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Figure S1. 1H NMR spectrum of the heterologously produced bisucaberin B (1) in DMSO-d6. 

 

 

Figure S2. 1H NMR spectrum of the authentic bisucaberin B (1) in DMSO-d6. 

 



Table S1. 1H NMR data for compound 1 in DMSO-d6 
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1: bisucaberin B  
 
 

 
Figure S3. LC-MS chromatograms of the culture broth of each clone. Mass peaks corresponding to 

the linear trimers were not detected. 

δH mult. (J  (Hz)) δH mult. (J  (Hz))
1 1'
2 2.44 t (6.4) 2' 2.29 t (6.4)
3 2.31 t (6.4) 3' 2.59 t (6.4)
4 4'
5 3.45 t (6.4) 5' 3.48 t (6.4)
6 1.47a 6' 1.51a

7 1.21 quint. (7.2) 7' 1.27 quint. (6.8)
8 1.35 quint. (6.8) 8' 1.49a

9 2.99 quint. (6.4) 9' 2.71 t (6.4)
a: coupling was not determined due to overlapping



Sequence S1. DNA Sequence of the artificial gene of the BsbD1 part optimized for E. coli 

expression. 

ATGAACACTCTGGACAACGTAGTGAGCCCTCAGCAGAGTACCCAACATATTCAGCCAAA

GGTATGGCAGAAAGCAAATCTGCTGCTGGTGAAGAAAGCGTTGTGTGAATTCTCGCATG

AACTCCTGATTCAACCCGTGATTATCCAAGAAGTGGATAATGGCTACAAACTGTATAAAG

TTTATGCCGACGATACCGAAATTCAGTATGAATTTAAAGCGAAACCGATGGCTCTGAACC

ATCTGATGATTGACGAAAATAGCATTCGCAAATACATCAAGGAAGTTGAGGAAGAAATCG

ATGCCATTACGTTTATCAAAGAATTTCGCAAAGCCCTCGGTATCGCGGATGAGAAAATGC

CGGTTTATCTCGAAGAAGTGATTTCGACGTTATATGGTAGCGCCTTTAAGATTACGAAAGG

TAATCCTACAGTGGAAGAACTCGCGACTGCGGATTTCCAGACAATTGAGCAAAGCATGA

CCGAAGGACATCCGGGCTTTGTGGCCAATAATGGTCGGATCGGCTTTGACAGCAGTGACT

ATCGCTCTTATGCGCCGGAGGCTGGTAACTCGTTTTCGTTACTGTGGCTGGCTGGCCATAA

GCTCAAAGCAGTGTTTAGTGCGATCGAGGCTCTGCCGTATGAATCACTGATCCGTCAAGA

GTTAGATGTGGACACGATCGCCCAATTCAACAAAATCATTGAGGAGAAAGGCTTTTCTCC

AAAGGACTATCTGTTTATCCCGGTTCATCCGTGGCAATGGTTTAACAAACTGGCAACCATT

TTCGCGTCAGAAGTTGCTAAGGGCGATCTGATCTGTCTCGGCTATGGACCAGATCAATATC

TGGCGCAGCAGTCGATTCGGACGCTGTTTAACATTTCCAATCCACAGAAATTTTACACCA

AAAGCGCACTCTCTATCCTGAACATGGGATTTATGCGTGGTTTACCTCTGTACTATTTGGG

GACAGCACCCAAAATGGCTGTATGGCTGGAAAATTTACTGTACAACGATGCCTATATCAA

AACCAACGGCTTTCGCATGCTGTCCGAAATTGGTTCAGTGAGTTACGTGAATCCGTACTT

CGAAGAATTCGGTCCGCACAACGATTATAACAAAATGCTGGCATCACTGTGGCGTGAAA

GCCCTTACTCCGTAGTCAAAGAGAATCAGAAACCTCTGACTATGGCCGCGTTGTTGCACA

TTGATCATTACGGCAAAGCACTGTTGCCAGAAATGATCAAAGATTCTGGGATTAGCATTG

ATAATTGGTTGCGTAGTTACCTTAAAGCGTATCTGTCTCCCATGCTTCACTGCTTCTACTAT

TACGACTTAGTCTTTATGCCACATGGGGAAAATATTATCCTTGTTCTGGAAAACAATATTC

CGGTCTATGCTCTGCTGAAAGACATTACCGAAGAAGCCTGCATTCTTAATCCGGAGGTCG

AACTTCCGGAAGAGCTTAAACGCATGTATGCGTTGGTTCCGGAGGATGTCAAACTGCTTT

CCATTTTCACCGATATGTTCGATGGCTTCTTCCGTTTCTTAGCGCCGATTCTGGAGAAACA

CGCCAACTACGGTGAACATCGCTTTTGGGAGCTGGTCGCGGAAAACATCCACGAGTACC

AAGAACAGTTCCCGGAATTGAGCGGGAAATTTAAACAGTATGACCTGTTTGCGGAAGAT

TTTAAACTGTCCTGCTTAAACCGCTTACAGCTGAACAACCACAAACAGATGATTGACCTG

GATGATCCCGTAGCCCTGCTCCAGTTCGCAGGCAAGTTGAAGAACCCGATCGCAGTTTTC

AAGAATCAGGAGGTCTAA 

 

Sequence S2. DNA Sequence of the artificial gene of the BsbD2 optimized for E. coli expression. 

