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Methods

Identification of PylIRS/""'tRNA sequences

We identified protein sequences homologous to the C-terminal region of MmPyIRS
by protein BLAST' using MmPyIRSA184 as the query sequence and filtering for
Expect values below 1 x 107'°. We next identified protein sequences homologous to
DhPylSn by protein BLAST using DhPylSn as the query sequence and filtering for
Expect values below 1 x 10™"°. We sorted identified protein sequences which are
homologous to the C-terminal region of MmPyIRS according to whether we found
sequence homology to DAhPylSn within the same protein sequence (pylSn-pylSc
fusion class), within the same genome in a separate protein sequence (pylSn class), or
not within the same genome (ApylSn class). We generated protein sequence
alignments and percentage identity scores using Clustal Omega®, discarding duplicate
sequences with a percentage identity score above 98%. Protein sequence alignments
were visualised using Clustal X> and phylogenetic trees generated by phyloT were

visualised using ITOL".
DNA constructs

PyIRS and ™'tRNA genes were synthesised by IDT and we inserted the genes into
pKW vectors by Gibson cloning to be expressed from constitutively active glmS and
Ipp promoters respectively. We appended the gene for MmPyIRS with a sequence
encoding a C-terminal Ser(GlysSer)sFLAG-tag, while all other PylIRS genes were
appended with a sequence encoding a C-terminal Ser(GlysSer)sHissSerGlyStrep-tag
II. We used these plasmids together with pBAD GFP(150TAG)Hise (in which sfGFP
containing an amber stop codon at position 150 and a C-terminal Hise tag is expressed
from the arabinose promoter of pPBAD; GFP refers to sfGFP throughout). We also
created versions of pKW MaPyIRS/™**RNAcua and pKW GIPyIRS/*tRNAcya in
which the PyIRS gene contains no C-terminally appended sequence. MmPyIRS-AF,
MaPyIRS-AF, MmPyIRS-MutRS2 and MaPylRS-MutRS1 genes were synthesised by
IDT and we inserted the genes into pKW vectors® by Gibson cloning.

For library generation of Ma"™tRNA with randomised variable loop sequences,
Ma"™"tRNA genes containing nucleotide positions 41, 42 and 43 replaced with either
NNN, NNNN, NNNNN or NNNNNN were synthesised by IDT and we inserted the
genes into an empty pKW vector by Gibson cloning. We transformed each library

separately into competent E. coli DH10B cells to give a library diversity of 1 x 10°,



exceeding the theoretical diversity of 4 x 10* required for complete library coverage.
The libraries of Ma"™tRNA plasmids were used together with pBAD MaPyIRS
GFP(150TAG)His¢ CAT(111TAG) and pBAD MmPylRS GFP(150TAG)Hiss
CAT(111TAG). We created these plasmids by transferring the relevant PyIRS
cassette into the pPBAD GFP(150TAG)Hise vector together with a CAT(111TAG)
gene under constitutive expression (chloramphenicol acetyl transferase containing an
amber stop codon at position 111).

We created pKW-DUAL plasmids to assess the mutual orthogonality of the
PyIRS/™RNA pairs in the same cell and to enable incorporation of distinct ncAAs
into a single polypeptide. We created these plasmids by transferring the relevant
MaPyIRS/Ma™'tRNA cassette into pKW MmPylIRS/Mm"™tRNA vectors by Gibson
cloning. The pRSF vector containing ribo-Ql rRNA with o-GST-CaM(1TAG,
40AGGA) was previously reported.

