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Lanthionine-containing peptides (lanthipeptides) are a rapidly growing family of polycyclic peptide natural products belonging
to the large class of ribosomally synthesized and posttranslationally modified peptides (RiPPs). Lanthipeptides are widely dis-
tributed in taxonomically distant species, and their currently known biosynthetic systems and biological activities are diverse.
Building on the recent natural product gene cluster family (GCF) project, we report here large-scale analysis of lanthipeptide-
like biosynthetic gene clusters from Actinobacteria. Our analysis suggests that lanthipeptide biosynthetic pathways, and by ex-
trapolation the natural products themselves, are much more diverse than currently appreciated and contain many different post-
translational modifications. Furthermore, lanthionine synthetases are much more diverse in sequence and domain topology
than currently characterized systems, and they are used by the biosynthetic machineries for natural products other than lanthip-
eptides. The gene cluster families described here significantly expand the chemical diversity and biosynthetic repertoire of lan-
thionine-related natural products. Biosynthesis of these novel natural products likely involves unusual and unprecedented bio-
chemistries, as illustrated by several examples discussed in this study. In addition, class IV lanthipeptide gene clusters are shown

not to be silent, setting the stage to investigate their biological activities.

Lanthipeptides are a rapidly growing family of polycyclic pep-
tides characterized by the presence of the thioether cross-
linked amino acids lanthionine and methyllanthionine (1-5).
These compounds are widely distributed in taxonomically distant
species and display very diverse biological activities, ranging from
antimicrobial to antiallodynic (5-7). Antibacterial lanthipeptides,
such as the commercially used food preservative nisin, are termed
lantibiotics (8). Lanthipeptides are generated from a ribosomally
synthesized linear precursor peptide (generically termed LanA)
and therefore belong to the large class of natural products that are
ribosomally synthesized and posttranslationally modified pep-
tides (RiPPs) (9). The precursor peptide LanA consists of a C-ter-
minal core peptide where all posttranslational modifications take
place and an N-terminal leader peptide that is important for post-
translational modifications and that is subsequently removed by
proteolysis (10, 11). The installation of the (methyl)lanthionine
thioether bridges is achieved by the initial dehydration of Ser and
Thr residues in the precursor peptides, followed by stereoselective
intramolecular Michael-type addition of Cys thiols to the newly
formed dehydroamino acids (Fig. 1A).

Four classes of biosynthetic enzymes are known to catalyze
lanthionine formation (2, 12) (Fig. 1B). Class I lanthionine syn-
thetases consist of a dehydratase and a cyclase that are generically
termed LanB and LanC, respectively (8). Class II enzymes are ge-
nerically named LanMs, which are single polypeptides containing
an N-terminal dehydratase domain that bears no homology to any
functionally known enzymes and a C-terminal LanC-like cyclase
domain (13, 14). Class III and class IV synthetases are trifunc-
tional enzymes termed LanKC (15) and LanL (16), respectively.
These enzymes contain an N-terminal lyase domain and a central
kinase domain but differ in their C termini. LanC and the C-ter-
minal domains of LanM and LanL contain a conserved zinc-bind-
ing motif (Cys-Cys-His/Cys) (17, 18), whereas the C-terminal cy-
clase domains of LanKC lack these conserved residues (Fig. 1B).
The four distinct classes of biosynthetic machinery reflect the
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functional importance of lanthionine scaffolds and a convergent
evolution process to produce them (12). Notably, products gen-
erated by these four classes of lanthionine synthetases are not lim-
ited to lanthipeptides. For example, many lanthipeptide-like bio-
synthetic gene clusters encode precursor peptides that have no Cys
residues, and their products are therefore not lanthipeptides (19).

Over the past 5 years, several studies have reported bioinfor-
matic genome mining efforts based on the then-available ge-
nomes. These studies have typically focused on an enzyme-spe-
cific query, such as class I LanB and LanC enzymes (20), class II
LanM proteins (21), or the bifunctional LanT proteins, which
transport lanthipeptides and remove their leader sequences (22).
Building on the recent natural product gene cluster family (GCF)
project (23), here we report large-scale analysis of lanthipeptide-
like biosynthetic gene clusters that is driven by similarities in en-
tire clusters rather than specific enzymes. We focused the analysis
on lanthipeptides from Actinobacteria, which are relatively under-
studied compared to family members from Firmicutes. Actinobac-
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FIG 1 Biosynthesis of lanthipeptides. (A) The mechanism of (methyl)lanthionine formation. (B) The four currently known classes of lanthipeptide synthetases.
Xn represents a peptide linker. The conserved zinc-binding motifs are highlighted by the purple lines in the cyclase domains. SpaB_C is an elimination domain
present as a stand-alone protein in thiopeptide biosynthesis and as the C-terminal domain of LanB enzymes in lanthipeptide biosynthesis.

