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Materials and Methods 

I. Protein Expression, Purification, and Characterization 

a. General materials and methods 

All chemicals and reagents were purchased from commercial suppliers (Sigma-Aldrich, VWR, 

Chem-Impex International, Alfa Aesar, Combi-blocks, Oakwood Products) at the highest quality 

available and used without further purification unless stated otherwise. Genes were purchased as 

gBlocks from Integrated DNA Technologies (IDT). E. coli cells were electroporated with an 

Eppendorf E-porator at 2500 V. New Brunswick I26R shaker incubators (Eppendorf) were used 

for cell growth. Cell disruption via sonication was performed with a Sonic Dismembrator 550 

(Fisher Scientific) sonicator. UV-vis spectroscopic measurements were collected on a UV-2600 

Shimadzu spectrophotometer. Optical density measurements were collected using an optical 

density reader (Amersham Biosciences).  Ultra-high pressure liquid chromatography-mass 

spectrometry (UPLC-MS) data were collected on an Acquity UPLC (Waters) equipped with an 

Acquity PDA and QDA MS detector using either a BEH C18 column (Waters) for substituted 

benzaldehyde reactions, or an Intrada Amino Acid column (Imtakt) for aliphatic aldehyde 

reactions. Preparative column separations were performed on an Isolera One Flash Purification 

system (Biotage). NMR data were collected on Bruker 400 or 500 MHz spectrometers equipped 

with BBFO and DCH cryoprobes, respectively. All NMR chemical shifts were referenced either 

to a residual solvent peak or TMS internal standard.  Spectra recorded using DMSO-d6 were 

referenced to the residual DMSO signal at 2.5 ppm for 1H and 39.52 ppm for 13C NMR. Spectra 

recorded using CDCl3 were referenced to the residual CHCl3 peak at 7.26 ppm for 1H NMR and 

77.16 for 13C NMR. Spectra recorded using CD3OD were referenced to the CH3OD residual 

solvent peak at 3.31 ppm for 1H and 49.00 ppm for 13C NMR   Spectra recorded using 

D2O:ACN-d3 as the solvent were referenced to the residual H2O signal at 4.79 ppm for 1H and 

absolute referenced to the 1H spectrum for 13C NMR. Signal positions were recorded in ppm with 

the abbreviations s, d, t, q, dd, and m, denoting singlet, doublet, triplet, quartet, doublet of 

doublets, and multiplet respectively.  All coupling constants J are measured in Hz.  High 

resolution mass spectrometry data were collected with a Q Extractive Plus Orbitrap (NIH 

1S10OD020022-1) instrument with samples ionized by ESI.  

  

b. Cloning of wild-type UstD 

A codon-optimized copy of the Aspergillus flavus UstD gene was purchased as a gBlock from 

Integrated DNA Technologies.  This DNA fragment was inserted into a pET-22b(+) vector by 

the Gibson Assembly method1 and transformed into electrocompetent BL21(DE3) E. coli cells 

via electroporation. After a 30-minute recovery period in Luria-Burtani (LB) media, cells were 

plated onto LB plates containing 100 μg/mL ampicillin (LBamp) and incubated overnight. A 

single colony was then used to inoculate 50 mL of Terrific Broth II media containing 100 μg/mL 

ampicillin (TBamp), which was then incubated overnight at 37 oC with shaking at 200 rpm.  500 

μL of the saturated cell culture was then mixed with 500 μL of sterile 80% glycerol and snap-

frozen in liquid nitrogen to generate a glycerol stock. 

   

c. Plasmid Preparations 

A 5-mL overnight culture of E. coli harboring the plasmid of interest was grown overnight at 37 
oC with shaking at 200 rpm. The plasmid was isolated and purified using Zymo Plasmid 

Miniprep kits and sequenced through Functional Biosciences. 
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d. Protein and DNA Sequences 

Sequences with coding mutations relative to parent have the target mutation bolded. 

 

Protein sequence of C-His-UstD: (Uniprot accession code: XP_002381324.1 for wild-type) 

MKSVATSSLDDVDKDSVPLGSSINGTAQAETPLENVIDVESVRSHFPVLGGETAAFNNA

SGTVVLKEAIESTSNFMYSFPFPPGVDAKSMEAITAYTGNKGKVAAFINALPDEITFGQS

TTCLFRLLGLSLKPMLNNDCEIVCSTLCHEAAASAWIHLSRELGITIKWWSPTTTPNSPD

DPVLTTDSLKPLLSPKTRLVTCNHVSNVVGTIHPIREIADVVHTIPGCMLIVDGVACVPH

RPVDVKELDVDFYCFSWYKLFGPHLGTLYASRKAQDRYMTSINHYFVSSSSLDGKLAL

GMPSFELQLMCSPIVSYLQDTVGWDRIVRQETVLVTILLEYLLSKPSVYRVFGRRNSDPS

QRVAIVTFEVVGRSSGDVAMRVNTRNRFRITSGICLAPRPTWDVLKPKSSDGLVRVSFV

HYNTVEEVRAFCSELDEIVTRDTLEHHHHHH 

 

DNA sequence of ustD codon optimized using IDT Codon Optimization Tool and including the 

flanking Gibson Assembly insertion and C-terminal 6xHis-Tag sequences. 

GTTTAACTTTAAGAAGGAGATATACATATGAAGAGCGTAGCGACGAGTTCCCTTGAT

GACGTAGATAAAGATTCCGTCCCCCTGGGCAGTTCGATCAATGGCACTGCACAAGC

GGAAACTCCGCTGGAGAATGTGATCGACGTCGAATCAGTGCGCTCACATTTCCCGGT

ATTAGGGGGGGAAACGGCCGCGTTTAACAATGCATCAGGAACCGTAGTTTTGAAGG

AGGCAATTGAATCGACTTCAAATTTCATGTATAGCTTTCCTTTTCCCCCGGGTGTTGA

CGCTAAGTCAATGGAGGCTATTACCGCATATACGGGGAATAAGGGCAAGGTTGCGG

CATTTATCAATGCACTTCCTGATGAAATTACATTCGGGCAGTCCACAACTTGTCTGTT

CCGTTTATTAGGTCTGTCGCTTAAACCTATGCTGAATAACGATTGTGAAATCGTATG

CTCAACATTATGTCACGAAGCAGCAGCTTCCGCATGGATTCATTTAAGTCGCGAATT

AGGAATTACCATTAAGTGGTGGAGCCCAACTACTACACCGAATAGTCCCGATGATCC

AGTTCTGACGACTGACTCATTGAAGCCCTTGCTTAGTCCAAAAACGCGCCTTGTTAC

ATGTAATCACGTGTCGAATGTTGTAGGAACCATCCACCCTATTCGTGAGATTGCCGA

CGTGGTACATACCATTCCTGGATGCATGCTTATCGTTGACGGTGTGGCATGTGTCCC

GCATCGTCCAGTTGATGTTAAAGAATTGGATGTAGATTTTTACTGCTTTTCCTGGTAC

AAGTTGTTCGGACCGCATCTTGGAACCCTGTATGCTTCCCGCAAAGCCCAAGACCGC

TATATGACCTCAATTAACCATTACTTCGTCTCATCGTCGAGCCTTGATGGTAAGCTGG

CATTAGGCATGCCGTCCTTTGAACTGCAGTTGATGTGCTCTCCAATTGTTTCGTATTT

GCAAGATACGGTGGGCTGGGACCGTATCGTGCGCCAAGAGACTGTGCTGGTAACTA

TTTTGTTGGAGTATTTACTTAGCAAGCCATCTGTATATCGTGTGTTCGGACGTCGTAA

TTCTGATCCCAGTCAGCGTGTAGCAATCGTAACTTTTGAAGTCGTGGGACGTAGTTC

CGGGGATGTGGCAATGCGCGTAAATACGCGTAATCGCTTCCGCATTACCTCTGGAAT

TTGCCTGGCACCGCGCCCGACATGGGACGTCTTGAAACCGAAGAGTAGCGACGGAC

TTGTTCGCGTCAGCTTTGTACATTACAACACGGTTGAGGAAGTGCGTGCGTTCTGCA

GCGAGTTAGACGAGATTGTGACACGCGACACCCTCGAGCACCATCACCATCACCAT

TGAGATCCGGCTGC 

 

DNA sequence of ustDC392L,L393M 

ATGAAGAGCGTAGCGACGAGTTCCCTTGATGACGTAGATAAAGATTCCGTCCCCCTG

GGCAGTTCGATCAATGGCACTGCACAAGCGGAAACTCCGCTGGAGAATGTGATCGA

CGTCGAATCAGTGCGCTCACATTTCCCGGTATTAGGGGGGGAAACGGCCGCGTTTAA

CAATGCATCAGGAACCGTAGTTTTGAAGGAGGCAATTGAATCGACTTCAAATTTCAT



 

 

4 

 

GTATAGCTTTCCTTTTCCCCCGGGTGTTGACGCTAAGTCAATGGAGGCTATTACCGC

ATATACGGGGAATAAGGGCAAGGTTGCGGCATTTATCAATGCACTTCCTGATGAAAT

TACATTCGGGCAGTCCACAACTTGTCTGTTCCGTTTATTAGGTCTGTCGCTTAAACCT

ATGCTGAATAACGATTGTGAAATCGTATGCTCAACATTATGTCACGAAGCAGCAGCT

TCCGCATGGATTCATTTAAGTCGCGAATTAGGAATTACCATTAAGTGGTGGAGCCCA

ACTACTACACCGAATAGTCCCGATGATCCAGTTCTGACGACTGACTCATTGAAGCCC

TTGCTTAGTCCAAAAACGCGCCTTGTTACATGTAATCACGTGTCGAATGTTGTAGGA

ACCATCCACCCTATTCGTGAGATTGCCGACGTGGTACATACCATTCCTGGATGCATG

CTTATCGTTGACGGTGTGGCATGTGTCCCGCATCGTCCAGTTGATGTTAAAGAATTG

GATGTAGATTTTTACTGCTTTTCCTGGTACAAGTTGTTCGGACCGCATCTTGGAACCC

TGTATGCTTCCCGCAAAGCCCAAGACCGCTATATGACCTCAATTAACCATTACTTCG

TCTCATCGTCGAGCCTTGATGGTAAGCTGGCATTAGGCATGCCGTCCTTTGAACTGC

AGTTGATGTGCTCTCCAATTGTTTCGTATTTGCAAGATACGGTGGGCTGGGACCGTA

TCGTGCGCCAAGAGACTGTGCTGGTAACTATTTTGTTGGAGTATTTACTTAGCAAGC

CATCTGTATATCGTGTGTTCGGACGTCGTAATTCTGATCCCAGTCAGCGTGTAGCAA

TCGTAACTTTTGAAGTCGTGGGACGTAGTTCCGGGGATGTGGCAATGCGCGTAAATA

CGCGTAATCGCTTCCGCATTACCTCTGGAATTTGCATGGCACCGCGCCCGACATGGG

ACGTCTTGAAACCGAAGAGTAGCGACGGACTTGTTCGCGTCAGCTTTGTACATTACA

ACACGGTTGAGGAAGTGCGTGCGTTCTGCAGCGAGTTAGACGAGATTGTGACACGC

GACACCCTCGAGCACCATCACCATCACCATTGA 

 

