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The biosynthetic gene cluster of the D-tryptophan-containing lasso peptide MS-271 of
Streptomyces sp. M-271 was identified. Participation of a novel peptide epimerase in MS-271

biosynthesis was postulated by sequence analysis and heterologous expression of the gene cluster.



Abstract

MS-271, produced by Streptomyces sp. M-271, is a lasso peptide natural product
comprising 21 amino acid residues with a D-tryptophan (D-Trp) at its C-terminus. Because lasso
peptides are ribosomal peptides, the biosynthesis of MS-271, especially the mechanism of D-Trp
introduction, is of great interest. The MS-271 biosynthetic gene cluster was identified by draft
genome sequencing of the MS-271 producer and it was revealed that the precursor peptide
contains all 21 amino acid residues including the C-terminal tryptophan. This suggested that the
D-Trp residue is introduced via epimerization. Modification enzyme genes such as a
macrolactam synthetase (MsIC), precursor peptide recognition element (MsIB1), cysteine
protease (MslIB2), disulfide oxidoreductases (MsIE, MslF), and a function-unknown protein
(MsIH) were found in the flanking region of the precursor peptide gene. Although obvious
epimerase genes were absent in the cluster, heterologous expression of the putative MS-271
cluster in Streptomyces lividans showed that it contains all the necessary genes for MS-271
production including a gene for a novel peptide epimerase. Furthermore, a gene deletion
experiment indicated that MsIB1, B2, C and H were indispensable for MS-271 production and

that some interactions of the biosynthetic enzymes were essential for the biosynthesis of MS-271.



Lasso peptides are a class of peptide natural products that have an intriguing interlocked
lasso topology.™! The lasso scaffold features an N-terminal macrocyclic ring composed of 7-9
amino acid residues and a C-terminal tail that threads through the ring, and this structural feature
confers high stability against heat treatment and proteases. Since the first discovery of a lasso
peptide, anantin®, in 1991, many lasso peptides with a wide range of biological activities such as
antimicrobial, antitumor, and receptor antagonistic activity have been isolated. Because of their
promising bioactivity and chemical stability, lasso peptides have attracted attention from

pharmacologists and natural product chemists in recent decades.

Concerning their biosynthesis, it has been shown that lasso peptides are derived from
gene-encoded precursor peptides. A minimum of two modification enzymes are required to
generate the lasso topology.®! One is a cysteine protease, called the B enzyme, which cleaves the
amide bond between the leader peptide and the core peptide in the precursor to provide the core
peptide with a free N-terminal amino group.!! The B enzyme consists of an N-terminal precursor
peptide recognition element domain® and a C-terminal ATP-dependent cysteine protease
domain. The other is a macrolactam synthetase that catalyzes ATP-dependent isopeptide bond
formation between the N-terminal amino group and the carboxylic acid side chain of aspartic
acid or glutamic acid to generate a macrocyclic ring in the lasso peptide.””! The lasso peptide
biosynthetic gene clusters from actinobacteria generally encode B enzymes in two open reading
frames (ORFs), which correspond to the N- and C-terminal domains of the full-length B protein,

and are called split B enzymes (B1 and B2).

MS-271 is a lasso peptide natural product isolated from Streptomyces sp. M-271 as a
potent inhibitor of calmodulin-activated myosin light chain kinase.[ It consists of 21 amino acid

residues and contains a D-isomer of tryptophan (D-Trp) at its C-terminus (Figure 1) although all



known lasso peptides are ribosomal peptides./”! To gain insight into this novel enzyme chemistry,
we studied the biosynthesis of MS-271. In this study, we identified the biosynthetic gene cluster

of MS-271 (msl) and showed that C-terminal Trp epimerization is catalyzed by an unprecedented

epimerase encoded in the msl cluster.

Figure 1. Structure of MS-271.

