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the peptide epimerase MslH
responsible for D-amino acid introduction at the C-
terminus of ribosomal peptides†

Zhi Feng,a Yasushi Ogasawara *b and Tohru Dairi *b

A lasso peptide MS-271 is a ribosomally synthesized and post-translationally modified peptide (RiPP)

consisting of 21 amino acids with a D-tryptophan (Trp) at its C terminus. The presence of D-amino acids

is rare in RiPPs and few mechanisms of D-amino acid introduction have been characterized. Here, we

report the identification of MslH, previously annotated as a hypothetical protein, as a novel epimerase

involved in the post-translational epimerization of the C-terminal Trp residue of the precursor peptide

MslA. MslH is the first epimerase that catalyzes epimerization at the Ca center adjacent to a carboxylic

acid in a cofactor-independent manner. We also demonstrate that MslH exhibits broad substrate

specificity toward the N-terminal region of the core peptide, showing that MslH-type epimerases offer

opportunities in peptide bioengineering.
Introduction

Lasso peptides are a group of natural products that have
a characteristic lariat topology in which a macrocyclic ring with
7–9 amino acid residues is formed by an isopeptide bond
between the N-terminal amino group and the carboxylic acid
side chain of an aspartate or a glutamate, and the C-terminal
tail threads through the ring.1–3 Lasso peptides exhibit high
stability against heat treatment and proteases due to the
interlocked lasso topology and show diverse biological activities
such as antimicrobial, antitumor, antiviral, and enzyme inhib-
itory activities. Thus, lasso peptides have attracted increasing
attention from natural product chemists in recent years.
Because of the lasso topology, chemical synthesis of lasso
peptides is challenging and had not been reported until the
recent rst total synthesis of BI-32169 using a cryptand–imi-
dazolium complex as a multi-linker support.4 In terms of their
biosynthesis, lasso peptides belong to a group of ribosomally
synthesized and post-translationally modied peptides
(RiPPs).5 Lasso peptide biosynthesis begins with the translation
of the gene encoding the precursor peptide, which comprises an
N-terminal leader peptide and a C-terminal core peptide. The
precursor peptide is then modied by at least two enzymes,
a cysteine protease called the “B” enzyme and a macrolactam
synthetase called the “C” enzyme.6,7 The “B” enzyme consists of
and Engineering, Hokkaido University,

University, Sapporo, Hokkaido 060-8628,

; dairi@eng.hokudai.ac.jp

ESI) available: ESI Tables S1 and S2 and

the Royal Society of Chemistry
an N-terminal precursor peptide recognition element (PRE)
domain and a C-terminal protease domain, and cleaves the
amide bond between the leader peptide and the core peptide of
the precursor by expending ATP to provide the core peptide with
a free N-terminal amino group.8 “B” enzymes from actino-
bacteria are generally split into the N- and C-terminal domains
of the full-length B protein and are called “B1” and “B2”,
respectively. The “C” enzyme then catalyzes ATP-dependent
isopeptide bond formation to complete biosynthesis of the
lasso peptide.

MS-271, originally isolated from Streptomyces sp. M-271, is
a lasso peptide natural product with potent inhibitory activity
toward calmodulin-activated myosin light-chain kinase
(Fig. 1).9,10 MS-271 is composed of 21 amino acids and contains
a D-tryptophan (Trp) at its C terminus. Considering that lasso
peptides are ribosomal peptides, the mechanism of D-Trp
introduction in MS-271 biosynthesis is of great interest.
Recently, we identied the biosynthetic gene cluster of MS-271
(msl), which contained genes for the B1 enzyme (MslB1), B2
enzyme (MslB2), C enzyme (MslC), disulde oxidoreductases
(MslE, MslF), ABC transporters, regulators, and a protein of
Fig. 1 (A) Structure and (B) biosynthetic gene cluster (msl) of MS-271.
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Fig. 2 LC-MS analysis (ESI negative ion mode, y-axis is signal intensity
monitored at m/z 497 and the same scale applies for all chromato-
grams) of in vivo assay. L-FDLA derivatives of (a) D-Trp standard and (b)
L-Trp standard. L-FDLA derivatives of Trp in MslA by heterologous
expression of (c) mslA alone, (d) mslA and mslH, (e) mslA, mslH, and
mslB1, and (f) mslA and mslB1.
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unknown function (MslH) besides the gene encoding
a precursor peptide (MslA) ending with the C-terminal L-Trp
residue.11 Heterologous expression experiments of the msl
cluster spanning 11 kbp (mslR2–mslH) revealed that it contained
all necessary genes for MS-271 biosynthesis. However, the msl
cluster lacked obvious candidate genes for the epimerization.
Because MslH was the only protein of unknown function in the
msl cluster and was conserved among all msl-like gene clusters
identied in the genome database (Fig. S1†), we hypothesized
that MslH is responsible for the epimerization of the C-terminal
tryptophan. In the present study we performed in vivo and in
vitro functional characterization of MslH and demonstrated
that MslH is a novel peptide epimerase catalyzing epimerization
of the nascent precursor peptide in the early stage of MS-271
biosynthesis.

