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Supplementary Figure 1. Chemical structure of Sansalvamide A and YM-254890

a-b, Chemical structure Sansalvamide A (panel a) and YM-254890 (panel b) with modification

of the backbone highlighted in red and non-natural sidechains coloured blue. The base

sequence was derived from both peptides omitting all modifications.
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Supplementary Figure 2. SUMO-peptide-GyrA expressions and yields.

a, Yields of the Ni-NTA purified protein (mg/L) for all SanA;, SanA; and YM sequences
encoded in a Hiss-SUMO-peptide-GyrA-CBD fusion in combination with all reassignment
schemes (r.s. 1-8, from Fig. 1, Fig. 5).

b, SDS-PAGE analysis of the Ni?*-NTA purified proteins for all reassignment schemes before
and after treatment with Ulp1 protease and reductant (Ulpl/MESNA). Each lane contains 1%
of the total purified protein or reaction mix. All samples were not heated to limit unspecific
hydrolysis. The expected molecular weight for each of the bands before and after
Ulp1/MESNA treatment is provided.

¢, Yields of the Ni-NTA purified protein (mg/L) for the SanA3 and SanA4 sequences reported
and corresponding SDS-PAGE gels of the purified protein before and after Ulpl/MESNA
treatment.

d, SDS-PAGE analysis of the Ni*?*-NTA purified proteins for the SanA3 and SanA4 sequences
with reassignment schemes 1 and 3 before and after treatment with Ulpl/MESNA. Each lane
contains 1% of the total purified protein or reaction mix. All samples were not heated to limit
unspecific hydrolysis. The expected molecular weight for each of the bands before and after
Ulp1/MESNA treatment is provided.

e, ESI-MS of three representative purified SUMO-SanA2as-GyrA-CBD fusions using
reassignment schemes 3-6. The expected (exp.) and observed (obs.) intact protein masses are

shown.
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Supplementary Figure 3. ESI-MS spectra of the isolated cyclic peptides encoding the
noncanonical amino acids defined in r.s. 1-3.

a-c, Liquid chromatography mass spectrometry (LC-MS) data for all successfully isolated
cyclic peptides produced using r.s. 1 (panel a), r.s. 2 (panel b) or r.s. 3 (panel c), as shown in
Fig. 1, monomer A is coloured in blue and monomer B in green. The chemical structure and
expected mass for each peptide is shown and coloured according to Fig. 1. The product peak
for each peptide is labeled and other related peaks relative to the product peak. Traces of SUMO
protein remaining from the reaction were labeled if detected. The spectra of SanAx r.s. 2 is used

as a reference in Supplementary Fig. 9 and depicted there.
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Supplementary Figure 4. Peptide production, extraction and quantification.

a, SDS-PAGE of purified Hise-SUMO-peptide-GyrA-CBD fusion proteins and their cleavage
products. Each protein was purified from a 500 mL expression culture and eluted in 1 mL (1%
of this elution was loaded). The ‘protein yield” in mg per L of culture was measured and the
expected amount of peptide (exp. Peptide) was calculated based on the molecular weight of the
protein and each cyclic peptide. A control with 22.5 pg of pure V5 peptide (V5) in 1 mL
reaction buffer was prepared (1525 Da, theoretically 45 pug/L), 1% of this control was loaded
alongside the purified protein. All samples were treated with Ulpl and reductant

(Ulp1/MESNA, +), and 1% of the reaction after 18 h incubation was loaded. This resulted in



the near complete cleavage of Hiss-SUMO-peptide-GyrA-CBD to Hise-SUMO and GyrA-
CBD to release the peptide.

b, Fluorescence standard curve for monobromobimane (mBBr) and Alexa488-maleimide (Cy2
fluorescence) labelled V5 peptide; labelling reactions were performed in triplicate, run on SDS-
PAGE, and the V5 peptide labelling with the fluorophore quantified using the Fiji, Gel-tools
software.

