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1. General Information  
Unless otherwise noted, all chemicals and reagents for chemical reactions were purchased at the 
highest commercial quality and used without further purification. Reactions were monitored by 
thin layer chromatography (TLC) and liquid chromatography/mass spectrometry (LC/MS). TLC 
was performed with 0.25 mm E. Merck silica plates (60F-254) using short-wave UV light as the 
visualizing agent, and KMnO4, cerium ammonium molybdate (Hanessian’s stain), ninhydrin, or 
p-anisaldehyde and heat as developing agents. LC/MS was performed on an Agilent Infinity 1290 
II UHPLC system equipped with a ZORBAX SB-C18 column (2.1 ´ 50 mm, 1.8 micron). HRMS 
data were acquired using an Agilent Infinity 1290 II UHPLC coupled to an 6545XT AdvanceBio 
LC/Q-TOF. NMR spectra were recorded on a Bruker AVANCE AV600 (600 MHz for 1H, 151 
MHz for 13C, 243 MHz for 31P, 565 MHz for 19F) and calibrated by using residual CHCl3 (δH = 
7.26 ppm, δC = 77.16 ppm), MeCN (δH = 1.94 ppm, δC = 118.26 ppm), and D2O (δH = 4.79 ppm) 
as internal references. Biochemicals and media components were purchased from standard 
commercial sources. Purified enzymes were accessed via immobilized metal ion affinity 
chromatography with HisTrap HP column. Expression vectors were obtained via DNA synthesis 
from Twist Bioscience and were used directly to electrocompetent BL21(DE3). Electrocompetent 
E. coli BL21(DE3) strains were purchased from Lucigen. All E. coli strains generated in this work 
are stored as glycerol stocks at -80 ºC. Sonication was performed using a Qsonica Q500 sonicator. 
Purified enzymes were acquired via immobilized metal ion affinity chromatography with HisTrap 
HP columns (5 mL, GE Healthcare, Piscataway, NJ) coupled to a Cytiva ÄKTA Go FPLC. Protein 
concentrations were measured using a Thermo Scientific NanoDrop 2000c spectrophotometer.  
Hexokinase from Saccharomyces cerevisiae was purchased from Sigma-Aldrich (H6380). T4 
Polynucleotide Kinase was purchased from New England Biosciences. Peptides KK-15 was 
purchased from ProteoGenix. 

 
Abbreviations: DMAP–4-dimethylaminopyridine, DMF-N, N–dimethylformamide, DCM–
dichloromethane, dr–diastereomeric ratio, Et2O–diethyl ether, Et3N–triethylamine, EtOAc–ethyl 
acetate, EtOH–ethanol, MeCN–acetonitrile, MeOH–methanol, THF–tetrahydrofuran, TBDSCl–
tert-butyldimethylsilyl chloride, TBDPSCl–tert-butyldiphenylsilyl chloride, H2O-water. 
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2. Protein and DNA Sequences 
Protein sequence of Ta-NK (from Thermoplasma acidophilum, Uniprot ID: Q9HJT3)  
MRFLAYFGHLNIDVLISVDSIPREGSVNVKDLRPRFGGTAGNFAIVAQKFRIPFDLYSAV
GMKTHREYLAMIESMGINTGHVEKFEDESGPICYIATDGKKQVSFMHQGAMEKWKPQL
ADEYEYVHFSTGPNYLDMAKSIRSKIIFDPSQEIHKYSKDELKKFHEISYMSIFNDHEYRV
FREMTGLSSPKVTTIVTNGERGSSLFMDGKKYDFPAIPSSGDTVGAGDSFRAGLYLALY
NRRSIEKGMIYGTIIAHHVIDDGIENFSLNMEDLERETENYRRMFTKRS* 
DNA sequence of Ta-NK 
ATGCGGTTCTTAGCATACTTCGGGCACCTGAACATAGACGTTCTCATCAGCGTCGAC
TCTATCCCGCGAGAAGGGTCGGTAAACGTCAAGGACCTTCGCCCGCGGTTCGGTGG
CACTGCTGGTAATTTCGCAATAGTGGCACAAAAGTTTCGGATACCATTTGATTTATA
CTCAGCTGTAGGCATGAAAACACACCGTGAGTATCTTGCTATGATAGAGTCAATGGG
TATCAATACGGGTCATGTAGAGAAATTTGAGGACGAATCGGGTCCAATATGTTATAT
AGCAACTGATGGGAAGAAGCAGGTATCTTTCATGCATCAAGGAGCGATGGAGAAGT
GGAAGCCACAACTGGCAGATGAGTACGAGTATGTTCACTTTTCGACTGGACCAAACT
ACCTTGACATGGCCAAAAGCATTCGATCTAAGATTATCTTCGATCCATCGCAAGAGA
TACACAAGTACTCAAAGGACGAGCTTAAGAAATTCCACGAAATCTCCTACATGAGT
ATTTTCAACGATCACGAGTACCGTGTCTTTAGAGAGATGACGGGCCTTAGTTCTCCA
AAAGTCACCACCATTGTAACGAATGGCGAACGTGGTTCGTCTCTGTTTATGGACGGT
AAGAAGTACGACTTCCCCGCCATACCGAGTTCAGGGGACACTGTAGGAGCGGGCGA
TTCATTCAGAGCCGGACTGTATCTGGCACTGTACAATAGACGGAGCATTGAGAAAG
GGATGATCTACGGCACCATAATAGCGCACCACGTCATCGATGACGGAATTGAAAAC
TTCAGTCTGAATATGGAAGACCTGGAGAGAGAAACTGAAAACTACAGACGCATGTT
TACAAAGCGTTCCTAA 
 
Protein sequence of Mt-NK (from Methanothermobacter thermautotrophicus, Uniprot ID: O27587)  
MSEDRDLLAVGHTAFDYIIHLDEFPEPNTSTAIKRMRNLHGGAAANVALVGSRLGLRTS
LVSAVGGDFEGSEYRELLESSGIDIESMILVADESTPTAFVMTDSDHNQISYFYWGAARY
FKDAETPADAIKSARAVHLATGDPSFNCRCGEFARSLGKIISFDPGQDLHMYSRSQLERA
VGVCDILFGNHHEIDRICSKLSVDIHGLREMGPGVVVKTYGKEGSIIYSDDVIKIDAIPRE
AVDPTGAGDSYRAGFMRAYLRGADLKTCGRFASAVASFIVEDEGTQTNIPDTGEAVKR
FTAQWGYEPPI* 
DNA sequence of Mt-NK 
ATGAGTGAAGATCGGGATTTATTGGCTGTTGGGCATACGGCTTTTGACTACATTATC
CACCTCGACGAGTTTCCAGAGCCGAACACATCAACAGCCATAAAGAGAATGAGAAA
TCTGCATGGTGGTGCTGCTGCGAACGTCGCTCTTGTCGGATCACGCTTAGGCCTGCG
GACATCCCTCGTCTCGGCAGTCGGCGGTGACTTTGAGGGTTCAGAGTACCGCGAATT
ACTGGAATCAAGCGGCATCGACATCGAAAGCATGATTCTGGTTGCCGACGAATCTA
CTCCTACAGCATTTGTTATGACAGATTCAGACCATAATCAAATAAGCTATTTCTACT
GGGGCGCAGCGCGTTACTTTAAGGACGCTGAAACCCCAGCGGACGCTATCAAGTCT
GCCAGAGCAGTACACTTAGCCACCGGGGACCCATCCTTCAACTGTCGCTGTGGAGA
GTTTGCGCGGTCATTGGGAAAGATAATCAGTTTTGACCCCGGACAGGATCTTCACAT
GTATAGCCGAAGTCAACTGGAGCGGGCCGTTGGTGTCTGTGACATTCTTTTCGGTAA
CCATCACGAAATAGACAGAATATGTTCAAAATTAAGTGTAGATATTCATGGTTTGCG
CGAAATGGGGCCAGGTGTCGTTGTGAAGACATACGGGAAGGAAGGGTCCATCATAT
ATTCAGACGACGTTATCAAGATCGACGCCATACCTCGTGAGGCTGTTGACCCAACCG
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GGGCTGGGGACTCGTATCGCGCAGGATTCATGCGAGCATATCTGCGTGGGGCTGAC
CTGAAGACTTGTGGGCGGTTCGCTAGTGCTGTGGCATCATTCATCGTAGAAGACGAA
GGGACACAAACAAATATACCAGACACTGGGGAAGCTGTCAAACGATTTACCGCTCA
ATGGGGCTACGAGCCGCCTATTTGA 
 
Protein sequence of Mj-NK (from Methanocaldococcus jannaschii, Uniprot ID: Q57849)  
MGGKMEKITCVGHTALDYIFNVEKFPEPNTSIQIPSARKYYGGAAANTAVGIKKLGVNS
ELLSCVGYDFKNSGYERYLKNLDINISKLYYSEEEETPKAWIFTDKDNNQITFFLWGAAK
HYKELNPPNFNTEIVHIATGDPEFNLKCAKKAYGNNLVSFDPGQDLPQYSKEMLLEIIEH
TNFLFMNKHEFERASNLLNFEIDDYLERVDALIVTKGSKGSVIYTKDKKIEIPCIKAGKVI
DPTGAGDSYRAGFLSAYVKGYDLEKCGLIGAATASFVVEAKGCQTNLPTWDKVVERLE
KHRI* 
DNA sequence of Mj-NK 
ATGGGCGGCAAAATGGAAAAGATTACCTGTGTCGGTCACACAGCCTTAGACTACAT
ATTTAATGTGGAGAAGTTTCCGGAACCTAATACGTCAATTCAAATCCCTAGTGCACG
TAAATACTACGGTGGGGCGGCCGCCAACACAGCTGTAGGTATAAAGAAGCTCGGTG
TAAATTCTGAGCTTCTGTCTTGCGTGGGCTATGATTTTAAGAATAGCGGCTACGAGC
GGTACTTGAAGAATTTAGACATAAATATTAGTAAGCTTTATTACAGCGAGGAAGAG
GAGACGCCGAAAGCTTGGATCTTTACAGATAAGGATAACAACCAAATCACTTTCTTC
CTTTGGGGTGCCGCCAAGCACTACAAAGAGTTAAATCCGCCTAACTTTAATACGGAG
ATAGTGCACATAGCGACAGGAGACCCCGAGTTCAACCTTAAGTGTGCAAAGAAGGC
GTACGGAAACAACTTGGTCAGTTTCGACCCAGGTCAAGACTTACCCCAATATAGTAA
GGAAATGCTTCTTGAAATTATCGAGCATACCAATTTCCTCTTTATGAACAAGCACGA
GTTCGAACGTGCATCTAATCTCCTGAATTTTGAGATCGACGACTACCTTGAACGTGT
CGACGCCCTTATTGTGACTAAGGGATCGAAGGGGTCCGTCATCTACACTAAGGACA
AGAAGATTGAGATACCATGCATTAAGGCCGGAAAAGTCATTGATCCTACTGGAGCT
GGAGACAGTTACCGTGCGGGCTTTCTCTCAGCATACGTTAAAGGTTACGACTTAGAA
AAGTGTGGGCTCATTGGCGCGGCGACCGCTTCTTTCGTCGTGGAAGCAAAAGGTTGT
CAAACCAATTTGCCGACCTGGGATAAGGTTGTTGAACGCCTGGAGAAGCACCGGAT
ATAA 
 
Protein sequence of Hb-CK (from Homo sapiens, Uniprot ID: P12277)  
MPFSNSHNALKLRFPAEDEFPDLSAHNNHMAKVLTPELYAELRAKSTPSGFTLDDVIQT
GVDNPGHPYIMTVGCVAGDEESYEVFKDLFDPIIEDRHGGYKPSDEHKTDLNPDNLQGG
DDLDPNYVLSSRVRTGRSIRGFCLPPHCSRGERRAIEKLAVEALSSLDGDLAGRYYALKS
MTEAEQQQLIDDHFLFDKPVSPLLLASGMARDWPDARGIWHNDNKTFLVWVNEEDHL
RVISMQKGGNMKEVFTRFCTGLTQIETLFKSKDYEFMWNPHLGYILTCPSNLGTGLRAG
VHIKLPNLGKHEKFSEVLKRLRLQKRGTGGVDTAAVGGVFDVSNADRLGFSEVELVQM
VVDGVKLLIEMEQRLEQGQAIDDLMPAQK* 
DNA sequence of Hb-CK 
ATGCCGTTTTCTAATAGCCACAATGCACTTAAGTTACGTTTCCCCGCCGAGGATGAG
TTCCCGGACCTGTCCGCACACAACAACCACATGGCGAAAGTCTTAACTCCCGAGTTA
TACGCAGAGCTTCGTGCAAAGTCGACCCCCTCGGGTTTCACCCTTGATGATGTAATC
CAGACTGGGGTAGATAATCCAGGCCACCCATATATTATGACCGTGGGGTGTGTAGC
GGGCGATGAGGAGAGCTACGAGGTTTTCAAGGACCTTTTCGATCCAATTATTGAAGA
CCGTCACGGTGGCTATAAGCCCTCGGATGAGCATAAGACAGACCTGAATCCTGACA
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ACCTTCAGGGTGGAGACGATCTGGACCCGAATTATGTTTTAAGCTCAAGAGTGCGCA
CTGGAAGATCAATCCGTGGGTTTTGCCTTCCACCTCACTGCTCCCGCGGTGAACGTA
GAGCAATCGAGAAGCTTGCCGTTGAAGCTTTATCATCATTGGACGGCGACTTGGCAG
GTCGCTACTATGCCCTGAAGAGCATGACCGAGGCGGAGCAACAACAGTTAATAGAC
GATCACTTCTTGTTCGACAAACCAGTTTCACCACTTCTCCTTGCATCTGGTATGGCCC
GCGACTGGCCTGACGCACGTGGCATCTGGCACAATGACAATAAGACTTTCCTGGTCT
GGGTTAATGAAGAGGACCATCTGCGGGTGATTTCGATGCAAAAGGGTGGAAATATG
AAGGAAGTGTTTACTAGATTCTGCACGGGTCTCACTCAAATCGAAACTTTGTTCAAG
TCAAAGGATTATGAGTTCATGTGGAATCCACACCTCGGATACATCTTAACGTGTCCT
AGCAACTTAGGCACGGGGCTGCGTGCAGGCGTTCATATCAAGTTACCGAACTTAGG
AAAACACGAGAAGTTCTCCGAGGTGTTGAAGCGGCTCCGTTTACAGAAGCGTGGCA
CCGGCGGGGTTGACACAGCGGCAGTAGGCGGTGTCTTTGACGTGTCTAATGCGGAC
CGGCTGGGATTTTCCGAGGTTGAGCTGGTTCAAATGGTTGTAGACGGCGTAAAGCTG
CTGATTGAGATGGAGCAGCGGCTTGAGCAAGGGCAAGCAATCGACGATCTCATGCC
AGCCCAAAAGTGA 
 
Protein sequence of Hm-CK (from Homo sapiens, Uniprot ID: P06732)  
MPFGNTHNKFKLNYKPEEEYPDLSKHNNHMAKVLTLELYKKLRDKETPSGFTVDDVIQ
TGVDNPGHPFIMTVGCVAGDEESYEVFKELFDPIISDRHGGYKPTDKHKTDLNHENLKG
GDDLDPNYVLSSRVRTGRSIKGYTLPPHCSRGERRAVEKLSVEALNSLTGEFKGKYYPL
KSMTEKEQQQLIDDHFLFDKPVSPLLLASGMARDWPDARGIWHNDNKSFLVWVNEED
HLRVISMEKGGNMKEVFRRFCVGLQKIEEIFKKAGHPFMWNQHLGYVLTCPSNLGTGL
RGGVHVKLAHLSKHPKFEEILTRLRLQKRGTGGVDTAAVGSVFDVSNADRLGSSEVEQ
VQLVVDGVKLMVEMEKKLEKGQSIDDMIPAQK* 
DNA sequence of Hm-CK 
ATGCCATTTGGTAATACCCACAATAAGTTCAAGCTTAACTACAAACCTGAGGAAGA
GTACCCGGACCTTTCAAAGCACAACAACCACATGGCCAAAGTTCTGACCCTTGAGTT
GTACAAGAAGCTCCGTGATAAGGAAACTCCTAGCGGATTCACGGTGGATGATGTTA
TCCAGACAGGAGTCGATAATCCCGGGCACCCTTTTATTATGACGGTAGGTTGTGTCG
CCGGAGATGAGGAGTCGTACGAGGTCTTTAAGGAATTGTTCGATCCAATTATTAGTG
ACCGGCACGGCGGGTATAAGCCGACAGATAAGCATAAGACGGACCTGAATCACGA
GAACCTTAAGGGTGGGGACGATTTGGACCCTAATTATGTATTGTCGTCACGTGTGAG
AACGGGGAGATCAATCAAAGGCTATACGCTCCCACCTCACTGCTCACGTGGCGAAC
GTCGCGCCGTCGAGAAGTTGTCGGTTGAAGCGTTAAACAGCCTCACAGGTGAGTTTA
AGGGTAAGTACTATCCGTTGAAGTCTATGACCGAGAAGGAGCAACAACAGCTGATT
GACGATCACTTTCTCTTCGACAAACCTGTTAGTCCTCTCCTTCTTGCCTCTGGTATGG
CACGTGACTGGCCTGACGCTCGTGGCATTTGGCACAATGACAATAAGTCGTTCCTGG
TCTGGGTTAATGAAGAGGACCATCTGAGAGTGATTAGCATGGAAAAGGGTGGCAAT
ATGAAGGAAGTATTTCGTCGTTTCTGCGTGGGATTGCAGAAAATCGAAGAAATATTC
AAGAAGGCGGGTCATCCGTTCATGTGGAATCAACACTTAGGCTACGTATTAACCTGT
CCTAGTAACTTAGGTACGGGCCTGCGCGGCGGCGTTCATGTTAAGTTGGCGCACTTA
TCAAAACACCCTAAGTTCGAAGAGATATTGACGCGGCTGCGCTTGCAGAAGCGTGG
TACCGGTGGGGTTGACACAGCTGCTGTAGGATCAGTGTTTGACGTTAGTAATGCCGA
CCGCTTGGGATCTAGTGAGGTGGAGCAAGTACAATTAGTTGTTGACGGCGTTAAGTT
GATGGTCGAGATGGAGAAGAAGTTGGAGAAAGGCCAAAGCATCGACGATATGATA
CCCGCCCAAAAGTGA 
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Protein sequence of Rm-CK (from Oryctolagus cuniculus, Uniprot ID: P00563)  
MPFGNTHNKYKLNYKSEEEYPDLSKHNNHMAKVLTPDLYKKLRDKETPSGFTLDDVIQ
TGVDNPGHPFIMTVGCVAGDEESYTVFKDLFDPIIQDRHGGFKPTDKHKTDLNHENLKG
GDDLDPHYVLSSRVRTGRSIKGYTLPPHCSRGERRAVEKLSVEALNSLTGEFKGKYYPL
KSMTEQEQQQLIDDHFLFDKPVSPLLLASGMARDWPDARGIWHNDNKSFLVWVNEED
HLRVISMEKGGNMKEVFRRFCVGLQKIEEIFKKAGHPFMWNEHLGYVLTCPSNLGTGL
RGGVHVKLAHLSKHPKFEEILTRLRLQKRGTGGVDTAAVGSVFDISNADRLGSSEVEQV
QLVVDGVKLMVEMEKKLEKGQSIDDMIPAQK* 
DNA sequence of Rm-CK 
ATGCCATTCGGGAATACCCACAACAAGTACAAGTTGAATTACAAGTCAGAAGAAGA
ATACCCAGATTTGTCGAAACATAATAATCACATGGCCAAGGTCTTAACCCCCGATCT
TTATAAGAAGTTACGAGACAAGGAGACCCCCTCGGGTTTTACATTAGACGACGTGAT
CCAAACCGGCGTTGACAATCCGGGCCACCCATTCATCATGACAGTTGGGTGCGTTGC
TGGAGACGAAGAGTCCTACACTGTATTCAAGGATCTGTTCGATCCTATAATACAAGA
TCGGCATGGTGGTTTCAAGCCAACCGACAAGCACAAGACGGACTTAAATCACGAGA
ACCTTAAGGGCGGGGATGACCTGGACCCGCATTATGTTTTATCGAGCCGCGTACGCA
CAGGCCGTTCAATCAAGGGCTACACATTGCCGCCACACTGCAGTCGCGGGGAACGG
CGTGCGGTAGAGAAACTGAGCGTCGAGGCTTTGAATTCCTTAACCGGCGAGTTCAA
GGGCAAGTACTACCCGCTGAAAAGTATGACAGAGCAGGAACAGCAGCAGCTGATTG
ACGATCATTTTCTGTTCGACAAACCCGTTAGTCCCCTGCTCCTTGCGTCCGGCATGGC
ACGTGACTGGCCTGATGCCAGAGGAATCTGGCACAACGATAACAAGAGTTTCTTAG
TATGGGTGAATGAGGAAGATCACCTGCGCGTGATCTCAATGGAGAAAGGCGGAAAT
ATGAAGGAAGTCTTTCGACGGTTTTGCGTGGGTTTGCAAAAGATTGAGGAGATCTTC
AAGAAGGCCGGTCATCCGTTCATGTGGAACGAACATCTGGGGTATGTTTTAACATGT
CCCTCGAACCTTGGCACCGGGCTGCGGGGTGGAGTTCACGTAAAGTTAGCCCATTTA
TCAAAGCACCCCAAGTTCGAGGAGATTTTGACGCGTCTGCGCTTGCAGAAGCGTGGT
ACCGGCGGCGTGGACACCGCTGCCGTGGGATCTGTGTTCGATATATCAAACGCAGA
CAGATTGGGGAGCTCCGAAGTTGAGCAGGTGCAACTTGTTGTTGACGGCGTTAAGTT
GATGGTGGAGATGGAAAAGAAATTAGAGAAGGGCCAGAGTATAGACGATATGATA
CCAGCGCAAAAGTGA 
 
Protein sequence of Ag-dNK (from Anopheles gambiae, Uniprot ID: Q86LB8)  
MPPIASEKLGASGKKPFTVFVEGNIGSGKTTFLNHFQKFNDICLLTEPVEKWRNCGGVNL
LDLMYKESHRWAMPFQTYVTLTMLDMHTCQTDKSVKLMERSLFSARNCFVESMLASG
SLHQGMYNVLQEWYDFICCNIHIQADLIVYLQTSPEVVYERMKQRARSEESCVPLEYLK
ELHELHENWLIHGASPRPAPVLVLNADLDLNTIGAEYERSETSILKPILIENTNQHAILTSP
AKRAKTDF* 
DNA sequence of Ag-dNK 
ATGCCACCCATTGCAAGTGAGAAACTCGGAGCTTCAGGGAAGAAGCCGTTCACAGT
ATTTGTTGAAGGGAACATCGGCAGCGGGAAGACTACCTTCTTGAACCACTTCCAAAA
GTTCAACGACATCTGCTTGTTGACTGAGCCCGTGGAGAAGTGGCGGAATTGCGGTGG
CGTGAACTTACTTGACCTTATGTACAAGGAGTCACATCGTTGGGCTATGCCTTTCCA
GACATACGTTACCTTGACAATGTTAGACATGCACACGTGTCAAACAGATAAGTCAGT
TAAATTAATGGAACGCAGCCTGTTTTCAGCACGGAACTGTTTCGTCGAGAGTATGTT
GGCGTCAGGGAGCTTGCATCAAGGAATGTACAACGTACTTCAAGAGTGGTACGATT
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TCATTTGTTGCAATATACATATACAAGCGGATCTTATCGTATACCTTCAAACGTCCCC
GGAAGTTGTTTACGAACGGATGAAGCAGCGCGCCCGTAGTGAGGAGTCATGCGTAC
CATTAGAGTATCTTAAGGAACTCCATGAGTTGCATGAAAATTGGCTGATCCACGGCG
CTTCCCCGCGGCCCGCTCCTGTCCTCGTTCTGAATGCCGACCTTGATCTCAATACCAT
CGGAGCAGAGTATGAACGGAGTGAGACATCCATATTAAAACCGATTTTGATCGAGA
ACACGAACCAACACGCTATTCTGACCTCGCCGGCGAAGCGGGCTAAGACGGACTTC
TAA 
 
Protein sequence of Dm-dNK (from Drosophila melanogaster, Uniprot ID: Q540Z9)  
MAEAASCARKGTKYAEGTQPFTVLIEGNIGSGKTTYLNHFEKYKNDICLLTEPVEKWRN
VNGVNLLELMYKDPKKWAMPFQSYVTLTMLQSHTAPTNKKLKIMERSIFSARYCFVEN
MRRNGSLEQGMYNTLEEWYKFIEESIHVQADLIIYLRTSPEVAYERIRQRARSEESCVPL
KYLQELHELHEDWLIHQRRPQSCKVLVLDADLNLENIGTEYQRSESSIFDAISSNQQPSP
VLVSPSKRQRVAR* 
DNA sequence of Dm-dNK 
ATGGCCGAGGCCGCATCATGTGCTCGAAAAGGAACTAAGTACGCCGAGGGCACCCA
ACCCTTCACGGTACTCATTGAAGGGAATATTGGTTCAGGTAAAACGACGTACTTAAA
CCATTTTGAGAAATACAAGAATGACATTTGTCTTTTGACGGAGCCTGTAGAGAAGTG
GCGTAACGTGAATGGCGTCAATCTGTTAGAATTGATGTATAAAGACCCGAAGAAAT
GGGCCATGCCATTTCAAAGCTACGTTACTTTAACGATGTTGCAGTCGCATACCGCGC
CGACCAACAAGAAACTCAAGATAATGGAAAGATCTATCTTCAGTGCGCGCTATTGTT
TCGTTGAGAACATGCGTCGCAACGGAAGTCTGGAACAAGGCATGTATAATACTCTG
GAAGAATGGTATAAGTTCATCGAGGAGTCTATACACGTCCAGGCCGACTTGATAATC
TATTTACGGACCTCTCCAGAAGTGGCCTATGAACGAATACGACAACGTGCACGCAGT
GAGGAGAGTTGTGTCCCCCTTAAGTACCTGCAAGAGTTACACGAACTGCATGAGGA
CTGGCTGATACACCAGCGTCGCCCCCAAAGTTGCAAGGTTTTAGTGCTGGACGCAGA
CCTTAACCTTGAGAATATTGGCACAGAGTATCAGCGAAGTGAGTCTTCTATATTCGA
CGCTATTTCTTCGAACCAACAACCGTCACCTGTTCTTGTGTCACCTTCAAAGAGACA
ACGCGTCGCGCGCTAA 
 
Protein sequence of Hs-dCK (from Homo sapiens, Uniprot ID: P27707)  
MATPPKRSCPSFSASSEGTRIKKISIEGNIAAGKSTFVNILKQLCEDWEVVPEPVARWCNV
QSTQDEFEELTMSQKNGGNVLQMMYEKPERWSFTFQTYACLSRIRAQLASLNGKLKDA
EKPVLFFERSVYSDRYIFASNLYESECMNETEWTIYQDWHDWMNNQFGQSLELDGIIYL
QATPETCLHRIYLRGRNEEQGIPLEYLEKLHYKHESWLLHRTLKTNFDYLQEVPILTLDV
NEDFKDKYESLVEKVKEFLSTL* 
DNA sequence of Hs-dCK 
ATGGCGACTCCACCGAAACGAAGTTGTCCATCTTTCTCGGCTAGCAGTGAGGGGACA
CGCATAAAGAAGATCTCAATTGAGGGCAACATCGCCGCTGGGAAGTCCACGTTCGT
TAATATACTGAAGCAGCTCTGCGAGGACTGGGAAGTTGTGCCGGAGCCTGTGGCCC
GATGGTGCAATGTGCAGAGTACCCAAGACGAATTTGAAGAGCTCACGATGAGCCAA
AAGAATGGCGGAAACGTGCTTCAGATGATGTACGAGAAGCCAGAACGGTGGTCGTT
CACGTTTCAAACATACGCCTGTCTGAGCCGCATCCGCGCTCAATTAGCATCGCTCAA
TGGCAAGCTCAAGGATGCTGAGAAACCTGTCTTATTCTTCGAGCGCTCTGTCTACTC
TGACCGTTACATCTTCGCGAGTAACTTGTACGAGAGCGAGTGTATGAATGAGACTGA
GTGGACGATATATCAAGACTGGCACGATTGGATGAACAATCAATTCGGCCAATCTCT
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GGAGTTAGACGGAATCATATACCTTCAGGCGACGCCTGAAACGTGTTTGCACCGGAT
CTATCTTCGTGGCCGGAACGAGGAGCAAGGCATCCCCTTAGAATATCTCGAAAAGCT
GCATTACAAACACGAATCCTGGTTGTTGCACCGTACTTTGAAGACGAATTTCGATTA
TCTCCAGGAAGTCCCAATCTTGACCTTGGACGTCAACGAGGACTTTAAGGACAAGTA
CGAATCCCTCGTCGAAAAGGTCAAGGAGTTCCTGAGTACCTTGTGA 
 
Protein sequence of Tm-TK (from Thermotoga maritima, Uniprot ID: Q9WYN2)  
MSGKLTVITGPMYSGKTTELLSFVEIYKLGKKKVAVFKPKIDSRYHSTMIVSHSGNGVE
AHVIERPEEMRKYIEEDTRGVFIDEVQFFNPSLFEVVKDLLDRGIDVFCAGLDLTHKQNP
FETTALLLSLADTVIKKKAVCHRCGEYNATLTLKVAGGEEEIDVGGQEKYIAVCRDCYN
TLKKRV* 
DNA sequence of Tm-TK 
ATGAGCGGGAAACTGACAGTCATAACCGGTCCGATGTATAGTGGTAAAACAACTGA
GCTGCTCAGTTTCGTTGAAATCTACAAGCTCGGAAAGAAGAAAGTCGCGGTATTCAA
ACCTAAGATCGACTCGCGTTACCACAGCACTATGATAGTTAGCCATAGCGGGAACG
GTGTGGAAGCGCACGTGATCGAACGTCCTGAAGAAATGCGTAAGTATATCGAGGAA
GACACGCGTGGCGTATTCATCGACGAAGTCCAATTCTTCAACCCCTCTTTATTCGAG
GTCGTAAAAGATCTCTTAGACCGTGGCATAGACGTGTTCTGTGCGGGTTTGGATCTG
ACACACAAGCAGAACCCCTTCGAGACCACCGCCTTACTGTTGTCTTTGGCCGATACT
GTAATTAAGAAGAAAGCGGTCTGCCACCGCTGCGGGGAGTATAATGCGACCTTGAC
TCTTAAGGTCGCTGGTGGCGAAGAGGAGATCGATGTTGGCGGTCAAGAGAAGTATA
TAGCCGTCTGCCGCGACTGTTATAACACTTTAAAGAAGAGAGTGTGA 
 
Protein sequence of Sc-AK (from Saccharomyces cerevisiae, Uniprot ID: B3LG61)  
MSSSESIRMVLIGPPGAGKGTQAPNLQERFHAAHLATGDMLRSQIAKGTQLGLEAKKIM
DQGGLVSDDIMVNMIKDELTNNPACKNGFILDGFPRTIPQAEKLDQMLKEQGTPLEKAI
ELKVDDELLVARITGRLIHPASGRSYHKIFNPPKEDMKDDVTGEALVQRSDDNADALKK
RLAAYHAQTEPIVDFYKKTGIWAGVDASQPPATVWADILNKLGKD* 
DNA sequence of Sc-AK 
ATGAGCAGTTCTGAAAGCATTCGTATGGTGCTGATAGGTCCACCTGGAGCGGGCAA
GGGGACACAAGCACCTAATCTGCAAGAGCGCTTCCACGCTGCCCACCTTGCGACCG
GCGACATGCTGCGCAGTCAGATTGCAAAGGGCACTCAATTAGGGCTGGAAGCCAAG
AAGATTATGGATCAGGGTGGACTCGTGTCCGACGACATCATGGTAAACATGATAAA
GGACGAACTCACCAACAACCCAGCTTGTAAGAACGGATTCATTCTGGATGGTTTCCC
GCGAACAATACCGCAGGCAGAAAAGTTAGATCAAATGCTCAAGGAACAGGGCACA
CCATTAGAGAAGGCCATTGAGCTTAAAGTAGACGACGAACTCCTCGTAGCACGCAT
CACCGGTAGATTAATACACCCAGCATCGGGTCGGTCCTACCATAAGATTTTCAATCC
CCCAAAAGAAGACATGAAGGATGACGTTACTGGGGAAGCACTTGTTCAAAGATCAG
ATGACAACGCCGATGCACTTAAGAAACGGCTTGCCGCTTATCATGCGCAAACTGAG
CCCATCGTCGACTTCTATAAGAAGACGGGAATCTGGGCTGGTGTCGATGCAAGTCAG
CCCCCGGCTACGGTATGGGCCGACATCTTGAACAAGTTGGGAAAGGATTAA 
 
Protein sequence of Ec-AK (from Escherichia coli O139:H28, Uniprot ID: A7ZIN4)  
MRIILLGAPGAGKGTQAQFIMEKYGIPQISTGDMLRAAVKSGSELGKQAKDIMDAGKLV
TDELVIALVKERIAQEDCRNGFLLDGFPRTIPQADAMKEAGINVDYVLEFDVPDELIVDR
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IVGRRVHAPSGRVYHVKFNPPKVEGKDDVTGEELTTRKDDQEETVRKRLVEYHQMTAP
LIGYYSKEAEAGNTKYAKVDGTKPVAEVRADLEKILG* 
DNA sequence of Ec-AK 
ATGCGTATAATATTGTTGGGTGCACCGGGTGCCGGCAAAGGAACACAAGCCCAATT
CATCATGGAGAAGTATGGTATTCCACAAATCAGTACAGGCGACATGTTGAGAGCAG
CAGTTAAAAGCGGCTCAGAGCTGGGTAAGCAGGCTAAAGACATAATGGATGCAGGC
AAGCTGGTTACTGATGAACTTGTAATAGCACTTGTGAAGGAGCGCATAGCTCAAGA
AGATTGTCGGAACGGCTTTCTGCTCGATGGCTTCCCTCGCACTATTCCGCAGGCGGA
CGCAATGAAAGAGGCTGGTATCAACGTAGATTATGTACTTGAATTTGACGTCCCCGA
CGAGTTGATTGTCGATCGTATCGTGGGCCGTAGAGTACATGCACCCTCAGGGCGTGT
ATACCATGTGAAGTTTAACCCACCTAAGGTAGAGGGTAAGGACGACGTGACAGGTG
AGGAGCTGACTACCCGTAAAGACGATCAAGAGGAAACGGTCCGAAAGCGCCTTGTA
GAGTACCACCAGATGACAGCGCCACTGATTGGATACTACAGTAAGGAAGCAGAGGC
GGGGAACACTAAGTATGCGAAAGTGGACGGAACGAAACCAGTTGCCGAGGTGCGTG
CAGACTTAGAGAAGATATTAGGTTAA 
 
Protein sequence of Bf-GMPK (from Branchiostoma floridae, Uniprot ID: C3YEM4)  
MALPRPVVICGPSGSGKSTLYNKLLKEFPGVFQLSVSHTTRQPRPGELNGREYHFINRDQ
FQENIKQGDFLEWAEFSGNIYGTSKKALEEVQSNNVIPILDIDTQGVRNVKKASLEAVYI
FIKPPSIDVLEKRLRSRKTETEEALQKRLSAARNELEYGLKPGNFQHIITNDDLDVAYEKL
KGILIKSQMPLAMATGSSSSVVNSFLDKPAASATTVNSSSQD* 
DNA sequence of Bf-GMPK 
ATGGCTTTGCCTAGACCTGTCGTGATCTGTGGGCCTTCTGGAAGTGGCAAATCCACA
TTATACAATAAATTGCTGAAAGAGTTCCCAGGTGTATTCCAACTGTCCGTAAGTCAC
ACTACTCGGCAGCCCAGACCGGGAGAGCTGAACGGCCGTGAATATCACTTCATCAA
CCGAGACCAATTCCAAGAAAACATTAAGCAAGGGGATTTCTTAGAGTGGGCAGAAT
TCAGTGGGAACATTTACGGTACCAGTAAGAAGGCTCTCGAAGAGGTACAATCGAAC
AATGTCATTCCGATCTTAGATATAGACACCCAGGGAGTTCGTAACGTAAAGAAGGC
GTCGCTTGAGGCAGTTTACATCTTCATTAAGCCGCCGAGCATTGACGTCTTAGAGAA
GAGACTTAGAAGTCGCAAGACGGAAACGGAAGAAGCATTACAAAAGCGGCTTAGC
GCAGCTCGTAATGAGCTTGAGTATGGACTTAAGCCGGGGAATTTCCAACACATTATC
ACCAATGACGATCTGGACGTTGCGTACGAGAAGCTCAAAGGTATACTCATCAAATCT
CAAATGCCTCTGGCAATGGCCACAGGCAGCTCATCTAGCGTCGTAAACAGTTTCCTG
GACAAACCGGCAGCGAGTGCCACCACGGTCAATTCGAGCTCCCAAGATTAA 
 
Protein sequence of Hs-GMPK (from Homo sapiens, Uniprot ID: Q16774)  
MSGPRPVVLSGPSGAGKSTLLKRLLQEHSGIFGFSVSHTTRNPRPGEENGKDYYFVTREV
MQRDIAAGDFIEHAEFSGNLYGTSKVAVQAVQAMNRICVLDVDLQGVRNIKATDLRPIY
ISVQPPSLHVLEQRLRQRNTETEESLVKRLAAAQADMESSKEPGLFDVVIINDSLDQAYA
ELKEALSEEIKKAQRTGA* 
DNA sequence of Hs-GMPK 
ATGTCGGGGCCCCGTCCGGTTGTTCTTAGTGGTCCTAGTGGTGCAGGTAAGAGCACA
TTGCTCAAACGGCTGTTGCAAGAGCATTCCGGTATCTTCGGGTTCTCGGTATCACAT
ACCACTCGTAACCCGCGTCCAGGGGAAGAGAATGGCAAGGACTATTATTTCGTAAC
GCGCGAAGTTATGCAACGTGACATAGCCGCTGGTGATTTCATCGAGCATGCTGAATT
TTCTGGCAACCTGTACGGCACCTCGAAGGTTGCAGTGCAAGCAGTGCAGGCAATGA
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ACCGCATTTGTGTACTCGACGTAGACCTGCAAGGGGTGAGAAACATTAAGGCCACT
GACTTACGGCCCATATATATTTCTGTTCAACCGCCAAGTCTTCACGTCTTAGAGCAA
CGGTTGAGACAACGTAACACCGAGACCGAAGAGTCATTAGTTAAGCGTCTGGCCGC
AGCGCAAGCTGACATGGAGAGTTCAAAGGAGCCAGGCTTGTTTGACGTCGTAATCA
TCAACGACAGTCTTGATCAAGCGTATGCTGAATTGAAAGAGGCCCTTTCAGAGGAG
ATTAAGAAGGCACAGAGAACAGGAGCCTAA 
 
Protein sequence of Ec-GMPK (from Escherichia coli O121, Uniprot ID: A0AAP9SJ55)  
MAQGTLYIVSAPSGAGKSSLIQALLKTQPLYDTQVSVSHTTRQPRPGEVHGEHYFFVNH
DEFKEMISRDAFLEHAEVFGNYYGTSREAIEQVLATGVDVFLDIDWQGAQQIRQKMPH
ARSIFILPPSKIELDRRLRGRGQDSEEVIAKRMAQAVAEMSHYAEYDYLIVNDDFDTALT
DLKTIIRAERLRMSRQKQRHDALISKLLAD* 
DNA sequence of Ec-GMPK 
ATGGCACAAGGCACCTTATACATCGTTAGTGCTCCTTCCGGCGCAGGAAAGTCGTCT
CTGATTCAGGCTTTACTGAAGACGCAGCCACTGTACGACACCCAAGTGAGTGTCTCC
CACACCACGCGTCAACCCAGACCTGGGGAAGTTCACGGGGAGCACTACTTCTTTGTC
AACCACGACGAGTTCAAGGAGATGATATCTCGCGATGCCTTCCTGGAGCATGCTGA
AGTGTTCGGGAATTATTATGGAACTTCTAGAGAGGCAATTGAGCAGGTGCTCGCCAC
CGGCGTTGACGTCTTCCTTGATATTGACTGGCAGGGAGCCCAACAGATTCGCCAGAA
GATGCCGCACGCCCGAAGCATTTTCATACTGCCCCCTTCCAAGATAGAGCTGGATCG
TCGCTTAAGAGGACGGGGTCAAGATAGCGAGGAAGTGATCGCTAAGCGAATGGCAC
AAGCGGTTGCTGAGATGAGTCATTACGCCGAGTACGACTACTTGATCGTAAACGAC
GATTTTGATACAGCCTTAACGGACTTGAAGACTATCATTCGCGCGGAGAGACTGCGC
ATGTCACGTCAGAAGCAGCGTCACGACGCCTTGATCTCAAAGTTACTTGCAGACTGA 
 
Protein sequence of Hs-UMP-CMPK (from Homo sapiens, Uniprot ID: P30085)  
MKPLVVFVLGGPGAGKGTQCARIVEKYGYTHLSAGELLRDERKNPDSQYGELIEKYIKE
GKIVPVEITISLLKREMDQTMAANAQKNKFLIDGFPRNQDNLQGWNKTMDGKADVSFV
LFFDCNNEICIERCLERGKSSGRSDDNRESLEKRIQTYLQSTKPIIDLYEEMGKVKKIDAS
KSVDEVFDEVVQIFDKEG* 
DNA sequence of Hs- UMP-CMPK 
ATGAAACCCTTGGTGGTATTCGTATTGGGTGGTCCGGGCGCAGGCAAGGGCACCCA
GTGCGCCCGTATAGTGGAGAAATACGGATACACGCATTTATCCGCGGGCGAACTGC
TTCGCGACGAGCGGAAGAACCCTGACTCTCAATACGGGGAACTTATTGAGAAATAC
ATCAAGGAAGGGAAGATAGTTCCCGTAGAGATTACTATCTCGTTACTTAAGCGGGA
GATGGATCAAACGATGGCTGCCAACGCCCAAAAGAATAAGTTCTTAATTGATGGTTT
CCCTCGTAACCAAGACAATCTGCAGGGCTGGAATAAAACAATGGATGGTAAGGCAG
ACGTGAGTTTCGTCCTTTTCTTCGACTGCAATAATGAGATCTGTATCGAACGCTGTTT
AGAACGAGGAAAGTCTAGCGGGCGATCTGATGATAACCGCGAAAGCCTTGAAAAGC
GTATTCAAACGTATCTGCAATCTACTAAGCCGATCATAGACCTCTACGAAGAGATGG
GCAAGGTCAAGAAGATAGATGCGAGTAAGAGTGTTGACGAAGTATTTGATGAAGTG
GTACAGATCTTCGACAAGGAAGGCTGA 
 
