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Supplementary Figure 1. PCR confirmation of the missing norB gene in the nor 

biosynthetic gene cluster in Streptomyces scabrisporus DSM41855. M: DNA size 

marker; primer pair (expected size): lane 1, NorAAfw-Ss/NorCrv-Ss (648 bp); 2, NorAAfw-

Ss/NorCfw2-Ss (721 bp); 3, NorAAfw2-Ss/NorCfw-Ss (769 bp); and 4, NorAAfw2-

Ss/NorCfw2-Ss (842 bp). Source data are provided as a Source Data file. 
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Supplementary Figure 2. Phylogenetic tree of the KS amino acid sequences of the aur-

type and nor-type PKSs and selected other type I PKSs. The tree was reconstructed by 

Bayesian inference. Numbers at nodes indicated clade credibility values. Accession numbers 

of proteins used in this phylogenetic analysis are shown in Supplementary Table 2. Source 

data are provided as a Source Data file. 
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Supplementary Figure 3. Amino acid sequence alignments. Alignment of sequences of 

S. scabrisporus NorC-KS1 (NorC1) with selected AurB/NorB and AurC/NorC-KS1 

(AurC1/NorC1) sequences. Columns with the same amino acid residue or indel pattern 

characteristic of AurB/NorB or NorC-KS1 sequences are highlighted in blue and yellow, 

respectively. 
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Supplementary Figure 4. The interactions between the type I polyketide C- and N-
docking domains. a) Amino acid sequence alignment of docking domains in the aur PKS 
and nor PKS with other known docking domains; class 1a and class 1b1-5. The alignment is 

constructed by Clustal Omega6
 and shows default Clustal color sheme by Jalview 2.10.57 

(http://www.jalview.org/). DEBS: erythromycin8 (Saccharopolyspora erythraea), Pik: 
pikromycin9 (Streptomyces venezuelae), Amph: amphotericin10 (Streptomyces nodosus), 
Asm: ansamitocin11 (Actinosynnema pretiosum), Nys: nystatin12 (Streptomyces noursei 
ATCC 11455), Mon: monensin13 (Streptomyces cinnamonensis), Spn: spinosad14 
(Saccharopolyspora spinosa), Tyl: tylactone15 (Streptomyces fradiae), Pim: pimaricin16 
(Streptomyces natalensis). Rif: rifamycin17 (Amycolatopsis mediterranei). Colored and 
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shaded boxes indicate basic residues (red), acidic residues (magenta), hydrophobic residues 
(blue), polar residues (green), aromatic residues (cyan), Gly (orange), and Pro (yellow). 
Potential charge-charge interactions between CDD (C-terminal docking domain) and NDD (N-
terminal docking domain) are indicated by matching symbols (red star and circle). Y and A 

are well conserved amino acid in this position of NDD in class 1a and class 1b, respectively5. 
b) AurA/AurB and NorA/NorA’ docking domains are a class 1a. On the other hand 
NorA’/NorB docking domain is a class 1b.  
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Supplementary Figure 5. Engineering strategy using KS-AT linker fusion in aureothin-

type polyketides. a) Fusion sites in KS-AT linker applied in nor_PKS to aur_PKS 

engineering. The fusion sites induced by restriction enzyme HpaI (VN) is a red letter. The 

length of original and recombinant KS-AT linker is shown in bracket. The ‘optional’ fusion site 

GTNAHVILE reported by Yuzawa et al.18 is indicated in pink letter. The fusion sites chosen in 

this study are close to this ‘optional’ site. The resulting KS-AT linker amino acid sequence 

alignment is shown bottom. b) Fusion sites in KS-AT linker applied in aur_PKS to nor_PKS 

engineering. The fusion sites induced by restriction enzyme HpaI (VN) and SpeI (TS) are red 

letters. The length of original and recombinant KS-AT linker is shown in bracket. The 

‘optional’ fusion site GTNAHVILE reported by Yuzawa et al. is indicated in pink letter. The 

fusion sites chosen in this study are close to this ‘optional’ site. The resulting KS-AT linker 

amino acid sequence alignment is shown bottom. c) KS-AT didomain structural model of 
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NorB. The amino acid sequences of NorB, AurB*, AurB**, AurB, AurB*-NorA’*-module2 and 

NorB*-AurB*-module4 were submitted to phyre219 for modeling. Obtained the most similar 

structure model is the mammal fatty acid structure 2VZ820 (88% coverage, 28% identity). All 

the six models are based on 2VZ8 and then showed the same 3D structure model. 
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Supplementary Figure 6. Schematic strategy to generate the aur** PKS. a) Workflow to 
generate the aur** PKS: norA' and norB are fused at the KS-AT linker of norA'-module 2. b) 

Nucleotide/amino acid sequences of the original and fusion sites in the KS-AT linker regions. 
The fusion site HpaI is highlighted in red.   
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Supplementary Figure 7. Amino acid sequence alignment of AurH and homologues. 