¢, Fluorescence imaging of an SDS-PAGE gel separating the labelled extracts. Each lane
corresponds to peptides (V5 control, SanAiap r.s.1, SanAias r.5.2, YMag 1.5.1) extracted from
250 pL Ulpl/reductant reactions using n-Butanol or chloroform/isopropanol extraction (3:1).
The extracts were labelled with monobromobimane (mBBr, +191 Da) or Alexa488-maleimide
(Cy2, +718 Da). The amount of the extracted and labelled peptide was determined by
quantifying the band intensity relative to the labelled V5 (mBBr) standards. An extracted yield
in micrograms per L (ng/L) of the original protein expression culture was calculated to allow
direct comparison with the expected yields in the cleavage reactions, and the known input
concentration of the V5 peptide, both shown in panel a. The extraction yield of the V5 control
peptide in n-butanol is 2%, and the V5 peptide is not extracted in chloroform/isopropanol. The
extraction yield of YMag r.s.1 (932 Da) in chloroform/isopropanol is 49%, while the extraction
yield of YMag r.5.1 in n-butanol is 8%. The extraction of SanAiasr.s.1, SanA1as r.s.2 is barely
detectable even though the cleavage reactions (in panel a) indicate that similar amounts of these
peptides and the YMag 1.5.1 peptide are present in the Ulp1 cleavage reactions. We note that
this method labels free thiols and does not discriminate between cyclic and linear peptides.
These experiments clearly demonstrate that extracted peptide yield is a function of the peptide
sequence and the solvent used for extraction, and does not reflect the quantities of peptide in

the Ulp1 cleavage reaction.
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Supplementary Figure 5. Competition assay to measure the selectivity of pyrrolysyl-
tRNA synthetases for hydroxy acids over amino acids.

a-e, The M. mazei (Mm) and 1R26 orthogonal pyrrolysyl-tRNA synthetase (PyIRS)/tRNA pairs
are selective for hydroxy acids over amino acids. In DHI10B cells containing the
MmPyIRS/MmtRNAM!cya pair, sSfGFP-3-TAG was expressed in the presence of 2 mM (7.5
mM in the case of AlkynK, 10 mM in the case of AcK) amino acid and 2 mM (10 mM in the
case of AcK-OH) of'its corresponding hydroxy acid analogue. When supplemented with BocK
and BocK-OH (panel a), AllocK and AllocK-OH (panel b), CbzK and CbzK-OH (panel c),
AlkynK and AlkynK-OH (panel d), or AcK and AcK-OH (panel e) electrospray ionization
mass spectrometry (ESI-MS) analysis of Ni**-NTA purified sfGFP-3-TAG yielded a mass
corresponding to the selective incorporation of the hydroxy acid over the amino acid. The -100
Da peak corresponds to loss of the fert-butoxycarbonyl in BocK. Analogously in cells
containing the /R26PyIRS(CbzK)/AIMtRNAANYI®) -y, pair, ESI-MS analysis demonstrated the

selectivity for CbzK-OH over CbzK (panel c).
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Supplementary Figure 6. Analysis of aromatic hydroxy acids intracellular concentrations

and compatibility with orthogonal tyrosyl synthetase (TyrRS)/tRNA™" pairs.
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a-b, TyrRS variants incorporate amino acid analogues in DH10B wt cells supplemented with
hydroxy  acids. Purified  sfGFP-3-TAG  samples expressed  with  the
AfTyrRS(pIF)/AARNATY cua pair or the MjTyrRS(Nap)/MjtRNAY cya pair in the presence of
the hydroxy acids 15 (pIF-OH) or 16 (NapA-OH) were analyzed by LC-MS, revealing the
intact mass corresponding to the incorporation of the cognate amino acid. AfTyrRS(plIF) is
AfTyrRS-Y361-L69M-H74L-Q116E-D165T-1166G!, and MjTyrRS(Nap) is MjTyrRS-
Y32L/D158P/1159A/L162Q/A167V?2,