DNA sequence of ustDTLM 

ATGAAGAGCGTAGCGACGAGTTCCCTTGATGACGTAGATAAAGATTCCGTCCCCCTG

GGCAGTTCGATCAATGGCACTGCACAAGCGGAAACTCCGCTGGAGAATGTGATCGA

CGTCGAATCAGTGCGCTCACATTTCCCGGTATTAGGGGGGGAAACGGCCGCGTTTAA

CAATGCATCAGGAACCGTAGTTTTGAAGGAGGCAATTGAATCGACTTCAAATTTCAT

GTATAGCTTTCCTTTTCCCCCGGGTGTTGACGCTAAGTCAATGGAGGCTATTACCGC

ATATACGGGGAATAAGGGCAAGGTTGCGGCATTTATCAATGCACTTCCTGATGAAAT

TACATTCGGGCAGTCCACAACTTGTCTGTTCCGTTTATTAGGTCTGTCGCTTAAACCT

ATGCTGAATAACGATTGTGAAATCGTATGCTCAACATTATGTCACGAAGCAGCAGCT

TCCGCATGGATTCATTTAAGTCGCGAATTAGGAATTACCATTAAGTGGTGGAGCCCA

ACTACTACACCGAATAGTCCCGATGATCCAGTTCTGACGACTGACTCATTGAAGCCC

TTGCTTAGTCCAAAAACGCGCCTTGTTACATGTAATCACGTGTCGAATGTTGTAGGA

ACCATCCACCCTATTCGTGAGATTGCCGACGTGGTACATACCATTCCTGGATGCATG

CTTATCGTTGACGGTGTGGCATGTGTCCCGCATCGTCCAGTTGATGTTAAAGAATTG

GATGTAGATTTTTACTGCTTTTCCTGGTACAAGTTGTTCGGACCGCATCTTGGAACCC

TGTATGCTTCCCGCAAAGCCCAAGACCGCTATATGACCTCAATTAACCATTACTTCG

TCTCATCGTCGAGCCTTGATGGTAAGCTGGCATTAGGCATGCCGTCCTTTGAACTGC

AGTTGATGTGCTCTCCAATTGTTTCGTATTTGCAAGATACGGTGGGCTGGGACCGTA

TCGTGCGCCAAGAGACTGTGCTGGTAACTATTTTGTTGGAGTATTTACTTAGCAAGC

CATCTGTATATCGTGTGTTCGGACGTCGTAATTCTGATCCCAGTCAGCGTGTAGCAA

TCGTAACTTTTGAAGTCGTGGGACGTAGTTCCGGGGATGTGGCAATGCGCGTAAATA

CGCGTAATCGCTTCCGCATTACCTCTGGAACCTTAATGGCACCGCGCCCGACATGG

GACGTCTTGAAACCGAAGAGTAGCGACGGACTTGTTCGCGTCAGCTTTGTACATTAC

AACACGGTTGAGGAAGTGCGTGCGTTCTGCAGCGAGTTAGACGAGATTGTGACACG

CGACACCCTCGAGCACCATCACCATCACCATTGA 
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DNA sequence of ustDFVF 

ATGAAGAGCGTAGCGACGAGTTCCCTTGATGACGTAGATAAAGATTCCGTCCCCCTG

GGCAGTTCGATCAATGGCACTGCACAAGCGGAAACTCCGCTGGAGAATGTGATCGA

CGTCGAATCAGTGCGCTCACATTTCCCGGTATTAGGGGGGGAAACGGCCGCGTTTAA

CAATGCATCAGGAACCGTAGTTTTGAAGGAGGCAATTGAATCGACTTCAAATTTCAT

GTATAGCTTTCCTTTTCCCCCGGGTGTTGACGCTAAGTCAATGGAGGCTATTACCGC

ATATACGGGGAATAAGGGCAAGGTTGCGGCATTTATCAATGCACTTCCTGATGAAAT

TACATTCGGGCAGTCCACAACTTGTCTGTTCCGTTTATTAGGTCTGTCGCTTAAACCT

ATGCTGAATAACGATTGTGAAATCGTATGCTCAACATTATGTCACGAAGCAGCAGCT

TCCGCATGGATTCATTTAAGTCGCGAATTAGGAATTACCATTAAGTGGTGGAGCCCA

ACTACTACACCGAATAGTCCCGATGATCCAGTTCTGACGACTGACTCATTGAAGCCC

TTGCTTAGTCCAAAAACGCGCCTTGTTACATGTAATCACGTGTCGAATGTTGTAGGA

ACCATCCACCCTATTCGTGAGATTGCCGACGTGGTACATACCATTCCTGGATGCATG

CTTATCGTTGACGGTGTGGCATGTGTCCCGCATCGTCCAGTTGATGTTAAAGAATTG

GATGTAGATTTTTACTGCTTTTCCTGGTACAAGTTGTTCGGACCGCATCTTGGAACCC

TGTATGCTTCCCGCAAAGCCCAAGACCGCTATATGACCTCAATTAACCATTACTTCG

TCTCATCGTCGAGCCTTGATGGTAAGCTGGCATTAGGCATGCCGTCCTTTGAACTGC

AGTTGATGTGCTCTCCAATTGTTTCGTATTTGCAAGATACGGTGGGCTGGGACCGTA

TCGTGCGCCAAGAGACTGTGCTGGTAACTATTTTGTTGGAGTATTTACTTAGCAAGC

CATCTGTATATCGTGTGTTCGGACGTCGTAATTCTGATCCCAGTCAGCGTGTAGCAA

TCGTAACTTTTGAAGTCGTGGGACGTAGTTCCGGGGATGTGGCAATGCGCGTAAATA

CGCGTAATCGCTTCCGCATTACCTCTGGATTCGTATTTGCACCGCGCCCGACATGGG

ACGTCTTGAAACCGAAGAGTAGCGACGGACTTGTTCGCGTCAGCTTTGTACATTACA

ACACGGTTGAGGAAGTGCGTGCGTTCTGCAGCGAGTTAGACGAGATTGTGACACGC

GACACCCTCGAGCACCATCACCATCACCATTGA 

 

DNA sequence of ustDTLM-ACASC 

ATGAAGAGCGTAGCGACGAGTTCCCTTGATGACGTAGATAAAGATTCCGTCCCCCTG

GGCAGTTCGATCAATGGCACTGCACAAGCGGAAACTCCGCTGGAGAATGTGATCGA

CGTCGAATCAGTGCGCTCACATTTCCCGGTATTAGGGGGGGAAACGGCCGCGTTTAA

CAATGCATCAGGAACCGTAGTTTTGAAGGAGGCAATTGAATCGACTTCAAATTTCAT

GTATAGCTTTCCTTTTCCCCCGGGTGTTGACGCTAAGTCAATGGAGGCTATTACCGC

ATATACGGGGAATAAGGGCAAGGTTGCGGCATTTATCAATGCACTTCCTGATGAAAT

TACATTCGGGCAGTCCACAACTGCCCTGTTCCGTTTATTAGGTCTGTCGCTTAAACCT

ATGCTGAATAACGATTGCGAAATCGTATGCTCAACATTATGTCACGAAGCAGCAGCT

TCCGCATGGATTCATTTAAGTCGCGAATTAGGAATTACCATTAAGTGGTGGAGCCCA

ACTACTACACCGAATAGTCCCGATGATCCAGTTCTGACGACTGACTCATTGAAGCCC

TTGCTTAGTCCAAAAACGCGCCTTGTTACATGTAATCACGTGTCGAATGTTGTAGGA

ACCATCCACCCTATTCGTGAGATTGCCGACGTGGTACATACCATTCCTGGAGCGATG

CTTATCGTTGACGGTGTGGCAAGCGTCCCGCATCGTCCAGTTGATGTTAAAGAATTG

GATGTAGATTTTTACTGCTTTTCCTGGTACAAGTTGTTCGGACCGCATCTTGGAACCC

TGTATGCTTCCCGCAAAGCCCAAGACCGCTATATGACCTCAATTAACCATTACTTCG

TCTCATCGTCGAGCCTTGATGGTAAGCTGGCATTAGGCATGCCGTCCTTTGAACTGC

AGTTGATGTGCTCTCCAATTGTTTCGTATTTGCAAGATACGGTGGGCTGGGACCGTA

TCGTGCGCCAAGAGACTGTGCTGGTAACTATTTTGTTGGAGTATTTACTTAGCAAGC



 

 

6 

 

CATCTGTATATCGTGTGTTCGGACGTCGTAATTCTGATCCCAGTCAGCGTGTAGCAA

TCGTAACTTTTGAAGTCGTGGGACGTAGTTCCGGGGATGTGGCAATGCGCGTAAATA

CGCGTAATCGCTTCCGCATTACCTCTGGAACCTTAATGGCACCGCGCCCGACATGG

GACGTCTTGAAACCGAAGAGTAGCGACGGACTTGTTCGCGTCAGCTTTGTACATTAC

AACACGGTTGAGGAAGTGCGTGCGTTCTGCAGCGAGTTAGACGAGATTGTGACACG

CGACACCCTCGAGCACCATCACCATCACCATTGA 

 

DNA sequence of ustDTLM-ASCSC 

ATGAAGAGCGTAGCGACGAGTTCCCTTGATGACGTAGATAAAGATTCCGTCCCCCTG

GGCAGTTCGATCAATGGCACTGCACAAGCGGAAACTCCGCTGGAGAATGTGATCGA

CGTCGAATCAGTGCGCTCACATTTCCCGGTATTAGGGGGGGAAACGGCCGCGTTTAA

CAATGCATCAGGAACCGTAGTTTTGAAGGAGGCAATTGAATCGACTTCAAATTTCAT

GTATAGCTTTCCTTTTCCCCCGGGTGTTGACGCTAAGTCAATGGAGGCTATTACCGC

ATATACGGGGAATAAGGGCAAGGTTGCGGCATTTATCAATGCACTTCCTGATGAAAT

TACATTCGGGCAGTCCACAACTGCCCTGTTCCGTTTATTAGGTCTGTCGCTTAAACCT

ATGCTGAATAACGATTCCGAAATCGTATGCTCAACATTATGTCACGAAGCAGCAGC

TTCCGCATGGATTCATTTAAGTCGCGAATTAGGAATTACCATTAAGTGGTGGAGCCC

AACTACTACACCGAATAGTCCCGATGATCCAGTTCTGACGACTGACTCATTGAAGCC

CTTGCTTAGTCCAAAAACGCGCCTTGTTACATGTAATCACGTGTCGAATGTTGTAGG

AACCATCCACCCTATTCGTGAGATTGCCGACGTGGTACATACCATTCCTGGATGCAT

GCTTATCGTTGACGGTGTGGCAAGCGTCCCGCATCGTCCAGTTGATGTTAAAGAATT

GGATGTAGATTTTTACTGCTTTTCCTGGTACAAGTTGTTCGGACCGCATCTTGGAACC

CTGTATGCTTCCCGCAAAGCCCAAGACCGCTATATGACCTCAATTAACCATTACTTC

GTCTCATCGTCGAGCCTTGATGGTAAGCTGGCATTAGGCATGCCGTCCTTTGAACTG

CAGTTGATGTGCTCTCCAATTGTTTCGTATTTGCAAGATACGGTGGGCTGGGACCGT

ATCGTGCGCCAAGAGACTGTGCTGGTAACTATTTTGTTGGAGTATTTACTTAGCAAG

CCATCTGTATATCGTGTGTTCGGACGTCGTAATTCTGATCCCAGTCAGCGTGTAGCA

ATCGTAACTTTTGAAGTCGTGGGACGTAGTTCCGGGGATGTGGCAATGCGCGTAAAT

ACGCGTAATCGCTTCCGCATTACCTCTGGAACCTTAATGGCACCGCGCCCGACATG

GGACGTCTTGAAACCGAAGAGTAGCGACGGACTTGTTCGCGTCAGCTTTGTACATTA

CAACACGGTTGAGGAAGTGCGTGCGTTCTGCAGCGAGTTAGACGAGATTGTGACAC

GCGACACCCTCGAGCACCATCACCATCACCATTGA 

 

DNA sequence of ustDTLM-ASASC 

ATGAAGAGCGTAGCGACGAGTTCCCTTGATGACGTAGATAAAGATTCCGTCCCCCTG

GGCAGTTCGATCAATGGCACTGCACAAGCGGAAACTCCGCTGGAGAATGTGATCGA

CGTCGAATCAGTGCGCTCACATTTCCCGGTATTAGGGGGGGAAACGGCCGCGTTTAA

CAATGCATCAGGAACCGTAGTTTTGAAGGAGGCAATTGAATCGACTTCAAATTTCAT

GTATAGCTTTCCTTTTCCCCCGGGTGTTGACGCTAAGTCAATGGAGGCTATTACCGC

ATATACGGGGAATAAGGGCAAGGTTGCGGCATTTATCAATGCACTTCCTGATGAAAT

TACATTCGGGCAGTCCACAACTGCCCTGTTCCGTTTATTAGGTCTGTCGCTTAAACCT

ATGCTGAATAACGATTCCGAAATCGTATGCTCAACATTATGTCACGAAGCAGCAGC

TTCCGCATGGATTCATTTAAGTCGCGAATTAGGAATTACCATTAAGTGGTGGAGCCC

AACTACTACACCGAATAGTCCCGATGATCCAGTTCTGACGACTGACTCATTGAAGCC

CTTGCTTAGTCCAAAAACGCGCCTTGTTACATGTAATCACGTGTCGAATGTTGTAGG

AACCATCCACCCTATTCGTGAGATTGCCGACGTGGTACATACCATTCCTGGAGCGAT
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GCTTATCGTTGACGGTGTGGCAAGCGTCCCGCATCGTCCAGTTGATGTTAAAGAATT