To investigate the biosynthesis of MS-271, the genome of Streptomyces sp. M-271 was
sequenced using an Illumina HiSeq platform. Because all known lasso peptides are ribosomal
peptides, we employed a tBlastn search (a search of translated nucleotide databases using a
protein query) against the sequenced genome using the amino acid sequence of MS-271 as the
query and identified a precursor peptide gene, mslA. The mslA gene encoded 42-residue peptide
with a leader peptide at its N-terminus, and most importantly, the C-terminal core region
contained all 21 amino acid residues of MS-271 including the C-terminal tryptophan (Figure 2).
This suggested that the D-Trp residue is introduced via epimerization into a ribosomal peptide as
a post-translational modification. Direct downstream of mslA gene were msIC (a macrolactam

synthetase gene), msIB1, and msIB2 (genes for the split B enzymes) genes, all of which are



required for the biosynthesis of lasso peptides. Furthermore, the following ORFs were also
identified (Figure 2, Table 1). MsIE had similarity to DoxX family enzymes®, which were
suggested to catalyze thiosulfate oxidation to generate tetrathionate. MsIF showed homology to
thiol—disulfide oxidoreductases (TDORSs) and contained a conserved CXXC motif.l! Thus, the
two disulfide bonds in MS-271 may be formed by MsIE and MsIF. MsID1 to D4 exhibited
homology to ABC transporters, which are a large family of membrane-associated proteins
involved in natural product export and resistance. MsIH was homologous to CapA family
proteins, which are proteins of unknown function involved in the biosynthesis of poly-gamma-
glutamate (PGA).[lo] Although the role of MsIH in MS-271 biosynthesis is not clear, all the
genes between msIC and mslH apparently constitute an operon as indicated by translational

coupling of these genes, and thus MsIH likely participates in the biosynthesis of MS-271.

The msl cluster contained three homologues of known regulators of secondary
metabolism. MsIG and MsIR1 exhibited sequence similarity to a large number of histidine
protein kinases and LuxR-type response regulator proteins, respectively, and are likely regulators
for two-component signal transduction.*” In addition, msIR2, present in the far downstream
region of the cluster, showed significant similarity to LuxR. Both MsIR1 and MsIR2 contained a

C-terminal helix-turn-helix (HTH) DNA-binding domain typical for the NarL/FixJ family of

regulators.
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Figure 2. Gene organization of the msl cluster and the deduced amino acid sequence of the

precursor peptide (MslA).

Table 1. Proposed functions of ORFs in the msl cluster.

ORFs L?:'?\;h Proposed functions Typical homology, protein accession (% identity/% similarity) [organism]
DNA-binding response regulator, WP_067372316 (94/97),
MsIR1 230 LuxR type regulator [Streptomyces olivochromogenes]
N . sensor histidine kinase, WP_062022673 (84/90) [Streptomyces
MsIG 377 sensor histidine kinase phaeopurpureus]
MsID1 307 ABC transporter ABC transporter ATE-pmdmg protein, WP_059005878 (74/84)
[Streptomyces specialis]
MsID2 250 | ABC transporter ABC transporter ATP-binding protein, WP_059005879 (70/82)
[Streptomyces specialis]
MslA 42 precursor peptide
MsIC 613 lasso peptide isopeptide bond- | lasso peptide isopeptide bond-forming cyclase. WP_086700785 (77/84)
forming cyclase [Streptomyces vinaceus]
MsIB1 87 lasso peptide protease B1 lasso peptide biosynthesis PqgD family chaperone, WP_059005881
protein (69/82) [Streptomyces specialis]
MsIB2 156 lasso peptide protease B2 lasso peptide biosynthesis B2 protein, WP_059005882 (87/90)
protein [Streptomyces specialis]
MsID3 301 ABC transporter ABC transporter ATE-pmdmg protein, WP_059005883 (79/85)
[Streptomyces specialis]
MsID4 289 | ABC transporter ABC transporter ATP-binding protein, WP_059005884 (82/88)
[Streptomyces specialis]
MsIE 181 Disulfide bond formation ra(i)r);ﬁilfiasr]mly membrane protein, WP_075027174 (90/91) [Streptomyces
MsIF 246 Disulfide bond formation disulfide bond formation protein DsbA, WP_099941913 (94/96)
[Streptomyces sp. 93]
MsIH 440 Unknown CapA family protein WP_051857567 (52/64) [Streptomyces cellulosae]
DNA-binding response regulator, WP_073930679 (90/93) [Streptomyces
MsIR2 224 LuxR type regulator sp. CB02400]