The alignment is constructed by Clustal Omega and shaded similar (gray)/identical (black) 

residues by BoxShade (https://embnet.vital-it.ch/software/BOX_form.html). The same 

residues and similar residues are indicated by star and dot, respectively. The catalytic 

glutamine is highlighted in red and the conserved cysteine binding to heme is in cyan. The 

residues important for the size of the catalytic cavity are in green (AurH homologues) and 

purple (NorH homologues), and they are conserved in AurH and NorH, respectively.  
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Supplementary Figure 8. Strategies to construct chimeric NorH variants and hybrid 

NorH/AurH variants. Five swapped regions of NorH are shaded in orange. The combination 

sites for hybrid NorH/AurH variants constructs are indicated by vertical orange lines. 
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Supplementary Figure 9. Schematic strategy to generate the nor# PKS. a) Workflow to 
generate the nor# PKS: the N-terminal docking domain of aurB is swapped with that of norB 
to generate pHY129, and norA´# including the N- and C-terminal docking domains is 
expressed separately as pHY132. b) Nucleotide/amino acid sequences of the original and 
fusion sites in the docking domain regions. The fusion site AflII is highlighted in red.   
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Supplementary Figure 10. Schematic strategy to generate the nor* PKS. a) Workflow to 
generate the nor* PKS: the region between the norA'-AT2 and norB-KS4 (norA'*-norB*) is 
inserted into the KS-AT linker of aurB to generate pHY134. b) Nucleotide/amino acid 
sequences of the original and fusion sites in the KS-AT linker regions. The fusion sites HpaI 
and SpeI are highlighted in red.  
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Supplementary Figure 11. The HPLC-HRMS profiles at extracted ion chromatogram. a) 

The HPLC-HRMS profile at EIC m/z 477.70−478.70 (M+H)+ of authentic reference of 

neoaureothin (2, upper panel), and the ethyl acetate extracts from S. scabrisporus culture 

(lower panel). b) Observed ions corresponding to those of a. 
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Supplementary Figure 12. HPLC-HRMS profiles at extracted ion chromatogram. a) The 

HPLC-HRMS profile at EIC m/z 399.67-400.67 (M+H)+ of authentic reference of 7-hydroxy-7-

deoxyaureothin (3), S. albus_aur§ PKS, S. albus_aur# PKS, S. albus_aur* PKS, S. 

albus_aur** PKS, EIC m/z 397.65-398.65 (M+H)+ of authentic reference of aureothin (1), EIC 

m/z 477.72-478.72 (M+H)+ of authentic reference of neoaureothin (2) and S. albus_nor PKS, 

EIC m/z 383.68-384.68 (M+H)+ of authentic reference of 7-deoxyaureothin (4) and S. 
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albus_aur** PKS, EIC m/z 245.57-246.57 (M-H)- for intermediate (5, purple), of S. albus_aur§ 

PKS, S. albus_aur# PKS, S. albus_aur* PKS, S. albus_aur** PKS. b) Observed ions 

corresponding to those of a. 
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Supplementary Figure 13. The HPLC-HRMS profiles at extracted ion chromatogram 

(EIC). a) The HPLC-HRMS profile at EIC m/z 397.65-398.65 (M+H)+ of authentic reference of 

aureothin (1) and ΔaurH/AurH, EIC m/z 399.67-400.67 (M+H)+ of authentic reference of 7-

OH-deoxyaureothin (3), ΔaurH/NorH, ΔaurH/NorH-I19F, ΔaurH/NorH-V71L, ΔaurH/NorH-

T291L, ΔaurH/NorH-T292P, ΔaurH/NorH-W317F, ΔaurH/NorH-T392L, ΔaurH/multiple-point-
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mutated NorH,  EIC m/z 383.67-384.67 (M+H)+ of 7-deoxyaureothin (4, yellowgreen), ΔaurH, 

ΔaurH/NorH, ΔaurH/NorH-I19F, ΔaurH/NorH-V71L, ΔaurH/NorH-T291L, ΔaurH/NorH-T292P, 

ΔaurH/NorH-W317F, ΔaurH/NorH-T392L, ΔaurH/multiple-point-mutated NorH. b) Observed 

ions corresponding to those of a. 
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Supplementary Figure 14. HPLC profile of region-swapped chimeric NorHs. The EtOAc 

extracts ofS. albus pHJ68 (ΔaurH), ΔaurH/AurH, ΔaurH/NorH, ΔaurH/NorH-R1, ΔaurH/NorH-

R2, ΔaurH/NorH-R3, ΔaurH/NorH-R4, and ΔaurH/NorH-R5. mutant strains.. Aureothin (1), 7-

OH deoxyaureothin (3), 7-deoxyaureothin (4).  
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Supplementary Figure 15. The HPLC-HRMS profiles of catalytic activities of region-

swapped chimeric NorH variants at extracted ion chromatogram. a) The HPLC-HRMS 

profile at EIC m/z 383.67-384.67 (M+H)+ of authentic reference of 7-deoxyaureothin (4, 

yellowgreen), ΔaurH/NorH-R1, ΔaurH/NorH-R2, ΔaurH/NorH-R3, ΔaurH/NorH-R4, and 

ΔaurH/NorH-R5, EIC m/z 397.65-398.65 (M+H)+ of authentic reference of aureothin (1), EIC 
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m/z 399.67-400.67 (M+H)+ of authentic reference of 7-OH-deoxyaureothin (3), ΔaurH/NorH-

R1, (v) ΔaurH/NorH-R2, ΔaurH/NorH-R3, ΔaurH/NorH-R4, and ΔaurH/NorH-R5. b) Observed 

ions corresponding to those of a. 
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Supplementary Figure 16. The HPLC-HRMS profiles of catalytic activities of hybrid 