teria carry a wealth of natural product biosynthetic gene clusters
whose products encompass highly diverse chemical structures.
This phylum has been the source and/or inspiration for the
majority of pharmaceutically useful natural products (24, 25).
Although Actinobacteria constitute only a small proportion of
known lanthipeptide producers, they encode a diverse set of post-
translational modifications that have not been observed for lan-
thipeptides from other phyla (2) (e.g., lysinoalanine formation in
cinnamycin [26], tryptophan chlorination and proline dihy-
droxylation in microbisporicin [27, 28, also called NAI-107 [29],
and glycosylation in NAI-112 [30]). The unique modifications in
actinobacterial lanthipeptide biosynthesis suggest great potential
for exploring unknown lanthipeptide chemical space in this phy-
lum. Our analysis suggests that lanthipeptides are likely much
more diverse than is currently appreciated and contain many
novel posttranslational modifications. More intriguingly, our
analysis suggests that in some cases lanthipeptide synthetases have
been repurposed for producing natural products other than lan-
thipeptides, expanding natural product diversity.

MATERIALS AND METHODS

Chemicals, media, and general methods. Unless otherwise noted, reagents
were purchased from Fisher Scientific. Yeast extract was purchased from Bec-
ton Dickinson and N-Z amine type A from Sigma-Aldrich. Acetonitrile for
matrix-assisted laser desorption ionization mass spectrometry (MALDI MS)
analysis was purchased from Avantor Performance Materials. MALDI-time
of flight (MALDI-TOF) MS was carried out on a Bruker UltrafleXtreme TOF/
TOF. Reversed-phase liquid chromatography electrospray ionization (ESI)
tandem MS was carried out and processed using a Synapt ESI quadrupole
TOF mass spectrometry system (Waters).

Bioinformatics. GCF analysis, BLAST searches, and phylogenetic
analysis were all performed as described previously (23). All GCF infor-
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mation can be found at http://www.igb.illinois.edu/labs/metcalf/gcf/lant
.html. Use of these pages requires a JavaScript-enabled web browser.
Mouseover of a gene provides a rough annotation and should be con-
firmed with additional methods before further use. Mouseover also high-
lights other genes on the page that are in the same homology group. On
click, each gene will open a new tab containing the amino acid sequence
and a link to BLAST analysis of the sequence. Strain designations such as
Streptomyces species B-3253 refer to strains in the Culture Collection
(NRRL) of the Agricultural Research Service (ARS). The genomic infor-
mation can be found by entering B-3253 into the NCBI search field and
then searching in the Assembly or BioSample databases. Designations
such as Streptomyces species B-3253_23 refer to cluster 23 in this strain.

Network analysis was performed by BLASTP searches, comparing
each sequence against each other sequence. A VBA script was written to
remove all duplicate comparisons, and the result was imported into the
Cytoscape software package (31). The nodes were arranged by using the
yFiles organic layout provided with Cytoscape version 2.8.3. Sequence
logos were generated online using Weblogo (32).

Cell cultures, sample preparation, and MS analysis. Dimethyl sul-
foxide (DMSO) stocks of Streptomyces katrae ISP5550 were prepared by
mixing 600 pl of an S. katrae ISP5550 liquid culture with an equal volume
of sterilized 20% dimethyl sulfoxide (DMSO). The resulting solution was
mixed, flash frozen, and stored at —80°C. S. katrae ISP5550 was inocu-
lated from DMSO stocks onto solid ATCC172 medium (20 g soluble
starch, 5 g yeast extract, 5 g N-Z amine type A, 1 g calcium carbonate, 15 g
agar, and 1 liter of Milli-Q water; after autoclaving the medium, sterilized
glucose was added to a 1% final concentration) and incubated at 30°C for
4 to 5 days.

The presence of venezuelins was detected using colony MALDI-TOF
MS. A small portion (approximately 1 by 1 mm) of colony was transferred
onto a Bruker MTP 384 polished steel target plate. On top of the colony, 2
wl of sinapic acid matrix was overlaid and allowed to air dry. Sinapic acid
matrix was prepared by saturating an acetonitrile (MeCN)-Milli-Q water
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(80:20) solution with sinapic acid (Sigma-Aldrich). MALDI-TOF MS
analysis of the sample was performed using a Bruker UltrafleXtreme
MALDI-TOFTOF-MS maintained by the UIUC School of Chemical Sci-
ences Mass Spectrometry Laboratory. Data acquisition was completed
using Bruker’s FlexControl program, while FlexAnalysis was used for data
analysis. Prior to data acquisition, the instrument was calibrated using
peptide calibration standard II (Bruker Daltonics, Billerica, MA) and the
matrix suppression mode set to deflection mode. The data were not sub-
jected to processing.