Results
In vivo characterization of MslH as a novel peptide epimerase

To obtain initial insight into the epimerization, we employed an
in vivo heterologous expression strategy using Escherichia coli as
the host. However, no expression of proteins encoded by some
msl genes, including mslA and mslH, from Streptomyces sp. M-
271 was observed. We thus used msl genes from Streptomyces
griseorubiginosus NBRC 12899, which possess the same enzymes
(86–92% identities) as those from Streptomyces sp. M-271 and
produced a large amount of MS-271 (Fig. S1 and S2†). In this
case, expression of most of the enzymes was observed, but mslA
did not yield a detectable amount of MslA on SDS-PAGE.
Recently, Ojima-Kato et al. reported that the addition of
a DNA sequence coding for Ser-Lys-Ile-Lys (SKIK tag) just aer
the start codon remarkably improved the expression of
recombinant proteins in E. coli and Saccharomyces cerevisiae.12

Using the same strategy, we successfully expressed MslA fused
with SKIK and His tags at its N-terminus although the
recombinant MslA was insoluble (Fig. S3†).

Considering that many modication enzymes involved in
RiPP biosynthesis require leader peptides for their substrate
recognition,5 we speculated that the epimerization occurs prior
to the cleavage of the precursor peptide by MslB2 in MS-271
biosynthesis. Consequently, mslA was expressed in E. coli in
the presence or absence of mslH and the precursor peptide
recognition element genemslB1. As shown in Fig. S3,†MslA was
expressed as a soluble peptide in the presence of MslB1 in
contrast to when it was expressed alone. Hydrophobic MslA may
be solubilized by MslB1 through the interaction between them.
The MslA product was puried by tricine–SDS-PAGE (16% gel)
and the chirality of the C-terminal Trp, which is the sole Trp
residue in MslA, was analyzed by a modied Marfey's method
aer acid hydrolysis followed by HPLC purication of Trp.
When mslH was coexpressed with mslA and mslB1, D-Trp was
observed in the puried MslA (Fig. 2). The formation of D-Trp
was also observed, albeit a small amount, when mslB1 was
omitted. In contrast, D-Trp was not detected in the puriedMslA
products prepared without expression of mslH. These results
clearly indicated that MslH catalyzed the epimerization of the
nascent precursor peptide to generate its epimer, epi-MslA, and
2568 | Chem. Sci., 2021, 12, 2567–2574
that MslB1 enhanced the activity of MslH. In addition, we
examined whether expression of MslB2 or MslC as well resulted
in more formation of D-Trp in MslA. However, no effect was
observed with either enzyme.
MslH is a metal- and cofactor-independent epimerase