NorH variants at extracted ion chromatogram.  a) The HPLC-HRMS profile at EIC m/z 

383.67-384.67 (M+H)+ of authentic reference of 7-deoxyaureothin (4, yellowgreen), ΔaurH/N-

NorH-C-AurH, ΔaurH/N-AurH-C-NorH, ΔaurH/Abc, ΔaurH/ABc, and ΔaurH/aBC, ΔaurH/aBc, 

ΔaurH/abC, and ΔaurH/AbC, EIC m/z 397.65-398.65 (M+H)+ of authentic reference of 

aureothin (1, red), and ΔaurH/Abc, EIC m/z 399.67-400.67 (M+H)+ of authentic reference of 
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7-OH-deoxyaureothin (3), ΔaurH/N-NorH-C-AurH, ΔaurH/N-AurH-C-NorH, ΔaurH/Abc, 

ΔaurH/ABc, and ΔaurH/aBC, ΔaurH/aBc. b) Observed ions corresponding to those of a. 
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Supplementary Figure 17. The HPLC-HRMS profiles of catalytic activities of NorH at 
extracted ion chromatogram. a) The HPLC-HRMS profile at EIC m/z 477.72−478.72 
(M+H)+ of authentic reference of neoaureothin (2), and S. albus_nor PKS, ΔnorH/norH, 
ΔnorH/aurH, EIC m/z 463.74−464.74 (M+H)+ of S. albus_nor PKS ΔnorH.  
Deoxyneoaureothin (6). b) Observed ions corresponding to those of a. 
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Supplementary Figure 18. The HPLC-HRMS profiles of catalytic activities of NorH at 
extracted ion chromatogram. a), The HPLC-HRMS profile at EIC m/z 397.65−398.65  
(M+H)+ of authentic reference of aureothin (1), and  S. albus_aur PKS, S. albus_nor# PKS, S. 
albus_nor* PKS, EIC m/z 477.72-478.72 (M+H)+ of authentic reference of neoaureothin (2, 
skyblue) and S. albus_nor* PKS, EIC m/z 463.73-464.73 (M+H)+ of authentic reference of 
deoxyneoaureothin (6) and S. albus_nor* PKS, EIC m/z 493.71-494.71 (M+H)+, 11a-
hydroxyneoaureothin (7, navy), of S. albus_nor* PKS, at EIC m/z 447.70-448.70 (M+H)+, 2-



 

26 
 

pyrone-4-desmethyl-7-dehydro-7-deoxyneoaureothin (8, grey), of S. albus_nor* PKS, EIC 
m/z 461.72-462.72 (M+H)+, 2-pyrone-7-dehydro-7deoxyneoaureothin (9, red) and 7-dehydro-
7deoxyneoaureothin (10, red)  of S. albus_nor* PKS. b), Observed ions corresponding to 
those of a. 
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Supplementary Figure 19. Structure and selected HMBC correlations of intermediate 5. 

HMBC correlations are indicated by arrows. 
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Supplementary Figure 20. 1H NMR spectrum of intermediate 5. Solvent CDCl3/CD3OD 

(v/v 2:1). 
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Supplementary Figure 21. 13C NMR spectrum of intermediate 5. Solvent CDCl3/CD3OD 

(v/v 2:1). 
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Supplementary Figure 22. HSQC spectrum of intermediate 5. Solvent CDCl3/CD3OD (v/v 

2:1). 
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Supplementary Figure 23. HMBC spectrum of intermediate 5. Solvent CDCl3/CD3OD (v/v 

2:1). 
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Supplementary Figure 24. Structure and selected HMBC correlations of 

deoxyneoaureothin. HMBC correlations indicated by arrows, compound number 6. 
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Supplementary Figure 25. 1H NMR spectrum of deoxyneoaureothin. Compound 6. 

Solvent CDCl3. 
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Supplementary Figure 26. 13C NMR spectrum of deoxyneoaureothin. Compound 6. 

Solvent CDCl3. 
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Supplementary Figure 27. 1H-1H COSY spectrum of deoxyneoaureothin. Compound 6. 

Solvent CDCl3. 
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Supplementary Figure 28. HSQC spectrum of deoxyneoaureothin. Compound 6. Solvent 

CDCl3. 
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Supplementary Figure 29. HMBC spectrum of deoxyneoaureothin. Compound 6. Solvent 

CDCl3. 
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Supplementary Figure 30. Selected HMBC correlations of 11a-hydroxyneoaureothin. 

Compound 7. HMBC correlations indicated by arrows. 
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Supplementary Figure 31. 1H NMR spectrum of 11a-hydroxyneoaureothin. Compound 7. 

Solvent CDCl3. 
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Supplementary Figure 32. 13C NMR spectrum of 11a-hydroxyneoaureothin. Compound 

7. Solvent CDCl3. 
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Supplementary Figure 33. HMBC spectrum of 11a-hydroxyneoaureothin. Compound 7. 

Solvent CDCl3.  
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Supplementary Figure 34. HSQC spectrum of 11a-hydroxyneoaureothin. Compound 7. 