ATGACTAACAACATTGCACACTTACAACCCAAGGTGTGGTCGTTTGTCAACCGTCAATTA



ATTAAGAAGGCCATTAGCGAATTTTCTCACGAGTTGATCCTGACGCCTGAATTCATCCTTG

AGGAAACCGATGGATGTATCTATCTGATCACCTCTGACAATAATGAGTTCACGTACCAGTT

CAAAGCGAAGAAGTACGCGTTGGACCATTGGCTTGTAGACGAGAAGAGCATTATTAAGA

AGAACAATATTAGCAACGAAGTCTACTTGGACGCGCTGCATTTCATCACAGAATTTCAGA

ATACTCTGGGCATTCCTGACGAATTTCTTGCAACGTATCTCGAAGAAATTACGAGTACCCT

GTCTGGTGCTGCTTACAAATATGTTAATGAAAAGTTTTCAGCGAATGAGCTGGCGGAAAA

GACATTTCAAGAGATCGAACATGCCATGACTGAGGGACACCCGTGTTTCGTGGCTAATAA

CGGACGTATTGGTTTCAACATTAAGGATTACCAAAAGTATGCCCCAGAATCGAACCAGTC

ATTTAAGCTCCTTTGGATCGCCGCTCATAAGAAATATGCAACTTACACCGCCGTGAAGAAT

TATGAGTATGAGAAACTTCTGGAGTCTGAACTTGGGAAAGAAAAGCTCGCATCATTCAA

AGAGGTGGTTAAGAAACAGAATGTCGCAACAGAAAACTATATCTTCATGCCAGTACACC

CCTGGCAGTGGAAGAACAAAATTGTTGCGGTCTTTGGAGCAGACATCGCACAGAAGAAT

ATCATCAGCGTAGGGGAATCTGACGATGAATTCAGCGCTCAACAATCAATTCGTACCCTC

TTTAACGCAAGCCACCCAGAAAAGCTCTATACCAAAACGGCACTGTCTATTCTGAACATG

GGTTTTATGCGCGGGCTGTCGCCATACTATATGCAATCCACCCCTCACATTACCCAGTGGA

TCACAGATCTCCTTGCCGATGATATTTACCTGCAAAACAACGGCTTCACTATGTTAGGTGA

GGTGGCAACCGCTGGATATCATAATCACTATTACGAAACTCTTGGGAAGACCAATCCGCA

CAACAAGATGTTATCTGCGCTCTGGCGCGAAAGCCCCTTCACAAAGATCAGCTCCAACC

AACGCGTATTCACGATGGCGGCATTACTGCATATTGACTATCAGGATAAGAGCCTTCTGGC

CGCGCTGATCGAAGCAAGTCCATATAATACAACTACTTGGATCCAACGTTATCTGAAGGCT

TATCTGGCGCCCTTACTTCATTGCTTCTACAAGTATGACTTTGTATTCATGCCACATGGGGA

GAACCTCATCCTTGTTCTGGAAGAGAACACCCCTGTACACGTTCTTATGAAAGACATTAC

GGAAGAGGTTATCGTTTTCAACGAGACTATGCATCTTCCGGAGCACGCTAAGCGTCTCTT