We next investigated the MslH-catalyzed epimerization by in
vitro experiments. To prepare MslA, we rst coproduced MslA
(SKIK-His-MslA) and MslB1 (without tags) in E. coli and puried
MslA by Ni–NTA agarose affinity chromatography. MslB1 was
unexpectedly co-puried with MslA even though a buffer con-
taining a high salt concentration (2.0 M NaCl) was used during
purication, indicating tight binding of MslB1 to MslA
(Fig. S4†). We thus puried MslA under denaturing conditions
(8 M urea) on a Ni–NTA column to near homogeneity. MslH and
MslB1 were independently puried as His-tagged proteins.
When MslH was incubated with MslA, the formation of D-Trp in
MslA was observed in a time-dependent manner and, as ex-
pected, the reaction was accelerated upon the addition of MslB1
(Fig. 3A–D). Prolonged incubation (16 h) resulted in about 50%
conversion of MslA to epi-MslA, indicating that MslH generated
an equilibrium mixture of the epimers (Fig. S5†). Because MS-
271 derivatives containing L-Trp at the C-terminus have never
been identied in the producers, the next enzyme of the
pathway likely recognizes epi-MslA exclusively as a substrate.
Furthermore, we examined the MslH reaction using a chemi-
cally synthesized core peptide of MslA (MslA-core). However,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 LC-MS analysis (ESI negative ion mode, y-axis is signal intensity
monitored at m/z 497 and the same scale applies for all chromato-
grams) of L-FDLA–Trp derived from in vitro reactions. The reaction
time is shown next to each trace. (A) MslA only, (B) MslA + MslB1, (C)
MslA + MslH, (D) MslA + MslH + MslB1, (E) L- and D-Trp standards, (F)
MslA-core only, (G) MslA-core + MslB1, (H) MslA-core + MslH, and (I)
MslA-core + MslH + MslB1.
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only a small amount of D-Trp was observed aer the MslH
reactions (Fig. 3F–I). These results clearly indicated that the
leader peptide is important for substrate recognition by MslH.
Because Phyre2 (ref. 13) and I-TASSER (ref. 14) (web-based
programs to predict protein structure) analysis and Inter-
ProScan analysis suggested that MslH belongs to the metallo-
dependent phosphatase family (Fig. S6–S8†), we next exam-
ined the metal dependency of MslH using reaction conditions
without MslB1. However, its activity was not affected by the
addition of divalent metal ions (Mg2+, Zn2+, Co2+, Fe2+, Mn2+,
and Ca2+) or ethylenediaminetetraacetic acid (EDTA), indicating
that a divalent metal is not required for MslH activity (Fig. S9†).
In addition, we analysed the puried MslH by UV-vis and
protein mass analysis to examine whether organic cofactors
were co-puried with MslH. However, neither covalently bound
nor non-covalently bound organic cofactor was detected
© 2021 The Author(s). Published by the Royal Society of Chemistry
(Fig. S10†). These results suggested that MslH-catalyzed epi-
merization occurred in metal- and cofactor-independent
manner.
Heterologous production of D-amino acid containing
unnatural lasso peptides

To probe the substrate specicity of the modication enzymes
involved in MS-271 biosynthesis, we next carried out heterolo-
gous expression of themsl cluster to produce MS-271 derivatives
by altering the core peptide sequences of the mslA gene using
the same method described previously.11 The constructed
plasmids were individually introduced into Streptomyces livid-
ans:mslR2 and the metabolites were analyzed by LC-MS (Table
S2† and Fig. 4 and S11†). When the C-terminal Trp was replaced
with Phe or Tyr, the corresponding MS-271 derivatives, MS-271-
W21F and MS-271-W21Y, were produced. Chiral analysis by
a modied Marfey's method conrmed that MS-271-W21F and
MS-271-W21Y contained D-Phe and D-Tyr, respectively
(Fig. S12†). In contrast, a small amount of MS-271-W21V was
detected by LC-MS analysis. These results suggested that an
aromatic amino acid residue at the C-terminus of the precursor
peptide is important for the epimerization reaction. We next
examined the production of derivatives with 20 amino acid
residues by eliminating the C-terminal Trp (MS-271-DW21) or
an internal Ile (MS271-DI17) in MslA. However, production of
the expected peptides was not observed in either case. Consid-
ering that the C-terminal four amino acid sequence of MS271-
DI17 was identical to that of MS-271, the length of the precursor
peptide may also be important.

We next investigated the MS-271 biosynthetic tolerance
using sviceucin, a non-cognate lasso peptide with 20 amino acid
residues, as a core peptide. The structure of sviceucin contains
two disulde bridges, Cys1–Cys13 and Cys7–Cys19, in the same
manner as MS-271, although its amino acid sequence is quite
different from that of MS-271 (Fig. 4 and Table S2†).15 We
prepared a chimeric precursor peptide gene by fusing the leader
peptide of MslA to the core peptide of sviceucin and then the
sequence of the C-terminal region in sviceucin core peptide was
changed to generate a series of sviceucin derivatives. HPLC
analysis revealed successful production of some derivatives,
especially svi-CFW, svi-VCFW, and svi-AIVCFW (Fig. 4 and
S11†), while minute amounts of native sviceucin and svi-W were
detected. In addition, chiral analysis indicated that the C-
terminal Trp in all MS-271/sviceucin hybrid lasso peptides
had the D-conguration (Fig. S12†). These results indicated that
the MS-271 biosynthetic enzymes exhibit broad substrate
specicities toward the N-terminal region of core peptides while
the C-terminal “CFW” sequence is important for substrate
recognition.
Discussion