GGATGTAGATTTTTACTGCTTTTCCTGGTACAAGTTGTTCGGACCGCATCTTGGAACC

CTGTATGCTTCCCGCAAAGCCCAAGACCGCTATATGACCTCAATTAACCATTACTTC

GTCTCATCGTCGAGCCTTGATGGTAAGCTGGCATTAGGCATGCCGTCCTTTGAACTG

CAGTTGATGTGCTCTCCAATTGTTTCGTATTTGCAAGATACGGTGGGCTGGGACCGT

ATCGTGCGCCAAGAGACTGTGCTGGTAACTATTTTGTTGGAGTATTTACTTAGCAAG

CCATCTGTATATCGTGTGTTCGGACGTCGTAATTCTGATCCCAGTCAGCGTGTAGCA

ATCGTAACTTTTGAAGTCGTGGGACGTAGTTCCGGGGATGTGGCAATGCGCGTAAAT

ACGCGTAATCGCTTCCGCATTACCTCTGGAACCTTAATGGCACCGCGCCCGACATG

GGACGTCTTGAAACCGAAGAGTAGCGACGGACTTGTTCGCGTCAGCTTTGTACATTA

CAACACGGTTGAGGAAGTGCGTGCGTTCTGCAGCGAGTTAGACGAGATTGTGACAC

GCGACACCCTCGAGCACCATCACCATCACCATTGA 

 

DNA sequence of ustDTLM-SCASC 

ATGAAGAGCGTAGCGACGAGTTCCCTTGATGACGTAGATAAAGATTCCGTCCCCCTG

GGCAGTTCGATCAATGGCACTGCACAAGCGGAAACTCCGCTGGAGAATGTGATCGA

CGTCGAATCAGTGCGCTCACATTTCCCGGTATTAGGGGGGGAAACGGCCGCGTTTAA

CAATGCATCAGGAACCGTAGTTTTGAAGGAGGCAATTGAATCGACTTCAAATTTCAT

GTATAGCTTTCCTTTTCCCCCGGGTGTTGACGCTAAGTCAATGGAGGCTATTACCGC

ATATACGGGGAATAAGGGCAAGGTTGCGGCATTTATCAATGCACTTCCTGATGAAAT

TACATTCGGGCAGTCCACAACTTCCCTGTTCCGTTTATTAGGTCTGTCGCTTAAACCT

ATGCTGAATAACGATTGCGAAATCGTATGCTCAACATTATGTCACGAAGCAGCAGCT

TCCGCATGGATTCATTTAAGTCGCGAATTAGGAATTACCATTAAGTGGTGGAGCCCA

ACTACTACACCGAATAGTCCCGATGATCCAGTTCTGACGACTGACTCATTGAAGCCC

TTGCTTAGTCCAAAAACGCGCCTTGTTACATGTAATCACGTGTCGAATGTTGTAGGA

ACCATCCACCCTATTCGTGAGATTGCCGACGTGGTACATACCATTCCTGGAGCCATG

CTTATCGTTGACGGTGTGGCATCTGTCCCGCATCGTCCAGTTGATGTTAAAGAATTG

GATGTAGATTTTTACTGCTTTTCCTGGTACAAGTTGTTCGGACCGCATCTTGGAACCC

TGTATGCTTCCCGCAAAGCCCAAGACCGCTATATGACCTCAATTAACCATTACTTCG

TCTCATCGTCGAGCCTTGATGGTAAGCTGGCATTAGGCATGCCGTCCTTTGAACTGC

AGTTGATGTGCTCTCCAATTGTTTCGTATTTGCAAGATACGGTGGGCTGGGACCGTA

TCGTGCGCCAAGAGACTGTGCTGGTAACTATTTTGTTGGAGTATTTACTTAGCAAGC

CATCTGTATATCGTGTGTTCGGACGTCGTAATTCTGATCCCAGTCAGCGTGTAGCAA

TCGTAACTTTTGAAGTCGTGGGACGTAGTTCCGGGGATGTGGCAATGCGCGTAAATA

CGCGTAATCGCTTCCGCATTACCTCTGGAACCTTAATGGCACCGCGCCCGACATGG

GACGTCTTGAAACCGAAGAGTAGCGACGGACTTGTTCGCGTCAGCTTTGTACATTAC

AACACGGTTGAGGAAGTGCGTGCGTTCTGCAGCGAGTTAGACGAGATTGTGACACG

CGACACCCTCGAGCACCATCACCATCACCATTGA 

 

DNA sequence of ustDTLM-CCASC 

ATGAAGAGCGTAGCGACGAGTTCCCTTGATGACGTAGATAAAGATTCCGTCCCCCTG

GGCAGTTCGATCAATGGCACTGCACAAGCGGAAACTCCGCTGGAGAATGTGATCGA

CGTCGAATCAGTGCGCTCACATTTCCCGGTATTAGGGGGGGAAACGGCCGCGTTTAA

CAATGCATCAGGAACCGTAGTTTTGAAGGAGGCAATTGAATCGACTTCAAATTTCAT

GTATAGCTTTCCTTTTCCCCCGGGTGTTGACGCTAAGTCAATGGAGGCTATTACCGC

ATATACGGGGAATAAGGGCAAGGTTGCGGCATTTATCAATGCACTTCCTGATGAAAT
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TACATTCGGGCAGTCCACAACTTGCCTGTTCCGTTTATTAGGTCTGTCGCTTAAACCT

ATGCTGAATAACGATTGCGAAATCGTATGCTCAACATTATGTCACGAAGCAGCAGCT

TCCGCATGGATTCATTTAAGTCGCGAATTAGGAATTACCATTAAGTGGTGGAGCCCA

ACTACTACACCGAATAGTCCCGATGATCCAGTTCTGACGACTGACTCATTGAAGCCC

TTGCTTAGTCCAAAAACGCGCCTTGTTACATGTAATCACGTGTCGAATGTTGTAGGA

ACCATCCACCCTATTCGTGAGATTGCCGACGTGGTACATACCATTCCTGGAGCCATG

CTTATCGTTGACGGTGTGGCATCTGTCCCGCATCGTCCAGTTGATGTTAAAGAATTG

GATGTAGATTTTTACTGCTTTTCCTGGTACAAGTTGTTCGGACCGCATCTTGGAACCC

TGTATGCTTCCCGCAAAGCCCAAGACCGCTATATGACCTCAATTAACCATTACTTCG

TCTCATCGTCGAGCCTTGATGGTAAGCTGGCATTAGGCATGCCGTCCTTTGAACTGC

AGTTGATGTGCTCTCCAATTGTTTCGTATTTGCAAGATACGGTGGGCTGGGACCGTA

TCGTGCGCCAAGAGACTGTGCTGGTAACTATTTTGTTGGAGTATTTACTTAGCAAGC

CATCTGTATATCGTGTGTTCGGACGTCGTAATTCTGATCCCAGTCAGCGTGTAGCAA

TCGTAACTTTTGAAGTCGTGGGACGTAGTTCCGGGGATGTGGCAATGCGCGTAAATA

CGCGTAATCGCTTCCGCATTACCTCTGGAACCTTAATGGCACCGCGCCCGACATGG

GACGTCTTGAAACCGAAGAGTAGCGACGGACTTGTTCGCGTCAGCTTTGTACATTAC

AACACGGTTGAGGAAGTGCGTGCGTTCTGCAGCGAGTTAGACGAGATTGTGACACG

CGACACCCTCGAGCACCATCACCATCACCATTGA 
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Primer Sequences: All primers were purchased from Integrated DNA Technologies 

Protein Forward Primer (5’ to 3’) Reverse Primer (5’ to 3’) 

pET22b(+)-UstD GAAATAATTTTGTTTAACTT

TAAGAAGGAGATATACATA

TG 

GCCGGATCTCAATGGTGAT

GGTGATGGTGCTCGAG 

C392X AAATACGCGTAATCGCTTC

CGCATTACCTCTGGAATTX

XX*CTGGCACCGCGCCC 

GATGTGGCAATGCGCGTAA

ATACGCGTAATCGCTTCCG

CATTA 

C392L-L393M CGCTTCCGCATTACCTCTGG

AATTCTGATGGCACCGCGC

CCGACATGGG 

CCAGAGGTAATGCGGAAGC

GATTACGCGTATTTACG 

I391[NYC] 

C392[KYA] 

L393[WTK] 

A394[SSA] 

CGCTTCCGCATTACCTCTGG

ANYCKYAWTKSSACCGCG

CCCGACATGGG 

CCAGAGGTAATGCGGAAGC

GATTACGCGTATTTACG 

C122[KBC] CGGGCAGTCCACAACTKBC

CTGTTCCGTTTATTAG 

CTAATAAACGGAACAGGV

MAGTTGTGGACTGCCCG 

C139[TSC] CCTATGCTGAATAACGATT

SCGAAATCGTATGCTCAAC 

GTTGAGCATACGATTTCGS

AATCGTTATTCAGCATAGG 

C227[KSC] GGTACATACCATTCCTGGA

KSCATGCTTATCG 

CGATAAGCATGSMTCCAGG

AATGGTATGTACC 

C236[TSK] CGGTGTGGCATSKGTCCCG

CATC 

GATGCGGGACMSATGCCAC

ACCG 

C428[KSC] GCGTGCGTTCKSCAGCGAG

TTAG 

CTAACTCGCTGSMGAACGC

ACGC 

X139A CCTATGCTGAATAACGATG

CGGAAATCGTATGCTCAAC 

GTTGAGCATACGATTTCCG

CATCGTTATTCAGCATAGG 

X236A CGGTGTGGCAGCGGTCCCG

CATC 

GATGCGGGACCGCTGCCAC

ACCG 

* XXX indicates a 22-codon library made as a mixture of 3 degenerate codon primers 

(NDT, VHG, TGG), as described by Kille, S. et al.2   

DNA Isolation and Storage: DNA was purified via gel electrophoresis and isolated using a 

DNA gel extraction kit (Zymo Research). All isolated DNA was stored at -20 oC. 

 

e. Protein Expression 

Optimized Expression of UstD and variants: An overnight culture of E. coli BL21(DE3) 

harboring a pET-22b(+) plasmid encoding a given UstD variant was created by inoculating 50 

mL of TBamp media with a single colony. This culture was shaken at 37 oC and 200 rpm for ~16 

h.  10 mL of overnight culture was then used to inoculate 1 L of TBamp, which was shaken at 37 
oC and 200 rpm for approximately 1.5 h or until an optical density (OD) of 0.4-0.6 was reached. 

Cultures were removed from the incubator and cooled on ice for 30 min, followed by induction 

with 100 µM IPTG. The cultures were allowed to continue to grow for an additional ~16 h at 20 
oC and shaking at 200 rpm. Cells were then harvested by centrifugation (4 oC, 30 min, 4,000 xg), 

and the cell pellets were stored at -20 oC overnight.   
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Whole Cell Preparation of E. coli harboring UstD: Following overnight expression as stated 

above, cells were harvested by centrifugation (4 oC, 30 min, 4,000 xg). The cell pellets were then 

resuspended in water and centrifuged two times to remove all media. The cell pellets were 

transferred to 50 mL conical tubes and freeze dried by lyophilization. The dried cells were stored 

at -80 oC until further use.  

 

Protein Purification: To purify UstD, cell pellets were thawed on ice and then resuspended in 

lysis buffer, comprised of enzyme storage buffer (100 mM potassium phosphate buffer (pH 7.0), 

100 mM sodium chloride) containing 20 mM imidazole, 1 mg/mL Hen Egg White Lysozyme 

(GoldBio), 0.2 mg/mL DNase (GoldBio), 1 mM MgCl2, and 150 μM pyridoxal 5’-phosphate 

(PLP). A ratio of 4 mL lysis buffer per gram of wet cell pellet was used. Cells lysis began by 

shaking for 1 h at 37 oC. The resuspended cells were subsequently sonicated (20 min, 0.8 s on, 

0.2 s off, power setting 5). The resulting lysate was then spun down at 75,600 xg to pellet 

cellular debris. Ni/NTA beads were pre-equilibrated in storage buffer containing 20 mM 

imidazole. 1 mL of resin for 25 g of cells was added to the cleared lysis supernatant and 

incubated with nutation on ice for 1 h. The beads were then collected in a gravity column with 

plastic frit, and the flow-through was re-passed once to collect any remaining beads from the 

original vessel. The collected beads were washed with 10-20 column volumes of storage buffer 

containing 60 mM imidazole. Protein was eluted with 5 mL of storage buffer containing 250 mM 

imidazole and collecting the flow-through until the eluent was no longer yellow (color due to the 

enzymatically bound PLP cofactor). The eluent was then transferred to a centrifugal filter tube 

(Amicon® Ultra-15, 30k MWCO) and concentrated by centrifugation (4,000 xg, 15 min). 