Measuring the activity and specificity of PyIRS/"Y'tRNAcy, pairs

To measure the activity and specificity of cognate and non-cognate PylRS/"'tRNA

combinations we transformed pKW PleS/Pyl

DHI10B cells bearing pPBAD GFP(150TAG)Hiss. We recovered the transformed cells

tRNA plasmids into competent E. coli

for 1 h at 37°C in 0.5 ml super optimal broth (SOB) medium. The transformation was
used to inoculate 6 ml 2XTY-ST (2XTY medium with 37.5 ug ml™' spectinomycin
and 12.5 pg ml™ tetracycline) and incubated overnight (37°C, 16h, 220 rpm). The
overnight culture was used to inoculate 190 pl 2XTY-STA (2XTY medium with 37.5
ng ml’ spectinomycin, 12.5 pug ml" tetracycline and 0.2% arabinose) in 96-well
microtitre plate format, supplemented with or without the indicated ncAA (8 mM
BocK (1), 8 mM BCNK (2), 3 mM CbzK (3), or 2 mM CypK (4)). ODsop and GFP
fluorescence (Aex 485 nm, Aey, 520 nm) measurements were recorded over a 20 h time
course at 10 min intervals using a Tecan Infinite M200 Pro at 37°C, 220 rpm. At the
maximum ODgg for each sample the GFP fluorescence measurement was normalised
by the ODgop measurement to give a value for the amber suppression activity in
normalised fluorescence units.

To express GFP incorporating BocK (1) for mass spectrometry we transformed pKW
PyIRS/**RNA plasmids in which PylRS contains no C-terminally appended
sequence into competent £. coli DH10B cells bearing pBAD GFP(150TAG)Hiss. We
recovered the transformed cells for 1 h at 37°C in 0.5 ml SOB medium. The



transformation was used to inoculate 2XTY-STA (2XTY medium with 37.5 pg ml”
spectinomycin, 12.5 pg ml™ tetracycline and 0.2% arabinose) supplemented with 8
mM BocK (1) and incubated overnight (37°C, 16 h, 220 rpm). 50 ml culture was
pelleted, washed with 800 pl PBS and flash frozen. The cell pellets were resuspended
in 1 ml of lysis buffer (1X BugBuster Protein Extraction Reagent supplemented with
1X cOmplete protease inhibitor cocktail, 1 mg ml™” lysozyme and 1 mg ml”' DNase I)
and lysed for 1 h at 25°C, 1,400 rpm. The lysate was clarified by centrifugation
(21,000 g, 30 min, 4°C) and imidazole added to a final concentration of 10 mM. GFP
was purified by its C-terminal Hise tag using 100 pl Ni-NTA agarose beads and left to
bind for 1 h at 4°C. The beads were washed four times with 800 ul PBS supplemented
with 10 mM imidazole and eluted in three volumes of 60 ul PBS supplemented with
250 mM imidazole. The three eluting fractions were pooled together to reach a
combined volume of 180 pl. The imidazole was removed using 7K MWCO Zeba spin
desalting columns and the samples were then concentrated using an Eppendorf
Concentrator Plus and analysed by electrospray ionisation mass spectrometry.

To express GFP incorporating CbzK (2) or CypK (3) we transformed pKW-DUAL
PyIRS/*RNA plasmids into competent E. coli DHIOB cells bearing pBAD
GFP(150TAG)Hiss. We recovered the transformed cells for 1 h at 37°C in 0.5 ml
SOB medium. The transformation was used to inoculate 2XTY-STA (2XTY medium
with 37.5 pg ml” spectinomycin, 12.5 pg ml" tetracycline and 0.2% arabinose)
supplemented with or without the indicated ncAAs (3 mM CbzK (3), or 2 mM CypK
(4)) and incubated overnight (37°C, 16 h, 220 rpm). 50 ml culture was pelleted,
washed with 800 ul PBS and flash frozen. The cell pellets were resuspended in 1 ml
of lysis buffer (1X BugBuster Protein Extraction Reagent supplemented with 1X
cOmplete protease inhibitor cocktail, 1 mg ml™" lysozyme and 1 mg ml" DNase I) and
lysed for 1 h at 25°C, 1,400 rpm. The lysate was clarified by centrifugation (21,000 g,
30 min, 4°C). PylRS was removed by its C-terminal Strep-tag II using 100 pl
StrepTactin sepharose beads and left to bind for 1 h at 4°C. Imidazole was added to
the recovered supernatant to a final concentration of 10 mM. GFP was purified by its
C-terminal Hise tag using 100 pl Ni-NTA agarose beads and left to bind for 1 h at
4°C. The beads were washed four times with 800 pl PBS supplemented with 10 mM
imidazole and eluted in three volumes of 60 pul PBS supplemented with 250 mM
imidazole. The three eluting fractions were pooled together to reach a combined

volume of 180 pl. Samples were both analysed by electrospray ionisation mass



spectrometry and analysed on 4-12% Bis-Tris SDS-PAGE gels, visualised with

InstantBlue Coomassie stain and imaged using a ChemiDoc XRS+.

