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Figure S1. Conserved sequence regions from alignment comparisons of P450s implicated in the 

β-hydroxylation of PCP-bound amino acid residues. Numbering is indicated for OhmL. Identity 

residues are shown as bold and blue. Similar residues and exceptions are shown in normal and 

italics, respectively. 

 

 
 

Accession numbers: Ecu1 (AIW58896.1, Nonomuraea sp. MJM5123), Sky32 (AEA30275.1, 

Streptomyces sp. Acta 2897), OxyD (CAC48370.1, Amycolatopsis balhimycina DSM 5908), NovI 

(AAF67502.1, Streptomyces niveus NCIMB 9219), NikQ (CAB75339.1, Streptomyces tendae Tue901), 

Ecm12 (BAE98161.1, Streptomyces lasaliensis) 
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Figure S2A. Structures of marine-derived cyclic peptides containing 5-hydroxy-L-Trp moiety. 

Hydroxy groups at position 5 on the indole are marked in blue. 

 

 
  

 

Figure S2B. Structures of compounds containing L-Trp derivatives which are generated by Trp 

2,3-dioxygenase catalysis via the kynurenine pathway. Disguised Trp moieties are indicated in 

red. 
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Figure S3. Schematic representations of mutant strain construction by in-frame deletion. 

Construction of modification gene deletion mutant strains ΔohmL(i), ΔohmK (iii), and ΔohmJ (v), 

respectively, and verification of each mutant strain by PCR analysis (ii), (iv), and (vi). 
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Figure S4A. Structural assignment of OMS A (1) and OMS B (2) produced from SNJ042 wild 

type. 

(i) MS/MS fragmentation pattern and MS/MS spectra of OMS A (1) from wild type strain. 

(ii) MS/MS fragmentation pattern and MS/MS spectra of OMS B (2) from wild type strain. 
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Figure S4B. Structural assignment of dehydroxylated OMS derivatives 4 and 5 produced from 

ohmL deletion mutant strain. 

(i) MS/MS fragmentation pattern and MS/MS spectra of dehydroxy-OMS A (4) from ΔohmL 

strain. 

(ii) MS/MS fragmentation pattern and MS/MS spectra of dehydroxy-OMS B (5) from ΔohmL 

strain. 
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Figure S4C. Structural assignment of demethoxylated OMS derivatives 6 and 7 produced from 

ohmK deletion mutant strain. 

(i) MS/MS fragmentation pattern and MS/MS spectra of demethoxy-OMS A (6) from ΔohmK 

strain. 

(ii) MS/MS fragmentation pattern and MS/MS spectra of demethoxy-OMS B (7) from ΔohmK 

strain. 
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Figure S4D. Structural assignment of demethoxylated OMS derivatives 6 and 7 produced from 

ohmJ deletion mutant strain. 

(i) MS/MS fragmentation pattern and MS/MS spectra of demethoxy-OMS A (6) from ΔohmJ 

strain. 

(ii) MS/MS fragmentation pattern and MS/MS spectra of demethoxy-OMS B (7) from ΔohmJ 

strain. 
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Figure S5. HR-FAB-MS data of 4.  
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Figure S6. 1H NMR spectrum data of 4 at 800 MHz in pyridine-d5. 

 

 
  

dehydroxy-OMS A (4)
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Figure S7. 13C NMR spectrum data of 4 at 200 MHz in pyridine-d5. 

 

 
 

dehydroxy-OMS A (4)
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Figure S8. COSY NMR spectrum data of 4 at 800 MHz in pyridine-d5. 

 

 
 

Figure S9. TOCSY NMR spectrum data of 4 at 800 MHz in pyridine-d5. 
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Figure S10. HSQC NMR spectrum data of 4 at 800 MHz in pyridine-d5. 

 

 
 

Figure S11. HMBC NMR spectrum data of 4 at 800 MHz in pyridine-d5. 
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Figure S12. ROESY NMR spectrum data of 4 at 800 MHz in pyridine-d5. 
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Figure S13. Comparing CD spectra data of 1, 4, and 6. 
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Figure S14. Phylogenetic relationships of known TDOs from secondary metabolite 

biosynthesis, including OhmK. 