Imidazole was then removed either through dialysis or through repeated dilution (with enzyme 

storage buffer) and concentration steps until < 1 μM imidazole.   

 

f. Protein Characterization and Storage. 

Concentration measurement: Enzyme concentration was determined by Bradford assay, using 

bovine serum albumin for a standard concentration curve.   

 

Gel Electrophoresis: Protein purity was analyzed by sodium dodecyl sulfate-polyacrylamide 

(SDS-PAGE) gel electrophoresis using 12% polyacrylamide gels (Supplementary Figure 1).  

 

Storage: Purified Enzyme was flash frozen in pellet form by pipetting enzyme dropwise into a 

crystallization dish filled with liquid nitrogen. The enzyme was transferred to a plastic conical 

and stored at -80 oC until further use. Frozen pellets were thawed at room temperature and 

centrifuged before use (Supplementary Figure 1).  

 

II. Library Generation for Directed Evolution 

 

a. Production of UstD random mutagenesis libraries: 

Random mutagenesis was carried out via error-prone PCR. Reaction conditions were optimized 

to generate 1-2 codon mutations per plasmid. Reactions were setup by adding the following to a 

PCR tube: 5 μL 10x Taq buffer (New England Biolabs), 1 μL 10 mM dNTP mix, 1 μL 10 μM 

22b-intF, 1 μL 10 μM 22b-intR, 1 μL ~100 ng/μL parent plasmid, 5.5 μL 50 mM MgCl2, 2.5 or 5 

μL 1 mM MnCl2, 1 μL DMSO, 0.5 μL Taq polymerase (New England Biolabs) and total volume 
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was made up to 50 µL with H2O. Reactions were carried out in a thermocycle according to the 

following scheme: 

 

Thermocycler program 

Step 1: 95 °C 2 min 30 s 

Step 2: 95 °C 15 s 

Step 3: 55 °C 20 s  

Step 4: 68 °C 1 min 45 s  

Step 5: 68 °C 5 min 

Extension steps 2 – 4 were performed for 30 cycles.   

 

The PCR product was purified using a preparative agarose gel. Purified DNA fragment was 

inserted into a pET-22b(+) vector by the Gibson Assembly method.1 BL21 (DE3) E. coli cells 

were subsequently transformed with the resulting cyclized DNA product via electroporation. 

After 45 min of recovery in Luria-Burtani (LB) media containing 0.4% glucose at 37 °C, cells 

were plated onto LB plates with 100 µg/mL Ampicillin (Amp) and incubated overnight. Single 

colonies were used to inoculate 5 mL LB + 100 µg/mL amp (LBamp), which were grown 

overnight at 37 °C, 200 rpm. Colonies were sequenced and there were 1 – 2 coding mutations for 

both the concentrations of MnCl2.  

 

b. Production of UstD degenerate codon libraries: 

Primers containing degenerate codons were purchased from IDT and are listed above. 

  

III. Enzymatic Activity Experiments 

 

a. Screening for Directed Evolution 

General Procedure: Electrocompetent BL21(DE3) were transformed with mutagenized plasmid 

DNA and allowed to recover for 45 min in 800 μL of Terrific Broth (TB). After recovery, the 

cells were plated onto LB plates containing 100 μg/mL ampicillin (LBamp) and incubated 

overnight. A 96-well plate containing 500 μL of TBamp per well was inoculated with single 

colonies. Each plate included parent positive controls (from a fresh transformation), negative 

controls and a sterile control that was not inoculated. The plates were grown overnight at 37 °C, 

200 rpm. Expression plates were prepared with 630 μL of TBamp per well and inoculated with 20 

μL of overnight culture. Glycerol stocks of each starter plate well were made from the remaining 

culture to ensure the sequence of any mutants of interest could be determined. The expression 

cultures were grown at 37 °C, 200 rpm for 2.5 h. Expression plates were then placed on ice for 

30 min and induced with a final concentration of 0.1 mM IPTG in 50 μL of fresh TBamp. The 

expression culture was grown overnight at 20 °C, 200 rpm. Following overnight growth, the 

plate was centrifuged (4,000 xg, 30 min, 4 oC) and all media was removed by striking plates 

against a paper towel on a table. Expression plates were stored at -20 °C until further use.  

A lysis buffer containing 100 mM potassium phosphate buffer (pH 7.0), 100 mM sodium 

chloride, 1 mg/mL Hen Egg White Lysozyme (GoldBio), 0.2 mg/mL DNase (GoldBio), 1 mM 

MgCl2, and 150 μM pyridoxal 5’-phosphate (PLP) was added to each well and the plate was 

subsequently lysed for 1 h at 37 °C. The lysate was pelleted at 4,000 xg for 30 min. Clarified 

lysate was added to a 96-well reaction plate where each well contained a master mix solution, 

such that the end reaction concentrations were 25 mM aldehyde, 25 mM L-asp, PLP, and buffer 
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(100 mM KPi + NaCl, pH 7.0). The ratio of clarified lysate to reaction master mix was varied 

over the course of engineering to maintain a reasonable product measurement dynamic range. 

The reactions were allowed to incubate overnight at 37 °C, and were subsequently quenched 

with 100 μL acetonitrile and pelleted at 4,000 xg for 30 min. The cleared reaction mixture was 

transferred to a 0.2 μm centrifuge filter plate (PALL) and filtered at 1,500 xg for 10 min into a 

clean 96-well plate before being sealed prior to analysis by UPLC-MS.  

 

Screening of mutagenesis libraries: The relative amount of product formed in the reactions 

compared to the positive control reaction was measured by absorbance at 210 nm via UPLC/MS.  

Given the relatively high variability in the parent signal in this assay, wells typically require an 

apparent 1.5-fold increase in product compared to the parent to be carried forward for validation 

of hits. Using the glycerol stocks from the starter culture plate (described above), wells of 

interest could be streaked on to a fresh LBamp plate for subsequent sequencing and validation.  

 

Validation: Every mutant of interest was validated by heterologous expression and Ni-NTA 

purification, accounting for changes in soluble enzyme concentration as well as changes in 

activity.  To study how the activity profile of UstD changed over the course of engineering, each 

key variant in the evolutionary lineage was expressed and purified in tandem as described above 

(Supplementary Figure 3). Parallel triplicate 200 μL reactions containing 25 mM benzaldehyde, 

50 mM L-aspartate sodium salt monohydrate, 2.5 μM PLP, and 0.25 μM UstD variant (0.001 

mol% cat., 100000 max TON) were allowed to react at 37 °C for 16 h.  After, each reaction was 

quenched with 200 μL of ACN containing 1 mM tryptamine as an internal standard, and the 

reaction mixtures were analyzed by UPLC-MS.  A standard curve was made using previously 

purified 3a to facilitate total turnover number calculations. The variants were also trialed against 

several other aldehydes including: biphenyl-4-carboxaldehyde (20000 max TON), p-

anisaldehyde (20000 max TON), and glycolaldehyde (100000 max TON). Reactions were run 

using the same reaction conditions and procedure, with catalyst loading changed to match the 

indicated maximum turnover number. Simple fold-response measurements were used to quantify 

activity differences between variants (Supplementary Figure 5). 

 

b. Analytical Scale Biocatalytic Reactions 

 

Reaction Condition Optimization 

 

General Methods: All optimization reactions were conducted in triplicate on analytical scale 

(100 μL). PLP and L-aspartate stock solutions were made with 100 mM potassium phosphate 

buffer containing 100 mM sodium chloride (reaction buffer) at the indicated pH. Post-reaction 

quenching was done by adding 100 μL of 99:1 acetonitrile:ethanol with 1 mM tryptamine as an 

internal standard. Quenched reactions were then centrifuged at 15,000 xg to remove aggregated 

protein, and diluted with 200 μL of 1:1 water:acetonitrile. Quantification was performed by 

UPLC-MS analysis. Measurement of internal standard, benzaldehyde and product concentrations 

was done by separation on a BEH C18 column (Waters) and measurement of the corresponding 

210 nm UV peak areas. Measurement of internal standard, product, L-aspartate, and L-alanine 

concentrations were done by separation on an Intrada amino acids column (Imtakt) using 

positive mode single ion readout for the M+H mass peak. Variability in injection volumes were 
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corrected by dividing peak areas by the observed internal standard peak area for each injection. 

Optimization for each reaction condition component is listed below. 

 

PLP concentration: A reaction master mix containing 27.5 mM L-aspartate monosodium 

monohydrate, 27.5 mM Benzaldehyde, and 5.5% DMSO was made in 100 mM potassium 

phosphate buffer (pH 8.0) with 100 mM sodium chloride reaction buffer.  1.00, 0.20, 0.08, and 

0.02 mM stocks of PLP were made by diluting a 20 mM PLP stock solution in reaction buffer.  

0.5 dram glass vials were charged with 90.9 μL reaction master mix and 5 μL of the appropriate 

PLP stock (or buffer, in the case of no added PLP), and catalysis was initiated by addition of 4.1 

μL of 25 μM UstDTLM (Final concentrations: 25 mM L-aspartate, 2.5 μmol; 25 mM 

benzaldehyde, 2.5 μmol; 1 μM UstDTLM, 0.004 mol% cat., 25,000 max TON; 50 μM, 10 μM, 4 

μM, 1 μM, 0 μM PLP; 5% DMSO). Reactions were allowed to proceed in a 37 oC incubator for 

16 h prior to quenching with 100 μL ACN and quantification (Supplementary Figure 4A). 

 

L-Aspartate concentration: A reaction master mix containing 55.6 mM benzaldehyde, 111.1 μM 

PLP, and 11.1% DMSO was made in 100 mM potassium phosphate buffer (pH 8.0) with 100 

mM sodium chloride reaction buffer.  500, 250, 100, and 50 mM stocks of L-aspartate 

monosodium monohydrate were made in reaction buffer.  0.5 dram glass vials were charged with 

45 μL reaction master mix and 50 μL of the appropriate L-aspartate stock, and catalysis was 

initiated by addition of 5 μL 5 μM UstDTLM (Final concentrations: 25 mM benzaldehyde, 2.5 

μmol; 25, 50, 125, 250 mM L-aspartate, 2.5, 5.0, 12.5, 25.0 μmol, respectively; 0.25 μM 

UstDTLM, 0.001 mol% cat., 100,000 max TON; 2.5 μM PLP, 10 equiv. relative to UstDTLM; 5% 

DMSO). Reactions were allowed to proceed in a 37 oC incubator for 16 h prior to quenching 

with 100 μL ACN and quantification (Supplementary Figure 4B). 

 

pH: Five separate master mix solutions containing 25 mM benzaldehyde, 130 mM L-aspartate 

monosodium monohydrate, 1.3 mM PLP, and 5.2% DMSO were prepared in 100 mM potassium 

phosphate with 100 mM NaCl reaction buffer at pH 6.0, 6.5, 7.0, 7.5, and 8.0 (pH of buffer not 

altered after addition of reaction components). 0.5 dram glass vials were charged with 96.1 μL of 

the appropriate reaction master mix, and catalysis was initiated by addition of 3.9 μL 6 μM 

UstDTLM (Final concentrations: 25 mM benzaldehyde, 2.5 μmol; 125 mM L-aspartate, 12.5 μmol; 

0.25 μM UstDTLM, 0.001 mol% cat., 100,000 max TON; 2.5 μM PLP, 10 equiv. relative to 

UstDTLM; 5% DMSO). Reactions were allowed to proceed in a 37 oC incubator for 16 h prior to 

quenching with 100 μL ACN and quantification (Supplementary Figure 4C). 