CGTCAAGACGTCTGACAAAATGAAGGTGCTGTCTATCTTCACGGATGTGTTCGACTGCTT

CTTCCGTTTCATGGCCCAACAGCTGGATTGCTATAGCTCATTCAGCGAAGATAACTTCTGG

CAACTGGTTGCCGATTGCGTCTACGAGTACCAGGAACAACACCCCGAGTTTAGCGAGAA

ATACAAGCAGTACGATCTCTTCGTTAAGGAATTTGACCGCTGCTGCCTGAATCGTCTTCA

GTTGTCAAATACGAAGCAGATGTTAAGTCTTGCCAACCCCATTGAGTCTCTTAAGTTGGA

GGGCGTGTTAAAGAATCCGCTGGCTCGTTTCAAGAAGGAAACTGTTAAAACCGTACAGT

CCCTGGAATCAATCTAA 

 

Aino acid sequences of enzyme Ds used for phylogenetic analysis, and peptide sequences 

referenced for degenerate primer cloning. (Red: forward degenerate primer sites; Blue: 

reverse degenerate primer sites) 

Sequence S3. Amino acid sequence of BsbD1 part. (accession number; LC090204) 

MNTLDNVVSPQQSTQHIQPKVWQKANLLLVKKALCEFSHELLIQPVIIQEVDNGYKLYKVY



ADDTEIQYEFKAKPMALNHLMIDENSIRKYIKEVEEEIDAITFIKEFRKALGIADEKMPVYLE

EVISTLYGSAFKITKGNPTVEELATADFQTIEQSMTEGHPGFVANNGRIGFDSSDYRSYAPEAG

NSFSLLWLAGHKLKAVFSAIEALPYESLIRQELDVDTIAQFNKIIEEKGFSPKDYLFIPVHPWQ

WFNKLATIFASEVAKGDLICLGYGPDQYLAQQSIRTLFNISNPQKFYTKSALSILNMGFMRGL

PLYYLGTAPKMAVWLENLLYNDAYIKTNGFRMLSEIGSVSYVNPYFEEFGPHNDYNKMLAS

LWRESPYSVVKENQKPLTMAALLHIDHYGKALLPEMIKDSGISIDNWLRSYLKAYLSPMLH

CFYYYDLVFMPHGENIILVLENNIPVYALLKDITEEACILNPEVELPEELKRMYALVPEDVKLL

SIFTDMFDGFFRFLAPILEKHANYGEHRFWELVAENIHEYQEQFPELSGKFKQYDLFAEDFKL

SCLNRLQLNNHKQMIDLDDPVALLQFAGKLKNPIAVFKNQEV 

 

Sequence S4. Amino acid sequence of BsbD2. (accession number; LC090204) 
MTNNIAHLQPKVWSFVNRQLIKKAISEFSHELILTPEFILEETDGCIYLITSDNNEFTYQFKAK