 

 
 

Accession numbers: SmlM (BBD17752.1, Streptomyces sp. ML55), NatP (BBD17773.1, 

Streptomyces orinoci NBRC 13466), AntN (AGG37776.1, Streptomyces blastmyceticus 

NBRC 12747), SibP (ACN39739.1, Streptosporangium sibiricum DSM 44039), ORF17 

(ABW71848.1, Streptomyces refuineus subsp. thermotolerans), MarE (AHJ60974.1, 

Streptomyces sp. B9173), TioF (CAJ34362.1, Micromonospora sp. ML1), Ecm11 

(BAE98160.1, Streptomyces lasaliensis), Swb10 (BAI63282.1, Streptomyces sp. SNA15896), 

Qui17 (AET98915.1, Streptomyces griseovariabilis subsp. bandungensis strain 2507), 

TrsC (BAH04172.1, Streptomyces triostinicus), DptJ (AAX31563.1, Streptomyces 

filamentosus NRRL 11379), Tar13 (AHH53511.1, Saccharomonospora sp. CNQ490), Arg5 

(QCE43605.1, Cystobacter sp. SBCb004), Ecu2 (AIW58897.1, Nonomuraea sp. MJM5123) 
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Figure S15. HR-FAB-MS data of 6. 
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Figure S16. 1H NMR spectrum data of 6 at 850 MHz in pyridine-d5. 

 

  

demethoxy-OMS A (6)



S20 

 

Figure S17. 13C NMR spectrum data of 6 at 212.5 MHz in pyridine-d5. 

 

 

demethoxy-OMS A (6)
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Figure S18. COSY NMR spectrum data of 6 at 850 MHz in pyridine-d5. 

 

 
 

Figure S19. TOCSY NMR spectrum data of 6 at 850 MHz in pyridine-d5. 
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Figure S20. HSQC NMR spectrum data of 6 at 850 MHz in pyridine-d5. 

 

 
 

Figure S21. HMBC NMR spectrum data of 6 at 850 MHz in pyridine-d5. 
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Figure S22. ROESY NMR spectrum data of 6 at 850 MHz in pyridine-d5. 
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Table S1. Deduced function of ORFs in the ohmyungsamycin biosynthetic gene cluster. 

ORF 
Size 

(aa) 
Proposed function 

Homologue in Nonomuraea sp. 

MJM5123 

Protein / GenBank 

(residues) 

Identity/ 

Similarity 

Orf(-2) 200 Hypothetical protein - - 

Orf(-1) 291 Transposase - - 

OhmA 13825 Nonribosomal peptide synthetase Ecu11 / AIW58892.1 (15259) 64/74 

OhmB 73 MbtH-like protein Ecu10 / AIW58893.1 (72) 76/87 

OhmC 78 Hypothetical protein Ecu9 / AIW58894.1 (78) 77/84 

OhmD 362 Putative ATPase AAA Ecu8 / AIW58895.1 (362) 78/86 

OhmE 436 Hypothetical protein Ecu7 / AIW58902.1 (431) 78/86 

OhmF 276 Hypothetical protein Ecu6 / AIW58901.1 (233) 60/75 

OhmG 400 Transposase - - 

OhmH 320 
ABC transporter ATP-binding 

protein 
Ecu5 / AIW58900.1 (291) 72/84 

OhmI 277 ABC-2 type transporter Ecu4 / AIW58899.1 (276) 75/85 

OhmJ 333 O-Methyltransferase Ecu3 / AIW58898.1 (333) 61/73 

OhmK 359 
Putative tryptophan 2, 3-

dioxygenase 
Ecu2 / AIW58897.1 (368) 52/62 

OhmL 398 Cytochrome P450 monooxygenase Ecu1 / AIW58896.1 (447) 71/81 

Orf(+1) 476 Hypothetical protein - - 

Orf(+2) 327 Acetyl xylan esterase  - - 
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Table S2. Substrate specificity sequences for adenylation (A) domains from ohmyungsamycin 

NRPS. 

A domain Substrate specific sequence 
Predicted 

substrate 

Postulated 

substrate 

A1 D A Y W W G G T Val L-Val 

A2 D A Y W G G A T Val L-Val/L-Ile 

A3 D F W N V G M V Thr L-Thr 

A4 D F W N I G M V Thr L-Thr 

A5 D A Y W W G G T Val L-Val 

A6 D A L L I G A I Phe/Trp L-Leu 

A7 D A Y W W G G T Val L-Val 

A8 D A Y W W G G T Val L-Val 

A9 D V A L V G A V Trp 4-MeO-L-Trp 

A10 D A Y W W G G T Val L-Val 

A11 D A W T V A A V Phe β-OH-L-Phe 

A12 D A Y W W G G T Val L-Val 
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Table S3. Bacterial strains and plasmids used in this study. 