Upon detection of venezuelins by colony MALDI-TOF MS from solid
cultures of S. katrae ISP5550, liquid cultures were analyzed for the pro-
duction of venezuelins. A single colony was transferred into 50 to 100 ml
of liquid ATCC172 medium, prepared in the same way as the solid me-
dium with the omission of agar. The liquid culture was incubated with
shaking at 30°C for 12 days. Supernatant from the liquid cultures was
obtained by centrifuging at 4,650 X g for 15 min. The hydrophobic com-
ponents of the supernatant were desalted by ZipTip (EMD Millipore)
according to the manufacturer’s instructions. The ZipTip contents were
directly eluted onto a Bruker MTP 384 polished steel target plate on a spot
containing 1 pl of sinapic acid matrix. Analysis by MALDI-TOF MS was
performed as described above.

In preparation for ESI-MS, peptide components of the supernatant
were precipitated using ammonium sulfate. A 60% final concentration of
ammonium sulfate was achieved with the addition of 30 g of ammonium
sulfate to 50 ml of supernatant. The solution was allowed to incubate at
room temperature for 30 min. The resulting precipitate was pelleted by
centrifugation at 22,789 X g for 10 min, and the supernatant was de-
canted. The pellet was redissolved in Milli-Q water and subjected to
ESI-MS analysis using an Acquity ultraperformance liquid chromatogra-
phy (UPLC) system coupled to a Waters Synapt ESI-QTOF. The UPLC
was equipped with an Acquity UPLC BEH C8 1.7-pm, 1.0- by 100-mm
column. Sample was introduced into the column via an Acquity autoin-
jector and subjected to a gradient of 2% B from 0 to 2 min, 2% to 98% B
from 2 to 12 min, and 98% B from 12 to 15 min (A was 0.1% formic acid
in water and B was 0.1% formic acid in MeCN). The Waters MassLynx
V4.1 program was used to tune, calibrate, and acquire data. [Glul]-Fibri-
nopeptide B human (Sigma-Aldrich) was used as an external calibrant,
and the mass of venezuelin was verified to be within 5 ppm of its calculated
mass. Collision-induced dissociation was achieved using a series of energy
ramps ranging from 30 to 60 eV.

Isolation of venezuelins. S. katrae ISP5550 liquid culture supernatant
was subjected to pressure-based sample concentration rather than ammo-
nium sulfate precipitation. After centrifugation, 40 ml of culture super-
natant was further clarified by filtration through a 0.22-pwm nylon mem-
brane and then loaded into an Amicon stirred cell equipped with a 1-kDa
nominal-molecular-mass limit regenerated cellulose disc (EMD Milli-
pore). The clarified supernatant was concentrated at room temperature
from a volume of 40 to 2 ml over approximately 4 h. The concentrated
supernatant was flash frozen and stored at —20°C prior to fractionation
by analytical reversed-phase high-performance liquid chromatography
(HPLC) using an Agilent 1260 Infinity instrument equipped with a Phe-
nomenex Luna 10-um, C,4(2) 100-A, 250- by 4.6-mm column. The in-
strument was managed using Agilent Instrument 1 (online) software. The
mobile phase consisted of A (0.1% trifluoroacetic acid [TFA] [Acros Or-
ganics]) in water and B (0.1% TFA in 80% MeCN-20% water), with a
gradient of 2% B from 0 to 5 min, 2 to 100% B from 5 to 50 min, and 100%
B from 50 to 60 min. A 0.5-pl aliquot of each fraction eluting after 20 min
was spotted with an equal volume of sinapic acid matrix and analyzed by
MALDI-TOF MS for the presence of venezuelin. Venezuelin-containing
fractions (typically eluting at 35 to 38 min) were flash frozen and dried in
vacuo. Three 1-ml injections of concentrated S. katrae ISP5550 superna-
tant yielded 100 g of HPLC-purified, dry material.

