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ABSTRACT: Class III lanthipeptides are an emerging subclass of
lanthipeptides, representing an underexplored trove of new natural
products with potentially broad chemical diversity and important
biological activity. Bioinformatic analysis of class III lanthipeptide
biosynthetic gene cluster (BGC) distribution has revealed their
high abundance in the phylum Firmicutes. Many of these clusters
also feature methyltransferase (MT) genes, which likely encode
uncommon class III lanthipeptides. However, two hurdles, silent
BGCs and low-yielding pathways, have hindered the discovery of
class III lanthipeptides from Firmicutes. Here, we report the design
and construction of a biosynthetic pathway refactoring and
heterologous overexpression strategy which seeks to overcome
these hurdles, simultaneously activating and increasing the
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production of these Firmicutes class III lanthipeptides. Applying our strategy to MT-containing BGCs, we report the discovery
of new class III lanthipeptides from Firmicutes bearing rare N,N-dimethylations. We reveal the importance of the first two amino
acids in the N-terminus of the core peptide in controlling the MT dimethylation activity. Leveraging this feature, we engineer class
III lanthipeptides to enable N,N-dimethylation, resulting in significantly increased antibacterial activity. Furthermore, the refactoring
and heterologous overexpression strategy showcased in this study is potentially applicable to other ribosomally synthesized and post-
translationally modified peptide BGCs from Firmicutes, unlocking the genetic potential of Firmicutes for producing peptide natural

products.

B INTRODUCTION

Lanthipeptides are the largest subfamily of ribosomally
synthesized and post-translationally modified peptides
(RiPPs). These peptide natural products bear characteristic
intramolecular lanthionine and/or labionin rings and are often
referred to as lantibiotics due to their prevalent antimicrobial
properties.”” They are subdivided into five classes depending
on their biosynthetic machinery."”*~” Class III lanthipeptides
are an emerging class, beginning with the report of their first
member, labyrinthopeptins, in 2010.*” Consistent with the
literature,'”"" our present bioinformatic analysis of 223,243
bacterial and archaeal genomes revealed that class III
lanthipeptide biosynthetic gene clusters (BGCs) are widely
distributed in bacterial phyla, with Actinobacteria being the
most abundant and Firmicutes being the second most
abundant harboring these BGCs. Compared to Actinobacteria,
a known major source for class III lanthipeptide discov-
ery,'>"® no class III lanthipeptide structures had been
reported from Firmicutes when we initiated the present
study, and now only andalusicin,"” amylopeptin,” bacinapep-
tin,'"” and paenithopeptin'® have been reported, still leaving
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class III lanthipeptides in Firmicutes significantly underex-
plored. In our preliminary screening efforts, lanthipeptide
products were not directly detected from almost all the chosen
Firmicutes strains harboring class III lanthipeptide BGCs
despite various culturing conditions attempted. Thus, two
major potential hurdles exist in the exploration of class III
lanthipeptides from Firmicutes: (i) No production due to
silence of BGCs as generally encountered in natural product
discovery”' 7*° and (ii) low-yielding pathways.

To exploit the biosynthetic potential, chemical diversity, and
biological activities of these class III lanthipeptides, we
designed and established a refactoring and heterologous
overexpression strategy using strong inducible promoters,
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efficient ribosome-biding sites (RBSs), and high-copy-number
plasmids. This strategy simultaneously activates and increases
compound production, enabling discovery, isolation, character-
ization, and further biological evaluation. We applied this
strategy to a unique group of Firmicute class III lanthipeptide
BGCs featuring uncommon MTs, leading to the discovery and
characterization of new representative class III lanthipeptides.
These new lanthipeptides all feature rare N,N-dimethylations,
installed by the MTs. We further revealed the importance of
the first two amino acids in the N-terminus of the core peptide
for the observed N,N-dimethylation activity. Leveraging this
observation, we engineered class III lanthipeptides to enable
N,N-dimethylation, resulting in a significantly increased
antibacterial activity.

B RESULTS AND DISCUSSION

Genome Mining of Class Il Lanthipeptides and
Design of a Refactoring and Heterologous Over-
expression Strategy. We analyzed 223,243 bacterial and
archaeal genomes using antiSMASH 6.0 and identified 3897
and 570 class III lanthipeptide BGCs from Actinobacteria and
Firmicutes, respectively (Supporting Information, Data File
S1). Among these, ~35% of class III lanthipeptide BGCs from
Firmicutes contains a gene encoding a SAM-dependent MT
(Figure 1A), while only two of such BGCs had been connected
to their chemical products.'”"” In the phylogenetic analysis of
all reported RiPP SAM-dependent MTs, we discovered that
those in Firmicute class III lanthipeptide BGCs form a distinct
clade, separate from reported SAM-dependent MT's involved
in the biosynthesis of Firmicute-derived other RiPPs (eg,
PtnL”’), non-Firmicute-derived lanthipeptides (e.g, Lme %),
and non-Firmicute-derived other RiPPs (e.g., SinM*® and
MonM™) (Figure S1). We hypothesized that these MT-
containing class III lanthipeptide BGCs may encode new types
of methylated products specific to class III lanthipeptides from
Firmicutes. Further bioinformatic analysis revealed that nearly
25% of them contained multiple precursor peptides with
identical core peptide sequences, some with up to six identical
copies (Figure 1A), suggesting a potential evolutionary
importance in having additional copies to encode the desired
methylated products.