Solvent CDCl3. 
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Supplementary Figure 35. Structure and selected 2D NMR correlations of 2-pyrone-4a-

desmethyl-7-dehydro-7-deoxyneoaureothin. Compound 8. HMBC correlations are 

indicated by arrows, ROESY correlations by dashed arrows. 
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Supplementary Figure 36. 1H NMR spectrum of 2-pyrone-4a-desmethyl-7-dehydro-7-

deoxyneoaureothin. Compound 8. Solvent CDCl3/CD3OD. 
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Supplementary Figure 37. 13C NMR spectrum of 2-pyrone-4a-desmethyl-7-dehydro-7-

deoxyneoaureothin. Compound 8. Solvent CDCl3/CD3OD. 
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Supplementary Figure 38. HSQC spectrum of 2-pyrone-4a-desmethyl-7-dehydro-7-

deoxyneoaureothin. Compound 8. Solvent CDCl3/CD3OD. 
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Supplementary Figure 39. HMBC spectrum of 2-pyrone-4a-desmethyl-7-dehydro-7-

deoxyneoaureothin. Compound 8. Solvent CDCl3/CD3OD. 
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Supplementary Figure 40. ROESY spectrum of 2-pyrone-4a-desmethyl-7-dehydro-7-

deoxyneoaureothin. Compound 8. Solvent CDCl3/CD3OD. 
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Supplementary Figure 41. Structure and selected 2D NMR correlations of 2-pyrone-7-

dehydro-7-depxyneoaureothin. Compound 9. HMBC correlations are indicated by arrows, 

ROESY correlations by dashed arrows.  
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Supplementary Figure 42. 1H NMR spectrum of 2-pyrone-7-dehydro-7-

deoxyneoaureothin. Compound 9.  Solvent CDCl3. 
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Supplementary Figure 43. 13C NMR spectrum of 2-pyrone-7-dehydro-7-

deoxyneoaureothin. Compound 9.  Solvent CDCl3. 
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Supplementary Figure 44. HSQC spectrum of 2-pyrone-7-dehydro-7-

deoxyneoaureothin. Compound 9.  Solvent CDCl3. 

  



 

53 
 

 

Supplementary Figure 45. HMBC spectrum of 2-pyrone-7-dehydro-7-

deoxyneoaureothin. Compound 9.  Solvent CDCl3. 
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Supplementary Figure 46. ROESY spectrum of 2-pyrone-7-dehydro-7-

deoxyneoaureothin. Compound 9.  Solvent CDCl3. 
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Supplementary Figure 47. Structure and selected 2D NMR correlations. Compound 10. 

HMBC correlations are indicated by arrows, ROESY correlations by dashed arrows.  
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Supplementary Figure 48. 1H NMR spectrum of 7-dehydro-7-deoxyneoaureothin. 

Compound 10. Solvent CDCl3. 
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Supplementary Figure 49. 13C NMR spectrum of 7-dehydro-7-deoxyneoaureothin. 

Compound 10. Solvent CDCl3.  



 

58 
 

 

Supplementary Figure 50. HSQC spectrum of 7-dehydro-7-deoxyneoaureothin. 

Compound 10. Solvent CDCl3.  
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Supplementary Figure 51. HMBC spectrum of 7-dehydro-7-deoxyneoaureothin. 

Compound 10. Solvent CDCl3. 

  



 

60 
 

 

Supplementary  Figure 52. ROESY spectrum of 7-dehydro-7-deoxyneoaureothin. 

Compound 10. Solvent CDCl3. 
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Supplementary Table 1.  The aur- and nor-type gene clusters. 

 S. thioluteus S. caatingaensis S. scabrisoporus 
DSM41855 

S. orinoci S. alboflavus 
MDJK44 

S. alboflavus  
B-2373 

S. ruber NRRL 
ISP-5379 
B-1661 
ISP-5378 

S. sp. NRRL  
B-1348 
B-1347 

Aur/NorD CAE02599.1 WP_078871048.1 WP_079027019.1 CAO85889.1 WP_087886696.1 WP_078619364.1 WP_078619364.1 WP_078869010.2 

Aur/NorE CAE02600.1 WP_049715219.1 WP_020555942.1 CAO85890.1 WP_087886697.1 WP_030357148.1 WP_030357148.1 WP_018541096.2 

Aur/NorF CAE02601.1 WP_049715218.1 WP_020555941.1 CAO85891.1 WP_087886698.1 WP_051811201.1 WP_051811201.1 WP_030681451.2 

Aur/NorJ nf nf WP_020555940.1 CAO85892.1 WP_087886699.1 WP_051811200.1 WP_051811200.1 WP_078869021.2 

Aur/NorA CAE02602.1 KNB53282 WP_079027018.1 CAO85893.1 WP_087886700.1 WP_051811199.1 WP_051811199.1 WP_051855294 

Aur/NorG CAE02603.1 WP_049715217.1 WP_020555938.1 CAO85894.1 WP_030357152.1 WP_030357152.1 WP_030357152.1 WP_030681455.2 

Aur/NorK nf nf nf nf WP_087886701.1 WP_030357153.1 WP_030357153.1 WP_030681457.2 

Aur/NorH CAE02604.1 WP_049715216.1 WP_063744948.1 CAO85895.1 WP_087886702.1 WP_078619363.1 WP_078619363.1 WP_078869011.2 

NorA' nf nf WP_020555936.1 CAO85896.1 WP_087886706.1 WP_051811198.1 WP_065914235 WP_051855297.2 

Aur/NorB CAE02605.1 WP_049715215.1 nf CAO85897.1 WP_087886707.1 WP_051811197.1 WP_051811197.1 WP_030681465 

Aur/NorC CAE02606.1 WP_053161065.1 WP_052174042.1 CAO85898.1 ARX88036.1 Gap Gap WP_037826258 

Aur/NorI CAE02607.1 WP_049715214.1 WP_020555935.1 CAO85899.1 WP_087887989.1 WP_030357158.1 WP_030357158.1 WP_030681469.2 
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Supplementary Table 2. Proteins used for phylogenies. 

