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[bookmark: _GoBack]Scheme S1. The screening for aminotransferase mutagenesis libraries using the L-glutamate dehydrogenase (L-GDH)-coupled system. A target transamination reaction (consisting of 1 mM valienone, 5 mM L-Glu, and 50 μM PLP) is coupled to a reporter reaction (comprising 0.5 U L-GDH, 0.5 mmol/L NADH, and 5 mM NH4Cl) in 96-well plates. After a 2-hour incubation of the aminotransferase reaction to accumulate the transamination product α-ketoglutarate, the signal reporter reaction is initiated. The decrease in absorbance at 340 nm, indicating the oxidation of NADH to NAD+, is monitored as the reporter signal.
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Scheme S2. The well-established transamination reaction operates through the ping–pong mechanism, involving the catalytic lysine (highlighted in green). Initially, a conserved lysine residue interacts with PLP to form a Schiff base (referred to as E:PLP, where "E" represents the enzyme). This Schiff base then reacts with the amino donor to create an external aldimine. Consequently, the amino group is transferred to PLP, resulting in the formation of the aminated cofactor PMP-enzyme complex (E:PMP). In the subsequent step, the process is reversed to generate an external aldimine between PMP and the amino acceptor (referred to as amino acceptor-PMP). This is followed by the liberation of the amine product and the regeneration of E:PLP. The valienone-PMP complex, serving as the external aldimine intermediate during the second half of the reaction, was examined in this study.


Table S1. The primers for the SSM library construction through whole plasmid PCR a 
	Primer
	Sequence (5’ To3’)
	Template
	Application

	F4_F
	TAGCATGATTCCANNKAACGCACCGCCGGTGGTGGGA
	Wild Type WecE 
	CAST

	F4_R
	CCGGCGGTGCGTTMNNTGGAATCATGCTAGCCATATG
	
	

	N5_F
	CATGATTCCATTTNNKGCACCGCCGGTGGTGGGAACC
	
	

	N5_R
	CCACCGGCGGTGCMNNAAATGGAATCATGCTAGCCAT
	
	

	C27_F
	TAGCGGCAAACTGNNKGGCGATGGCGGTTTTACCCGT
	
	

	C27_R
	AACCGCCATCGCCMNNCAGTTTGCCGCTACCCATTGC
	
	

	A57_F
	GCCGTCCTGCACCNNKTCGCTGGAGATGGCGGCGCTG
	
	

	A57_R
	CCATCTCCAGCGAMNNGGTGCAGGACGGCGTCAGTAA
	
	

	F81_F
	GCCGAGCTACACCNNKGTCTCCACCGCCAATGCCTTT
	
	

	F81_R
	TGGCGGTGGAGACMNNGGTGTAGCTCGGCATGATCAC
	
	

	T180_F
	TAGCTTCCATGAANNKAAAAACTACACGGCGGGCGGT
	
	

	T180_R
	CCGTGTAGTTTTTMNNTTCATGGAAGCTAAAGCAGCC 
	
	

	E208_F
	CGAGATCATCCGTNNKAAGGGCACTAACCGCAGCCAG
	
	

	E208_R
	GGTTAGTGCCCTTMNNACGGATGATCTCGGCTCGTTC
	
	

	K209_F
	GATCATCCGTGAANNKGGCACTAACCGCAGCCAGTTC
	
	

	K209_R
	TGCGGTTAGTGCCMNNTTCACGGATGATCTCGGCTCG
	
	

	R213_F
	AAAGGGCACTAACNNKAGCCAGTTCTTCCGTGGTCAG
	
	

	R213_R
	GGAAGAACTGGCTMNNGTTAGTGCCCTTTTCACGGAT
	
	

	K223_F
	TGGTCAGGTCGATNNKTATACCTGGCGCGATATTGGC
	
	

	K223_R
	CGCGCCAGGTATAMNNATCGACCTGACCACGGAAGAA
	
	

	Y224_F
	TCAGGTCGATAAANNKACCTGGCGCGATATTGGCTCC
	
	

	Y224_R
	TATCGCGCCAGGTMNNTTTATCGACCTGACCACGGAA
	
	

	V318_F
	GGAAATCATGGCGNNKTTTCATTACATTCCGCTGCAC
	
	

	V318_R
	GAATGTAATGAAAMNNCGCCATGATTTCCGCTTCTTT
	
	

	F319_F
	AATCATGGCGGTGNNKCATTACATTCCGCTGCACGGT
	
	

	F319_R
	GCGGAATGTAATGMNNCACCGCCATGATTTCCGCTTC
	
	

	Y321_F
	GGCGGTGTTTCATNNKATTCCGCTGCACGGTTGCCCT 
	
	

	Y321_R
	CGTGCAGCGGAATMNNATGAAACAC GCCATGATTTC
	
	

