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Table S1. Oligonucleotides used in this study. The introduced restriction sites were underlined. 
The SKIK and His-tag sequences introduced are shown with italic and bold letters, respectively.

primer names sequences

SKIK-His-mslA-N(NdeI) CGCATATGTCTAAAATAAAACACCACCACCACCACCACTCCGCTGTTTACGAGCCG

SKIK-His-mslA-C(HindIII) ACAGAAGCTTTCACCAGAAGCAGACGATCG

mslH-pET-N(NdeI) ATAGTAACATATGACCCGGCTGACGGTGGCCCTGTC

mslH-pET-C(EcoRI) AAGAATTCTCACGCCACGTCGAGCGCCAGCTC

mslH-pCDFDuet-N(EcoRI) TAGTAAGAATTCCATGACCCGGCTGACCGTGG

mslH-pCDFDuet-C(HindIII) ATGTAAGCTTCACGCCACGTCGAGAGCC

mslH-pSTV28N-N(NdeI) CATCACCACATATGGGCAGCAGCCATCACC

mslB1-N(BamHI) TGTAGGATCCTAAGCTGACCCTCGCCCG

mslB1-C(HindIII) TAGCTAAGCTTTCATGAGGCCACCTCCACG

mslB1-N(NcoI) CTCAACCATGGATCCTAAGCTGACCCTCGCC

mslC-pCola-N(NdeI) GCATCTTGACATATGCATCATCATCATCATCACATGGAATTCGTGGTTCTTCCGGACAGTC

mslC-pCola-C(MfeI) GCATCTTGACAATTGGCTTCATCCGAGTTCTCCCGAGTGCG

mal-mslC-F AGAAGGAGATATACATATGAAAATCGAAGAAGGTAAACTGGTAATCTGG

mal-mslC-R GATGATGATGATGCATAGAAATCCTTCCCTCGATCCCG

mslB2-pCola-N(BamHI) TGTAGGATCCGATGACCACTCCCGCCGTGGCCGAAC

mslB2-pCola-C(EcoRI) TGTAGAATTCTCAGCGGCTCCCGTCGATGCG

mal-mslB2-F AATAAGGAGATATACCATGGAAATCGAAGAAGG

mal-mslB2-R TGATGGCTGCTGCCCATGCCCATATGTGAAATCCTTCCCTCG

msl-SpeI-SphI-F CTAGACTAGTGCCACGCCAACCG

msl-SpeI-SphI-R ACATGCATGCGGGGCGCGAAC

msl-frag1-MS271-W21F-R GACGTGATCAGAAGAAGCAGACGATCG

msl-frag2-MS271-W21F-F GATCGTCTGCTTCTTCTGATCACGTC

msl-frag1-MS271-W21Y-R GACGTGATCAGTAGAAGCAGACGATCG

msl-frag2-MS271-W21Y-F GATCGTCTGCTTCTACTGATCACGTC

msl-frag1-MS271-W21V-R GACGTGATCAGACGAAGCAGACGATCG

msl-frag2-MS271-W21V-F GATCGTCTGCTTCGTCTGATCACGTC

msl-frag1-MS271-dW21-R GACGTGATCATCAGAAGCAGACGATCG

msl-frag2-MS271-dW21-F GATCGTCTGCTTCTGATGATCACGTC

msl-frag1-MS271-dI17-R CAGAAGCAGACCGCGTAGCCGCAG

msl-frag2-MS271-dI17-F GCTACGCGGTCTGCTTCTGGTG

msl-frag1-sviceucin-R AGGAAGTCGGTGCAGTCTCCGCCCCACACACACTTCGTGAGCTCCTCGAAGTC

msl-frag2-sviceucin-F CGGAGACTGCACCGACTTCCTCGGCTGCGGCACCGCCTGGATCTGTGTCTGATCACGTCCGGTGCC

msl-frag1-svi-W-R GTGATCACCAGACACAGATCCAGGCGG

msl-frag2-svi-W-F CCTGGATCTGTGTCTGGTGATCACGTC

msl-frag1-svi-CFW-R GACGTGATCACCAGAAACAGATCCAG

msl-frag2-svi-CFW-F CTGGATCTGTTTCTGGTGATCACGTC

msl-frag1-svi-VCFW-R CAGAAACAGACCCAGGCGGTGCC

msl-frag2-svi-VCFW-F ACCGCCTGGGTCTGTTTCTGGTG

msl-frag1-svi-AIVCFW-R AAACAGACGATGGCGGTGCCGCAG

msl-frag2-svi-AIVCFW-F GGCACCGCCATCGTCTGTTTCTGG
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Table S2. Plasmid constructions and heterologous expression of MS-271 derivatives in S. 
lividans:mslR2.