Polyketide Protein Organism Accession number 
Avermectin21 AveA1 Streptomyces avermitilis Q9S0R8 
 AveA2  Q9S0R7 
 AveA3  Q9S0R4 
 AveA4  Q9S0R3 
Polyene macrolide22 PteA1  Q93H87 
 PteA2  Q93H86 
 PteA3  Q93H85 
 PteA4  Q93H84 
 PteA5  Q93H83 
Oligomycin22 OlmA1  Q93HJ5 
 OlmA2  Q93HJ4 
 OlmA3  Q93HJ3 
 OlmA4  Q93HI8 
 OlmA5  Q93HI9 
 OlmA6  Q93HJ2 
 OlmA7  Q93HJ1 
Oleandomycin23 OleAI Streptomyces antibioticus Q9KIV4 
 OleAII  Q9KIV3 
Niddamycin24 NidA1 Streptomyces caelestis O30764 
 NidA2  O30765 
 NidA3  O30766 
 NidA4  O30767 
 NidA5  O30768 
Monensin13 MonAI Streptomyces cinnamonensis Q846X6 
 MonAII  Q846X5 
 MonAIII  Q846X4 
 MonAIV  Q846X3 
 MonAV  Q846X2 
 MonAVI  Q864X1 
 MonAVII  Q846W5 
 MonAVIII  Q846W6 
Tylactone15 TylG1 Streptomyces fradiae O33954 
 TylG2  O33955 
 TylG3  O33956 
 TylG4  O33957 
 TylG5  O33958 
FK52025 FkbA Streptomyces hygroscopicus  P95814 
 FkbB subsp. ascomyceticus Q9ZGA4 
 FkbC  Q9KIE1 
Rapamycin26 RapA Streptomyces hygroscopicus Q54297 
 RapB  Q54296 
 RapC  Q54299 
Nanchangmycin27 NanA1 Streptomyces nanchangensis Q7WTF5 
 NanA2  Q7WTF4 
 NanA3  Q7WTF3 
 NanA4  Q7WTF2 
 NanA5  Q7WTF1 
 NanA6  Q7WTF0 
 NanA7  Q7WTE3 
 NanA8  Q7WTD6 
 NanA11  Q7WTD7 
Pimaricin16 PimS0 Streptomyces natalensis Q9X992 
 PimS1  Q9X993 
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 PimS2  Q9EWA1 
 PimS3  Q9EWA2 
 PimS4  Q9EWA3 
Amphotericin28 AmphA Streptomyces nodosus Q93NW8 
 AmphB  Q93NW7 
 AmphC  Q93NW6 
 AmphI  Q93NX9 
 AmphJ  Q93NX8 
 AmphK  Q93NX7 
Nystatin12 NysA Streptomyces noursei Q9L4W5 
 NysB  Q9L4W4 
 NysC  Q9L4W3 
 NysI  Q9L4X3 
 NysJ  Q9L4X2 
 NysK  Q9L4X1 
Candicidin29 FscA Streptomyces str. FR-008 Q9W5Q3 
 FscB  Q6W5P9 
 FscC  Q6W5Q0 
 FscD  Q6W5P6 
 FscE  Q6W5P7 
 FscF  Q6W5P8 
Pikromycin9 PikAI Streptomyces venezuelae Q9ZGI5 
 PikAII  Q9ZGI4 
 PikAIII  Q9ZGI3 
 PikAIV  Q9ZGI2 
Erythromycin8 DEBS1 Saccharopolyspora erythraea Q5UNP6 
 DEBS2  Q5UNP5 
 DEBS3  Q5UNP4 
Spinosad14 SpnA Saccharopolyspora spinosa Q9ALM6 
 SpnB  Q9ALM5 
 SpnC  Q9ALM4 
 SpnD  Q9ALM3 
 SpnE  Q9ALM2 
Rifamycin17 RifA Amycolatopsis mediterranei O54666 
 RifB  O52545 
 RifC  O52790 
 RifD  O54591 
 RifE  O54593 
Mycinamicin30 MycAI Micromonospora griseorubida Q83WF0 
 MycAII  Q83WE9 
 MycAIII  Q83WE8 
 MycAIV  Q83WE7 
 MycAV  Q83WE6 
Megalomicin31 MegAI Micromonospora megalomicea Q9F830 
 MegAII  Q9F829 
 MegAIII  Q9F828 
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Supplementary Table 3.  List of primers for site-directed mutagenesis of norH. 