	K209_F
	GATCATCCGTGAANNKGGCACTAACCGCAGCCAGTTC
	M1 (Y321F)
	ISM

	K209_R
	TGCGGTTAGTGCCMNNTTCACGGATGATCTCGGCTCG
	
	

	V318_F
	GGAAATCATGGCGNNKTTTCATTTTATTCCGCTGCAC
	M2 (Y321F/K209F)
	

	V318_R
	GAATAAAATGAAAMNNCGCCATGATTTCCGCTTCTTT
	
	

	F319_F
	AATCATGGCGCGTNNKCATTTTATTCCGCTGCACGGT
	M3 (Y321F/K209F/V318R)
	

	F319_R
	GCGGAATAAAATGMNNACGCGCCATGATTTCCGCTTC
	
	

	a PCR process: The whole plasmid PCR was conducted with PrimeSTAR DNA polymerase (TaKaRa), and the temperature program consisted of an initial denaturation at 98 °C for 3 min followed by 20 cycles of 98 °C for 15 s, 55 °C for 15 s, 72 °C for 90 s and 72 °C for 5 min for the final extension.



Table S2. The nucleotide and amino acid sequence of WT WecE a
	Type
	Sequence

	Nucleotide Sequence
	atgattccatttaacgcaccgccggtggtgggaaccgaactcgactatatgcagtcggcaatgggtagcggcaaactgtgtggcgatggcggttttacccgtcgctgccagcagtggctggagcaacgttttggcagcgccaaagtgttactgacgccgtcctgcaccgcttcgctggagatggcggcgctgctgctcgatatccagcctggcgatgaagtgatcatgccgagctacacctttgtctccaccgccaatgcctttgtgctgcgtggcgcaaaaatcgtttttgtggatgttcgcccggacaccatgaacatcgacgaaacgctgattgaagcggcgatcaccgacaaaacgcgcgttatcgtgccggtccattacgcgggtgtggcctgcgaaatggacaccattatggcgttggcgaaaaagcataatttgtttgtggtagaagatgccgctcagggcgtgatgtccacttacaaagggcgtgcactgggaaccattggtcatattggctgctttagcttccatgaaaccaaaaactacacggcgggcggtgaaggcggcgcgacgctgattaacgataaagcgttaatcgaacgagccgagatcatccgtgaaaagggcactaaccgcagccagttcttccgtggtcaggtcgataaatatacctggcgcgatattggctccagctatttgatgtccgatctgcaagctgcatacctgtgggcgcaactggaagcagcggatcgtatcaaccagcaacgtctggcgctgtggcaaaactactacgatgcgttagcgcctctggcgaaagccgggcgtatcgagctgccgtcgattcccgatggctgcgtgcagaacgcgcatatgttctacattaaactgcgggatattgatgaccggagcgcgttgattaactttctgaaagaagcggaaatcatggcggtgtttcattacattccgctgcacggttgccctgcgggggaacactttggtgagttccacggtgaagatcgctacaccaccaaagagagcgagcgcctgctgcgcctgccgctgttctacaacctgtcgcccgtcaatcagcgtacggtaattgcgactttgttgaactacttttcctga

	Amino Acid
Sequence
	MIPFNAPPVVGTELDYMQSAMGSGKLCGDGGFTRRCQQWLEQRFGSAKVLLTPSCTASLEMAALLLDIQPGDEVIMPSYTFVSTANAFVLRGAKIVFVDVRPDTMNIDETLIEAAITDKTRVIVPVHYAGVACEMDTIMALAKKHNLFVVEDAAQGVMSTYKGRALGTIGHIGCFSFHETKNYTAGGEGGATLINDKALIERAEIIREKGTNRSQFFRGQVDKYTWRDIGSSYLMSDLQAAYLWAQLEAADRINQQRLALWQNYYDALAPLAKAGRIELPSIPDGCVQNAHMFYIKLRDIDDRSALINFLKEAEIMAVFHYIPLHGCPAGEHFGEFHGEDRYTTKESERLLRLPLFYNLSPVNQRTVIATLLNYFS

	a dTDP-4-dehydro-6-deoxy-D-glucose transaminase [Escherichia coli. K-12 MG1655]






Table S3. Stability Characterization of the Best-Performing Mutant in Each Beneficial Site
	Mutant
	Tm (℃)a
	T5015 (℃)b
	t1/2 (40 ℃, min)c
	fold

	WT
	41.12±0.03
	38.35±0.15
	2.13±0.44
	1

	Y321F
	42.40±0.01
	39.87±0.07
	9.13±0.57
	4.29

	V318R
	43.90±0.03
	39.93±0.10
	12.13±0.83
	5.69

	K209F
	45.75±0.02
	42.46±0.06
	73.10±14.17
	34.32

	F319V
	46.15±0.02
	43.28±0.06
	84.83±15.38
	39.83

	a The melting temperatures (Tm) were determined using differential scanning fluorimetry (DSF) method.13
b T5015 value is the temperature at which enzyme activity is reduced to 50% after a 15-min heat treatment.14 
c The half-life of enzyme inactivation (t1/2) at 40 °C was obtained by the equation: t1/2 = ln2/kd.15
a-c SI 3.4