 

mol% catalyst: A reaction master mix containing 50 mM benzaldehyde, 100 mM L-aspartate 

monosodium monohydrate, and 10% DMSO was made in 100 mM potassium phosphate, pH 7.0, 

with 100 mM sodium chloride.  UstDTLM stock solutions containing 50 μM, 5.0 μM, 1.7 μM, and 

1 μM were made, each containing 10 equivalents of PLP.  0.5 dram glass vials were charged 

with 50 μL reaction master mix, and catalysis was initiated by addition of 50 μL of the 

appropriate UstD stocks (Final concentrations: 25 mM benzaldehyde, 2.5 μmol; 50 mM L-

aspartate, 5.0 μmol; 25 μM (0.1 mol% cat., 1,000 max TON), 2.5 μM (0.01 mol% cat., 10,000 

max TON), 0.83 μM (0.003 mol% cat., 30,000 max TON), 0.25 μM (0.001 mol% cat., 100,000 

max TON) UstDTLM; 10 equiv. PLP relative to UstDTLM; 5% DMSO). Reactions were allowed to 

proceed in a 37 oC incubator for 16 h prior to quenching with 100 μL ACN and quantification 

(Supplementary Figure 4D).  
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UstD Performance Evaluation using Marfey’s Derivatization 

 

General Procedure: All reactions were done in triplicate on analytical scale (200 μL). The buffer 

used for all enzymatic reactions was 100 mM KPi, pH 7.0, 100 mM NaCl. PLP and L-aspartate 

stock solutions were made in buffer. Aldehyde stock solutions were made in DMSO, except for 

glycolaldehyde, glyoxylic acid, DL-glyceraldehyde, and imidazole-4-carboxaldehyde which 

were made in buffer. All UstD variant stock solutions concentrations were quantified by 

Bradford assay prior to setting up reactions. All samples were analyzed following Marfey’s 

derivatization by Waters Acquity UPLC-MS using a BEH C18 column (Waters).  To correct for 

small deviations in injection volume, an internal derivatization standard was included (0.1 mM 

L-arginine for reactions containing aromatic aldehydes, 0.1 mM tryptamine for reactions 

containing aliphatic aldehydes).  Derivatized amino acid product quantitation was performed by 

integrating chromatograph peaks at 340 nm and corrected by dividing by the internal standard 

peak area.  To calculate product concentrations, a standard curve was generated by subjecting 

stock solutions of L-phenylalanine (25 mM – 0.25 mM) in buffer to the identical procedure used 

to process and derivatize enzymatic reaction solutions, in tripliciate, with both internal standards.  

These curves were used to calculate the concentrations of UstD products in solution, and 

subsequently total turnover numbers after dilution factor correction. 

 

General Marfey’s Procedure: A 0.5-dram glass vial was charged with a master mix of L-

aspartate sodium salt monohydrate (0.005 mmol, 2 equiv., 50 mM final concentration), 

pyridoxal-5’-phosphate (10 equiv. relative to final UstD concentration), and buffer. The master 

mix composition was varied to ensure a uniform concentration of each UstD variant at the 

completion of reaction setup. To this solution the aldehydes corresponding to compounds 2a-2p 

(0.0025 mmol, 1 equiv., 25 mM final concentration) were added to the reaction mixtures. The 

reactions were initiated by the addition of UstD (0.007 mol% cat., 15,000 maximum turnover 

number). The reaction vessels were placed in a dark 37 oC incubator for 18 h and subsequently 

quenched with 200 μL of ACN. A Marfey’s derivatization reaction was then performed in order 

to determine ee and dr of each enzymatic reaction. In a new flat bottom glass LC vial, 6 μL of 

quenched reaction mix (1 equiv., 0.5 mM final total amines from unreacted L-aspartate and 

formed L-alanine and γ-hydroxy amino acid product) was added to a solution of 144 μL of 10.41 

mM NaHCO3 (10 equiv., 5 mM final concentration) with 0.21 mM of either L-arg (0.1 mM final 

concentration, aldehydes 2a-2k) or tryptamine (0.1 mM final concentration, aldehydes 2l-2p), 

followed by addition of 150 μL 5 mM L-FDAA dissolved in ACN (5 equiv., 2.5 mM final 

concentration) to bring the total reaction volume to 300 μL.  Each reaction vial was sealed with a 

pierceable LC vial cap, placed in a dark 37 oC incubator for 18 h, then quenched with 300 μL of 

1:1 ACN:60 mM HCl (15 mM post-quench).  Quenched reaction mixtures were analyzed by 

UPLC-MS no later than 24 h after quenching, results are shown in Table S1.  
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Characterization of γ-hydroxy Amino Acids by Marfey’s Analysis: 

 

All products derivatized according to according to the General Marfey’s Procedure (above). 

Quantitative analysis of the data is provided in Table S1 

 

4a - 2-((5-((1-amino-1-oxopropan-2-yl)amino)-2,4-dinitrophenyl)amino)-4-hydroxy-4-

phenylbutanoic acid 

 
4b - 2-((5-((1-amino-1-oxopropan-2-yl)amino)-2,4-dinitrophenyl)amino)-4-(4-bromophenyl)-4-

hydroxybutanoic acid 

 
4c - 2-((5-((1-amino-1-oxopropan-2-yl)amino)-2,4-dinitrophenyl)amino)-4-hydroxy-4-(4-

methoxyphenyl)butanoic acid
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4d - 2-((5-((1-amino-1-oxopropan-2-yl)amino)-2,4-dinitrophenyl)amino)-4-hydroxy-4-(4-

nitrophenyl)butanoic acid 

 
 

4e - 2-((5-((1-amino-1-oxopropan-2-yl)amino)-2,4-dinitrophenyl)amino)-4-hydroxy-4-(6-

methoxynaphthalen-2-yl)butanoic acid 

 
 

 

 

4f - 2-((5-((1-amino-1-oxopropan-2-yl)amino)-2,4-dinitrophenyl)amino)-4-(3,4-dichlorophenyl)-

4-hydroxybutanoic acid 

 
 



 

 

17 

 

4g - 4-([1,1'-biphenyl]-4-yl)-2-((5-((1-amino-1-oxopropan-2-yl)amino)-2,4-

dinitrophenyl)amino)-4-hydroxybutanoic acid 

 
4h - 2-((5-((1-amino-1-oxopropan-2-yl)amino)-2,4-dinitrophenyl)amino)-4-hydroxy-4-(o-

tolyl)butanoic acid 

 
 

 

 

 

4i - 2-((5-((1-amino-1-oxopropan-2-yl)amino)-2,4-dinitrophenyl)amino)-4-hydroxy-4-(thiophen-

3-yl)butanoic acid 
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4j - 2-((5-((1-amino-1-oxopropan-2-yl)amino)-2,4-dinitrophenyl)amino)-4-hydroxy-4-(1H-

imidazol-5-yl)butanoic acid 

 
 

 

4k - (E)-2-((5-((1-amino-1-oxopropan-2-yl)amino)-2,4-dinitrophenyl)amino)-4-hydroxy-6-

phenylhex-5-enoic acid 

 

 
 

 

 

4l - 2-((5-((1-amino-1-oxopropan-2-yl)amino)-2,4-dinitrophenyl)amino)-4-hydroxy-5-

methylhexanoic acid 
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4m - 2-((5-((1-amino-1-oxopropan-2-yl)amino)-2,4-dinitrophenyl)amino)-4-cyclopentyl-4-

hydroxybutanoic acid 

 
 

 

 

4n - 2-((5-((1-amino-1-oxopropan-2-yl)amino)-2,4-dinitrophenyl)amino)-4-hydroxy-5-

vinyldodecanoic acid 

 
 

4o - 2-((5-((1-amino-1-oxopropan-2-yl)amino)-2,4-dinitrophenyl)amino)-4,5-

dihydroxypentanoic acid
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4p - 2-((5-((1-amino-1-oxopropan-2-yl)amino)-2,4-dinitrophenyl)amino)-4-hydroxy-5-

phenylhexanoic acid 

 
 

IV. Preparative Scale In vitro Biocatalytic Reactions and Protections 

 

Procedure P1: Preparative scale production of unprotected aromatic γ-hydroxy amino acids  

A 50-mL round bottom flask was charged with a given aldehyde (0.2 mmol, 1.0 equiv, 25 mM 

final concentration), which was then dissolved in an appropriate amount of DMSO (5% v/v final 

concentration). This solution was then diluted with 100 mM potassium phosphate buffer (pH 7.0) 

containing 100 mM sodium chloride. L-aspartate sodium salt monohydrate (0.4 mmol, 2.0 equiv, 

50 mM final concentration) and 10 molar equivalents of pyridoxal-5’-phosphate (PLP) relative to 

final UstD concentration were then added, followed by addition of UstD (0.0002-0.001% mol 

cat). The total reaction volume was 8 mL. The reaction flask was placed in the dark at 37 oC for 

16 h. Product formation was monitored by UPLC-MS. After reaction completion, the reaction 

mixture was quenched with an equivalent volume of acetonitrile (ACN) and centrifuged (4,000 

rpm, 15 min) to remove aggregated protein. The decanted supernatant was then concentrated to 

~2 mL by rotary evaporation and loaded onto a preparative reverse-phase C18 column pre-

equilibrated at 1:20 methanol:water. Purification was performed via gradient elution on an 

Isolera One Flash Purification system (Biotage).  Fractions bearing product (confirmed by 

UPLC-MS sampling of fraction tubes) were pooled and dried by rotary evaporation. The product 

was then resuspended in a minimal quantity of water, transferred to a pre-weighed 20 mL vial, 

frozen, and lyophilized. 

 

Procedure P2: Preparative scale production of Fmoc-protected aromatic γ-hydroxy amino acids 

A 100-mL round bottom flask was charged with a given aldehyde (0.2 mmol, 1.0 equiv., 25 mM 

final concentration), which was then dissolved in an appropriate amount of DMSO (5% v/v final 

concentration). This solution was then diluted with 100 mM potassium phosphate buffer (pH 7.0) 

containing 100 mM sodium chloride. L-aspartate sodium salt monohydrate (0.4 mmol, 2.0 equiv., 

50 mM final concentration) and PLP (10 equiv. relative to final UstD concentration) were then 

added. The reaction was initiated by addition of UstD (0.0002 – 0.001% mol. cat.), and the 

reaction flask was placed in a dark 37 oC incubator for 16 h. Product formation was monitored by 

UPLC-MS. The reaction mixture was treated with 6.0 M NaOH until pH ~10 (measured by 

universal indicator paper). In parallel, Fmoc-Cl (0.6 mmol, 1.5 equiv.) was weighed out and 

dissolved in acetonitrile to a final volume equal to the enzymatic reaction, typically 8 mL. The 

Fmoc-Cl solution was then added to the alkaline enzymatic reaction mixture with vigorous 



 

 

21 

 

stirring and was allowed to react at room temperature for 4 h or until no amino acid product was 

detected by UPLC/MS. The acetonitrile was then removed by rotary evaporation, and the 

concentrated solution was treated with 2.0 M citric acid until pH = 3 by universal indicator 

paper. The reaction was then extracted with ethyl acetate (3 x 25 mL), and the organic layers 

were retained and combined. The organic layer was then washed with sat. NaHCO3 (2 x 25 mL) 

and sat. NaCl (2 x 25 mL) and dried over magnesium sulfate. The solution was then concentrated 

by rotary evaporation and applied to a Biotage Samplet charged with silica before being placed 

in a 25-gram Biotage SNAP KP-Sil cartridge pre-equilibrated with hexane. The Fmoc-amino 

acid product was then purified against hexane:ethyl acetate by gradient elution and automated 

fractionation (absorption monitoring at 210 and 254 nm). Fractions bearing product were 

confirmed by UPLC-MS mass detection, pooled, and evaporated by rotary evaporation before 

overnight drying under high vacuum in a pre-weighed vial. Product isolation and identity was 

confirmed by NMR and high-resolution mass-spectrometry.   