 
  

Primers Sequence (from 5’ to 3’, mutated sites are underlined) 
I19F-fw CTGGACTTCATCTCGCCCGGCTTCGCCTGGGACTC 

I19F-rv GCCGGGCGAGATGAAGTCCAGGAACGGCAGG 

V71L-fw CGCGATCTGGTGGACCTGGTCGGGCCGCC 

V71L-rv GACCAGGTCCACCAGATCGCGGAAGCCGGAGA 

T291L-fw CCCACCCTCACCGTGGTGGCCACCAAGTCCG 

T291L-rv GGCCACCACGGTGAGGGTGGGGGCCCAG 

T292P-fw ACCACCCCCGTGGTGGCCACCAAGTCCGCC 

T292P-rv GGTGGCCACCACGGGGGTGGTGGGGGC 

W317F-fw CCGGTCTTTCTGTGCGCCCACTCCGCCCAGC 

W317F-rv GTGGGCGCACAGAAAGACCGGGGTGCCGG 

T392L-fw CCGGAGCTCGGCGTCTCCGGCCCGGAC 

T392L-rv GCCGGAGACGCCGAGCTCCGGGCGCCAG 
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Supplementary Table 4.  Identities/positives of AurH and homologous amino acid 

sequences. 

 

The identities and positives comparison of AurH, NorH and homologues encoded in genomes of Streptomyces 

species was constructed by protein BLAST in NCBI. As shown in Supplementary Table 4, AurH from S. thioluteus 

is highly similar to AurH from S. caatingaensis: 93% identities and 96% positives. The NorH homologues show a 

high similarity with each other. For example, NorH-S. alboflavus MDJK44 and NorH-S. ruber 5378 show 99% 

identities and 99% positives. The positives between AurH and NorH range from 74% to 75%, while the positives 

between NorH homologues range from 83% to 99%. This indicates that NorH homologous are more similar to 

each other than to AurH.  

  

 AurH-S. 
thioluteus 

AurH-S. 
caatingaensis 

NorH-S. 
scabrisporus    

NorH-S. 
orinoci 

NorH- 
S. alboflavus 

MDJK44 

NorH- 
S. ruber 

5378    

NorH- 
S. sp.  

B-1347   

AurH-S. thioluteus 100/100 93/96 63/74 64/74 63/75 64/75 62/74 

AurH-S. caatingaensis 93/96 100/100 65/75 64/75 64/75 64/75 62/75 

NorH-S. scabrisporus     63/74 65/75 100/100 76/83 89/92 89/93 79/87 

NorH-S. orinoci 64/74 64/75 76/83 100/100 79/85 79/84 77/85 

NorH-S. alboflavus MDJK44  63/75 64/75 89/92 79/85 100/100 99/99 78/85 

NorH-S. ruber 5378    64/75 64/75 89/93 79/84 99/99 100/100 78/85 

NorH-S. sp. B-1347   62/74 62/75 79/87 77/85 78/85 78/85 100/100 
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Supplementary Table 5. List of primers for region-swapped chimeric norH variants. 

 

  

Primers Sequence (from 5’ to 3’, mutated sites are underlined) 
AurH-R1-fw GACCAACTGGCCCGCGACAAGCGGCTGATCTCCGGCTTCCGCGATGTGGT 

AurH-R1-rv GATCAGCCGCTTGTCGCGGGCCAGTTGGTCTGCCTCGGCGTACCTCAGCA 

AurH-R2-fw GGCCTGGTCGACATGGTCGGGACCCCGGAGGGCATCGTCCGCGACTTTAT 

AurH-R2-rv GCCCTCCGGGGTCCCGACCATGTCGACCAGGCCGCGGAAGCCGGAGACCA 

AurH-R3-fw CGGCTGTCCATCGAGACCAACCTCGGCCTGGCGCTCGGCGACCTCAGCCT 

AurH-R3-rv CAGGCCGAGGTTGGTCTCGATGGACAGCCGGCCGACGGTGGCCTGGTCCT 

AurH-R4-fw TCCAACGACCAGGACATCCTCGTCAAGGTGGAGGAGGCGCTGAGCGG 

AurH-R4-rv CTTGACGAGGATGTCCTGGTCGTTGGAGAGCGCCGCCACCAGGTTGG 

AurH-R5-fw CACGAGCTCGGCGTCGCCGGGCCGGACGCCCTGCCACTGCGCTTCGGCGC 

AurH-R5-rv GGCGTCCGGCCCGGCGACGCCGAGCTCGTGGCGCCAGCTGATCTCCCCGG 
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Supplementary Table 6. List of primers for hybrid norH/aurH variants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primers Sequence (from 5’ to 3’) 
N-NorH-fw GGGCTGCAGGAATTCAACTAGTGATTATCACCATGCGGTG 

N-NorH-rv CAGGGTGCGCAGTTCGTCCTCGTCCAGC 

C-AurH-fw CGAACTGCGCACCCTGGTCGCCACCGTCC 

C-AurH-rv ATACTCTTCCTTTTTCAATTCAGGCCGCGCCGAAGCGCA 

N-AurH-fw GGGCTGCAGGAATTCAACTAGTTTCGGCGAACAGAATG 

N-AurH-rv CAGGGTGCGCAGCTCGTAGTCGTCGAGG 

C-NorH-fw CGAGCTGCGCACCCTGGTGGCCACCCTG 

C-NorH-rv-1 ATACTCTTCCTTTTTCAATTCAGGCGCCGAAGCGCAGTG 

NorH-A-rv CCAGGCCGCGCAGCCTGCGGTGGTC 

AurH-b-fw GACCACCGCAGGCTGCGCGGCCTGG 
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Supplementary Table 7.  Substrate recognition of AurH and NorH in relation to 

compound size. 