¢, Intracellular interconversion of 15 (pIF-OH) determined by liquid chromatography mass
spectrometry (LC-MS). Hydroxy and amino acids were detected by an LC-MS assay with
selected ion monitoring (SIM) mode and compared to 5 uM standards of each compound. F.
coli DH10B strains (wt in gray, daspC/AtyrB metabolic knockout in light blue) were grown in
the presence of 1 mM pIF-OH (hydroxy acid, red traces) or | mM plF (amino acid, grey traces)
for 18 h, from which cell lysates were extracted and injected into the LC-MS.

d, Intracellular interconversion of 16 (Nap-OH) determined by liquid chromatography mass

spectrometry (LC-MS). Experiments were performed essentially as described in panel a.

e-f, TyrRS variants incorporate amino acid analogues in DH10B AdaspC/AtyrB metabolic
knockout cells supplemented with hydroxy acids. Purified sfGFP-3-TAG samples expressed
with the AfTyrRS(pIF)/AARNA™ cya pair or the MjTyrRS(Nap)/MjtRNA cya pair in the
presence of the hydroxy acids 15 (pIF-OH) or 16 (NapA-OH) were analyzed by LC-MS,

revealing the intact mass corresponding to the incorporation of the corresponding amino acids.
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Supplementary Figure 7. Directed evolution of pyrrolysyl-tRNA synthetases that
specifically incorporate hydroxy acids with aromatic side chains.

a, Specificity and activity of PheOH-RS variants. DHI10B cells transformed with sfGFP-3-
TAG and the respective PheOH-RS variant were grown in 2xYT media supplemented with 4
mM 14 phenyllactic acid (PheOH) or phenylalanine (Phe).

b, Specificity and activity of ArOH-RS. DH10B cells transformed with a sfGFP-3-TAG
reporter and the respective PheOH-RS/MmtRNAPY'cua were grown in the presence of 2 mM
15 (pIF-OH) and 16 (NapA-OH) or 2 mM of their respective amino acid analogues, showing
strong specificity for the hydroxy analogues.

¢, Sequences of PheOH-RS and ArOH-RS variants. Based upon crystal structures of

MmPyIRS, positions 300, 301, 302, 344, and 346 may be proximal to the hydroxy group and
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phenyl ring recognition; these positions were targeted during the first round of evolution — this
yielded PheOH-RS1-6. As part of the next evolution stage, we targeted positions 348, 401, and

417.
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Supplementary Figure 8. Identification of mutually orthogonal aaRS/tRNA pairs for
encoding different combinations of two distinct non-canonical monomers.

a, We identified 77 mutually orthogonal aaRS/tRNA pairs which encode two distinct
substrates, in which each pair recognizes a distinct substrate monomer. The absolute GFP
florescence values (RFU/ODsoo) for indicated aaRS/tRNA monomer combinations are shown,
combinations with both cognate activities >10000 RFU/ODgo0 and both non-cognate activities
< 1000 RFU/ODgoo were considered a mutually orthogonal pair. From this analysis, we
identified 77 pairs of mutually orthogonal aaRS/tRNA combinations which can encode 49
unique pairs of monomers; see also Supplementary Table 1.

b-h, Raw data (RFU/ODego) bar graphs organized by aaRS active site variant. The raw data
was used to generate the 2 x 2 orthogonality matrices in panel a and to generate the

orthogonality matrix, following normalization, in Fig. 4.
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Supplementary Figure 9. Annotated spectra of cyclic depsipeptides and their hydrolysis
products.
a-d, The chemical structures and the annotated LC-MS spectra for the depsipeptides listed in
Fig. 4b. Monomer A is colored in blue and monomer B in green, the encoded ester bond is
highlighted in red. Cyclic depsipeptides isolated as a fraction of hydrolyzed non-cyclized

sequence, the hydrolyzed products are shown in Supplementary Fig. 10. For the SanAzas
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sequence, the depsipeptide spectrum (r.s. 5, red) was overlaid with its corresponding amino
analog (r.s. 2, black).

e-j, Annotated spectrum of all products observed as intact macrocyclic depsipeptide.

k-1, Depsipeptides observed only as hydrolyzed linear products after hydrolytic cleavage of the
encoded ester bond.