KYALDHWLVDEKSIIKKNNISNEVYLDALHFITEFQNTLGIPDEFLATYLEEITSTLSGAAYKY

VNEKFSANELAEKTFQEIEHAMTEGHPCFVANNGRIGFNIKDYQKYAPESNQSFKLLWIAAH

KKYATYTAVKNYEYEKLLESELGKEKLASFKEVVKKQNVATENYIFMPVHPWQWKNKIVAV

FGADIAQKNIISVGESDDEFSAQQSIRTLFNASHPEKLYTKTALSILNMGFMRGLSPYYMQST

PHITQWITDLLADDIYLQNNGFTMLGEVATAGYHNHYYETLGKTNPHNKMLSALWRESPFT

KISSNQRVFTMAALLHIDYQDKSLLAALIEASPYNTTTWIQRYLKAYLAPLLHCFYKYDFVF

MPHGENLILVLEENTPVHVLMKDITEEVIVFNETMHLPEHAKRLFVKTSDKMKVLSIFTDVF

DCFFRFMAQQLDCYSSFSEDNFWQLVADCVYEYQEQHPEFSEKYKQYDLFVKEFDRCCLN

RLQLSNTKQMLSLANPIESLKLEGVLKNPLARFKKETVKTVQSLESI 

 

Sequence S5. Amino acid sequence of MbsD. (accession number; BAL45578) 
MTASIIEQTRLSHLTPAIWNQASRHLLAKILSEFSHEKLIAPELLLPAEAEQEACWQLKLDTRD

GQLCYRFSGHHYQLDHLQIAPDSIECFKDGEQQQPDAMLLIIALKERLGISDALLPTYLEEITS

TLYSKAFKLLWQAKPVQELVDCDYQQIEAAMTEGHPVFVANNGRIGFDVDDWRAFTPESG

QPLQLEWLAVSSEHTSLALIAGLDYRQLLQDELGDALLLRFEQKIRQQGKNPDDYFLMPVH

PWQWREKISRIFAADLARDRLIHLGQGRDEYQVQQSIRTFFNLSQPKRCYVKTALSILNMGF

MRGLSPYYMSRTPEINAFVAELIDSDPFFANQRFVLLREIAAIGYHHRYYEQALEKDTPYKK

MLSALWRESPYALSFQGEPLVKPGQQLMTLAALLHQDNQQQSLLAALIEASPLSAHDWMSR

LLDLYLTPLLHAFFAYDLVFMPHGENLILVLDDKVPVTILMKDIGEEVAILNGSAPLPGRVAQL

AVSLEEEMKLNYILLDIFDCIFRFMAPLLDSHTSLSEQGFWSLVAGKVRDYQASHPQFADKY

RRYDLFQPTFVRTCLNRIQLNNNQQMIDLEDREKNLRFAGDIDNPLHPFAASHSFGVTPTQA

ERLADPAL 

 

Sequence S6. Amino acid sequence of BibCC. (accession number; WP_012549027) 



MKNSSKNPSLSLATSHLTTEYWHKANQHLIAKMITELSHEQIITPIKLDDASNAQAASWCITF

NSDTGTSEYLFRARQYQLDHLFVEPQSITCTKDDKNQPLDAVSFILSCRHLLEISDALLPTYL

EEITSTLYSKAYKLMHQNKTSAQLANASYQEIEAAMTEGHPVFIANNGRIGFDMLDHVEFSP

ESGQSLNLQWIAVLREKTSFAVIESLSYDRLIFDELGQSQLNEFNQQLSMQGLEPSHYYLMPI

HPWQWREKISRIFAADIANQYVVPLGTTEDKYQAQQSIRTFFNLSSPEKCYVKTALSILNMG

FMRGLSPYYMSRTPAINTFIANLIETDPYFAKKQFFVLKEVAAIGYHHSYYEQATRTDNPYKK

MLSSLWRESPYAPDQHGNVLVNKQQKLLTMASLLHVDDQGKSLISALMADSPLSDHNWLK

QYMDLYLQPLLHSFFAYDLVFMPHGENLILVLEDNSPIKIIMKDIGEEVAILNGEKTLPNDMN

CLAVDLEDPMKLNYILLDIFDCIFRFIAPLLEQQTQVSESDFWEIVADSVKDYQQEHPQFDAK

YQRYDLYCSSFARTCLNRIQLNNNQQMIDLEDREKNLRFAEDIANPLALFAKTHRII 

 

Sequence S7. Amino acid sequence of PubC. (accession number; WP_011622234) 
MNLATNRALLKPFTQAEFPTLEAAAHPHVPAHLMPEYWQAANRHLVKKILCEFTHEKIISPQ