Protein sequence of Bs-CMPK (from Bacillus subtilis, Uniprot ID: A3F452)  
MEKKLSIAIDGPAAAGKSTVAKIVAEKKSYIYIDTGAMYRAITYAALQENVDLTDEEKL
AELLKRTDIELITTKDGQKVFVNGTDVTEAIRTDEISNQVSIAAKHRSVREEMVKRQQQL
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GEKGGVVMDGRDIGTHVLPNAEVKIFLLASVEERAKRRYEENVKKGFDVNYETLIEEIA
RRDKLDSEREVSPLRKAEDALEIDTTSLSIQEVADKILEAVEQKSR* 
DNA sequence of Bs-CMPK 
ATGGAAAAGAAGCTCAGTATAGCAATAGACGGACCCGCTGCGGCTGGAAAATCAAC
AGTGGCTAAAATTGTCGCAGAGAAGAAGTCGTACATTTACATTGACACAGGCGCTA
TGTATAGAGCGATAACATACGCAGCCCTTCAAGAAAACGTGGACTTGACAGACGAA
GAGAAGCTGGCGGAGTTGCTCAAGCGCACCGACATCGAACTTATCACAACAAAGGA
CGGGCAGAAAGTGTTTGTAAACGGCACAGACGTAACTGAGGCCATCCGCACCGACG
AGATATCAAATCAGGTCTCGATCGCAGCTAAGCACCGCTCTGTACGGGAAGAAATG
GTAAAGAGACAACAGCAATTGGGCGAAAAGGGTGGCGTCGTAATGGATGGGCGTG
ATATAGGTACCCATGTTCTTCCCAACGCGGAAGTGAAAATTTTCTTATTGGCAAGCG
TGGAAGAACGGGCCAAGCGTCGTTATGAAGAGAACGTCAAGAAAGGGTTCGACGTA
AATTATGAAACTTTGATTGAGGAGATAGCTAGACGGGACAAGTTAGACTCAGAAAG
AGAGGTCTCCCCTCTGCGGAAGGCCGAAGACGCGCTGGAAATCGATACGACATCCC
TTAGCATCCAAGAAGTAGCAGATAAGATTTTAGAGGCCGTCGAACAAAAGTCACGA
TAG 
 
Protein sequence of At-CMPK (from Arabidopsis thaliana, Uniprot ID: O04905)  
MGSVDAANGSGKKPTVIFVLGGPGSGKGTQCAYIVEHYGYTHLSAGDLLRAEIKSGSEN
GTMIQNMIKEGKIVPSEVTIKLLQKAIQENGNDKFLIDGFPRNEENRAAFEKVTEIEPKFV
LFFDCPEEEMEKRLLGRNQGREDDNIETIRKRFKVFLESSLPVIHYYEAKGKVRKINAAK
PIEAVFEEVKAIFSPEAEKVEA* 
DNA sequence of At-CMPK 
ATGGGTTCTGTGGATGCTGCAAATGGCTCTGGAAAGAAGCCCACTGTTATATTCGTC
CTCGGTGGACCTGGTAGTGGAAAAGGCACGCAATGCGCCTACATCGTTGAACATTA
CGGTTACACTCATTTGAGTGCTGGGGATCTCTTGCGTGCGGAGATCAAGTCGGGCTC
AGAAAACGGAACGATGATTCAAAATATGATCAAGGAAGGAAAGATCGTGCCTAGTG
AGGTGACAATCAAGCTTTTGCAGAAGGCGATCCAAGAGAATGGAAACGATAAGTTC
CTGATTGATGGATTCCCACGGAACGAGGAGAACCGGGCCGCATTCGAGAAGGTAAC
AGAGATTGAGCCGAAGTTCGTTCTGTTCTTTGACTGCCCAGAAGAGGAAATGGAGA
AGCGGTTGCTGGGTCGCAATCAAGGACGAGAGGACGATAATATTGAAACCATTCGG
AAACGCTTCAAGGTATTTCTTGAATCCTCTCTGCCGGTTATACATTATTATGAAGCTA
AGGGCAAGGTACGGAAGATTAATGCGGCCAAGCCGATTGAGGCAGTGTTCGAGGAA
GTTAAGGCGATATTTAGCCCCGAAGCAGAGAAAGTAGAAGCCTAG 
 
Protein sequence of Mt-CMPK (from Mycobacterium orygis, Uniprot ID: A0A829C8P9)  
MSRLSAAVVAIDGPAGTGKSSVSRRLARELGARFLDTGAMYRIVTLAVLRAGADPSDIA
AVETIASTVQMSLGYDPDGDSCYLAGEDVSVEIRGDAVTRAVSAVSSVPAVRTRLVELQ
RTMAEGPGSIVVEGRDIGTVVFPDAPVKIFLTASAETRARRRNAQNVAAGLADDYDGV
LADVRRRDHLDSTRAVSPLQAAGDAVIVDTSDMTEAEVVAHLLELVTRRSEAVR* 
DNA sequence of Mt-CMPK 
ATGTCTCGTCTGAGTGCAGCTGTTGTCGCTATTGATGGACCCGCCGGAACTGGTAAG
AGTTCCGTCTCTCGTCGCTTAGCACGGGAACTGGGTGCACGCTTCCTGGATACGGGC
GCTATGTACCGTATAGTCACTTTGGCGGTGCTTCGCGCCGGGGCCGACCCTTCGGAT
ATCGCCGCCGTTGAGACGATTGCCTCAACTGTACAGATGAGCCTGGGTTACGACCCT
GACGGCGACAGTTGCTACTTAGCAGGAGAAGATGTCTCAGTGGAGATCCGCGGTGA
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TGCAGTGACGCGAGCCGTCTCCGCTGTATCCAGTGTCCCTGCGGTTAGAACCCGGCT
CGTTGAATTGCAACGGACAATGGCCGAAGGTCCGGGTTCTATCGTTGTAGAGGGTA
GAGACATCGGAACCGTTGTGTTCCCTGATGCACCAGTCAAGATCTTTCTCACGGCGT
CGGCAGAGACGCGTGCAAGAAGACGCAACGCTCAAAATGTTGCAGCGGGACTTGCG
GACGACTATGATGGCGTTCTGGCCGACGTAAGACGCAGAGATCACCTGGACTCTAC
GAGAGCAGTTTCTCCGTTACAAGCTGCTGGTGATGCGGTGATCGTGGATACGTCTGA
CATGACTGAGGCTGAGGTAGTCGCCCACCTGCTGGAACTTGTAACACGGAGATCCG
AAGCCGTTCGTTGA 
 
Protein sequence of Tm-UMPK (from Thermotoga maritima, Uniprot ID: Q9X1U0)  
MRVLVKLSGEALSGEGGRGFDPERVNYIVNEIKSAIEEGFKIGIVVGAGNLFRGVELKNL
TMTRADQIGLLGTVMNSVYLKDIFERSGLKARIYSQIVNLPDVERVNYDSIESALRENSIL
IFAGGTSNPFFTTDTAAVLRAQEMRAKLVVKATKVDGVYDKDPKKFPDAKKIPHLTFSE
AMKMGLKVMDAEAFALCKKLGITVKVINFFEPGTLLKALKGEDVGSTVVPD* 
DNA sequence of Tm-UMPK 
ATGCGAGTTCTGGTTAAGTTGTCAGGAGAAGCCTTATCAGGGGAAGGTGGCCGCGG
CTTTGACCCGGAAAGAGTCAACTACATCGTTAACGAGATTAAGTCTGCGATAGAAG
AGGGCTTCAAGATTGGGATCGTTGTAGGGGCGGGGAATTTGTTCCGCGGAGTTGAA
CTTAAGAACCTGACCATGACACGTGCGGACCAAATTGGTCTCTTGGGGACCGTGATG
AACTCTGTATACCTGAAAGACATCTTCGAACGATCCGGACTTAAGGCACGGATATAC
TCGCAAATTGTAAACCTGCCGGACGTAGAAAGAGTTAACTATGACAGCATTGAGAG
TGCACTGCGCGAGAACTCTATTCTTATTTTCGCAGGCGGCACCTCAAACCCCTTCTTC
ACGACGGACACAGCTGCGGTGCTGAGAGCGCAAGAGATGCGTGCAAAATTAGTAGT
CAAGGCCACGAAGGTAGATGGAGTATACGACAAGGACCCTAAGAAGTTCCCCGATG
CCAAGAAGATCCCTCATTTGACCTTCAGTGAAGCTATGAAGATGGGTCTTAAGGTTA
TGGACGCAGAGGCGTTCGCCTTATGTAAGAAGCTTGGCATAACGGTTAAAGTCATA
AATTTCTTTGAGCCGGGCACGTTGCTTAAGGCACTGAAGGGCGAGGACGTGGGTTCT
ACGGTGGTTCCCGACTAA 
 
Protein sequence of Ec-TmK (from Escherichia coli, Uniprot ID: B1XA08)  
MRSKYIVIEGLEGAGKTTARNVVVETLEQLGIRDMVFTREPGGTQLAEKLRSLVLDIKSV
GDEVITDKAEVLMFYAARVQLVETVIKPALANGTWVIGDRHDLSTQAYQGGGRGIDQH
MLATLRDAVLGDFRPDLTLYLDVTPEVGLKRARARGELDRIEQESFDFFNRTRARYLEL
AAQDKSIHTIDATQPLEAVMDAIRTTVTHWVKELDA* 
DNA sequence of Ec-TmK 
ATGCGCTCTAAATATATCGTCATCGAAGGTCTCGAAGGCGCAGGCAAAACCACCGC
TCGAAACGTCGTGGTTGAAACATTAGAGCAGCTGGGTATTCGCGACATGGTGTTCAC
ACGTGAGCCTGGCGGGACCCAGCTGGCTGAAAAGCTGCGGTCATTGGTTTTGGACAT
TAAGTCTGTAGGTGACGAGGTGATTACCGACAAAGCTGAAGTGCTTATGTTTTATGC
GGCACGTGTCCAATTGGTGGAGACCGTTATTAAGCCGGCCCTGGCAAACGGAACGT
GGGTTATCGGTGACCGGCACGATTTATCGACTCAAGCGTACCAAGGTGGCGGGCGT
GGGATAGACCAGCACATGCTGGCGACGCTCCGGGACGCCGTTTTAGGTGACTTCCG
ACCAGACCTGACACTGTACCTTGACGTCACACCAGAGGTGGGACTCAAGCGCGCGC
GTGCTCGGGGAGAACTTGACCGTATCGAGCAAGAGAGCTTCGACTTCTTCAACCGCA
CTCGGGCACGGTATCTGGAACTGGCGGCCCAAGACAAGTCCATTCATACGATTGATG
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CGACTCAACCACTCGAAGCAGTTATGGATGCAATCAGAACAACGGTAACCCACTGG
GTGAAAGAGCTGGACGCTTGA 
 
Protein sequence of Tm-TmK (from Thermotoga maritima, Uniprot ID: Q9X0I3)  
MFITFEGIDGSGKSTQIQLLAQYLEKRGKKVILKREPGGTETGEKIRKILLEEEVTPKAELF
LFLASRNLLVTEIKQYLSEGYAVLLDRYTDSSVAYQGFGRNLGKEIVEELNDFATDGLIP
DLTFYIDVDVETALKRKGELNRFEKREFLERVREGYLVLAREHPERIVVLDGKRSIEEIH
RDVVREVKRRWKLDV* 
DNA sequence of Tm-TmK 
ATGTTCATTACCTTTGAGGGCATAGACGGCAGCGGGAAGAGCACCCAAATACAACT
CTTGGCGCAATACTTAGAGAAGAGAGGGAAGAAGGTAATCCTGAAACGTGAGCCAG
GCGGCACGGAGACCGGGGAGAAAATCCGTAAGATTTTACTTGAAGAGGAAGTAACG
CCGAAGGCGGAGCTTTTCTTATTCTTAGCAAGCCGCAACCTGCTGGTCACCGAGATC
AAGCAATACCTGAGCGAAGGATACGCCGTTCTCTTGGACCGCTATACTGATAGCTCC
GTGGCCTATCAAGGGTTCGGACGAAACCTGGGGAAGGAGATAGTGGAAGAGCTGAA
CGACTTCGCCACCGATGGCCTGATTCCCGACCTTACCTTTTACATTGATGTAGACGTC
GAGACCGCGCTTAAGCGTAAAGGCGAGTTAAACCGCTTTGAGAAGCGTGAGTTCTT
AGAACGCGTTCGTGAGGGGTACCTTGTCTTAGCGCGAGAGCACCCTGAGCGTATTGT
TGTGCTGGACGGTAAGCGGAGCATCGAAGAGATACATCGTGACGTTGTTCGCGAGG
TCAAGCGGCGATGGAAGTTAGACGTCTGA 
Protein sequence of Tm-AcK (from Thermotoga sp. 2812B, Uniprot ID: A0AAN0SKJ1)  
MRVLVINSGSSSIKYQLIEMEGEKVLCKGIAERIGIEGSRLVHRVGDEKHVIERELPDHEE
ALKLILNTLVDEKLGVIKDLKEIDAVGHRVVHGGERFKESVLVDEEVLKAIEEVSPLAPL
HNPANLMGIKAAMKLLPGVPNVAVFDTAFHQTIPQKAYLYAIPYEYYEKYKIRRYGFH
GTSHRYVSKRAAEILGKKLEELKIITCHIGNGASVAAVKYGKCVDTSMGFTPLEGLVMG
TRSGDLDPAIPFFIMEKEGISPQEMYDILNKKSGVYGLSKGFSSDMRDIEEAALKGDEWC
KLVLEIYDYRIAKYIGAYAAAMNGVDAIVFTAGVGENSPITREDVCSYLEFLGVKLDKQ
KNEETIRGKEGIISTPDSRVKVLVVPTNEELMIARDTKEIVEKIGR* 
DNA sequence of Tm-AcK 
ATGCGTGTCCTGGTTATAAATTCAGGCTCTTCGTCAATTAAGTATCAGTTGATCGAG
ATGGAAGGCGAGAAGGTGCTCTGTAAGGGTATCGCAGAACGGATAGGAATCGAGG
GATCGCGGTTAGTACACCGAGTAGGGGACGAGAAGCACGTTATTGAGCGGGAGTTG
CCAGATCACGAGGAAGCACTGAAGCTTATTCTCAACACTCTTGTTGATGAGAAGCTG
GGAGTAATTAAGGATTTAAAAGAGATAGATGCCGTCGGGCACCGTGTGGTGCATGG
CGGTGAGCGCTTCAAGGAGTCGGTACTCGTTGACGAAGAGGTTTTAAAGGCTATTGA
AGAGGTTTCCCCACTCGCCCCGCTGCATAATCCCGCTAACCTCATGGGAATAAAGGC
TGCCATGAAATTACTTCCAGGAGTACCAAATGTAGCAGTATTCGATACTGCGTTCCA
CCAAACAATCCCACAAAAGGCATATCTGTATGCGATTCCTTACGAGTACTATGAAAA
GTACAAGATACGACGTTACGGTTTCCACGGTACTTCACACAGATACGTATCTAAGCG
TGCTGCTGAAATACTGGGCAAGAAACTCGAAGAGTTAAAGATCATAACGTGCCACA
TAGGGAATGGAGCTAGCGTTGCTGCCGTCAAGTACGGCAAGTGTGTGGATACGTCG
ATGGGATTCACACCACTGGAAGGACTCGTCATGGGCACACGCTCGGGTGACCTCGA
TCCGGCGATCCCATTCTTCATAATGGAGAAGGAAGGAATTAGTCCTCAGGAGATGTA
CGACATCCTCAACAAGAAGTCTGGGGTATATGGCCTGAGCAAAGGTTTCTCAAGCG
ATATGAGAGATATTGAGGAAGCGGCTCTGAAGGGTGACGAGTGGTGTAAACTCGTC
CTGGAGATTTACGATTATCGGATTGCCAAATACATTGGTGCGTACGCCGCCGCAATG
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AACGGAGTCGACGCAATTGTTTTCACTGCGGGAGTCGGGGAAAACAGCCCCATAAC
ACGCGAAGACGTTTGCTCTTACTTAGAATTCTTGGGAGTAAAGTTGGATAAGCAAAA
GAACGAGGAAACAATACGGGGAAAAGAGGGTATAATCTCGACTCCTGATTCGCGTG
TAAAGGTGCTGGTGGTACCTACGAATGAAGAGCTGATGATCGCTCGTGATACGAAG
GAAATCGTCGAAAAGATTGGTCGCTGA 
 
Protein sequence of Ec-AcK (from Escherichia coli, Uniprot ID: W1XDL9)  
MSSKLVLVLNCGSSSLKFAIIDAVNGEEYLSGLAECFHLPEARIKWKMDGNKQEAALGA
GAAHSEALNFIVNTILAQKPELSAQLTAIGHRIVHGGEKYTSSVVIDESVIQGIKDAASFA
PLHNPAHLIGIEEALKSFPQLKDKNVAVFDTAFHQTMPEESYLYALPYNLYKEHGIRRY
GAHGTSHFYVTQEAAKMLNKPVEELNIITCHLGNGGSVSAIRNGKCVDTSMGLTPLEGL
VMGTRSGDIDPAIIFHLHDTLGMSVDAINKLLTKESGLLGLTEVTSDCRYVEDNYATKE
DAKRAMDVYCHRLAKYIGAYTALMDGRLDAVVFTGGIGENAAMVRELSLGKLGVLGF
EVDHERNLAARFGKSGFINKEGTRPAVVIPTNEELVIAQDASRLTA* 
DNA sequence of Ec-AcK 
ATGAGCTCTAAGCTGGTTCTTGTCCTTAATTGTGGGTCTTCTAGCCTTAAATTCGCAA
TTATAGACGCGGTGAACGGAGAGGAGTACCTCAGTGGTTTGGCGGAATGTTTTCACC
TGCCTGAGGCGCGTATTAAGTGGAAGATGGATGGTAACAAGCAGGAAGCGGCATTG
GGTGCTGGTGCGGCACACTCAGAAGCGTTAAATTTTATAGTCAACACTATCTTGGCA
CAGAAGCCCGAACTTTCGGCACAGCTTACTGCTATAGGTCACCGTATCGTCCACGGC
GGGGAAAAGTACACGTCGAGTGTCGTGATCGACGAGAGCGTGATACAGGGTATTAA
GGACGCCGCTAGCTTTGCACCGTTACACAATCCAGCACACTTAATCGGGATAGAAG
AAGCTTTAAAGAGTTTTCCCCAACTGAAGGACAAGAATGTCGCTGTGTTTGACACCG
CATTCCACCAGACAATGCCCGAAGAGAGCTACCTGTACGCACTGCCTTACAACCTCT
ACAAGGAGCACGGAATCCGACGGTACGGAGCTCACGGGACCTCACACTTCTACGTG
ACACAAGAGGCTGCCAAGATGCTGAATAAGCCTGTTGAGGAGCTGAACATAATAAC
TTGTCATCTCGGAAACGGTGGATCAGTTAGCGCGATACGGAATGGCAAATGCGTCG
ACACCTCAATGGGTCTGACCCCGCTTGAGGGCTTGGTCATGGGGACACGGAGTGGC
GATATTGATCCAGCAATAATCTTTCACCTGCACGATACGTTAGGCATGTCCGTAGAC
GCCATAAATAAGTTATTGACTAAAGAGAGCGGGCTGTTAGGTTTAACCGAAGTGAC
GAGCGACTGTCGATACGTGGAAGACAATTACGCTACGAAGGAAGATGCTAAGCGAG
CTATGGACGTGTACTGTCACCGCTTGGCAAAATACATTGGTGCCTATACGGCTCTGA
TGGATGGGCGTCTGGACGCCGTGGTGTTTACTGGTGGGATAGGCGAGAATGCTGCA
ATGGTGCGAGAGCTTAGTCTTGGCAAGTTGGGAGTCCTTGGCTTTGAAGTAGACCAC
GAACGTAATCTGGCTGCCAGATTTGGAAAATCAGGGTTTATTAACAAAGAGGGGAC
CCGTCCGGCAGTAGTAATCCCCACAAATGAGGAGTTGGTAATTGCACAAGACGCTTC
ACGACTTACCGCTTAA 
 
Protein sequence of Gs-PK (from Geobacillus stearothermophilus, Uniprot ID: Q02499)  
MKRKTKIVCTIGPASESVDKLVQLMEAGMNVARLNFSHGDHEEHGRRIANIREAAKRT
GRTVAILLDTKGPEIRTHNMENGAIELKEGSKLVISMSEVLGTPEKISVTYPSLIDDVSVG
AKILLDDGLISLEVNAVDKQAGEIVTTVLNGGVLKNKKGVNVPGVKVNLPGITEKDRA
DILFGIRQGIDFIAASFVRRASDVLEIRELLEAHDALHIQIIAKIENEEGVANIDEILEAADG
LMVARGDLGVEIPAEEVPLIQKLLIKKCNMLGKPVITATQMLDSMQRNPRPTRAEASDV
ANAIFDGTDAVMLSGETAAGQYPVEAVKTMHQIALRTEQALEHRDILSQRTKESQTTIT
DAIGQSVAHTALNLDVAAIVTPTVSGKTPQMVAKYRPKAPIIAVTSNEAVSRRLALVWG



 15 

VYTKEAPHVNTTDEMLDVAVDAAVRSGLVKHGDLVVITAGVPVGETGSTNLMKVHVI
SDLLAKGQGIGRKSAFGKAVVAKTAEEARQKMVDGGILVTVSTDADMMPAIEKAAAII
TEEGGLTSHAAVVGLSLGIPVIVGVENATTLFKDGQEITVDGGFGAVYRGHASVL* 
DNA sequence of Gs-PK 
ATGAAGCGCAAAACCAAGATAGTTTGCACGATAGGTCCAGCCTCGGAAAGTGTAGA
TAAGCTGGTGCAGTTGATGGAAGCTGGGATGAATGTGGCACGCTTGAACTTTAGTCA
CGGTGATCACGAGGAACATGGTCGTCGCATAGCTAACATCCGTGAGGCTGCTAAGC
GTACGGGCCGTACAGTAGCGATACTGCTGGATACGAAAGGCCCAGAGATCCGGACT
CACAACATGGAGAACGGCGCTATCGAGTTGAAAGAGGGCTCCAAGCTGGTGATCTC
AATGTCAGAGGTCCTCGGAACGCCCGAAAAGATTTCTGTTACTTACCCCAGCTTGAT
CGACGATGTGTCGGTCGGCGCCAAGATACTCTTAGATGACGGGCTCATCTCTCTCGA
AGTGAACGCTGTGGACAAGCAAGCGGGTGAAATCGTAACCACCGTCCTGAACGGCG
GTGTTCTGAAGAACAAGAAGGGTGTTAACGTTCCTGGCGTGAAAGTCAATCTCCCTG
GCATAACAGAAAAGGACCGCGCTGATATACTGTTCGGTATACGTCAAGGGATCGAT
TTCATTGCTGCTTCGTTCGTTCGTCGAGCCTCTGACGTCCTGGAGATCCGAGAACTGC
TGGAAGCGCACGATGCGTTACACATTCAGATAATCGCTAAGATCGAAAATGAAGAG
GGCGTTGCCAACATCGATGAAATATTAGAGGCGGCGGACGGGCTGATGGTTGCCCG
TGGCGACCTGGGCGTTGAAATCCCAGCTGAAGAAGTGCCTTTAATTCAAAAGCTGTT
GATTAAGAAGTGCAACATGTTGGGAAAGCCTGTTATTACAGCAACACAGATGCTTG
ACAGTATGCAGCGTAACCCCCGTCCAACCCGCGCTGAGGCAAGTGACGTCGCGAAC
GCCATATTTGACGGCACCGATGCCGTTATGTTATCTGGCGAGACGGCGGCAGGTCAA
TACCCTGTTGAGGCGGTTAAGACCATGCATCAGATCGCGCTGCGCACAGAGCAAGC
TCTTGAGCACCGTGACATACTCAGTCAACGAACTAAGGAATCTCAGACAACAATAA
CCGACGCTATCGGTCAATCGGTTGCACACACGGCTTTAAACTTAGATGTAGCCGCGA
TAGTCACCCCCACCGTAAGCGGAAAGACACCGCAGATGGTGGCCAAGTATAGACCG
AAAGCTCCTATAATTGCTGTTACCTCGAATGAAGCGGTGAGTCGGCGTTTAGCTCTC
GTTTGGGGCGTGTACACTAAAGAGGCACCCCATGTCAATACCACAGATGAGATGCT
GGACGTGGCAGTTGACGCAGCGGTCCGCTCAGGACTTGTTAAGCACGGGGACTTGG
TTGTCATCACGGCAGGCGTCCCTGTTGGAGAAACAGGGTCTACTAATTTAATGAAGG
TGCATGTAATTTCAGATCTGCTTGCGAAGGGCCAAGGTATCGGTCGAAAGAGCGCCT
TCGGGAAGGCGGTCGTGGCGAAGACCGCCGAGGAAGCTCGGCAAAAGATGGTGGA
CGGCGGCATCTTAGTCACCGTTTCCACGGATGCGGATATGATGCCTGCGATAGAGAA
AGCTGCTGCCATAATTACGGAAGAGGGTGGCTTAACCTCTCACGCGGCGGTAGTGG
GTTTATCTCTTGGGATTCCAGTGATTGTGGGTGTAGAAAATGCTACGACTCTCTTTAA
GGACGGGCAAGAGATCACAGTTGACGGCGGCTTCGGTGCGGTGTACCGAGGGCACG
CTTCAGTTCTGTGA 
 
Protein sequence of Ef-NDK (from Escherichia fergusonii, Uniprot ID: B7LKC0)  
MAIERTFSIIKPNAVAKNVIGNIFARFEAAGFKIVGTKMLHLTVEQARGFYAEHDGKPFF
DGLVEFMTSGPIVVSVLEGENAVQRHRDLLGATNPANALAGTLRADYADSLTENGTHG
SDSVESAAREIAYFFGEGEVCPRTR* 
DNA sequence of Ef-NDK 
ATGGCCATAGAACGAACATTCTCGATTATCAAACCTAATGCAGTAGCTAAGAACGT
AATTGGTAATATCTTCGCTCGCTTCGAAGCTGCTGGTTTTAAGATCGTTGGCACAAA
GATGCTGCACCTGACCGTTGAACAGGCAAGAGGGTTCTACGCAGAGCACGACGGTA
AGCCCTTCTTCGACGGACTCGTGGAGTTTATGACTTCGGGACCCATCGTGGTCTCAG
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TTCTTGAAGGGGAGAACGCAGTGCAACGGCACCGTGACCTGCTCGGTGCTACTAATC
CAGCTAACGCGTTGGCGGGCACGCTCCGCGCTGATTATGCAGACTCACTTACAGAA
AACGGCACACATGGTTCAGATTCGGTGGAGAGCGCAGCACGCGAGATTGCCTATTT
CTTTGGGGAAGGCGAGGTGTGTCCACGTACACGTTGA 
 
Protein sequence of Ec-GalK Y371H (from Escherichia coli, Uniprot ID: P0A6T3)  
MSLKEKTQSLFANAFGYPATHTIQAPGRVNLIGEHTDYNDGFVLPCAIDYQTVISCAPRD
DRKVRVMAADYENQLDEFSLDAPIVAHENYQWANYVRGVVKHLQLRNNSFGGVDMV
ISGNVPQGAGLSSSASLEVAVGTVLQQLYHLPLDGAQIALNGQEAENQFVGCNCGIMDQ
LISALGKKDHALLIDCRSLGTKAVSMPKGVAVVIINSNFKRTLVGSEYNTRREQCETGAR
FFQQPALRDVTIEEFNAVAHELDPIVAKRVRHILTENARTVEAASALEQGDLKRMGELM
AESHASMRDDFEITVPQIDTLVEIVKAVIGDKGGVRMTGGGFGGCIVALIPEELVPAVQQ
AVAEQYEAKTGIKETFHVCKPSQGAGQC* 
DNA sequence of Ec-GalK Y371H 
ATGTCACTGAAAGAGAAGACTCAGTCGTTGTTCGCCAACGCATTTGGCTACCCCGCG
ACCCACACAATACAAGCCCCTGGTCGAGTGAATCTTATCGGTGAGCACACAGACTA
TAATGACGGTTTTGTATTGCCGTGTGCCATTGATTACCAAACCGTGATCAGTTGCGCT
CCAAGAGACGATCGAAAAGTTCGTGTGATGGCGGCAGACTACGAGAATCAACTCGA
CGAGTTCTCATTGGACGCGCCCATTGTGGCCCATGAAAACTACCAGTGGGCCAACTA
CGTAAGAGGCGTTGTGAAGCACTTGCAGCTGCGCAATAATAGCTTTGGCGGTGTGG
ACATGGTGATAAGTGGCAATGTCCCCCAAGGCGCCGGATTGAGCTCCTCAGCTTCTT
TGGAAGTAGCTGTTGGCACCGTACTGCAGCAGCTCTATCATCTGCCCCTGGACGGTG
CCCAAATCGCGCTCAATGGCCAAGAGGCCGAAAATCAGTTCGTTGGCTGCAATTGTG
GCATCATGGATCAATTGATTTCGGCTTTAGGTAAGAAGGACCACGCCCTCTTGATAG
ACTGCCGCTCCCTCGGAACCAAAGCGGTCTCCATGCCAAAGGGTGTTGCCGTTGTCA
TTATAAATTCAAACTTCAAGCGTACGTTAGTAGGGAGCGAATACAACACCCGGAGA
GAACAATGTGAGACTGGTGCACGTTTCTTCCAACAGCCGGCTCTTCGTGACGTAACG
ATCGAGGAATTCAATGCAGTAGCTCACGAACTGGACCCAATTGTGGCGAAGCGTGT
ACGGCACATATTAACGGAGAACGCACGAACTGTTGAAGCAGCTTCTGCATTGGAAC
AGGGTGACCTGAAGAGAATGGGAGAGCTGATGGCAGAGAGTCATGCTTCAATGAGA
GACGATTTTGAGATAACGGTACCGCAGATAGACACCTTGGTTGAGATTGTGAAGGC
AGTTATCGGCGATAAGGGTGGCGTGCGTATGACCGGTGGTGGTTTCGGCGGATGCAT
TGTTGCGCTCATCCCGGAAGAGTTAGTTCCGGCGGTCCAGCAGGCCGTCGCGGAGC
AGTACGAGGCAAAGACTGGCATCAAGGAGACGTTTCACGTGTGCAAACCTTCACAA
GGAGCCGGCCAATGTTAA 
 
Protein sequence of Ec-AroL (from Escherichia coli HVH 36, Uniprot ID: A0A7U9P159)  
MTQPLFLIGPRGCGKTTVGMALADSLNRRFVDTDQWLQSQLNMTVAEIVEREEWAGFR
ARETAALEAVTAPSTVIATGGGIILTEFNRHFMQNNGIVVYLCAPVSVLVNRLQAAPEED
LRPTLTGKPLSEEVQEVLEERDALYREVAHIIIDATNEPSQVISEIRSALAQTINC* 
DNA sequence of Ec-AroL 
ATGACGCAGCCTTTATTTCTGATTGGCCCTCGCGGGTGTGGTAAGACAACGGTGGGA
ATGGCCCTCGCCGACTCTCTCAACCGAAGATTCGTAGACACAGATCAATGGCTGCAG
AGCCAATTAAATATGACGGTCGCCGAAATAGTTGAGAGAGAGGAGTGGGCAGGCTT
CCGTGCAAGAGAGACTGCGGCGTTAGAGGCCGTCACCGCTCCTTCTACTGTTATAGC
GACAGGTGGTGGTATCATTCTTACAGAGTTTAATCGTCACTTTATGCAAAACAACGG
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AATTGTCGTATACCTGTGTGCACCCGTGAGCGTACTGGTGAATCGTTTGCAAGCAGC
ACCCGAGGAAGACCTTCGACCGACGCTCACGGGTAAGCCCTTATCAGAGGAAGTTC
AGGAAGTACTTGAGGAGCGCGACGCGTTGTACCGAGAGGTAGCGCACATCATTATC
GACGCCACAAACGAGCCAAGCCAAGTTATCTCAGAAATTCGTTCCGCACTGGCTCA
GACGATAAACTGCTAA 
 
Protein sequence of Tk-I3P (from Thermococcus kodakarensis, Uniprot ID: Q5JDA3)  
MKCLVVGHVVRDIVKKGNKVLERLGGGAYYSALALSRFCDVEILTSFSNLPEEWIKELE
SMAKLQVVPSETTTTYELTYLDGNRRRLKLLERASPIEELPDGEYDVLLMNPVAREVPP
ALVTSALKKFPFVAVDIQGFIRSSSPGEIQYQPIDGSFLKGVKILHADLGEYQYLQGFSPE
FVDVLLLSNGPEPGKAFLHGREYTFEPVHVGVDESTGAGDVFLGAFTGFYSQCPFVQAL
KRAAAFTALFLKNRSVDFSMDDVNELAMKVEVKRV* 
DNA sequence of Tk-I3P 
ATGAAATGTTTGGTAGTGGGACACGTGGTAAGAGACATCGTAAAGAAGGGTAACAA
GGTGTTGGAGCGGTTAGGGGGGGGTGCCTACTACTCGGCTCTGGCGCTGTCGAGATT
CTGTGACGTCGAGATTCTGACTTCTTTCTCCAATTTACCGGAAGAGTGGATCAAGGA
GTTGGAGTCGATGGCGAAATTACAAGTGGTCCCGTCCGAGACTACTACAACTTATGA
GTTAACCTACTTAGACGGTAATCGTCGCCGGCTGAAGTTATTAGAACGAGCTTCCCC
GATTGAGGAGCTTCCTGACGGAGAATACGATGTGCTTTTAATGAACCCTGTTGCTCG
TGAGGTACCACCCGCTCTGGTTACTTCTGCATTAAAGAAGTTTCCATTCGTAGCGGTT
GACATTCAGGGATTCATCAGAAGCTCTTCCCCTGGCGAGATTCAATACCAGCCGATC
GACGGCAGCTTCTTAAAAGGTGTCAAGATCTTACACGCGGACCTTGGCGAGTACCA
ATACCTGCAAGGGTTTTCCCCTGAGTTCGTCGACGTATTACTTCTGTCTAATGGGCCT
GAGCCAGGTAAGGCGTTCCTTCACGGGCGCGAGTATACTTTCGAACCTGTCCATGTA
GGAGTGGATGAGAGTACTGGTGCAGGTGACGTTTTCCTGGGCGCCTTCACAGGTTTC
TATTCCCAATGCCCGTTCGTACAGGCATTGAAGCGGGCAGCTGCGTTTACGGCTTTA
TTCCTCAAGAATCGTTCGGTCGACTTCAGCATGGACGACGTCAACGAGCTTGCAATG
AAGGTTGAAGTGAAGCGTGTATAA 
 
Protein sequence of Ec-NadD_A86W_Y118N (from Escherichia coli, Uniprot ID: P0A752)  
MKSLQALFGGTFDPVHYGHLKPVETLANLIGLTRVTIIPNNVPPHRPQPEANSVQRKHM
LELAIADKPLFTLDERELKRNAPSYTWQTLKEWRQEQGPDVPLAFIIGQDSLLTFPTWNE
YETILDNAHLIVCRRPGYPLEMAQPQYQQWLEDHLTHNPEDLHLQPAGKIYLAETPWFN
ISATIIRERLQNGESCEDLLPEPVLTYINQQGLYR* 
DNA sequence of Ec-NadD_A86W_Y118N  
ATGAAGAGCTTACAAGCCTTGTTTGGTGGCACATTCGATCCGGTTCATTATGGACAC
CTTAAGCCTGTTGAGACGCTGGCCAACCTGATCGGCCTCACTCGTGTGACAATTATT
CCAAACAATGTGCCGCCTCATCGCCCACAACCGGAAGCCAATTCCGTGCAAAGAAA
GCACATGTTAGAATTAGCAATTGCCGATAAACCGTTATTCACTCTGGATGAACGAGA
GCTCAAGAGAAACGCCCCAAGCTATACTTGGCAGACTCTCAAGGAGTGGAGACAAG
AGCAAGGGCCAGACGTTCCTTTAGCATTCATCATCGGTCAAGACAGTTTGTTAACCT
TTCCTACTTGGAACGAATACGAGACGATATTGGACAACGCACATTTAATCGTTTGCC
GTCGTCCTGGATACCCTTTAGAGATGGCACAGCCGCAGTACCAACAGTGGTTGGAA
GACCATTTGACACACAACCCCGAAGATCTGCACTTGCAACCTGCGGGTAAAATTTAC
CTCGCAGAAACGCCTTGGTTCAACATAAGCGCAACTATCATTCGTGAGCGTTTACAA
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AATGGTGAATCCTGTGAAGATCTGCTCCCGGAGCCCGTTCTGACGTATATTAATCAA
CAAGGTTTGTATCGTTGA 
 
Protein sequence of Sc-IPYR (from Saccharomyces cerevisiae, Uniprot ID: A6ZKV8)  
MTYTTRQIGAKNTLEYKVYIEKDGKPVSAFHDIPLYADKENNIFNMVVEIPRWTNAKLEI
TKEETLNPIIQDTKKGKLRFVRNCFPHHGYIHNYGAFPQTWEDPNVSHPETKAVGDNDPI
DVLEIGETIAYTGQVKQVKALGIMALLDEGETDWKVIAIDINDPLAPKLNDIEDVEKYFP
GLLRATNEWFRIYKIPDGKPENQFAFSGEAKNKKYALDIIKETHDSWKQLIAGKSSDSKG
IDLTNVTLPDTPTYSKAASDAIPPASPKADAPIDKSIDKWFFISGSV* 
DNA sequence of Sc-IPYR 
ATGACATACACTACCCGCCAGATCGGGGCCAAGAACACATTAGAATATAAAGTCTA
CATCGAAAAGGACGGGAAGCCAGTAAGTGCTTTCCACGACATCCCCCTTTACGCTG
ACAAGGAAAATAACATATTTAACATGGTTGTAGAGATCCCGCGGTGGACTAACGCT
AAGCTGGAGATCACCAAAGAGGAGACCCTGAACCCTATAATCCAAGATACGAAGAA
AGGGAAGCTTAGATTTGTGAGAAACTGTTTTCCTCATCATGGATATATACATAATTA
CGGCGCGTTTCCCCAGACCTGGGAAGACCCTAACGTCAGCCATCCCGAGACTAAAG
CAGTTGGTGACAATGATCCGATAGATGTCCTGGAGATTGGAGAAACCATTGCCTATA
CCGGACAGGTAAAACAGGTTAAAGCCCTTGGGATCATGGCTCTGCTGGACGAAGGC
GAAACCGACTGGAAGGTTATCGCGATCGACATCAACGACCCACTGGCGCCGAAGTT
GAACGATATTGAAGACGTAGAGAAGTATTTCCCGGGATTACTCCGTGCAACCAACG
AGTGGTTTCGCATATATAAGATACCGGATGGGAAGCCAGAAAACCAATTCGCGTTC
AGCGGTGAGGCTAAGAATAAGAAGTACGCGTTGGACATCATAAAGGAGACCCACGA
CTCGTGGAAGCAGCTTATCGCGGGCAAGAGTAGCGACAGTAAGGGCATCGACTTAA
CGAACGTGACACTCCCAGACACACCTACGTATAGCAAGGCTGCATCAGATGCTATC
CCGCCGGCGAGTCCCAAAGCAGATGCTCCGATAGATAAGTCGATAGACAAGTGGTT
CTTCATTTCCGGATCTGTTTGA 
 
Protein sequence of Ec- IPYR (from Shigella dysenteriae, Uniprot ID: A0A2S8D5I0)  
MSLLNVPAGKDLPEDIYVVIEIPANADPIKYEIDKESGALFVDRFMSTAMFYPCNYGYIN
HTLSLDGDPVDVLVPTPYPLQPGSVIRCRPVGVLKMTDEAGEDAKLVAVPHSKLSKEYD
HIKDVNDLPELLKAQIAHFFEHYKDLEKGKWVKVEGWENAEAAKAEIVASFERAKNK* 
DNA sequence of Ec- IPYR 
ATGAGCCTTTTAAACGTCCCTGCGGGCAAAGACTTGCCAGAAGATATATATGTAGTC
ATTGAGATTCCTGCAAACGCTGACCCGATAAAGTATGAGATTGACAAGGAGTCTGG
TGCTCTGTTTGTTGATCGCTTTATGAGCACCGCAATGTTCTACCCGTGCAATTATGGA
TACATCAATCACACCCTCTCACTGGACGGCGACCCTGTTGATGTTCTTGTCCCGACC
CCGTACCCCCTTCAACCCGGTAGCGTCATTCGCTGCAGACCTGTGGGTGTCTTGAAG
ATGACTGATGAGGCGGGCGAAGATGCCAAGCTTGTAGCTGTGCCGCACAGTAAGTT
GTCTAAGGAATACGACCATATTAAGGACGTAAATGATCTGCCAGAGCTCCTGAAGG
CCCAAATAGCTCATTTCTTCGAACATTACAAGGACCTGGAGAAGGGTAAATGGGTG
AAGGTGGAAGGATGGGAAAACGCAGAGGCCGCTAAAGCGGAGATTGTAGCGTCATT
TGAGCGCGCAAAGAATAAGTGA 
 
Protein sequence of Km-NRK (from Kluyveromyces marxianus, Uniprot ID: W0TD38)  
MTTTKVKLIAISGCSSSGKTTLAKFLANAIPGCILIHEDDFYKPDSEIPINEKYGVADWDC
PEALDLDAFKRELDLIKTTGSIKTKLIHNENVDDIGKFNIKQEDWDALRAKLSSVIESDLK
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VVLVDGFMIFNDEELMRKFDIRIFVRAPYEVLSRRRHARAGYKTLESFWVDPPYYFDEF
VYRAYREEHKHLFVNEDVEGSLRSDAGLFELINDDETEITTALNTIADYIVSHLDAN* 
DNA sequence of Km-NRK 
ATGACGACTACCAAGGTGAAGTTAATCGCCATCAGCGGCTGTTCTAGCTCGGGGAA
GACCACCTTAGCCAAGTTCCTGGCCAACGCAATTCCAGGCTGCATCCTGATCCATGA
GGACGACTTCTACAAACCGGACAGCGAGATTCCAATAAACGAAAAGTACGGTGTCG
CTGATTGGGATTGTCCTGAAGCCCTGGATCTGGATGCCTTCAAGAGAGAACTGGATC
TGATTAAAACCACTGGGAGCATCAAAACGAAGTTGATTCACAACGAGAATGTAGAT
GATATCGGTAAATTCAATATAAAGCAGGAAGACTGGGACGCCTTACGGGCCAAGCT
GTCCTCAGTCATCGAGAGCGACCTTAAGGTGGTACTGGTGGACGGGTTTATGATCTT
CAACGACGAGGAACTGATGCGCAAGTTCGACATACGTATATTCGTACGCGCTCCCTA
TGAAGTGCTTTCTCGAAGACGGCACGCACGAGCTGGCTATAAGACCTTGGAGAGCTT
TTGGGTCGACCCACCCTACTACTTTGATGAGTTTGTTTACAGAGCGTACCGCGAGGA
GCACAAGCATTTATTCGTCAATGAGGACGTTGAAGGGAGTTTACGGTCAGACGCCG
GACTTTTCGAATTAATTAACGATGACGAGACCGAGATTACGACCGCATTAAACACA
ATCGCAGATTACATTGTAAGCCATCTCGACGCAAATTAA 
 