Table S4. The LCSA comparison of the WT WecE and the best-performing mutant M3, M4a 
	[bookmark: _Hlk100062431]Name
	[bookmark: _Hlk100062399]Ligand Contact Surface Area (Å2)
	Ligand Polar Contact Surface Area (Å2)
	Ligand Nonpolar Contact Surface Area (Å2)

	WT
	176.38
	107.95
	68.440

	M3
	219.55
	140.43
	79.116

	M4
	216.84
	149.48
	67.357

	a The ligand contact surface area (LCSA) was analyzed by the Analyze Protein Interface tool of DS 3.5 with the default parameters.
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Fig. S1. (A) The colored sequence of WecE with the Consurf conservation score ranging from 1 to 9, of which higher score indicates greater conservation. The red asterisks indicated the residues interacting with the cofactor PLP. (B) The conservation score distribution of the interaction residues between WecE and the cofactor PLP (PDB ID:4PIW), which was analyzed using LigPlot+.
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Fig. S2. The interaction analysis between the active site of WecE and the co-crystallized internal aldimine LLP (PDB ID:4PIW) using LigPlot+.

[image: ]
[bookmark: _Hlk101106315]Fig. S3. The main chain of the 57 contact residues within an 8 Å distance around the valienone–PMP in the active site of WecE (PDB ID: 4ZAH). The colored residues represent the Consurf conservation score, which ranges from 1 to 9, with higher scores indicating greater conservation.
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Fig. S4. Valienamine production of the best-performing mutants at each single site in CAST process and the combinatorial mutants during the ISM cycles compared to WT WecE. The reaction mixture included 10 mM valienone as the amino acceptor, 40 mM L-Gln as the amino donor, 50 μM PLP as a cofactor, and 1 mg/mL of purified enzyme in 20 mM potassium phosphate buffer (pH 7.5). The reaction was incubated at 37 °C for 2 h, followed by valienamine detection using OPA precolumn derivatization HPLC analysis.
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Fig. S5. The melting temperatures (Tm) detection of WecE and the mutants M3 and M4 using differential scanning fluorimetry (DSF) method. Aliquots (20 μL) of each mixture, containing 0.2 mg/mL enzymes and 1 μL 1× SYPRO Ruby orange dye in a final concentration, were pre-incubated at 4 °C for 20 min. The initial temperature was set at 25 °C, followed by an increased to 85 °C at a rate of 2°C/min. Fluorescence was detected using real-time PCR with an excitation wavelength of 490 nm and an emission wavelength of 580 nm. The Tm values were obtained by determining the inflection point of a fit of the fluorescence signal to a Boltzmann sigmoidal fit using Origin 2021 software. 



[image: ]
Fig. S6. The T5015 value detection of WecE and the mutants M3 and M4. The purified protein was subjected to heat treatment by incubating the enzyme in 0.2-ml PCR tubes using a programmable thermal cycler for precise temperature control in the range of 35 to 50 °C. Enzymes were heated at different temperatures for 15 min and cooled at 4 °C for 10 min. The residual activities were assayed after 2- hour incubation at 37 °C in the reaction mixture. The T5015 value was obtained by determining the inflection point of the residual activities at certain temperatures using a Boltzmann sigmoidal fit with Origin 2021 software.


[image: ]
Fig. S7. The half-life (t1/2) value detection of WecE and the mutants M3 and M4. Both WT WecE and the detected mutants M3 and M4 were incubated at 40 °C for various time intervals ranging from 0 to 20 minutes and then cooled on ice for 10 minutes. The residual catalytic activities of the enzymes were assayed at 37 °C. The first-order rate constants (kd) were determined by linear regression of ln (residual activity) versus the incubation time (t) using Origin 2021 software. The half-life of enzyme inactivation (t1/2) at 40 °C was obtained by the following equation: t1/2 = ln2/kd.
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[bookmark: _Hlk114263780]Fig. S8. The Michaelis-Menten detection curves for valienone. A 100 μL aliquot of a reaction mixture comprising 20 mM potassium phosphate buffer (pH 7.5), 0.85 mg/mL purified enzyme, 5 mM L-Glu, 5 μM PLP, and a valienone gradient from 0.01–1.5 mM, coupled with 0.5 U L-GDH, 0.5 mM NADH, and 5 mM NH4Cl, incubated at 25°C in 96-well plates. The reactions were monitored continuously at 340 nm to detect oxidation of NADH. One unit (U) of enzyme activity represents 1 μM of NADH consumed per min, and the Michaelis-Menten curves were fitted using Origin software.