Detection of lanthionine. HPLC-purified venezuelin was analyzed by
gas chromatography (GC)-MS as previously described (33). In brief, the
sample was redissolved in 3 ml of 6 M HCl and heated at 110°C for 10 to
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12 h. The reaction mixture was dried and mixed with a solution of acetyl
chloride (Sigma-Aldrich) and methanol. Following reflux at 110°C for 45
min, the reaction mixture was dried and 3 ml of dichloromethane (Sigma-
Aldrich) was added. After cooling the solution to 0°C, 1 ml of pentafluo-
ropropionic anhydride (Sigma-Aldrich) was added, and the reaction mix-
ture was refluxed for 15 min at 110°C. The reaction mixture was dried and
stored at —80°C, and prior to GC-MS analysis, the sample was redissolved
in 100 pl of methanol. Particulates were removed by centrifugation at
23,700 X g for 4 min. An Agilent Hewlett-Packard 5973 mass spectrom-
eter equipped with a CP-Chirasil-L Val 0.12-pm, 25-m by 0.25-mm col-
umn (7-in. cage; Agilent Technologies) was used to perform the GC-MS
analysis. The sample was introduced to the instrument via a split (1:5)
injection of 2 to 5 pl with a 2.0-ml/min helium gas flow rate. The initial
inlet temperature was 190°C, and a gradient of 20°C/min from 160°C for
5 min to 180°C for 10 min was used. The following mass spectrometer
settings were used: 185°C for the MSD transfer line heater, 150°C for the
MS Quad analyzer, and 230°C for the ion source. Data were acquired
using scan and selected ion monitoring at 365 and 379 Da. The identity of
(methyl)lanthionine residues was confirmed by adding authentic meth-
yl(lanthionine) standards to the sample and analyzing the resulting mix-
ture by GC-MS. The mixtures of sample and standard were prepared such
that there was an approximately equal contribution of signal arising from
the sample and standard.

RESULTS
Phylogenetic analysis of LanC-like enzymes. Mining of 830 acti-
nobacterial genomes, including 344 newly sequenced genomes
obtained for the GCF project (23), revealed 1,163 lanthipeptide-
like gene clusters, which were grouped into more than 100 differ-
ent families according to their sequence and organizational simi-
larities (see Fig. S1 in the supplemental material) (23). Strikingly,
the GCFs that produce the known lanthipeptides produced by
Actinobacteria make up a very small fraction, illustrating the tre-
mendous diversity of yet-to-be-investigated GCFs. To first inves-
tigate the phylogenetic relationship of LanC-like enzymes from
different gene clusters, we constructed a maximum-likelihood
(ML) tree using enzymes from 29 large families that each are
found in at least five different species (or operational taxonomic
units with a clustering threshold of 99% identity in ribosomal
proteins [23]). This analysis makes it possible to infer a gene’s
involvement in a GCF based on conservation over evolutionary
time (34). Gene conservation within a GCF relies on the inclusion
of multiple species in the analysis, as genome diversity within a
single Streptomyces species is much reduced and synteny extends
nearly the entire length of the chromosome (35). The tree shows
distinct phylogenetic distributions of enzymes from different
classes, as LanC and the C-terminal domains of LanM, LanL, and
LanKC fall into four different clades (Fig. 2). This observation is
consistent with our previous proposal that the four classes of
lanthipeptide synthetases have evolved from different ancestors
(12, 36). Interestingly, three cases of novel GCFs emerge within
an existing GCF: GCF100 branches within the LanM clade of
GCF146 (this GCF also contains a LanKC-encoding gene and
hence appears twice in Fig. 2), GCF1 and GCF29 branch within
GCF20, and GCF133 and GCF140 branch within GCF31. Below
we highlight several families of lanthipeptide-like gene clusters
that are most interesting in that they deviate from the currently
known lanthipeptide biosynthetic systems and likely encode novel
and unusual biochemistry in the biosynthesis of lanthionine-re-
lated natural products.

Novel multicomponent lanthipeptide systems. Two-compo-
nent lanthipeptides are normally potent antimicrobial agents in
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FIG 2 An ML tree of LanCs and LanC-like domains. In the outer ring, the four different classes of enzymes are depicted by the color defined in the legend,
whereas the different GCFs are shown in the inner ring with random colors. The GCF numbers are defined in reference 23 and can be found at http://www.igb
.llinois.edu/labs/metcalf/gcf/lant.html. PKS, polyketide synthetase; NRPS, nonribosomal peptide synthetase; TOMM, thiazole/oxazole-modified microcins.