m, Detected traces of the hydrolyzed cyclic peptide SanAzga 1.s. 6 from Fig. Sc.
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Supplementary Figure 10. Annotated mass spectra of isolated cyclic depsipeptides.

a-c, Structure and LC-MS spectra of the hydrolyzed linear products observed as by-product in

the cyclisation attempts of the depsipeptides depicted in Fig. 4. Hydrolyzed products

corresponding to the cyclic peptides in Supplementary Fig. 9a-d.

d, Hydrolyzed linear peptide of peptide SanAzag r.s. 8; we did not observe the corresponding

the cyclic peptide.
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Supplementary Tables

All supplementary information tables are provided as separate Word or Excel files.
Supplementary Table 1

Annotated list of the identified mutually orthogonal aaRS/tRNA pairs for encoding different
combinations of two distinct non-canonical monomers.

Supplementary Table 2

Annotated list of all plasmids and primers used in this study along with detailed sequence
information of all aaRS gene nucleotide sequences.

Source Data S1

Raw data for sfGFP expression measurements from Fig. 2d.

Source Data S3

Raw data for sfGFP expression measurements from Fig. 3c.

Source Data S3

Raw data for sfGFP expression measurements from Fig.4a and SI Fig. 6c¢.

Source Data S4

Raw data for sfGFP expression measurements from SI Fig. 5.
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Supplementary Table 1. Mutually orthogonal aaRS/tRNA pairs for encoding different
combinations of two distinct non-canonical monomers. Some monomer combinations may
be encoded by several aaRS/tRNA combinations with varying efficiency; all efficient
combinations are listed. List derived from Fig. 4.

Monomers aaRSs
AcK-OH - CbzK MmPyIRS - 1R26PyIRS(CbzK)
AcK-OH - pAzF MmPYyIRS - AfTyrRS(pAzF)
AcK-OH - plF MmPyIRS - AfTyrRS(pIF)
AlkynK - CbzK MmPyIRS - 1R26PyIRS(CbzK)
AlkynK - pAzF MmPyIRS - AfTyrRS(pAzF)
1R26PyIRS - AfTyrRS(pAzF)
AlkynK - plF MmPyIRS - AfTyrRS(pIF)

AlkynK-OH - pAzF
AlkynK-OH - plF

AllocK - CbzK
AllocK - pAzF

AllocK - plF
AllocK-OH - pAzF
AllocK-OH - plF

BocK-OH - pAzF
BocK-OH - plF
ButK-OH - pAzF

ButK-OH - pIF

CbzK - pAzF
CbzK - plF
CbzK-OH - pAzF
CbzK-OH - plIF
F-OH - AlkynK

F-OH - AlkynK-OH
F-OH - AllocK
F-OH - AllocK-OH
F-OH - Butk-OH

F-OH - CbzK

1R26PYIRS - AfTyrRS(pIF)
MmPYIRS - AfTyrRS(pAzF)
1R26PYIRS - AfTyrRS(pAzF)
MmPYIRS - AfTyrRS(plF)
1R26PYIRS - AfTyrRS(pIF)
MmPYIRS - 1R26PyIRS(CbzK)

MmPYIRS - AfTyrRS(pAzF)
1R26PYIRS - AfTyrRS(pAzF)
MmPYIRS - AfTyrRS(plF)
1R26PYIRS - AfTyrRS(pIF)
MmPYIRS - AfTyrRS(pAzF)
1R26PYIRS - AfTyrRS(pAzF)
MmPYIRS - AfTyrRS(plF)
1R26PYIRS - AfTyrRS(pIF)
MmPYIRS - AfTyrRS(pAzF)
MmPYIRS - AfTyrRS(plF)