Protein sequence of Hs-NMNAT (from Homo sapiens, Uniprot ID: Q9HAN9)  
MENSEKTEVVLLACGSFNPITNMHLRLFELAKDYMNGTGRYTVVKGIISPVGDAYKKK
GLIPAYHRVIMAELATKNSKWVEVDTWESLQKEWKETLKVLRHHQEKLEASDCDHQQ
NSPTLERPGRKRKWTETQDSSQKKSLEPKTKAVPKVKLLCGADLLESFAVPNLWKSEDI
TQIVANYGLICVTRAGNDAQKFIYESDVLWKHRSNIHVVNEWIANDISSTKIRRALRRGQ
SIRYLVPDLVQEYIEKHNLYSSESEDRNAGVILAPLQRNTAEAKT* 
DNA sequence of Hs-NMNAT 
ATGGAAAACAGCGAGAAGACAGAAGTTGTATTATTGGCGTGTGGGTCCTTCAACCC
TATAACAAATATGCACTTACGTCTTTTCGAACTTGCTAAGGATTACATGAACGGGAC
CGGAAGATACACCGTGGTCAAGGGCATTATAAGCCCAGTTGGGGATGCGTACAAGA
AGAAGGGCCTGATACCTGCTTATCACCGGGTCATTATGGCCGAATTAGCGACTAAGA
ACTCCAAGTGGGTGGAAGTCGACACTTGGGAGTCTCTGCAAAAGGAGTGGAAGGAA
ACATTAAAGGTGTTACGTCACCACCAAGAGAAACTCGAAGCATCCGATTGCGACCA
CCAACAAAACAGCCCAACGCTGGAGCGTCCGGGTAGAAAGCGCAAGTGGACTGAG
ACGCAGGACTCCTCTCAAAAGAAATCGTTAGAGCCTAAGACCAAGGCAGTGCCGAA
AGTGAAATTACTGTGTGGAGCGGACTTATTGGAATCTTTCGCTGTTCCGAATCTGTG
GAAGAGCGAGGATATCACACAGATTGTCGCTAACTACGGCCTGATATGCGTAACTC
GCGCAGGAAATGACGCCCAAAAGTTTATCTATGAGTCTGACGTTTTGTGGAAGCACC
GTAGTAATATCCACGTTGTAAACGAATGGATAGCTAACGATATATCGTCAACAAAG
ATACGTAGAGCTTTGCGTCGGGGACAATCTATTCGTTACTTAGTTCCGGACTTAGTA
CAAGAGTATATCGAGAAGCACAACCTTTACAGCAGCGAGTCCGAGGACCGGAACGC
GGGTGTAATACTTGCTCCCTTGCAGAGAAACACTGCGGAAGCGAAGACTTAA 
 
Protein sequence of Ec-NADK (from Escherichia coli, Uniprot ID: B1XBT5)  
MNNHFKCIGIVGHPRHPTALTTHEMLYRWLCTKGYEVIVEQQIAHELQLKNVKTGTLAE
IGQLADLAVVVGGDGNMLGAARTLARYDIKVIGINRGNLGFLTDLDPDNAQQQLADVL
EGHYISEKRFLLEAQVCQQDCQKRISTAINEVVLHPGKVAHMIEFEVYIDEIFAFSQRSDG
LIISTPTGSTAYSLSAGGPILTPSLDAITLVPMFPHTLSARPLVINSSSTIRLRFSHRRNDLEI
SCDSQIALPIQEGEDVLIRRCDYHLNLIHPKDYSYFNTLSTKLGWSKKLF* 
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DNA sequence of Ec-NADK 
ATGAATAACCATTTTAAATGCATTGGTATTGTAGGACACCCACGGCACCCTACCGCC
CTTACTACCCACGAGATGTTGTACCGGTGGTTATGCACCAAAGGTTACGAGGTTATA
GTCGAGCAACAAATCGCACATGAGTTACAATTAAAGAATGTTAAAACTGGTACGCT
GGCAGAAATAGGACAGCTGGCTGACCTTGCCGTTGTCGTGGGCGGGGACGGGAACA
TGTTAGGTGCCGCCCGTACGCTCGCGCGATATGATATTAAAGTCATCGGGATTAACA
GAGGCAATCTGGGATTCTTAACAGATTTAGATCCTGACAATGCTCAACAGCAATTAG
CAGACGTCCTTGAGGGGCATTATATTTCTGAGAAAAGATTTCTGCTGGAAGCCCAAG
TATGTCAGCAGGACTGTCAAAAGCGGATTAGTACAGCGATCAATGAGGTGGTACTG
CACCCCGGGAAAGTGGCGCACATGATTGAATTTGAGGTTTACATAGACGAAATATTT
GCCTTTTCTCAGCGGTCCGATGGCCTGATCATATCCACACCGACGGGCAGTACGGCC
TATTCACTCTCAGCCGGTGGTCCTATTCTTACTCCGTCTTTGGACGCTATCACTCTCG
TACCAATGTTCCCACACACGTTAAGCGCTCGTCCGCTCGTAATAAACTCATCATCGA
CCATCCGCCTGCGCTTTAGTCACCGTCGTAACGACCTGGAGATATCATGCGATTCTC
AAATAGCTCTGCCCATACAAGAGGGTGAAGACGTATTGATTCGCCGTTGTGATTACC
ATCTGAACCTGATCCACCCGAAGGACTACAGCTACTTCAACACATTAAGTACCAAGT
TAGGATGGTCGAAGAAGTTGTTTTAA 
 
Protein sequence of Bs-NADK (from Bacillus sp. TSA-4, Uniprot ID: A0AA96ZNA9)  
MKFAVSSKGDQVSDTLKSKIQAYLLDFDMELDENEPEIVISVGGDGTLLYAFHRYSDRL
DKTAFVGVHTGHLGFYADWVPHEIEKLVLAIAKTPYHTVEYPLLEVIVTYHENEREERY
LALNECTIKSIEGSLVADVEIKGQLFETFRGDGLCLSTPSGSTAYNKALGGAIIHPSIRAIQ
LAEMASINNRVFRTVGSPLLLPSHHDCMIKPRNEVDFQVTIDHLTLLHKDVKSIRCQVAS
EKVRFARFRPFPFWKRVQDSFIGKGE* 
DNA sequence of Bs-NADK 
ATGAAGTTTGCGGTATCGTCCAAGGGAGACCAAGTTTCGGATACACTGAAGAGCAA
GATCCAAGCATACCTGTTGGACTTCGACATGGAGTTGGACGAGAACGAGCCTGAGA
TAGTCATCTCAGTAGGCGGTGACGGGACGCTGTTATACGCTTTCCACCGTTACTCTG
ACCGACTTGATAAGACTGCGTTTGTGGGTGTACATACGGGACATTTAGGATTTTACG
CAGATTGGGTCCCTCATGAGATCGAGAAACTGGTTCTGGCCATCGCAAAGACCCCGT
ACCACACCGTCGAATACCCACTCTTAGAGGTTATCGTAACGTATCACGAGAATGAGC
GAGAAGAGCGTTACTTAGCATTGAATGAATGCACAATCAAGTCAATAGAGGGTTCT
TTGGTCGCCGACGTTGAGATTAAAGGGCAATTGTTCGAAACTTTTCGTGGGGATGGA
CTTTGTTTATCTACACCAAGTGGAAGCACAGCTTATAACAAGGCCCTGGGTGGCGCA
ATAATACATCCATCAATACGCGCCATCCAGCTGGCAGAGATGGCAAGCATCAATAA
TCGTGTCTTTCGCACTGTAGGCTCGCCTCTCCTGTTACCGAGTCACCATGACTGTATG
ATTAAGCCACGAAACGAGGTTGATTTTCAGGTTACCATAGACCACCTTACACTGCTT
CATAAAGATGTGAAGTCTATTCGGTGCCAAGTAGCGTCAGAGAAGGTTCGATTCGCT
CGATTTCGTCCGTTTCCGTTCTGGAAACGTGTGCAAGACTCCTTCATAGGGAAGGGT
GAGTAA 
 
Protein sequence of SRC (obtained from Addgene, plasmid #79700, N-term His10-TEV sequence 
included, organism: Homo sapiens, Uniprot ID: P12931)  
MKSSHHHHHHHHHHENLYFQSNAQTQGLAKDAWEIPRESLRLEVKLGQGCFGEVWMG
TWNGTTRVAIKTLKPGTMSPEAFLQEAQVMKKLRHEKLVQLYAVVSEEPIYIVTEYMSK
GSLLDFLKGETGKYLRLPQLVDMAAQIASGMAYVERMNYVHRDLRAANILVGENLVC
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KVADFGLARLIEDNEYTARQGAKFPIKWTAPEAALYGRFTIKSDVWSFGILLTELTTKGR
VPYPGMVNREVLDQVERGYRMPCPPECPESLHDLMCQCWRKEPEERPPSSTCRPSWRT
TSRPPSPVPAGETLITLEVDTDRDRGAPPVSAVPRVRADRC* 
 
Full plasmid of SRC (SRC gene highlighted in bold) 
TTCTTGAAGACGAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGAT
AATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCC
TATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCC
TGATAAATGCTTCAATAACATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGT
GTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAAC
GCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCG
AACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTC
CAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTGTTGACG
CCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGT
ACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGC
AGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATC
GGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCG
CCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACA
CCACGATGCCTGCAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTA
CTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCA
GGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGA
GCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCC
CTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAA
ATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACC
AAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGAT
CTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCG
TTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTT
TTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTT
TGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGA
GCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAG
AACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCT
GCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGAT
AAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCG
AACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGC
TTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGG
AGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCG
GGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGA
GCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGC
CTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACC
GCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTC
AGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTG
CGGTATTTCACACCGCATATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCA
TAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCC
GACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCG
CTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGT
CATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGC
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GATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGC
GTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGG
TCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGA
AACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTG
GAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAAT
CACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAG
CCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCC
GCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGG
TCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATT
CTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCA
CGATCATGCGCACCCGTGGCCAGGACCCAACGCTGCCCGAGATGCGCCGCGTGCGG
CTGCTGGAGATGGCGGACGCGATGGATATGTTCTGCCAAGGGTTGGTTTGCGCATTC
ACAGTTCTCCGCAAGAATTGATTGGCTCCAATTCTTGGAGTGGTGAATCCGTTAGCG
AGGTGCCGCCGGCTTCCATTCAGGTCGAGGTGGCCCGGCTCCATGCACCGCGACGC
AACGCGGGGAGGCAGACAAGGTATAGGGCGGCGCCTACAATCCATGCCAACCCGTT
CCATGTGCTCGCCGAGGCGGCATAAATCGCCGTGACGATCAGCGGTCCAGTGATCG
AAGTTAGGCTGGTAAGAGCCGCGAGCGATCCTTGAAGCTGTCCCTGATGGTCGTCAT
CTACCTGCCTGGACAGCATGGCCTGCAACGCGGGCATCCCGATGCCGCCGGAAGCG
AGAAGAATCATAATGGGGAAGGCCATCCAGCCTCGCGTCGCGAACGCCAGCAAGAC
GTAGCCCAGCGCGTCGGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAAC
GTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGCAAGATTCCGAAT
ACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAA
AATGACCCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAG
TCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTGGG
TTGAAGGCTCTCAAGGGCATCGGTCGACGCTCTCCCTTATGCGACTCCTGCATTAGG
AAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGC
ATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCA
CGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTG
ATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCAC
GATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACT
ATAGGGAGACCACAACGGTTTCCCTCTAGTGCCGGCTCCGGAGAGCTCTTTAATTAA
GCGGCCGCCCTGCAGGACTCGAGTTCTAGAAATAATTTTGTTTAACTTTAAGAAGGA
GATATACATATGAAATCTTCTCACCATCACCATCACCATCACCATCACCATGAAA
ACCTGTACTTCCAATCCAATGCACAGACTCAGGGCCTGGCCAAGGATGCCTGG
GAGATCCCTCGGGAGTCGCTGCGGCTGGAGGTCAAGCTGGGCCAGGGCTGCTT
TGGCGAGGTGTGGATGGGGACCTGGAACGGTACCACCAGGGTGGCCATCAAA
ACCCTGAAGCCTGGCACGATGTCTCCAGAGGCCTTCCTGCAGGAGGCCCAGGT
CATGAAGAAGCTGAGGCATGAGAAGCTGGTGCAGTTGTATGCTGTGGTTTCAG
AGGAGCCCATTTACATCGTCACGGAGTACATGAGCAAGGGGAGTTTGCTGGAC
TTTCTCAAGGGGGAGACAGGCAAGTACCTGCGGCTGCCTCAGCTGGTGGACAT
GGCTGCTCAGATCGCCTCAGGCATGGCGTACGTGGAGCGGATGAACTACGTCC
ACCGGGACCTTCGTGCAGCCAACATCCTGGTGGGAGAGAACCTGGTGTGCAAA
GTGGCCGACTTTGGGCTGGCTCGGCTCATTGAAGACAATGAGTACACGGCGCG
GCAAGGTGCCAAATTCCCCATCAAGTGGACGGCTCCAGAAGCTGCCCTCTATG
GCCGCTTCACCATCAAGTCGGACGTGTGGTCCTTCGGGATCCTGCTGACTGAG
CTCACCACAAAGGGACGGGTGCCCTACCCTGGGATGGTGAACCGCGAGGTGCT
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GGACCAGGTGGAGCGGGGCTACCGGATGCCCTGCCCGCCGGAGTGTCCCGAG
TCCCTGCACGACCTCATGTGCCAGTGCTGGCGGAAGGAGCCTGAGGAGCGGCC
ACCTTCGAGTACCTGCAGGCCTTCCTGGAGGACTACTTCACGTCCACCGAGCC
CAGTACCAGCCGGGGAGACTCTAATAACATTGGAAGTGGATACGGATCGCGAT
CGCGGCGCGCCACCTGTGTCGGCGGTACCACGCGTGCGCGCTGATCGCTGCTA
ACGGATCCGCGATCGCGGCGCGCCACCTGGTGGCCGGCCGGTACCACGCGTGCGCG
CTGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCT
GAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG
CTGAAAGGAGGAACTATATCCGGATATCCACAGGACGGGTGTGGTCGCCATGATCG
CGTAGTCGATAGTGGCTCCAAGTAGCGAAGCGAGCAGGACTGGGCGGCGGCCAAAG
CGGTCGGACAGTGCTCCGAGAACGGGTGCGCATAGAAATTGCATCAACGCATATAG
CGCTAGCAGCACGCCATAGTGACTGGCGATGCTGTCGGAATGGACGATATCCCGCA
AGAGGCCCGGCAGTACCGGCATAACCAAGCCTATGCCTACAGCATCCAGGGTGACG
GTGCCGAGGATGACGATGAGCGCATTGTTAGATTTCATACACGGTGCCTGACTGCGT
TAGCAATTTAACTGTGATAAACTACCGCATTAAAGCTTATCGATGATAAGCTGTCAA
ACATGAGAA 
 
Protein sequence of STK3 (obtained from Addgene, plasmid #79689, N-term His10-TEV 
sequence included, organism: Homo sapiens, Uniprot ID: Q13188)  
MKSSHHHHHHHHHHENLYFQSNAEDSLTKQPEEVFDVLEKLGEGSYGSVFKAIHKESG
QVVAIKQVPVESDLQEIIKEISIMQQCDSPYVVKYYGSYFKNTDLWIVMEYCGAGSVSDI
IRLRNKTLIEDEIATILKSTLKGLEYLHFMRKIHRDIKAGNILLNTEGHAKLADFGVAGQL
TDTMAKRNTVIGTPFWMAPEVIQEIGYNCVADIWSLGITSIEMAEGKPPYADIHPMRAIF
MIPTNPPPTFRKPELWSDDFTDFVKKCLVKNPEQRATATQLLQHPFIKNAKPVSILRDLIT
EAMEIKAKRHEEQQRELEEEE* 
 
Full plasmid of STK3 (STK3 gene highlighted in bold) 
TTCTTGAAGACGAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGAT
AATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCC
TATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCC
TGATAAATGCTTCAATAACATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGT
GTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAAC
GCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCG
AACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTC
CAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTGTTGACG
CCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGT
ACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGC
AGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATC
GGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCG
CCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACA
CCACGATGCCTGCAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTA
CTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCA
GGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGA
GCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCC
CTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAA
ATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACC
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AAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGAT
CTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCG
TTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTT
TTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTT
TGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGA
GCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAG
AACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCT
GCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGAT
AAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCG
AACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGC
TTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGG
AGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCG
GGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGA
GCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGC
CTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACC
GCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTC
AGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTG
CGGTATTTCACACCGCATATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCA
TAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCC
GACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCG
CTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGT
CATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGC
GATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGC
GTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGG
TCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGA
AACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTG
GAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAAT
CACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAG
CCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCC
GCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGG
TCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATT
CTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCA
CGATCATGCGCACCCGTGGCCAGGACCCAACGCTGCCCGAGATGCGCCGCGTGCGG
CTGCTGGAGATGGCGGACGCGATGGATATGTTCTGCCAAGGGTTGGTTTGCGCATTC
ACAGTTCTCCGCAAGAATTGATTGGCTCCAATTCTTGGAGTGGTGAATCCGTTAGCG
AGGTGCCGCCGGCTTCCATTCAGGTCGAGGTGGCCCGGCTCCATGCACCGCGACGC
AACGCGGGGAGGCAGACAAGGTATAGGGCGGCGCCTACAATCCATGCCAACCCGTT
CCATGTGCTCGCCGAGGCGGCATAAATCGCCGTGACGATCAGCGGTCCAGTGATCG
AAGTTAGGCTGGTAAGAGCCGCGAGCGATCCTTGAAGCTGTCCCTGATGGTCGTCAT
CTACCTGCCTGGACAGCATGGCCTGCAACGCGGGCATCCCGATGCCGCCGGAAGCG
AGAAGAATCATAATGGGGAAGGCCATCCAGCCTCGCGTCGCGAACGCCAGCAAGAC
GTAGCCCAGCGCGTCGGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAAC
GTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGCAAGATTCCGAAT
ACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAA
AATGACCCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAG
TCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTGGG
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TTGAAGGCTCTCAAGGGCATCGGTCGACGCTCTCCCTTATGCGACTCCTGCATTAGG
AAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGC
ATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCA
CGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTG
ATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCAC
GATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACT
ATAGGGAGACCACAACGGTTTCCCTCTAGTGCCGGCTCCGGAGAGCTCTTTAATTAA
GCGGCCGCCCTGCAGGACTCGAGTTCTAGAAATAATTTTGTTTAACTTTAAGAAGGA
GATATACATATGAAATCTTCTCACCATCACCATCACCATCACCATCACCATGAAA
ACCTGTACTTCCAATCCAATGCAGAAGACAGTTTGACTAAGCAGCCTGAAGAA
GTTTTTGATGTATTAGAGAAGCTTGGAGAAGGGTCTTATGGAAGTGTATTTAAA
GCAATACACAAGGAATCCGGTCAAGTTGTCGCAATTAAACAAGTACCTGTTGAA
TCAGATCTTCAGGAAATAATCAAAGAAATTTCCATAATGCAGCAATGTGACAGC
CCATATGTTGTAAAGTACTATGGCAGTTATTTTAAGAATACAGACCTCTGGATT
GTTATGGAGTACTGTGGCGCTGGCTCTGTCTCAGACATAATTAGATTACGAAAC
AAGACATTAATAGAAGATGAAATTGCAACCATTCTTAAATCTACATTGAAAGGA
CTAGAATATTTGCACTTTATGAGAAAAATACACAGAGATATAAAAGCTGGAAAT
ATTCTCCTCAATACAGAAGGACATGCAAAATTGGCAGATTTTGGAGTGGCTGGT
CAGTTAACAGATACAATGGCAAAACGCAATACTGTAATAGGAACTCCATTTTGG
ATGGCTCCTGAGGTGATTCAAGAAATAGGCTATAACTGTGTGGCCGACATCTG
GTCCCTTGGCATTACTTCTATAGAAATGGCTGAAGGAAAACCTCCTTATGCTGA
TATACATCCAATGAGGGCTATTTTTATGATTCCCACAAATCCACCACCAACATT
CAGAAAGCCAGAACTTTGGTCCGATGATTTCACCGATTTTGTTAAAAAGTGTTT
GGTGAAGAATCCTGAGCAGAGAGCTACTGCAACACAACTTTTACAGCATCCTTT
TATCAAGAATGCCAAACCTGTATCAATATTAAGAGACCTGATCACAGAAGCTAT
GGAGATCAAAGCTAAAAGACATGAGGAACAGCAACGAGAATTGGAAGAGGAAG
AATAATAACATTGGAAGTGGATAACCGGATCCGCGATCGCGGCGCGCCACCTGGT
GGCCGGCCGGTACCACGCGTGCGCGCTGATCCGGCTGCTAACAAAGCCCGAAAGGA
AGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTC
TAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATATCCACA
GGACGGGTGTGGTCGCCATGATCGCGTAGTCGATAGTGGCTCCAAGTAGCGAAGCG
AGCAGGACTGGGCGGCGGCCAAAGCGGTCGGACAGTGCTCCGAGAACGGGTGCGC
ATAGAAATTGCATCAACGCATATAGCGCTAGCAGCACGCCATAGTGACTGGCGATG
CTGTCGGAATGGACGATATCCCGCAAGAGGCCCGGCAGTACCGGCATAACCAAGCC
TATGCCTACAGCATCCAGGGTGACGGTGCCGAGGATGACGATGAGCGCATTGTTAG
ATTTCATACACGGTGCCTGACTGCGTTAGCAATTTAACTGTGATAAACTACCGCATT
AAAGCTTATCGATGATAAGCTGTCAAACATGAGAA 
 
Protein sequence of Ar-AC (from Arthrobacter sp. CGMCC 3584, Genbank: AEX08664.1) 
MNDEDQQERVDSITPPPATDAHPATGTMSAERLAMKALEARLLGGERKLRRREVAAGA
GLSLLSARKLWRALGFPNFGDEDVAFTERDQAALSTVVDLVRSGKLTEEAAISVTRSIG
QMTDRMVVWQIEALVEDMVHEQGVTDAVARKRLVNELPALVDALEEVLVYSWRRQL
NAGVQRLAVRAEAGLQASEEGREGDEDDAPLPLARAVGFADLVSYTSLSRRMNEKTLA
RLVQRFENKCAEIISVGGGRLVKTVGDEVLYIAETPAAGAEISLALAQAFTEDEILPEARV
AMVWGRILSRLGDIYGPTVNLAARLTTLADPGTVLVDSMTASALEHDERFVLEPQPPEN
VRGFGEIRPVRLGRGLGKGLVLD* 
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DNA sequence of Ar-AC 
ATGAACGACGAAGATCAGCAAGAGCGGGTCGATTCCATTACACCGCCACCAGCCAC
TGATGCACACCCGGCGACCGGGACTATGTCAGCTGAACGCCTTGCGATGAAGGCAC
TTGAAGCCAGATTACTCGGTGGCGAACGGAAACTGCGGAGACGGGAAGTCGCCGCT
GGTGCGGGATTGTCGTTACTGTCAGCGCGCAAGCTGTGGCGTGCACTGGGCTTCCCT
AACTTCGGAGACGAGGACGTGGCATTCACCGAGCGCGACCAGGCCGCATTATCTAC
CGTAGTTGATCTGGTTCGTTCTGGCAAGTTAACTGAAGAAGCGGCTATCTCCGTGAC
ACGAAGCATCGGGCAAATGACTGACAGAATGGTGGTATGGCAGATTGAGGCCCTTG
TAGAAGATATGGTGCATGAGCAAGGCGTGACAGATGCGGTTGCACGAAAGCGCTTA
GTAAATGAGTTACCCGCGCTTGTGGACGCGCTTGAAGAGGTACTGGTCTACTCCTGG
CGTCGGCAACTGAATGCTGGAGTGCAACGTCTGGCTGTGCGTGCAGAGGCGGGGTT
ACAGGCATCTGAAGAAGGTCGCGAGGGTGACGAAGACGATGCACCCCTGCCGTTGG
CACGAGCCGTCGGCTTTGCCGACCTTGTGTCATACACATCTCTTAGCCGTCGAATGA
ATGAGAAGACGTTAGCCCGTCTGGTACAACGTTTCGAAAATAAGTGTGCCGAAATA
ATATCCGTAGGCGGTGGTCGTCTGGTAAAGACTGTTGGTGATGAGGTGCTGTACATC
GCCGAAACACCAGCTGCGGGAGCAGAGATCAGTTTGGCGTTGGCTCAAGCGTTTAC
CGAGGACGAGATTTTACCCGAGGCTCGGGTGGCGATGGTATGGGGCCGTATCTTATC
GCGTCTCGGGGATATCTACGGCCCGACCGTAAACCTGGCGGCTCGCTTGACTACACT
CGCCGATCCGGGCACTGTCCTGGTCGACTCTATGACCGCCTCAGCATTAGAGCATGA
CGAACGCTTCGTCCTCGAACCACAACCGCCGGAAAATGTTCGTGGATTTGGGGAAAT
CCGACCTGTTCGGCTGGGACGTGGTCTTGGCAAGGGCCTGGTACTGGACTGA  
 
Protein sequence of PsiK (adapted from Lewis’s recent work1) 
MASMTGGQQMGRGSMAFDLKTEDGLITYLTKHLSLDVDTSGVKRLSGGFVNVTWRIK
LNAPYQGHTSIILKHAQPHMSTDEDFKIGVERSVYEYQAIKLMMANREVLGGVDGIVSV
PEGLNYDLENNALIMQDVGKMKTLLDYVTAKPPLATDIARLVGTEIGGFVARLHNIGRE
RRDDPEFKFFSGNIVGRTTSDQLYQTIIPNAAKYGVDDPLLPTVVKDLVDDVMHSEETL
VMADLWSGNILLQLEEGNPSKLQKIYILDWELCKYGPASLDLGYFLGDCYLISRFQDEQ
VGTTMRQAYLQSYARTSKHSINYAKVTAGIAAHIVMWTDFMQWGSEEERINFVKKGV
AAFHDARGNNDNGEITSTLLKESSTA* 
DNA sequence of PsiK 
ATGGCAAGTATGACAGGTGGTCAACAAATGGGGAGAGGGTCGATGGCATTTGATTT
GAAGACGGAAGACGGCTTGATCACCTACCTCACCAAACACCTGAGTCTTGATGTTGA
CACTTCAGGGGTTAAGCGCCTGTCTGGCGGGTTCGTCAACGTTACCTGGAGAATTAA
GTTAAACGCTCCATATCAAGGACATACAAGCATTATCCTGAAGCACGCGCAACCTC
ACATGTCCACAGACGAGGATTTTAAGATAGGTGTTGAAAGATCAGTCTATGAATATC
AAGCAATCAAGCTGATGATGGCAAATCGCGAGGTCTTGGGTGGCGTAGACGGTATA
GTTAGCGTTCCCGAAGGCCTGAATTACGATCTTGAAAATAATGCGCTCATAATGCAA
GACGTGGGTAAGATGAAGACTTTGCTGGACTACGTGACCGCAAAGCCGCCGTTGGC
AACGGATATTGCGCGCCTGGTGGGCACCGAGATCGGTGGTTTTGTGGCTCGACTGCA
CAATATTGGGCGCGAACGCAGAGACGATCCAGAATTTAAGTTCTTCAGCGGAAACA
TAGTCGGACGAACTACCTCAGACCAACTGTACCAAACGATTATCCCGAATGCCGCTA
AGTACGGAGTGGACGACCCGTTACTCCCAACGGTTGTAAAGGACTTAGTAGATGAC
GTTATGCACTCCGAGGAGACCCTCGTCATGGCCGACTTGTGGTCTGGCAACATTCTG
CTCCAACTTGAGGAAGGAAACCCTTCTAAGCTGCAAAAGATCTACATTCTGGATTGG
GAATTGTGTAAATACGGACCTGCTTCGCTTGATTTAGGCTACTTTCTCGGTGACTGCT
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ATCTCATTTCAAGATTTCAGGACGAACAAGTCGGAACAACCATGCGTCAGGCTTATC
TGCAGTCCTATGCCCGGACTTCTAAACACTCAATCAATTACGCGAAAGTGACAGCAG
GCATCGCAGCCCACATAGTTATGTGGACAGACTTTATGCAATGGGGAAGCGAAGAA
GAGCGTATAAATTTCGTGAAGAAAGGTGTAGCGGCTTTCCACGACGCGCGTGGGAA
TAATGACAATGGCGAGATTACTAGTACTTTATTGAAGGAAAGTAGCACTGCATAA 
 
Protein sequence of T4-PNK (from Enterobacteria phage T4, Uniprot ID: P06855) 
MKKIILTIGCPGSGKSTWAREFIAKNPGFYNINRDDYRQSIMAHEERDEYKYTKKKEGIV
TGMQFDTAKSILYGGDSVKGVIISDTNLNPERRLAWETFAKEYGWKVEHKVFDVPWTE
LVKRNSKRGTKAVPIDVLRSMYKSMREYLGLPVYNGTPGKPKAVIFDVDGTLAKMNG
RGPYDLEKCDTDVINPMVVELSKMYALMGYQIVVVSGRESGTKEDPTKYYRMTRKWV
EDIAGVPLVMQCQREQGDTRKDDVVKEEIFWKHIAPHFDVKLAIDDRTQVVEMWRRIG
VECWQVASGDF* 
DNA sequence of T4-PNK 
ATGAAGAAGATAATCTTGACGATAGGGTGTCCTGGTAGTGGCAAGTCTACATGGGC
GCGGGAATTCATTGCCAAGAATCCCGGCTTTTATAATATCAACCGCGATGACTATCG
TCAAAGCATCATGGCCCACGAGGAGCGTGACGAATACAAGTATACCAAGAAGAAGG
AAGGTATCGTAACAGGCATGCAATTTGATACCGCCAAGTCGATCTTGTATGGCGGTG
ACTCTGTAAAAGGGGTTATAATCTCAGACACAAACCTCAACCCGGAGCGACGTCTTG
CGTGGGAAACTTTTGCAAAAGAATACGGTTGGAAGGTTGAGCACAAGGTGTTTGAC
GTTCCCTGGACCGAGCTGGTGAAACGAAACAGCAAGCGCGGGACAAAAGCGGTACC
TATCGACGTCCTTCGTTCTATGTATAAGTCGATGCGTGAGTACTTGGGACTGCCAGTT
TACAACGGCACGCCAGGGAAACCAAAGGCCGTAATATTCGACGTTGATGGCACCTT
GGCGAAAATGAATGGTAGAGGACCCTACGATTTAGAGAAGTGTGACACAGATGTTA
TCAACCCGATGGTCGTGGAACTGTCCAAAATGTATGCTCTTATGGGCTACCAAATCG
TTGTCGTTAGTGGTCGTGAGTCCGGTACGAAAGAGGACCCTACCAAATATTATAGAA
TGACCAGAAAGTGGGTCGAGGACATTGCTGGCGTACCTCTTGTTATGCAGTGTCAGC
GCGAGCAAGGCGACACCCGTAAGGACGATGTCGTAAAAGAGGAAATCTTTTGGAAA
CACATTGCCCCACATTTTGATGTGAAATTGGCTATTGATGACCGCACCCAAGTTGTA
GAAATGTGGCGGCGGATCGGAGTCGAATGTTGGCAAGTAGCATCGGGCGACTTTTA
A 
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3. Cloning, Expression and Purification of Enzymes 
pET28a(+)-based expression vectors for kinases were obtained via DNA synthesis from Twist 
Bioscience, unless otherwise noted. The codon optimized DNA sequence was inserted between 
the NdeI and XhoI restriction sites within the commercial pET28a(+) vector. Expression vectors 
of SRC/ STK3/YopH/Lambda phosphatase were obtained from Addgene. The product number are 
SRC (#79700), STK3(#79689), YopH (residues 164-468, #79749), Lambda Phosphatase (#79748). 
The expression vectors were extracted using a Wizard® Plus SV Minipreps DNA Purification 
System (Promega) and gene sequences were confirmed via Sanger sequencing (Epoch Life 
Science). The resulting vector was directly transformed into electro-competent E. coli strain 
BL21(DE3) cells via electroporation. Note: the expression vector for SRC was co-transformed 
with that for YopH in the same E. coli strain, and the expression vector for STK3 was co-
transformed with that for Lambda phosphatase in the same E. coli strain. All strain stocks were 
stored as a 25% glycerol solution at -80 °C. 
500 mL TB containing corresponding antibiotics (50 µg/mL Kanamycin for pET-28a(+)-based 
enzymes, 100 µg/mL Ampicillin and 50 µg/mL Spectinomycin for SRC+YopH or STK3+Lambda 
phosphatase) was inoculated with an overnight culture (2 mL, LBKan or LBAmp+Spec) of recombinant 
E. coli BL21(DE3) cells. The cultures were shaken at 250 rpm at 37 °C for roughly 2.5 h or until 
an optical density of 0.6-1.0 was reached. Cultures were cooled on ice for 20 min and then induced 
by adding IPTG to a final concentration of 25 μM. The cultures were allowed to continue to shake 
at 250 rpm for another 20 hours at 22 °C. Cell were harvested by centrifugation (4 °C, 15 min, 
3,000 ´ g). The cell pellet was resuspended in KPi buffer (50 mM, pH 8.0, 4 mL/g of cell wet 
weight) and lysed by sonication (5 min, on 1s, off 4s, 60% amplification). The lysate was 
centrifuged at 15,000 ´ g for 30 min at 4 °C to remove cell debris. The collected supernatant was 
filtered and subjected to a Ni-NTA chromatography step using a Ni Sepharose column (HisTrap-
HP, GE healthcare, Piscataway, NJ). The protein was first washed with buffer A (50 mM Tris-
HCl, 300 mM NaCl, 25 mM imidazole, pH 8.0) and then eluted from the column with buffer B 
(50 mM Tris-HCl, 300 mM NaCl, 300 mM imidazole, pH 8.0). Purified protein was buffer 
exchanged into storage buffer (100 mM Tris-HCl, 300 mM NaCl, 5% glycerol, pH = 7.4) using a 
centrifugal filter (MW cut-off 10 kDa). Protein concentrations were determined by A280 with 
calculated extinction coefficients as obtained at https://web.expasy.org/protparam. For most 
enzymes used in this work, the concentration was adjusted to 25 mg/mL using storage buffer. For 
storage, proteins were aliquoted into 100 µL, flash frozen on liquid N2, and stored at –80 °C. 

 
Figure S1. Representative SDS-gel (1). From left to right: Protein ladder, Ta-NK, Hb-CK, Ag-
dNK, Dm-dNK, Tm-TK, Sc-AK, Hs-GMPK, Ec-GMPK, Hs-UMP-CMPK. 

https://web.expasy.org/protparam
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Figure S2. Representative SDS-gel (2). From left to right: Bs-CMPK, Protein ladder, Tm-AcK, 
Bf-GMPK, Ec-AcK, Ec-TmK, Ec-NadD(mutant), Ec-IPYR, Km-NRK, Ec-NADK. 

 
Figure S3. Representative SDS-gel (3). From left to right: Protein ladder, Ec-AroL, Tk-I3P, Hs-
NMNAT, Ec-GalK (Y371H).  

Broken lane 
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4. Analysis, Synthesis and Characterization of Thiophosphate Donor 
 
4.1 Consideration of thiophosphate donors 
We considered the thiophosphate counterparts of several known phosphate donors in biological 
systems. The choice was made based on thermodynamic properties, availability of corresponding 
kinases, complexity of regeneration system and prices of donors. 
Here are the considerations: 
1.Thiophosphoenol pyruvate (thio-PEP): the preparation of thio-PEP is synthetically challenging 
as the selective hydrolysis of protecting group while keeping the pyruvate motif is not a trivial 
issue. We were also concerned by the stability of this reagent due to its enol ether motif.  

 

2. Thio-1,3-diphosphoglycerate ((thio)-1,3-BPG): the enzymatic synthesis of (thio)-1,3-BPG was 
considered at the beginning. However, based on Whitesides’ system2, several expensive enzymes 
are required, and immobilization of these enzymes are beyond our expertise. 

3. Carbamoyl thiophosphate: The synthesis could be challenging because of the good leaving 
group ability of the carbamoyl motif.  

4. Arginine thiophosphate: We think selective functionalization of arginine’s guanidine to install 
only one thiophosphate group would require multi-step synthesis and careful reverse phase 
chromatography. This would affect the practicality of the overall transformation. The free energy 
of arginine phosphate hydrolysis is slightly better than ATP, as such, the overall equilibrium of 
the thiophosphate transfer might be favored. We later found the arginine thiophosphate cannot be 
generated when arginine was reacted with creatine thiophosphate and ADP in the presence of 
creatine kinase and arginine kinase, suggesting arginine thiophosphate might be a thiophosphoryl 
donor with more favorable thermodynamic properties but also more challenging to use.  

 

Considering the above, we think acetyl thiophosphate and creatine thiophosphate are the most 
practical donors and we focused on their synthesis. 

4.2 Creatine thiophosphate and derivatives 
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A flame-dried 250 mL round bottom flask equipped with a magnetic stir bar was charged with 
creatinine (10 mmol, 1.13 g) and 5-phenyl tetrazole (13 mmol,  1.9g, 1.3 equiv.). Under nitrogen, 
the solid was suspended in MeCN/DCM (1:1, 150 mL), followed by addition of  bis(2-cyanoethyl)-
N,N-diisopropyl phosphoramidite (12 mmol, 1.2 equiv., 3.0 mL). After the addition, the solid was 
observed to mostly dissolve within 10 minutes and white precipitate reformed after 20 minutes. 
After stirring at room temperature for 3 hours, sulfur (12 mmol, 384 mg, 1.2 equiv.) was added 
and the mixture was allowed to stir at room temperature for 3 more hours. The mixture was filtered 
through a pad of celite and washed with MeCN and was concentrated under reduced pressure. The 
crude product was purified with silica column chromatography to afford S1-Int 1 (2.36 g, 75%). 
Note: To obtain high purity, column chromatography needed to be performed twice, first using 
EtOAc/hexanes (50:50 to 80:20 to 100:0) and second using DCM/MeOH (99:1 to 97:3). Single 
crystal of S1-Int 1 was obtained by slow diffusion of DCM into its MeCN solution. 
In a 100 mL round bottom flask equipped with a magnetic stir bar, creatinine thiophosphate ester 
S1-Int 1 (4 mmol, 1.26 g) was suspended in H2O/MeOH (1:1, 25 mL) and the suspension was 
cooled down in an ice-water bath. LiOH (16 mmol, 383.2 mg, 4 equiv.) was added in small portions 
over 3 minutes. After addition, the reaction was warmed up to room temperature and stirred for 6 
hours. LC-MS was used to monitor the consumption of the S1-Int 1.  The reaction was 
concentrated under reduced pressure to afford a viscous pale-yellow liquid. The crude product was 
dissolved in small amount of water (roughly 3 mL), then the solution was added to 30 mL NaClO4  
solution (1 M in acetone), during which a sticky precipitate formed. The mixture was centrifuged 
for 10 min (4000 rpm) and supernatant liquid was carefully decanted,  another 30 mL NaClO4  
solution was added and centrifuged again. The sticky solid was re-dissolved in small amount of 
water and lyophilized to afford pale yellow solid, LixCrPS (1). Generally, the yield of creatine 
thiophosphate ranged from 60% to 80%. The solid form is highly hygroscopic. For this reason, the 
solid was dissolved in water  and the creatine thiophosphate concentration was determined by 31P 
NMR with methyl phosphonic acid as the internal standard. The concentration was adjusted to 0.6 
M  and the solution was stored as 100 µL aliquots at -20 °C. 
Characterization of S1-Int 1 

 
1H NMR (600 MHz, CD3CN): δ 9.84 (brs, 1H), 4.18 (dt, J = 9.1, 6.0 Hz, 4H), 3.91 (s, 2H), 2.95 
(s, 3H), 2.78 (td, J = 6.0, 0.7 Hz, 4H). 
13C NMR (151 MHz, CD3CN): δ 170.8, 156.4 (d, J = 11.3 Hz), 62.3 (d, J = 5.1 Hz), 52.5 (d, J = 
2.1 Hz), 30.5, 20.1 (d, J = 8.3 Hz). 
31P NMR (243 MHz, CD3CN): δ 64.0 (p, J = 9.0 Hz). 

HRMS [ESI] C10H15N5O3PS ([M+H]+) calculated 316.0628 found 316.0628. 
 
Characterization of LixCrPS (1) 
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1H NMR (600 MHz, D2O): δ 3.89 (s, 2H), 2.92 (s, 3H). 
13C NMR (151 MHz, D2O): δ 176.4, 156.3 (d, J = 2.3 Hz), 53.5, 36.2. 
31P NMR (243 MHz, D2O): δ 35.0.  

HRMS [ESI] C4H11N3O4PS ([M+H]+) calculated 228.0202 found 228.0200. 

 

 
To further elucidate the structure of creatine thiophosphate, alkylation of thiophosphate was 
chosen as derivatization. In a one-dram vial equipped with a magnetic stir bar, LixCrPS (0.05 mmol) 
was dissolved in 1 mL Tris-HCl solution (100 mM, pH 7.4) and 50 µL was added as co-solvent. 
To this solution, 4-nitrobenzyl methanesulfonate (0.25 mmol, 5 equiv.) was added and the mixture 
was allowed to stir at room temperature for 6 hours. The solution was quenched by the addition of 
methanol (3 mL) and filtered through a pad of celite. After concentration under reduced pressure, 
the crude mixture was dissolved in small amount of water and purified by ion exchange 
chromatography on DEAE Sephadex (1 M NH4HCO3/water, gradient 0:100 to 25:75), fractions 
containing product (monitored by LC-MS) was collected, concentrated under reduced pressure and 
lyophilized to afford pale-yellow solid. The solid was further purified by C18 reverse phase 
column using (MeOH/water, gradient from 0:100 to 100:0). Desired product was collected and 
concentrated under reduced pressure (temp. ≤ 40 °C). Lyophilization was applied to remove 
residual water.  
Single crystal of S1-Int 2 was obtained by slow evaporation of its methanol/acetonitrile (1:3, v/v) 
solution. 
Characterization of S1-Int 2 

 
1H NMR (600 MHz, D2O): δ 8.26 – 8.23 (m, 2H), 7.71 – 7.65 (m, 2H), 4.14 (d, J = 17.0 Hz, 2H), 
3.63 (brs, 2H), 2.82 (brs, 3H).  
13C NMR (151 MHz, D2O): δ 173.5, 154.7 (d, J = 3.1 Hz), 146.7, 146.6 (d, J = 3.0 Hz), 129.7, 
123.8, 53.9, 37.1, 33.9 (d, J = 3.9 Hz).  
31P NMR (243 MHz, D2O): δ 12.7 (t, J = 17.0 Hz). 

HRMS [ESI] C11H16N4O6PS ([M+H]+) calculated 363.0523 found 363.0523. 
 
4.3 Unsuccessful attempts to prepare acetyl thiophosphate and creatine thiophosphate 
We first tried to synthesize protected thiophosphate ester from alcohol and thiophosphoryl chloride, 
but complex mixture was obtained and hydrolyzed impurity prevented purification. 
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We then attempted to directly carry out acetylation with thiophosphate salt, but complex mixture 
was often obtained. One possible impurity could result from acetylation at sulfur. 

 
We later developed a two-step synthesis of the acetyl thiophosphate benzyl ester. However, all 
attempted deprotection strategies either led to complex mixture or loss of acetyl group.  