The presence of D-amino acids is generally the hallmark of
peptides biosynthesized via non-ribosomal peptide synthetases
(NRPSs). NRPSs are modular-type large enzyme complexes in
which the formation of polypeptides occurs in accordance with
Chem. Sci., 2021, 12, 2567–2574 | 2569
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Fig. 4 LC-MS analysis (y-axis is UV absorbance monitored at 210 nm
and the same scale applies for all chromatograms) of metabolites
produced by heterologous production of the msl cluster with mslA
mutant plasmids, (a) pWHM3-msl-MS-271-W21V, (b) pWHM3-msl-
MS-271-W21F, (c) pWHM3-msl-MS-271-W21Y, (d) pWHM3-msl-MS-
271-DI17, (e) pWHM3-msl-MS-271-DW21, (f) pWHM3-msl-svi, (g)
pWHM3-msl-svi-W, (h) pWHM3-msl-svi-CFW, (i) pWHM3-msl-svi-
VCFW, and (j) pWHM3-msl-svi-AIVCFW. The mutated amino acids in
MS-271 derivative are shown in red. Sviceucin- and MS-271-derived
sequences in the hybrid lasso peptides are shown in blue and red,
respectively. The D-amino acid-containing products confirmed by
chiral analysis are marked with an asterisk.

Fig. 5 Biosynthesis of MS-271. MslB1 tightly binds to the leader
peptide region (blue) in MslA and enhances the MslH reaction.
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the embedded catalytic domains.16,17 During chain elongation,
epimerization (E) domains epimerize the amino acid residue
directly connected to the phosphopantetheine arm of the
carrier protein via thioester linkage. X-ray structural analysis of
an E-domain revealed that the reaction mechanism involves an
2570 | Chem. Sci., 2021, 12, 2567–2574
abstraction of the a-proton of the thioester and stabilization of
an enolate anion intermediate by conserved Glu and His resi-
dues.18 In RiPP biosynthesis, epimerization must occur post-
translationally by an abstraction of the a-proton of an amide,
which is less acidic than those of thioesters. To date, only two
types of epimerases have been identied in RiPP biosynthesis.
One is radical S-adenosylmethionine (rSAM)-dependent epim-
erases (PoyD,19,20 YydG21), which catalyze unidirectional epime-
rization using radical chemistry to abstract the a-hydrogen
(Fig. S13A†). The other is an a/b-hydrolase family enzyme
(BotH)22 that catalyzes epimerization at the Ca of an Asp residue
adjacent to a thiazolinyl group. In this case, the a-proton is
acidic enough for spontaneous epimerization, albeit slowly, and
BotH just enhances the epimerization by stabilizing the
enamine intermediate (Fig. S13B†). In addition, two-step
process to introduce D-Ala has also been reported in lanthi-
peptide biosynthesis. In this process, a dehydroalanine residue,
which is generated by a dehydratase from L-Ser residue,
undergoes reduction by an NADPH/zinc-dependent reductase,23

a avin-dependent reductase,24 or an F420H2 dependent reduc-
tase25 to form D-Ala residue (Fig. S13C†).

Importantly, the MslH-catalyzed epimerization is chemically
more challenging because the abstraction of the a-proton
adjacent to the carboxylic acid is unfavorable. To the best of our
knowledge, MslH is the rst epimerase that catalyzes epimeri-
zation at the Ca center adjacent to a carboxylic acid in a cofactor-
independent manner. Further studies such as crystal structure
analysis are necessary to understand the reaction mechanism.

Our results also provided insight into the timing of modi-
cation reactions in lasso peptide biosynthesis. The MslH-
catalyzed epimerization occurs on the full-length MslA prior
to proteolytic cleavage by MslB2 (Fig. 5). This observation is
common for all lasso peptide modication enzymes character-
ized in vitro, including a methyltransferase (StspM),26 kinases
(ThcoK and SyanK),27,28 and an iron/2-oxoglutarate-dependent
© 2021 The Author(s). Published by the Royal Society of Chemistry
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hydroxylase (CanE).29 Together with the fact that MslH exhibi-
ted broad substrate specicity toward the N-terminal region of
the core peptide, this feature is potentially useful in peptide
bioengineering.

Interestingly, MslH exhibited homology (�52% identity) to
CapA, a function-unknown protein responsible for DL-poly-g-
glutamic acid (PGA) synthesis. PGA is a natural polymer of D-
and L-glutamic acid linked by isopeptide bonds.30 Although the
detailed biosynthesis of PGA has never been characterized due
to the instability of the membrane-bound biosynthetic
enzymes, we recently demonstrated the involvement of peptide
epimerization in PGA biosynthesis by isotope tracer experi-
ments.31 Our characterization of MslH suggests that CapA is an
epimerase that introduces D-Glu residues into a homopolymer
of L-Glu in PGA biosynthesis. Future functional characterization
of CapA will provide further insight into MslH-type epimerases.
Experimental
General