Although the msl cluster lacked obvious candidate genes for the epimerization of the
tryptophan residue, we examined whether it contained all necessary genes for MS-271
biosynthesis by heterologous expression, useful tool for characterization of lasso peptide
genes.[lz] The msl cluster spanning a ca. 11-kbp region from msIR1 to mslH was cloned into
pWHM3 to generate the plasmid pWHM3-msl and expressed in Streptomyces lividans TK23.
The constructed strain (S. lividans/pWHM3-msl) was cultured along with wild-type

Streptomyces sp. M-271 on agar plates containing the production medium. LC-MS analysis of

the metabolites revealed the production of MS-271 (at retention time 23.8 min) in both
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heterologous expression and wild type cultures (Figure 3, traces i and ii and Figures S1, S2). In

addition, chiral analysis confirmed the tryptophan in the metabolites had D configuration,

indicating that the product was indeed MS-271 (Figure S3). These results strongly indicated that

the gene cluster contained all the genes responsible for the biosynthesis of MS-271, including a

peptide epimerase gene. To date, only a small number of enzymes that catalyze peptide

epimerization have been identified. These include a radical SAM epimerase (PoyD)*¥ in

polytheonamide biosynthesis and a glycopeptidyl-glutamate epimerase (MurL)™! in the

alternative peptidoglycan biosynthesis discovered in Xanthomonas oryzae. Apparently, the

enzyme catalyzing the epimerization in MS-271 biosynthesis is distinct from the known

epime
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lividans:msIR1/pWHM3-msl, v) S. lividans:msIR2/pWHM3-msl. Mass and MS/MS spectra of

MS-271 produced by S. lividans/pWHM3-msl are shown in Figures S1 and S2.

Because the msl cluster contained three regulators including two putative pathway-
specific LuxR type activators, we next investigated whether these regulatory genes were
involved in the biosynthesis of MS-271. The msIR1, mslG, and msIR2 genes were independently
cloned downstream of an ermEP* promoter of pTYM18ep!™® and integrated into the attB site!*”
on the genome of S. lividans TK23 to generate S. lividans:msIR1, S. lividans:msIG, and S.
lividans:msIR2, respectively. The resulting strains were transformed with p®WHM3-msl and their
MS-271 productivities were evaluated by HPLC. The product yield was significantly increased
by 18-fold (2.1 mg per plate) and 4-fold when pWHMS3-msl was co-expressed with msIR2 and
mslG, respectively (Figure 3, traces iii-v). In contrast, the production of MS-271 decreased with
msIR1 overexpression. These results demonstrated that msIR2 was a pivotal positive regulator for
MS-271 biosynthesis. We thus used S. lividans:msIR2 as a heterologous host for the following

experiments.

To analyze the biosynthetic mechanism of peptide modification, we constructed
pPWHM3-msl-derived in-frame deletion plasmids lacking msIB1, msIiB2, msIC, mslE, mslIF, or
msIlH genes using Red/ET recombination. Each deletion construct was introduced into S.
lividans:msIR2, and the resulting metabolite profiles were analyzed by LC-MS. The mutants of
mslE and mslF showed production of MS-271, although their production levels were reduced
(Figure 4, traces v and vi). Both MsIE and F were predicted to be disulfide bond formation
enzymes. We then searched for possible intermediates such as reduced forms of the lasso
peptide; however, no intermediates were identified by LC-MS analysis. Considering that some