 

 
Another attempt to synthesize acetyl thiophosphate donor was not successful due to low reactivity 
of acetic acid  to displace propanediol from the phosphorus center. 
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Attempts to synthesize creatine thiophosphate from creatine was not successful due to its low 
solubility in most of solvents. 

 
Using ester protected creatine, we were able to prepare creatine thiophosphate ethyl ester with 
poor yields. But the deprotection either led to loss of thiophosphate motif or only ester hydrolysis 
to the carboxylic acid. 

 
Our last unsuccessful attempt commenced with phosphination of protected creatine and 
sulfurization, affording protected thiophosphate ester with simultaneous loss of ethyl ester in a 
poor yield. Base induced deprotection afford trace amount of desired product, while the major 
product was half deprotected intermediate. 
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5. Preparation of Substrates and Standard Samples 
 
5.1 Preparation of substrates 
 

 
Starting material for compound 15 (S15) was synthesized following reported procedure3. A sealed 
pressure tube equipped with a magnetic stir bar was charged with 6-chloropurine riboside (10 
mmol, 2.87 g) and ethanol (50 mL). Benzyl amine (50 mmol, 5 equiv., 5.5 mL) was added to the 
suspension, and the reaction mixture was heated to 70 °C and stirred for 12 hours. After cooling 
down, the mixture was concentrated under reduced pressure. Resulting oily residue was further 
recrystallized in ethanol to yield white solid. The solid was filtered and washed with cold ethanol 
to afford S15 as a white powder (3.02g, 85%). 1H NMR (600 MHz, DMSO) δ 8.46 (s, 1H), 8.38 
(s, 1H), 8.20 (s, 1H), 7.35 – 7.31 (m, 2H), 7.31 – 7.27 (m, 2H), 7.23 – 7.17 (m, 1H), 5.89 (d, J = 
6.1 Hz, 1H), 5.43 (d, J = 6.2 Hz, 1H), 5.37 (dd, J = 7.2, 4.5 Hz, 1H), 5.18 (d, J = 4.6 Hz, 1H), 4.71 
(s, 2H), 4.62 (q, J = 5.9 Hz, 1H), 4.14 (td, J = 4.7, 3.0 Hz, 1H), 3.96 (q, J = 3.5 Hz, 1H), 3.67 (dt, 
J = 12.1, 4.2 Hz, 1H), 3.55 (ddd, J = 11.6, 7.2, 3.7 Hz, 1H). 
 

 
S52-S59 were synthesized according to the literature4,5 and used directly. 
 
S51 was prepared with a modified procedure shown below. 
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A 500-mL round bottom flask equipped with a magnetic stir bar was charged with guanosine (7.1 
mmol, 2.0 g) and acetone (200 mL). To the stirring suspension, 2,2-dimethoxypropane (10.4 mL, 
85 mmol) and p-toluenesulfonic acid monohydrate (1.34 g, 7.0 mmol) were added and the reaction 
mixture was stirred at room temperature for 12 hours. The reaction mixture was concentrated by 
evaporation and then dissolved in water. Solid NaHCO3 was added carefully in three portions, and 
the solution was stirred for 2 hours. Saturated NaHCO3 solution (10 mL) was added and stirred for 
an additional 2 hours. The suspension was filtered, and the product was washed with water (2 x 
100 mL) and dried under vacuum to afford S51-Int 1 as a white solid, which was used directly for 
the next step without further purification.  
 
In a 100 mL round bottom flask,  S51-Int 1 (3.1 mmol, 1.00 g) and imidazole (9.3 mmol, 633 mg, 
3 equiv.) was dissolved in DMF (12 mL). To this solution was added TBDPSCl (6.2 mmol, 1.704 
g, 2 equiv.) and the reaction was allowed to stir at room temperature for 4 hours. The reaction was 
diluted concentrated under reduced pressure and purified with silica column chromatography 
(MeOH/DCM, 5% to 10%) to afford S51-Int 2 as a white solid (1.57 g, 90%). 
 
1H NMR (600 MHz, MeOD) δ 7.81 (s, 1H), 7.63 – 7.59 (m, 2H), 7.56 – 7.51 (m, 2H), 7.44 – 7.39 
(m, 1H), 7.39 – 7.32 (m, 3H), 7.29 – 7.24 (m, 2H), 6.03 (s, 1H), 5.33 – 5.28 (m, 1H), 5.01 (dd, J 
= 6.3, 3.3 Hz, 1H), 4.33 (td, J = 5.5, 3.3 Hz, 1H), 3.82 (d, J = 5.5 Hz, 2H), 1.57 (s, 3H), 1.36 (s, 
3H), 0.99 (s, 9H). 
 
In a 50 mL round bottom flask, acetic acid (12 mL) was diluted with water (3 mL), followed by 
the addition of the S51-Int 2 (1 mmol, 561 mg). The reaction mixture was heated to 80 °C and 
stirred for 12 hours. The reaction mixture was concentrated under reduced pressure and diluted 
with a small amount of methanol. The crude product was purified with silica column 
chromatography (MeOH/DCM, 10% to 20%) to afford S51-Int 3 as a white solid (468 mg, 90%).  
 

1H NMR (600 MHz, MeOD) δ 7.84 (s, 1H), 7.69 – 7.64 (m, 4H), 7.45 – 7.32 (m, 6H), 5.88 (d, J 
= 4.8 Hz, 1H), 4.45 (t, J = 5.0 Hz, 1H), 4.11 (q, J = 4.0 Hz, 1H), 3.90 (ddd, J = 64.5, 11.6, 3.5 Hz, 
2H), 1.04 (s, 9H). There is one proton buried under water peak. 
 
Isolated S51-Int 3 (0.85 mmol, 445 mg) was suspended in anhydrous MeCN (10 mL), followed 
by addition of benzoyl anhydride (771 mg, 3.41 mmol, 4.0 equiv.) and DMAP (0.74 g, 0.17 mmol, 
0.2 equiv.). The reaction vessel was equipped with an air condenser and the reaction mixture was 
refluxed for 3 h. The reaction mixture was concentrated under reduced pressure and diluted with 
small amount of acetonitrile. The crude product was purified with silica column chromatography 
(MeOH/DCM, 5% to 10%) to afford S51-Int 4 as a white solid (465 mg, 75%).  
  
1H NMR (600 MHz, MeOD) δ 8.02 (dd, J = 8.3, 1.4 Hz, 2H), 7.97 (dd, J = 8.3, 1.4 Hz, 2H), 7.93 
(s, 1H), 7.92 – 7.89 (m, 2H), 7.72 – 7.69 (m, 1H), 7.69 – 7.67 (m, 2H), 7.48 – 7.40 (m, 4H), 7.40 
– 7.36 (m, 5H), 7.33 – 7.28 (m, 2H), 6.36 (d, J = 5.0 Hz, 1H), 6.27 (t, J = 4.5 Hz, 1H), 6.21 – 6.14 
(m, 1H), 4.56 (dt, J = 5.1, 3.4 Hz, 1H), 4.07 (ddd, J = 45.2, 11.7, 3.4 Hz, 2H), 1.07 (s, 9H). 
 
S51-Int 4 (0.53 mmol, 386 mg) was added to a solution of MeOH containing 3% HCl ( made by 
adding 1.6 mL of acetyl chloride to 40 mL of MeOH). The reaction was stirred at room temperature 
for 6 hours until consumption of all starting material. The mixture was then concentrated and 
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purified with silica column chromatography (MeOH/DCM, 8% to 15%) to afford S51 as a white 
solid (149.2 mg, 57%) which is consistent with literature report 6.   
1H NMR (600 MHz, DMSO) δ 10.70 (s, 1H), 8.07 (s, 1H), 7.96 – 7.92 (m, 2H), 7.81 – 7.76 (m, 
2H), 7.68 (tt, J = 7.4, 1.3 Hz, 1H), 7.61 (tt, J = 7.4, 1.3 Hz, 1H), 7.55 – 7.47 (m, 2H), 7.43 – 7.38 
(m, 2H), 6.52 (s, 2H), 6.26 (d, J = 6.7 Hz, 1H), 6.11 (dd, J = 6.7, 5.6 Hz, 1H), 5.84 (dd, J = 5.6, 
2.9 Hz, 1H), 5.49 (t, J = 5.5 Hz, 1H), 4.49 (q, J = 3.4 Hz, 1H), 3.80 (ddd, J = 12.1, 5.6, 3.7 Hz, 
2H). 
 
5.2 Preparation of standard samples 
To determine the absolute configuration of the P atom (SP or RP configuration) of nucleosides a-
thio triphosphates, the following standards were synthesized following reported procedure6, while 
modifying the scale of the reaction to 32 µmol.  

 
A flame dried 1-dram vial with a stir bar was charged with pyrophosphate (24 mg, 32 µmol, 1.0 
equiv.). The vial was closed with a Teflon septum screw cap, evacuated and backfilled with argon. 
Anhydrous MeCN (0.3 mL) and DBU (19 μL, 4.0 equiv.) were added and the mixture was stirred 
for 10 min. Subsequently, freshly flame-dried 3 Å molecular sieves (25 mg) and Ψ* reagent 11 
(15.9 mg, 36 µmol, 1.2 equiv.) were added and the reaction was stirred at room temperature for 15 
min. After that, protected nucleoside (64 µmol, 2.0 equiv.) was added, followed by another portion 
of DBU (38 μL, 8.0 equiv.) and the mixture was stirred for 3 to 6 h. Upon completion of the 
reaction, the resulting mixture was filtered, the solid residue was washed with ~1 mL of MeCN 
and the filtrate was concentrated under reduced pressure to ~0.25 mL. Concentrated aq. NH3 
solution (1.0 mL) was added to the residue and the reaction was stirred at room temperature (or at 
40 °C) for 16 h. Following quenching and purification were identical to literature procedures. 
 
5.3 Assignment of stereochemistry  
Relative chromatographic mobility of the obtained pairs of epimers  (fast-eluting epimer: SP; slow-
eluting epimer: RP) and products obtained from enzymatic reactions are compared. The 
stereochemistry of phosphorus atom was assigned based on retention time. 
Analytical method 
HPLC analyses were conducted on a C18 column (Kinetex 5 µm EVO C18 100 Å, LC Column 
100 × 2.1 mm) 
Solvent A: 0.1 M triethylammonium acetate (TEAA) in H2O  
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Solvent B: MeCN 
Flow rate: 0.3 mL/min 
Temperature: 40°C  
HPLC method 1 

Time (min) Solvent A (%) Solvent B (%) 
0 98 2 
14 92 8 
17 5 90 

 
HPLC method 2 

Time (min) Solvent A (%) Solvent B (%) 
0 99 1 
8 95 5 
11 5 90 

 
5.4 Preparation of fluorophore S76 for oligonucleotide derivatization 
 

 
4-Bromo-1,8-naphthalic anhydride (1.38 g, 5.0 mmol) and EtNH2 (70 % solution in H2O, 0.47 mL, 
6.0 mmol) were heated under reflux in dioxane (50 mL) for 9 h. The solution was cooled to rt and 
poured into iced water (500 ml), and the precipitate collected by filtration. The residue was washed 
with H2O (200 ml, twice) and the solvent removed in vacuo to afford S76-Int 1 (1.44 g, 95%) as 
cream solid. 
 
1H NMR (600 MHz, CDCl3) δ 8.65 (d, J = 7.3 Hz, 1H), 8.56 (d, J = 8.5 Hz, 1H), 8.41 (d, J = 7.8 
Hz, 1H), 8.03 (d, J = 7.8 Hz, 1H), 7.84 (t, J = 7.9 Hz, 1H), 4.24 (q, J = 7.2 Hz, 2H), 1.33 (t, J = 
7.1 Hz, 3H). 
 
To a round-bottom flask with stir bar was charged S76-Int 1 (304 mg, 1.0 mmol), 2-(2-amino-
ethoxy) ethanol (0.40 mL, 4.0 mmol, 4.0 equiv.), and 2-methoxy-ethanol (10 mL). The resulting 
mixture was heated under reflux for 8 h. The reaction mixture was cooled to room temperature 
then concentrated under reduced pressure. The residue thus obtained was purified with silica 
column chromatography (EtOAc/MeOH, 9:1) to afford S72-Int 2 as a yellow solid (274.5 mg, 
84%). 
 
1H NMR (600 MHz, CDCl3) δ 8.61 (dd, J = 7.3, 1.1 Hz, 1H), 8.49 (dd, J = 8.4, 1.2 Hz, 1H), 8.17 
(dd, J = 8.4, 1.2 Hz, 1H), 7.65 (dd, J = 8.4, 7.3 Hz, 1H), 6.76 (d, J = 8.4 Hz, 1H), 4.25 (q, J = 7.1 
Hz, 2H), 3.94 (t, J = 5.1 Hz, 2H), 3.90 – 3.85 (m, 2H), 3.76 – 3.71 (m, 2H), 3.63 (t, J = 5.1 Hz, 
2H), 1.34 (t, J = 7.1 Hz, 3H). 
 

EtNH2 (70% aq)

dioxane
reflux

N
Et

O O

HN
O

OMs

N
Et

O O

HN
O

OH
N
Et

O O

Br

O OHH2N
OO O

Br
2-methoxy ethanol

reflux

MsCl, Et3N

DCM
room temperature

S76-Int 1 S76-Int 2 S76
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To a solution of S76-Int 2 (164 mg, 0.5 mmol) and methanesulfonyl chloride (0.043 mL, 0.55 
mmol. 1.1 equiv.) in DCM (10 mL) was added Et3N (0.14 mL, 1.0 mmol, 2.0 equiv.). After stirring 
at 0 °C for 2 h, the mixture was warmed to room temperature and allowed to be stirred for 2 h. 
After the reaction was completed, the mixture was diluted with water (50 mL), the organic phase 
separated was dried over sodium sulfate and concentrated to afford homemade S76 (171.6 mg, 
84%). 
 
1H NMR (600 MHz, CDCl3) δ 8.59 (d, J = 6.3 Hz, 1H), 8.47 (d, J = 8.4 Hz, 1H), 8.24 (d, J = 7.4 
Hz, 1H), 7.67 – 7.62 (m, 1H), 6.71 (d, J = 8.4 Hz, 1H), 4.48 – 4.43 (m, 2H), 4.23 (q, J = 7.1 Hz, 
2H), 3.92 (t, J = 5.1 Hz, 2H), 3.88 – 3.79 (m, 2H), 3.61 (t, J = 5.0 Hz, 2H), 3.06 (s, 3H), 1.32 (t, J 
= 7.1 Hz, 3H). 
13C NMR (151 MHz, CDCl3) δ 164.7, 164.1, 149.3, 134.3, 131.3, 129.9, 126.7, 125.1, 123.3, 
120.8, 111.3, 104.9, 69.1, 68.9, 68.7, 43.5, 38.1, 35.3, 13.6.  
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6. Optimization of Reaction Conditions 

Table S1. Initial reactivity tests of nucleoside kinases  

  
  

O N

HO OH

O N

N NH

O

P
O

O-
O-

NH2

O N

HO OH

HO N

N NH

O

NH2

O N

HO OH

O N

N N

P
O

O-
O-

NH2

Nucleoside kinases (0.25 mol%)
MgCl2･6H2O (40 mol%)

ATP (2 equiv)
Tris-HCl (pH 8.0, 0.1 M)
KCl (0.15 M), 70 °C, 6h

entry produdt (31P NMR yield) by-product (31P NMR yield)Nucleoside kinases

1

2

3

Mt-NK

Mj-NK

Ta-NK

AMP

O N

HO OH

O N

N N

P
O

O O-
NH2

ADP

PO-

O

O- O N

HO OH

O N

N N

P
O

O O-
NH2

PO

O

O-
PO-

O

O-

ATP

83% 67% ATP + 89% ADP + 22% AMP

83% 52% ATP + 116% ADP

85% 50% ATP+ 110% ADP + 28% AMP

0.05 mmol
5 mM
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Table S2.  Attempts to capture ATP or ATPgS using creatine kinases 

  

O N

HO OH

O N

N N

P
O

O O-
NH2

PO-

O

O-
K+ K+

K+
Creatine kinases (0.35 mol%)

MgCl2･6H2O (1 equiv)
Na2CrP or LixCrPs (3 equiv)

Tris-HCl (pH 8.0, 0.1 M)
KCl (0.15 M), 30 °C, 6h

O N

HO OH

O N

N N

P
O

O O-
NH2

PO

O

O-
PO-

X

O-

0.05 mmol

entry ResultsCreatine kinases

1

2

3

Hb-CK

Rm-CK

LC-MS detected, low NMR yield

LC-MS detected, low NMR yield

LC-MS detected, low NMR yield

Hm-CK

5 mM

X = O or S

NaO

O
N
Me H

N

NH
P
O

OH
ONa

Na2CrP

XO

O
N
Me H

N

NH
P
S

OX
OX

LixCrPS

4

5

6

Hb-CK

Rm-CK

LC-MS detected, low NMR yield

LC-MS detected, low NMR yield

LC-MS detected, low NMR yield

Hm-CK

phosphate donors

Na2CrP

Na2CrP

Na2CrP

LixCrPs

LixCrPs

LixCrPs
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Table S3. Reaction conditions optimization for ATPgS regeneration system 

 
  

O N

HO OH

HO N

N NH

O

NH2

Ta-NK (0.25 mol%)
Hb-CK (0.35 mol%), ADP (20 mol%)

MgCl2･6H2O (40 mol%), LixCrPS (3 equiv)

Tris-HCl (pH 8.0, 0.1 M)
KCl (0.15 M), 37 °C, 12h

guanosine
0.05 mmol

10 mM

O N

HO OH

O N

N NH

O

P
S

O-
O-

NH2

XO

O
N
Me H

N

NH
P
S

OX
OX

LixCrPS (1)

entry 31P NMR yieldvariation from standard conditions

1

2

3

10 mol% ADP

2 mol% ADP + 1.2 eq. LixCrPS

0.16 mol% Ta-NK + 0.25 mol% Hb-CK

83%

80%

79% (31P NMR yield)

82%

5

7

8

6 h instead of 12 h

Hm-CK instead of Hb-CK

Rm-CK instead of Hb-CK

80%

77%

74%

9

10

Mt-NK instead of Ta-NK

Mj-NK instead of Ta-NK

72%

57%

6 0.04 mol% Ta-NK + 0.063 mol% Hb-CK 74%

NMR yield was determined by quantitative 31P NMR using methyl phosphonic acid as internal standard. 
Conversion was determined by 1H NMR using methyl phosphonic acid as internal standard.

11 no enzymes <2%

2

4 entry 3 + 5 mol% ADP + 1.2 eq LiXCrPS 81%

conversion

>95%

>95%

>95%

>95%

>95%

>95%

>95%

>95%

>95%

<2%

>95%
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Table S4. Additional optimization for 5′-monothiophosphate synthesis 

 
 

  

O N

HO OH

HO N

N NH

O

NH2

Ta-NK (0.16 mol%)
Hb-CK (0.25 mol%), ADP (10 mol%)

MgCl2･6H2O (40 mol%), LixCrPS (3 equiv)

Tris-HCl (pH 8.0, 0.1 M)
KCl (0.15 M), 37 °C, 6h

0.05 mmol
10 mM

O N

HO OH

O N

N NH

O

P
S

O-
O-

NH283% (31P NMR yield)

entry 31P NMR yieldvariation from standard condition

1

2

3

0.05 M Tris-HCl pH 7.0

0.05 M Tris-HCl pH 8.0

0.05 M Tris-HCl pH 9.0

80%

76%

<1%

4

5

0.1 M Tris-HCl pH 7.0

0.1 M Tris-HCl pH 8.0

70%

78%

6 NaxCrPS instead of LixCrPS 82%

NMR yield was determined by quantitative 31P NMR using methyl phosphonic acid as internal standard
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Table S5. Effect of substrate concentration and enzyme loading. 

  

O N

HO OH

HO N

N NH

O

NH2

Ta-NK (xx mol%)
Hb-CK (xx mol%), ADP (5 mol%)

MgCl2･6H2O (40 mol%), LixCrPS (1.2 equiv)

Tris-HCl (pH 8.0, 0.1 M)
KCl (0.15 M), 37 °C, 6h

S2
0.05 mmol

20 mM

O N

HO OH

O N

N NH

O

P
S

O-
O-

NH2

79%Ta-NK (0.08 mol%)+Hb-CK (0.125 mol%)

Ta-NK (0.04 mol%)+Hb-CK (0.0625 mol%) 39%

enzymes 31P NMR yieldentry
1

2

O N

HO OH

HO N

N NH

O

NH2

Ta-NK (0.16 mol%)
Hb-CK (0.25 mol%), ADP (5 mol%)

MgCl2･6H2O (40 mol%), LixCrPS (1.2 equiv)

Tris-HCl (pH 8.0, 0.1 M)
KCl (0.15 M), 37 °C, 6h

S2
0.05 mmol

O N

HO OH

O N

N NH

O

P
S

O-
O-

NH2

79%10 mM

20 mM 78%

5 mM 79%

Concentration of S2 31P NMR yieldentry

1

2

3

NMR yield was determined by quantitative 31P NMR using methyl phosphonic acid as internal standard
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Table S6. Optimization of thiophosphorylation of adenosine monophosphate 

 
  

O N

HO

O N

N N

NH2

P
O

O-
O-

OH

O N

HO

O N

N N

NH2

P
O

O O-
PO-

S

O-

OH

Sc-AK (0.21 mol%), Hb-CK (0.25 mol%)
ADP (5 mol%), MgCl2･6H2O (40 mol%)

LixCrPs (1.2 eq)

Tris-HCl (pH 8.0, 0.1 M)
 KCl(150 mM) 37 °C, 12h

45% NMR yield

variation from previous condition 31P NMR yield

using Ec-AK 40%

entry

1

Fe2+ or Zn2+ instead of Mg2+ <2%2

3 Mn2+ or Co2+ instead of Mg2+ trace

4 DTT (5 mol%) as additive 46%

5 addition of enzyme in 3 batches 46%

7 48 h instead of 12h 35%

0.05 mmol 
10 mM

8 5 mM instead of 10 mM 33%

9 20 mM instead of 10 mM 18%

6 6 h instead of 12h 58%

NMR yield was determined by quantitative 31P NMR using methyl phosphonic acid as internal standard

conversion

79%

<5%

<5%

78%

59%

80%

42%

65%

86%
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Table S7. Optimization of thiophosphorylation of guanosine monophosphate 

 
  

O N

HO

O N

N NH

P
O

O-
O-

OH

O N

HO

O N

N NH

O

P
O

O O-
PO-

S

O-

OH

Hs-GMPK (0.23 mol%), Hb-CK (0.25 mol%)
ADP (5 mol%), MgCl2･6H2O (40 mol%)

LixCrPs (1.2 eq)

Tris-HCl (pH 8.0, 0.1 M)
 KCl(150 mM) 37 °C, 12h

26% NMR yield

variation from previous condition

Bf-GMPK instead <2%

entry

1

Ec-GMPK instead <2%2

3 run in a 0.01 mmol scale 36%

4 entry 3 + pH 7.0 Tris-Hcl, 30 °C 43%

5 entry 3 + pH 7.4 Tris-Hcl, 30 °C 46%

6 entry 3 + pH 8.0 Tris-Hcl, 30 °C 43%

0.05 mmol 
10 mM

NH2

O

NH2

7 entry 6 + 6 hours of reaction time 55%

NMR yield was determined by quantitative 31P NMR using methyl phosphonic acid as internal standard

31P NMR yield conversion

<2%

<2%

77%

82%

77%

74%

88%
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Table S8. Optimization of thiophosphorylation of cytidine/uridine monophosphate 

 
  

O

HO

OP
O

O-
O-

N NH
O

OOH
0.05 mmol (Na+ form)

5 mM

Hs-UMP-CMPK (0.23 mol%), 
Hb-CK (0.25 mol%), ADP (5 mol%)

MgCl2･6H2O (40 mol%), LixCrPS (1.2 eq)

Tris-HCl (pH 8.0, 0.1 M)
 KCl(150 mM) 37 °C, 12h

O

HO

OP
O

O O-
N NH

O

OOH

PO-
O-

S

20% NMR yield

variation from previous condition 31P NMR yield

cytidine monophoshpate instead of uridine monophosphate <10%

entry

1

substrate concentration changed from 10 mM to 2.5 mM 46%2

3 10 mM concentration <5%

4 substrate concentration 1.5 mM <2%

5 Tm-UMPK instead of Hs-UMP-CMPK (substrate conc.= 10 mM) 29%

6 Tris-HCl pH 7.0  buffer (substrate conc.= 2.5 mM) 40%

7 2⨉ loading of enzyme 45%

8 DTT (10 mM) additive + entry 2 55%

NMR yield was determined by quantitative 31P NMR using methyl phosphonic acid as internal standard
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Table S9. Initial discovery of enzymatic a-thio nucleoside triphosphate synthesis (pyrimidine-
based) 

 
  

O N

HO

OP
S

O-
O-

OH

O N

HO

OP
S

O
O-

PO
O

O-

OH

Conditions

P
O

O-
O-

N
NH2

O
N

O

NH2

enzymes: Hs-UMP-CMPK, Ec-AcK
Mg2+, ATP or ADP (cat), Li2AcP (4 eq), 37 °C 

pH 8.0 Tris-HCl, 150 mM KCl

conditions resultsentry

CDPαS detected, CTPαS detected1

2
enzymes: Hs-UMP-CMPK, Ec-NDK, Hb-CK

Mg2+, ATP or ADP (cat), Na2CrP (4 eq), 37 °C 
pH 8.0 Tris-HCl, 150 mM KCl

CDPαS detected, CTPαS trace

3
enzymes: Hs-UMP-CMPK, Gs-PK

Mg2+, ATP (cat/1.0 equiv), KPEP (4 eq), 37 °C 
pH 8.0 Tris-HCl, 150 mM KCl

CDPαS detected, CTPαS not detected

enzymes:Hs-UMP-CMPK, Ec-AcK
Mg2+, ATP or ADP (cat), Li2AcP (4 eq), 37 °C 

pH 7.4 or 7.0 Tris-HCl, 150 mM KCl
CDPαS trace, CTPαS trace

enzymes: Hs-UMP-CMPK, Ec-AcK
Mg2+, ATP or ADP (cat), Li2AcP (4 eq), 22 °C 

pH 8.0 Tris-HCl, 150 mM KCl
CDPαS 11%, CTPαS 30%

4

5

0.01 mmol
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Table S10. Optimization of enzymatic a-thio nucleoside triphosphate synthesis. 

 
  

O B

HO

OP
S

O-
O-

OH

O B

HO

OP
S

O O-
PO

O

O-

OH

monophosphate kinase (x mol%), 
Ec/Tm-AcK (0.12 mol%), Li2AcP (4.0 eq)
ADP (5 mol%), MgCl2･6H2O (40 mol%)

Tris-HCl (pH 8.0, 0.1 M)
 KCl(150 mM), 22 °C, 12h

PO-

O

O-

O N

HO

O N

N NH

O

P
S

O
O-

PO
O

O-

OH

P
O

O-
O-

NH2

O N

OH

O N

N N

NH2

P
S

O
O-

PO
O

O-

OH

P
O

O-
O-

O N

OH

OP
S

O
O-

PO
O

O-

OH

P
O

O-
O-

N
O

NH2 O N

HO

OP
S

O
O-

PO
O

O-

OH

P
O

O-
O-

NH
O

O

Ec-AcK Tm-AcK

Ec-GMPK

Bf-GMPK

trace pdt

54% (NMR)
dr 8:1

55% (NMR)
dr 12:1

trace pdt

Hs-GMPK 45% (NMR)
dr 3:1

58% (NMR)
dr 3:1

Ec-AcK Tm-AcK

Mt- or At-CMPK

Bs-CMPK

<20% (NMR) 
dr 1:1

60% (NMR)
dr 2:1a

<20% (NMR)
dr 1:1

<20% (NMR) 
dr 1:1

Hs-UMP-CMPK 60% (NMR)
dr 1.2:1a

60% (NMR)
dr 1.6:1a,b

a.8-10% ATP is not separable from desired product
b.significant tetraphosphate by-product observed

Ec-AcK Tm-AcK

Mt- or At-CMPK

Bs-CMPK

<20% (NMR) 
dr 1:1

55% (NMR)
dr 2:1a

<20% (NMR)
dr 1:1

<20% (NMR) 
dr 1:1

Hs-UMP-CMPK 65% (NMR)
dr 1.2:1a

60% (NMR)
dr 1.8:1a,b

a.8-10% ATP is not separable from desired product
b.significant tetraphosphate by-product observed

enzymes enzymes

enzymesEc-AcK Tm-AcK

Ec-AK trace pdt trace pdt

60% (NMR)
dr 2:1

58% (isolated)
dr 9:1

enzymes

Sc-AK
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Table S11. Optimization of thiophosphorylation of hexose 

  
  

hexokinase (25 U)
Hb-CK (0.25 mol%), ADP (5 mol%)

MgCl2･6H2O (40 mol%), LixCrPS (2.0 equiv)

Tris-HCl (pH 8.0, 0.1M)
30 °C, 12h

0.05 mmol
10 mM

entry 31P NMR yield drvariation from standard condition

1

2

3

none

50 U hexokinase
10 mol% ADP, 3.0 eq of LixCrPS

37 °C instead of 30 °C

46% ~2:1

49% ~2:1

~2:119%

4

5

6

22 °C instead of 30 °C

Hm-CK instead of Hb-CK

Rm-CK instead of Hb-CK

31% ~2:1

40%

~2:138%

~2:1

7

8

pH 7.0 Tris-HCl buffer

pH 9.0 Tris-HCl

62%

-no reaction

~2:1

O

HO OH

HO

HO

OH O

HO OH

HO

O

OH

P
S

O-HO

9 pH 7.0, 50 U hexokinase
2.5 eq of LixCrPS

73% ~2:1

10 pH 7.0, 75 U hexokinase
3.0 eq of LixCrPS 86% ~2:1

11 pH 7.0, 75 U hexokinase
1.2 eq of LixCrPS 86% ~2:1

NMR yield was determined by quantitative 31P NMR using methyl phosphonic acid as internal standard
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Table S12. Discovery and optimization of NAD+ thio-analogue synthesis 

 
 
 
  

O N+

HO

OP
S

O-
O-

OH
NH2

O

Ec-NadD mutant (0.2 mol%)
Ec-AcK (0.2 mol%)

ADP (1.0 equiv), Mg2+ ( 5 mM)
Li2AcP (1.2 equiv)

HO

O-

O
P

H2N

N N

N O

OH

N O O N+

HO

OP
S

O
O-

OH
NH2

O

<10% yield

ATP (1 equiv) instead of ADP

conditions resultsentry

< 5% yield1

2 5-10% yield

3 2x loading of enzyme <10% yield

slow addition of ADP < 5% yield4

Mn2+, Co2+, Ni2+ instead of Mg2+

0.1 M Tris-HCl (pH 7.4)
 22°C

5 pH 7.0 or 8.0 buffer <10% yield

37°C instead of 22°C < 5% yield6

7 46% yield

8 2x loading of enzyme as entry 7 30%

entry 1+ Hs-NMNAT + Ec-IPYR 47% yield, dr = 1:19

entry 1+ Ec-IPYR instead of Ec-AcK

0.05 mmol
10 mM

NMR yield was determined by quantitative 31P NMR using methyl phosphonic acid as internal standard
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7. General Procedures for Enzymatic Thiophosphorylation 
Method A. (Preparation of monothiophosphate) 

 
A 20-mL scintillation vial equipped with a magnetic stir bar was charged with ADP (K+ salt, 
hydrate, 1.2 mg, 2.5 µmol, 5 mol%) and the appropriate nucleoside substrate (0.05 mmol). The 
solids were dissolved in 4.3 mL of reaction buffer (0.1 M Tris-HCl, pH 8.0 and 0.15 M KCl), 
followed by the addition of MgCl2 stock solution (50 mM, 400 µL, 0.4 equiv.) and LixCrPS (1.2 
equiv., ~100 µL). Then to the stirring reaction mixture was added Ta-NK or other nucleoside 
kinases (2.5 mg) and Hb-CK (5 mg, 0.25 mol%) sequentially, and a small amount of reaction 
buffer was added to a final volume of 5.0 mL. The reaction mixture was stirred at 1000 rpm in a 
heating block with the temperature set at 37 °C for 12 hours. Reaction progress was monitored by 
LC-MS. After most of the nucleoside was consumed, the vial was removed from the heating block 
and cooled in an ice-water bath for 5 minutes. To the vigorously stirring reaction mixture was 
added 15 mL of methanol (white foam precipitate was often observed), and the mixture was stirred 
for another 2 minutes. The reaction mixture was filtered through a pad of celite to remove all 
precipitate, the celite pad was washed with water (5 mL) twice, water-methanol mixture (1:1, 5 
mL) once and methanol (5 mL) once. The filtrate was combined, and solvent was evaporated 
overnight under a flow of nitrogen. The crude product was re-dissolved in small amount of water 
(~ 2 to 3 mL) and purified by ion exchange chromatography on DEAE Sephadex (1 M 
NH4HCO3/water, gradient was specified for each substrate). Fractions containing product 
(monitored by LC-MS) were combined and the solvent was evaporated under reduced pressure 
(temp. ≤ 40 °C). The solid residue was dissolved in minimal amount of water and lyophilized to 
provide pure products. 

 

Method B. (Preparation of b-thio nucleoside diphosphates) 

  

 
A 20-mL scintillation vial equipped with a magnetic stir bar was charged with ADP (K+ salt, 
hydrate, 1.2 mg, 2.5 µmol, 5 mol%) and the appropriate nucleoside monophosphate substrate (0.05 
mmol). Note: Some substrates require DTT as additive and the final concentration of DTT is 10 
mM. The solids were dissolved in 4.3 mL of reaction buffer (0.1 M Tris-HCl, pH 8.0 and 0.15 M 
KCl), followed by the addition of MgCl2 stock solution (50 mM, 400 µL, 0.4 equiv.) and LixCrPS 
(1.2 equiv., ~100 µL). Then to the stirring reaction mixture was added the appropriate nucleoside 

O B

X X

HO
nucleoside kinase (0.16-0.24 mol%)
Hb-CK (0.25 mol%), ADP (5 mol%)

MgCl2･6H2O (40 mol%), LixCrPS (1.2 equiv)

Tris-HCl (pH 8.0, 0.1 M)
KCl (0.15 M), 37 °C, 6-12 h

XO

O
N
Me H

N

NH
P
S

OX
OX

LixCrPS

O B

X X

O
P

O-

S

O-

0.05 mmol

O B

HO R

O

monophosphate kinase (0.21–0.23 mol%)
Hb-CK (0.25 mol%), ADP (5 mol%)

MgCl2･6H2O (40 mol%), LixCrPS (1.2 equiv)

Tris-HCl (pH 8.0, 0.1 M)
KCl (0.15 M), 30 or 37 °C, 6-12 h

XO

O
N
Me H

N

NH
P
S

OX
OX

LixCrPS

O B

HO R

O
P

O

O

O-
P
O

O-
O-

P
S

O-
O-

0.05 mmol
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monophosphate kinase (2.5 mg) and Hb-CK (5 mg, 0.25 mol%) sequentially, and a small amount 
of reaction buffer was added to reach a final volume of 5.0 mL. The reaction mixture was stirred 
at 1000 rpm in a heating block with the temperature set at 30 or 37 °C for 12 hours. Reaction 
progress was monitored by LC-MS. After the ratio of starting material and product reached a 
steady state, the vial was removed from the heating block and cooled in an ice-water bath for 5 
minutes. To the vigorously stirring reaction mixture was added 15 mL of methanol (white foam 
precipitate was often observed), and the mixture was stirred for another 2 minutes. The reaction 
mixture was filtered through a pad of celite to remove all precipitate, the celite pad was washed 
with water (5 mL) twice, water-methanol mixture (1:1, 5 mL) once and methanol (5 mL) once. 
The filtrate was combined, and solvent was evaporated overnight under a flow of nitrogen. The 
crude product was re-dissolved in small amount of water (~ 2 to 3 mL) and purified by ion 
exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, gradient was specified for 
each substrate). Fractions containing product (monitored by LC-MS) were combined and the 
solvent was evaporated under reduced pressure (temp. ≤ 40 °C). The solid residue was dissolved 
in minimal amount of water and lyophilized to provide pure products. 
 

Method C. (Preparation of a-thio nucleoside triphosphates,  two-step sequence) 

Most purine-type a-thio triphosphates were prepared with this two-step sequence without further 
note. 

 
In the first step, each monothiophosphate was prepared from the nucleoside starting material using 
Method A. Ion exchange chromatography purification is recommended to remove unreacted 
nucleosides and creatine thiophosphate.  

 
In the second step, a 20-mL scintillation vial equipped with a magnetic stir bar was charged with 
ADP (K+ salt, hydrate, 1.2 mg, 2.5 µmol, 5 mol%), acetyl phosphate lithium salt (30.4 mg, 0.2 
mmol, 4.0 equiv.) and the corresponding nucleoside monothiophosphate product synthesized from 
the first step (0.05 mmol scale). The solids were dissolved in 4.4 mL of reaction buffer (0.1 M 
Tris-HCl, pH 8.0 and 0.15 M KCl), followed by addition of MgCl2 stock solution (50 mM, 400 
µL, 0.4 equiv.). Then to the stirring reaction mixture was added the corresponding nucleoside 
monophosphate kinase (2.5 mg, 0.15-0.20 mol%) and acetate kinase (2.5 mg, 0.15-0.20 mol%) 
sequentially. The reaction mixture was stirred at room temperature for 12 hours. Reaction progress 
was monitored by LC-MS. After most of the nucleoside was consumed, the vial was cooled in an 
ice-water bath for 5 minutes. To the vigorously stirring reaction mixture was added 15 mL of 
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methanol (white foam precipitate was often observed), and the mixture was stirred for 2 additional 
minutes. The reaction mixture was filtered through a pad of celite to remove all precipitate, the 
celite pad was washed with water (5 mL) twice, water-methanol mixture (1:1, 5 mL) once and 
methanol (5 mL) once. The filtrate was combined, and solvent was evaporated overnight under a 
flow of nitrogen. The crude product was re-dissolved in small amount of water (~ 2 to 3 mL) and 
purified by ion exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, gradient 
was specified for each substrate). Fractions containing product (monitored by LC-MS) were 
combined and the solvent was evaporated under reduced pressure (temp. ≤ 40 °C). The solid 
residue was dissolved in minimal amount of water and lyophilized to provide pure products.  
 

Method D. (Preparation of a-thio nucleoside triphosphates, three-step sequence) 

Most pyrimidine-type a-thio triphosphates were prepared from this three-step sequence without 
further note. 

 
In the first step, each mono thiophosphate was prepared from the nucleoside starting material using 
Method A. Ion exchange chromatography purification is recommended to remove unreacted 
nucleosides and creatine thiophosphate.  

 
In the second step, each pyrimidine-type a-thio triphosphates was prepared from the mono 
thiophosphate product from the first step using Method C. Ion exchange chromatography 
purification is recommended to remove unreacted nucleosides and acetyl phosphate.  

 
In the third step, D-glucose and commercially available hexokinase (Sigma-Aldrich item number: 
H6380) was used to remove ATP impurity. A 20-mL scintillation vial equipped with a magnetic 
stir bar was charged with D-glucose (1.8 mg, 0.01 mmol, 0.2 equiv.) and the triphosphate product 
mixture from the second step (0.05 mmol scale nucleoside starting material). The solids were 
dissolved in 4.5 mL of reaction buffer (0.1 M, pH 7.4, Tris-HCl), followed by the addition of 
MgCl2 stock solution (50 mM, 400 µL, 0.4 equiv.). Then to the stirring reaction mixture was added 
hexokinase (75 U). The reaction mixture was stirred at 1000 rpm in a heating block with the 
temperature set at 30 °C for 2-3 hours. Reaction progress was monitored by LC-MS. After 
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complete consumption of ATP, the reaction was quenched and purified using the procedure 
described in the second step. Fractions without ATP contamination was collected and lyophilized 
to provide products. Improved diastereoselectivity was often observed in this third step, which 
might be attributed to selective consumption of one isomer by hexokinase in a slower rate. 

 
Figure S4. Comparison of products before and after third step (use UTPaS as example). 
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A 20-mL scintillation vial equipped with a magnetic stir bar was charged with ADP (K+ salt, 
hydrate, 1.2 mg, 2.5 µmol, 5 mol%) and the appropriate sugar substrate (0.05 mmol). The solids 
were dissolved in 4.3 mL of reaction buffer (0.1 M, pH 7.0, Tris-HCl for for sugar molecules; 0.1 
M Tris-HCl, pH 8.0 and 0.15 M KCl for phenol molecules), followed by the addition of MgCl2 

stock solution (50 mM, 400 µL, 0.4 equiv for sugar molecules;1000 µL, 1.0 equiv for phenol 
molecules) and LixCrPS (1.2 equiv., ~100 µL). Then to the stirring reaction mixture was added the 
appropriate sugar kinase or PsiK (2.5 mg, 0.11 mol%) and Hb-CK (5 mg, 0.25 mol%) sequentially, 
and a small amount of reaction buffer was added to a final volume of 5.0 mL. The reaction mixture 
was stirred at 1000 rpm in a heating block with the temperature set at 22 °C (PsiK), 30 or 37 °C 
(sugar kinase) for 12 hours. Reaction progress was monitored by 31P NMR. After cooling to room 
temperature, 1 mL of MeCN was added, followed by the addition of 4-nitrobenzyl 
methanesulfonate (5 equiv., 0.25 mmol, 57.8 mg). The mixture was stirred at room temperature 
for 6 hours, and monitored by LC-MS. After most of the free thiophosphate has been alkylated, 
the vial was cooled in an ice-water bath for 5 minutes. To the vigorously stirring reaction mixture 
was added 15 mL of methanol (white foam precipitate was often observed), and the mixture was 
stirred for 2 additional minutes. The reaction mixture was filtered through a pad of celite to remove 
all precipitate, the celite pad was washed with water (5 mL) twice, water-methanol mixture (1:1, 
5 mL) once and methanol (5 mL) once. The filtrate was combined, and the solvent was evaporated 
overnight under a flow of nitrogen. The crude product was re-dissolved in small amount of water 
(~ 2 to 3 mL) and purified by ion exchange chromatography on DEAE Sephadex (1 M 
NH4HCO3/water, gradient was specified for each substrate). Fractions containing product 
(monitored by LC-MS) were combined and the solvent was evaporated under reduced pressure 
(temp. ≤ 40 °C). The solid residue was dissolved in minimal amount of water and lyophilized to 
provide products. For pentose, hexose and inositol, DEAE purified products was redissolved in 
minimum amount of water and further purified by C18 reverse phase column using (MeCN/water 
or MeOH/water, gradient from 0:100 to 100:0). The desired product was collected and 
concentrated under reduced pressure (temp. ≤ 40 °C). Lyophilization was applied to remove 
residual water.  