However, no lanthipeptide products were detected from
nearly all of the 20 Firmicute strains containing class III
lanthipeptide BGCs that we directly cultivated under various
culturing conditions (Supporting Information, Table S1).
Thus, we set out to devise a refactoring and heterologous
overexpression strategy. Previously reported Firmicute class III
lanthipeptide heterologous expression systems mvolve a single
plasmid (either a rephcatlon plasmid pHTO01' or an
integrative plasmid pDR111'%) for the expression of both
precursors and PTM enzymes. Using a replication plasmid
could facilitate high expression levels, while an integrative
plasmid provides high stability for expression by integrating
genes into the genome of the host. Thus, we developed a
refactoring and heterologous overexpression strategy by
leveraging the advantages of both types of plasmids (Figure
1B): (1) precursor peptides are expressed in a high-copy-
number replication plasmid, pBSOE, which contains the xylose-
inducible promoter P, ,. This is intended to mirror the higher
transcription rate of the repeated precursor peptides in the
BGCs as well as to further increase the precursor peptide
expression level and (2) the genes encoding lanthipeptide
PTM enzymes (i.e., lanthipeptide synthetases LanKC, MT
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Figure 1. (A) Representative MT-containing class III lanthipeptide
BGCs from Firmicutes found through bioinformatic analysis. Identical
repeated precursor peptide sequences are marked with a red asterisk
(“*”). (B) General scheme of our biosynthetic pathway refactoring
and heterologous overexpression strategy, including two central
components: pDRI111 containing lanthipeptide post-translational
modification (PTM) enzyme-encoding genes (lanMT for MT,
lanKC for lanthipeptide synthetase, lanP for protease, and lanT for
transporter) and pBSOE containing the interchangeable lanthipeptide
precursor-encoding gene. pDRI11-PTMs integrates the PTM
enzyme-encoding genes into the Bacillus subtillis (B. subtilis) 168
chromosome, and the pBSOE-precursor is subsequently transformed
into the integrated host.

LanMT, protease LanP, and transporters LanT) are integrated
into the genome of a B. subtilis host, to provide higher
expression stability, under the control of the strong IPTG-
inducible promoter, Pycponi USing an integrative plasmid,
pDRI111. Precursors and PTM enzyme-encoding genes are
each preceded by the B. subtilis mntA RBS (AAGAGGAGG),
which is considered as a strong Shine-Dalgarno sequence (AG
> 50.4 k] mol™"). A spacing of six nucleotides (AGAAAT) to
the startlng codon is employed to ensure translation
efficiency.”® Our system is also modular, allowing the facile
expression of different precursor peptides from the same BGC
while using the same engineered heterologous host with
integrated PTM-encoding genes. This feature will be useful for
studying class III lanthipeptide BGCs with multiple encoded
precursor peptides.

Heterologous Overexpression Leads to the Discovery
of New N,N-Dimethylated Class Ill Lanthipeptides from
Firmicutes. We identified a representative MT-containing
BGC (ptt) from Paenibacillus thiaminolyticus NRRL B-4156
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(Figure 2A), which contains the MT-encoding gene (pttMT)
and duplication of precursor-encoding genes (pttAS and its
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Figure 2. (A) Overview of the ptt BGC displaying each biosynthetic
gene, including the MT-encoding pttMT. The identical repeated
precursor-encoding genes pttAS and pttA6 are marked with a red
asterisk (“*”). (B) Extracted ion chromatograms from the liquid
chromatography—mass spectrometry (LC—MS) analysis of heterolo-
gous overexpression hosts Bs_ptt_AS and Bs_ptt A7 demonstrate the
significantly increased production of 1 (green) and 3 (blue),
respectively, compared to the native strain (red) and empty host

(black).

