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Supplementary Figure 1. The performance of ESM-2 in predicting top 96 singe variants of SUMO-conjugating enzyme UBC9 and ubiquitin. Random selection was also carried out for comparison. UBC9 dataset contains activity data of 2563 single variants accounting for 85% of all possible single variants. Ubiquitin dataset contains activity data of E1 enzyme against 1528 single variants of ubiquitin. Since the datasets did not cover all possible singe variants, the label of some variants predicted were missing. For the UBC9 dataset, the activity data of 84 variants predicted and 84 variants randomly selected are shown. For ubiquitin dataset, the activity data of 96 variants predicted and 91 variants randomly selected are reported in (Supplementary Data 1). The violin plots show the distribution of protein activity values. The bottom and top lines inside each plot represent first and third quartile, while the centra line represents the median value.
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Supplementary Figure 2. Optimization of high-throughput transformation. The DNA volume, cell recovery time and volume of cell plated were optimized. Eight single mutants were tested with each one plated in a separate well in the eight-well agar plate.  The cells were sprayed by flexible arm with 8 individual pipetting channels in the automatic workstation Fluent. For each well, the cells were sprayed evenly at nine positions.
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Description automatically generated]
Supplementary Figure 3. Reproducibility of the automatic platform for measuring pCNF-RS activity. Four different unnatural amino acids were tested including p-chlorophenylalanine (pClF), p-azidophenylalanine (pAzF), p-isopropylphenylalanine (p-isopropylF) and O-methyl-Tyr (OMeY). Six replicates were carried out for investigating the reproducibility. Source data are provided as a Source Data file. 
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Description automatically generated with medium confidence] Supplementary Figure 4. SybrGreen assay to test successful PCR construction of single mutant. The SybrGreen fluorescence clearly distinguishes between successful and unsuccessful PCR. The PCR product (10 μL) was diluted with 90 μL of water. Subsequently, 50 μL of this dilution was mixed with 50 μL of 2× SybrGreen. The fluorescence intensity of the sample was measured using a microplate reader at excitation wavelength 485 nm and emission wavelength 535 nm. NC: negative control. Source data are provided as a Source Data file. 
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Supplementary Figure 5. MjTyrRS mutation library positive-negative screening flowchart and time used in each step.  
a Two electroporation competent cells should be prepared, with one containing plasmid expressing chloramphenicol acetyl transferase (cat) with an in-frame amber codon for positive screening. Another one contains plasmid expressing toxin barnase with an in-frame amber codon for negative screening. 
b Primer synthesis and deliver requires around 2 days, while PCR reaction takes around 1 day. Primer for constructing library contains 4 consecutive NNK at positions H283, P284, M285, and D286.
c Mutation library quality was evaluated by counting the number of colonies and sequencing to check the sequence diversity. Since the mutation library was constructed with NNK codon degeneracy (32 codons for 20 aa), the number of colonies should be larger than around 3 times of 32323232 to cover the whole library. 
d Plasmid expressing aaRS library was isolated from plasmid expressing cat by purifying the DNA from agarose gel. Failure was often happening at this process as the plasmid having different forms could be mixed and difficult to separate. 
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Supplementary Figure 6. Measurement of pCNF-RS amber codon suppressing efficiency based on fluorescence intensity of sfGFP containing an amber codon. a, A diagram illustrating how a ncAA is incorporated into a protein using orthogonal aaRS/tRNA pair.  b, Suppression of the sfGFP-UAG2 gene by ncAA investigated by measuring their fluorescence intensities. The enzyme activity is presented by the fluorescence intensity. Figure 6b was created in BioRender. Yu, H. (2024) https://BioRender.com/m58k006
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Supplementary Figure 7. The fitness of Top4 variants obtained in the round 4 of evolution. These residues could provide mutation target sites for combinational mutants construction using Module II of PLMeAE. The activities of variants were tested in three independent repetitions, and the fitness values were calculated with the activity of wild type pCNF-RS as the reference. Data are presented as mean values ±SD. The Source data are provided as a Source Data file. 
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Supplementary Figure 8. Activities of 90 pCNF-RS variants randomly selected from a random mutation library. WT (HPMD), M-R3 and MR-4 were used as control. Data are presented as mean values ±SD over three independent repetitions. Source data are provided as a Source Data file. 
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[bookmark: OLE_LINK21]Supplementary Figure 9. SDS-PAGE and fluorescence of purified sfGFP with 10 different ncAAs incorporated at second position enabled by pCNF-RS and M-R4 mutant. The structures of ncAAs are presented in Figure 6e. -, indicates the sfGPF2TAG was expressed in absence of ncAAs. Three independent experiments were carried out to confirm the results. 
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Supplementary Figure 10. Molecular weight determination of the protein sfGFP-pCNF. The full-length sfGFP- pCNF protein was expressed using the M-R4-tRNAPylCUA pair in the presence of 1 mM pCNF. Expected molecular weight of full-length sfGFP-pCNF protein is 27,813.0 Da and the peak of mass 27,813.8 Da was observed. The sodium adducts were also observed in the mass spectrum. 