Method F. (Preparation of a-thio NAD+ analogues) 

 
ATPaS and its fluoro derivative were prepared by combining Method A and C as described 
previously. Ion exchange chromatography purification is recommended for each step to remove 
unreacted nucleosides and (thio)phosphate donors. Typically, the yields range from 50% to 60% 
based on 0.05 mmol adenosine derivatives. 
In the third step, a 20-mL scintillation vial equipped with a magnetic stir bar was charged with 
nicotinamide mononucleotide (0.05 mmol, 16.7 mg) and the ATPaS derivative synthesized above. 
The solids were dissolved in 3.8 mL of reaction buffer (0.1 M, pH 7.4, Tris-HCl), followed by 
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addition of MgCl2 stock solution (50 mM, 1 mL, 1.0 equiv.). Then to the stirring reaction mixture 
was added Ec-IPYR (2.5 mg, 0.25 mol%) and Ec-NadD mutant (2.5 mg, 0.2 mol %) sequentially, 
and a small amount of reaction buffer was added to a final volume of 5.0 mL. The reaction mixture 
was stirred at 1000 rpm at room temperature for 12 hours. Reaction progress was monitored by 
LC-MS. After most of the substrates were consumed, the vial was cooled in an ice-water bath for 
5 minutes. To the vigorously stirring reaction mixture was added 15 mL of methanol (white foam 
precipitate was often observed), and the mixture was stirred for 2 additional minutes. The reaction 
mixture was filtered through a pad of celite to remove all precipitate, the celite pad was washed 
with water (5 mL) twice, water-methanol mixture (1:1, 5 mL) once and methanol (5 mL) once. 
The filtrate was combined, and the solvent was evaporated overnight under a flow of nitrogen. 
Crude product was re-dissolved in small amount of water (~ 2 to 3 mL) and purified by ion 
exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, gradient was specified for 
each substrate). Fractions containing product (monitored by LC-MS) were combined and the 
solvent was evaporated under reduced pressure (temp. ≤ 40 °C). The solid residue was dissolved 
in minimum amount of water and further purified by C18 reverse phase column using 
(MeCN/water or MeOH/water, gradient from 0:100 to 100:0). The desired product was collected 
and concentrated under reduced pressure (temp. ≤ 40 °C). Lyophilization was applied to remove 
residual water.  

 

Method G. (Preparation of b-thio NAD+ analogues) 

 
In the first step, nicotinamide thiophosphate was prepared from nicotinamide riboside (0.05 mmol, 
12.8 mg) following Method A, in which nucleoside kinase was replaced with Km-NRK (5.0 mg, 
0.36 mol%). Identical purification was applied and lyophilized nicotinamide thiophosphate was 
used directly in the second step. The yield of this step ranges from 60% to 70% based on 0.05 
mmol nicotinamide riboside. 
In the second step, a procedure similar to what was described in Method F was employed with the 
following modifications: Ec-NadD mutant was replaced with Hs-NMNAT (2.5 mg, 0.16 mol%) 
and ATPaS was replaced with ATP (0.05 mmol, 27.6 mg). The crude product was purified by ion-
exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 25:75) and 
then further purified by reverse phase chromatography on C18 column (methanol/water, from 
0:100 to 100:0) to afford desired compound after lyophilization.  
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ATPaS and its fluoro derivative were prepared by combining Method A and C as described 
previously. Ion exchange chromatography purification is recommended for each step to remove 
unreacted nucleosides and (thio)phosphate donors. Typically, the yields range from 50% to 60% 
based on 0.05 mmol adenosine derivatives. 
In the third step, a procedure similar to what was described in Method F was employed with the 
following modifications: Ec-NadD mutant was replaced with Ar-AC (2.5 mg, 0.13 mol%) and 
ATPaS synthesized was used as the only starting material. The crude product was purified by ion-
exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 25:75) and 
then further purified by reverse phase chromatography on C18 column (methanol/water, from 
0:100 to 100:0) to afford desired compound after lyophilization. 
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8. Mechanistic studies 

8.1 Time course study of different nucleoside kinases 
Guanosine was used for time course study with Ta-NK, Mj-NK and Mt-NK following Method A 
(0.05 mmol scale). The loading of 3 nucleoside kinases were all set to 0.16 mol%. At the indicated 
time point, aliquot of the reaction mixture (500 µL) was taken out and quenched with methanol (~ 
4 mL) then cooled at 4 ºC overnight. The sample was filtered, concentrated and analyzed by NMR 
with methyl phosphonic acid as internal standard. 
 
Time course study results suggest Ta-NK and Mt-NK have similar kinetic, while Mj-NK has the 
highest initial reaction rate. They all reach similar conversion and yield after 1 hour, though Ta-
NK is slightly better than other two at the end of 3h reaction. 
 
Table S13. Time course study of thiophosphorylation of guanosine using different NKs. 
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Figure S5. Time course study of thiophosphorylation of guanosine with different nucleoside 
kinases.  

8.2 Reversibility and stability of Hb-CK, LixCrPS and ATPgS 
We first investigated the stability of ADP, LixCrPS and ATPgS. In a 1.5 mL Eppendorf tube was 
charged: 
1. ATPgS (Li+ salt, 1.0 mg, 1.8 µmol), reaction buffer (200 µL, 0.1 M pH =8.0 Tris-HCl, 0.15 M 
KCl, 4 mM MgCl2). 
 
2. ATPgS (Li+ salt, 1.0 mg, 1.8 µmol), LixCrPS (2.6 µmol, 5 µL from 0.52 M stock solution), 
reaction buffer (195 µL, 0.1 M pH =8.0 Tris-HCl, 0.15 M KCl, 4 mM MgCl2). 
 
3. ADP (K+ salt, 0.8 mg, 1.8 µmol), reaction buffer (200 µL, 0.1 M pH =8.0 Tris-HCl, 0.15 M KCl, 
4 mM MgCl2). 
 
4. ATPgS (Li+ salt, 1.0 mg, 1.8 µmol), reaction buffer (200 µL, 0.1 M pH =8.0 Tris-HCl, 0.15 M 
KCl, 4 mM MgCl2). 
 
5. ATPgS (Li+ salt, 1.0 mg, 1.8 µmol), D2O (500 µL) 
Tube 1 and 2 were incubated at 37 °C and 500 rpm for 2 hours, tube 3-5 were left at 22 °C for 2 
hours. Internal standard (1.8 µmol, methyl phosphonic acid), 300 µL D2O was added to each tube 
(except tube 5). The sample was then analyzed by NMR.  
 
Results (Figure S6 and Figure S7): 
1. We observed that the signals of b- and g-phosphorus atom of ATPgS become broad when NMR 
is taken in buffer solution containing Mg2+.  
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2. In the buffer containing Mg2+, ATPgS was rapidly transformed into ADP and lost its terminal 
thiophosphate (10% ATPgS left at 37 °C, 30% ATPgS left at 22 °C). 
 
3. ATPgS is sensitive to pH change; loss of thiophosphate was observed after addition of methyl 
phosphonic acid (tube 5). Addition of LixCrPS, which is stored in basic solution containing LiOH, 
also leads to significant change of chemical shifts (tube 2). 
  

 
Figure S6. Stability studies of ATPgS. Methyl phosphonic acid is used as internal standard. 
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Figure S7. Comparison of ATPgS before and after addition of methyl phosphonic acid. 
 
We then investigated the reactivity of Hb-CK with LixCrPS and ATPgS. In a 1.5 mL Eppendorf 
tube was charged: 
 
6. ADP (K+ salt, 0.8 mg, 1.8 µmol), LixCrPS (2.6 µmol, 5 µL from 0.52 M stock solution), Hb-
CK (0.012 µmol, 10 µL from 50 mg/mL stock solution), reaction buffer (185 µL, 0.1 M pH =8.0 
Tris-HCl, 0.15 M KCl, 4 mM MgCl2). 
 
7. ATPgS (Li+ salt, 1.0 mg, 1.8 µmol), creatine (2.6 µmol, 50 µL from 52 mM stock solution), Hb-
CK (0.012 µmol, 10 µL from 50 mg/mL stock solution), reaction buffer (140 µL, 0.1 M pH =8.0 
Tris-HCl, 0.15 M KCl, 4 mM MgCl2). 
 
The mixture was incubated at 37 °C and 500 rpm for 2 hours, 300 µL D2O was added to each tube. 
The sample was then analyzed by NMR.  
 
Results (Figure S8 and Figure S9):  
The interconversion among ADP + LixCrPS and ATPgS + creatine in the presence of creatine 
kinase is reversible. The enzymatic reaction can reach similar equilibrium regardless of whether it 
was started from the forward or reverse reaction.  
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Figure S8. Reversibility studies of ATPgS regeneration system starting from ADP+ LixCrPS. 

 

 
Figure S9. Reversibility studies of ATPgS regeneration system starting from ATPgS+creatine. 
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8.3 Stereochemical origin of NDP 
Substrate with high diastereoselectivity 

 
We attempted to investigate the origin of the diastereoselectivity by analyzing the diphosphate 
intermediate. In a 20-mL scintillation vial equipped with a magnetic stir bar was charged with ATP 
(Na+ salt, hydrate, 13.8 mg, 25 µmol, 1.0 equiv) and thymidine mono thiophosphate synthesized 
following Method A (25 µmol scale). The solids were dissolved in 2.2 mL of reaction buffer (0.1 
M Tris-HCl, pH 8.0 and 0.15 M KCl), followed by addition of MgCl2 stock solution (50 mM, 200 
µL, 0.4 equiv.). Then to the stirring reaction mixture was added Ec-TmK (2.5 mg, 0.21mol%) or 
Tm-TmK (2.5 mg, 0.20 mol%). The reaction mixture was stirred at room temperature for 12 hours. 
The reaction was quenched by addition of methanol and crude product was purified using ion 
exchange chromatography. Fraction containing diphosphate product was collected, concentrated 
and dried with lyophilization. The sample was then analyzed by NMR. 

 
Figure S10. NMR of isolated TDPaS using different monophosphate kinases. High 
diastereoselectivity was observed for each enzyme. 
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On the other hand, we also investigated the diastereoselectivity of two cytidine monophosphate 
kinases using cytidine mono thiophosphate synthesized following Method A (25 µmol scale). In 
contrast, low diastereoselectivity was observed. We think the final diastereoselectivity observed 
in NTPaS synthesis is mostly governed by the diastereoselectivity of the monophosphate kinase 
though acetate kinase may have some minor effects on the final diastereoselectivity. 

 
Figure S11. NMR of isolated CDPaS using Hs-UMP-CMPK. 
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Figure S12. NMR of isolated CDPaS using Bs-CMPK. CMPS and CTPaS were also observed. 
 

8.4 Time course study of hexokinase to remove ATP and improve diastereoselectivity 
D-glucose (1.8 mg, 0.01 mmol, 0.2 equiv.) and the cytidine triphosphoro-a-thioate product 
mixture prepared from cytidine following Method C (0.05 mmol scale, roughly 60% crude 
product and 8% ATP impurity) were dissolved in 4.5 mL of reaction buffer (0.1 M, pH 7.4, Tris-
HCl), followed by the addition of MgCl2 stock solution (50 mM, 400 µL, 0.4 equiv.). Then to the 
stirring reaction mixture was added hexokinase (75 U). The reaction mixture was stirred at 1000 
rpm in a heating block with the temperature set at 30 °C for 3 hours. During the 3 hours, at certain 
time point, aliquot of the reaction mixture (500 µL) was taken out and quenched with methanol (~ 
4 mL) then cooled down at 4 ºC overnight. The sample was filtered and analyzed by NMR with 
methyl phosphonic acid as internal standard.  
Time course study of hexokinase with CTPaS and ATP mixture suggested that ATP is firstly 
consumed and the minor isomer CTPaS can be slowly consumed after ATP. The gradual increase 
of the dr supported our original hypothesis. 
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Table S14. Time course study of dr and removal of ATP in CTPaS using hexokinase. 

 

 
Figure S13. Time course study of dr change for CTPaS using hexokinase. 
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Figure S14. NMR of dr change of CTPaS after hexokinase was added t = 5 min (top) and t =180 
min (bottom). 
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9. Characterization of Products 
9.1 Mono thiophosphate of nucleosides 

Compound 2 

 
5′-O-guanosine-diammonium monophosphorothioate 
Compound 2 was obtained according to general procedure (Method A) from guanosine (0.05 
mmol, 14.1 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 25:75) to afford 18.5 mg of the title compound after lyophilization (Yield = 90%). 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.20 (s, 1H), 5.93 (d, J = 6.0 Hz, 1H), 4.76 (t, J = 5.6 Hz, 1H), 4.50 
(dd, J = 5.1, 3.4 Hz, 1H), 4.36 (dt, J = 4.7, 2.3 Hz, 1H), 4.18 – 4.09 (m, 2H). 
13C NMR (151 MHz, D2O): δ 158.9, 153.9, 151.7, 137.7, 116.0, 86.8, 84.1 (d, J = 9.4 Hz), 73.9, 
70.6, 64.4 (d, J = 5.0 Hz). 
31P NMR (243 MHz, D2O): δ 48.4. 
HRMS [ESI] C10H14N5O7PS ([M-H]-) calculated 378.0279 found 378.0279. 
 

Compound 3 

 
5′-O-inosine-diammonium monophosphorothioate 
Compound 3 was obtained according to general procedure (Method A) from inosine (0.05 mmol, 
13.4 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase. The crude product was purified 
by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 25:75) 
to afford 14.1 mg of the title compound after lyophilization (Yield = 71%). 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.59 (s, 1H), 8.22 (s, 1H), 6.15 (d, J = 5.8 Hz, 1H), 4.54 (dd, J = 5.1, 
3.5 Hz, 1H), 4.41 (tt, J = 4.8, 2.3 Hz, 1H), 4.18 – 4.11 (m, 2H). (One signal overlaps with D2O 
around δ 4.79 ppm). 
13C NMR (151 MHz, D2O): δ 153.5, 149.9, 148.8, 140.9, 118.5, 87.3, 84.2 (d, J = 9.7 Hz), 74.6, 
70.6, 64.4 (d, J = 5.2 Hz). 
31P NMR (243 MHz, D2O): δ 48.0. 
HRMS [ESI] C10H13N4O7PS ([M-H]-) calculated 363.0170 found 363.0169. 

 
Compound 4 

O N

HO OH

O N

N NH

O

P
S

-O O-

NH2

NH4+
NH4+

O N

HO OH

O N

N NH

O

P
S

-O O-NH4+
NH4+



 70 

 
5′-O-adenosine-diammonium monophosphorothioate 
Compound 4 was obtained according to general procedure (Method A) from adenosine (0.05 
mmol, 13.4 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 25:75) to afford 15.3 mg of the title compound after lyophilization (Yield = 77%). 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.63 (s, 1H), 8.31 (s, 1H), 6.16 (d, J = 5.6 Hz, 1H), 4.77 (t, J = 5.3 
Hz, 1H, overlaps with D2O), 4.54 (dd, J = 5.1, 3.7 Hz, 1H), 4.42 (dq, J = 5.0, 2.9 Hz, 1H), 4.23 – 
4.14 (m, 2H). 
13C NMR (151 MHz, D2O): δ 158.6, 148.9, 146.1, 139.8, 123.7, 87.5, 84.2 (d, J = 9.4 Hz), 74.6, 
70.5, 64.5(d, J = 5.4 Hz). 
31P NMR (243 MHz, D2O): δ 48.0. 
HRMS [ESI] C10H14N5O6PS ([M-H]-) calculated 362.0330 found 362.0330. 
 

Compound 5 

 
5′-O-2-fluoroadenosine-diammonium monophosphorothioate 
Compound 5 was obtained according to general procedure (Method A) from 2-F-adenosine (0.05 
mmol, 14.3 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 25:75) to afford 14.3 mg of the title compound after lyophilization (Yield = 71%). 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.54 (s, 1H), 6.02 (d, J = 5.8 Hz, 1H), 4.76 (t, J = 5.4 Hz, 1H), 4.52 
(dd, J = 5.1, 3.5 Hz, 1H), 4.40 (dt, J = 4.9, 2.4 Hz, 1H), 4.14 (dd, J = 6.0, 3.0 Hz, 2H). 
13C NMR (151 MHz, D2O): δ 159.7 (d, J = 212.0 Hz), 157.2 (d, J = 19.8 Hz), 150.6, 140.2, 116.9, 
87.0, 84.3 (d, J = 9.7 Hz) 74.5, 70.7, 64.2 (d, J = 4.9 Hz). JCF in title compound is consistent with 
data of unphosphorylated compound reported in a previous report7. 
31P NMR (243 MHz, D2O): δ 47.9. 
19F NMR (565 MHz, D2O): δ -52.9. 
HRMS [ESI] C10H13FN5O6PS ([M-H]-) calculated 380.0235 found 380.0223. 
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5′-O-2-chloroadenosine-diammonium monophosphorothioate 
Compound 6 was obtained according to general procedure (Method A) from 2-Cl-adenosine (0.05 
mmol, 15.1 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 25:75) to afford 19.8 mg of the title compound after lyophilization (Yield = 92%). 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.60 (s, 1H), 6.02 (d, J = 5.7 Hz, 1H), 4.75 (t, J = 5.5 Hz, 1H), 4.55 
– 4.50 (m, 1H), 4.43 – 4.37 (m, 1H), 4.13 – 4.06 (m, 2H). 
13C NMR (151 MHz, D2O): δ 156.1, 153.7, 150.1, 140.4, 117.5, 87.0, 84.5 (d, J = 9.4 Hz), 74.7, 
70.7, 63.9 (d, J = 4.8 Hz). 
31P NMR (243 MHz, D2O): δ 45.2 
HRMS [ESI] C10H13ClN5O6PS ([M-H]-) calculated 395.9940 found 395.9941. 
 

Compound 7 

 
5′-O-uridine-diammonium monophosphorothioate 
Compound 7 was obtained according to general procedure (Method A) from uridine (0.05 mmol, 
12.2 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase. The crude product was purified 
by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 20:80) 
to afford 16.3 mg of the title compound after lyophilization (Yield = 87%). 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.19 (d, J = 8.1 Hz, 1H), 6.01 (d, J = 5.5 Hz, 1H), 5.99 (d, J = 8.1 
Hz, 1H), 4.45 – 4.41 (m, 1H), 4.40 – 4.37 (m, 1H), 4.32 – 4.27 (m, 1H), 4.12 – 4.01 (m, 2H). 
13C NMR (151 MHz, D2O): δ 166.4, 160.2, 152.0, 142.3, 102.7, 88.1, 84.2 (d, J = 9.5 Hz), 74.0, 
70.2, 63.5 (d, J = 5.2 Hz). 
31P NMR (243 MHz, D2O): δ 43.2. 

HRMS [ESI] C9H13N2O8PS ([M-H]-) calculated 339.0058 found 339.0059. 
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5′-O-2-thiouridine-diammonium monophosphorothioate 
Compound 8 was obtained according to general procedure (Method A) from 2-thiouridine (0.05 
mmol, 13.0 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 20:80) to afford 18.3 mg of the title compound after lyophilization (Yield = 93%). 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.29 (d, J = 8.2 Hz, 1H), 6.63 (d, J = 2.9 Hz, 1H), 6.23 (d, J = 8.2 
Hz, 1H), 4.44 – 4.40 (m, 1H), 4.35 – 4.27 (m, 3H), 4.19 – 4.13 (m, 1H). 
13C NMR (151 MHz, D2O): δ 175.9, 162.7, 142.2, 106.8, 93.1, 82.9 (d, J = 9.5 Hz), 74.7, 68.6, 
63.1 (d, J = 5.1 Hz). 
31P NMR (243 MHz, D2O): δ 49.8. 

HRMS [ESI] C9H13N2O7PS2 ([M-H]-) calculated 354.9829 found 354.9830. 

 
Compound 9 

 
5′-O-cytidine-diammonium monophosphorothioate 
Compound 9 was obtained according to general procedure (Method A) from cytidine (0.05 mmol, 
12.2 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase. The crude product was purified 
by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 20:80) 
to afford 15.4 mg of the title compound after lyophilization (Yield = 83%). This compound 
contains 5% AMP impurity. 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.29 (d, J = 8.2 Hz, 1H), 6.63 (d, J = 2.9 Hz, 1H), 6.23 (d, J = 8.2 
Hz, 1H), 4.44 – 4.40 (m, 1H), 4.35 – 4.27 (m, 3H), 4.19 – 4.13 (m, 1H). 
13C NMR (151 MHz, D2O): δ 163.6, 154.4, 142.8, 96.1, 89.2, 83.3 (d, J = 9.7 Hz), 74.4, 69.5, 
63.5 (d, J = 4.8 Hz). 
31P NMR (243 MHz, D2O): δ 47.3. 

HRMS [ESI] C9H14N3O7PS ([M-H]-) calculated 338.0217 found 338.0219. 
 

Compound 10 

 
5′-O-5-methyluridine-diammonium monophosphorothioate 
Compound 10 was obtained according to general procedure (Method A) from 5-methyluridine 
(0.05 mmol, 12.2 mg) using Ta-NK (5.0 mg, 0.32 mol%) as nucleoside kinase. The crude product 
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was purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 
0:100 to 20:80) to afford 8.3 mg of the title compound after lyophilization (Yield = 43%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 7.93 (s, 1H), 6.02 (d, J = 6.0 Hz, 1H), 4.47 – 4.42 (m, 1H), 4.41 – 
4.36 (m, 1H), 4.30 – 4.26 (m, 1H), 4.11 – 4.02 (m, 2H), 1.97 (s, 3H). 
13C NMR (151 MHz, D2O): δ 166.6, 152.1, 137.5, 112.0, 87.7, 84.2 (d, J = 9.6 Hz), 73.6, 70.5, 
63.8 (d, J = 4.6 Hz), 11.7. 
31P NMR (243 MHz, D2O): δ 43.1. 

HRMS [ESI] C10H15N2O8PS ([M-H]-) calculated 353.0214 found 353.0213. 
 

Compound 11 

  
5′-O-6-chloroadenosine-diammonium monophosphorothioate 
Compound 11 was obtained according to general procedure (Method A) from 6-chloroadenosine 
(0.05 mmol, 14.3 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase. The crude product 
was purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 
0:100 to 25:75) to afford 13.1 mg of the title compound after lyophilization (Yield = 63%). This 
compound is unstable during lyophilization to decompose to afford small amount (~3%) 
unidentified impurity.  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 9.05 (s, 1H), 8.77 (s, 1H), 6.28 (d, J = 5.4 Hz, 1H), 4.84 (dd, J = 5.2, 
5.2 Hz, 1H), 4.57 (dd, J = 5.0, 3.7 Hz, 1H), 4.46 – 4.42 (m, 1H), 4.20 – 4.11 (m, 2H). 
13C NMR (151 MHz, D2O): δ 151.9, 151.4, 150.1, 145.6, 131.2, 87.9, 84.6 (d, J = 9.3 Hz), 74.8, 
70.7, 64.0 (d, J = 4.9 Hz). 
31P NMR (243 MHz, D2O): δ 46.4. 

HRMS [ESI] C10H12ClN4O6PS ([M-H]-) calculated 380.9831 found 380.9834. 
 

Compound 12 

 
5′-O-8-bromoadenosine-diammonium monophosphorothioate 
Compound 12 was obtained according to general procedure (Method A) from 8-bromoadenosine 
(0.05 mmol, 17.3 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase. The crude product 
was purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 
0:100 to 30:70) to afford 20.0 mg of the title compound after lyophilization (Yield = 84%).  
Physical state: white solid 
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1H NMR (600 MHz, D2O): δ 8.17 (s, 1H), 6.09 (d, J = 5.8 Hz, 1H), 5.28 (dd, J = 5.9, 5.9 Hz, 1H), 
4.66 (dd, J = 5.9, 4.6 Hz, 1H), 4.31 (dt, J = 5.8, 4.4 Hz, 1H), 4.26 – 4.14 (m, 2H). 
13C NMR (151 MHz, D2O): δ 153.2, 151.5, 150.0, 128.5, 119.0, 89.5, 83.6 (d, J = 9.1 Hz), 71.0, 
69.7, 64.4 (d, J = 4.9 Hz). 
31P NMR (243 MHz, D2O): δ 48.9. 

HRMS [ESI] C10H13BrN5O6PS ([M-H]-) calculated 439.9435 found 439.9432. 

 
Compound 13 

 
5′-O-2-aminoadenosine-diammonium monophosphorothioate 
Compound 13 was obtained according to general procedure (Method A) from 2-aminoadenosine 
(0.05 mmol, 14.1 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase. The crude product 
was purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 
0:100 to 30:70) to afford 21.0 mg of the title compound after lyophilization (Yield = 99%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.25 (s, 1H), 5.92 (d, J = 5.9 Hz, 1H), 4.72 (dd, J = 5.5, 5.5 Hz, 1H), 
4.57 – 4.51 (m, 1H), 4.40 – 4.33 (m, 1H), 4.17 – 4.07 (m, 2H). 
13C NMR (151 MHz, D2O): δ 157.0, 154.0, 150.1, 138.5, 112.3, 86.9, 84.3 (d, J = 9.3 Hz), 74.0, 
70.7, 64.0 (d, J = 4.5 Hz). 
31P NMR (243 MHz, D2O): δ 45.2. 

HRMS [ESI] C10H15N6O6PS ([M-H]-) calculated 377.0439 found 377.0438. 
 

Compound 14 

 
5′-O-6-methylaminoadenosine-diammonium monophosphorothioate 
Compound 14 was obtained according to general procedure (Method A) from 6-
methylaminoadenosine (0.05 mmol, 14.1 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside 
kinase. The crude product was purified by ion-exchange chromatography on DEAE Sephadex (1 
M NH4HCO3/water, from 0:100 to 30:70) to afford 17.3 mg of the title compound after 
lyophilization (Yield = 86%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.53 (s, 1H), 8.14 (s, 1H), 6.07 (d, J = 5.8 Hz, 1H), 4.76 (dd, J = 5.5, 
5.5 Hz, 1H), 4.52 (dd, J = 4.2, 4.2 Hz, 1H), 4.41 – 4.37 (m, 1H), 4.15 – 4.07 (m, 2H), 3.03 (s, 3H). 
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13C NMR (151 MHz, D2O): δ 154.4, 152.1, 147.4, 139.5, 118.6, 86.9, 84.3 (d, J = 9.7 Hz), 74.6, 
70.7, 64.1 (d, J = 4.7 Hz), 27.3. 
31P NMR (243 MHz, D2O): δ 46.3. 

HRMS [ESI] C11H16N5O6PS ([M-H]-) calculated 376.0486 found 376.0488. 

 
Compound 15 

 
5′-O-6-benyzlaminoadenosine-diammonium monophosphorothioate 
Compound 15 was obtained according to general procedure (Method A) from 6-
benzylaminoadenosine S15 (0.05 mmol, 17.9 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside 
kinase. The crude product was purified by ion-exchange chromatography on DEAE Sephadex (1 
M NH4HCO3/water, from 0:100 to 30:70) to afford 16.4 mg of the title compound after 
lyophilization (Yield = 67%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.58 (s, 1H), 8.16 (s, 1H), 7.37 – 7.30 (m, 4H), 7.29 – 7.24 (m, 1H), 
6.10 (d, J = 5.7 Hz, 1H), 4.76 – 4.71 (m, 3H, partially overlaps with D2O), 4.55 – 4.49 (m, 1H), 
4.42 – 4.37 (m, 1H), 4.17 – 4.05 (m, 2H).  
13C NMR (151 MHz, D2O): δ 154.2, 152.5, 148.2 (weak), 139.6, 138.2, 128.6, 127.3, 126.9, 118.8 
(weak), 86.9, 84.3 (d, J = 9.3 Hz), 74.6, 70.7, 64.1, 64.13 (d, J = 4.9 Hz), 43.9 (weak). 
31P NMR (243 MHz, D2O): δ 46.4. 

HRMS [ESI] C17H20N5O6PS ([M-H]-) calculated 452.0799 found 452.0796. 

 
Compound 16 

 
5′-O-5-bromocytidine-diammonium monophosphorothioate 
Compound 16 was obtained according to general procedure (Method A) from 5-bromocytidine 
(0.05 mmol, 16.1 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase. The crude product 
was purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 
0:100 to 25:75) to afford 12.2 mg of the title compound after lyophilization (Yield = 56%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.29 (s, 1H), 5.96 (d, J = 4.6 Hz, 1H), 4.34 (dt, J = 14.4, 5.1 Hz, 
2H), 4.30 – 4.24 (m, 1H), 4.13 – 4.03 (m, 2H). 
13C NMR (151 MHz, D2O): δ 163.0, 156.6, 142.1, 89.5, 89.4, 83.5 (d, J = 9.6 Hz), 74.3, 69.8, 
63.6 (d, J = 4.7 Hz). 
31P NMR (243 MHz, D2O): δ 43.2. 
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HRMS [ESI] C9H13BrN3O7PS ([M-H]-) calculated 415.9322 found 415.9321. 
 

Compound 17 

 
5′-O-ribavirin-diammonium monophosphorothioate 
Compound 17 was obtained according to general procedure (Method A) from ribavirin (0.05 
mmol, 12.2 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 20:80) to afford 13.8 mg of the title compound after lyophilization (Yield = 71%). This 
compound contains 3% of AMP impurity. 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.91 (s, 1H), 6.04 (d, J = 4.2 Hz, 1H), 4.72 (dd, J = 4.6 Hz, 4.6 Hz, 
1H), 4.55 (dd, J = 4.8 Hz, 4.8 Hz, 1H), 4.41 – 4.36 (m, 1H), 4.16 – 4.03 (m, 2H). 
13C NMR (151 MHz, D2O): δ 162.8, 156.2, 145.8, 92.1, 84.4 (d, J = 9.6 Hz), 74.8, 70.4, 64.0 (d, 
J = 4.9 Hz). 
31P NMR (243 MHz, D2O): δ 46.0. 

HRMS [ESI] C8H13N4O7PS ([M-H]-) calculated 339.0170 found 339.0168. 

 
Compound 18 

 
5′-O-mizoribine-diammonium monophosphorothioate 
Compound 18 was obtained according to general procedure (Method A) from mizoribine (0.05 
mmol, 13.0 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 25:75) to afford 8.2 mg of the title compound after lyophilization (Yield = 42%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.55 (s, 1H), 5.82 (d, J = 4.6 Hz, 1H), 4.58 – 4.53 (m, 1H), 4.50 – 
4.46 (m, 1H), 4.34 – 4.30 (m, 1H), 4.13 – 4.02 (m, 2H). 
13C NMR (151 MHz, D2O): δ 164.5, 155.7, 126.8, 100.8, 86.2, 83.9 (d, J = 9.5 Hz), 74.8, 70.0, 
63.1(d, J = 4.7 Hz). 
31P NMR (243 MHz, D2O): δ 43.3. 

HRMS [ESI] C9H14N3O8PS ([M-H]-) calculated 354.0167 found 354.0165. 
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Compound 19 

 
5′-O-deoxyguanosine-diammonium monophosphorothioate 
Compound 19 was obtained according to general procedure (Method A) from deoxyguanosine 
(0.05 mmol, 13.4 mg) using Ag-dNK (2.5 mg, 0.18 mol%) as nucleoside kinase. The crude product 
was purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 
0:100 to 30:70) to afford 15.5 mg of the title compound after lyophilization (Yield = 78%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.18 (s, 1H), 6.30 (t, J = 6.9 Hz, 1H), 4.72 (dt, J = 6.1, 3.1 Hz, 1H), 
4.30 – 4.24 (m, 1H), 4.10 (dd, J = 6.5, 3.9 Hz, 2H), 2.78 (ddd, J = 13.8, 7.5, 6.0 Hz, 1H), 2.53 (ddd, 
J = 14.0, 6.4, 3.3 Hz, 1H). 
13C NMR (151 MHz, D2O): δ 158.6, 153.8, 151.1, 137.5, 115.7, 85.8 (d, J = 9.6 Hz), 83.7, 71.5, 
64.9 (d, J = 5.2 Hz), 38.9. 
31P NMR (243 MHz, D2O): δ 50.4. 

HRMS [ESI] C10H14N5O6PS ([M-H]-) calculated 362.0330 found 362.0329. 

 
Compound 20 

 
2′-O-methylguanosine-5′-O-diammonium monophosphorothioate 
Compound 20 was obtained according to general procedure (Method A) from 2′-O-
methylguanosine (0.05 mmol, 14.9 mg) using Ag-dNK (2.5 mg, 0.18 mol%) as nucleoside kinase. 
The crude product was purified by ion-exchange chromatography on DEAE Sephadex (1 M 
NH4HCO3/water, from 0:100 to 30:70) to afford 8.9 mg of the title compound after lyophilization 
(Yield = 42%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.23 (s, 1H), 6.01 (d, J = 6.0 Hz, 1H), 4.70 – 4.65 (m, 1H), 4.53 – 
4.48 (m, 1H), 4.39 – 4.35 (m, 1H), 4.20 – 4.12 (m, 2H), 3.47 (s, 3H). 
13C NMR (151 MHz, D2O): δ 158.9, 154.0, 151.6, 137.7, 116.0, 85.4, 84.58 (d, J = 9.3 Hz), 82.7, 
69.1, 64.58 (d, J = 5.2 Hz), 58.1. 
31P NMR (243 MHz, D2O): δ 50.2. 
HRMS [ESI] C11H16N5O7PS ([M-H]-) calculated 392.0435 found 392.0435. 
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5′-O-deoxyinosine-diammonium monophosphorothioate 
Compound 21 was obtained according to general procedure (Method A) from deoxyinosine (0.05 
mmol, 12.6 mg) using Ag-dNK (2.5 mg, 0.18 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 30:70) to afford 14.7 mg of the title compound after lyophilization (Yield = 77%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.49 (s, 1H), 8.19 (s, 1H), 6.50 (t, J = 6.8 Hz, 1H), 4.77 – 4.73 (m, 
1H), 4.33 – 4.28 (m, 1H), 4.15 – 4.06 (m, 2H), 2.87 – 2.79 (m, 1H), 2.61 (ddd, J = 14.0, 6.4, 3.5 
Hz, 1H). 
13C NMR (151 MHz, D2O): δ 158.5, 148.4, 145.9, 139.9, 123.5, 86.1 (d, J = 9.4 Hz), 84.2, 71.4, 
64.7 (d, J = 5.0 Hz), 39.3. 
31P NMR (243 MHz, D2O): δ 49.5. 
HRMS [ESI] C10H13N4O6PS ([M-H]-) calculated 347.0221 found 347.0222. 

 

Compound 22 

 
5′-O-deoxyadenosine-diammonium monophosphorothioate 
Compound 22 was obtained according to general procedure (Method A) from deoxyinosine (0.05 
mmol, 12.6 mg) using Dm-dNK (2.5 mg, 0.17 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 25:75) to afford 15.1 mg of the title compound after lyophilization (Yield = 79%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.59 (s, 1H), 8.25 (s, 1H), 6.52 (t, J = 6.9 Hz, 1H), 4.77 – 4.74 (m, 
1H), 4.33 – 4.28 (m, 1H), 4.12 – 4.01 (m, 2H), 2.84 (ddd, J = 13.7, 6.8, 6.8 Hz, 1H), 2.60 (ddd, J 
= 13.9, 6.1, 3.1 Hz, 1H). 
13C NMR (151 MHz, D2O): δ 155.1, 152.0, 148.7, 140.4, 118.5, 86.2 (d, J = 9.4 Hz), 83.8, 71.6, 
64.4 (d, J = 4.8 Hz), 39.3. 
31P NMR (243 MHz, D2O): δ 46.5. 
HRMS [ESI] C10H14N5O6PS ([M-H]-) calculated 346.0381 found 346.0383. 

 

Compound 23 

O N

HO

O N

N NH

O

P
S

-O O-NH4+
NH4+

O N

HO

O N

N N

NH2

P
S

-O O-NH4+
NH4+



 79 

 
2′-O-methyladenosine-5′-O-diammonium monophosphorothioate 
Compound 23 was obtained according to general procedure (Method A) from 2′-O-
methyladenosine (0.05 mmol, 14.1 mg) using Ag-dNK (2.5 mg, 0.18 mol%) as nucleoside kinase. 
The crude product was purified by ion-exchange chromatography on DEAE Sephadex (1 M 
NH4HCO3/water, from 0:100 to 25:75) to afford 8.6 mg of the title compound after lyophilization 
(Yield = 41%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.65 (s, 1H), 8.30 (s, 1H), 6.21 (d, J = 5.6 Hz, 1H), 4.73 – 4.68 (m, 
1H), 4.52 – 4.48 (m, 1H), 4.44 – 4.39 (m, 1H), 4.22 – 4.14 (m, 2H), 3.47 (s, 3H). 
13C NMR (151 MHz, D2O): δ 152.6, 149.0, 147.9, 140.3, 117.7, 85.0, 84.0 (d, J = 9.4 Hz), 82.7, 
68.4, 63.6 (d, J = 5.1 Hz), 57.4. 
31P NMR (243 MHz, D2O): δ 50.1. 
HRMS [ESI] C10H16N5O6PS ([M-H]-) calculated 376.0486 found 376.0488. 

 

Compound 24 

 
5′-O-deoxyuridine-diammonium monophosphorothioate 
Compound 24 was obtained according to general procedure (Method A) from deoxyuridine (0.05 
mmol, 11.4 mg) using Dm-dNK (2.5 mg, 0.17 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 20:80) to afford 10.7 mg of the title compound after lyophilization (Yield = 60%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.09 (d, J = 8.1 Hz, 1H), 6.34 (t, J = 6.8 Hz, 1H), 5.95 (d, J = 8.1 
Hz, 1H), 4.61 (dt, J = 7.0, 3.6 Hz, 1H), 4.24 – 4.20 (m, 1H), 4.12 – 4.03 (m, 2H), 2.42 – 2.36 (m, 
2H). 
13C NMR (151 MHz, D2O): δ 166.3, 151.7, 142.3, 102.4, 85.9 (d, J = 9.7 Hz), 85.4, 71.2, 64.4 (d, 
J = 5.2 Hz), 39.0. 
31P NMR (243 MHz, D2O): δ 47.3. 
HRMS [ESI] C9H13N2O7PS ([M-H]-) calculated 323.0108 found 323.0109. 
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5′-O-deoxycytidine-diammonium monophosphorothioate 
Compound 25 was obtained according to general procedure (Method A) from deoxycytidine (0.05 
mmol, 11.4 mg) using Dm-dNK (2.5 mg, 0.17 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 20:80) to afford 11.5 mg of the title compound after lyophilization (Yield = 64%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.21 (d, J = 7.8 Hz, 1H), 6.31 (t, J = 6.6 Hz, 1H), 6.19 (d, J = 7.8 
Hz, 1H), 4.59 (dt, J = 6.5, 3.3 Hz, 1H), 4.24 (dt, J = 5.0, 2.3 Hz, 1H), 4.15 – 4.04 (m, 2H), 2.45 
(ddd, J = 14.1, 6.3, 3.6 Hz, 1H), 2.38 – 2.30 (m, 1H). 
13C NMR (151 MHz, D2O): δ 162.7, 153.1, 143.3, 95.8, 86.3, 86.1 (d, J = 9.4 Hz), 71.0, 64.3 (d, 
J = 5.1 Hz), 39.6. 
31P NMR (243 MHz, D2O): δ 47.9. 
HRMS [ESI] C9H14N3O6PS ([M-H]-) calculated 322.0268 found 322.0270. 

 

Compound 26 

 
2′-deoxy-2′-fluorocytidine-5′-O-diammonium monophosphorothioate 
Compound 26 was obtained according to general procedure (Method A) from 2′-deoxy-2′-
fluorocytidine (0.05 mmol, 12.3 mg) using Dm-dNK (2.5 mg, 0.17 mol%) as nucleoside kinase. 
The crude product was purified by ion-exchange chromatography on DEAE Sephadex (1 M 
NH4HCO3/water, from 0:100 to 25:75) to afford 12.8 mg of the title compound after lyophilization 
(Yield = 65%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.17 (d, J = 7.7 Hz, 1H), 6.15 (d, J = 7.8 Hz, 1H), 6.08 (dd, J = 17.1, 
1.5 Hz, 1H), 5.13 (ddd, J = 52.4, 4.3, 1.5 Hz, 1H), 4.47 (ddd, J = 22.6, 7.9, 4.3 Hz, 1H), 4.34 – 
4.27 (m, 2H), 4.12 (ddd, J = 12.7, 6.0, 3.1 Hz, 1H). 
13C NMR (151 MHz, D2O): δ 164.6, 155.0, 142.4, 96.0, 93.8 (d, J = 185.9 Hz), 88.5 (d, J = 34.2 
Hz), 81.5 (d, J = 9.6 Hz), 67.5 (d, J = 16.1 Hz), 62.2 (d, J = 4.7 Hz). 
31P NMR (243 MHz, D2O): δ 47.1. 
19F NMR (565 MHz, D2O): δ -203.1 (ddd, J = 52.4, 22.7, 17.0 Hz). 
HRMS [ESI] C9H13FN3O6PS ([M-H]-) calculated 340.0174 found 340.0173. 

 

Compound 27 

 
5′-O-cladribine-diammonium monophosphorothioate 
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Compound 27 was obtained according to general procedure (Method A) from cladribine (0.05 
mmol, 12.3 mg) using Ag-dNK (2.5 mg, 0.18 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 30:70) to afford 17.3 mg of the title compound after lyophilization (Yield = 83%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.48 (s, 1H), 6.36 (t, J = 6.8 Hz, 1H), 4.73 (dt, J = 6.1, 3.2 Hz, 1H), 
4.33 – 4.26 (m, 1H), 4.13 – 4.01 (m, 2H), 2.78 (ddd, J = 13.6, 6.8, 6.8 Hz, 1H), 2.61 (ddd, J = 14.0, 
6.3, 3.4 Hz, 1H). 
13C NMR (151 MHz, D2O): δ 155.9, 153.5, 149.6, 140.2, 117.3, 86.1 (d, J = 9.4 Hz), 83.8, 71.5, 
64.6 (d, J = 4.9 Hz), 39.4. 
31P NMR (243 MHz, D2O): δ 48.2. 
HRMS [ESI] C10H13ClN5O5PS ([M-H]-) calculated 379.9991 found 379.9989. 

 
Compound 28 

 
5′-O-fludarabine-diammonium monophosphorothioate 
Compound 28 was obtained according to general procedure (Method A) from fludarabine (0.05 
mmol, 14.3 mg) using Ag-dNK (2.5 mg, 0.18 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 30:70) to afford 15.7 mg of the title compound after lyophilization (Yield = 75%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.52 (s, 1H), 6.29 (d, J = 5.7 Hz, 1H), 4.59 – 4.55 (m, 1H), 4.48 – 
4.43 (m, 1H), 4.25 – 4.16 (m, 3H). 
13C NMR (151 MHz, D2O): δ 158.9 (d, J = 210.8 Hz), 157.0 (d, J = 19.4 Hz), 141.2 (d, J = 2.6 
Hz), 116.5 (d, J = 3.5 Hz), 83.7, 81.4 (d, J = 9.3 Hz), 75.5, 73.2, 62.9 (d, J = 4.8 Hz). 
31P NMR (243 MHz, D2O): δ 46.4. 
19F NMR (565 MHz, D2O): δ 53.3. 
HRMS [ESI] C10H14FN5O6PS ([M-H]-) calculated 380.0235 found 380.0244. 