additional identical copy, pttA6)."" We applied the refactoring
and heterologous overexpression strategy described above to
activate and improve lanthipeptide production derived from
PttAS (Supporting Information, Figure S2 and Tables S1 and
$2). LC—MS analysis of the extract of the PttAS heterologous
expression strain (Bs_ptt AS, Supporting Information, Figure
S3) revealed the high-yield production of a peptide-like,
multiply charged ion with a molecular weight of 1931.1 Da
which was not present in the negative control strain containing
no ptt precursor (Figures 2B and S3). The mass-to-charge ratio
(m/z) of this differential peak was +28 Da from the
bioinformatically predicted molecular weight of mature
PttAS, suggesting that the product may be dimethylated. We
named this compound paenithopeptin mAS (1, Figure 3A).
We next isolated 1 and characterized its structure using nuclear
magnetic resonance (NMR), high-resolution tandem mass
spectrometry (HRMS/MS), and chemical derivatization, along
with bioinformatic prediction of the core peptide sequence.
HRMS showed the presence of a doubly charged protonated
ion [M + 2H]*" with m/z 966.5424 (calcd m/z 966.5424)
indicative of the molecular formula CyH;44N,,0,,S (Figure
S3). 1D NMR (DMSO-dy) analysis of 1 exhibited resonances
of four olefinic protons (8y 6.30—6.40 ppm, q, J = 6.9 Hz; 6
127.6—129.2 ppm) and two pairs of aromatic protons (5y 6.64
and 6.95 ppm, d, ] = 8.1 Hz; §c 115.5 and 130.5 ppm),
suggesting the presence of four dehydrobutyrine (Dhb)
residues and one tyrosine residue (Figures S4 and SS).
These findings are consistent with the core peptide sequence
of 1 which contains four threonines and one tyrosine, of which
threonine undergoes dehydration by PttKC to yield Dhb.
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Finally, the resonances of two chemically equivalent N-methyl
groups (8y 2.23 ppm, s; 8¢ 41.7 ppm) were observed and also
showed heteronuclear multiple bond correlation (HMBC)
with the a-carbon (8¢ 63.2 ppm) of the first alanine residue
(Alal), confirming the hypothesized N,N-dimethylation of
Alal (Figures 3B and S6—S11 and Table S3). Elaborating on
the structure of 1, collision-induced dissociation tandem mass
spectrometry (CID-MS/MS) was applied, and a series of b
ions (N-terminal sequence retained) and y ions (C-terminal
sequence retained) were generated (Figures 3C and S3).
Manual annotation of the fragment ions confirmed the
presence of an N,N-dimethylated Alal and three Dhb residues
(Dhb2, Dhb4, and Dhb7). Moreover, the MS/MS fragmenta-
tion of 1 terminated at Serl1 even under high collision energy
(50 eV), suggesting that Ser11 may be involved in lanthionine
(Lan) or labionin (Lab) ring formation. Given the very similar
C-terminal sequence of the core peptides in 1 (STLSVYKCN)
and paenithopeptin A (2, SVLSVYKCC) that we previously
discovered,'’ we hypothesized that a bicyclic labionin ring
formed between Serl1, Ser14, and Cys18 in the structure of 1,
as it does in 2.'" The presence of a labionin bicyclic ring was
subsequently confirmed by the following evidence. First, when
compared to the partial core peptide sequence STLSVYKCN
(m/z 1014.49), the y9 ion revealed a diagnostic loss of 54 Da
(m/z 960.46) (Figure 3C) corresponding to triple dehydra-
tions, suggesting the formation of one Dhb and two Dha
residues in the y9 ion. Second, when 1 was treated with f-
mercaptoethanol (f-ME) (Figure S12), f-ME adducts were
not detected that indicates the absence of free Dha in the
structure. This lack of free Dha suggests that Dha residues are
involved in the formation of a labionin ring as previously
described."”"” Most importantly, LC-HRMS analysis of the N-
trifluoroacetyl/ethylester derivatives of the acid hydrolysate of
1 returned two peaks bearing ions at m/z 668.1320 [M + H]*
(caled m/z 668.1319, —0.15 ppm) and at m/z 668.1317 [M +
H]* (caled m/z 668.1319, +0.30 ppm), respectively,
corresponding to the molecular formula C, H,cFoN;0,S"
(Figure S13), which represents the N-trifluoroacetyl/ethylester
of labionin (Figure S14).""*' The presence of two peaks
corresponding to labionin is consistent with epimerization of
the residue during hydrolysis as previously reported.'*!
Further MS/MS analysis of the ion at m/z 668.1320 yielded
the diagnostic fra%ments that match those previously reported
(Figure S14),"**" confirming the presence of a labionin
bicyclic ring in 1. The absolute configurations of each residue
in 1 were determined to be the L-configuration by Marfey’s
analysis (Table S4). All of the evidence stated above indicated
1 as a new N,N-dimethylated class III lanthipeptide with a
bicyclic labionin ring.

With the successful activation and production of 1, we next
expanded our strategy to another precursor peptide, PttA7, in
the same ptt BGC (Figure 2A). Heterologous expression of the
PttA7 precursor led to the identification of another N,N-
dimethylated class III lanthipeptide, paenithopeptin mA7 (3).
Analysis of the PttA7 heterologous expression strain
(Bs_ptt_A7) extract by HRMS revealed a doubly charged
protonated ion [M + 2H*]** with m/z 1010.0394 (calcd m/z
1010.0402, +0.79 ppm) indicative of the molecular formula
Co3H,47N,30,5S (Figure S15). The core peptide sequences of
PttA7 and PttAS are very similar, with the only difference
being the replacement of Lys17 with Gln17 and the addition of
Ser20 in 3. CID-MS/MS analysis of 3 revealed identical b ions
to those of 1 and +87 Da in the y ions, which was attributed to
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Figure 3. (A) Chemical structure of 1. Dhb residues are in green, and Ser and Cys involved in the labionin ring are in red. (B) Selected key HMBC
correlations indicating N,N-dimethylation of Alal. (C) Amino acid sequence of 1, showing the CID-MS/MS fragmentation patterns and

representative MS/MS spectra used to confirm the amino sequences and

to determine the position of the labionin ring.