IYRQAAGINHYELRLKDCTYYFSARHYQLDHLEIEAGSIRVSSAGQDKPLDAMSLIIKLKDAL

GMSETLLPTYLEEITSTLYSKAYKLAHQAIPATTLAKADYQTIEAGMTEGHPVFIANNGRIGF

DMQDYDQFAPESASALQLVWIAVRKDKTTFSSLEGLDHDSLLKQELGEQFTKFQQHLSALG

QAADSFYFMPVHPWQWREKIARTFAGEIARGDIIYLGESQDCYQVQQSIRTFFNLSAPQKCY

VKTALSILNMGFMRGLSPLYMSCTPQINAWVADLIESDSYFAEQGFVILKEIAAIGYHHRYYE

EALTQDSAYKKMLSALWRESPLPHIEPQQTLMTMAALLHVDHQEQALLAALIKHSGLSAKE

WVKRYLNLYLSPLLHAFFAYDLVFMPHGENLILVLDAGIPVKILMKDIGEEVAVLNGSEPLPQ

EVQRLAVELEEEMKLNYILLDIFDCIFRYLAPILDKQTEVSEAQFWELVADNVRDYQAQHPQ

LADKFAQYDLFKDSFVRTCLNRIQLNNNQQMIDLADREKNLRFAGGIDNPLAAFRQSHAFG

NQKLKPKS 

 

Sequence S8. Amino acid sequence of DesD. (accession number; WP_0111028585) 
MSLADAVAHLTPERWEEANRLLVRKALAEFTHERLLTPEREPDDGGGQTYVVRSDDGQTAY

RFTATVRALDHWQVDAASVTRHRDGAELPLAALDFFIELKQTLGLSDEILPVYLEEISSTLSG

TCYKLTKPQLSSAELARSGDFQAVETGMTEGHPCFVANNGRLGFGIHEYLSYAPETASPVRL

VWLAAHRSRAAFTAGVGIEYESFVRDELGAATVDRFHGVLRGRGLDPADYLLIPVHPWQW

WNKLTVTFAAEVARGHLVCLGEGDDEYLAQQSIRTFFNASHPGKHYVKTALSVLNMGFMR

GLSAAYMEATPAINDWLARLIEGDPVLKETGLSIIRERAAVGYRHLEYEQATDRYSPYRKML

AALWRESPVPSIREGETLATMASLVHQDHEGASFAGALIERSGLTPTEWLRHYLRAYYVPLL

HSFYAYDLVYMPHGENVILVLADGVVRRAVYKDIAEEIAVMDPDAVLPPEVSRIAVDVPDDK

KLLSIFTDVFDCFFRFLAANLAEEGIVTEDAFWRTVAEVTREYQESVPELADKFERYDMFAP

EFALSCLNRLQLRDNRQMVDLADPSGALQLVGTLKNPLAGR 

 



Sequence S9. Amino acid sequence of DfoCC. (accession number; GAJ89919) 
MNDTHLLQAGTWLTGDNWAEANRLLIRKAIAEFAHEKIVTPAECAHGRYSLAVPGSETEYQ

FTASRLALDHWEIDAASLTKQENGHPLALDALQFITEFNEVIGIPQALLATYMEEISSTLCSSV

FKLQKNNPDSRALVNADFQTVESSMTEGHPCFVANNGRIGFDARDYLAYAPEAATPVNLIW

VAVHRRNAHFSSLSDLQYERLMREELGQSTVEQFNAQLTEKGLTHADYLFMPVHPWQWQN

KLLTVFAADIANNDIVWLGVGDDQYQAQQSIRTFFNRSHPNKRYVKTALSVLNMGFMRGLS

PYYMATTPAINEWLQDLVAGDEWLQRCDFRILREVAAVGYHNRHYEKAIKGDSAYKKMFA

ALWRDNPVAELKPGQRLMTMASFLHVDHHQKALLPALIADSGLAAERWVERYLSCYLSPLL

HCFYQHDLVFMPHGENLILLLENNVPVSAYMKDIGEEIAVMNPDAVLPEKVQRLAVDVPEN

LKLLSVFTDVFDCIFRFISAILHQSATLPEEQFWQAVARCVKEYQQAHPHLASKFSRYDMFAP

EFTRSCLNRLQLANNQQMINLSDPAENLKFAGTLVNPIARWR 

 



 
Figure S4. Phylogenetic tree of the amide-bond formation enzymes and 55 function 

unknown homologues generated by neighbor-joining method. The numbers inside the 

parentheses indicates the major final product of each enzyme. 