Strain and plasmid Description Reference 

Strain   

E. coli DH5α Host for general cloning 
New England 

Biolabs 

E. coli ET12567/pUZ8002 
Methylation-deficient donor strain for conjugal transfer 

between E. coli and Streptomyces 
[1] 

Streptomyces sp. SNJ042 Wild type ohmyungsamycin-producing strain [2] 

ΔohmL The ohmL gene deleted mutant of SNJ042 This study 

ΔohmK The ohmK gene deleted mutant of SNJ042 This study 

ΔohmJ The ohmJ gene deleted mutant of SNJ042 This study 

ΔohmK/ohmK The ohmK gene complement mutant of ΔohmK This study 

ΔohmJ/ohmJ The ohmJ gene complement mutant of ΔohmJ This study 

ΔohmJ/ohmK The ohmK gene complement mutant of ΔohmJ This study 

Plasmid   

pKC1139 
Temperature-sensitive E. coli-Streptomyces shuttle vector 

for gene disruption; oriT and AprR 
[3] 

pSET152 
Integrative E. coli-Streptomyces shuttle vector containing 

PermE* for gene expression; oriT, attP, ΦC31 int, and AprR  
[3] 

pDel-OhmL pKC1139 derivative for in-frame deletion of ohmL gene This study 

pDel-OhmK pKC1139 derivative for in-frame deletion of ohmK gene This study 

pDel-OhmJ pKC1139 derivative for in-frame deletion of ohmJ gene This study 

pOhmK pSET152 derivative for expression of ohmK gene This study 

pOhmJ pSET152 derivative for expression of ohmJ gene This study 
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Table S4. Primers used in this study. 

Gene Primer Sequences (5'-3') 
Restriction 

site 

In-frame deletion   

ohmL 

(P450) 

delL_LF AAAGAATTCGCGATGTGGCAGCTCAGTTT EcoRI 

delL_LR AATCTAGATGAGCGGGCGGAACGGCGCG XbaI 

delL_RF AAATCTAGAGACCACGTGATCGCTCCCCT XbaI 

delL_RR TTAAGCTTGATCTATCTGCTCGCCTTCC HindIII 

ohmK 

(TDO) 

delK_LF AATTGAATTCATGGTGAACTCGCTCCTCGA EcoRI 

delK_LR AATCTAGACACATTCCCCCTGGAACGTG XbaI 

delK_RF TTAATCTAGAGTGCACTTCGCCTACCGCTG XbaI 

delK_RR TTAAGCTTGCTGAGCGGGAGATTCCTCC HindIII 

ohmJ 

(O-MT) 

delJ_LF AATCAATTGAGTGCAGAACCTCCAGATGT MfeI 

delJ_LR AAATCTAGACATTCTCCACCCCCAGTGAA XbaI 

delJ_RF AATCTAGATGACACGTTCCAGGGGGAAT XbaI 

delJ_RR TTAAGCTTACGAGGAGATCTTCCTCAAC HindIII 

Complementation   

ohmK 

(TDO) 

ohmK_F AATTAGATCTTGACACGTTCCAGGGGGAAT BglII 

ohmK_R AATCTAGAGCCTCAGCGGTAGGCGAAGT XbaI 

ohmJ 

(O-MT) 

ohmJ_F AATTAGATCTTCGCTCGGGTAGTGTCACCT BglII 

ohmJ_R AATCTAGAGTGTCAGGGCTTGTGGGCCA XbaI 
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Table S5. 1H NMR data for minor conformer of 4 in pyridine-d5. 