the change in molecular mass from GInl7 and Ser20 in 3
(Figure 4). These results indicated 3 as bearing a labionin ring

formed between Serl1, Serl4, and Cys18.
We compared the production yields between the newly

developed two-plasmid (pDR111 and pBSOE) refactoring

511

strategy and previous one-plasmid (pDR111) expression
system. The new strategy not only significantly improved the
production of 2 but also activated the production of 1 and 3
compared to that using the previous heterologous expression

system that integrated the entire BGC in the host genome'’
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Figure 4. Amino acid sequence of 3, showing the CID-MS/MS fragmentation patterns and representative MS/MS spectra used to confirm the

amino sequences and to determine the position of the labionin ring.

(Figure S16). To further apply our strategy, we selected
another MT-containing BGC, ben from Bacillus nakamurai
NRRL B-41092, which we previously reported to produce only
very low yields of the corresponding products by native strain
cultivation.'” Notably, the ben BGC harbors no protease genes
that are required for lanthipeptide maturation but are lacking
in the majority of class III lanthipeptide BGCs. Instead, the
distal proteases identified elsewhere in the genome using our
previously reported correlational networking approach'® were
used in the heterologous expression system. Overexpression of
the precursors, BcnAl and BenA2, and induction of their
respective biosynthetic genes including the distal protease
genes led to significantly increased production of both
products bacinapeptins A (4) and B (5) compared to the
native strain production (Figure S17), and structural analysis
by CID-MS/MS matched our previously reported data.'’ All
the aforementioned successful examples demonstrate that our
refactoring and heterologous overexpression strategy is
generally applicable to a broad range of Firmicute class III
lanthipeptide BGCs using pathway-specific proteases or distal
proteases identified via correlational networking."’
Importance of the First Two Amino Acids in the N-
Terminus of the Core Peptide for N,N-Dimethylation by
PttMT. Although heterologous overexpression of pttAS and
pttA7 led to the production of 1 and 3, respectively,
overexpression of pttAl using the same strategy surprisingly
did not result in the biosynthesis of N,N-dimethylated 2
(Figure S18). Given that the methylation reaction occurs after
the removal of the leader peptide by the protease, we predicted
that the amino acids in the N-terminus of the core peptide may
be important determinants in influencing PttMT activity.
Thus, we aligned the core peptide sequences of previously
reported RiPPs bearing the N,N-dimethylation moiety.
According to the alignment, the second amino acid in the
core peptide is strictly conserved to Thr or Ser (Figure SA). It
is well-known that Thr and Ser are the only S-hydroxy-bearing
amino acids that can be enzymatically dehydrated to generate
Dhb and dehydroalanine (Dha), respectively, in the biosyn-
thesis of lanthipeptides and linaridins. Therefore, we
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A Paenithopeptin mA5 ATITIITVGKSTLSVYKCN
- Paenithopeptin mA7 ATITIITVGKSTLSVYQCNS
2 | Bacinapeptin A ATITTTWTVTTTSAFTSTVSNHC
% Bacinapeptin B ATITTTWTVTTTSGFISSVSNNC
;% Andalusicin A ATITTTWTVTTTGVWASTISNNC
% Andalusicin B ATITTTWTVTTTGAWASTISNNC
| Lexapeptide FSPTIPWAIRATIITARSSQQCAAALGSLTAKTIEKKC
Cacaoidin SSAPCTIYASVSASISATASWGC
Cypemycin ATPATPTVAQFVIQGSTICLVC
Salinipeptin ATPAVAQFVIQGSTICLVC
=§ Grisemycin ATPATPTAAQFVIQGSTICLVC
% | Legonaridin ITPLATLATPEATPVGFAATSATAAAVNMI THDVTHR
£ [Mononaridin VTPLATIATPEATPVGFAATSATAVALDKVTHNVG
Pegvadin A LTPLATLATPEGVAVTSATAYALHEVTKDIQR
Pegvadin B LTPLAALATPEGVAVTSATAYALHEVTKDIQR

CH
B PaenithopeptinmA5 _ *>

(CH;),
(CHs),

Mutants

Figure S. (A) Aligned lanthipeptide core peptide sequences
highlighting the first two highly conserved N-terminus amino acids.
We find that these two residues are conserved not only in N,N-
dimethylated lanthipeptides but also in dimethylated linaridins. (B)
Mutagenesis of the first two residues to other amino acids
demonstrates the importance of these two positions in controlling
the N,N-dimethylation activity of PttMT.