plasmid names expected products 
(molecular weight) core peptide sequences primers used for the first PCR

(top: for fragment 1, bottom: for fragment 2)   
plasmids used for
PCR template

pWHM3-msl-MS-271-W21F MS-271-W21F (2124.5) CLGVGSCNDFAGCGYAIVCFF
msl-SpeI-SphI-F and msl-frag1-MS271-W21F-R
msl-frag2-MS271-W21F-F and msl-SpeI-SphI-R pWHM3-msl

pWHM3-msl-MS-271-W21Y MS-271-W21Y (2140.5) CLGVGSCNDFAGCGYAIVCFY
msl-SpeI-SphI-F and msl-frag1-MS271-W21Y-R
msl-frag2-MS271-W21Y-F and msl-SpeI-SphI-R pWHM3-msl

pWHM3-msl-MS-271-W21V MS-271-W21V (2076.5) CLGVGSCNDFAGCGYAIVCFV
msl-SpeI-SphI-F and msl-frag1-MS271-W21V-R
msl-frag2-MS271-W21V-F and msl-SpeI-SphI-R pWHM3-msl

pWHM3-msl-MS-271-W21 MS-271-W21 (1977.3) CLGVGSCNDFAGCGYAIVCF
msl-SpeI-SphI-F and msl-frag1-MS271-dW21-R
msl-frag2-MS271-dW21-F and msl-SpeI-SphI-R pWHM3-msl

pWHM3-msl-MS-271-I17 MS-271-I17 (2050.4) CLGVGSCNDFAGCGYAVCF
msl-SpeI-SphI-F and msl-frag1-MS271-dI17-R
msl-frag2-MS271-dI17-F and msl-SpeI-SphI-R pWHM3-msl

pWHM3-msl-svi sviceucin (2084.4) CVWGGDCTDFLGCGTAWICV
msl-SpeI-SphI-F and msl-frag1-sviceucin-R
msl-frag2-sviceucin-F and msl-SpeI-SphI-R pWHM3-msl

pWHM3-msl-svi-W Svi-W (2270.6) CVWGGDCTDFLGCGTAWICVW
msl-SpeI-SphI-F and msl-frag1-svi-W-R
msl-frag2-svi-W-F and msl-SpeI-SphI-R pWHM3-msl-svi

pWHM3-msl-svi-CFW Svi-CFW (2318.7) CVWGGDCTDFLGCGTAWICFW
msl-SpeI-SphI-F and msl-frag1-svi-CFW-R
msl-frag2-svi-CFW-F and msl-SpeI-SphI-R pWHM3-msl-sviW

pWHM3-msl-svi-VCFW Svi-VCFW (2304.7) CVWGGDCTDFLGCGTAWVCFW
msl-SpeI-SphI-F and msl-frag1-svi-VCFW-R
msl-frag2-svi-VCFW-F and msl-SpeI-SphI-R pWHM3-msl-sviCFW

pWHM3-msl-svi-AIVCFW Svi-AIVCFW (2231.6) CVWGGDCTDFLGCGTAIVCFW
msl-SpeI-SphI-F and msl-frag1-svi-AIVCFW-R
msl-frag2-svi-AIVCFW-F and msl-SpeI-SphI-R pWHM3-msl-sviVCFW
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Figure S1. Msl-like clusters. (A) The gene organizations of the clusters. Identities to Msl proteins 
from Streptomyces sp. M-271 are shown in parentheses. (B) Sequence alignment of precursor 
peptides.