 

Procedure P3: Preparative scale production of lactonized aliphatic γ-hydroxy amino acids 

A 100-mL round bottom flask was charged with a given aldehyde (0.2 mmol, 1.0 equiv., 25 mM 

final concentration), L-aspartate sodium salt monohydrate (0.4, 2.0 equiv., 50 mM final 

concentration), and pyridoxal 5’-phosphate (10 equiv. relative to final UstD concentration) 

before dissolving everything in 100 mM potassium phosphate buffer (pH 7.0) containing 100 

mM sodium chloride.  The reaction was initiated by addition of UstD (0.0002-0.001% mol. cat.), 

and the reaction flask was placed in a dark 37oC incubator for 16 h. Product formation was 

monitored by UPLC-MS. The reaction mixture was then treated with 6.0 M NaOH until pH ~10 

(measured by universal indicator paper). A given amount of Fmoc-Cl (0.6 mmol, 1.5 equiv.) was 

weighed out and dissolved in an equal volume of acetonitrile (relative to the enzymatic reaction 

mixture volume). The Fmoc-Cl solution was then added to the alkaline enzymatic reaction 

mixture with vigorous stirring and was allowed to react at room temperature for 4 h or until no 

free amino acid product was visible by UPLC-MS. Acetonitrile was then removed from the 

reaction by rotary evaporation. The reaction flask was placed in an ice bath and allowed to cool 

before being acidified with concentrated HCl (16 mL, 8 M final concentration). This solution 

was allowed to react at room temperature for 24 h with vigorous stirring. The formation of the 

lactonized product was monitored by UPLC-MS. Upon completion of the lactonization, the 

reaction mixture was extracted with ethyl acetate (4 x 25 mL) without neutralization. The 

organic layer was washed with 10 mL portions of water until the washings were pH >5 by 

universal indicator paper. Subsequently, the organic layer was washed with saturated sodium 

chloride (2 x 10 mL), dried over magnesium sulfate, and concentrated by rotary evaporation.  

The lactonized product was then purified by normal phase chromatography using hexane:ethyl 

acetate containing 0.5% acetic acid.  Fraction purity was initially verified by TLC, followed by 

UPLC-MS, and fractions containing purified product were pooled. Acetic acid was removed by 

three cycles of addition of heptane and rotary evaporation concentration before overnight drying 

under high vacuum in a pre-weighed vial. Product isolation and identity was confirmed by NMR 

and high-resolution mass-spectrometry. 

 

Hydration State NMR Experiments 

For reactions analyzed in 1:1 D2O/ACN-d3, 2 mL of solvent was prepared in a 1-dram glass vial. 

For reactions analyzed in DMSO-d6, two 1 mL ampules of solvent were opened and combined in 

a 1-dram glass vial. Two 800 μL aliquots of appropriate solvent were added to a 0.5-dram glass 
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vial containing product and a blank 0.5 dram glass vial, respectively. After the product dissolved 

fully, 750 μL of the product and blank solution were transferred to two oven dried NMR tubes. 

NMR spectra were acquired on either a Bruker Avance-400 or 500 MHz magnet, both equipped 

with a BBFO probe. T1 measurements were made on representative product containing solutions 

using a standard inversion recovery pulse sequence, and subsequent experiment relaxation delays 

(60 s and 75 s for DMSO-d6 and D2O/ ACN-d3 samples, respectively) were set to ≥5x the 

maximum measured T1 value to ensure reestablishment of equilibrium magnetism. For hydration 

state quantification, a standard 13C-decoupled 1H pulse sequence was used. Initially, the product-

containing NMR sample was inserted into the NMR spectrometer and analyzed. For the blank 

sample, the same receiver gain value measured for the product-containing sample was used.  The 

water content contributed by the dissolved product was measured by subtracting the blank 

spectra water peak integration from the product-containing sample water peak integration and 

comparing the resulting value to peaks with assigned proton counts from the product. 

 

V. Linear Regression Modelling 

 

To improve the expression properties of UstDTLM, putative surface cysteines were identified 

from a homology model generated by I-TASSER33–5 (Supplementary Figure 7A). Because 

mutation to Ala might have a deleterious effect, we sought to build a degenerate codon library 

that sampled a variety of alternative residues that were present among UstD homologs. To 

analyze the homologous sequences, a sequence similarity network was generated using the EFI-

EST web service6–9 and was processed using Cytoscape10 (Supplementary Figure 7B). A cluster 

representing the nearest 1000 homologues to UstD was used as the input for a multiple sequence 

alignment. From these data, we identified five Cys residues that had a low degree of 

conservation as well as other residues that were prominent at these positions. Primers were 

designed for simultaneous degenerate codon mutagenesis at each site, constituting a library with 

576 possible sequences (Supplementary Figure 7C). 

 

The library was constructed using two rounds of polymerase cycling assembly and validated by 

Sanger sequencing (Functional Biosciences). Transformation and screening of two 96-well plates 

was conducted as described above (section IIIa). Glycerol stocks of both library plates were also 

sent for sequencing, and 104 of the 176 non-control wells produced high quality sequencing 

results containing 95 unique sequences. The sequences were then one-hot encoded to represent 

the presences of mutations at each position (input vector size: 15) and matched with the UPLC 

screening fold-activity (relative to UstDTLM) data to generate a modelling dataset. Linear 

regression modelling was performed using Python 3.8.611 and the scikit-learn 0.23.2 package12. 

To linearize the data, the natural log of all fold-activities was used during model fitting, and the 

model outputs were exponentiated before calculating model statistics or making predictions. An 

initial linear regression data against all 104 sequences showed a relatively modest global fit 

(Mean absolute error: 0.20, R2: 0.65) with poor predictive power at high fold-activity 

(Supplementary Figure 8A). 

 

The C428G and C428S mutations were highly deleterious and removed during the noise-filtering 

step. We hypothesized the dominance of experimental noise in the zero-activity measurements 

was reducing the predictive power of the model. Notably, a visual inspection of the sequences 

showed that those bearing mutations at C428 had very low, typically no measurable catalytic 
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activity. Therefore, to mitigate the influence of noise and improve the extrapolation capability of 

the model, we re-trained the model (input vector size: 13) on a more limited data set the only 

consisted of bonafide turnover measurements and not catalytically ‘dead’ enzymes. This focused 

model eliminated all sequences bearing C428G and C428S and reduced the total sequence-

function space for LRM to just 32 pairs. To our satisfaction, the model trained only on data 

where turnover was observed showed significant improvements. Leave-one-out cross-validation 

produced reasonable model statistics during cross-validation (mean absolute error: 0.21, R2: 

0.79; Supplementary Figure 8B) and improved fit at modest-to-high activities (Figure 3). We set 

the ‘dead’ mutations to 0 and fit across all available data, resulting in predictive matrix 

(Supplementary Figure 8C) for the UstD Cys shuffle sequence space. We queried this sequence 

space and the top three variants with the lowest cysteine content were chosen for production and 

screening along with the variants with the highest activity from each library plate.  

 

VI. Whole Cell Biocatalytic Reactions and Protections 

 

Whole Cell 3a - A 1-L baffled flask was charged with 100 mM potassium phosphate buffer (pH 

7.0) containing 100 mM sodium chloride and DMSO (5% v/v). Then, 2a (5 mmol, 1 equiv., 30 

mM final concentration), L-aspartate sodium salt monohydrate (10 mmol, 2.0 equiv., 60 mM 

final concentration), and PLP (8.4 µmol, 0.05 mM final concentration) were added to the 

solution. The reaction was initiated upon the addition of lyophilized E. coli cells harboring 

expressed UstD2.0 (840 mg, 5 mg/mL). The reaction vessel was moved to a shaking 37 °C 

incubator and allowed to react overnight. Product formation was monitored by UPLC/MS. The 

reaction was quenched with an equal volume of ACN (168 mL). To remove cell debris, the 

reaction mixture was centrifuged at 4000 rpm for 20 min. The resulting supernatant was 

concentrated to ~100 mL by rotary evaporation and purified in two batches by preparative 

reverse-phase chromatography. Purification was performed via gradient elution on an Isolera 

One Flash Purification system (Biotage) using a 60 g, C18 column pre-equilibrated at 1% 

methanol.  Fractions bearing 3a (confirmed by UPLC-MS sampling of fraction tubes) were 

pooled and evaporated to dryness by rotary evaporation. The resulting powder of 3a was then 

resuspended in a minimal quantity of water, transferred to a pre-weighed 20 mL scintillation vial, 

frozen, and subjected to lyophilization. After confirming the product obtained from both Biotage 

runs was equally pure, the two samples were combined for subsequent characterization.   

 

Whole Cell 3d - A 1-L baffled flask was charged with 100 mM potassium phosphate buffer (pH 

7.0) containing 100 mM sodium chloride and DMSO (5% v/v). Then, 2d (5 mmol, 1 equiv., 30 

mM final concentration), L-aspartate sodium salt monohydrate (10 mmol, 2.0 equiv., 60 mM 

final concentration), and PLP (16.8 µmol, 0.1 mM final concentration) were added to the 

solution. The reaction was initiated upon the addition of lyophilized E. coli cells harboring 

expressed UstD2.0 (168 mg, 1 mg/mL). The reaction vessel was moved to a shaking 37 °C 

incubator and allowed to react overnight (~16 h). Formation of 3d was monitored by UPLC/MS. 

The reaction was quenched with an equal volume of ACN (168 mL). To remove cell debris, the 

reaction mixture was centrifuged at 4000 rpm for 30 min and the pellet was rinsed with water 

twice to remove residual product. The ACN and more than half the water was removed by rotary 

evaporation and the remaining solution was placed in the in the fridge overnight (If the solution 

is too concentrated then a yellow-white sludge will form, to mitigate this add a small amount of 

1:1 H2O:MeOH.) The precipitate was filtered and rinsed with ice cold water (3 x 5 mL). The 
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resulting solid, 3d, was then transferred to a pre-weighed 20 mL scintillation vial, resuspended in 

a minimal quantity of water, frozen, and subjected to lyophilization. The filtrate was analyzed by 

UPLC/MS and was found to still contain a small amount of 3d. Therefore, the filtrate was 

concentrated to ~2 mL by rotary evaporation and loaded onto a preparative reverse-phase C18 

column pre-equilibrated at 1% methanol. Purification was performed via gradient elution on a 

Isolera One Flash Purification system (Biotage).  Fractions bearing 3d (confirmed by UPLC-MS 

sampling of fraction tubes) were pooled and evaporated to dryness by rotary evaporation. The 

resulting solid was then resuspended in a minimal quantity of water, transferred to a pre-weighed 

20 mL scintillation vial, frozen, and subjected to lyophilization. After confirming the 3d obtained 

from both methods (precipitation and column chromatography) was equally pure, the two 

samples were combined for subsequent characterization.     

 

VII. Protein Crystallization, Experimental Phasing, and Model Building 

 

a. Crystallization 

Crystallization conditions for UstD2.0 were surveyed at both room temperature and 4 °C by the 

sitting drop method of vapor diffusion using JCSG -plus HT96 (Molecular Dimensions) and HT 

index HR2-134 (Hampton Research) sparse matrix screens using 20 and 45 mg/mL UstD2.0. 

Crystals appeared in conditions containing 10% PEG-MME 5000, 0.1 M HEPES pH 7.0, and 5% 

Tacsimate pH 7.0. Crystals were reproduced by mixing a 1:1 ratio of well solution (5-15% PEG-

MME 5000, 0.1 M HEPES pH 7.0) and 20 mg/mL UstD2.0 to generate 2μL of mother liquor, 

which was allowed to equilibrate against 1 mL well solution. Initially, yellow tetragonal crystals 

grew over a period of days. Initial diffraction experiments showed crystals diffracted to 2.7-3.5 

Å, and our early efforts failed to acquire sufficient anomalous signal with heavy atom soaks to 

determine the substructure, which was compounded by ambiguities in the space group due to 

significant non-translational pseudosymmetry. 

During the course of the COVID-19 pandemic, crystallization trays continued to sit in a 

dark room and, to our great joy, conditions that initially had precipitant concentrations formed 

beautiful yellow crystals at some point during 2020, over a year after the trays were initially laid. 

The best native dataset was later acquired from crystals that were soaked overnight with 1 μL of 

50 mM thimerosal dissolved in well solution. Experimental phases were acquired from samples 

that were soaked overnight with 0.5 μL of 76 mM AuCl3. Sample was looped with a Mitegen 

Micromount through Fomblin Y, and were flash frozen in liquid N2 until diffraction.  

 

b. Experimental Phasing 

X-ray data were collected remotely at the Advanced Photon Source, Structural Biology Center 

Beamline 21-ID-D. Data were processed with XDS and Aimless13,14. Crystals soaked with 

thimerosal showed no anomalous signal, but from these conditions we acquired a native data set 

with good statistics. We observed a modest anomalous signal with the Au-derivatized protein. 

We determined the structure of UstD2.0 by the SIRAS method, as implemented in Crank2.015, 

which used SHELX for substructure detection16, BP3 for refinement17. Density modification was 

performed with SOLOMON18.  

 

c. Model Building 

Automated model building with Buccaneer generated a model that was ~90% complete19. The 

asymmetric unit contained three subunits; two protomers in a biological dimer and a third 
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protomer related through non-translation pseudosymmetry and formed a dimer with itself 

through crystallographic symmetry. Iterative cycles of manual model building with Coot20 and 

refinement with REFMAC521. After all atoms were placed, 10 TLS operators were added per 

chain and refined prior to deposition21. X-ray data collection and model refinement statistics are 

listed in Table S3 (below). 