All chemicals were purchased from Fujilm Wako Pure Chem-
ical Corporation (Osaka, Japan), Sigma-Aldrich Japan (Tokyo,
Japan), or Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan)
unless specied otherwise. The custom synthetic peptide (Msl-
core 21: CLGVGSCNDFAGCGYAIVCFW) was purchased from
Sigma-Aldrich Japan. Enzymes and kits for DNA manipulations
were purchased from Takara Bio (Shiga, Japan), Nippon Gene
Co. Ltd. (Tokyo, Japan) or New England Biolabs Japan Inc.
(Tokyo, Japan). Polymerase chain reaction (PCR) were carried
out using a GeneAmp PCR System 9700 thermal cycler and Tks
Gex DNA polymerase (Takara Bio). Oligonucleotide synthesis
and DNA sequencing were performed in Fasmac (Kanagawa,
Japan). General genetic manipulations of E. coli were performed
according to standard protocols.32 Plasmids in E. coli were
maintained using appropriate antibiotics with the following
concentrations; ampicillin (100 mg mL�1), kanamycin (25 mg
mL�1), chloramphenicol (30 mg mL�1), and/or streptomycin (20
mg mL�1). The MS-271-producing bacterium Streptomyces sp. M-
271 was kindly provided by Kyowa Hakko Bio Co., Ltd. Strep-
tomyces olivochromogenes NBRC 3561, Streptomyces nodosus
NBRC 12895, S. griseorubiginosus NBRC 12899 (¼Streptomyces
phaeopurpureus DSM 40125) and Streptomyces dia-
statochromogenes NBRC 13389 were obtained from NITE Bio-
logical Resource Center, the National Institute of Technology
and Evaluation (Tokyo, Japan).
Production of MS-271 and its derivatives

To produce MS-271, Streptomyces sp. M-271, S. olivochromo-
genes, S. nodosus, S. griseorubiginosus or S. diastatochromogenes
was rst grown in 10 mL of seed medium (1% glucose, 1%
soluble starch, 0.5% BD Bacto tryptone, 0.5% BD Bacto yeast
extract, 0.3% Ehrlich's sh extract (Kyokuto, Tokyo, Japan),
0.5% CaCO3, pH 7.2 by NaOH) for 2 days at 30 �C on a rotary
shaker (200 rpm). A 1 mL portion of the culture was inoculated
on an agar plate containing 25 mL of production medium (4%
soluble starch, 1% soybean meal, 0.5% corn steep liquor
© 2021 The Author(s). Published by the Royal Society of Chemistry
(Sigma-Aldrich), 0.5% dry yeast, 0.05% KH2PO4, 0.05% Mg3(-
PO4)2$8H2O, 0.001% ZnSO4$7H2O, 0.0001% CoCl2$6H2O,
0.0001% NiSO4, 1.5% agar, pH 7.0 by NaOH) and the culture
was incubated at 30 �C for 5 days. The cells on the agar plate
were collected by spatula and transferred into a vial containing
10 mL MeOH. Aer soaking the cells in MeOH at 4 �C for 16 h,
the MeOH extract was concentrated and re-dissolved in 80%
aqueous MeOH (1 mL) for analysis. HPLC analysis was per-
formed with a Shimadzu Prominence HPLC system equipped
with a photo diode array (PDA) Detector. The analytical condi-
tions were as follows: column, Mightysil RP-18GP Aqua column
(250 � 4.6 mm, 5 mm, Kanto Chemical); column temperature,
40 �C; detection, PDA (190–350 nm); mobile phase, A: water with
0.05% triuoroacetic acid (TFA), B: acetonitrile with 0.05% TFA,
100% solvent A for 0–10 min, a linear gradient to 80% solvent B
for 10–35 min, and 80% solvent B for 35–45 min; ow rate, 1.0
mL min�1. Heterologous production of MS-271 derivatives and
MS-271/sviceucin hybrid lasso peptides were performed using
the plasmids listed in Table S2.† The resulting metabolites were
analyzed by LC-MS (Waters ACQUITY UPLC system equipped
with a SQ Detector2) under the following conditions: column:
Mightysil RP-18GP Aqua column (150 � 2.0 mm, 3 mm);
column temperature, 40 �C; detection, ESI-negative mode and
PDA; mobile phase, A: water with 0.05% TFA, B: acetonitrile
with 0.05% TFA, 5% solvent B for 0–10min and a linear gradient
to 85% solvent B for an additional 30 min; ow rate, 0.2
mL min�1. High resolution (HR)-MS was recorded on Bruker
microTOF-HS at the Open Facility, Global Facility Center,
Creative Research Institution, Hokkaido University.
Chiral analysis of the peptides