Discovering orthogonal Ma"Y'tRNA variants

To discover Ma™'tRNA variants orthogonal to MmPyIRS, we transformed the
Ma"™"RNA libraries into competent E. coli DH10B cells bearing pBAD MaPyIRS
CAT(111TAG) GFP(150TAG)Hiss. We recovered the transformed cells for 1 h at
37°C in 0.5 ml SOB medium supplemented with 8 mM BocK (1). The transformation
was plated on LB agar containing 37.5 pg ml’ spectinomycin, 12.5 pg ml”
tetracycline and 100 pg ml™" chloramphenicol. The plates were incubated at 37°C for
40 h. After incubation, colonies on the plates were washed off and collected in 2XTY
buffer and the plasmids were extracted by DNA midiprep. To remove the pBAD
MaPylRS CAT(111TAG) GFP(150TAG)Hiss plasmid, the extracted DNA was
digested with both Ncol restriction endonuclease and TS5 exonuclease and re-purified
using a PCR purification column. The remaining pKW plasmids were transformed
into competent E. coli DHI10B cells bearing pBAD MmPyIRS CAT(111TAG)
GFP(150TAG)Hiss. The transformed cells were recovered for 1 h at 37°C in 0.5 ml
SOB medium. The transformation was plated on LB agar containing 37.5 pg ml’
spectinomycin and 12.5 pg ml™" tetracycline. The plates were incubated at 37°C for 20
h. For each library, 376 colonies were picked from the plates using a QPix 420
Colony Picking System and inoculated into 190 pl 2XTY-STA in 96-well microtitre
plate format supplemented with 8 mM BocK (1). The plates were incubated at 37°C,
220 rpm and ODgg and GFP fluorescence (Aex 485 nm, A 520 nm) measurements
were recorded after 20 h using a SpectraMax i3. Cells from 96 wells with the lowest
GFP/ODggo ratios were used to inoculate 2XTY medium with 75 pg ml”
spectinomycin, and the pPKW plasmids containing Md"™"RNA variants were extracted
by DNA miniprep and then sequenced. Each hit corresponding to a distinct
Ma"™tRNA sequence was cloned into a pKW MaPyIRS vector and a pPKW MmPyIRS
vector and re-phenotyped with pPBAD GFP(150TAG)Hise.

Incorporating distinct ncAAs

To express GST-CaM proteins incorporating two distinct ncAAs we co-transformed
competent E. coli DH10B cells with pKW-DUAL MmPleS/MmPyltRNAUCCU
MaPylRS-MutRS1/Ma""tRNA(6)cua and pRSF  ribo-Q1  0-GST-CaM(ITAG,



40AGGA). We recovered the transformed cells for 1 h at 37°C in 0.5 ml SOB
medium. The transformation was used to inoculate 6 ml LB-KS (LB medium with 25
g ml™" kanamycin and 37.5 pg ml™' spectinomycin) and incubated overnight (37°C,
16 h, 220 rpm). The overnight culture was diluted to ODgyp 0.1 in LB-KS and
incubated at 37°C, 220 rpm. At ODg 0.5, IPTG was added to a final concentration of
1 mM together with or without the indicated ncAAs (3 mM CbzK (3) or 2 mM CypK
(4)). After 4 h incubation at 37°C, 220 rpm, 50 ml culture was pelleted, washed with
800 ul PBS and flash frozen. The cell pellets were resuspended in 1 ml of lysis buffer
(1X BugBuster Protein Extraction Reagent supplemented with 1X cOmplete protease
inhibitor cocktail, I mg ml™' lysozyme and 1 mg ml"' DNase I) and lysed for 1 h at
25°C, 1,400 rpm. The lysate was clarified by centrifugation (21,000 g, 30 min, 4°C).
GST-containing proteins from the lysate supernatant were left to bind to 70 pl
glutathione sepharose beads for 1 h at 4°C. The beads were washed four times with
800 ul PBS before eluting in 180 ul 1X NuPAGE LDS sample buffer supplemented
with 100 mM DTT at 95°C for 5 min. Samples were analysed on 4-12% Bis-Tris
SDS-PAGE gels, visualised with InstantBlue Coomassie stain and imaged using a
ChemiDoc XRS+.