 position      type δH  position     type δH 

Val-1 1 C  Val-6 38 C  

2 CH 4.69 39 CH 5.13 

2-NH  9.05 39-NH  8.91 

3 CH 2.15 40 CH 2.59 

4 CH3 1.06 41 CH3 1.16 

5 CH3 0.95 42 CH3 1.08 

Phe-2 6 C  N-Me-

Leu-7 

43 C  

7 CH 5.73 44 CH 5.62 

7-NH    9.87 45a CH2 2.02 

8a CH2 3.68 45b  1.54 

8b  3.20 46 CH 1.56 

9 C  47 CH3 0.77 

10 CH 7.30 48 CH3 0.64 

11 CH 7.37 49 CH3 3.64 

12  CH 7.21 Val-8 50 C  

13 CH 7.37 51 CH 5.22 

14 CH 7.30 51-NH  8.13 

Val-3 15 C  52 CH 2.62 

16 CH 5.02 53 CH3 1.25 

16-NH  8.41 54 CH3 1.14 

17 CH 2.44 N-Me-

Thr-9 

55 C  

18 CH3 1.10 56 CH 5.52 

19 CH3 0.96 57 CH 5.00 

N-Me-4-

methoxy-

Trp-4 

20 C  58 CH3 1.30 

21 CH 5.77 59 CH3 3.70 

22a CH2 4.30 Thr-10 60 C  

22b  3.51 61 CH 5.93 

23 C  61-NH  10.30 

24 CH 7.31 62 CH 6.11 

24-NH  11.97 63 CH3 1.55 

25 C  Val-11 64 C  

26 CH 7.36 65 CH 5.28 

27 CH 7.20 65-NH  9.93 

28 CH 6.64 66 CH 2.27 

29 C  67 CH3 0.94 

29-OMe CH3 3.87 68 CH3 0.93 

30 C  N-Me-

Val-12 

69 C  

31 CH3 3.13 70 CH 4.33 

N-Me-

Val-5 

32 C  71 CH 2.64 

33 CH 4.04 72 CH3 1.24 

34 CH 2.11 73 CH3 1.18 

35 CH3 0.83 74 CH3 2.98 

36 CH3 0.61 
 

37 CH3 3.17 
1H NMR data were measured at 800 MHz. 
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Figure S23. Key ROESY correlations of (A) major and (B) minor conformers of dehydroxy-OMS 

A (4). 

 

 
  

A

B
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Table S6. 1H NMR data for minor conformer of 6 in pyridine-d5. 

 position     type δH  position     type δH 

Val-1 1 C  Val-6 38 C  

2 CH 4.62 39 CH 5.05 

2-NH  9.08 39-NH  8.81 

3 CH 2.17 40 CH 2.59 

4 CH3 0.99 41 CH3 1.14 

5 CH3 1.05 42 CH3 1.04 

β-OH-

Phe-2 

6 C  N-Me-

Leu-7 

43 C  

7 CH 5.71 44 CH 5.36 

7-NH  9.16 45a CH2 2.07 

8 CH 5.88 45b  1.39 

9 C  46 CH 1.60 

10 CH 7.59 47 CH3 0.83 

11 CH 7.37 48 CH3 0.50 

12 CH 7.25 49 CH3 3.61 

13 CH 7.37 Val-8 50 C  

14 CH 7.59 51 CH 5.22 

Val-3 15 C  51-NH  8.39 

16 CH 5.23 52 CH 2.50 

16-NH  8.16 53 CH3 1.20 

17 CH 2.23 54 CH3 0.99 

18 CH3 0.93 N-Me-

Thr-9 

55 C  

19 CH3 0.93 56 CH 5.56 

N-Me-

Trp-4 

20 C  57 CH 4.95 

21 CH 5.52 58 CH3 1.25 

22a CH2 4.11 59 CH3 3.69 

22b  3.23 Thr-10 60 C  

23 C  61 CH 5.94 

24 CH 7.45 61-NH  10.30 

24-NH  12.07 62 CH 6.09 

25 C  63 CH3 1.56 

26 CH 7.59 Val-11 64 C  

27 CH 7.37 65 CH 5.24 

28 CH 7.29 65-NH  9.98 

29 CH 7.91 66 CH 2.24 

30 C  67 CH3 0.92 

31 CH3 3.14 68 CH3 0.92 

N-Me-

Val-5 

32 C  N-Me-

Val-12 

69 C  

33 CH 3.76 70 CH 4.37 

34 CH 2.10 71 CH 2.65 

35 CH3 0.98 72 CH3 1.25 

36 CH3 0.71 73 CH3 1.20 

37 CH3 3.01 74 CH3 3.00 
1H NMR data were measured at 850 MHz. 
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Figure S24. Key ROESY correlations of (A) major and (B) minor conformers of demethoxy-OMS 

A (6). 

 

 

A

B
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