hypothesized that the dehydrated amino acids Dhb and Dha
in the second position of the core peptide are essential for
recognition and methylation. To probe the importance of this
position in N,N-dimethylation, we created a variety of PttAS
mutants with changes to the second amino acid (representative
mutants are shown in Figure SB). The mutated ptAS gene was
subsequently coexpressed with pttMT and other lanthipeptide
biosynthetic genes using the aforementioned heterologous
expression system, followed by LC—MS analysis. The results
clearly showed that the T2S and T2A mutants retained N,N-
dimethylation (Figures S19—S21), giving paenithopeptin
mAS_T2S (6) and paenithopeptin mAS T2A (7), respec-
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Figure 6. Amino acid sequence of 10 obtained after mutation of the second amino acid, Gly2 to Thr2, resulting in PttMT methylation activity. The
b and y fragmentation sites are indicated on the structure, and representative CID-MS/MS spectra are shown which were used to confirm the

structure of 10.

tively. However, other mutants such as T2G, T2V, and T2I did
not (Figure S19), suggesting that PttMT prefers neutral amino
acids bearing a small aliphatic side chain of up to two carbons
such as Ala, Dhb, and Dha.

While the first amino acid is not as conserved as the second,
Alal is found in more than half of known N,N-dimethylated
RiPPs (Figure SA). Thus, we next generated several mutants of
the first amino acid in PttAS. Our analysis revealed that the
AlG and A1V mutants did not affect N,N-dimethylation of the
core peptide, leading to paenithopeptin mAS_AIG (8) and
paenithopeptin mAS_A1V (9), respectively (Figures S22—
S24). In contrast, changing Alal to the bulky amino acids Leu
or Phe, as well as the polar amino acid Asp, abolished N,N-
dimethylation (Figures SB and $22). Our mutagenesis results
demonstrated that PttMT has modest substrate specificity,
accepting neutral amino acids with small aliphatic side chains
in the first and second positions.

To leverage this feature, we engineered the precursor
peptide sequence of PttAl, which is not naturally methylated,
by mutating the second amino acid of the core peptide from
Gly to Thr. Coexpression of the mutated pttAl along with
pttMT and other essential biosynthetic genes in our
heterologous host indeed yielded a new N,N-dimethylated
peptide, namely, paenithopeptin mA1 (10), which showed a
doubly charged protonated ion [M + 2H]*" at m/z 961.5052
(caled m/z 961.5061, +0.92 ppm), suggestive of the molecular
formula Cq;H,4,N,0,;S; (Figure S25). CID-MS/MS analysis
of 10 exhibited a b2 ion (m/z 183.11) that is 54 Da larger than
that for 2,'° the mass increase of which can be attributed to the
replacement of Gly with Dhb and the addition of two methyl
groups (Figure 6). Our study provides an opportunity for the
use of PttMT as a biocatalyst to produce non-natural
lanthipeptides with increased antibiotic activity as described
below.

N,N-Dimethylation Enhances the Antibacterial Activ-
ity of Class lll Lantibiotics. N,N-dimethylation is a rare
posttranslational modification in RiPP biosynthesis, which has
been linked to increased biological activities, while demethy-
lation has shown reduced biological activities. For example, the
N,N-demethylated forms of cypemycin, andalusicin, and
plantazolicin all had lost or significantly reduced antibacterial
activity.'”””** To validate the significance of N,N-dimethyla-
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tion on the activity of paenithopeptins, we assayed the
antibacterial activity of 1 and 10 as well as their demethylated
forms, paenithopeptin AS (11) and 2, that were discovered in
our previous research,'’ respectively, using an agar diffusion
assay. The results clearly showed that 1 and 10 had
significantly more potent inhibitory activity against Gram-
positive bacteria in comparison to their demethylated counter-
parts (Table 1), confirming the important role of N,N-

Table 1. Antibacterial Activity of Paenithopeptins®

Paenithopeptins
mAS AS mAl A
strains (1) (11) (10) (2)  Ampicillin

Staphylococcus aureus + - + - +

RN4220
Enterococcus faecium EF16 + - + — +
Bacillus subtilis ATCC6633  +++ + + - ++
Paenibacillus durus +++ +4+ + +

DSMS5976
Paenibacillus odorifer +++ + +++ + +

DSM15391
Escherichia coli DHSa - - - - St

“Growth inhibition zones were measured to indicate relative
inhibitory activity strength. “—” indicates no observed inhibitory
activity; “+” corresponds to low inhibitory activity (growth inhibition
zone diameter is between 1 and 2 cm); and “+++” corresponds to
strong inhibitory activity (growth inhibition zone diameter is greater
than 4 cm). Ampicillin was used as the positive control. The blank
solvent was used as the negative control and showed no inhibition
zone.

dimethylation in the antibiotic effect of paenithopeptins. N-
methylation could significantly improve the stability and
pharmacological properties of RiPPs by preventing proteolytic
degradation and potentially enhancing membrane penetration
and thus may endow the RiPPs with stronger antibacterial
activities. Like the majority of lantibiotics that tend to
significantly inhibit the growth of bacteria in the same genus
as the lantibiotic-producing strain, we observed that
paenithopeptins showed antibiotic activity against the genus
Paenibacillus and the closely related Bacillus genus.
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B CONCLUSIONS