To express GFPHiseStrep proteins incorporating two distinct ncAAs we transformed
competent E. coli DH10B cells with pKW-DUAL MmPleS/MmPyltRNAUCCU
MaPyIRS-MutRS1/Ma"™"RNA(6)cua and pRSF ribo-Ql and po-GFP(40AGGA,
150TAG)HiseStrep. We recovered the transformed cells for 1 h at 37°C in 0.5 ml
SOB medium. The transformation was used to inoculate 20 ml 2XTY-KST 2XTY
medium with 20 pug ml" kanamycin, 30 pg ml"' spectinomycin and 10 pg ml”
tetracycline) and incubated overnight (37°C, 16 h, 220 rpm). The overnight culture
was diluted 1:50 in LB-KST and IPTG was added to a final concentration of 1 mM
together with or without the indicated ncAAs (3 mM CbzK (3) or 2 mM CypK (4)).
After 16 h incubation at 37°C, 220 rpm, 50 ml culture was lysed and used to purify
GFPHiseStrep as described above but instead using 70 pl StrepTactin sepharose beads
and eluting in three volumes of 60 pl PBS supplemented with 2.50 mM desthiobiotin.
The three eluted fractions were pooled together into a combined volume of 180 pl and

analysed by electrospray ionisation mass spectrometry.

Electrospray ionization mass spectrometry



Mass spectra for protein samples were acquired using an Agilent 1200 LC-MS with a
6130 Quadrupole spectrometer. The solvent system used for liquid chromatography
was 0.2% formic acid in water as buffer A and 0.2% formic acid in acetonitrile as
buffer B. Samples were injected into a Phenomenex Jupiter C4 column (150 x 2 mm,
5 wm) and subsequently into the mass spectrometer. Spectra were acquired in the
positive mode and analyzed using OpenLAB CDS Chemstation software. The de-
convolution program provided in the software was used to obtain the mass spectra.
The theoretical molecular weights of proteins with ncAAs was calculated by first
computing the theoretical molecular weight of wild-type protein using an online tool
(http://web.expasy.org/protparam/) and then manually correcting for the theoretical

molecular weight of ncAAs.
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MSBL1 archaeon SCGC-AAA3B2A20 (1696280) [KXBO6481.1]
[ Gandidatus Methanohalscchaeu thermophium (1963181) [OKYTTS521, OKY79086.1]
Methanonatronarchaeum thermophilum (1927129) [OUJ19549.1]
haeon BRNA1 (1054217) [WP_015492598.1)
archaeon ISO4-HS (1495144) [WP_066075773.1]

ooy el GEE /py/Snclass

Methanomassiliicoccus luminyensis (1080712) [WP_019176308.1, WP_019178529.1]
Candidatus Methanomassilicoccus intestinalis (1406512) [WP_020448777.1)
Candidatus Methanomethylophilus sp. 1R26 (1769296) [WP_058747239.1)
Candidatus Methanomethylophilus alvus (1291540) [WP_015505008.1]

archaeon mixed culture ISO4-G1 (1452364) [AMK13702.1]
Methermicoccus shengliensis (660064) WP_042686913.1]

Methanomethylovorans hollandica (101192) [WP_015323491.1]

Methanohalobium evestigatum (2322) [WP_013193804.1]

Methanosalsum zhilinae (39669) [WP_013898320.1)

‘Methanococcoides burtonii (29291) [WP_011500100.1]