[image: ]

Supplementary Figure 11. Molecular weight determination of the protein sfGFP-pClF. The full-length sfGFP-pClF protein was expressed using the M-R4-tRNAPylCUA pair in the presence of 1 mM pClF. Expected molecular weight of full-length sfGFP-pClF protein is 27,822.4 Da and the peak of mass 27,823.4 Da was observed. The sodium adducts were also observed in the mass spectrum.
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Supplementary Figure 12. Molecular weight determination of the protein sfGFP-pFF. Full-length sfGFP- pFF protein was expressed using the M-R4-tRNAPylCUA pair in the presence of 1 mM pFF. Expected molecular weight of full-length sfGFP-pFF protein is 27,806.0 Da and the peak of mass 27,805.8 Da was observed. The sodium adducts were observed in the mass spectrum. The misincorporation of Phe (27788 Da) was also observed.  
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Supplementary Figure 13. Molecular weight determination of the protein sfGFP-pAzF. The full-length sfGFP- pAzF protein was expressed using the M-R4-tRNAPylCUA pair in the presence of 1 mM pAzF. Expected molecular weight of full-length sfGFP-pAzF protein is 27,829.0 Da and the peak of mass 27,829.7 Da was observed. The sodium adducts were observed in the mass spectrum. The misincorporation of Tyr (27804 Da) was also observed.  
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Supplementary Figure 14. Molecular weight determination of the protein sfGFP-pisopropylF. The full-length sfGFP- pisopropylF protein was expressed using the M-R4-tRNAPylCUA pair in the presence of 1 mM pisopropylF. Expected molecular weight of full-length sfGFP-pisopropylF protein is 27,844.1 Da and the peak of mass 27,845.1 Da was observed. The sodium adducts were also observed in the mass spectrum.
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Supplementary Figure 15. Molecular weight determination of the protein sfGFP-pNO2F. The full-length sfGFP-pNO2F protein was expressed using the M-R4-tRNAPylCUA pair in the presence of 1 mM pNO2F. Expected molecular weight of full-length sfGFP-pNO2F protein is 27,833.0 Da and the peak of mass 27,833.0 Da was observed. The sodium adducts were also observed in the mass spectrum.
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Supplementary Figure 16. Molecular weight determination of the protein sfGFP-p-phenylphenylalanine. The full-length sfGFP-p-phenylphenylalanine protein was expressed using the M-R4-tRNAPylCUA pair in the presence of 1 mM p-phenylphenylalanine. Expected molecular weight of full-length sfGFP-p-phenylphenylalanine protein is 27,864.1 Da and the peak of mass 27,865.2 Da was observed. The sodium adducts were also observed in the mass spectrum.
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Supplementary Figure 17. Molecular weight determination of the protein sfGFP-benzylserin. The full-length sfGFP- benzylserin protein was expressed using the M-R4-tRNAPylCUA pair in the presence of 1 mM benzylserin. Expected molecular weight of full-length sfGFP-benzylserin protein is 27,818.0 Da and the peak of mass 27,819.1 Da was observed. The sodium adducts were observed in the mass spectrum. The misincorporation of Phe (27788 Da) was also observed.  
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Supplementary Figure 18. Molecular weight determination of the protein sfGFP-OmeY. The full-length sfGFP-OmeY protein was expressed using the M-R4-tRNAPylCUA pair in the presence of 1 mM OmeY. Expected molecular weight of full-length sfGFP-OmeY protein is 27,818.0 Da and the peak of mass 27,819.0 Da was observed. The sodium adducts were also observed in the mass spectrum.
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Supplementary Figure 19. Molecular weight determination of the protein sfGFP-O-tert-butyltyrosine. The full-length sfGFP-O-tert-butyltyrosine protein was expressed using the M-R4-tRNAPylCUA pair in the presence of 1 mM O-tert-butyltyrosine. Expected molecular weight of full-length sfGFP-O-tert-butyltyrosine protein is 27,860.1 Da and the peak of mass 27,860.8 Da was observed. The sodium adducts were observed in the mass spectrum. The misincorporation of Phe (27788 Da) and Tyr (27804 Da) was also observed.  