The chirality of the amino acid of interest (Trp, Tyr, or Phe) in
peptides was analyzed using Marfey's method. The puried
peptide product was rst hydrolyzed at 110 �C for 10 h with 3 M
2-mercaptoethanesulfonic acid (MESA). Aer neutralization
with 1M aqueous NaOH, the amino acid of interest was puried
by HPLC using the conditions described above and dissolved in
15 mL of water. To the sample solution was added 20 mL of 0.5 M
sodium bicarbonate and 50 mL of 1% 1-uoro-2,4-dinitrophenyl-
5-L-leucinamide (L-FDLA) in acetone. Aer incubation for 2 h at
37 �C, the reaction was quenched by the addition of 10 mL of 1 M
HCl, and then diluted with 300 mL of acetonitrile. The sample
containing L-FDLA derivatives was analyzed byWaters ACQUITY
UPLC system equipped with a SQ Detector2 under the following
conditions: column: Mightysil RP-18GP Aqua column (150 �
2.0 mm, 3 mm); column temperature, 40 �C; detection, ESI-
negative mode, single ion monitoring and PDA; mobile phase,
A: water with 0.05% TFA, B: acetonitrile with 0.05% TFA, 30%
solvent B for 0–2 min and a linear gradient to 95% solvent B for
an additional 18 min; ow rate, 0.2 mL min�1.
Construction of plasmids

Oligo nucleotides used for PCR in this study are summarized in
Table S1.† All plasmids were conrmed by DNA sequencing to
ensure all gene sequences were correct.
Chem. Sci., 2021, 12, 2567–2574 | 2571
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pET21-SKIK-His-mslA. The gene encoding MslA was ampli-
ed by PCR from the genomic DNA of S. griseorubiginosus NBRC
12899 with the primers, SKIK-His-mslA-N(NdeI) and SKIK-His-
mslA-C(HindIII). A DNA sequence encoding the N-terminal
“MSKIKHHHHHH” peptide was designed in the primer SKIK-
His-mslA-N(NdeI). The PCR product was cloned into the
NdeI–HindIII site of the pET21a vector to construct the plasmid,
pET21-SKIK-His-mslA. The deduced amino acid sequence of the
peptide product is “MSKIKHHHHHHSAVYEPPMLQEVGDFDEL
TKCLGVGSCNDFAGCGYAIVCFW”.

pET28-His-mslH. The primer pair mslH-pET-N(NdeI) and
mslH-pET-C(EcoRI) was used to amplify themslH gene from the
genomic DNA of S. griseorubiginosus. The resulting PCR product
was cloned into the NdeI–EcoRI site of the pET28b vector.

pSTV-His-mslH. A DNA fragment containing the mslH gene
was prepared with PCR using the primers, mslH-pCDFDuet-
N(EcoRI) and mslH-pCDFDuet-C(HindIII), and was rst
cloned into the EcoRI–HindIII site of the pCDF-Duet-1 vector to
fuse a 6�His tag sequence at the N-terminus of the mslH gene.
Second PCR reaction using the resulting plasmid and the
primer pair, mslH-pSTV28N-N(NdeI) and mslH-pCDFDuet-
C(HindIII), was then carried out and the resulting PCR
product was cloned into the pSTV28N vector33 using the
restriction enzymes NdeI and HindIII to construct pSTV-His-
mslH.

pCDF-His-mslB1. A DNA fragment containing the mslB1
gene of S. griseorubiginosus was amplied using the primers
mslB1-N(BamHI) and mslB1-C(HindIII), and was cloned into
the BamHI–HindIII site of the pCDF-Duet-1 vector to generate
pCDF-His-mslB1.

pCDF-mslB1. A DNA fragment containing the mslB1 gene of
S. griseorubiginosus was amplied using the primers mslB1-
N(NcoI) and mslB1-C(HindIII), and was cloned into the NcoI–
HindIII site of the pCDF-Duet-1 vector to generate pCDF-mslB1.

pCola-MBP-His-mslC. A DNA fragment encoding the mslC
gene was prepared by PCR from the genomic DNA of S. gri-
seorubiginosus using the primersmslC-pCola-N(NdeI) andmslC-
pCola-C(MfeI), and was cloned into the NdeI–MfeI site of the
pCola-Duet-1 vector to obtain pCola-His-mslC. A DNA sequence
for a 6�His tag was designed in the primer MslC-pCola-N(NdeI).
Because expression of soluble MslC using pCola-His-mslC was
unsuccessful, a DNA fragment containing the maltose binding
protein (MBP) was inserted into the NdeI site of pCola-His-mslC
by in-fusion cloning so that the MBP, His-tag, and MslC
sequences were expressed in a single open reading frame. The
insert DNA fragment was prepared by PCR from the pMAL-c5X
vector using the primer pair mal-mslC-F and mal-mslC-R, and
pCola-His-msl digested with NdeI was used as the vector DNA
fragment.