THF: tetrahydrofuran, -: unknown 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Substrates and resulting structures 

deoxy- 
aureothin 

deoxy- 
homoaureothin 

deoxy- 
neoaureothin 

deoxy- 
homoneoaureothin 

 

    

AurH THF ring - THF ring THF ring 

NorH C-7 oxidation THF ring THF ring THF ring 
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Supplementary Table 8. 1H and 13C NMR data for intermediate 5. 

Position 
1H (JHz) 

13C (mult) HMBC correlations (H to C) 

1  171.0 (s)  
2  128.7 (s)  
2a 1.95 (s) 14.3 (q) C1, 2, 3 
3 7.15 (s) 142.7 (d) C1, 2, 2a, 4, 4a, 5 
4  138.3 (d)  
4a 1.98 (s) 18.6 (q) C4, 5, 6 
5 6.49 (s) 131.7 (d) C3, 4a, 6, 7, 11 
6  144.0 (s)  
7,11 7.33 (d 8.7) 130.0 (s) C5, 7, 8, 9, 10, 11, 
8,10 8.08 (d 8.7) 123.7 (d) C6, 7, 8, 9, 10, 11 
9  146.5 (s)  
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Supplementary Table 9. 1H and 13C NMR data for deoxyneoaureothin and compound 1. 

#: The NMR data of compound 1.32 

Position Deoxyneoaureothin 
(6) 

  Compound 1#  

1H (JHz) 
13C (mult)  1H (JHz) 

13C (mult) 

1      
2  162.1 (s)   162.1 (s) 
2a 3.94 (s) 55.3 (q)  3.97 (s) 55.3 (q) 
3  99.4 (s)   99.4 (s) 
3a 1.82 (s) 6.8 (q)  1.85 (s) 6.9 (q) 
4  180.9 (s)   181.0 (s) 
5  118.5 (s)   118.5 (s) 
5a 1.93 (s) 9.9 (q)  1.97 (s) 10.0 (q) 
6  157.7 (s)   157.7 (s) 
7 2.73 (t 7.5) 29.7 (t)  2.76 (dd 7.3, 7.5) 29.7 (t) 
8 2.36 (t 7.5) 37.8 (t)  2.39 (dd 7.3, 7.5) 37.8 (t) 
9  134.1 (s)   134.2 (s) 
9a 1.84 (s) 17.9 (q)  1.88 (s) 17.9 (q) 
10 5.67 (s) 131.1 (d)  5.70 (s) 131.1 (d) 
11  134.4 (s)   134.5 (s) 
11a 1.88 (s) 19.2 (q)  1.92 (s) 19.2 (q) 
12 5.74 (s) 133.8 (d)  5.78 (s) 133.9 (d) 
13  136.0 (s)   136.0 (s) 
13a 2.00 (s) 19.6 (q)  2.03 (s) 19.6 (q) 
14 5.92 (s) 133.6 (d)  5.95 (s) 133.6 (d) 
15  139.7 (s)   139.7 (s) 
15a 2.06 (s) 19.5 (q)  2.09 (s) 19.5 (q) 
16 6.42 (s) 127.7 (d)  6.46 (s) 127.7 (d) 
17  144.9 (s)   144.9 (s) 
18,22 7.40 (d 8.8) 129.5 (d)  7.43 (d 8.8) 129.5 (d) 
19,21 8.16 (d 8.8) 123.5 (d)  8.20 (d 8.8) 123.5 (d) 
20  145.8 (s)   145.8 (s) 
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Supplementary Table 10. 1H and 13C NMR data for 11a-hydroxyneoaureothin#.  

Position 
1H (JHz) 

13C (mult) HMBC correlations (H to C) 

1    
2  163.4 (s)  
2a 3.96 (s) 56.4 (q) C2 
3  100.9 (s)  
3a 1.78 (s) 7.8 (q) C2, 3, 4 
4  181.4 (s)  
5  120.6 (s)  
5a 2.03 (s) 10.3 (q) C4, 5, 6 
6  156.3 (s)  
7 5.13 (brt 6.1) 73.9 (d) C6, 8, 9, 9a 
8 2.91 (brdd 15.6, 5.6) 39.0 (t) C6, 7, 9, 9a, 10 
 3.05 (brss 15.6, 6.9)   
9  140.3 (s)  
9a 4.70 (d 14.0) 70.8 (t) C7, 8, 9, 10 
 4.84 (d 14.0)   
10 6.14 (s) 123.8 (d) C8, 9a, 11a, 12 
11  137.1 (s)  
11a 4.33 (d 12.0) 61.5 (t) C10, 11, 12 
 4.36 (d 12.0)   
12 5.91 (s) 138.2 (d) C10, 11, 11a, 13a, 14 
13  135.2 (s)  
13a 2.03 (s) 20.09 (q) C12, 13 
14 6.03 (s) 135.6 (d) C12, 13a, 15, 15a, 16 
15  139.1 (s)  
15a 2.07 (s) 20.06 (q) C14, 15, 16 
16 6.46 (s) 129.6 (d) C14, 15, 15a, 17, 18, 22 
17  145.1 (s)  
18,22 7.42 (d 8.8) 130.3 (d) C16, 18, 20, 22 
19,21 8.19 (d 8.8) 124.3 (d) C17, 19, 20, 21 
20  146.7 (d)  
#Compound 7. 
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Supplementary Table 11. 1H and 13C NMR data for 2-pyrone-4-desmethyl-7-dehydro-7-

deoxyneoaureothin#.  