B   Supplementary Tables

Supplementary Table 1. Entropy data to quantify the diversity of sequence at each sitea

	[bookmark: _Hlk182230139]
	Entropy score

	
	283
	284
	285
	286

	Round 1
	1.36295
	1.38168
	1.38523
	1.38569

	Round 2
	1.88836
	1.77672
	1.79252
	1.28716

	Round 3
	2.32648
	2.21875
	2.46325
	2.36703



aBioEdit was used to calculate the entropy data, which is based on the frequency distribution of different amino acids at each site. 



Supplementary Table 2. The extra mutation of M-R3 and M-R4 in Lac operator of pUltra plasmid
	
	Sequence

	Lac operator-WT
	5‘-ttgtgagcGgataacaa-3’

	Lac operator-mutant
	5‘-ttgtgagcAgataacaa-3’





Supplementary Table 3. Mass spectra to investigate incorporation of ncAAs by M-R4
	ncAAa
	Expectedb (Da)
	Observed (Da)

	ncAA1
	27813.0
	27813.8

	ncAA2
	27822.4
	27823.4

	ncAA3
	27806.0
	27805.8

	ncAA4
	27829.0
	27829.7

	ncAA5
	27844.1
	27845.1

	ncAA6
	27833.0
	27833.0

	ncAA7
	27864.1
	27865.2

	ncAA8
	27818.0
	27819.1

	ncAA9
	27818.0
	27819.0

	ncAA10
	27860.1
	27860.8


ancAAs include p-cyanophenylalanine (pCNF, ncAA1), p-chlorophenylalanine (pClF, ncAA2), p-fluorophenylalanine (pFF, ncAA3), p-zidophenylalanine (pAzF, ncAA4), p-isopropylphenylalanine (p-isopropylF, ncAA5), p-nitrophenylalanine (pNO2F, ncAA6), p-phenylphenylalanine (ncAA7), benzylserine (ncAA8), O-methyl-Tyr (OmeY, ncAA9), O-tert-butyltyrosine (ncAA10).
bLC-MS expected mass of sfGFPS2TAG with ncAAs incorporated.

[bookmark: _Hlk181262491]Supplementary Table 4.  Protein sequences used in this work
	Name
	Amino acid sequences

	pCNF-RS
	MDEFEMIKRNTSEIISEEELREVLKKDEKSALIGFEPSGKIHLGHYLQIKKMIDLQNAGFDIIIVLADLHAYLNQKGELDEIRKIGDYNKKVFEAMGLKAKYVYGSEWMLDKDYTLNVYRLALKTTLKRARRSMELIAREDENPKVAEVIYPIMQVNGAHYLGVDVAVGGMEQRKIHMLARELLPKKVVCIHNPVLTGLDGEGKMSSSKGNFIAVDDSPEEIRAKIKKAYCPAGVVEGNPIMEIAKYFLEYPLTIKRPEKFGGDLTVNSYEELESLFKNKELHPMDLKNAVAEELIKILEPIRKRL

	[bookmark: _Hlk181261244]sfGFP
	MSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELYK




