Methanohalophius cuhalobius (61203) WP_096712291.1]
-Methanohalophilus sp. T328-1 (1794907) [KXS42195.1)
mahil (2176) [WP_013036758.1]
Methanohalophius halophius (2177) WP 0725607541
Methanohalophius porlucalensis (39664) NP 0723588061
-Methanolobus sp. YSF-03 (1874706) (WP_094227644.1]
Methanolobus profundi (487685) [WP_091936779.1]
Methanolabus psychrophius (120950 [WP_015053640.1]
Methanciobus sp. T62-4 (1794908) [KX540259.1]
————Methanolobus tindarius (2221) [WP_023845214.1] .
L ehanoabus wican (36020) [SDG065901, 5063465.1 @» @020 3 py/ Sn- py/SC fusion class
I Methanosarcna sp. WWWS96 (1434103) AKB20142.1]
N [ Wethanosarcina sp. 144 22 (1483601) WP 048161674.1
Methanosarcina lacustris (170861) [WP_048128743.1]
Methanosarcina sp. MTP4 (1434100) [WP_048181983.1]
Methanosarcina flavescens (1715806) [WP_054298905.1]
Methanosarcina acetorans (2214) (NP_011020213.1]
Methanosarcna spelae (1036679) WP 0956450441
Methanosarcina thermophila (2210) [WP_048167695.1, Q1L6A3.1]
Methanosarcina vacuolala (2215) (WP_048123171 1]
Methanosarcina siciliae (38027) [WP_048178985.1]
Methanosarcna sp. 1T 1A.1 (1483602) (NP_046134673.1
Methanosarcina sp. Ant1 (1882735) [OEU43301.1]
‘Methanosarcina barkeri (2208) [WP_011305865.1, WP_048176887.1]
Methanosacina horonobensis (416008) (WP 048142694.1]
Methanosarcna mazel (2209) WP_011033391.1]
Methanosarcina sp. 2.H.T.1A.6 (1483599) WP_048160059.1]
bacte GWB1_66_5 (1802178) [OHD26259.1]
Biophila wadsworlia (35833) (WP 016360969.1
PSCGC 5451 (1286376) [WP_027985723.1]
Dostlfacinum infornum (35837) WP_084076408.1
Desulfobulbaceae bacterium S5133MH15 (1869306) [OEU51118.1]
Desulforhopalus singaporensis (91360) [WP_092219473.1]
Desulfamplus magnetovallimortis (1246637) (WP_080800266.1]
Desulfobacteraceae bacterium 4572_123 (1971629) (OQY06774.1]
Desulfospira joergensenii (53329) [WP_022667843.1]
1 ‘Desulfobacterium vacuolatum DSM 3385 (1121400) [SMC87342.1]
ML8_F2 (1775675) [OPL10826.1]
bacte CAG:238 (1263011) [CDA92449.1)
WP_073048817.1
Sporomusa ovata DSM 2662 (1123288) [EQB27847.1]
Sporomusa maloica (112601) (WP_0BAS75631.1, WP_084573620 1
-Sporomusa silvacetica (55504) [WP_094605429.1]
Sporomusa acidovorans (112900) [WP_093797115.1, SDE65776.1, SDE37220.1]
Uncultured Sporomusa sp. (307249) [SCM78578.1, SCM78604.1]
Sporomusa sphacroides DSM 2675 (1337886) (0L S55123.1]
-Acetohalobium arabaticum (28187) [WP_083771389.1]
ilvermanii [WP_089757707.1]
) [WP_044666330.1]
ferrireducens (54265) (WP_028052237.1]
Thermacetogenium phaeum (85874) [WP_015051510.1, KUK35737.1]
PGA-8 (1520829) [WP_092087795.1]
115544) [WP_094757396.1) I S I
| (35825) [WP_036939018.1] py n C a S S
Emergencia mananss (1776384) WP 067537639.1
-Acetobacterium sp. MES1 (1899015) [0XS25325.1]
‘Uncultured Eubacterium sp. (165185) [SCJ68714.1]
Eubacterium limosum (1736) [WP_038352114.1]
Eubactorum . 68-3-10 (1261640 (OLRS6165.1]
Peptococcaceae bacterium SCADC1_2_3 (1487582) [KFD41416.1]
Thermincola poens (863643) (WP 013118946.1
Desulfitibacter sp. BRH_c19 (1734395) [KUOS1752.1]
Desulftibacter alkalitolerans (264641) [WP_028306679.1]
Desulfotomaculum gibsoniae (102134) [WP_006524409.1]
‘Desulfotomaculum acetoxidans (58138) [WP_012813443.1]
Dostlftobacterm sp. PGE1 (146907) WP_028305432.1
L | Desulfitobacterium hafniense (49338) [WP_018307530.1]
Desulfitobacterium chlororespirans (51616) [WP_072772347.1)
Desulfitobacterium dehalogenans (36854) [WP_014792517.1]
Destifosporosinus sp. BICA1-9 (1531958) (KISA0313.1)
Desulfosporosinus sp. FKB (1969835) [WP_088227269.1]
‘Desulfosporosinus sp. HMP52 (1487923) WP_034599978.1, WP_034601943.1]
Desulfosporosinus sp. BG (1633135) [WP_068965211.1]
Desulfosporosinus . 12 (1617025) [WP_045576271.1]
Desulfosporosinus lacus (329936) [WP_073033377.1]
Desulfosporosinus meridiei (79209) [WP_014902489.1]
Desulfosporosinus orientis (1563) [WP_014184084.1]
Desulfosporosinus sp. OL (1888891) WP_075366945.1]
Desulfosporosinus youngiae (339862) [WP_007779325.1]