6

Figure S2. Production of MS-271 by Streptomyces strains harboring msl-like gene clusters.
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Figure S3. SDS-PAGE analysis of protein expressions of MslA (5.8 kDa), MslB1 (10.4 kDa), 
MslH (49 kDa), MslB2 (65 kDa), and MslC (110 kDa) for in vivo analysis. Samples include 
supernatant (sup) and precipitate (pre) fractions of the transformants expressing MslA (Lanes 1 
and 2), MslA + MslH (Lanes 3 and 4), MslA + MslB1 (Lanes 5 and 6), MslA + MslH + MslB1 
(Lanes 7 and 8), MslA + MslH + MslB1 + MslB2 (Lane 9), and MslA + MslH + MslB1 + MslC 
(Lane 11). To confirm protein expression of MslH, MslB2, and MslC, the Ni-NTA purified 
fractions (puri) from the transformants expressing MslA + MslH + MslB1 + MslB2 (Lane 10) and 
MslA + MslH + MslB1 + MslC (Lane 12) were also analyzed (MslH, MslB2 and MslC are marked 
with triangles.). 
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Figure S4. SDS-PAGE analysis of purified proteins for in vitro assay. Lane 1: Cell-free extract 
from the E. coli BL21(DE3) transformant harboring pET21-SKIK-His-mslA and pCDF-mslB1. 
Lane 2: Elution fraction of His-tagged MslA (5.8 kDa) after the Ni-NTA column was washed with 
high salt buffer (wash buffer I containing 2 M NaCl). MslB1 (9.2 kDa) was copurified with His-
tagged MslA. Lane 3: Elution fraction of His-tagged MslA using denaturing conditions. Lane 4: 
Purified His-tagged MslB1 (10.4 kDa). Lane 5: Purified His-tagged MslH (49 kDa).
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Figure S5. Plot of reaction time (5 min, 60 min, and 16 h) versus conversion from MslA to its 
epimer by MslH reaction in the presence and absence of MslB1. The conversion (%) was 
calculated based on the peak area of chromatograms of UV absorbance monitored at 340 nm.
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Figure S6. Phyre2 analysis of MslH.
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Figure S7. I-TASSER analysis of MslH.
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Figure S8. InterProScan analysis of MslH. Putative metal binding sites and active sites are 
labeled.
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Figure S9. Metal dependency of the MslH reaction.
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Figure S10. Spectroscopic analysis of MslH. (A) protein MS spectrum of purified MslH. The inlet 
spectra are enlarged spectrum from m/z 49200 to 49400 (bottom) and simulated spectrum for MslH 
(top). A peak at 49290.6 was consistent with the molecular formula (C2153H3424N652O652S13) and 
its estimated mass (highest signal at 49290.2) calculated based on the amino acid sequence of 
MslH without N-terminal Met residue. A peak at 49469.3 is due to -N-6 gluconoylation (+178) 
commonly observed for N-terminal His-tag fused protein (K. F. Geoghegan et. al., Anal. Biochem. 
1999, 267, 169).  (B) UV-vis spectrum of MslH. 
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Figure S11. Mass spectra (ESI-negative, low-resolution [left] and high-resolution [right] data) of 
MS-271 derivatives. (A) MS-271-W21V, (B) MS-271-W21F, (C) MS-271-W21Y, and (D) 
sviceucin. D-Amino acid-containing products confirmed by chiral analysis are marked with an 
asterisk. 
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Figure S11 (continued). Mass spectra of MS-271 derivatives. (E) svi-W, (F) svi-CFW, (G) svi-
VCFW, and (H) svi-AIVCFW.
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Figure S12. Chiral analysis of MS-271 derivatives. (A) Phe in MS-271-W21F, (B) Tyr in MS-271-
W21Y, (C) Trp in svi-W, (D) Trp in svi-CFW, (E) Trp in svi-VCFW, and (F) Trp in svi-AIVCFW. 
The LC-MS chromatograms of L-FDLA derivatives of Phe, Tyr, and Trp were monitored at m/z 
458, 474, and 497, respectively. Peak areas in UV traces at 340 nm are shown in the 
chromatograms. The amino acids subjected to chiral analysis are highlighted in yellow in the 
structures.  
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Figure S13. Reported D-amino acid introduction in RiPP biosynthesis. Reaction mechanisms of 
(A) a radical SAM-dependent epimerase, (B) an /-hydrolase family epimerase, and (C) a two-
step introduction of D-amino acid residue.