 

VIII. Characterization of 𝜸-hydroxy amino acid products 

 

3a - Synthesis of (2S,4S)-2-amino-4-hydroxy-4-phenylbutanoic acid  

 
Prepared from 2a using procedure P1. Isolated yield: 47% 1H NMR (400 MHz, Deuterium 

Oxide: Acetonitrile-d3) δ 7.90 (d, J = 4.4 Hz, 4H), 7.87 – 7.77 (m, 1H), 5.36 (dd, J = 10.0, 3.2 

Hz, 1H), 4.17 (dd, J = 7.5, 4.2 Hz, 1H), 2.66 (ddd, J = 14.3, 9.9, 4.1 Hz, 1H), 2.48 (dd, J = 7.5, 

3.2 Hz, 2H). 13C NMR (126 MHz, D2O:Acetonitrile-d3) δ 176.41, 144.59, 129.14, 128.16, 

126.26, 71.54, 53.78, 40.26.  Hydration State: C10H13NO3 · 6 H2O HRMS (ESI): [M-H]- calcd. 

for C10H13NO3, 194.0823; found, 194.0823 

 

3a - Synthesis of (2S,4S)-2-amino-4-hydroxy-4-phenylbutanoic acid (wt-UstD) 

 
Prepared from 2a using wt-UstD. Isolated yield: 43% 1H NMR (500 MHz, Deuterium Oxide) δ 

7.47 – 7.41 (m, 4H), 7.40 – 7.35 (m, 1H), 4.90 (dd, J = 9.5, 3.9 Hz, 1H), 3.76 (dd, J = 7.3, 4.4 

Hz, 1H), 2.29 (ddd, J = 14.8, 9.5, 4.3 Hz, 1H), 2.15 (ddd, J = 14.9, 7.3, 3.9 Hz, 1H). 13C NMR 

(126 MHz, D2O) δ 176.13, 143.15, 128.86, 128.11, 125.86, 71.07, 53.10, 39.03. 

 

5b - Synthesis of (2S,4S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-(4-

bromophenyl)-4-hydroxybutanoic acid  

  
Prepared from 2b using procedure P2. Isolated yield: 56% 1H NMR (500 MHz, Chloroform-d) 

δ 7.76 (d, J = 7.5 Hz, 2H), 7.58 (d, J = 7.4 Hz, 2H), 7.54 (d, J = 8.4 Hz, 2H), 7.40 (t, J = 7.6 Hz, 

2H), 7.36 – 7.28 (m, 2H), 7.24 (d, 2H), 5.49 – 5.28 (m, 2H), 4.58 (s, 1H), 4.45 (d, J = 6.9 Hz, 

2H), 4.23 (t, J = 6.7 Hz, 1H), 3.13 (s, 1H), 2.16 (q, J = 11.5, 11.0 Hz, 1H). 13C NMR (126 MHz, 

Chloroform-d) δ 173.73, 155.93, 143.60, 141.36, 136.75, 132.08, 127.83, 127.44, 127.13, 

125.00, 123.04, 120.05, 77.98, 67.42, 52.17, 47.06, 38.83.  
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HRMS (ESI): 297.9722  

 

 

 

 

5c - Synthesis of (2S,4S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-hydroxy-4-(4-

methoxyphenyl)butanoic acid  

  
Prepared from 2c using procedure P2. Isolated yield: 20%  1H NMR (500 MHz, Chloroform-d) 

δ 7.77 (d, J = 7.6 Hz, 2H), 7.59 (d, J = 7.5 Hz, 2H), 7.41 (t, J = 7.5 Hz, 2H), 7.36 – 7.28 (m, 4H), 

6.93 (d, 2H), 5.39 (m, 2H), 4.59 (s, 1H), 4.45 (d, J = 7.0 Hz, 2H), 4.24 (t, J = 6.9 Hz, 1H), 3.82 

(s, 3H), 3.09 (s, 1H), 2.21 (dd, J = 25.5, 13.3 Hz, 1H). 13C NMR (126 MHz, Chloroform-d) δ 

174.12, 160.23, 156.02, 143.68, 141.35, 129.35, 127.81, 127.66, 127.13, 125.05, 120.03, 114.23, 

78.86, 67.37, 55.37, 52.39, 47.09, 38.82. HRMS (ESI): [M+NH4]
+ calcd. for C26H23NO5, 

447.1915; found, 447.1912  

 

5d - Synthesis of (2S,4S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-hydroxy-4-(4-

nitrophenyl)butanoic acid  

  
Prepared from 2d using procedure P2. Isolated yield: 64% 1H NMR (500 MHz, Chloroform-d) 

δ 8.27 (d, J = 8.8 Hz, 2H), 7.76 (d, J = 7.6 Hz, 2H), 7.62 – 7.51 (m, 4H), 7.40 (t, J = 7.5 Hz, 2H), 

7.30 (td, J = 7.5, 1.1 Hz, 2H), 5.50 (dd, J = 10.6, 5.3 Hz, 1H), 5.43 (d, 1H), 4.59 (s, 1H), 4.45 (d, 

J = 7.0 Hz, 2H), 4.22 (t, J = 6.8 Hz, 1H), 3.26 – 3.12 (m, 1H), 2.19 (q, J = 12.0 Hz, 1H). 13C 

NMR (126 MHz, Chloroform-d) δ 173.28, 155.86, 148.17, 144.97, 143.53, 141.35, 127.85, 

127.13, 126.40, 124.96, 124.20, 120.07, 77.09, 67.47, 51.99, 47.04, 38.51. HRMS (ESI): [M-H]- 

calcd. for C25H22N2O7, 461.1354; found 461.1363 

  

OH

O

HNOH

O

O

O

OH

O

HNOH

O

O

O2N



 

 

27 

 

 

3f - Synthesis of (2S,4S)-2-amino-4-(3,4-dichlorophenyl)-4-hydroxybutanoic acid  

  
Prepared from 2f using procedure P1. Isolated yield: 39% 1H NMR (400 MHz, DMSO-d6) δ 

7.54 (dd, J = 4.9, 3.4 Hz, 2H), 7.30 (dd, J = 8.4, 2.0 Hz, 1H), 6.21 (s, 2H), 4.73 (t, J = 6.2 Hz, 

1H), 3.30 (s, 3H), 1.81 – 1.69 (m, 2H).13C NMR (126 MHz, DMSO) δ 148.34, 131.11, 130.69, 

129.24, 127.97, 126.38, 70.47, 53.74, 42.66, 40.51, 40.34, 40.18, 40.01, 39.84, 39.68, 39.51. 

Hydration State: C10H11Cl2NO3 HRMS (ESI): [M-H]- calcd. for C10H11Cl2NO3, 262.0043; 

found, 262.0045 

 

3h - Synthesis of (2S,4S)-2-amino-4-hydroxy-4-(o-tolyl)butanoic acid  

  
Prepared from 2h using procedure P1. Isolated yield: 25% 1H NMR (500 MHz, DMSO-d6) δ 

7.45 (d, J = 7.6 Hz, 1H), 7.15 – 7.09 (m, 1H), 7.05 (d, J = 4.1 Hz, 2H), 4.88 – 4.83 (m, 1H), 3.17 

(s, 1H), 2.25 (s, 3H), 1.60 (s, 2H). 13C NMR (126 MHz, DMSO) δ 145.33, 135.17, 133.42, 

129.63, 125.75, 125.43, 125.37, 69.20, 44.02, 40.02, 39.85, 39.69, 39.52, 39.35, 39.19, 39.02, 

18.60. Hydration State: C11H15NO3 · 5 H2O HRMS (ESI): [M-H]- calcd. for C11H15NO3, 

208.0979; found, 208.0976 

 

5j -Synthesis of (2S,4S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-hydroxy-4-(1H-

imidazol-4-yl)butanoic acid 

  
Prepared from 2j using P2. Isolated Yield: 17% 1H NMR (500 MHz, Methanol-d4) δ 7.98 (s, 

1H), 7.79 (d, J = 7.5 Hz, 2H), 7.68 (dd, J = 10.5, 7.4 Hz, 2H), 7.38 (td, 2H), 7.31 (tt, J = 7.4, 1.3 

Hz, 2H), 7.12 (s, 1H), 4.83 (d, J = 3.7 Hz, 1H), 4.43 – 4.29 (m, 3H), 4.24 (t, J = 7.0 Hz, 1H), 2.33 

– 2.22 (m, 1H), 2.08 (ddd, J = 13.5, 9.1, 3.6 Hz, 1H). 13C NMR (500 MHz, MeOD) δ 177.74, 

158.66, 145.44, 142.57, 135.77, 128.76, 128.16, 126.31, 126.26, 120.89, 117.09, 67.99, 65.08, 

54.20, 44.92, 41.15. HRMS (ESI): [M+H]+ calcd. for C22H21N3O5, 408.1554; found, 408.1551 
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6o -Synthesis of 4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-oxotetrahydrofuran-2-

carboxylic acid 

 
Prepared from 2o using P3. Isolated Yield: 49% 1H NMR (500 MHz, Acetonitrile-d3) δ 7.84 (d, 

J = 7.5 Hz, 2H), 7.65 (d, J = 7.5 Hz, 2H), 7.42 (t, J = 7.4 Hz, 2H), 7.34 (t, J = 7.5 Hz, 2H), 4.86 

(dd, J = 10.4, 7.0 Hz, 1H), 4.46 (t, J = 10.0 Hz, 1H), 4.42 – 4.33 (m, 2H), 4.25 (t, J = 6.9 Hz, 

1H), 2.88 – 2.79 (m, 1H), 2.24 (q, J = 11.4 Hz, 1H). 13C NMR (126 MHz, CD3CN) δ 174.55, 

170.53, 156.69, 144.97, 142.13, 128.71, 128.11, 126.08, 120.96, 73.47, 67.52, 51.05, 47.92, 

32.26. HRMS (ESI): [M-H]- calcd. for C20H17NO6, 366.09831; found, 366.0986 

 

Large scale 3a - Synthesis of (2S,4S)-2-amino-4-hydroxy-4-phenylbutanoic acid 

 
Prepared from 2a using the whole cell 3a procedure above. Isolated yield: 47% 1H NMR (500 

MHz, DMSO-d6) δ 7.48 – 7.04 (m, 8H), 4.75 (dd, J = 9.9, 2.7 Hz, 1H), 3.44 (t, J = 6.2 Hz, 1H), 

1.95 – 1.77 (m, 2H). 13C NMR (126 MHz, DMSO) δ 171.99, 146.32, 127.85, 126.44, 125.60, 

125.43, 70.74, 53.01, 41.82, 40.05, 39.89, 39.72, 39.55, 39.38, 39.20, 39.05. Hydration State: 

C10H13NO3 · 0.5 H2O 

 

Large scale 3d - Synthesis of (2S,4S)-2-amino-4-hydroxy-4-(4-nitrophenyl)butanoic acid  

  
Prepared from 2d using the whole cell 3d procedure above. Isolated Yield: 98% 1H NMR (400 

MHz, Deuterium Oxide:Acetonitrile-d3) δ 8.72 (d, J = 8.8 Hz, 2H), 8.12 (d, J = 8.8 Hz, 2H), 5.50 

(t, J = 6.6 Hz, 1H), 4.34 (t, J = 5.5 Hz, 1H), 2.67 (dd, J = 7.2, 5.0 Hz, 2H). 13C NMR (101 MHz, 

D2O:Acetonitrile-d3) δ 174.65, 152.60, 148.06, 127.67, 124.63, 119.45, 70.96, 53.83, 39.15, 

1.32. Hydration State: C10H12N2O5 · 2 H2O HRMS (ESI): [M-H]- calcd. for C10H12N2O5 

239.0673; found 239.0675 
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IX. NMR Spectra 

 

3a 

 
1H NMR spectrum in D2O:ACN-d3 at 400 MHz 

 

13C NMR spectrum in D2O:ACN-d3 at 126 MHz 
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3a- wt-UstD 

 
1H NMR spectrum in D2O at 500 MHz 

 
13C NMR spectrum in D2O at 126 MHz 
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5b 

 
1H NMR spectrum in CDCl3 at 500 MHz 

   
13C APT NMR spectrum in CDCl3 at 126 MHz 
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5c 

 
1H NMR spectrum in CDCl3 at 500 MHz 

 