pCola-MBP-His-mslB2. The primer pair mslB2-pCola-
N(BamHI) and mslB2-pCola-C(EcoRI) was used to amplify the
mslB2 gene of S. griseorubiginosus. The resulting PCR product
was cloned into the BamHI–EcoRI site of the pCola-Duet-1
vector to obtain pCola-His-mslB2. The DNA fragment contain-
ing MBP was then inserted into the NcoI site of pCola-His-
mslB2 by in-fusion cloning so that the MBP, His-tag, and
2572 | Chem. Sci., 2021, 12, 2567–2574
MslC sequences are expressed in a single open reading frame.
The insert DNA fragment was prepared by PCR from the pMAL-
c5X vector using the primer pair mal-mslB2-F and mal-mslB2-R,
and pCola-His-mslB2 digested with NcoI was used as the vector
DNA fragment.

pWHM3-msl variants. To generate pWHM3-msl mutant
plasmids harboring the desired core peptide sequence, SpeI–
SphI fragments (3.4 kbp) that included the precursor peptide
coding region were prepared by overlap extension PCR and each
fragment was replaced with the wild type SpeI–SphI (3.4 kbp)
fragment in pWHM3-msl. The primer pairs listed in Table S2†
were used for the rst PCR and the primers msl-SpeI-SphI-F and
msl-SpeI-SphI-R were used for the second PCR of the overlap
extension PCR.

In vivo peptide epimerization assay

E. coli BL21(DE3) transformants harboring various combina-
tions of plasmids (pET21-SKIK-His-mslA, pSTV-His-mslH,
pCDF-His-mslB1, pCola-MBP-His-mslC, and pCola-MBP-His-
mslB2) were grown at 200 rpm at 37 �C in LB medium (50 mL
in a 250 mL Erlenmeyer ask) supplied with appropriate anti-
biotics and were induced by adding 0.5 mM isopropyl b-D-1-
thiogalactopyranoside (IPTG) when the optical density at
600 nm reached about 1. The cultivation at 200 rpm was
continued for an additional 16 h at 16 �C. The cells were
resuspended in a 3.5 mL wash buffer I (50 mM sodium phos-
phate, 300 mM NaCl, 25 mM imidazole, pH 8.0) and disrupted
by sonication using an ultrasonic disruptor (TOMY, UD-200).
Aer centrifugation at 25 000 � g for 30 min, the MslA was
puried from either the supernatant or the precipitate as
follows. When MslA was produced in an insoluble form (MslA
alone and MslA + H), the precipitate was resuspended in 900 mL
of buffer I (50 mM sodium phosphate, 300 mM NaCl, pH 8) and
an aliquot (300 mL) was treated with an equal volume of 2� SDS-
PAGE sample buffer (10% 2-mercaptoethanol, 4% SDS, 10%
sucrose, and 0.01% bromophenol blue in 0.125 M Tris–HCl, pH
6.8) at 100 �C for 10 min. The entire sample (600 mL) was then
separated by tricine–SDS-PAGE (16% T, 3% C polyacrylamide
gel).34 Aer reverse staining using EzStain reverse (ATTO) to
visualize proteins, a gel slice containing MslA was excised from
the gel and MslA was extracted from the gel with an Attoprep
lter unit (ATTO). The buffer was exchanged to 10 mM Tris–HCl
(pH 8.0) by ultraltration (Amicon Ultracel-3, 0.5 mL, Merck).
The puried MslA (concentrated in ca. 100 mL buffer) was
lyophilized and used for chiral analysis. When MslA was
produced in a soluble form (MslA + B1, MslA + H + B1, MslA + H
+ B1 + B2, and MslA + H + B1 + B2), the supernatant was sub-
jected to Ni–NTA affinity chromatography. The fractions con-
taining MslA were collected and concentrated to 300 mL by
Amicon (Ultracel-3, 0.5 mL) and further puried by tricine–SDS-
PAGE as described above.