 

 DesD Streptomyces coelicolor A3

 EaDfoCC Erwinia amylovora

 WP 009636529.1 Serratia sp. M24T3

 WP 017492815.1 Rouxiella badensis

 WP 108569845.1 Pantoea sp. RIT 413

 WP 072931059.1 Nissabacter archeti

 WP 104921752.1 Rouxiella sp. ERMR1:05

 WP 095921794.1 Rahnella victoriana

 WP 115458760.1 Enterobacillus tribolii

 WP 061555166.1 Obesumbacterium proteus

 WP 072310245.1 Hafnia alvei

 WP 096780063.1 Zobellella denitrificans

 WP 103975084.1 Methylovulum psychrotolerans

 WP 022949140.1 Methylohalobius crimeensis

 WP 011506356.1 Chromohalobacter salexigens

 WP 092847347.1 Halomonas xianhensis

 WP 045846250.1 Aquitalea magnusonii

 WP 092137348.1 Cupriavidus sp. YR651

 WP 106734259.1 Pseudomonas sp. YY-1

 WP 047492926.1 Methylibium sp. CF059

 WP 054507495.1 Achromobacter xylosoxidans

 WP 067758791.1 Orrella dioscoreae

 WP 008118116.1 Herbaspirillum sp. YR522

 WP 084452334.1 Mitsuaria chitosanitabida

 WP 074575679.1 Polaromonas sp. JS666

 WP 093111260.1 Variovorax sp. CF079

 WP 092970238.1 Ralstonia sp. NFACC01

 WP 065340765.1 Azoarcus olearius

 WP 084168729.1 Paraburkholderia acidipaludis

 WP 035963291.1 Caballeronia grimmiae

 WP 013094426.1 Burkholderia sp. CCGE1002

 WP 084688460.1 Paraburkholderia oxyphila

 WP 008218042.1 Rheinheimera nanhaiensis

 WP 013183770.1 Xenorhabdus nematophila

 WP 110091091.1 Photorhabdus luminescens

 WP 049597604.1 Yersinia nurmii

 WP 010399942.1 Janthinobacterium lividum

 PubC Shewanella sp. MR-4

 BibCC Aliivibrio salmonicida LFI1238

 WP 062568023.1 Pseudoalteromonas arabiensis

 WP 101059152.1 Shewanella upenei

 MbsD marine metagenome

 WP 108568747.1 Alteromonas sp. IO390401

 WP 117318126.1 Salinimonas sp. N102

 WP 096038946.1 Pseudoalteromonas tetraodonis

 WP 068898211.1 Enterovibrio pacificus

 WP 109763231.1 Pleionea mediterranea

 WP 018692582.1 Algicola sagamiensis

 WP 016389269.1 Simiduia agarivorans

 WP 052593986.1 Aureispira sp. CCB-QB1

 WP 004156436.1 Microscilla marina

 BsbD1 Tenacibaculum mesophilum

 WP 083726455.1 Flexibacter sp. ATCC 35208

 WP 090103388.1 Chitinophaga sp. CF118

 WP 045462321.1 Sporocytophaga myxococcoides

 WP 056198368.1 Flavobacterium sp. Root186

 WP 034685104.1 Chryseobacterium piperi

 WP 044219706.1 Flammeovirga pacifica

 WP 109833039.1 Reichenbachiella versicolor

 BsbD2 Tenacibaculum mesophilum

 WP 024771941.1 Aquimarina macrocephali

 WP 069831266.1 Algibacter aquaticus
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