[bookmark: _Hlk136268482][image: ]
Fig. S9. (A) Ramachandran Plots of the mutant M3 model analyzed using MolProbity. (B) Structure assessments for the M3 model. RMSD compared to the template 4ZAH was calculated using Pymol. GMQE, QMEANDisCo Global, and Ramachandran Favoured analysis using MolProbity were provided by SWISS-MODEL. 
[image: ]
Fig. S10. (A) Ramachandran Plots of the mutant M4 model analyzed using MolProbity. (B) Structure assessments for the M4 model. RMSD compared to the template 4ZAH was calculated using Pymol. GMQE, QMEANDisCo Global, and Ramachandran Favoured analysis using MolProbity were provided by SWISS-MODEL.
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Fig. S11. (A) Root mean square deviation (RMSD) of the of WT WecE, the mutant M3, and M4 during the 100 ns Molecular Dynamic simulations. (B) Root mean square fluctuation (RMSF) values of all residues of WT WecE, the mutant M3, and M4 for 100 ns Molecular Dynamic simulations.
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Fig. S12. (A) Interface interaction statistics for the average configuration of WT WecE dimer analyzed using online PDBsum server. (B) The active site volume of the average configuration of WT WecE dimer analyzed using online PDBsum server.
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Fig. S13. (A) Interface interaction statistics for the average configuration of M3 dimer analyzed using online PDBsum server. (B) The active site volume of the average configuration of M3 dimer analyzed using online PDBsum server.
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Fig. S14. (A) Interface interaction statistics for the average configuration of M4 dimer analyzed using online PDBsum server. (B) The active site volume of the average configuration of M4 dimer analyzed using online PDBsum server.
[image: ]
Fig. S15. The interface salt bridge (SB) interaction statistics of the (A) WT WecE, (B) mutant M3, and (C) M4 during the 100 ns Molecular Dynamic simulations.
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Fig. S16. The interface hydrogen bond (HB) interaction statistics of the (A) WT WecE, (B) mutant M3, and (C) M4 during the 100 ns Molecular Dynamic simulations.
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Fig. S17. The representative sugar aminotransferases were subjected to multiple alignment using Clustal X. The position of WecE and the conservative catalytic residue K181 is denoted by asterisks. The PDB or the GenBank ID of the aligned enzymes are listed as following: WecE_Eco (4ZAH), AknZ_Sga (AAF73462), ArnB_Eco (AAM92146), ArnB_Sty (1MDX), BlmS_Sbl (AAD28515), BtrR_Bac (2C7T), CanA_Sgr (CAC22113), DesI_Sve (2PO3), DesV_Sve (2OGA), DnrJ_Lpn (OOK43661), EryCI_Aer (AAU93788), GerB_Ssp (ABB52533), GtmB_Mec (CAE06512), Lmbs_Sli (CAA55764), MegDII_Mme (CAC37809), NbmG_Sna(AAM88356), NtdA_Bsu (4K2B), OleNI_San (AAD55456), Per_Ccr (3BN1), Per_Eco (AAG57096), PglE_Cje (1O69), PseC_Hpy (2FN6), QdtB_Tth (3FRK), RfbE_Vch (CAA42137), SpcS2_Ssp (ABW87804), StrS_Sgr (CAA68523), StsC_Sgl (AIR96275), TylB_Sfr (WP_043472394), WbpE_Pae (3NYU), WxcK_Xca (AAK53470).
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Fig. S18. (A) The relative position of the 4 stability-activity beneficial residues and the conserved catalytic K181 in WT WecE. The catalytic distance from the ε-amino group of K181 to the N-atom of the C=N bond of the valienone–PMP intermediate was marked with marine dash. (B) The calculated catalytic distance throughout the MD simulations of WT, mutant M3, and M4.
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Fig. S19. The hydrogen bond (HB) interaction statistics between valienone–PMP and (A) WT WecE, (B) mutant M3, and (C) M4 during the 100 ns Molecular Dynamic simulation.
[image: ]
Fig. S20. The rational and normalized universal evaluation scheme for the obtained mutation free folding energy (∆∆G) values using the data from ABACUS as an example. (A) For virtual saturation mutagenesis at the tested sites, the ΔΔG values generated by 20 mutagenesis diverge over a wide range and cannot be measured by a traditional single standard positive or negative (A.E.U. means ABACUS energy unit). (B) The normalization of the ΔΔG values is performed to ensure that the data have a uniform dimension and that the relative relationships between the original data are preserved. (C) The average mutation folding free energy () for the substitutions at each site was calculated and statistically compared with the value of other sites to obtain the Z-score value for each residue. The residues with negative Z-scores indicate that they have lower than mean of the dataset of value () and are therefore defined as candidate stabilizing residues, as they are more conducive to improve stability. 
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