 

Compound 29 

 
5′-O-9-(2′-deoxy-2′-fluoro-β-D-arabinofuranosyl)adenine -diammonium 
monophosphorothioate 
Compound 29 was obtained according to general procedure (Method A) from 9-(2′-deoxy-2′-
fluoro-β-D-arabinofuranosyl)adenine (0.05 mmol, 13.5 mg) using Ag-dNK (2.5 mg, 0.18 mol%) 
as nucleoside kinase. The crude product was purified by ion-exchange chromatography on DEAE 
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Sephadex (1 M NH4HCO3/water, from 0:100 to 30:70) to afford 18.0 mg of the title compound 
after lyophilization (Yield = 90%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.46 (d, J = 2.2 Hz, 1H), 8.15 (s, 1H), 6.46 (dd, J = 14.9, 4.3 Hz, 
1H), 5.33 (ddd, J = 51.5, 3.9, 3.9 Hz, 1H), 4.72 (ddd, J = 18.0, 5.1, 3.6 Hz, 1H), 4.30 – 4.25 (m, 
1H), 4.22 – 4.12 (m, 2H). 
13C NMR (151 MHz, D2O): δ 154.8, 151.9, 148.3, 141.3 (d, J = 5.0 Hz), 117.8, 94.5 (d, J = 192.7 
Hz), 82.3 (d, J = 17.0 Hz), 82.1 (dd, J = 9.1, 4.6 Hz), 73.0 (d, J = 24.9 Hz), 63.3 (d, J = 4.4 Hz).  
31P NMR (243 MHz, D2O): δ 46.7. 
19F NMR (565 MHz, D2O): δ -198.56 (dt, J = 51.5, 16.2 Hz). 
 HRMS [ESI] C10H13FN5O5PS ([M-H]-) calculated 364.0286 found 364.0287. 

 

Compound 30 

 
5′-O-clofarabine-diammonium monophosphorothioate 
Compound 30 was obtained according to general procedure (Method A) from clofarabine (0.05 
mmol, 13.5 mg) using Ag-dNK (2.5 mg, 0.18 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 30:70) to afford 18.8 mg of the title compound after lyophilization (Yield = 87%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.43 (d, J = 2.2 Hz, 1H), 6.38 (dd, J = 14.8, 4.3 Hz, 1H), 5.33 (ddd, 
J = 51.4, 3.9, 3.9 Hz, 1H), 4.71 (ddd, J = 17.8, 5.0, 3.6 Hz, 1H), 4.29 (q, J = 4.8 Hz, 1H), 4.25 – 
4.14 (m, 2H). 
13C NMR (151 MHz, D2O): δ 156.0, 153.7, 149.5, 141.3 (d, J = 4.9 Hz), 94.4 (d, J = 192.9 Hz), 
82.4 (d, J = 17.0 Hz), 82.2 (dd, J = 9.2, 4.4 Hz), 72.9 (d, J = 25.1 Hz), 63.4 (d, J = 5.0 Hz). 
31P NMR (243 MHz, D2O): δ 48.0. 
19F NMR (565 MHz, D2O): δ -198.5 (dt, J = 51.3, 16.2 Hz). 
HRMS [ESI] C10H12ClFN5O5PS ([M-H]-) calculated 397.9897 found 397.9896. 

 

Compound 31 

 
5′-O-thymidine-diammonium monophosphorothioate 
Compound 31 was obtained according to general procedure (Method A) from thymidine (0.05 
mmol, 12.1 mg) using Dm-dNK (2.5 mg, 0.17 mol%) as nucleoside kinase. The crude product was 
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purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 20:80) to afford 13.6 mg of the title compound after lyophilization (Yield = 73%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 7.83 (s, 1H), 6.36 (dd, J = 7.7, 6.3 Hz, 1H), 4.61 (dt, J = 5.9, 3.1 Hz, 
1H), 4.23 – 4.18 (m, 1H), 4.10 (dd, J = 6.0, 3.4 Hz, 2H), 2.42 – 2.31 (m, 2H), 1.95 (s, 3H). 
13C NMR (151 MHz, D2O): δ 166.6, 151.8, 137.5, 111.8, 85.6 (d, J = 9.7 Hz), 85.0, 71.3, 64.7 (d, 
J = 5.1 Hz), 38.7, 11.6. 
31P NMR (243 MHz, D2O): δ 48.4. 

HRMS [ESI] C10H15N2O7PS ([M-H]-) calculated 337.0265 found 337.0265. 
 

Compound 32 

 
5′-O-zidovudine-diammonium monophosphorothioate 
Compound 32 was obtained according to general procedure (Method A) from zidovudine (0.05 
mmol, 13.4 mg) using Tm-TK (2.5 mg, 0.24 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 25:75) to afford 13.3 mg of the title compound after lyophilization (Yield = 67%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 7.84 (s, 1H), 6.29 (t, J = 6.8 Hz, 1H), 4.56 (dt, J = 6.4, 4.2 Hz, 1H), 
4.25 – 4.22 (m, 1H), 4.18 – 4.09 (m, 2H), 2.55 – 2.45 (m, 2H), 1.95 (s, 3H). 
13C NMR (151 MHz, D2O): δ 166.6, 151.7, 137.4, 111.8, 84.9, 83.2 (d, J = 9.4 Hz), 64.6 (d, J = 
4.9 Hz), 60.8, 36.4, 11.7. 
31P NMR (243 MHz, D2O): δ 48.5. 

HRMS [ESI] C10H14N5O6PS ([M-H]-) calculated 362.0330 found 362.0329. 
 

Compound 33 

 
5′-O-gemcitabine-diammonium monophosphorothioate 
Compound 33 was obtained according to general procedure (Method A) from gemcitabine (0.05 
mmol, 13.2 mg) using Dm-dNK (2.5 mg, 0.17 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 30:70) to afford 12.2 mg of the title compound after lyophilization (Yield = 62%).  
Physical state: white solid 
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1H NMR (600 MHz, D2O): δ 8.04 (d, J = 7.6 Hz, 1H), 6.25 (t, J = 7.1 Hz, 1H), 6.16 (d, J = 7.6 
Hz, 1H), 4.52 (td, J = 12.4, 8.7 Hz, 1H), 4.29 (ddd, J = 12.6, 6.0, 1.9 Hz, 1H), 4.24 – 4.19 (m, 1H), 
4.15 (ddd, J = 12.2, 6.6, 3.0 Hz, 1H). 
13C NMR (151 MHz, D2O): δ 165.6, 156.4, 141.6, 122.3 (t, J = 258.3 Hz), 96.5, 84.8 – 84.1 (m), 
79.4 – 79.0 (m), 68.4 (t, J = 22.7 Hz), 61.7 (d, J = 4.6 Hz). 
31P NMR (243 MHz, D2O): δ 46.5. 
19F NMR (565 MHz, D2O): δ -118.4 (m). 

HRMS [ESI] C9H12F2N3O6PS ([M-H]-) calculated 358.0080 found 358.0079. 

 
Compound 34 

 
5′-O-2′-β-D-arabinouridine-diammonium monophosphorothioate 
Compound 34 was obtained according to general procedure (Method A) from 2′-β-D-
arabinouridine (AraU, 0.05 mmol, 12.2 mg) using Dm-dNK (2.5 mg, 0.17 mol%) as nucleoside 
kinase. The crude product was purified by ion-exchange chromatography on DEAE Sephadex (1 
M NH4HCO3/water, from 0:100 to 20:80) to afford 14.8 mg of the title compound after 
lyophilization (Yield = 79%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.07 (d, J = 8.1 Hz, 1H), 6.22 (d, J = 5.5 Hz, 1H), 5.93 (d, J = 8.1 
Hz, 1H), 4.45 (dd, J = 5.5, 5.5 Hz, 1H), 4.27 (dd, J = 5.6, 5.6 Hz, 1H), 4.21 – 4.16 (m, 1H), 4.15 
– 4.10 (m, 2H). 
13C NMR (151 MHz, D2O): δ 166.32, 151.49, 143.20, 101.42, 84.91, 81.61 (d, J = 9.1 Hz), 75.37, 
73.86, 62.89 (d, J = 4.8 Hz). 
31P NMR (243 MHz, D2O): δ 46.5. 

HRMS [ESI] C9H13N2O8PS ([M-H]-) calculated 339.0058 found 339.0059. 

 
Compound 35 

 
5′-O-idoxuridine-diammonium monophosphorothioate 
Compound 35 was obtained according to general procedure (Method A) from idoxuridine (0.05 
mmol, 12.2 mg) using Dm-dNK (2.5 mg, 0.17 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 30:70) to afford 20.6 mg of the title compound after lyophilization (Yield = 85%).  
Physical state: white solid 

O

HO

OP
S

-O O-
N NH

O

OOH

NH4+
NH4+

O

HO

OP
S

-O O-
N NH

O

O

I

NH4+
NH4+



 85 

1H NMR (600 MHz, D2O): δ 8.31 (s, 1H), 6.28 (t, J = 6.9 Hz, 1H), 4.61 – 4.55 (m, 1H), 4.24 – 
4.19 (m, 1H), 4.12 – 4.03 (m, 2H), 2.43 – 2.34 (m, 2H). 
13C NMR (151 MHz, D2O): δ 163.2, 151.4, 146.2, 85.9 (d, J = 9.2 Hz), 85.7, 71.2, 68.4, 64.6 (d, 
J = 4.8 Hz), 38.8. 
31P NMR (243 MHz, D2O): δ 46.8. 

HRMS [ESI] C9H12IN2O7PS ([M-H]-) calculated 448.9075 found 448.9078. 

 
Compound 36 

 
5′-O-cytarabine-diammonium monophosphorothioate 
Compound 36 was obtained according to general procedure (Method A) from cytarabine (0.05 
mmol, 12.2 mg) using Dm-dNK (2.5 mg, 0.17 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 20:80) to afford 12.3 mg of the title compound after lyophilization (Yield = 66%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.13 (d, J = 7.7 Hz, 1H), 6.24 (d, J = 5.3 Hz, 1H), 6.16 (d, J = 7.7 
Hz, 1H), 4.46 (dd, J = 5.3, 5.3 Hz, 1H), 4.27 (dd, J = 5.3, 5.3 Hz, 1H), 4.23 – 4.18 (m, 1H), 4.17 
– 4.11 (m, 2H). 
13C NMR (151 MHz, D2O): δ 163.7, 154.3, 143.8, 95.2, 85.6, 81.7 (d, J = 9.2 Hz), 75.3, 73.9, 
63.0 (d, J = 4.9 Hz). 
31P NMR (243 MHz, D2O): δ 47.3. 

HRMS [ESI] C9H14N3O7PS ([M-H]-) calculated 338.0217 found 338.0219. 

 
Compound 37 

 
5′-O-floxuridine-diammonium monophosphorothioate 
Compound 37 was obtained according to general procedure (Method A) from floxuridine (0.05 
mmol, 12.3 mg) using Tm-TK (2.5 mg, 0.24 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 25:75) to afford 16.2 mg of the title compound after lyophilization (Yield = 95%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.21 (d, J = 6.3 Hz, 1H), 6.32 (t, J = 6.9 Hz, 1H), 4.60 (dt, J = 6.3, 
3.2 Hz, 1H), 4.24 – 4.19 (m, 1H), 4.13 – 4.05 (m, 2H), 2.45 – 2.33 (m, 2H). 
13C NMR (151 MHz, D2O): δ 159.5 (d, J = 26.0 Hz), 150.1, 140.8 (d, J = 232.8 Hz), 126.0 (d, J 
= 34.3 Hz), 86.0 (d, J = 9.3 Hz), 85.7, 71.1, 64.4 (d, J = 4.9 Hz), 38.9. 
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31P NMR (243 MHz, D2O): δ 47.3. 
19F NMR (565 MHz, D2O): δ 165.3 (d, J = 6.4 Hz). 

HRMS [ESI] C9H12FN2O7PS ([M-H]-) calculated 341.0014 found 341.0017. 
 

Compound 38 

 
5′-O-morpholino-uridine-diammonium monophosphorothioate 
Compound 38 was obtained according to general procedure (Method A) from 1-(6-
(hydroxymethyl)morpholin-2-yl)uracil (morpholino-uridine, 0.05 mmol, 11.4 mg) using Dm-dNK 
(2.5 mg, 0.17 mol%) as nucleoside kinase. The crude product was purified by ion-exchange 
chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 20:80) to afford 8.8 
mg of the title compound after lyophilization (Yield = 49%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 7.88 (d, J = 8.1 Hz, 1H), 6.10 (dd, J = 10.8, 2.6 Hz, 1H), 5.93 (d, J 
= 8.1 Hz, 1H), 4.47 – 4.41 (m, 1H), 4.09 – 3.99 (m, 2H), 3.61 – 3.52 (m, 2H), 3.31 (d, J = 12.2 Hz, 
1H), 3.22 (t, J = 12.3 Hz, 1H). 
13C NMR (151 MHz, D2O): δ 165.9, 150.8, 141.5, 102.8, 77.7, 73.5 (d, J = 8.8 Hz), 63.8 (d, J = 
4.4 Hz), 43.7, 43.0. 
31P NMR (243 MHz, D2O): δ 45.3 

HRMS [ESI] C9H14N3O6PS ([M-H]-) calculated 322.0268 found 322.0268. 
 

Compound 39 

 
5′-O-lamivudine-diammonium monophosphorothioate 
Compound 39 was obtained according to general procedure (Method A) from lamivudine (0.05 
mmol, 11.5 mg) using Dm-dNK (2.5 mg, 0.17 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 20:80) to afford 13.0 mg of the title compound after lyophilization (Yield = 72%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.30 (d, J = 7.7 Hz, 1H), 6.33 (dd, J = 5.4, 3.5 Hz, 1H), 6.15 (d, J = 
7.7 Hz, 1H), 5.50 (t, J = 4.1 Hz, 1H), 4.35 (ddd, J = 11.9, 6.9, 3.0 Hz, 1H), 4.19 (ddd, J = 11.6, 
6.9, 4.2 Hz, 1H), 3.59 (dd, J = 12.5, 5.4 Hz, 1H), 3.30 (dd, J = 12.5, 3.5 Hz, 1H). 
13C NMR (151 MHz, D2O): δ 163.0, 153.1, 143.5, 95.2, 87.4, 85.6 (d, J = 9.3 Hz), 64.9 (d, J = 
4.7 Hz), 37.3. 
31P NMR (243 MHz, D2O): δ 48.3. 
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HRMS [ESI] C8H12N3O5PS2 ([M-H]-) calculated 323.9883 found 323.9882. 
 

Compound 40 

 
5′-O-3′-deoxythymidine-diammonium monophosphorothioate 
Compound 40 was obtained according to general procedure (Method A) from 3′-deoxythymidine 
(ddT, 0.05 mmol, 11.3 mg) using Tm-TK (2.5 mg, 0.24 mol%) as nucleoside kinase. The crude 
product was purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, 
from 0:100 to 20:80) to afford 14.5 mg of the title compound after lyophilization (Yield = 81%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 7.82 (s, 1H), 6.13 (dd, J = 6.9, 3.9 Hz, 1H), 4.42 – 4.35 (m, 1H), 
4.19 (ddd, J = 11.6, 5.9, 2.7 Hz, 1H), 4.05 (ddd, J = 11.5, 7.0, 4.5 Hz, 1H), 2.48 – 2.39 (m, 1H), 
2.20 – 2.10 (m, 2H), 2.08 – 1.99 (m, 1H), 1.95 (s, 3H). 
13C NMR (151 MHz, D2O): δ 166.7, 151.7, 137.7, 111.1, 86.1, 80.3 (d, J = 9.3 Hz), 66.1 (d, J = 
5.1 Hz), 31.1, 25.0, 11.7. 
31P NMR (243 MHz, D2O): δ 49.8 

HRMS [ESI] C10H15N2O6PS ([M-H]-) calculated 321.0316 found 321.0313. 

 
Compound 41 

 
5′-O-stavudine-diammonium-monophosphorothioate 
Compound 41 was obtained according to general procedure (Method A) from stavudine (d4T, 0.05 
mmol, 11.2 mg) using Tm-TK (2.5 mg, 0.24 mol%) as nucleoside kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 20:80) to afford 9.0 mg of the title compound after lyophilization (Yield = 51%). This 
compound contains small amount of adenosine monophosphate impurity after purification. 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 7.63 (d, J = 1.3 Hz, 1H), 6.96 (dt, J = 3.3, 1.7 Hz, 1H), 6.51 (dt, J = 
6.1, 1.8 Hz, 1H), 5.95 (dt, J = 6.2, 1.9 Hz, 1H), 5.15 – 5.09 (m, 1H), 4.08 (td, J = 6.8, 3.5 Hz, 2H), 
1.91 (s, 3H). 
13C NMR (151 MHz, D2O): δ 166.8, 152.3, 138.3, 134.4, 125.0, 111.4, 90.0, 86.0 (d, J = 9.3 Hz), 
65.6 (d, J = 4.9 Hz), 11.5. 
31P NMR (243 MHz, D2O): δ 48.9. 

HRMS [ESI] C10H13N2O6PS ([M-H]-) calculated 319.0159 found 319.0157. 
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9.3 b-thio nucleoside diphosphates 

Note: We observed that b-thio nucleoside diphosphates are unstable during lyophilization and 
often decompose to the corresponding diphosphate products under various conditions. Small 
amount of NH4HCO3 keeps the product relatively stable and prevents the loss of sulfur. To obtain 
spectroscopic data for this class of products, 1H NMR and 31P NMR were collected directly after 
evaporation of most of NH4HCO3 buffer, 13C NMR was collected after lyophilization to suppress 
the signal of HCO3-. As such, diphosphate impurity often shows up in 13C NMR spectra, but the 
level is low enough to not significantly affect the yield calculation. 
Compound 42 

 
5′-O-adenosine-triammonium-diphosphoro-b-thioate 
Compound 42 was obtained according to general procedure (Method B) from adenosine 
monophosphate (0.05 mmol, 17.4 mg) using Sc-AK (2.5 mg, 0.21 mol%) as monophosphate kinase. 
Reaction time was 6 hours. The crude product was purified by ion-exchange chromatography on 
DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 35:65) to afford 18.6 mg of the title 
compound after lyophilization (Yield = 75%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.26 (s, 1H), 7.97 (s, 1H), 5.86 (d, J = 5.3 Hz, 1H), 4.51 (dd, J = 5.3, 
5.3 Hz, 1H), 4.34 (dd, 1H), 4.16 – 4.10 (m, 1H), 4.02 – 3.92 (m, 2H). 
13C NMR (151 MHz, D2O): δ 155.2, 152.3, 149.0, 118.5, 86.9, 84.0 (d, J = 9.2 Hz), 74.4, 70.3, 
64.9 (d, J = 5.3 Hz). 
31P NMR (243 MHz, D2O): δ 33.3 (d, J = 29.7 Hz), -11.7 (d, J = 30.2 Hz). 

HRMS [ESI] C10H15N5O9P2S ([M-H]-) calculated 441.9993 found 441.9992. 

 
Compound 43 

  
5′-O-guanosine-triammonium-diphosphoro-b-thioate 
Compound 43 was obtained according to general procedure (Method B) from guanosine 
monophosphate sodium salts (0.05 mmol, 20.4 mg) using Hs-GMPK (2.5 mg, 0.23 mol%) as 
monophosphate kinase. The reaction was carried out at 30 °C for 6 hours. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 35:65) to afford 16.1 mg of the title compound after lyophilization (Yield = 63%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.06 (s, 1H), 5.84 (d, J = 5.6 Hz, 1H), 4.69 – 4.65 (m, 1H), 4.54 – 
4.49 (m, 1H), 4.29 – 4.23 (m, 1H), 4.18 – 4.08 (m, 2H). 

O N

HO

O N

N N

NH2

P
O

O O-
P-O

S

O-

OH

NH4+
NH4+ NH4+

O N

HO

O N

N NH

O

P
O

O O-
P-O

S

O-

OH
NH2

NH4+
NH4+ NH4+



 89 

13C NMR (151 MHz, D2O): δ 158.92, 153.93, 151.76, 116.10, 86.74, 83.93 (d, J = 9.4 Hz), 73.68, 
70.44, 65.04 (d, J = 5.5 Hz). 
31P NMR (243 MHz, D2O): δ 33.3 (d, J = 30.8 Hz), -11.7 (d, J = 30.8 Hz). 

HRMS [ESI] C10H15N5O10P2S ([M-H]-) calculated 457.9942 found 457.9940. 

 
Compound 44 

 
5′-O-deoxyguanosine-triammonium-diphosphoro-b-thioate 

Compound 44 was obtained according to general procedure (Method B) from deoxyguanosine 
monophosphate sodium salts (0.05 mmol, 19.6 mg) using Ec-GMPK (2.5 mg, 0.21 mol%) as 
monophosphate kinase. The reaction was carried out at 30 °C. The crude product was purified by 
ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 35:65) 
to afford 16.7 mg of the title compound after lyophilization (Yield = 67%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 7.86 (s, 1H), 6.04 (t, J = 6.7 Hz, 1H), 4.52 (dt, J = 6.2, 3.8 Hz, 1H), 
4.02 – 3.97 (m, 1H), 3.93 – 3.86 (m, 2H), 2.53 (ddd, J = 13.6, 6.6, 6.6 Hz, 1H), 2.27 (ddd, J = 14.0, 
6.5, 4.0 Hz, 1H). 
13C NMR (151 MHz, D2O): δ 158.7, 153.9, 151.2, 137.6, 115.8, 85.7 (d, J = 9.4 Hz), 83.7, 71.4, 
65.3 (d, J = 5.6 Hz), 38.7. 
31P NMR (243 MHz, D2O): δ 33.2 (br, supposed to be doublet), -11.7 (d, J = 30.4 Hz). 

HRMS [ESI] C10H15N5O9P2S ([M-H]-) calculated 441.9993 found 441.9992. 

 
Compound 45 

 
5′-O-inosine-triammonium-diphosphoro-b-thioate 
Compound 45 was obtained according to general procedure (Method B) from inosine 
monophosphate sodium salts (0.05 mmol, 19.6 mg) using Hs-GMPK (2.5 mg, 0.23 mol%) as 
monophosphate kinase. The reaction was carried out at 30 °C. The crude product was purified by 
ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 35:65) 
to afford 10.4 mg of the title compound after lyophilization (Yield = 42%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.34 (s, 1H), 8.05 (s, 1H), 5.97 (d, J = 5.1 Hz, 1H), 4.60 (t, J = 5.1 
Hz, 1H), 4.45 (t, J = 4.7 Hz, 1H), 4.25 – 4.20 (m, 1H), 4.12 – 4.03 (m, 2H). 
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13C NMR (151 MHz, D2O): δ 158.6, 148.9, 146.1, 139.9, 123.7, 87.3, 84.2 (d, J = 9.3 Hz), 74.4, 
70.4, 64.9 (d, J = 5.4 Hz). 
31P NMR (243 MHz, D2O): δ 33.3 (d, J = 30.4 Hz, manually determined), -11.7 (d, J = 30.5 Hz). 

HRMS [ESI] C10H14N4O10P2S ([M-H]-) calculated 442.9833 found 442.9841. 

 
Compound 46 

 
5′-O-deoxyinosine-triammonium-diphosphoro-b-thioate 
Compound 46 was obtained according to general procedure (Method B) from deoxyinosine 
monophosphate sodium salts (0.05 mmol, 18.6 mg) using Hs-GMPK (2.5 mg, 0.23 mol%) as 
monophosphate kinase. The reaction was carried out at 30 °C. The crude product was purified by 
ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 35:65) 
to afford 9.6 mg of the title compound after lyophilization (Yield = 40%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.44 (s, 1H), 8.18 (s, 1H), 6.48 (t, J = 6.6 Hz, 1H), 4.28 – 4.23 (m, 
1H), 4.21 – 4.15 (m, 1H), 4.15 – 4.10 (m, 1H), 2.82 (ddd, J = 13.5, 6.5, 6.5 Hz, 1H), 2.57 (ddd, J 
= 14.0, 6.5, 4.2 Hz, 1H). 
13C NMR (151 MHz, D2O): δ 158.8, 148.6, 146.1, 123.6, 85.9 (d, J = 8.9 Hz), 84.0, 70.8, 64.8 (d, 
J = 5.5 Hz), 38.8. 
31P NMR (243 MHz, D2O): δ 33.2 (d, J = 31.6 Hz), -11.7 (d, J = 31.1 Hz). 

HRMS [ESI] C10H14N4O9P2S ([M-H]-) calculated 426.9884 found 426.9886. 
 

Compound 47 

 
5′-O-cytidine-triammonium-diphosphoro-b-thioate 

Compound 47 was obtained according to general procedure (Method B) from cytidine 
monophosphate (0.05 mmol, 16.2 mg) using Hs-UMP-CMPK (2.5 mg, 0.23 mol%) as 
monophosphate kinase. The concentration of substrate is 2.5 mM (using 20 mL buffer) and DTT 
was used as additive (final concentration 10 mM). The crude product was purified by ion-exchange 
chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 30:70) to afford 14.0 
mg of the title compound after lyophilization (Yield = 60%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 7.89 (d, J = 8.1 Hz, 1H), 5.87 (br, 1H), 5.86 (d, J = 4.2 Hz, 1H), 
4.35 (dd, J = 5.0, 5.0 Hz, 1H), 4.31 (dd, J = 5.1, 5.1 Hz, 1H), 4.20 – 4.15 (m, 1H), 4.15 – 4.10 (m, 
2H). 
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13C NMR (151 MHz, D2O): δ 163.4, 154.2, 142.7, 96.2, 89.2, 83.1 (d, J = 9.5 Hz), 74.3, 69.3, 
64.4 (d, J = 5.2 Hz). 
31P NMR (243 MHz, D2O): δ 33.2 (d, J = 30.6 Hz), -11.8 (d, J = 30.8 Hz). 

HRMS [ESI] C9H15N3O10P2S ([M-H]-) calculated 417.9881 found 417.9879. 

 
Compound 48 

 
5′-O-uridine-triammonium-diphosphoro-b-thioate 
Compound 48 was obtained according to general procedure (Method B) from uridine 
monophosphate sodium salts (0.05 mmol, 18.5 mg) using Hs-UMP-CMPK (2.5 mg, 0.23 mol%) 
as monophosphate kinase. The concentration of substrate is 2.5 mM (using 20 mL buffer) DTT 
was used as additive (final concentration 10 mM). The crude product was purified by ion-exchange 
chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 30:70) to afford 13.5 
mg of the title compound after lyophilization (Yield = 56%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 7.73 (d, J = 8.1 Hz, 1H), 5.74 (br, 1H), 5.72 (d, J = 4.6 Hz, 1H), 
4.18 (ddd, J = 10.0, 5.1, 5.1 Hz, 2H), 4.07 – 4.03 (m, 1H), 4.02 – 3.97 (m, 2H). 
13C NMR (151 MHz, D2O): δ 166.3, 151.9, 141.8, 102.7, 88.2, 83.4 (d, J = 9.4 Hz), 73.8, 69.7, 
64.7 (d, J = 5.5 Hz). 
31P NMR (243 MHz, D2O): δ 33.3 (d, J = 30.5 Hz), -11.8 (d, J = 30.6 Hz). 

HRMS [ESI] C9H14N2O11P2S ([M-H]-) calculated 418.9721 found 418.9723. 

 
Compound 49 

 
5′-O-deoxycytidine-triammonium-diphosphoro-b-thioate 
Compound 49 was obtained according to general procedure (Method B) from deoxycytidine 
monophosphate (0.05 mmol, 16.2 mg) using Bs-CMPK (2.5 mg, 0.20 mol%) as monophosphate 
kinase. DTT was used as additive (final concentration 10 mM). The crude product was purified by 
ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 30:70) 
to afford 11.4 mg of the title compound after lyophilization (Yield = 50%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.01 (d, J = 7.6 Hz, 1H), 6.33 (t, J = 6.5 Hz, 1H), 6.13 (d, J = 7.5 
Hz, 1H), 4.69 (dt, J = 6.4, 3.9 Hz, 1H), 4.27 – 4.22 (m, 1H), 4.22 – 4.14 (m, 2H), 2.41 (ddd, J = 
14.0, 6.4, 4.3 Hz, 1H), 2.33 (ddd, J = 13.7, 6.6, 6.6 Hz, 1H). 
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13C NMR (151 MHz, D2O): δ 165.8, 157.1, 142.0, 96.5, 85.8, 85.5 (d, J = 9.0 Hz), 70.4, 64.8 (d, 
J = 5.5 Hz), 39.2. 
31P NMR (243 MHz, D2O): δ 33.1 (d, J = 31.0 Hz), -11.8 (d, J = 31.0 Hz). 

HRMS [ESI] C9H15N3O9P2S ([M-H]-) calculated 401.9932 found 401.9927. 

 

9.4 Nucleosides a-thio triphosphate 

Compound 50 

 
5′-O-adenosine-tetrammonium (S)-triphosphoro-a-thioate 
Compound 50 was obtained according to general procedure (Method C) from adenosine (0.05 
mmol, 13.4 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase, Sc-AK (2.5 mg, 0.21 
mol%) as monophosphate kinase, Tm-AcK (2.5 mg, 0.16 mol%) as acetate kinase. The crude 
product was purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, 
from 0:100 to 40:60) to afford 17.3 mg of the title compound after lyophilization (Yield = 58%, 
dr = 12:1). The absolute configuration at phosphorus was determined by comparison with standard 
compounds using HPLC. 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.46 (s, 1H), 8.07 (s, 1H), 5.98 (d, J = 5.4 Hz, 1H), 4.63 (dd, J = 5.3, 
5.3 Hz, 1H), 4.44 (dd, J = 4.6, 4.6 Hz, 1H), 4.28 – 4.24 (m, 1H), 4.22 – 4.09 (m, 2H). 
13C NMR (151 MHz, D2O): δ 154.6, 151.5, 148.9, 140.5, 118.4, 87.0, 83.9 (d, J = 9.7 Hz), 74.5, 
70.5, 65.2 (d, J = 6.5 Hz). 
31P NMR (243 MHz, D2O): δ 43.3 (d, J = 27.0 Hz), -6.3 (d, J = 20.5 Hz), -22.7 (dd, J = 23.8, 23.8 
Hz). 

HRMS [ESI] C10H16N5O12P3S ([M-H]-) calculated 521.9656 found 521.9658. 

Retention time: 1.39 min (HPLC method 1) 
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Compound 51 

 
5′-O-guanosine-tetrammonium (S)-triphosphoro-a-thioate 
Compound 51 was obtained according to general procedure (Method C) from guanosine (0.05 
mmol, 14.2 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase, Bf-GMPK (2.5 mg, 0.20 
mol%) as monophosphate kinase, Tm-AcK (2.5 mg, 0.16 mol%) as acetate kinase. The crude 
product was purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, 
from 0:100 to 50:50) to afford 20.0 mg of the title compound after lyophilization (Yield = 66%, 
dr > 19:1). The absolute configuration at phosphorus was determined by comparison with standard 
compounds using 1H NMR. 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.17 (s, 1H), 5.86 (d, J = 6.2 Hz, 1H), 4.74 (dd, J = 6.2, 5.2 Hz, 1H), 
4.51 (dd, J = 5.2, 3.2 Hz, 1H), 4.33 – 4.28 (m, 1H), 4.24 (ddd, J = 11.2, 7.6, 3.3 Hz, 1H), 4.19 (ddd, 
J = 11.6, 5.9, 3.6 Hz, 1H). 
13C NMR (151 MHz, D2O): δ 158.9, 153.9, 151.7, 137.9, 116.1, 86.7, 83.7 (d, J = 9.4 Hz), 73.7, 
70.3, 65.1 (d, J = 6.5 Hz). 
31P NMR (243 MHz, D2O): δ 43.5 (d, J = 26.8 Hz), -10.1 (d, J = 19.5 Hz), -23.9 (dd, J = 23.3, 
23.3 Hz). 

HRMS [ESI] C10H16N5O13P3S ([M-H]-) calculated 537.9605 found 537.9601. 
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Compound 52 

 
5′-O-2-fluoroadenosine-tetrammonium (S)-triphosphoro-a-thioate 

Compound 52 was obtained according to general procedure (Method C) from 2-F-adenosine (0.05 
mmol, 14.3 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase, Sc-AK (2.5 mg, 0.21 
mol%) as monophosphate kinase, Tm-AcK (2.5 mg, 0.16 mol%) as acetate kinase. The crude 
product was purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, 
from 0:100 to 40:60) to afford 15.2 mg of the title compound after lyophilization (Yield = 50%, 
dr = 12:1). The absolute configuration at phosphorus was determined by comparison with standard 
compounds using HPLC. 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.60 (s, 1H), 6.02 (d, J = 5.6 Hz, 1H), 4.61 (dd, J = 5.1, 3.6 Hz, 1H), 
4.44 – 4.40 (m, 1H), 4.35 (ddd, J = 10.9, 7.7, 2.9 Hz, 1H), 4.27 (ddd, J = 11.7, 5.4, 3.0 Hz, 1H). 
13C NMR (151 MHz, D2O): δ 159.7, 158.3, 157.1 (d, J = 19.6 Hz), 150.5 (d, J = 18.6 Hz), 140.3, 
116.9, 86.9, 83.9 (d, J = 9.4 Hz), 74.3, 70.4, 65.1 (d, J = 6.5 Hz). 
31P NMR (243 MHz, D2O): δ 43.32 (d, J = 27.0 Hz), -6.27 (d, J = 19.8 Hz), -22.73 (dd, J = 22.6, 
22.6 Hz). 
19F NMR (565 MHz, D2O): δ -53.0. 

HRMS [ESI] C10H15FN5O12P3S ([M-H]-) calculated 539.9562 found 539.9560. 

Retention time: 3.55 min (HPLC method 2) 
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Compound 53 

 
5′-O-2-aminoadenosine-tetrammonium (S)-triphosphoro-a-thioate 

Compound 53 was obtained according to general procedure (Method C) from 2-aminoadenosine 
(0.05 mmol, 14.1 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase, Sc-AK (2.5 mg, 
0.21 mol%) as monophosphate kinase, Tm-AcK (2.5 mg, 0.16 mol%) as acetate kinase. The crude 
product was purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, 
from 0:100 to 50:50) to afford 4.6 mg of the title compound after lyophilization (Yield = 16%, dr 
= 9:1). The absolute configuration at phosphorus was determined by comparison with standard 
compounds using HPLC. 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.29 (s, 1H), 5.91 (d, J = 5.8 Hz, 1H), 4.71 – 4.66 (m, 1H), 4.58 – 
4.52 (m, 1H), 4.40 – 4.37 (m, 1H), 4.36 – 4.26 (m, 2H). 
13C NMR (151 MHz, D2O): δ 156.4, 152.9, 150.9, 138.4, 111.8, 86.6, 83.5 (d, J = 9.6 Hz), 74.0, 
70.2, 65.1 (d, J = 6.4 Hz). 
31P NMR (243 MHz, D2O): δ 43.8 (d, J = 27.5 Hz), -10.0 (br), -23.5 (br). 

HRMS [ESI] C10H17N6O12P3S ([M-H]-) calculated 536.9765 found 536.9766. 

Retention time: 1.19 min (HPLC method 2) 
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5′-O-deoxycytidine-tetrammonium (R)-triphosphoro-a-thioate 
Compound 54 was obtained according to general procedure (Method D) from deoxycytidine (0.05 
mmol, 11.4 mg) using Dm-dNK (2.5 mg, 0.17 mol%) as nucleoside kinase, Bs-CMPK (2.5 mg, 
0.20 mol%) as monophosphate kinase, Ec-AcK (2.5 mg, 0.20 mol%) as acetate kinase. The crude 
product was purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, 
from 0:100 to 35:65) to afford 16.1 mg of the title compound after lyophilization (Yield = 58%, 
dr = 11:1). The absolute configuration at phosphorus was determined by comparison with standard 
compounds using HPLC. 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.18 (d, J = 7.8 Hz, 1H), 6.30 (t, J = 6.5 Hz, 1H), 6.26 (d, J = 7.8 
Hz, 1H), 4.65 (dt, J = 6.8, 3.7 Hz, 1H), 4.33 – 4.22 (m, 2H), 2.46 (ddd, J = 14.1, 6.3, 3.9 Hz, 1H), 
2.38 (ddd, J = 14.1, 6.5, 6.5 Hz, 1H). 
13C NMR (151 MHz, D2O): δ 161.9, 152.0, 143.5, 95.8, 86.3, 85.8 (d, J = 9.7 Hz), 70.6, 65.4 (d, 
J = 6.1 Hz), 39.4. 
31P NMR (243 MHz, D2O): δ 43.4 (d, J = 27.3 Hz), -10.8 (d, J = 19.2 Hz), -24.0 (dd, J = 27.0, 
19.1 Hz). 

HRMS [ESI] C9H16N3O12P3S ([M-H]-) calculated 481.9595 found 481.9593. 
Retention time: 3.22 min (HPLC method 2) 
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5′-O-cytidine-tetrammonium (R)-triphosphoro-a-thioate 
Compound 55 was obtained according to general procedure (Method D) from cytidine (0.05 mmol, 
12.2 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase, Bs-CMPK (2.5 mg, 0.20 mol%) 
as monophosphate kinase, Ec-AcK (2.5 mg, 0.20 mol%) as acetate kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 35:65) to afford 12.0 mg of the title compound after lyophilization (Yield = 42%, dr = 10:1). 
The absolute configuration at phosphorus was determined by comparison with standard 
compounds using HPLC. 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.07 (d, J = 7.6 Hz, 1H), 6.18 (d, J = 7.7 Hz, 1H), 6.01 (d, J = 4.4 
Hz, 1H), 4.43 (dd, J = 4.9, 4.9 Hz, 1H), 4.38 – 4.33 (m, 2H), 4.33 – 4.28 (m, 2H). 
13C NMR (151 MHz, D2O): δ 165.7, 157.1, 141.8, 96.6, 89.1, 82.7 (d, J = 9.7 Hz), 74.2, 69.3, 
64.9 (d, J = 5.5 Hz). 
31P NMR (243 MHz, D2O): δ 43.4 (d, J = 27.8 Hz), -10.0 (d, J = 20.7 Hz), -23.8(dd, J = 28.0, 
20.5 Hz). After hexokinase purification, 31P NMR data collected was less resolved, some J values 
were collected from sample before hexokinase purification. 

HRMS [ESI] C9H16N3O13P3S ([M-H]-) calculated 497.9544 found 497.9593. 
Retention time: 2.83 min (HPLC method 2) 
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5′-O-uridine-tetrammonium (R)-triphosphoro-a-thioate 
Compound 56 was obtained according to general procedure (Method D) from uridine (0.05 mmol, 
12.2 mg) using Ta-NK (2.5 mg, 0.16 mol%) as nucleoside kinase, Bs-CMPK (2.5 mg, 0.20 mol%) 
as monophosphate kinase, Ec-AcK (2.5 mg, 0.20 mol%) as acetate kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 35:65) to afford 4.6 mg of the title compound after lyophilization (Yield = 16%, dr > 19:1). 
The absolute configuration at phosphorus was determined by comparison with standard 
compounds using HPLC. 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.04 (d, J = 7.9 Hz, 1H), 6.00 (dd, J = 10.4, 6.6 Hz, 2H), 4.49 – 4.40 
(m, 2H), 4.35 – 4.28 (m, 3H). 
13C NMR (151 MHz, D2O): δ 166.3, 151.9, 141.9, 102.6, 88.1, 83.2 (d, J = 9.7 Hz), 73.7, 69.7, 
65.3 (d, J = 5.9 Hz). 
31P NMR (243 MHz, D2O): δ 43.4 (d, J = 29.8 Hz),-8.9 (d, J = 19.9 Hz), -23.2 (dd, J = 30.0, 20.0 
Hz). After hexokinase purification, 31P NMR data collected was less resolved, J values were 
collected from sample before hexokinase purification. 

HRMS [ESI] C9H15N2O14P3S ([M-H]-) calculated 498.9384 found 498.9389. 
Retention time: 4.26 min (HPLC method 2) 
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5′-O-thymidine-tetrammonium (R)-triphosphoro-a-thioate 
Compound 57 was obtained according to general procedure (Method D) from thymidine (0.05 
mmol, 12.1 mg) using Dm-dNK (2.5 mg, 0.17 mol%) as nucleoside kinase, Ec-TmK (2.5 mg, 0.21 
mol%) as monophosphate kinase, Ec-AcK (2.5 mg, 0.20 mol%) as acetate kinase. The crude 
product was purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, 
from 0:100 to 35:65) to afford 11.9 mg of the title compound after lyophilization (Yield = 42%, 
dr > 19:1). The absolute configuration at phosphorus was determined by comparison with standard 
compounds using HPLC. 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 7.80 (s, 1H), 6.37 (dd, J = 7.7, 6.3 Hz, 1H), 4.69 (dt, J = 6.1, 3.1 Hz, 
1H), 4.30 – 4.25 (m, 2H), 4.25 – 4.20 (m, 1H), 2.41 (ddd, J = 14.0, 7.8, 6.1 Hz, 1H), 2.35 (ddd, J 
= 14.1, 6.3, 3.2 Hz, 1H), 1.96 (s, 3H). 
13C NMR (151 MHz, D2O): δ 166.6, 151.8, 137.4, 111.8, 85.4 (d, J = 9.8 Hz), 84.9, 71.1, 65.9 (d, 
J = 6.2 Hz), 38.6, 11.7. 
31P NMR (243 MHz, D2O): δ 43.0 (d, J = 28.5 Hz), -10.7 (d, J = 19.8 Hz), -23.9 (dd, J = 28.5, 
19.8 Hz). After hexokinase purification, 31P NMR data collected was less resolved, J values were 
collected from sample before hexokinase purification. 

HRMS [ESI] C10H17N2O13P3S ([M-H]-) calculated 496.9591 found 496.9590. 
Retention time: 3.03 min (HPLC method 2) 

 
 

Compound 58 

O N

HO

OP
O

O
S-

PO
O

O-
P
O

-O O-

NH
O

O
Me

NH4+ NH4+NH4+
NH4+

isomer RP 

isomer SP 

enzymatic reaction 



 100 

 
5′-O-2′-deoxy-2′-fluorocytidine-tetrammonium (R)-triphosphoro-a-thioate 
Compound 58 was obtained according to general procedure (Method D) from 2′-deoxy-2′-
fluorocytidine (0.05 mmol, 12.3 mg) ) using Dm-dNK (2.5 mg, 0.17 mol%) as nucleoside kinase, 
Bs-CMPK (2.5 mg, 0.20 mol%) as monophosphate kinase, Ec-AcK (2.5 mg, 0.20 mol%) as acetate 
kinase. The crude product was purified by ion-exchange chromatography on DEAE Sephadex (1 
M NH4HCO3/water, from 0:100 to 35:65) to afford 15.0 mg of the title compound after 
lyophilization (Yield = 53%, dr = 9:1). The absolute configuration at phosphorus was determined 
by comparison with standard compounds using HPLC. 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.15 (d, J = 7.3 Hz, 1H), 6.30 (brs, 1H), 6.10 (d, J = 16.7 Hz, 1H), 
5.16 (dd, J = 52.1, 4.0 Hz, 1H), 4.59 – 4.44 (m, 2H), 4.38 – 4.29 (m, 2H). 
13C NMR (151 MHz, D2O): δ 163.3, 153.3, 142.6, 94.4, 93.1, 88.5 (d, J = 34.5 Hz), 81.2 (d, J = 
9.6 Hz), 67.2 (d, J = 16.1 Hz), 63.4 (d, J = 4.7 Hz). 
31P NMR (243 MHz, D2O): δ 43.4 (d, J = 27.0 Hz), -10.3 (d, J = 19.3 Hz), -23.4 (dd, J = 27.2, 
19.6 Hz). After hexokinase purification, 31P NMR data collected was less resolved, J values were 
collected from sample before hexokinase purification. 
19F NMR (565 MHz, D2O): δ -203.3 (ddd, J = 52.1, 23.6, 16.6 Hz). 