Supplementary Table 5.  Protein sequences containing amber codons
	Name
	Amino acid sequences (X: Amber codon)

	sfGFP2TAG
	MXKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELYK

	sfGFP(1UAG)
	MSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGXATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELYK

	sfGFP(2UAG)
	MSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGXATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFXDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELYK

	sfGFP(3UAG)
	MSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGXATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFXDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGXGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELYK

	sfGFP(4UAG)
	MSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGXATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFXDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGXGPVLLPDNHYLSTQSVLSKDPNXKRDHMVLLEFVTAAGITHGMDELYK

	Transketolase ( TK3M-Y385TAG)
	MHHHHHHSSRKELANAIRALSMDAVQKAKSGHPGAPMGMADIAEVLWRDFLKHNPQNPSWADRDRFVLSNGHGSMLIYSLLHLTGYDLPMEELKNFRQLHSKTPGHPEVGYTAGVETTTGPLGQGIANAVGMAIAEKTLAAQFNRPGHDIVDHYTYAFMGDGCMMEGISHEVCSLAGTLKLGKLIAFYDDNGISIDGHVEGWFTDDTAMRFEAYGWHVIRDIDGHDAASIKRAVEEARAVTDKPSLLMCKTIIGFGSPNKAGTHDSHGAPLGDAEIALTREQLGWKYAPFEIPSEIYAQWDAKEAGQAKESAWNEKFAAYAKAYPQEAAEFTRRMKGEMPSDFDAKAKEFIAKLQANPAKIASRKASQNAIEAFGPLLPEFLGGSADLAPXNLTLWSGSKAINEDAAGNYIHYGVREFGMTAIANGISLHGGFLPYTSTFLMFVEYARNAVRMAALMKQRQVMVYTHDSIGLGETGPTHQPVEQVASLRVTPNMSTWRPCDQVESAVAWKYGVERQDGPTALILSQQNLAQQERTEEQLANIARGGYVLKDCAGQPELIFIATGSEVELAVAAYEKLTAEGVKARVVSMPSTDAFDKQDAAYRESVLPKAVTARVAVEAGIADYWYKYVGLNGAIVGMTTFGESAPAELLFEEFGFTVDNVVAKAKELL

	Nanobody
(10C8-P41TAG)
	MEVQLVESGGGLVQAGDSLRLSCATSGRTFTMDGMGWFRQAXGKEREFVAISRSGVGTFYADSVKGRFTISRDNAKNMVYLQMNSLKPSDTALYYCAARPDYTLGTSSYDYDSWGQGTQVTVSSAAALEHHHHHH

	Nanobody(10C8-Y80TAG)
	MEVQLVESGGGLVQAGDSLRLSCATSGRTFTMDGMGWFRQAPGKEREFVAISRSGVGTFYADSVKGRFTISRDNAKNMVXLQMNSLKPSDTALYYCAARPDYTLGTSSYDYDSWGQGTQV TVSSAAALEHHHHHH






Supplementary Table 6.  Primers for amber codon insertion of sfGFP
	Mutant site
	F (listed 5’ to 3’)
	R (listed 5’ to 3’)

	D36TAG
	GTGAAGGTtagGCTACAAACGGAAAACTCACCC
	TGTAGCctaACCTTCACCCTCTCCACGGACAG

	K101TAG
	TCTTTCtagGATGACGGGACCTACAAGACGCG
	CCGTCATCctaGAAAGATATAGTGCGTTCCTGTACATAA

	E132TAG
	AtagGATGGAAACATTCTTGGACACAAACTGG
	GAATGTTTCCATCctaTTTAAAATCAATACCCTTTAACTCGATAC

	D190TAG
	ACTCCAATTGGCtagGGCCCTGTCCTTTTACCAGAC
	CCctaGCCAATTGGAGTATTTTGTTGATAATG






C   Uncropped scan of gels

Uncropped SDS-PAGE picture of Supplementary Figure 9
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Supplementary Figure 9. SDS-PAGE of purified sfGFP with 10 different ncAAs
incorporated at second position enabled by pCNF-RS and M-R4 mutant.
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