938.44 939.511 

52 C(AGGA)L(UAGA)(CGGA)Y  
3-methoxy-L-phenylalanine 

6-methyl-L-tryptophan 
N6-alloc-L-lysine 

968.45 969.521 

53 CL(AGGA)F(UAGA)(CGGA) 
3-methoxy-L-phenylalanine 

6-methyl-L-tryptophan 
N6-alloc-L-lysine 

952.45 953.521 

54 CLL(AGGA)(UAGA)(CGGA) 
3-methoxy-L-phenylalanine 

6-methyl-L-tryptophan 
N6-alloc-L-lysine 

918.47 919.541 

55 CLL(CGGA)(AGGA)(UAGA) 
3-methoxy-L-phenylalanine 

6-methyl-L-tryptophan 
N6-alloc-L-lysine 

918.47 919.541 

56 CL(CGGA)F(UAGA)(AGGA) 
3-methoxy-L-phenylalanine 

6-methyl-L-tryptophan 
N6-alloc-L-lysine 

952.45 953.521 

57 CL(CGGA)(UAGA)V(AGGA) 
3-methoxy-L-phenylalanine 

6-methyl-L-tryptophan 
N6-alloc-L-lysine 

904.45 905.521 

58 CLL(CGGA)(UAGA)(AGGA) 
3-methoxy-L-phenylalanine 

6-methyl-L-tryptophan 
N6-alloc-L-lysine 

918.47 919.541 

59 CL(UAGA)(AGGA)(CGGA)Y  
3-methoxy-L-phenylalanine 

6-methyl-L-tryptophan 
N6-alloc-L-lysine 

968.45 969.521 

60 CL(UAGA)(AGGA)V(CGGA) 
3-methoxy-L-phenylalanine 

6-methyl-L-tryptophan 
N6-alloc-L-lysine 

904.45 905.521 

61 CL(UAGA)F(CGGA)(AGGA)  
3-methoxy-L-phenylalanine 

6-methyl-L-tryptophan 
N6-alloc-L-lysine 

952.45 953.521 

62 CLL(UAGA)(CGGA)(AGGA)  
3-methoxy-L-phenylalanine 

6-methyl-L-tryptophan 
N6-alloc-L-lysine 

918.47 919.541 
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Full XIC and m/z for samples from ED Figure 28:  
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