HRMS [ESI] C9H15FN3O12P3S ([M-H]-) calculated 499.9501 found 499.9501. 

Retention time: 2.69 min (HPLC method 2) 
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5′-O-gemcitabine-tetrammonium (R)-triphosphoro-a-thioate 
Compound 59 was obtained according to general procedure (Method C) from gemcitabine (0.05 
mmol, 13.2 mg) using Dm-dNK (2.5 mg, 0.17 mol%) as nucleoside kinase, Bs-CMPK (2.5 mg, 
0.20 mol%) as monophosphate kinase, Ec-AcK (2.5 mg, 0.20 mol%) as acetate kinase. The crude 
product was purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, 
from 0:100 to 40:60) to afford 15.6 mg of the title compound after lyophilization (Yield = 53%, 
dr = 9:1). The absolute configuration at phosphorus was determined by comparison with standard 
compounds using HPLC. 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 7.92 (d, J = 7.6 Hz, 1H), 6.27 – 6.21 (m, 1H), 6.13 (d, J = 7.6 Hz, 
1H), 4.63 – 4.52 (m, 1H), 4.49 – 4.32 (m, 2H), 4.24 – 4.14 (m, 1H). 
13C NMR (151 MHz, D2O): δ 166.3, 157.3, 141.2, 124.9 – 120.4 (m), 96.8, 85.0 – 84.1 (m), 78.7 
(t, J = 9.2 Hz), 68.3 – 67.7 (m), 63.1 (d, J = 5.3 Hz). 
31P NMR (243 MHz, D2O): δ 43.1 (d, J = 28.6 Hz), -6.3, -22.9. Coupling constants for the latter 
two multiplets are not well resolved but are likely to have similar values as its other derivatives 
reported in this work. 
19F NMR (565 MHz, D2O): δ -117.3 – -119.0 (m). 

HRMS [ESI] C9H14F2N3O12P3S ([M-H]-) calculated 517.9406 found 517.9408. 

Retention time: 2.63 min (HPLC method 2) 
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Compound 60 

 
RP-adenosine-3′,5′-cyclic monophosphorothioate 
Compound 60 was obtained according to general procedure (Method H) from adenosine (0.05 
mmol, 13.2 mg) using Ta-NK (2.5 mg, 0.17 mol%) as nucleoside kinase, Sc-AK (2.5 mg, 0.20 
mol%) as monophosphate kinase, Ec-AcK (2.5 mg, 0.20 mol%) as acetate kinase, Ar-Ac (2.5 mg, 
0.13 mol%) as nucleoside cyclase. The crude product was purified by ion-exchange 
chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 40:60) to afford 6.7 
mg of the title compound after lyophilization (Yield = 37%, dr = 10:1). The absolute configuration 
at phosphorus should be opposite to SP-ATPaS based on SN2 mechanism. 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.27 (s, 1H), 8.26 (s, 1H), 6.19 (s, 1H), 4.88 – 4.84 (m, 1H), 4.54 
(ddd, J = 20.3, 8.7, 4.1 Hz, 1H), 4.42 (dtd, J = 19.7, 10.5, 4.6 Hz, 2H). There is one H buried 
underneath D2O. 
13C NMR (151 MHz, D2O): δ 155.6, 153.0, 148.5, 139.9, 118.9, 91.2, 76.0 (d, J = 6.7 Hz), 72.2 
(d, J = 7.5 Hz), 71.4 (d, J = 5.4 Hz), 67.7 (d, J = 9.6 Hz). 
31P NMR (243 MHz, D2O): δ 55.9 

HRMS [ESI] C10H12N5O5PS ([M-H]-) calculated 344.0224 found 344.0223. 
 

Compound 61 

 
RP-2-fluoroadenosine-3′,5′-cyclic monophosphorothioate 
Compound 61 was obtained according to general procedure (Method H) from adenosine (0.05 
mmol, 13.2 mg) using Ta-NK (2.5 mg, 0.17 mol%) as nucleoside kinase, Sc-AK (2.5 mg, 0.20 
mol%) as monophosphate kinase, Ec-AcK (2.5 mg, 0.20 mol%) as acetate kinase, Ar-Ac (2.5 mg, 
0.13 mol%) as nucleoside cyclase. The crude product was purified by ion-exchange 
chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 40:60) to afford 4.4 
mg of the title compound after lyophilization (Yield = 23%, dr = 10:1). The absolute configuration 
at phosphorus should be opposite to SP-ATPaS based on SN2 mechanism. 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.18 (s, 1H), 6.08 (s, 1H), 4.86 – 4.80 (m, 1H), 4.74 (d, J = 5.3 Hz, 
1H), 4.53 (ddd, J = 20.5, 9.3, 4.7 Hz, 1H), 4.41 (dtt, J = 25.0, 10.2, 4.1 Hz, 2H).There is one H 
mixed with D2O. 
13C NMR (151 MHz, D2O): δ 158.9 (d, J = 211.2 Hz), 157.1 (d, J = 19.5 Hz), 149.6, 140.0, 117.1, 
91.1, 75.9 (d, J = 6.6 Hz), 72.1 (d, J = 7.5 Hz), 71.4 (d, J = 5.5 Hz), 67.6 (d, J = 9.5 Hz). 
19F NMR (565 MHz, D2O): δ -52.9. 
31P NMR (243 MHz, D2O): δ 55.8 
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HRMS [ESI] C10H11FN5O5PS ([M-H]-) calculated 362.0130 found 362.0130. 
 

9.6 Other biomolecules thiophosphate and derivatives  
Compound 62 

 
p-nitrobenzyl protected-6-O-glucose-ammonium monophosphorothioate 
Compound 62 was obtained according to general procedure (Method E) from D-glucose (0.05 
mmol, 9.0 mg) using Sc-hexokinase (75U) as sugar kinase. NMR yield of thiophosphorylation is 
86%. After one-pot protection, the crude product was first purified by ion-exchange 
chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 20:80) and then further 
purified by reverse phase chromatography on C18 column (methanol/water, from 0:100 to 100:0) 
to afford 12.8 mg of the title compound after lyophilization (Yield = 60%, a:b = 9:11). Isomers 
were assigned based on coupling constants of the anomeric proton. 
Physical state: white solid 
1H NMR (600 MHz, D2O): 1H NMR (600 MHz, D2O) δ 8.26 – 8.21 (m, 2H), 7.67 – 7.62 (m, 2H), 
5.14 (d, J = 3.8 Hz, 1H, a isomer), 4.55 (d, J = 8.0 Hz, 0.55H, b isomer), 4.06 (d, J = 13.8 Hz, 
2H), 4.00 – 3.95 (m, 1H, b isomer), 3.93 – 3.81 (m, 1H, a+b isomer), 3.66 – 3.58 (m, 
1H, a+b isomer), 3.49 – 3.46 (m, 1H, a isomer), 3.44 – 3.38 (m, 1H, b isomer), 3.38 – 3.27 (m, 
2H, a+b isomer), 3.24 – 3.19 (m, 1H, b isomer).  
13C NMR (151 MHz, D2O): δ 146.7(a+b isomer), 146.6(a+b isomer), 129.9 (b isomer), 
129.8 (a isomer), 123.9 (a isomer), 123.9 (b isomer), 95.9 (b isomer), 92.0 (a isomer), 
75.5(b isomer), 74.5 (a+b isomer), 74.0 (b isomer), 72.5 (a isomer), 71.4 (a isomer), 70.1 
(a+b isomer), 69.5 (a isomer), 69.3 (b isomer), 64.6 (a+b isomer), 33.5 (a+b isomer). 
31P NMR (243 MHz, D2O): δ 20.1. 

HRMS [ESI] C13H18NO10PS ([M-H]-) calculated 410.0316 found 410.0315. 

 
Compound 63 

 
p-nitrobenzyl protected-6-O-2-glucosamine-ammonium monophosphorothioate 
Compound 63 was obtained according to general procedure (Method E) from D-glucosamine 
hydrochloride (0.05 mmol, 10.8 mg) using Sc-hexokinase (75U) as sugar kinase. NMR yield of 
thiophosphorylation is 68%. After one-pot protection, the crude product was first purified by ion-
exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 20:80) and 
then further purified by reverse phase chromatography on C18 column (methanol/water, from 
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0:100 to 100:0) to afford 4.1 mg of the title compound after lyophilization (Yield = 19%, a:b = 
3:2). Isomers were assigned based on coupling constants of the anomeric proton. 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.22 (d, J = 8.5 Hz, 2H), 7.63 (dd, J = 8.5, 6.3 Hz, 2H), 5.29 (d, J = 
3.5 Hz, 1H, a isomer), 4.69 (d, J = 8.3 Hz, 1H, b isomer), 4.06 (d, J = 10.5 Hz, 2H, a+b isomer), 
3.99 – 3.93 (m, 1H, b isomer), 3.91 – 3.85 (m, 1H, a+b isomer), 3.85 – 3.79 (m, 1H, a isomer), 
3.71 (dd, J = 10.5, 9.1 Hz, 1H, a isomer), 3.59 – 3.53 (m, 1H, a isomer), 3.50 – 3.45 (m, 
1H, b isomer), 3.42 – 3.30 (m, 2H, mixtures of two isomers), 3.10 (dd, J = 10.5, 3.6 Hz, 
1H, a isomer), 2.79 (dd, J = 10.3, 8.3 Hz, 1H, b isomer). 
13C NMR (151 MHz, D2O): δ 147.3 (d, J = 3.9 Hz, a isomer), 147.1 (d, J = 3.9 Hz, b isomer), 
146.7 (b isomer), 146.6 (a isomer), 129.8, 123.9 (a isomer), 123.8 (b isomer),94.5 (b isomer), 
89.8 (a isomer), 74.7 (d, J = 9.2 Hz, b isomer), 73.5 (b isomer), 70.3 ( a+b isomer), 
70.2 (a isomer), 69.5 ( a+b isomer), 69.4 (b isomer), 56.9 (b isomer), 54.4 (a isomer), 33.5 (d, J 
= 3.6 Hz, a+b isomer). 
31P NMR (243 MHz, D2O): δ 20.1 (a isomer), 20.0 (b isomer). 

HRMS [ESI] C13H18N2O9PS ([M-H]-) calculated 409.0476 found 409.0475. 
 

Compound 64 

 
p-nitrobenzyl protected-6-O-mannose-ammonium monophosphorothioate 
Compound 64 was obtained according to general procedure (Method E) from D-mannose (0.05 
mmol, 9.0 mg) using Sc-hexokinase (75U) as sugar kinase. NMR yield of thiophosphorylation is 
72%. After one-pot protection, the crude product was first purified by ion-exchange 
chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 20:80) and then further 
purified by reverse phase chromatography on C18 column (methanol/water, from 0:100 to 100:0) 
to afford 12.4 mg of the title compound after lyophilization (Yield = 58%, a:b = 3:1). Isomers 
were assigned based on chemical shifts and coupling constants of the anomeric proton and related 
reference8. 
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.25 – 8.19 (m, 2H), 7.67 – 7.61 (m, 2H), 5.08 (d, J = 1.8 Hz, 1H, 
a isomer), 4.79 (overlaps with D2O, 1H, b isomer), 4.06 (d, J = 10.8 Hz, 2H, a+b isomer), 4.02 – 
3.89 (m, 1H, a+b isomer), 3.88 –3.85 (m, a isomer), 3.85 – 3.76 (m, 1H, a+b isomer), 3.73 (dd, 
J = 9.6, 3.4 Hz, 1H, , a isomer), 3.59 – 3.47 (m, 1H, , a+b isomer), 3.46 – 3.39 (m, 1H, a isomer), 
3.20 (ddd, J = 9.1, 6.4, 2.1 Hz, 1H, b isomer). 
13C NMR (151 MHz, D2O): δ 147.2(d, J = 3.6 Hz, a+b isomer), 146.6 (a+b isomer), 
129.9 (b isomer), 129.8 (a isomer), 123.9 (a isomer), 123.8 (a isomer), 93.9 (a isomer), 
93.7(a isomer), 74.8 (d, J = 8.4 Hz, a isomer), 72.9 (b isomer), 71.1(a isomer), 71.0 
(b isomer),70.5(a isomer), 70.0 (a isomer), 66.6 (a isomer),66.3 (b isomer),, 64.9 (a+b isomer), 
33.5 (d, J = 3.5 Hz, a+b isomer),. 
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31P NMR (243 MHz, D2O): δ 20.2 (a isomer), 20.1 (b isomer). 

HRMS [ESI] C13H18NO10PS ([M-H]-) calculated 410.0316 found 410.0314. 

 
Compound 65 

 
p-nitrobenzyl protected-6-O-fructose-ammonium monophosphorothioate 
Compound 65 was obtained according to general procedure (Method E) from D-fructose (0.05 
mmol, 9.0 mg) using Sc-hexokinase (75U) as sugar kinase. NMR yield of thiophosphorylation is 
80%. After one-pot protection, the crude product was first purified by ion-exchange 
chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 20:80) and then further 
purified by reverse phase chromatography on C18 column (methanol/water, from 0:100 to 100:0) 
to afford 16.2 mg of the title compound after lyophilization (Yield = 76%, dr = 4:1).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.23 (m, 2H), 7.67 – 7.61 (m, 2H), 4.09 – 3.97 (m, 4H), 3.85 – 3.65 
(m, 2H), 3.60 – 3.47 (m, 3H). 
13C NMR (151 MHz, D2O): δ 147.3, 147.2, 146.6, 129.8, 123.8, 104.5, 101.6, 81.6, 78.9, 78.9, 
76.1, 75.0, 74.4, 66.2, 66.1, 62.7, 62.5, 33.5, 33.5. 
31P NMR (243 MHz, D2O): δ 19.9 (minor), 19.8 (major)  

HRMS [ESI] C13H18NO10PS ([M-H]-) calculated 410.0316 found 410.0314. 

 
Compound 66 

 
p-nitrobenzyl protected-1-O-galactose-ammonium monophosphorothioate 
Compound 66 was obtained according to general procedure (Method E) from D-galactose (0.05 
mmol, 9.0 mg) using Ec-GalK Y371H (5.0 mg, 0.24 mol%) as sugar kinase. NMR yield of 
thiophosphorylation is 83%. After one-pot protection, the crude product was first purified by ion-
exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 20:80) and 
then further purified by reverse phase chromatography on C18 column (methanol/water, from 
0:100 to 100:0) to afford 8.7 mg of the title compound after lyophilization (Yield = 41%). The 
configuration of the anomeric carbon was assigned based on chemical shift of the anomeric proton 
and coupling constant9.  
Physical state: white solid 
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1H NMR (600 MHz, D2O): δ 8.25 – 8.19 (m, 2H), 7.68 – 7.62 (m, 2H), 5.59 (dd, J = 8.7, 3.7 Hz, 
1H), 4.16 – 4.14 (m, 1H), 4.13 – 4.11 (m, 1H), 3.92 – 3.88 (m, 1H), 3.86 – 3.78 (m, 2H), 3.71 (dd, 
J = 10.3, 3.4 Hz, 1H), 3.69 – 3.66 (m, 2H). 
13C NMR (151 MHz, D2O): δ 147.1 (d, J = 5.1 Hz), 146.6, 129.9, 123.8, 95.6 (d, J = 7.2 Hz), 
71.8, 69.0, 69.0, 68.0 (d, J = 7.8 Hz), 60.7, 33.7 (d, J = 3.7 Hz). 
31P NMR (243 MHz, D2O): δ 18.2. 

HRMS [ESI] C13H18NO10PS ([M-H]-) calculated 410.0316 found 410.0316. 
 

Compound 67 

 
p-nitrobenzyl protected-1-O-galactose-ammonium monophosphorothioate 
Compound 67 was obtained according to general procedure (Method E) from 2-deoxy-D-
galactose (0.05 mmol, 8.4 mg) using Ec-GalK Y371H (5.0 mg, 0.24 mol%) as sugar kinase. NMR 
yield of thiophosphorylation is 60%. After one-pot protection, the crude product was first purified 
by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 20:80) 
and then further purified by reverse phase chromatography on C18 column (methanol/water, from 
0:100 to 100:0) to afford 7.4 mg of the title compound after lyophilization (Yield = 38%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): 8.27 – 8.22 (m, 2H), 7.68 – 7.63 (m, 2H), 5.59 – 5.54 (m, 1H), 4.12 – 
4.09 (m, 1H), 4.09 – 4.07 (m, 1H), 3.84 (t, J = 6.2 Hz, 1H), 3.79 – 3.73 (m, 2H), 3.68 – 3.64 (m, 
2H). 
13C NMR (151 MHz, D2O): δ 147.5 (d, J = 3.5 Hz), 146.7, 129.9, 123.8, 94.6 (d, J = 6.0 Hz), 
72.2, 67.5, 64.4, 61.3, 33.8 (d, J = 3.9 Hz), 31.8 (d, J = 6.5 Hz). 
31P NMR (243 MHz, D2O): δ 17.4. 

HRMS [ESI] C13H18NO9PS ([M-H]-) calculated 394.0367 found 394.0366. 

 
Compound 68 

 
1-O-shikimate-ammonium monophosphorothioate 
Compound 68 was obtained according to general procedure (Method E) from (-) shikimic acid 
(0.05 mmol, 8.7 mg) using Ec-AroL (2.5 mg, 0.26 mol%) as sugar kinase. The crude product was 
purified by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 
to 30:70) to afford 14.4 mg of the title compound after lyophilization (Yield = 95%).  
Physical state: white solid 
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1H NMR (600 MHz, D2O): δ 6.59 – 6.54 (m, 1H), 5.07 – 5.00 (m, 1H), 4.13 – 4.05 (m, 1H), 3.91 
(dd, J = 7.9, 4.1 Hz, 1H), 2.76 – 2.68 (m, 1H), 2.27 – 2.19 (m, 1H). 
13C NMR (151 MHz, D2O): δ 174.36, 134.66, 131.32 (d, J = 3.7 Hz), 70.64 (d, J = 4.1 Hz), 70.48 
(d, J = 5.5 Hz), 67.25. 
31P NMR (243 MHz, D2O): δ 48.1. 

HRMS [ESI] C7H11O7PS ([M-H]-) calculated 268.9890 found 268.9893. 

 
Compound 69 

 
p-nitrobenzyl protected-3-O-inositol-ammonium monophosphorothioate 
Compound 69 was obtained according to general procedure (Method E) from myo-inositol (0.05 
mmol, 9.0 mg) using Tk-I3P (5.0 mg, 0.33 mol%) as sugar kinase. NMR yield of 
thiophosphorylation is 62%. After one-pot protection, the crude product was first purified by ion-
exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 20:80) and 
then further purified by reverse phase chromatography on C18 column (methanol/water, from 
0:100 to 100:0) to afford 9.1 mg of the title compound after lyophilization (Yield = 43%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.25 – 8.20 (m, 2H), 7.67 – 7.62 (m, 2H), 4.17 (t, J = 2.9 Hz, 1H), 
4.13 (dd, J = 12.0, 5.5 Hz, 2H), 4.00 (td, J = 10.3, 2.8 Hz, 1H), 3.76 (t, J = 9.7 Hz, 1H), 3.65 (t, J 
= 9.7 Hz, 1H), 3.50 (dd, J = 10.0, 2.8 Hz, 1H), 3.32 (t, J = 9.4 Hz, 1H). 
13C NMR (151 MHz, D2O): δ 146.9 (d, J = 6.0 Hz), 146.7, 129.8, 123.9, 76.2 (d, J = 6.9 Hz), 
74.0, 72.2, 71.4, 71.2 (d, J = 6.0 Hz), 70.7, 33.5 (d, J = 3.6 Hz). 
31P NMR (243 MHz, D2O): δ 19.4. 

HRMS [ESI] C13H18NO10PS ([M-H]-) calculated 410.0316 found 410.0316. 
 

Compound 70 

 
p-nitrobenzyl protected-O- 2-(2-aminoethyl)phenol-ammonium monophosphorothioate 
Compound 70 was obtained according to general procedure (Method E) from 2-(2-
aminoethyl)phenol (0.05 mmol, 6.9 mg) using PsiK (2.5 mg, 0.11 mol%) as sugar kinase. NMR 
yield of thiophosphorylation is 70%. After one-pot protection, the crude product was first purified 
by ion-exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 20:80) 
and then further purified by reverse phase chromatography on C18 column (methanol/water, from 
0:100 to 100:0) to afford 14.2 mg of the title compound after lyophilization (Yield = 74%).  
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Physical state: white solid 
1H NMR (600 MHz, CD3OD): δ 8.09 – 8.04 (m, 2H), 7.55 – 7.50 (m, 2H), 7.41 – 7.37 (m, 1H), 
7.21 – 7.15 (m, 2H), 7.08 – 7.02 (m, 1H), 4.11 (d, J = 13.3 Hz, 2H), 3.12 (t, J = 7.7 Hz, 2H), 2.92 
(t, J = 7.6 Hz, 2H). 
13C NMR (151 MHz, D2O): δ 152.5 (d, J = 8.3 Hz), 148.5 (d, J = 4.8 Hz), 148.2, 131.5, 130.9, 
129.4 (d, J = 5.8 Hz), 129.3, 125.2, 124.4, 121.7 (d, J = 3.2 Hz), 40.8, 35.6 (d, J = 3.9 Hz), 29.7. 
31P NMR (243 MHz, D2O): δ 13.8. 

HRMS [ESI] C15H17N2O5PS ([M-H]-) calculated 367.0523 found 367.0524. 

 
Compound 71 

 
p-nitrobenzyl protected-O-(benzo[d][1,3]dioxol-5-yl)-ammonium monophosphorothioate 
Compound 71 was obtained according to general procedure (Method E) from sesamol (0.05 mmol, 
6.9 mg) using PsiK (2.5 mg, 0.11 mol%) as sugar kinase. NMR yield of thiophosphorylation is 
22%. After one-pot protection, the crude product was first purified by ion-exchange 
chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 20:80) and then further 
purified by reverse phase chromatography on C18 column (methanol/water, from 0:100 to 100:0) 
to afford 4.8 mg of the title compound after lyophilization (Yield = 25%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 8.09 (d, J = 8.3 Hz, 2H), 7.47 (d, J = 8.3 Hz, 2H), 6.68 – 6.64 (m, 
1H), 6.44 – 6.38 (m, 1H), 6.37 – 6.33 (m, 1H), 5.87 (s, 2H), 4.03 (d, J = 16.1 Hz, 2H). 
13C NMR (151 MHz, D2O): δ 147.1, 147.1, 146.4, 145.7 (d, J = 8.4 Hz), 143.4, 129.7, 123.6, 
113.0 (d, J = 4.6 Hz), 107.9, 102.8 (d, J = 4.8 Hz), 101.5, 34.1 (d, J = 4.3 Hz). 
31P NMR (243 MHz, D2O): δ 16.3 

HRMS [ESI] C14H12NO7PS ([M-H]-) calculated 367.9999 found 367.9998. 

 
9.7 NAD and NADP thiophosphate analogues 

Compound 72 

 
Nicotinamide adenine dinucleotide ammonium phosphoro-a-thioate  
Compound 72 was obtained according to general procedure (Method F) from adenosine (0.05 
mmol, 13.4 mg) using Ta-NK as nucleoside kinase, then with Ec-NAD mutant as dinucleotide 
synthase and Ec-IPYR as phosphatase. The crude product was purified by ion-exchange 
chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 25:75) and then further 

O

O
O

P
S

O
O- NO2

NH4+

HO

O-

S
P

H2N

N N

N O

OH

N O O N+

HO

OP
O

O
O-

OH
NH2

O

NH4+



 109 

purified by reverse phase chromatography on C18 column (methanol/water, from 0:100 to 100:0) 
to afford 10.7 mg of the title compound after lyophilization (Yield = 40%, single diastereomer).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 9.36 (s, 1H), 9.22 (d, J = 6.3 Hz, 1H), 8.85 (d, J = 8.1 Hz, 1H), 8.55 
(s, 1H), 8.23 (dd, J = 8.1, 6.3 Hz, 1H), 8.18 (d, J = 0.8 Hz, 1H), 6.12 (d, J = 5.5 Hz, 1H), 6.07 (d, 
J = 5.9 Hz, 1H), 4.82 – 4.80 (m, 1H), 4.60 – 4.55 (m, 2H), 4.53 (dd, J = 5.1, 3.5 Hz, 1H), 4.49 (dd, 
J = 5.0, 2.7 Hz, 1H), 4.45 (ddd, J = 12.0, 4.3, 2.5 Hz, 1H), 4.43 – 4.40 (m, 1H), 4.33 – 4.24 (m, 
3H). 
13C NMR (151 MHz, D2O): δ 165.3, 155.2, 152.5, 149.0, 145.7, 142.4, 140.1, 139.9, 133.6, 128.7, 
118.4, 100.0, 87.1 (d, J = 9.2 Hz), 86.8, 83.9 (d, J = 9.5 Hz), 77.5, 74.1, 70.8, 70.6, 65.4 (d, J = 
6.5 Hz), 65.0 (d, J = 5.5 Hz). 
31P NMR (243 MHz, D2O): δ 43.4 (d, J = 27.7 Hz), -12.3 (d, J = 27.7 Hz). 

HRMS [ESI] C21H27N7O13P2S ([M-H]-) calculated 678.0790 found 678.0787. 
 

Compound 73 

 
Nicotinamide 2-fluoro-adenine dinucleotide ammonium phosphoro-a-thioate  

Compound 73 was obtained according to general procedure (Method F) from 2-fluoroadenosine 
(0.05 mmol, 14.3 mg) using Ta-NK as nucleoside kinase, then with Ec-NAD mutant as 
dinucleotide synthase and Ec-IPYR as phosphatase. The crude product was purified by ion-
exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 25:75) and 
then further purified by reverse phase chromatography on C18 column (methanol/water, from 
0:100 to 100:0) to afford 6.6 mg of the title compound after lyophilization (Yield = 28%, dr = 
13:1).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 9.39 (s, 1H), 9.25 (dt, J = 6.3, 1.4 Hz, 1H), 8.89 (dt, J = 8.1, 1.5 Hz, 
1H), 8.48 (s, 1H), 8.27 (dd, J = 8.1, 6.3 Hz, 1H), 6.14 (d, J = 5.6 Hz, 1H), 5.95 (d, J = 5.8 Hz, 1H), 
4.76 (d, J = 5.5 Hz, 1H), 4.61 – 4.57 (m, 2H), 4.53 – 4.49 (m, 2H), 4.43 (ddd, J = 11.9, 4.3, 2.4 
Hz, 1H), 4.40 (p, J = 3.0 Hz, 1H), 4.33 – 4.21 (m, 3H). 
13C NMR (151 MHz, D2O): δ 165.3, 159.0 (d, J = 211.4 Hz), 157.0 (d, J = 19.7 Hz), 150.5 (d, J 
= 19.2 Hz), 145.8, 142.5, 140.1 (d, J = 2.7 Hz), 139.9, 133.7, 128.7, 116.7 (d, J = 3.7 Hz), 100.1, 
87.2 (d, J = 9.4 Hz), 86.9, 83.9 (d, J = 9.5 Hz), 77.5, 74.1, 70.8, 70.6, 65.4 (d, J = 6.4 Hz), 65.0 (d, 
J = 5.3 Hz). 
31P NMR (243 MHz, D2O): δ 43.3 (d, J = 27.9 Hz), -12.4 (d, J = 27.8 Hz). 
19F NMR (565 MHz, D2O): δ -52.6. 

HRMS [ESI] C21H26FN7O13P2S ([M-H]-) calculated 696.0696 found 696.0696. 
 

Compound 74 
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 Nicotinamide adenine dinucleotide ammonium phosphor-b-thioate  
Compound 74 was obtained according to general procedure (Method G) from nicotinamide 
riboside (0.05 mmol, 12.8 mg) using Km-NRK as nucleoside kinase, then with Hs-NMNAT as 
dinucleotide synthase and Ec-IPYR as phosphatase. The crude product was purified by ion-
exchange chromatography on DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 25:75) and 
then further purified by reverse phase chromatography on C18 column (methanol/water, from 
0:100 to 100:0) to afford 15.3 mg of two diastereoisomers of the title compound after lyophilization 
(Yield = 46%, dr = 1:1). 
Physical state: white solid 
Diastereomer 1 
1H NMR (600 MHz, D2O): δ 9.33 (s, 1H), 9.19 (dd, J = 6.3, 1.4 Hz, 1H), 8.83 (dd, J = 8.1, 1.5 
Hz, 1H), 8.46 (s, 1H), 8.23 – 8.18 (m, 1H), 8.16 (s, 1H), 6.08 (d, J = 5.5 Hz, 1H), 6.04 (d, J = 6.1 
Hz, 1H), 4.84 – 4.81 (m, 1H), 4.59 – 4.55 (m, 2H), 4.52 (dd, J = 5.3, 5.3 Hz, 1H), 4.48 – 4.45 (m, 
1H), 4.41 – 4.36 (m, 2H), 4.35 – 4.30 (m, 1H), 4.27 – 4.19 (m, 2H). 
13C NMR (151 MHz, D2O): δ 165.2, 155.4, 152.8, 149.1, 145.7, 142.4, 140.0, 139.8, 133.6, 128.6, 
118.4, 100.1, 87.1 (d, J = 9.9 Hz), 86.5, 83.9 (d, J = 9.4 Hz), 77.6, 73.9, 70.8, 70.5, 65.4 (d, J = 
5.4 Hz), 65.2 (d, J = 5.6 Hz). 
31P NMR (243 MHz, D2O): δ 43.3 (d, J = 27.2 Hz), -12.1 (d, J = 27.6 Hz). 
HRMS [ESI] C21H27N7O13P2S ([M-H]-) calculated 678.0790 found 678.0785. 
Diastereomer 2 
1H NMR (600 MHz, D2O): δ 9.35 (s, 1H), 9.26 (d, J = 6.3 Hz, 1H), 8.85 (d, J = 8.1 Hz, 1H), 8.46 
(s, 1H), 8.23 (dd, J = 8.1, 6.3 Hz, 1H), 8.19 (s, 1H), 6.12 (d, J = 5.4 Hz, 1H), 6.06 (d, J = 6.1 Hz, 
1H), 4.61 – 4.59 (m, 1H), 4.57 (dd, J = 5.2, 5.2 Hz, 1H), 4.55 – 4.50 (m, 1H), 4.49 – 4.45 (m, 1H), 
4.44 – 4.37 (m, 2H), 4.33 – 4.27 (m, 2H), 4.26 – 4.17 (m, 2H). 
13C NMR (151 MHz, D2O): δ 165.3, 155.5, 152.8, 149.1, 145.6, 142.5, 140.0, 139.8, 133.6, 128.7, 
118.5, 100.1, 87.0 (d, J = 10.0 Hz), 86.6, 83.9 (d, J = 9.3 Hz), 77.6, 74.0, 70.8, 70.5, 65.4 (d, J = 
5.6 Hz), 64.9 (d, J = 6.2 Hz). 
31P NMR (243 MHz, D2O): δ 43.2 (d, J = 28.7 Hz), -12.1 (d, J = 28.1 Hz). 

HRMS [ESI] C21H27N7O13P2S ([M-H]-) calculated 678.0790 found 678.0785. 
 

Compound 75 

 
Nicotinamide adenine dinucleotide triammonium-2′-phosphorothioate 
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Compound 75 was obtained according to general procedure (Method A) from NAD+ (0.05 mmol, 
33.1 mg) using Ec-NADK (5.0 mg, 0.30 mol%) as nucleoside kinase and Mn2+ (40 mol%, from 
MnSO4×xH2O) as cofactor. The crude product was purified by ion-exchange chromatography on 
DEAE Sephadex (1 M NH4HCO3/water, from 0:100 to 30:70) to afford 27.5 mg of the title 
compound after lyophilization (Yield = 70%).  
Physical state: white solid 
1H NMR (600 MHz, D2O): δ 9.30 (s, 1H), 9.12 (d, J = 6.2 Hz, 1H), 8.84 – 8.80 (m, 1H), 8.46 (s, 
1H), 8.20 (dd, J = 8.1, 6.2 Hz, 1H), 8.14 (s, 1H), 6.16 (d, J = 5.6 Hz, 1H), 6.05 (d, J = 5.6 Hz, 1H), 
5.19 (ddd, J = 10.7, 5.5, 5.5 Hz, 1H), 4.68 (dd, J = 4.8, 4.8 Hz, 1H), 4.52 (t, J = 2.6 Hz, 1H), 4.47 
(t, J = 5.3 Hz, 1H), 4.42 (dd, J = 5.1, 2.7 Hz, 1H), 4.39 (dt, J = 4.6, 2.4 Hz, 1H), 4.34 (ddd, J = 
12.0, 4.3, 2.4 Hz, 1H), 4.29 (ddd, J = 11.7, 5.0, 2.7 Hz, 1H), 4.26 – 4.18 (m, 2H). 
13C NMR (151 MHz, D2O): δ 165.1, 155.1, 152.3, 149.0, 145.7, 142.3, 140.6, 139.8, 133.6, 128.6, 
118.4, 100.0, 87.1 (d, J = 8.9 Hz), 86.2 (d, J = 7.1 Hz), 83.3 (d, J = 9.0 Hz), 77.6, 76.3 (d, J = 4.6 
Hz), 70.7, 70.0 (d, J = 3.0 Hz), 65.6 (d, J = 5.3 Hz), 64.9 (d, J = 5.1 Hz). 
31P NMR (243 MHz, D2O): δ 45.7, -11.3 (d, J = 20.6 Hz), -11.7 (d, J = 20.2 Hz). 

HRMS [ESI] C21H28N7O16P3S ([M-H]-) calculated 758.0453 found 758.0446. 
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10. Enzymatic Thiophosphorylation of Peptide and Characterization 

 
Peptide sequence of KK-15: KVEKIGEGTYGVVYK-NH2 
 

 
Peptide sequence of GK-14: GGGENWYNTLKRKK-NH2 
 
10.1 General procedure for peptide thiophosphorylation and analysis 
A 1-dram vial equipped with a magnetic stir bar was charged with peptide KK-15 or GK-14 (0.5 
mg, final concentration is roughly 0.3 mM) then dissolved in a buffer solution of Tris-HCl (0.1 M, 
pH 7.4) containing MnSO4 (final concentration is 5 mM for both peptides). To this solution, ADP 
(final concentration are 0.12 mM, 0.4 equiv for KK-15 and 0.4 mM, 1.3 equiv for GK-14), and 
LixCrPS (final concentration is 7.5 mM or 12 mM) were added sequentially from the 
corresponding stock solutions. The reaction mixture was stirred at room temperature for 1 min to 
mix, then SRC (final concentration is 21 µM, 7 mol%) or STK3 (final concentration is 18 µM, 6 
mol%) and Hb-CK (final concentration are 60 µM, 20 mol% for KK-15 or 24 µM, 8 mol% for 
GK-14) were added sequentially. The total volume is 1 mL (for KK-15) or 500 µL (for GK-14) 
and the reaction was stirred at 22 ºC or 30 ºC for 2-3 hours. After completion, 50 µL of the reaction 
mixture was diluted with H2O/MeOH solution (1:1, 950 µL) and centrifuged (12,000 rpm, 10 min). 
The supernatant was filtered through a syringe filter (0.22 µm) and analyzed by LC-MS and LC-
MS/MS. 
 
LC-MS was conducted on an Agilent Quadrupole-TOF LC/MS spectrometer with an Ascentis® 
Express Peptide ES-C18 column (15 cm × 2.1 mm, 2.7 µm). The flow rate was 0.4 mL/min and 
column temperature is 35 ºC. A gradient of water with 0.1% formic acid (A)/acetonitrile (B) was 
employed. Mass spectra were acquired from m/z 200-2000 under negative mode. 

Time (min) Solvent A (%) Solvent B (%) 
0 95 5 
10 50 50 
13 5 95 
16 5 95 

 
LC-MS/MS was conducted on an Agilent Quadrupole-TOF LC/MS spectrometer with an 
Ascentis® Express Peptide ES-C18 column (15 cm × 2.1 mm, 2.7 µm). The flow rate was 0.4 
mL/min. A gradient of water with 0.1% formic acid (A)/acetonitrile (B) was employed. Mass 
spectra were acquired from m/z 100-3000 under negative mode. MS/MS spectra were acquired 
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from identical m/z range using optimal MS/MS mode. The data was analyzed by mMass 
v.5.5.08810 with error threshold setting as 25 ppm.  
 

Time (min) Solvent A (%) Solvent B (%) 
0 95 5 
10 65 35 
13 5 95 
20 5 95 
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10.2 Results for peptide thiophosphorylation 

 
Figure S15. Chromatogram of intact peptide and modified peptide of KK-15. 
 

 
Figure S16. Comparison of intact peptide and modified peptide KK-15. 
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Figure S17. Selected MS/MS fragmentation of modified peptide KK-15.  

 
Figure S18. Selected b and y ions of modified peptide of KK-15. 
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Figure S19. Chromatogram of intact peptide and modified peptide of GK-14. 
 

 
Figure S20. Comparison of intact peptide and modified peptide GK-14. 



 117 

 
Figure S21. Selected MS/MS fragmentation of modified peptide GK-14. 

 
Figure S22. Selected b and y ions of modified peptide of GK-14. 
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Table S15. Mmodified peptide KK-15 fragments obtained from LC-MS/MS. 
fragmentation link m/z charge peptide Error (ppm) 
b5 [1-5] 598.3923 1 .KVEKI.g 15.7 
b9 -H2O [1-9] 462.7611 2 .KVEKIGEGT.y 15.5 
b10 [1-10] 601.2698 2 .KVEKIGEGTY.g [1x Thiophos] 14.7 
b10 [1-10] 553.298 2 .KVEKIGEGTY.g 14.2 
b10 -H2O [1-10] 592.2645 2 .KVEKIGEGTY.g [1xThiophos] 17.1 
b11 [1-11] 629.7805 2 .KVEKIGEGTYG.v [1xThiophos] 13.4 
b11 [1-11] 581.8088 2 .KVEKIGEGTYG.v 18.1 
b11 -H2O [1-11] 620.7752 2 .KVEKIGEGTYG.v [1xThiophos] 12.3 
b11 -H2O [1-11] 572.8035 2 .KVEKIGEGTYG.v 16.8 
b11 -NH3 [1-11] 573.2955 2 .KVEKIGEGTYG.v 8.3 
b12 [1-12] 679.3147 2 .KVEKIGEGTYGV.v[1xThiophos] 14.1 
b12 -H2O [1-12] 670.3094 2 .KVEKIGEGTYGV.v [1xThiophos] 15.3 
int-b [3-14] 648.8272 2 v.EKIGEGTYGVVY.k 14.2 
int-b [4-11] 902.3478 1 e.KIGEGTYG.v [1xThiophos] -1.9 
int-b [8-10] 418.0832 1 e.GTY.g [1xThiophos] 1.9 
int-b [9-11] 418.0832 1 g.TYG.v [1xThiophos] 1.9 
y6 [10-15] 823.3572 1 t.YGVVYK. [1xAmide;1xThiophos] 8.6 
y5 [11-15] 564.3504 1 y.GVVYK. [1xAmide] -7.9 
y3 [13-15] 408.2605 1 v.VYK. [1xAmide] 14.7 
y3 -NH3 [13-15] 196.1206 2 v.VYK. [1xAmide] 16 
y2 -NH3 [14-15] 292.1656 1 v.YK. [1xAmide] 12.2 
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Table S16. Modified peptide GK-14 fragments obtained from LC-MS/MS 
 
fragmentation link m/z charge peptide Error (ppm) 
b4 [1-4] 101.0429 3 .GGGE.n 8.5 
b5 [1-5] 139.0572 3 .GGGEN.w 9 
b6 [1-6] 201.0837 3 .GGGENW.y 12 
b7 [1-7] 255.4381 3 .GGGENWY.n 4.6 
b8 [1-8] 293.4524 3 .GGGENWYN.t 2.3 
b9 [1-9] 359.1162 3 .GGGENWYNT.l [1xThiophos] 8.5 
b9 [1-9] 327.135 3 .GGGENWYNT.l 1.2 
b10 [1-10] 396.8108 3 .GGGENWYNTL.k [1xThiophos] 5.4 
b10 [1-10] 364.8297 3 .GGGENWYNTL.k 2 
b11 [1-11] 439.5092 3 .GGGENWYNTLK.r [1xThiophos] -4.9 
b11 [1-11] 407.528 3 .GGGENWYNTLK.r 0.2 
b12 [1-12] 491.5429 3 .GGGENWYNTLKR.k [1xThiophos] -5.8 
b12 [1-12] 459.5617 3 .GGGENWYNTLKR.k -3.5 
b13 [1-13] 534.2412 3 .GGGENWYNTLKRK.k 

[1xThiophos] 
-2.8 

b13 [1-13] 502.26 3 .GGGENWYNTLKRK.k 6.5 
y13 [2-14] 563.6079 3 g.GGENWYNTLKRKK. [1xAmide; 

1xThiophos] 
2.4 

y13 [2-14] 531.6267 3 g.GGENWYNTLKRKK. [1xAmide] 4.3 
y12 [3-14] 544.6007 3 g.GENWYNTLKRKK. [1xAmide; 

1xThiophos] 
0.7 

y12 [3-14] 512.6196 3 g.GENWYNTLKRKK. [1xAmide] -5.6 
y11 [4-14] 525.5936 3 g.ENWYNTLKRKK. [1xAmide; 

1xThiophos] 
0.8 

y11 [4-14] 493.6124 3 g.ENWYNTLKRKK. [1xAmide] 0 
y10 [5-14] 482.5794 3 e.NWYNTLKRKK. [1xAmide; 

1xThiophos] 
0.5 

y10 [5-14] 450.5982 3 e.NWYNTLKRKK. [1xAmide] -3.8 
y9 [6-14] 444.5651 3 n.WYNTLKRKK. [1xAmide; 

1xThiophos] 
5.7 

y9 [6-14] 412.5839 3 n.WYNTLKRKK. [1xAmide] 1.2 
y8 [7-14] 382.5386 3 w.YNTLKRKK. [1xAmide; 

1xThiophos] 
-0.1 

y8 [7-14] 350.5575 3 w.YNTLKRKK. [1xAmide] 5 
y7 [8-14] 328.1842 3 y.NTLKRKK. [1xAmide; 1xThiophos] 8.9 
y7 [8-14] 296.203 3 y.NTLKRKK. [1xAmide] -1.7 
y6 [9-14] 290.1699 3 n.TLKRKK. [1xAmide; 1xThiophos] -5.1 
y6 [9-14] 258.1887 3 n.TLKRKK. [1xAmide] -2 
y5 [10-14] 224.5061 3 t.LKRKK. [1xAmide] -1.5 
y4 [11-14] 186.8115 3 l.KRKK. [1xAmide] 8.2 
y3 [12-14] 144.1131 3 k.RKK. [1xAmide] -10.7 
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10.3 Comparison of conditions for peptide thiophosphorylation 
Two conditions with lower enzyme/reagent loading were tested for peptide thiophosphorylation 
using GK-14 as the substrate. 
Condition B (lower loading of enzymes): loading of STK3 was reduced to 0.25 mol%, Hb-CK was 
reduced to 0.35 mol%, other conditions remained unchanged. 
Condition C (lower loading of reagents and enzymes): loading of STK3 was reduced to 0.25 mol%, 
Hb-CK was reduced to 0.35 mol%, ADP was reduced to 5 mol%, LixCrPS was reduced to 1.2 
equiv, the concentration of Mn(II) and Tris-HCl buffer remained unchanged. 
The reaction was stirred at 30 ºC for 3 hours. After completion, 50 µL of the reaction mixture was 
diluted with H2O/MeOH solution (1:1, 950 µL) and centrifuged (12,000 rpm, 10 min). The 
supernatant was filter through a syringe filter (0.22 µm) and analyzed by LC-MS. 
Both condition B and condition C showed that incomplete conversion of peptide substrate. The 
results suggest original higher loading of enzymes and reagents is necessary, presumably due to 
slower kinetics of these kinases with peptide substrate compared with nucleoside substrates. 