Position 
1H (JHz) 

13C (mult) HMBC correlations (H to C) 

1    
2  166.0 (s)  
3  99.0 (s)  
3a 1.80 (s) 8.3 (q) C2, 3, 4 
4  165.8 (s)  
5  108.3 (s)  
5a 1.89 (s) 9.1 (q) C4, 5, 6 
6  152.7 (s)  
7 6.19 (d 15.3) 114.5 (d) C6, 8, 9 
8 7.02 (d 15.3) 140.0 (d) C6, 7, 9a, 10 
9  133.2 (s)  
9a 1.90 (s) 13.7 (q) C8, 9, 10 
10 6.14 (s) 141.4 (d) C8, 9, 9a, 11, 11a, 12 
11  134.2 (s)  
11a 1.92 (s) 18.9 (s) C10, 11, 12 
12 5.87 (s) 137.2 (d) C10, 13a, 14 
13  135.7 (s)  
13a 1.92 (s) 19.2 (q) C13 
14 5.89 (s) 134.6 (d) C12, 13a, 16 
15  139.4 (s)  
15a 1.94 (s) 19.1 (q) C14, 15, 16 
16 6.33 (s) 127.9 (d) C14,15a, 17, 18, 22 
17  144.7 (s)  
18,22 7.30 (d 8.5) 129.3 (d) C16, 18, 20, 22 
19,21 8.03 (d 8.5) 123.3 (d) C17, 19, 20, 21 
20  145.5 (d)  
#Compound 8. 
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Supplementary Table 12. 1H and 13C NMR data for 2-pyrone-7-dehydro-7-

deoxyneoaureothin#.  

Position 
1H (JHz) 

13C (mult) HMBC correlations (H to C) 

1    
2  165.1 (s)  
3  110.0 (s)  
3a 2.03 (s) 9.7 (q) C2, 3, 4 
4  168.3 (s)  
4a 3.79 (s) 61.0 (q) C4 
5  110.9 (s)  
5a 2.05 (s) 10.4 (q) C4, 5, 6 
6  153.4 (s)  
7 6.28 (d 15.4) 114.7 (d) C6, 8, 9 
8 7.21 (d 15.4) 140.4 (d) C6, 9, 9a, 10 
9  133.4 (s)  
9a 2.04 (s) 14.1 (q) C8, 9, 10 
10 6.30 (s) 142.0 (d) C8, 9, 9a, 11a, 12 
11  134.5 (s)  
11a 2.062 (s) 19.5 (s) C10, 11, 12 
12 6.02 (s) 137.6 (d) C10, 13a, 14 
13  134.5 (s)  
13a 2.060 (s) 19.3 (q) C13 
14 6.03 (s) 135.0 (d) C12, 13a, 16 
15  139.6 (s)  
15a 2.09 (s) 19.6 (q) C14, 15, 16 
16 6.47 (s) 128.2 (d) C14,15a, 17, 18, 22 
17  144.8 (s)  
18,22 7.42 (d 8.8) 129.5 (d) C16, 18, 20, 22 
19,21 8.18 (d 8.8) 123.5 (d) C17, 19, 20, 21 
20  145.8 (d)  
#Compound 9. 
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Supplementary Table 13. 1H and 13C NMR data for 7-dehydro-7-deoxyneoaureothin#.  

Position 
1H (JHz) 

13C (mult) HMBC correlations (H to C) 

1    
2  161.7 (s)  
2a 4.06 (s) 55.4 (q) C2 
3  99.6 (s)  
3a 1.87 (s) 7.0 (q) C2, 3, 4 
4  181.0 (s)  
5  118.5 (s)  
5a 2.061 (s) 9.7 (q) C4, 5, 6 
6  152.6 (s)  
7 6.44 (d 15.5) 116.2 (d) C6, 8, 9 
8 6.95 (d 15.5) 139.3 (d) C6, 9a, 10 
9  133.3 (s)  
9a 2.074 (s) 14.1 (q) C8, 9, 10 
10 6.25 (s) 141.7 (d) C8, 9a, 11a, 12 
11  134.1 (s)  
11a 2.08 (s) 19.3 (s) C10, 11, 12 
12 6.041 (s) 137.6 (d) C10, 13a, 14 
13  135.7 (s)  
13a 2.066 (s) 19.6 (q) C13 
14 6.035 (s) 135.1 (d) C12, 13a, 16 
15  139.4 (s)  
15a 2.09 (s) 19.5 (q) C14, 15 
16 6.47 (s) 128.3 (d) C14,15a, 17, 18, 22 
17  144.7 (s)  
18,22 7.42 (d 9.0) 129.5 (d) C16, 18, 20, 22 
19,21 8.18 (d 9.0) 123.5 (d) C17, 19, 20, 21 
20  145.9 (d)  
#Compound 10. 
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