In this study, we identified abundant class III lanthipeptide
BGCs derived from Firmicutes containing uncommon MT-
encoding genes and frequently bearing additional identical
precursor peptide copies. Leveraging the modularity of RiPP
biosynthesis, we designed and established a biosynthetic
pathway refactoring and heterologous overexpression strategy
allowing the activation and increased production of new class
II lanthipeptides, such as 1 and 3 both bearing rare N,N-
dimethylations. We revealed the importance of the first two
amino acids in the N-terminus of the class III lanthipeptide
core peptide in controlling N,N-dimethylation activity, and we
further demonstrated that engineering a precursor peptide at
these positions can enable N,N-dimethylation, resulting in
significantly increased antibacterial activity. While we designed
and applied this strategy to Firmicute class III lanthipeptides,
we envision that our methodology can easily be applied to a
broad range of other Firmicute RiPP BGCs, unlocking the
potential of these promising natural products.

B MATERIALS AND METHODS

General Materials, Reagents, and Strains. Chemical reagents,
biochemicals, and media components used in this study were
purchased from Thermo Fisher Scientific Co. Ltd. (USA) unless
otherwise stated. Restriction endonucleases were purchased from
New England Biolabs, Inc. (USA). PrimeSTAR HS DNA polymerase
(Takara Biotechnology Co., Ltd. Japan) was used for all polymerase
chain reaction (PCR) amplifications on an Eppendorf Mastercycler
Nexus X2 Thermal Cycler (Eppendorf Co., Ltd. Germany). PCR
products were purified using the E.Z.N.A. Gel Extraction Kit (Omega
Bio-tek, Inc., USA). The NEBuilder HiFi DNA Assembly master mix
(New England Biolabs, Inc., USA) was applied for Gibson assembly.
All plasmids were extracted using the E.Z.N.A. Plasmid DNA Mini Kit
I (Omega Bio-tek, Inc.,, USA). Oligonucleotide synthesis and DNA
sequencing were performed by Eton Bioscience, Inc. (USA). Genes
were synthesized by GenScript, Inc. (USA). All strains used in this
study are listed in Table S1.

Identification of BGCs and MT. All publicly available bacterial
genomes were downloaded from the NCBI RefSeq database (n =
223,243, accessed in Aug. 2021) and analyzed by antiSMASH 6.0
with default parameters. Lanthipeptide BGCs, subclasses, and
precursors were annotated by antiSMASH automatically based on
sequence homology to known BGCs and biosynthetic enzymes. MT's
in lanthipeptide BGCs were identified and extracted by searching for
gene annotations including “MT” in antiSMASH-generated output
files. Resulting BGCs were collected in Microsoft Excel, along with
related information including lanthipeptide precursor peptide
sequences, originating genome name, assembly accession, and
taxonomy (Data File S1).

Phylogenetic tree analysis involving 16 MTs was performed using
the Neighbor-Joining method.*® The tree is drawn to scale, with
branch lengths in the same units as those of the evolutionary distances
used to infer the phylogenetic tree. The percentage of replicate trees
in which the associated taxa clustered together in the bootstrap test
(1000 replicates) is shown next to the branches. The evolutionary
distances were computed using the Poisson correction method and
are in the units of the number of amino acid substitutions per site. All
ambiguous positions were removed for each sequence pair (pairwise
deletion option). Evolutionary analyses were conducted in
MEGA11.**

Cloning and Engineering of B. subtilis Strains. To construct
the pDR111 plasmids containing PTM-encoding genes, the vector,
pDRI111, was digested with Sall and Sphl. Genes in the ptt BGC
(pttMT, pttKC, pttP1, pttP2, and pttT) and ben BGC (benMT, benKC,
ben-gP1, and ben-gP2) were PCR-amplified from the genomic DNA of
P. thiaminolyticus NRRL B-4156 or B. nakamurai NRRL B-41092,
respectively. The mntA ribosome-binding site plus a spacer sequence
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(AAGAGGAGGAGAAAT) was added upstream of the coding region
via PCR. PCR products containing appropriate homologous over-
hanging regions were assembled with linearized pDR111 via Gibson
assembly, generating pDR111-pttPTMs and pDR111-bcnPTMs.

The pBSOE plasmids containing precursor-encoding genes were
also constructed via Gibson assembly. The precursor-encoding gene
was synthesized (with the start codon GTG changed to ATG to better
accommodate to the heterologous host B. subtilis 168°%*°) and
amplified with appropriate overhangs for Gibson assembly, and the
pBSOE vector was linearized by digestion with EcoRI and Sphl. All
cloning steps were performed in Escherichia coli DH10B, and all the
generated recombinant plasmids were confirmed by sequencing.
Primers used for PCR are listed in Table S2.

Mutagenesis of pttAS and pttAl was performed by PCR-based site-
directed mutagenesis.”” The wild-type pttAS gene was amplified via
PCR with primers containing the desired base changes (Table S2).
Mutated PCR products were used for Gibson assembly with linearized
pBSOE, as described above, to generate plasmids containing mutations
(Table S1).