!

I

Supplementary Figure 1. Cladogram derived from the phylogenetic analysis of
identified PylRS-containing species using phyloT, visualised using iTOL. PyIRS
sequences are classified and coloured according to the presence of a domain
homologous to D. hafniense PylSn either within the same gene (py/Sn-pylSc fusion
class, green), present within a separate gene (pylSn class, black), or absent entirely
(4pylSn class, blue). Labels are of the form: Species name (Taxonomy ID) [Protein

sequence accession number(s)].
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Supplementary Figure 2. Alignment of the indicated PyIRS sequences using Clustal

Omega, visualised using Clustal X. Active site residues referenced in the main text

are indicated by triangles.
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M. archaeon ISO4-H5 M. termitum M. luminyensis

Supplementary Figure 3. "tRNA sequences from the indicated genomes, and their
PP y rig q

predicted secondary structures.
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Supplementary Figure 4. Raw ESI-MS spectra for the data shown in Fig. 2 ¢,d,e are

shown in panels a,b,c respectively. ESI-MS experiments in (a-c) were each

performed once.
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Supplementary Figure 5. MaPylRS/Ma""tRNA decoding with altered anticodons.

0-GST-CaM(1UAG), 0-GST-CaM(1UAGA) and o-GST-CaM(IAGUA) genes were
decoded on ribo-Q by MaPyIRS/Ma"tRNAcua, MaPyIRS/Ma"™ tRNAycua,
MaPyIRS/Ma" " tRNAyacu respectively. Two independent experiments were

performed with similar results.
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Supplementary Figure 6. Engineering the active site of MmPyIRS for selective
ncAA incorporation. [n vivo amber suppression activity assay using E. coli DH10B
bearing pBAD GFP(150TAG)Hiss and the corresponding pKW PyIRS/™'tRNAcua
plasmid in the presence and absence of CbzK (3) and CypK (4) demonstrates the
selective incorporation of CypK by MmPylRS-MutRS2 is comparable to that with
MmPyIRS. Each data point shows the mean of three technical replicates that form one

biological replicate; the error bars show the mean and SEM of three independent

biological replicates.
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Supplementary Figure 7. Encoding distinct ncAAs using mutually orthogonal
PyIRS/™"RNA pairs. Full gels for Fig. 6 a, ¢, e. are shown in panels a, b and ¢
respectively. Densitometry quantification of the four lanes in panel a gives the ratio of
relative band intensities as 1 : 17 : 6 : 22. For each panel, two independent

experiments were performed with similar results.
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Supplementary Figure 8. Raw ESI-MS spectra for the data shown in Fig 6b, d are
shown in panels a and b respectively. ESI-MS experiments in panels a and b were

each performed once.
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Supplementary Figure 9. GFPHis¢Strep purified from E. coli DH10B bearing pPBAD
GFP(40AGGA,150TAG)His¢Strep and pKW-DUAL MmPleS/PyltRNAUCCU
MaPleS-MutRSI/PyltRNA(6)CUA in the presence of both CbzK (3) and CypK (4)
leads to selective incorporation of distinct ncAAs at distinct codons. Electrospray
ionisation mass spectrometry shows a single peak corresponding to CbzK and CypK
incorporation (predicted mass 29,285 Da, observed mass 29,285 Da). Raw ESI-MS
spectrum before de-convolution is shown in panel b. ESI-MS experiments in panels a

and b were each performed once.
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