 
Figure S23. Chromatogram of modified peptide of GK-14 using condition B. 
 

 
Figure S24. Mass extraction of GK-14 using condition B. Only doubly charged peptide was shown 
because the singly charged species has weak signals. Thiophosphorylated peptide (m/z =871.4031, 
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two negative charges) and unreacted peptide (m/z =823.4316, two negative charges) can be 
observed. 

 
Figure S25. Chromatogram of modified peptide of GK-14 using condition C. 
 

 
Figure S26. Mass extraction of GK-14 using condition C. Only doubly charged peptide was shown 
because the singly charged species has weak signals. Thiophosphorylated peptide (m/z =871.4029, 
two negative charges) and unreacted peptide (m/z =823.4317, two negative charges) can be 
observed. 
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11. Enzymatic Thiophosphorylation of Protein STK3 and Characterization 

11.1 Sample preparation for native gel and results 
1.A 1.5 mL low protein binding microcentrifuge tube was charged with following solutions and 
proteins. 

Phosphorylation (with stoichiometric ATP): 
 

Components Amount 

STK3 (25 mg/mL) 20 µL 

Mg2+ solution (50 mM) 50 µL 

ATP  2.8 mg 

Tris-HCl (0.1M, pH 7.4) 430 µL 

 
Thiophosphorylation (with stoichiometric ATPgS): 
 

Components Amount 

STK3 (25 mg/mL) 20 µL 

Mg2+ solution (50 mM) 50 µL 

ATPgS 3 mg 

Tris-HCl (0.1M, pH 7.4) 430 µL 

 
Thiophosphorylation (with ATPgS regeneration system): 
 

Components Amount 

STK3 (25 mg/mL) 20 µL 

Mg2+ solution (50 mM) 50 µL 

ADP (20 mM) 50 µL 

LixCrPS (600 mM) 10 µL 

Hb-CK (50 mg/mL) 10 µL 

Tris-HCl (0.1M, pH 7.4) 360 µL 

 
2. The reactions were incubated at 30°C for 12 h. 



 123 

3. Reaction was quenched by addition of 100 µL EDTA solution (50 mM) 
4. 15 µL of each reaction mixture was diluted with 30 µL native gel loading buffer (Bio-Rad 
#1610738) to afford the native gel sample. The rest of thiophosphorylated STK3 generated from 
the enzymatic reaction was concentrated and purified with size exclusion chromatography. 
Fractions containing STK3 were concentrated and used for LC-MS and LC-MS/MS. 
5. Native gel samples were analyzed by native PAGE using 4-20 % Tris– HCl gels (Bio-Rad 
#3450032). The phosphorylated, thiophosphorylated forms of STK3, intact STK3 and Hb-CK 
were visualized by staining with Coomassie blue.  

 
Figure S27. Native gel of phosphorylated and thiophosphorylated STK3. 1: phosphorylation with 
stoichiometric ATP; 2: thiophosphorylation with stoichiometric ATPgS; 3: thiophosphorylation 
with ATPgS regeneration system; 4: intake Hb-CK; 5: intact STK3. 
 

 
Figure S28. Size exclusion chromatography purified thiophosphorylated STK3 (SDS-PAGE gel). 
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11.2 Intact Protein Mass Analysis 
Liquid Chromatography tandem mass spectrometry experiments were performed on a Thermo 
Scientific Orbitrap Ascend equipped with a Thermo Scientific Vanquish Neo chromatography 
system. Protein samples were injected onto a Waters NanoEase m/z BEH C4 column (300 A pore 
size, 1.7 µm particle size, 150 µm I.D.×100 mm). Proteins were eluted over a gradient of 3-65% 
acetonitrile over 10 minutes at a constant flow rate of 2 µL/min. Spectra were acquired from m/z 
500-2000 at a resolving power of 120000.  
 
Spectral Deconvolution 
Data was processed in Thermo Scientific Freestyle. Scans from 6.5-9 minutes were averaged, then 
deconvoluted using the Xtract deconvolution algorithm with the following parameters:  m/z range 
500-2000; charge range 5-50; relative abundance threshold 0%; Isotope Table Protein; minimum 
number of detected charge states 3. 

 
Figure S29. Chromatogram of intact STK3. 
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Figure S30. Chromatogram of modified STK3. 
 

 
Figure S31. Comparison of deconvoluted mass of intact STK3 and (thio)phosphorylated STK3.  
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11.3 Liquid Chromatography Tandem Mass Spectrometry 
Sample Preparation and Proteolytic Digestion 
Approximately 500 µg of STK3 was resuspended in 50 mM ammonium bicarbonate, pH 8.0 with 
5M urea and incubated at 37 °C for 1h. The sample was then subjected to reduction and alkylation 
via incubation with 10 mM TCEP at 55 °C for 15 minutes followed by addition of iodoacetamide 
to a final concentration of 15mM and incubation at room temperature, protected from light for 20 
minutes.  
The resulting alkylated protein solution was digested with Glu-C (Promega V165A) and rAsp-N 
(Promega VA1160) at a 1:20 (w/w) and 1:50 (w/w) protein:protease ratio, respectively. The 
digestion reaction was allowed to proceed at 37 °C with constant shaking at 750 rpm for 2h and 
was quenched by addition of formic acid to a final concentration of 1%.  The resulting peptide 
solution was desalted using C18 pipette tips (ThermoFisher 87782) per manufacturer 
recommendations and dried in a speed vac.  
The desalted and dried peptide sample was subjected to phosphopeptide enrichment using Fe-NTA 
spin columns (ThermoFisher A32992) per manufacturer recommendations. In addition to the final 
eluate, the initial flow through of the sample was collected for downstream analysis.  
LC-MS/MS data acquisition 
Liquid Chromatography tandem mass spectrometry experiments were performed on a Thermo 
Scientific Orbitrap Ascend equipped with a Thermo Scientific Vanquish Neo chromatography 
system. Peptide mixtures were injected onto a Waters NanoEase m/z BEH C18 column (130 A 
pore size, 1.7 µm particle size, 75 µm I.D. × 200mm). Peptides were eluted over a gradient of 3-
36% acetonitrile over 74 minutes, followed by a gradient of 36-65% acetonitrile over 12 minutes 
at a constant flow rate of 350nL/min. Precursor scans were acquired from m/z 375-1800 at a 
resolving power of 30000. Ions were selected for MS2 based on intensity > 8.0x103 and charge 
state between 2-7 with an isolation width of 1.6 m/z. Selected ions were fragmented using HCD 
activation with an NCE of 26 and detected in the orbitrap with a resolving power of 30000. As 
many MS2 scans as possible were collected within a 3s cycle time.  
LC-MS/MS data analysis 
 Data from the phosphopeptide enrichment flow through and eluate were analyzed using Thermo 
Proteome Discoverer 3.1. Data was searched using Sequest HT against the sequence of the 
recombinant protein construct with Asp N and Glu C semi-specific digestion, allowing for the 
following dynamic modifications: phospho (S, T, Y); thiophospho (S, T, Y); oxidation (M); 
carbamidomethyl(C). Precursor mass tolerance was set to 10 ppm and fragment mass tolerance to 
0.02 Da. PSMs were validated with the Fixed Value PSM validator node with a maximum Delta 
Cn of 0.05. Results were filtered for PSMs of high and medium confidence. Spectra for PSMs 
including phospho- or thiophospho- modifications were manually assessed for ambiguous 
modification localization. 
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Figure S32. MS/MS fragmentation that suggested T182 phosphorylation. 
 

 
Figure S33. MS/MS fragmentation that suggested T188 phosphorylation. 
 

 
Figure S34. MS/MS fragmentation that suggested T192 thiophosphorylation. 
 

 
Figure S35. MS/MS fragmentation that suggested T182 phosphorylation and S214 
thiophosphorylation.  
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12. Enzymatic Thiophosphorylation of Oligonucleotide and Characterization 
 
General protocol for oligonucleotides (thio)-phosphorylation  
The protocol for thiophosphorylation of oligonucleotides was modified from the protocol in the 
commercial T4 PNK kit (NEB #M0201). 
 
The following ssDNA oligos were used as substrates for mass spectroscopic analysis (Orbitrap). 

ssDNA oligos Sequence Molecular Weight 
5′-‘A’-Oligos AACGATCAGTGGACGTAGCTA CGATC 8004.2 
5′-‘T’-Oligos TAGCTCGAGCACCACCACCAC 6305.1 
5′-‘G’-Oligos  GCCATTGTCGATACTCATCGTGTGT 7639.9 
5′-‘C’-Oligos CGCCGTGCCCGCTACGCGACATTTGCGGTAAG 9802.4 

 
1.The reaction was set up in a microcentrifuge tube on ice following the tables below for 
(thio)phosphorylation.  
 
Phosphorylation 

Component Conc. V(μL) n (nmol) equiv 
ssDNA 100 μM 30 3 1.0 
ATP 10 mM 50 500 167 
T4 PNK    100 unit 
Reaction Buffer (10X)  50   
Nuclease-free Water  Up to 500   

 
Thiophosphorylation 

Component Conc. V(μL) n (nmol) equiv 
ssDNA 100 μM 30  3 1.0 
ADP 10 mM 5  50 16.7 
LixCrPS 10 mM 50  500 167 
Hb-CK 50 mg/mL 10 11.2 3.7 
T4 PNK    100 unit 
Reaction buffer (10X)  50   
Nuclease-free water  Up to 500   

 
2. The reactions were incubated at 37°C for 2 h.  
3. The reaction was stopped by adding 10µl of Protease K (NEB #P8111), and incubate at 37°C 
for 1.5 h.  
4. After the digestion, 2.5 volume of EtOH was added to the reaction mixture, and the mixture was 
stored at -20℃ for 1h.  
5. The precipitated DNA was recovered by centrifugation at 15,000 rpm for 5 min at 4°C. The 
pellets were resuspended in 50 μL nuclease-free water and purified by Monarch Spin RNA clean-
up kit (NEB #T2050), which is used for the mass spectroscopic analysis (Orbitrap). 
 
Protocol for thiophosphorylated oligonucleotides orthogonal labeling with fluorophore S76 
1. Following general procedure of oligonucleotides thiophosphorylation described above, the 
following ssDNA oligos was used as substrates for fluorescent detection. 
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ssDNA oligos Sequence Molecular Weight 
Fluoro-seq GGATCCTTGGAAGTATAGATTTTCAC 8000.3 

2. To the 10 μL of purified thiophosphorylated-oligos solution was added 5 μL 50 mM Tris-HCl 
(50 mM, pH 6.5) and 1 mg of fluorescent dye  S76 (>4000 equiv) in 10 μL MeCN.  
3. The reaction mixture was incubated at room temperature for 2 h in the dark.  
4. After the reaction was complete, oligos were extracted by phenol-chloroform, and precipitated 
with EtOH. The labeled oligos can be stored stably as dry powder or dissolved in nuclease-free 
water. 
5. The labeled oligos were separated on 12% Urea-PAGE and characterized with in-gel fluorescent 
detection (λex = 472 nm, λem = 595 nm).  
6. As a comparison, the same gel was immersed in a solution of ethidium bromide (EtBr) in the 
dark for 10 min and characterized with fluorescent detection (λex = 302 nm, λem = 595 nm). 
 

 



 130 

 
Figure S36. In-gel fluorescence of a representative thiophosphorylated ss-DNA (left: 
phosphorylation, right: thiophosphorylation). 

 
Figure S37. EtBr fluorescence of a representative thiophosphorylated ss-DNA (left: 
phosphorylation, right: thiophosphorylation). 
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Intact Oligonucleotide Mass Analysis 
Liquid Chromatography tandem mass spectrometry experiments were performed on a Thermo 
Scientific Orbitrap Ascend equipped with a Thermo Scientific Vanquish Neo chromatography 
system. Mobile Phase composition was A: 20 mM ammonium acetate B: 100% acetonitrile. 
Oligonucleotide samples were injected onto a Thermo Scientific PepMap Neo C18 column (100 
A pore size, 2 µm particle size, 75 µm I.D.×150 mm). Oligonucleotides were eluted over a gradient 
of 1-30% acetonitrile over 12 minutes at a constant flow rate of 350 nL/min. Spectra were acquired 
in negative polarity from m/z 350-2000 at a resolving power of 120000.  
 
Spectral Deconvolution 
Data was processed in Thermo Scientific BioPharma Finder 5.1. Scans were merged using the 
sliding windows algorithm with a 25% offset, 30 ppm merge tolerance and a maximum retention 
time gap of 1 minute. Spectra were deconvoluted with the Xtract algorithm with the follow 
parameters: S/N threshold 3; relative abundance threshold 0; charge range 5 to 50; nucleotide 
isotope table.  
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Figure S38. Chromatogram of modified ss DNA (5′-A) 
 

 
Figure S39. Comparison of deconvoluted mass between intact and modified ss DNA (5′-A) 
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Figure S40. Chromatogram of modified ss DNA (5′-T) 
 

 
Figure S41. Comparison of deconvoluted mass between intact and modified ss DNA (5′-T)  
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Figure S42. Chromatogram of modified ss DNA (5′-G) 
 

 
Figure S43. Comparison of deconvoluted mass between intact and modified ss DNA (5′-G) 
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Figure S44. Chromatogram of modified ss DNA (5′-C) 
 

 
Figure S45. Comparison of deconvoluted mass between intact and modified ss DNA (5′-C) 
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Thiophosphorylation of 3′-OH modified oligonucleotides and MALDI experiment 
 
Following general thiophosphorylation protocol described above, a 25-bp 3′-6-FAM-modified 
ssDNA was used to minimize potential hydrolysis from 3′ terminus.  
 

ssDNA oligos Sequence Molecular Weight 
5-‘C’-Oligos CGATTGAGGGCGTAGAATCAGAAGT-FAM 8364.2 

 
Component Mw Conc. V(μL) n (nmol) equiv 
ssDNA 8364.2 100 μM 30  3 1.0 
ADP  10 mM 5  50 16.7 
LixCrPS  10 mM 50  500 167 
Hb-CK 44.81kDa 50 mg/mL 10 11.2 3.7 
T4 PNK     100 unit 
Reaction buffer (10X)   50   
Nuclease-free water   Up to 500   

 
After cleaning up with Monarch Spin RNA clean-up kit, the sample was lyophilized and used for 
MALDI experiment.  
 
The samples were run on Bruker AutoFlex Speed LRF MALDI in linear positive mode using 3-
Hydroxypicolinic acid (3-HPA) as matrix (saturated in 10 mg/mL ammonium citrate in 50% 
ACN). The sample was dissolved in 50 uL water and mixed with the matrix at the volume ratio 
of 1:10. 

 
Figure S46. MALDI spectra of intact and modified 3′-6-FAM-ss DNA (5′-C)  
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13. X-ray Crystallographic Data 

 
Table S17. Crystal structure data and refinement for the S1-Int 1 

CCDC deposition number  2467026 
Empirical formula C10H14N5O3PS 
Formula weight 315.29 
Temperature/K 162(30) 
Crystal system monoclinic 
Space group P21/c 
a/Å 6.99180(10) 
b/Å 23.8229(2) 
c/Å 8.59390(10) 
α/° 90 
β/° 92.9620(10) 
γ/° 90 
Volume/Å3 1429.53(3) 
Z 4 
ρcalcg/cm3 1.465 
μ/mm-1 3.228 
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F(000) 656.0 
Crystal size/mm3 0.28 × 0.205 × 0.121 
Radiation Cu Kα (λ = 1.54184) 
2Θ range for data collection/° 7.422 to 145.682 
Index ranges -8 ≤ h ≤ 8, -24 ≤ k ≤ 29, -10 ≤ l ≤ 10 
Reflections collected 8395 
Independent reflections 2745 [Rint = 0.0166, Rsigma = 0.0147] 
Data/restraints/parameters 2745/0/183 
Goodness-of-fit on F2 1.099 
Final R indexes [I>=2σ (I)] R1 = 0.0295, wR2 = 0.0864 
Final R indexes [all data] R1 = 0.0301, wR2 = 0.0869 
Largest diff. peak/hole / e Å-3 0.36/-0.36 

 

 
Table S18. Crystal structure data and refinement for the S1-Int 2 

CCDC deposition number 2467027 
Empirical formula C11H16N4O7PS 
Formula weight 379.31 
Temperature/K 125(30) 
Crystal system triclinic 
Space group P-1 
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a/Å 7.46930(10) 
b/Å 8.7809(2) 
c/Å 13.4559(2) 
α/° 106.146(2) 
β/° 97.291(2) 
γ/° 95.8810(10) 
Volume/Å3 832.03(3) 
Z 2 
ρcalcg/cm3 1.514 
μ/mm-1 3.045 
F(000) 394.0 
Crystal size/mm3 0.333 × 0.161 × 0.113 
Radiation Cu Kα (λ = 1.54184) 
2Θ range for data collection/° 6.932 to 147.256 
Index ranges -8 ≤ h ≤ 9, -10 ≤ k ≤ 10, -16 ≤ l ≤ 16 
Reflections collected 8975 
Independent reflections 3182 [Rint = 0.0258, Rsigma = 0.0282] 
Data/restraints/parameters 3182/3/224 
Goodness-of-fit on F2 0.828 
Final R indexes [I>=2σ (I)] R1 = 0.0384, wR2 = 0.1038 
Final R indexes [all data] R1 = 0.0401, wR2 = 0.1053 
Largest diff. peak/hole / e Å-3 0.78/-0.61 
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15. NMR Spectra of products 
1H NMR of compound S1-Int 1 (600 MHz, CD3CN)  

 
13C NMR of compound S1-Int 1 (151 MHz, CD3CN) 
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31P NMR of compound S1-Int 1 (243 MHz, CD3CN) 
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1H NMR of compound 1 (600 MHz, D2O)  

 
13C NMR of compound 1 (151 MHz, D2O) 
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31P NMR of compound 1 (243 MHz, D2O) 
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1H NMR of S1-Int 2 (600 MHz, D2O)  

 
13C NMR of S1-Int 2 (151 MHz, D2O) 
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31P NMR of S1-Int 2 (243 MHz, D2O) 

 
1H-31P HMBC of S1-Int 2 (D2O) 
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1H-13C HSQC of S1-Int 2 (D2O) 
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1H NMR of compound 2 (600 MHz, D2O) 

 
13C NMR of compound 2 (151 MHz, D2O) 
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31P NMR of compound 2 (243 MHz, D2O) 
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1H NMR of compound 3 (600 MHz, D2O) 

 
13C NMR of compound 3 (151 MHz, D2O) 
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31P NMR of compound 3 (243 MHz, D2O) 
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1H NMR of compound 4 (600 MHz, D2O) 

 
13C NMR of compound 4 (151 MHz, D2O) 
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31P NMR of compound 4 (243 MHz, D2O) 
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1H NMR of compound 5 (600 MHz, D2O)  

 
13C NMR of compound 5 (151 MHz, D2O) 
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31P NMR of compound 5 (243 MHz, D2O) 

 
19F NMR of compound 5 (565 MHz, D2O) 
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1H NMR of compound 6 (600 MHz, D2O) 

 
13C NMR of compound 6 (151 MHz, D2O) 
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31P NMR of compound 6 (243 MHz, D2O) 
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1H NMR of compound 7 (600 MHz, D2O) 

 
13C NMR of compound 7 (151 MHz, D2O) 
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31P NMR of compound 7 (243 MHz, D2O) 
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1H NMR of compound 8 (600 MHz, D2O) 

 
13C NMR of compound 8 (151 MHz, D2O) 
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31P NMR of compound 8 (243 MHz, D2O) 
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1H NMR of compound 9 (600 MHz, D2O) 

 
13C NMR of compound 9 (151 MHz, D2O) 
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31P NMR of compound 9 (243 MHz, D2O) 
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1H NMR of compound 10 (600 MHz, D2O) 

 
13C NMR of compound 10 (151 MHz, D2O) 
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31P NMR of compound 10 (243 MHz, D2O) 
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1H NMR of compound 11 (600 MHz, D2O) 

 
13C NMR of compound 11 (151 MHz, D2O) 
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31P NMR of compound 11 (243 MHz, D2O) 
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1H NMR of compound 12 (600 MHz, D2O) 

 
13C NMR of compound 12 (151 MHz, D2O) 
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31P NMR of compound 12 (243 MHz, D2O) 
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1H NMR of compound 13 (600 MHz, D2O) 

 
13C NMR of compound 13 (151 MHz, D2O) 
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31P NMR of compound 13 (243 MHz, D2O) 
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1H NMR of compound 14 (600 MHz, D2O) 

 
13C NMR of compound 14 (151 MHz, D2O) 

 

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
2
.9
3

2
.0
0

1
.0
1

1
.0
0

1
.1
5

0
.9
7

0
.9
2

0
.9
9

3
.0
3

4
.1
1

4
.1
2

4
.1
2

4
.1
3

4
.3
9

4
.3
9

4
.4
0

4
.4
0

4
.4
1

4
.5
2

4
.5
2

4
.5
3

4
.7
5

4
.7
6

4
.7
7

4
.7
9
	D
2
O

6
.0
7

6
.0
8

8
.1
4

8
.5
3

0102030405060708090100110120130140150160170180190200

2
7
.3
3

6
4
.0
5

6
4
.0
9

7
0
.6
9

7
4
.5
6

8
4
.2
7

8
4
.3
3

8
6
.8
9

1
1
8
.5
9

1
3
9
.4
6

1
4
7
.4
1

1
5
2
.0
9

1
5
4
.4
0

O N

HO OH

O N

N N

NH

P
S

-O O-NH4+
NH4+

Me

O N

HO OH

O N

N N

NH

P
S

-O O-NH4+
NH4+

Me



 173 

31P NMR of compound 14 (243 MHz, D2O) 
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1H NMR of compound 15 (600 MHz, D2O) 

 
13C NMR of compound 15 (151 MHz, D2O) 
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31P NMR of compound 15 (243 MHz, D2O) 
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1H NMR of compound 16 (600 MHz, D2O) 

 
13C NMR of compound 16 (151 MHz, D2O) 
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31P NMR of compound 16 (243 MHz, D2O) 
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1H NMR of compound 17 (600 MHz, D2O) 

 
13C NMR of compound 17 (151 MHz, D2O) 
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31P NMR of compound 17 (243 MHz, D2O) 
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1H NMR of compound 18 (600 MHz, D2O) 

 
13C NMR of compound 18 (151 MHz, D2O) 

 

0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0

1
.0
2

1
.0
2

1
.0
4

1
.0
1

1
.0
0

0
.9
8

0
.9
5

4
.0
3

4
.0
3

4
.0
4

4
.0
4

4
.0
5

4
.0
5

4
.0
6

4
.0
6

4
.0
9

4
.0
9

4
.1
0

4
.1
0

4
.1
1

4
.1
1

4
.1
2

4
.1
2

4
.3
1

4
.3
2

4
.3
2

4
.3
2

4
.4
7

4
.4
8

4
.4
9

4
.5
4

4
.5
5

4
.5
6

4
.7
9
	D
2
O

5
.8
2

5
.8
2

8
.5
5

0102030405060708090100110120130140150160170180190200

6
3
.0
8

6
3
.1
1

6
9
.9
8

7
4
.8
3

8
3
.8
2

8
3
.8
8

8
6
.1
5

1
0
0
.8
1

1
2
6
.8
2

1
5
5
.7
1

1
6
4
.5
1

O

HO OH

OP
S

-O O-
N N

O
NH2

NH4+
NH4+

HO

O

HO OH

OP
S

-O O-
N N

O
NH2

NH4+
NH4+

HO



 181 

31P NMR of compound 18 (243 MHz, D2O) 
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1H NMR of compound 19 (600 MHz, D2O) 

 
13C NMR of compound 19 (151 MHz, D2O) 
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31P NMR of compound 19 (243 MHz, D2O) 
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1H NMR of compound 20 (600 MHz, D2O) 

 
13C NMR of compound 20 (151 MHz, D2O) 
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31P NMR of compound 20 (243 MHz, D2O) 
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1H NMR of compound 21 (600 MHz, D2O) 

 
13C NMR of compound 21 (151 MHz, D2O) 
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31P NMR of compound 21 (243 MHz, D2O) 
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1H NMR of compound 22 (600 MHz, D2O) 

 
13C NMR of compound 22 (151 MHz, D2O) 
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31P NMR of compound 22 (243 MHz, D2O) 
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1H NMR of compound 23 (600 MHz, D2O) 

 
13C NMR of compound 23 (151 MHz, D2O) 
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31P NMR of compound 23 (243 MHz, D2O) 
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1H NMR of compound 24 (600 MHz, D2O) 

 
13C NMR of compound 24 (151 MHz, D2O) 
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31P NMR of compound 24 (243 MHz, D2O) 
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1H NMR of compound 25 (600 MHz, D2O) 

 
13C NMR of compound 25 (151 MHz, D2O) 
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31P NMR of compound 25 (243 MHz, D2O) 
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1H NMR of compound 26 (600 MHz, D2O) 

 
13C NMR of compound 26 (151 MHz, D2O) 
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31P NMR of compound 26 (243 MHz, D2O) 

 
19F NMR of compound 26 (565 MHz, D2O) 
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1H NMR of compound 27 (600 MHz, D2O) 

 
13C NMR of compound 27 (151 MHz, D2O) 
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31P NMR of compound 27 (243 MHz, D2O) 
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1H NMR of compound 28 (600 MHz, D2O) 

 
13C NMR of compound 28 (151 MHz, D2O) 
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31P NMR of compound 28 (243 MHz, D2O) 

 
19F NMR of compound 28 (565 MHz, D2O) 
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1H NMR of compound 29 (600 MHz, D2O) 

 
13C NMR of compound 29 (151 MHz, D2O) 
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31P NMR of compound 29 (243 MHz, D2O) 

 
19F NMR of compound 29 (565 MHz, D2O) 
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1H NMR of compound 30 (600 MHz, D2O) 

 
13C NMR of compound 30 (151 MHz, D2O) 
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31P NMR of compound 30 (243 MHz, D2O) 

 
19F NMR of compound 30 (565 MHz, D2O) 
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1H NMR of compound 31 (600 MHz, D2O) 

 
13C NMR of compound 31 (151 MHz, D2O) 
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31P NMR of compound 31 (243 MHz, D2O) 
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1H NMR of compound 32 (600 MHz, D2O) 

 
13C NMR of compound 32 (151 MHz, D2O) 
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31P NMR of compound 32 (243 MHz, D2O) 
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1H NMR of compound 33 (600 MHz, D2O) 

 
13C NMR of compound 33 (151 MHz, D2O) 
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31P NMR of compound 33 (243 MHz, D2O) 

 
19F NMR of compound 33 (565 MHz, D2O) 
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1H NMR of compound 34 (600 MHz, D2O) 

 
13C NMR of compound 34 (151 MHz, D2O) 
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31P NMR of compound 34 (243 MHz, D2O) 
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1H NMR of compound 35 (600 MHz, D2O) 

 
13C NMR of compound 35 (151 MHz, D2O) 
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31P NMR of compound 35 (243 MHz, D2O) 
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1H NMR of compound 36 (600 MHz, D2O) 

 
13C NMR of compound 36 (151 MHz, D2O) 
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31P NMR of compound 36 (243 MHz, D2O) 
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1H NMR of compound 37 (600 MHz, D2O) 

 
13C NMR of compound 37 (151 MHz, D2O) 
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31P NMR of compound 37 (243 MHz, D2O) 

 
19F NMR of compound 37 (565 MHz, D2O) 
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1H NMR of compound 38 (600 MHz, D2O) 

 
13C NMR of compound 38 (151 MHz, D2O) 
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31P NMR of compound 38 (243 MHz, D2O) 
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1H NMR of compound 39 (600 MHz, D2O) 

 
13C NMR of compound 39 (151 MHz, D2O) 
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31P NMR of compound 39 (243 MHz, D2O) 
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1H NMR of compound 40 (600 MHz, D2O) 

 
13C NMR of compound 40 (151 MHz, D2O) 

 

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0

2
.9
6

1
.0
3

2
.0
1

1
.0
0

1
.0
0

0
.9
9

1
.0
4

0
.9
5

0
.9
8

1
.9
4

2
.0
2

2
.0
3

2
.0
4

2
.0
4

2
.0
5

2
.0
5

2
.0
5

2
.1
3

2
.1
4

2
.1
5

2
.1
5

2
.1
6

2
.4
1

2
.4
2

2
.4
2

2
.4
2

2
.4
3

2
.4
3

2
.4
4

2
.4
4

2
.4
4

2
.4
5

4
.0
3

4
.0
4

4
.0
4

4
.0
5

4
.0
6

4
.0
6

4
.0
7

4
.1
7

4
.1
7

4
.1
8

4
.1
8

4
.1
9

4
.1
9

4
.2
0

4
.2
0

4
.3
7

4
.3
8

4
.3
9

4
.3
9

4
.3
9

4
.3
9

4
.7
9
	D
2
O

6
.1
2

6
.1
2

6
.1
3

6
.1
4

7
.8
2

0102030405060708090100110120130140150160170180190200

1
1
.6
5

2
4
.9
6

3
1
.1
4

6
6
.0
8

6
6
.1
1

8
0
.2
5

8
0
.3
1

8
6
.1
3

1
1
1
.1
0

1
3
7
.7
5

1
5
1
.7
4

1
6
6
.7
1

O
OP

S
-O O-

N NH
O

O

Me

NH4+NH4+

O
OP

S
-O O-

N NH
O

O

Me

NH4+NH4+



 225 

31P NMR of compound 40 (243 MHz, D2O) 
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1H NMR of compound 41 (600 MHz, D2O) 

 
13C NMR of compound 41 (151 MHz, D2O) 
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31P NMR of compound 41 (243 MHz, D2O) 
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1H NMR of compound 42 (600 MHz, D2O) 

 
13C NMR of compound 42 (151 MHz, D2O) 
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31P NMR of compound 42 (243 MHz, D2O) 
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1H NMR of compound 43 (600 MHz, D2O) 

 
13C NMR of compound 43 (151 MHz, D2O) 
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31P NMR of compound 43 (243 MHz, D2O) 
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1H NMR of compound 44 (600 MHz, D2O) 

 
13C NMR of compound 44 (151 MHz, D2O) 
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31P NMR of compound 44 (243 MHz, D2O) 
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1H NMR of compound 45 (600 MHz, D2O) 

 
13C NMR of compound 45 (151 MHz, D2O) 
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31P NMR of compound 45 (243 MHz, D2O) 
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1H NMR of compound 46 (600 MHz, D2O) 

 
13C NMR of compound 46 (151 MHz, D2O) 
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31P NMR of compound 46 (243 MHz, D2O) 
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1H NMR of compound 47 (600 MHz, D2O) 

 
13C NMR of compound 47 (151 MHz, D2O) 

 

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0

1
.9
5

0
.9
9

0
.9
7

1
.0
0

1
.8
8

0
.9
0

4
.1
3

4
.1
3

4
.1
4

4
.1
4

4
.1
6

4
.1
7

4
.1
7

4
.1
8

4
.1
8

4
.1
9

4
.3
0

4
.3
1

4
.3
2

4
.3
4

4
.3
5

4
.3
6

4
.7
9
	D
2
O

5
.8
6

5
.8
6

5
.8
7

7
.8
8

7
.8
9

0102030405060708090100110120130140150160170180190200

6
4
.3
5

6
4
.3
8

6
9
.2
5

7
4
.2
9

8
3
.0
6

8
3
.1
2

8
9
.2
1

9
6
.1
7

1
4
2
.7
1

1
5
4
.1
6

1
6
3
.4
0

O

HO OH

OP
O

O O-
N N

NH2

O

P-O

S

O-NH4+NH4+NH4+

O

HO OH

OP
O

O O-
N N

NH2

O

P-O

S

O-NH4+NH4+NH4+



 239 

31P NMR of compound 47 (243 MHz, D2O) 
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1H NMR of compound 48 (600 MHz, D2O) 

 
13C NMR of compound 48 (151 MHz, D2O) 
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31P NMR of compound 48 (243 MHz, D2O) 
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1H NMR of compound 49 (600 MHz, D2O) 

 
13C NMR of compound 49 (151 MHz, D2O) 
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31P NMR of compound 49 (243 MHz, D2O) 
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1H NMR of compound 50 (600 MHz, D2O) 

 
13C NMR of compound 50 (151 MHz, D2O) 
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31P NMR of compound 50 (243 MHz, D2O) 
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1H NMR of compound 51 (600 MHz, D2O) 

 
13C NMR of compound 51 (151 MHz, D2O) 
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31P NMR of compound 51 (243 MHz, D2O) 

 
Comparison of enzymatic product and standard samples 
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1H NMR of compound 52 (600 MHz, D2O) 

 
13C NMR of compound 52 (151 MHz, D2O) 
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31P NMR of compound 52 (243 MHz, D2O) 

 
19F NMR of compound 52 (565 MHz, D2O) 
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1H NMR of compound 53 (600 MHz, D2O, with small amount of impurity) 

 
1H NMR of compound 53 (600 MHz, D2O, further purified, but less resolved splitting) 
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13C NMR of compound 53 (151 MHz, D2O, with small amount of impurity) 

 
13C NMR of compound 53 (151 MHz, D2O, further purified but missing two carbons) 
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31P NMR of compound 53 (243 MHz, D2O) 
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1H NMR of compound 54 (600 MHz, D2O) 

 
13C NMR of compound 54 (151 MHz, D2O) 
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31P NMR of compound 54 (243 MHz, D2O) 
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1H NMR of compound 55 (600 MHz, D2O) 

 
13C NMR of compound 55 (151 MHz, D2O) 
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31P NMR of compound 55 (243 MHz, D2O) 
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1H NMR of compound 56 (600 MHz, D2O) 

 
13C NMR of compound 56 (151 MHz, D2O) 
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31P NMR of compound 56 (243 MHz, D2O) 
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1H NMR of compound 57 (600 MHz, D2O) 

 
13C NMR of compound 57 (151 MHz, D2O) 
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31P NMR of compound 57 (243 MHz, D2O) 
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1H NMR of compound 58 (600 MHz, D2O) 

 
13C NMR of compound 58 (151 MHz, D2O) 
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31P NMR of compound 58 (243 MHz, D2O) 

 
19F NMR of compound 58 (565 MHz, D2O) 
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1H NMR of compound 59 (600 MHz, D2O) 

 
13C NMR of compound 59 (151 MHz, D2O) 
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31P NMR of compound 59 (243 MHz, D2O) 

 
19F NMR of compound 59 (565 MHz, D2O) 
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1H NMR of compound 60 (600 MHz, D2O)  

 
13C NMR of compound 60 (151 MHz, D2O) 
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31P NMR of compound 60 (243 MHz, D2O) 
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1H NMR of compound 61 (600 MHz, D2O)  

 
13C NMR of compound 61 (151 MHz, D2O) 
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31P NMR of compound 61 (243 MHz, D2O) 

 
19F NMR of compound 61 (565 MHz, D2O) 
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1H NMR of compound 62 (600 MHz, D2O) 

 
13C NMR of compound 62 (151 MHz, D2O) 
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31P NMR of compound 62 (243 MHz, D2O) 

 
1H-13C HSQC of compound 62 (D2O) 
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1H NMR of compound 63 (600 MHz, D2O) 

 
13C NMR of compound 63 (151 MHz, D2O) 
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31P NMR of compound 63 (243 MHz, D2O) 

 
1H-13C HSQC of compound 63 (D2O) 
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1H NMR of compound 64 (600 MHz, D2O) 

 
13C NMR of compound 64 (151 MHz, D2O) 
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31P NMR of compound 64 (243 MHz, D2O) 

 
1H-13C HSQC of compound 64 (D2O) 
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1H NMR of compound 65 (600 MHz, D2O) 

 
13C NMR of compound 65 (151 MHz, D2O) 
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31P NMR of compound 65 (243 MHz, D2O) 
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1H NMR of compound 66 (600 MHz, D2O) 

 
13C NMR of compound 66 (151 MHz, D2O) 
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31P NMR of compound 66 (243 MHz, D2O) 
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1H NMR of compound 67 (600 MHz, D2O) 

 
13C NMR of compound 67 (151 MHz, D2O) 
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31P NMR of compound 67 (243 MHz, D2O) 
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1H NMR of compound 68 (600 MHz, D2O) 

 
13C NMR of compound 68 (151 MHz, D2O) 

 

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0

1
.0
5

1
.0
6

1
.0
2

1
.0
5

1
.0
2

1
.0
0

2
.2
1

2
.2
1

2
.2
1

2
.2
2

2
.2
2

2
.2
2

2
.2
4

2
.2
4

2
.2
4

2
.2
5

2
.2
5

2
.2
5

2
.7
0

2
.7
0

2
.7
1

2
.7
1

2
.7
3

2
.7
3

2
.7
4

2
.7
4

3
.9
0

3
.9
1

3
.9
2

3
.9
2

4
.0
8

4
.0
9

4
.0
9

4
.1
0

4
.1
0

4
.1
1

4
.7
9
	D
2
O

5
.0
2

5
.0
3

5
.0
3

5
.0
4

5
.0
5

5
.0
5

6
.5
6

6
.5
6

6
.5
6

6
.5
7

6
.5
7

0102030405060708090100110120130140150160170180190200

3
1
.2
0

6
7
.2
5

7
0
.4
7

7
0
.5
0

7
0
.6
2

7
0
.6
5

1
3
1
.3
1

1
3
1
.3
3

1
3
4
.6
6

1
7
4
.3
6

COOH

HO
OH

O P O-

S

O-
NH4+

NH4+

COOH

HO
OH

O P O-

S

O-
NH4+

NH4+



 282 

31P NMR of compound 68 (243 MHz, D2O) 
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1H NMR of compound 69 (600 MHz, D2O) 

 
13C NMR of compound 69 (151 MHz, D2O) 
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31P NMR of compound 69 (243 MHz, D2O) 
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1H NMR of compound 70 (600 MHz, CD3OD)  

 
13C NMR of compound 70 (151 MHz, CD3OD) 
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31P NMR of compound 70 (243 MHz, CD3OD) 
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1H NMR of compound 71 (600 MHz, D2O) 

 
13C NMR of compound 71 (151 MHz, D2O) 
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31P NMR of compound 71 (243 MHz, D2O)  
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1H NMR of compound 72 (600 MHz, D2O) 

 
13C NMR of compound 72 (151 MHz, D2O) 
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31P NMR of compound 72 (243 MHz, D2O) 
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1H NMR of compound 73 (600 MHz, D2O) 

 
13C NMR of compound 73 (151 MHz, D2O) 

 

-2.0-1.5-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5

3
.0
2

1
.0
9

0
.9
6

1
.9
2

1
.8
3

1
.1
3

0
.9
3

0
.8
8

0
.9
5

0
.9
1

0
.9
2

0
.8
9

0
.9
1

4
.2
3

4
.2
4

4
.2
5

4
.2
6

4
.2
6

4
.2
6

4
.2
6

4
.2
7

4
.2
7

4
.2
8

4
.2
8

4
.2
9

4
.3
0

4
.3
1

4
.3
9

4
.4
0

4
.4
0

4
.4
0

4
.4
1

4
.4
2

4
.4
2

4
.4
3

4
.4
3

4
.4
4

4
.4
4

4
.4
5

4
.4
5

4
.4
9

4
.5
0

4
.5
0

4
.5
0

4
.5
1

4
.5
2

4
.5
2

4
.5
2

4
.5
9

4
.5
9

4
.6
0

4
.7
6

4
.7
7

4
.7
8

4
.7
9
	D
2
O

5
.9
5

5
.9
6

6
.1
4

6
.1
4

8
.2
6

8
.2
7

8
.2
8

8
.2
9

8
.4
8

8
.8
8

8
.8
8

8
.8
9

8
.9
0

8
.9
0

8
.9
0

9
.2
5

9
.2
5

9
.2
5

9
.2
6

9
.2
6

9
.2
6

9
.3
9

-100102030405060708090100110120130140150160170180190200210

6
4
.9
6

6
5
.0
0

6
5
.3
8

6
5
.4
2

7
0
.5
9

7
0
.8
4

7
4
.1
0

7
7
.5
5

8
3
.8
9

8
3
.9
5

8
6
.8
9

8
7
.1
7

8
7
.2
3

1
0
0
.0
5

1
1
6
.7
4

1
1
6
.7
6

1
2
8
.7
3

1
3
3
.6
9

1
3
9
.9
5

1
4
0
.0
9

1
4
2
.4
8

1
4
5
.7
7

1
5
0
.3
9

1
5
0
.5
2

1
5
6
.9
7

1
5
7
.1
0

1
5
8
.2
6

1
5
9
.6
7

1
6
5
.3
2
HO

O-

S
P

H2N

N N

N O

OH

N O O N+

HO

OP
O

O
O-

OH
NH2

O
F

NH4+NH4+

HO

O-

S
P

H2N

N N

N O

OH

N O O N+

HO

OP
O

O
O-

OH
NH2

O
F

NH4+NH4+



 292 

31P NMR of compound 73 (243 MHz, D2O) 

 
19F NMR of compound 73 (565 MHz, D2O) 
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1H NMR of compound 74 (600 MHz, D2O, diastereoisomer 1) 

 
13C NMR of compound 74 (151 MHz, D2O, diastereoisomer 1) 
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31P NMR of compound 74 (243 MHz, D2O, diastereoisomer 1) 
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1H NMR of compound 74 (600 MHz, D2O, diastereoisomer 2) 

 
13C NMR of compound 74 (151 MHz, D2O, diastereoisomer 2) 
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31P NMR of compound 74 (243 MHz, D2O, diastereoisomer 2) 

 
  

-60-50-40-30-20-100102030405060708090100110120

-1
2
.1
6

-1
2
.0
4

4
3
.1
2

4
3
.2
4

43.043.5

4
3
.1
2

4
3
.2
4

-12.5-12.0

-1
2
.1
6

-1
2
.0
4

HO

O-

O
P

H2N

N N

N O

OH

N O O N+

HO

OP
S

O
O-

OH
NH2

O

NH4+



 297 

1H NMR of compound 75 (600 MHz, D2O) 

 
13C NMR of compound 75 (151 MHz, D2O) 
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31P NMR of compound 75 (243 MHz, D2O) 

 
1H-31P HMBC of compound 75 
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1H NMR of compound S76 (600 MHz, CDCl3)  

 
13C NMR of compound S76 (151 MHz, CDCl3) 
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