The plasmids pDRI11 containing PTM-encoding genes were
integrated into the chromosome of B. subtilis_AymfFH, lacking the
genes ymf F and ymf H which are homologous to the proteases used by
the ptt and ben BGCs,'® generating the Bs_ptt and Bs_bcn strains.
Briefly, B. subtilis_AymfFH was cultured overnight in Luria—Bertani
(LB) broth and then diluted to ODgg, = 0.1 in a total volume of 400
uL transformation medium (6.5 mM K,HPO,-3H,0, 4.8 mM
KH,HPO,, 0.37 mM Na-citrate 2H,0, 2% glucose, 0.2% K-
glutamate, 0.01 mg/ml Fe[Ill]-ammonium-citrate, and 0.05 mg/mL
tryptophan) and incubated for 4 h at 37 °C, with shaking at 220 rpm.
Then, 200 ng of plasmid DNA was added to the culture and
incubated for 1 h before the addition of 100 uL of expression mix
(2.5% yeast extract, 2.5% casamino acid, and 0.25 mg/mL
tryptophan). Following another 1 h of incubation, the culture was
plated on LB agar supplemented with spectinomycin (100 yg/mL).
After overnight incubation at 37 °C, single colonies were selected, and
positive integration was confirmed using colony PCR. Then, pBSOE
constructs containing precursor peptide-encoding genes were
individually transformed into the Bs_ptt or Bs_bcn host using the
same protocol described above.

Lanthipeptide Production and Extraction. The lanthipeptide
heterologous expression strains were inoculated in a culture tube
containing 2 mL of tryptic soy broth (TSB) and shaken at 220 rpm,
37 °C, overnight, to serve as a seed culture. The seed culture was then
diluted 100 times into 30 mL of TSB in 150 mL Ultra Yield flasks
(3%) and subsequently shaken at 220 rpm, 37 °C until the ODg,
reached 0.7. Then, the cultures were induced using 1% xylose and 1
mM IPTG. After induction, the cultures were grown for 3 days at 20
°C with shaking at 220 rpm. The bacterial broth was then extracted
with 10 mL of butanol, and the organic phase was evaporated under
N,. Extracts were redissolved in MeOH to a concentration of 10 mg/
mL for LC—MS analysis.

Isolation of 1 and 10 from Heterologous Expression
Strains. The heterologous expression host Bs_ptt_AS was inoculated
in 500 mL of TSB in 10 2.5 L Ultra Yield flasks for a total of S L of
TSB and induced using the same method described above. The
cultures were grown for 3 days at 20 °C with shaking at 220 rpm. The
culture broth was extracted with an equal volume of butanol, and the
combined organic phases were concentrated in vacuo. The resulting
crude extract (7 g) was then partitioned on a reversed-phase C18
open column with a 25% stepwise gradient elution from 50% H20/
MeOH to 100% MeOH. Pure MeOH with 1% formic acid was
applied for an additional final elution. The MeOH/formic acid
fraction (332 mg) was further purified by semipreparative high-
performance liquid chromatography (HPLC) (Thermo Dionex
Ultimate 3000 HPLC system with Chromeleon 7.2.10) on a
Phenomenex Luna RP-C18 column (250 X 10 mm, S um, 100 A)
using an isocratic elution at 28% H20/MeCN over 30 min with
constant 0.1% formic acid and a flow rate of 3.5 mL/min to yield 1
(36 mg). Lanthipeptide 10 was isolated following the same procedure
using Bs_ptt Al _G2T strain.
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High-Resolution ESI-MS and CID-MS/MS Analysis of
Lanthipeptides. A Thermo Scientific Q-Exactive HF-X hybrid
Quadrupole-Orbitrap mass spectrometer was used for the high-
resolution electrospray ionization (ESI)-MS spectra and CID-MS/MS
analysis of paenithopeptins using ESI in the positive ion mode. LC
was performed on a Thermo Vanquish HPLC interfaced to the
aforementioned mass spectrometer. A Thermo Scientific ProSwift RP-
4H reversed-phased monolith column with dimensions 1 X 250 mm
was used for the separation. Solvent A was 0.1% formic acid in water
and solvent B was 0.1% formic acid in acetonitrile, with the flow rate
being 200 pL/min. The LC gradient used started at 10% B for 1 min
and then increased to 100% B over 10 min where it remained for §
min. MS1 scans were obtained in the orbitrap analyzer which scanned
from 500 to 2000 m/z at a resolution of 60,000 (at 200 m/z). For
CID-MS/MS, the relevant parent ion was selected with a 2 m/z
window and fragmented by CID using normalized collision energies
of 20, 25, and 30 eV (results were combined into one spectrum).
Fragment ions were then sent to the Orbitrap for mass analysis at
30,000 resolution. The MS data was analyzed by Thermo Xcalibur
(4.2.47).