MmPYIRS - AfTyrRS(pAzF)
1R26PYIRS - AfTyrRS(pAzF)
MmPYIRS - AfTyrRS(plF)
1R26PyIRS - AfTyrRS(pIF)
1R26PyIRS(CbzK) - AfTyrRS(pAzF)
1R26PyIRS(CbzK) - AfTyrRS(plF)
MmPYIRS - AfTyrRS(pAzF)
MmPYIRS - AfTyrRS(plF)
MmPYIRS(PheOH_6) - 1R26PYIRS
MmPYIRS(ArOH) - 1R26PyIRS
MmPYIRS(PheOH_6) - 1R26PyIRS
MmPYIRS(ArOH) - 1R26PyIRS
MmPYIRS(PheOH_6) - 1R26PYIRS
MmPYIRS(ArOH) - 1R26PyIRS
MmPYIRS(PheOH_6) - 1R26PYIRS
MmPYIRS(ArOH) - 1R26PyIRS
MmPYIRS(PheOH_6) - 1R26PYIRS
MmPYIRS(ArOH) - 1R26PyIRS
MmPYIRS(PheOH_6) - 1R26PyIRS(CbzK)
MmPYIRS(ArOH) -1R26PyIRS(CbzK)



F-OH - NorK-OH

F-OH - PenK-OH

NapA-OH - AlkynK

NapA-OH - AlkynK-OH

NapA-OH - AllocK

NapA-OH - AllocK-OH

NapA-OH - Butk-OH
NapA-OH - CbzK

NapA-OH - NorK-OH
NapA-OH - PenK-OH

NorK-OH - pAzF
NorK-OH - plIF

PenK-OH - pAzF

PenK-OH - plIF

plF-OH - AlkynK
plF-OH - AlkynK-OH
plF-OH - AllocK
plF-OH - AllocK-OH
plF-OH - Butk-OH
plF-OH - CbzK
plF-OH - NorK-OH
plF-OH - PenK-OH

MmPYIRS(PheOH_6) - 1R26PyIRS(CbzK)
MmPYIRS(ArOH) - 1R26PyIRS(CbzK)
MmPYIRS(PheOH_6) - 1R26PYIRS,
MmPYIRS(PheOH_6) - 1R26PYIRS(CbzK)
MmPYIRS(ArOH) - 1R26PyIRS(CbzK)
MmPYIRS(ArOH) - 1R26PyIRS
MmPYIRS(ArOH) - 1R26PyIRS
MmPYIRS(ArOH) - 1R26PyIRS
MmPYIRS(ArOH) - 1R26PyIRS
MmPYIRS(ArOH) - 1R26PyIRS
MmPYIRS(ArOH) - 1R26PyIRS
MmPYIRS(ArOH) - 1R26PyIRS(CbzK)
MmPYIRS(ArOH) - 1R26PyIRS(CbzK)
MmPYIRS(ArOH) - 1R26PyIRS
MmPYIRS(ArOH) - 1R26PyIRS(CbzK)
MmPYIRS - AfTyrRS(pAzF)
1R26PYIRS (CbzK) - AfTyrRS(pAzF)
MmPYIRS - AfTyrRS(plF)
1R26PyIRS(CbzK) - AfTyrRS(plF)
MmPYIRS - AfTyrRS(pAzF)
1R26PYIRS - AfTyrRS(pAzF)
1R26PyIRS(CbzK) - AfTyrRS(pAzF)
MmPYIRS - AfTyrRS(plF)

1R26PYIRS - AfTyrRS(pIF)
1R26PyIRS(CbzK) - AfTyrRS(plF)
MmPYIRS(ArOH) - 1R26PyIRS
MmPYIRS(ArOH) - 1R26PyIRS
MmPYIRS(ArOH) - 1R26PyIRS
MmPYIRS(ArOH) - 1R26PyIRS
MmPYIRS(ArOH) - 1R26PyIRS
MmPYIRS(ArOH) - 1R26PyIRS(CbzK)
MmPYIRS(ArOH) - 1R26PyIRS(CbzK)

MmPyIRS(ArOH) - 1R26PyIRS,
MmPYIRS(ArOH) - 1R26PyIRS(CbzK)

L o~ A~~~ o~~~




SDS-Gels, SI Figure 2:




Gels, SI Figure 4:
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