gene clusters of disulfide-containing lasso peptides do not contain genes for disulfide bond



formation, disulfide bonds in lasso peptides are likely formed spontaneously, and MsIE and MslF
would assist the formation of correct disulfide bonds in the biosynthesis of MS-271.These
observations are consistent with the previous report that the formation of disulfide bonds in
sviceucin does not require SviF, MsIF homolog in the sviceucin cluster.l®! In contrast, deletion
of msIB1, msIB2, msIC, or mslH completely abolished MS-271 production (Figure 4, traces ii—iv
and vii), which clearly demonstrated that these genes are indispensable for MS-271 biosynthesis.
Furthermore, no intermediate was accumulated in any of the deletion mutants. These results
suggested that interactions of all modification enzymes, including MslH, are required to produce
MS-271. Similarly, post-translational modification enzymes were essential for the biosynthesis
of an acetylated lasso peptide, albusnodin, in Streptomyces albus. Elimination of
acetyltransferase gene (albT) from the albusnodin cluster completely diminished the formation of

lasso peptide.[**¥
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Figure 4. LC-MS analysis of metabolites produced by the mutants i) S. lividans:msIR/pWHM3-
msl, ii) /pWHM3-msl-AmsIB1, iii) /pWHM3-msl-AmsIB2, iv) /pWHM3-msl-AmsIC, v)

IPWHM3-msl-AmslIE, vi) /pWHM3-msl-AmslF, and vii) /pWHM3-msl-AmsIH.
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Among the proteins required for the biosynthesis of MS-271, MsIH was the only protein
of unknown function. We speculated MslH is responsible for the epimerization of the C-terminal
tryptophan and carried out an in vitro experiment of recombinant MsIH (Figure S4). Because all
attempts to obtain full-length MslA were unsuccessful, we used a chemically synthesized core
peptide (21 aa) as the substrate. However, the enzyme showed no epimerase activity even with
reaction mixtures containing various co-factors, suggesting that an intrinsic substrate of MslIH is

either the full-length MslA or the cyclic peptide generated by MsIB1, B2 and C.

To obtain a clue to the function of MsIH, we then searched for msl-like gene clusters
using the core amino acid sequences of MS-271 as the probe and identified several clusters in
genome databases. All the clusters identified contained msIH orthologs like MS-271 and the core
peptides in these clusters were almost identical to that of MslA (Figure S5). We also searched for
gene clusters of lasso peptides possessing two disulfide bonds like MS-271 and found the
sviceucin biosynthetic gene cluster as the sole example. Sviceucin consists of 20 amino acid
residues and its sequence is different from that of MS-271 including its C-terminal amino acid
(valine).*® However, the genes in the biosynthetic gene cluster and their organization are the
same as in MS-271 except for the absence of a msiH ortholog (Figure S5). These results
suggested that MslH may be a novel epimerase responsible for the epimerization of the C-

terminal tryptophan in MS-271 biosynthesis.

In conclusion, we identified the biosynthetic gene cluster of the bD-amino acid-containing
lasso peptide MS-271 from Streptomyces sp. M-271. Besides the gene for the precursor peptide
(MslA), the cluster contained genes encoding enzymes for post-translational modifications such

as a macrolactam synthetase (MsIC), precursor peptide recognition element (MsIB1), cysteine

12



protease (MsIB2), disulfide oxidoreductases (MsIE, MsIF), and a protein of unknown function
(MsIH). An important finding was that the epimerization of D-Trp is catalyzed by a novel
epimerase encoded in the msl cluster, as shown by heterologous expression of the cluster.
Although it remains to confirm MsIH unambiguously as responsible for the epimerization, this
work has laid the foundation for further biochemical and mechanistic studies of MS-271
biosynthesis. Because the introduction of D-amino acids into peptides increases their stability, an
understanding of the mechanism of the novel peptide epimerization would be important for

biosynthetic pathway redesign to prepare unnatural peptide secondary metabolites.
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