Preparation of MslA for in vitro assay

An E. coli BL21(DE3) transformant harboring pET21-SKIK-His-
mslA and pCDF-mslB1 was grown in LB medium as described
above. Aer harvest, the cells were resuspended in a 3.5 mL
© 2021 The Author(s). Published by the Royal Society of Chemistry
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wash buffer I and disrupted by sonication. Aer centrifugation
at 25 000 � g for 30 min, the supernatant was loaded onto
a column containing Ni–NTA agarose resin. The column was
washed with wash buffer I followed by wash buffer II (50 mM
sodium phosphate, 8 M urea, 300 mM NaCl, 25 mM imidazole,
pH 8.0). MslA was then eluted from the column using elution
buffer (50 mM sodium phosphate, 300 mM NaCl, 250 mM
imidazole, pH 8.0). The buffer was exchanged to buffer II
(100 mM Tris–HCl, 300 mM NaCl, pH 8.0) and was reduced by
Amicon ultraltration units (Ultracel-3, 0.5 mL).

Protein purications for in vitro assay

E. coli BL21(DE3) transformants harboring pET28-His-mslH
and pCDF-His-mslB1 were used to produce MslH and MslB1,
respectively. Aer cell lysate preparation as described above, the
protein was puried on Ni–NTA resin using wash buffer I and
elution buffer. Finally, the protein was prepared in buffer II
using Amicon lter units (Ultracel-3 for MslB1 and Ultracel-30
for MslH) for in vitro reactions.

Spectroscopic analysis of MslH

UV-vis spectrum of MslH (10 mM in buffer II) was recorded using
NanoDrop 2000c (Thermo Scientic) with a micro cuvette
(volume: 100 mL, path length: 1 cm). Protein mass was recorded
with a Maxis Plus (Bruker) connected with HPLC (Agilent
Technologies Inc.) using following conditions. Column: Sun-
shell C8-30 HT 3.4 mm (150 � 2.1 mm, ChromaNik Technolo-
gies Inc.) at 70 �C, detection: ESI-positive mode (capillary
voltage: 4500 V, nebulizer: 1.5 bar, dry gas: 7.0 L min�1, dry
temperature: 200 �C), mobile phase, A: water with 0.1% TFA, B:
acetonitrile with 0.1% TFA, a linear gradient from 30% B (0min)
to 60% B (30 min), ow rate: 0.3 mLmin�1, injection volume: 10
mL of 20 mM MslH in buffer II.

In vitro assay of MslH

A reaction mixture (300 mL) containing 470 mMMslA (SKIK- and
His-tagged), 500 mM MslB1, 5 mM MslH, and 10 mM DTT in
buffer II was incubated at 30 �C. Control reactions omitting
MslB1 and/or MslH were also performed. The reactions were
terminated by incubating with an equal volume of 2� SDS-
PAGE sample buffer at 100 �C for 10 min. MslA was puried
by tricine–SDS-PAGE and subjected to chiral analysis as
described above. Reactions with the synthetic MslA core peptide
contained 900 mM MslA-core, 600 mM MslB1, 10 mM MslH, and
10 mM DTT in buffer II (total 150 mL) and were incubated at
30 �C for 1 h. Control reactions omitting MslB1 and/or MslH
were also performed. The resulting MslA-core peptides were
puried by tricine–SDS-PAGE (16% T, 6% C polyacrylamide gel)
and the extracted MslA was concentrated by lyophilization aer
the removal of small molecules using a Tube-O-Dialyzer Medi
1 k MWCO dialysis unit (Geno Technology).

Metal requirements of MslH

A reaction mixture (230 mL) containing 430 mM MslA, 20 mM
MslH, and 5 mM metal chloride (CoCl2, MnCl2, FeCl2, CaCl2,
© 2021 The Author(s). Published by the Royal Society of Chemistry
ZnCl2, or MgCl2) or 5 mM EDTA in buffer (100 mM Tris–HCl, pH
8.0) was incubated at 30 �C. Aer 2 h, MslA was puried by
tricine–SDS-PAGE and subjected to chiral analysis as described
above.

Conclusions

In conclusion, we discovered a novel peptide epimerase, MslH,
involved in the biosynthesis of the D-amino acid-containing
lasso peptide MS-271. In vivo and in vitro experiments revealed
that MslH catalyzed cofactor-independent epimerization on
full-length MslA and that the reaction was accelerated by the
precursor peptide recognition element MslB1. Furthermore, we
showed that MslH exhibited broad substrate specicity toward
the N-terminal region of the core peptide and produced several
MS-271 derivatives and MS-271/sviceucin hybrid lasso peptides
containing a D-amino acid residue. While the details of
substrate recognition by MslH await further study, MslH-type
epimerases could be useful to produce D-amino acid-
containing peptides with improved proteolytic stability and/or
biological activities.
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