 
13C NMR spectrum in CDCl3 at 126 MHz 
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5d 

 
1H NMR spectrum in CDCl3 at 500 MHz 

 
13C APT NMR spectrum in CDCl3 at 126 MHz 
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3f 

 
1H NMR spectrum in DMSO-d6

 at 400 MHz 

 
13C NMR spectrum in DMSO-d6 at 126 MHz 
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3h 

 
1H NMR spectrum in DMSO-d6 at 500 MHz 

 
13C NMR spectrum in DMSO-d6 at 126 MHz 
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5j 

 
1H NMR spectrum in MeOD at 500 MHz 

 
13C NMR spectrum in MeOD at 126 MHz  
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6o 

 
1H NMR spectrum in d3-ACN at 500 MHz 

 

13C NMR spectrum in d3-ACN at 126 MHz  
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Large scale-3a 

 

 
1H NMR spectrum in DMSO-d6 at 500 MHz 

 
13C APT NMR spectrum in DMSO-d6 at 126 MHz 
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Large scale-3d 

 
1H NMR spectrum in D2O:ACN-d3at 400 MHz 

 
13C APT NMR spectrum in D2O:ACN-d3

 at 101 MHz 
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Supplementary Figure 1. Purification of UstD. A) 12% SDS-PAGE Gel following steps of 

purification. B) Picture of purified UstD as snap-frozen catalytic droplets. Yellow color results 

from the binding of PLP cofactor to UstD during purification. C) Picture comparing a no enzyme 

control reaction with cofactor added (left) and an enzyme-containing reaction (right) 

demonstrating the loss of yellow color associated with enzymatic degradation of the PLP 

cofactor. 
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Supplementary Figure 2. X-ray crystal structure of 3b. Product formed via the reaction of UstD 

with L-aspartate and p-bromobenzaldehyde. A molecule of water crystallized with 3b which 

coordinates with the hydroxy group of the amino acid.  

 

  



 

 

43 

 

 
Supplementary Figure 3. Observed turnover numbers for key variants of the UstD evolutionary 

lineage. The standard deviations represent triplicate or duplicate technical replicates. The 

reaction conditions are 25 mM benzaldehyde, 50 mM L -aspartate, 10x PLP to catalyst 

concentration, 5% DMSO, buffer (100 mM KPi+ NaCl, pH = 7.0), max TON = 15000, 37 °C, 16 

h.  
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Supplementary Figure 4. Reaction condition optimization of UstDTLM. Initial reaction 

conditions are depicted in the top scheme.  Conditions were optimized sequentially: A) 10 

equivalents PLP relative to catalyst, B) 2 equivalents of L -aspartate relative to benzaldehyde, C) 

pH 7.0.  The dependence of observed yield on catalyst loading D) was conducted with optimized 

reaction conditions.   
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Supplementary Figure 5. Comparison of UstD variants with a variety of aldehyde substrates. 

Reactions conducted with the optimized conditions described in Figure S4D. Each bar represents 

a unique variant. Activity is reported as the fold-change relative to wild-type (left). The variants 

UstDFVF and UstDTLM are in blue and green, respectively. 
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Supplementary Figure 6. Additional triplicate replicates of total turnover number analyses for 

4-nitrobenzaldehyde and benzaldehyde at reduced catalyst loading. The reaction conditions are 

25 mM aldehyde, 50 mM L-aspartate, 10x PLP to catalyst concentration, 5% DMSO, buffer (100 

mM KPi+ NaCl, pH = 7.0), 37 °C, overnight. The max TON for benzaldehyde is 25000 and the 

max TON for 4-nitrobenzaldehyde is 50000, as indicated by black hash marks.  Product 

quantitation was performed via Marfey’s analysis, as in the original performance evaluation.  

Measured dr values are shown above each bar.   
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Supplementary Figure 7. UstD Cys shuffle library construction process. A) Homology model 

of UstDTLM with cysteine residues shown as spheres. Positions selected for mutagenesis are 

highlighted as cyan spheres. B) Sequence similarity network with UstDTLM containing node 

highlighted in yellow. C) Possible mutations for each chosen position in the Cys shuffle library. 
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Supplementary Figure 8. Leave-one-out cross-validation (LOOCV) of UstD Cys shuffle library 

linear regression model. A) Comparison of measured and predicted fold activity changes when 

the regression model is analyzed using LOOCV. B) Comparison of measured and predicted fold 

activity changes when a subset of the sequences for which bonafide activity measurements were 

made. C) Fold-activity matrix determined from the processing in panel B. See section V of the SI 

methods for further detail. 

  

0

1

2

3

0 1 2 3

Predicted 
Fold-

Activity

0

1

2

3

0 1 2 3

A
Predictive Fold-Activity Influence Matrix

Full Dataset

Measured Fold-Activity Measured Fold-Activity

Noise-Filtered Dataset
B C

Residue

122 139 227 236 428

A 1.8 0.9 0.2

C 1.0 1.0 1.0 1.0 1.0

F 0.6

G 1.1 0.1 <0.1

S 1.6 1.0 0.1 1.7 <0.1

V 1.0

W 0.6



 

 

49 

 

 

 

Supplementary Figure 9. Comparison of Cys shuffle variants. A) Isolated soluble protein 

expression, as measured by Bradford assay. B) Relative product 3a formation of variants in 

purified enzyme and whole cell biocatalyst contexts. Both reaction types contained 25 mM 2a 

and 50 mM 1 in 100 mM KPi, pH 7.0, with 100 mM NaCl.  For purified enzyme reactions, 10 

eq. of PLP relative to catalyst concentration was added, while no additional PLP was added in 

the whole cell reactions. 
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Supplementary Figure 10. Substrate access channel in UstD2.0. Individual monomers are shown 

as grey and brown surfaces. PLP-K258 complex is shown as yellow spheres and sticks. TLMA 

loop residues are colored in salmon. 
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Supplementary Figure 11. UstD2.0 activity with trifluoroacetone. A) Reaction scheme showing 

enzymatic reaction conditions followed by Marfey’s derivatization. Reaction used 0.44 mol % 

purified UstD2.0 and integration of the products corresponds to ~50 turnovers; see section III for 

procedure details. B) Representative UPLC-MS trace showing the two diastereomeric Marfey’s 

products. Integration of the peaks indicates a 60:40 ratio of diastereomers.  
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Supplementary Table 1. Performance analysis of UstD 

 
 

 wt-UstD UstDFVF UstDTLM 

Product Avg TTN Avg 

d.r. 

Avg TTN d.r. Avg TTN d.r. 

 
4a 

3500  

± 200 
93:7 

4640 

± 40 
96:4 

8300  

± 500 
96:4 

 
4b 

8800  

± 900 
97:3 

9300  

± 700 
98:2 

9600  

± 500 
98:2 

 
4c 

800 ± 

 100 
>99:1 

1340  

± 70 
>99:1 

2300  

± 300 
>99:1 

 
4d 

8700  

± 600 
97:3 

11400  

± 600 
98:2 

12300  

± 700 
98:2 

 
4e 

600  

± 100 
>99:1 

750  

± 40 
>99:1 

900  

± 100 
>99:1 

 
4f 

  8000  

± 1000 
98:2 

  6000  

± 2000 
97:3 ± 1 

7100  

± 800 
97:3 ± 0 

 
4g 

   1500  

± 1500 
>99:1 

1200  

± 200 
>99:1 

2000  

± 400 
>99:1 

 
4h 

190  

± 10 
>99:1 

900  

± 30 
>99:1 

4400  

± 200 
95:5 
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Average apparent TTN number and diastereomeric ratio (d.r.) are shown for each of the 

substrates. Measurements were conducted in at least duplicate. The reaction conditions are 25 

mM aldehyde, 50 mM L-aspartate (1), 1.7 μM UstD, 17 μM PLP, 5% DMSO, buffer (100 mM 

KPi+ NaCl, pH = 7.0). Reactions proceeded at 37 °C overnight (~16 h), prior to derivatization 

with Marfey’s reagent. The derivatization reaction went to >95% conversion for all cases. 

Product identity was further confirmed by high-resolution mass spectrometry. See SI methods 

for details. The maximum TON observable under these conditions was 15,000. Data in this table 

correspond to the bar graph in Supplementary Figure 2C. 

 

  

 wt-UstD UstDFVF UstDTLM 

Product Avg TTN Avg 

d.r. 

Avg TTN Avg d.r. Avg TTN Avg d.r. 

 
4i 

430  

± 10 
57:43 

2300  

± 100 
92:8 

3900  

± 300 
88:12 

 
4j 

3800  

± 200 
71:29 

2100  

± 200 
70:30 

3000  

± 100 
73:27 

 
4k 

900  

± 300 
93:7 

1700  

± 100 
99:1 

2960 

± 70 
98:2 

 
4l 

140  

± 30 
>99:1 

110  

± 20 
>99:1 

200  

± 30 
>99:1 

 
4m 

700  

± 200 
97:3 

3400  

± 300 
95:5 

1900  

± 300 
87:13 

 
4n 

830  

± 70 
67:33 

630  

± 60 
74:26 

800  

± 100 
46:54 

 
4o 

1100  

± 100 
88:12 

2230  

± 50 
92:8 

3300  

± 300 
96:4 

 
4p 

2800  

± 500 
86:14 

4700  

± 500 
81:19 

5600  

± 500 
92:8  
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Supplementary Table 2. X-Ray crystallographic data collection and refinement statistics 

 

PDB ID   7MKV 

Protein  N-His-UstD2.0 N-His-UstD2.0 

Derivative  Au(III) Native 

 Data Collection 

 Space group  I422 I422 

 Cell dimensions (Å) 
 a,b,c = 

162.3, 162.3, 221.4 

a,b,c = 

162.1, 162.1, 221.0 

 Cell angles  α = β = γ = 90° α = β = γ = 90° 

 Wavelength (Å)  1.0394 1.0040 

 Beamline  21ID-D 21ID-D 

 Resolution (Å)  40 – 2.5 40 – 2.25 

 Last bin (Å)  (2.58 – 2.50) (2.30 – 2.25) 

 No. observations  1,297,349 1,884,455 

 Completeness (%)  97.6 (81.6) 99.7 (96.5) 

 Rpim  0.051 (0.796) 0.035 (0.506) 

 CC(1/2)  0.999 (0.376) 0.999 (0.587) 

 I/σI  12.1 (1.0) 16.0 (1.5) 

 Redundancy  26.0 (18.5) 27.3 (21.9) 

                               Refinement 

   Total no. of reflections 65625 

   Total no. of atoms 9782 

   Final bin (Å) (2.31 – 2.25) 

   Rwork (%) 21.4 (31.3) 

   Rfree (%) 24.6 (31.9) 

   Average B factor (Å2) 42.7 

 
  Ramachandran plot  

  Favored, % 
98 

    Allowed, % 2 

    Outliers, % 0 

 

 

Values in parenthesis are for the highest resolution shell. Rmerge is Σ|Io – I| / ΣIo , where Io is the 

intensity of an individual reflection, and I is the mean intensity for multiply recorded reflections. 

Rwork is Σ||Fo – Fc|| / Fo, where Fo is an observed amplitude and Fc a calculated amplitude. Rfree 

is the same statistic calculated with a 5% subset of the data that was excluded from refinement. 
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Supplementary Table 3. Crystal data and structure refinement for 3b 

 

 

 

 

Empirical formula C10H12BrNO3·H2O 

Formula weight 292.13 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21 

a/Å 7.4261(18) 

b/Å 5.3296(16) 

c/Å 15.004(4) 

α/° 90 

β/° 104.077(15) 

γ/° 90 

Volume/Å3 576.0(3) 

Z 2 

ρcalcg/cm3 1.684 

μ/mm-1 3.567 

F(000) 296.0 

Crystal size/mm3 0.193 × 0.173 × 0.163 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 2.798 to 61.048 

Index ranges -10 ≤ h ≤ 10, -7 ≤ k ≤ 7, -21 ≤ l ≤ 21 

Reflections collected 16771 

Independent reflections 3389 [Rint = 0.0206, Rsigma = 0.0135] 

Data/restraints/parameters 3389/1/163 

Goodness-of-fit on F2 1.086 

Final R indexes [I>=2σ (I)] R1 = 0.0143, wR2 = 0.0388 

Final R indexes [all data] R1 = 0.0145, wR2 = 0.0389 

Largest diff. peak/hole / e Å-3 0.29/-0.27 

Flack parameter -0.006(2) 