NMR Characterization of 1. Lanthipeptide 1 was dissolved in
DMSO-d, for 'H, °C, '"H-'H COSY, 'H-3C HMBC, 'H-'H
TOCSY, 'H-'H NOESY, and '"H-"*C HSQC NMR analysis. Spectra
were acquired on a combination of a Bruker Avance IIT HD 400 MHz
spectrometer with a § mm BBO 'H/"F-BB-Z-Gradient prodigy
cryoprobe, a Bruker Avance III HD 500 MHz spectrometer with a PA
BBO 500S2 BBF—H-D_05 Z SP probe, or a Bruker Avance III HD
Ascend 700 MHz spectrometer equipped with a S mm triple-
resonance Observe (TXO) cryoprobe with Z-gradients. Data were
collected and reported as follows: chemical shift, integration
multiplicity (s, singlet; d, doublet; t, triplet; and m, multiplet), and
coupling constant. Chemical shifts are reported using the DMSO-d,
resonance as the internal standard for 'H NMR DMSO-dg: § = 2.50
ppm and “C NMR DMSO-dg: § = 39.6 ppm. NMR data were
processed using MestReNova v12.0.0—20080.

Hydrolysis and Derivatization of 1 for Labionin Analysis.
Lanthipeptide 1 was hydrolyzed and derivatized to confirm the
presence of the labionin amino acid moiety following a previously
reported method'* with minor modification. Briefly, 1 mg of 1 was
dissolved in 6M HCI (800 L) in a S mL round-bottom flask. The
mixture was refluxed at 110 °C for 24 h before the contents were
concentrated to dryness under a gentle stream of N,. The residue was
then redissolved in a 2M ethanolic solution (800 uL) prepared by
mixing acetyl chloride with absolute ethanol (1:4, v/v). The solution
was refluxed again for 30 min at 110 °C, and the contents were dried
again under N,. The residue was then dissolved in dichloromethane
(400 pL), and trifluoroacetic anhydride (200 uL) was added. The
solution was then refluxed for a third time at 110 °C for 10 min before
drying under N,. Finally, the residue was dissolved in 100 yL of
methanol for HPLC-OrbiTrap analysis. For f-ME derivatization, 1
was incubated with f-ME (6 mM) for 2 h at 30 °C. The reaction
mixture was subjected to HPLC-OrbiTrap analysis.

Absolute Configuration Determination of 1. Lanthipeptide 1
(1 mg) was incubated with 6 M HCI (700 uL) at 115 °C for 10 h for
hydrolysis. After concentrating the hydrolysate to dryness under N,,
the residue was resuspended in distilled H,0O (700 pL) and dried
again under N,. This process was repeated three times to completely
remove residual acid. The hydrolysate was then divided into two
portions for chemical derivatization with 1-fluoro-2,4-dinitrophenyl-S-
L-alanine amide (L-FDAA) or 1-fluoro-2,4-dinitrophenyl-S-p-alanine
amide (p-FDAA). Each sample was treated with 1 M NaHCO, (100
uL) and either L- or D-FDAA (100 uL, 1% solution in acetone) at 40
°C for 1 h. Then, 1 M HCI (150 uL) was added to the reaction
mixture, and 150 uL of MeCN was used to dilute the reaction mixture
for HPLC-OrbiTrap (Kinetex C18 HPLC column, 4.6 X 100 mm, 2.4
um, 100 A) analysis. A gradient elution from 95 to 38% H,0/MeCN
with constant 0.1% formic acid with a flow rate of 1.0 mL/min over
30 min was applied. Positive and negative ionization modes were
used, and UV absorbance was analyzed at 340 nm.
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To prepare the FDAA derivatives of amino acid standards, each
amino acid (50 mM in H,0) was made to react with - or p-FDAA
(1% solution in acetone) at 40 °C for 1 h in the presence of 1 M
NaHCOj;. The reaction was quenched with 1 M HCl and diluted with
MeCN, followed by HPLC-OrbiTrap analysis using the same column
and elution condition as described above. 1- and D-FDAA derivatives
were detected by either UV or extracted ion chromatograms. Absolute
configurations of amino acid residues in 1 were established by
comparing the retention times of FDAA-derivatized peptide hydro-
lysate with those of amino acid standards.

Antibacterial Activity Assay. The antibacterial activities of
paenithopeptins were measured by the agar diffusion assay.
Lanthipeptides 1, 2, 10 and 11 were dissolved in dimethyl sulfoxide
(DMSO) and diluted by H,O to a final concentration of 1 mg/mL.
The final concentration of DMSO was 2%. LB agar plates were
prepared by diluting overnight-cultured bacterial strains 5000-fold in
molten 0.75% LB agar. Then, filter paper discs (diameter S mm) were
placed on the agar surface, and 2 yL of paenithopeptin solution was
aliquoted onto the filter paper. DMSO in H,O was used as a negative
control, and ampicillin (1 mg/mL) was used as a positive control.
Plates were incubated at 30 °C for 24 h. The diameter of the growth
inhibition zone was measured and assigned a category (“=”, “+”, “++”

=7 4T 4,
or “+++”), representing the strength of inhibition. “~” indicates no
inhibition zone. Growth inhibition zones between 1 and 2 cm
correspond to “+”. Diameters of inhibition zones between 2 and 3 cm
correspond to “++”. Growth inhibition zones greater than 4 cm are

represented by “+++7.
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