which the two posttranslationally modified peptides exert strong
synergistic biological activity (37). To date, isolated two-compo-
nent lantibiotics have been confined to Firmicutes, but several
families of lanthipeptide gene clusters in the Actinobacteria likely
encode two-component lanthipeptides. A very recent study also
suggested the presence of two-component lanthipeptides in three
Streptomyces strains (22). Among the most interesting class is
GCF146 (70 members), which is currently the second-largest lan-
thipeptide GCF (see Fig. S1 in the supplemental material). Each
member encodes a LanM and a LanKC, and the core peptides of
the putative LanKC substrates have a strictly conserved CxSxxS
motif (Fig. 3A). Previous studies have shown that LanKC proteins
can turn SxxSxxxC motifs into a labionin scaffold by initial Mi-
chael addition of the C-terminal Cys to a central dehydroalanine
(formed from Ser) and subsequent addition of the resulting eno-
late onto the N-terminal dehydroalanine of the motif (38-42).
The CxSxxS motif in GCF146 could be a variation of the labionin-
forming sequence. Another interesting finding is that a radical
SAM protein containing a canonic CxxxCxxC motif (43, 44) is
strictly conserved in these gene clusters, which may catalyze an
unprecedented posttranslational modification in lanthipeptide
maturation. The putative LanM substrates in GCF146, however,
do not contain cysteine residues (Fig. 3A) and are similar to the
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recently characterized NpnAs (19). Like in the Npn cluster, an
oxidoreductase containing the characteristic NAD-binding Ross-
mann fold is also encoded in the gene cluster. A possible role for
this oxidoreductase is to produce p-amino acids by stereoselective
reduction of the dehydroamino acids resulting from LanM catal-
ysis (45—47). These findings set the stage for investigation whether
the mature products of the LanM and LanKC substrates indeed form
a novel functional two-component lanthipeptide system in which
one peptide does not contain lanthionine/labionin structures.

GCF30 (12 members) consists of gene clusters appearing in
two different types of organization, both of which encode two
LanMs and two LanA substrates (Fig. 3B). Both LanAs have a
Gly-Gly/Ala motif characteristic for leader peptide removal and
multiple Cys and Ser/Thr residues (see Fig. S2 in the supplemental
material). Therefore, the products of these gene clusters are likely
similar to well-known two-component lantibiotics such as halo-
duracin and lichenicidin produced by bacilli (20, 37, 48-51). One
GCF30 member from Streptomyces viridochromogenes was also
noted in a recent genome mining study focusing on LanT analogs
(22).

GCF46 (6 members) consists of gene clusters encoding two
LanAs and two LanKC enzymes (Fig. 3C). The two LanKCs share
high sequence similarities (about 40% identity) with each other,
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FIG 3 GCFs that likely produce two-component lanthipeptides. (A) A representative gene cluster of GCF146 and the sequence logos of the precursor peptide
substrates. The predicted LanKC substrate/enzyme pair is shown in blue, and the predicted LanM substrate/enzyme pair is shown in red. The strictly conserved
CxSxxS motif of the putative LanKC substrate and the GG/A leader peptide cleavage site of the putative LanM substrate are highlighted by red boxes. (B) A
representative gene cluster of GCF30 that likely encodes a haloduracin-like system. The gene clusters appear in two different types, and homologous enzymes are
linked by blue dashed lines. (C) A representative gene cluster of GCF46 that may encode class III two-component lanthipeptides. (D) A representative gene cluster
of GCF140 that may encode three precursor peptides and a LanKC. The putative functions of the gene products are shown by colors. The logos of the precursor
peptides in GCF30, GCF46, and GCF140 are shown in Fig. S2 to S4, respectively, in the supplemental material. The boundaries of each gene cluster are predicted

based on the conserved genes within each GCF and are not clearly defined. RS, radical SAM; OR, oxidoreductase.

and the two LanAs are similar but not identical (see Fig. S3 in the
supplemental material). Both LanAs have highly conserved Cxx-
SxxS motifs, suggesting a potential first class III two-component
lanthipeptide. A radical SAM protein is also encoded in the gene
cluster, whose function remains to be determined. Notably, the
two LanAs in the gene clusters from GCF46 are significantly
shorter than other LanAs and span only about 30 amino acids (see
Fig. S3 in the supplemental material). These short precursor pep-
tides are possibly truncated LanAs, which have recently been
found in several lanthipeptide biosynthetic systems and were
shown to be genuine substrates (19).

Another intriguing lanthipeptide biosynthetic system was
found in GCF140 (29 members), whose gene clusters each encode
three putative precursor peptides, a LanKC, and a set of hypothet-
ical enzymes (Fig. 3D). Notably, all three precursor peptides lack a
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Cys residue in the core peptide region, whereas one peptide has a
Cys residue in the leader peptide (see Fig. S4 in the supplemental
material). It remains to be determined whether these putative pre-
cursor peptides are substrates of the corresponding LanKC en-
zyme.

Lanthionine synthetases associated with polyketide and
nonribosomal peptide biosynthesis. The third-largest lanthipep-
tide family in the investigated genome collection is GCF133 (48
members) (see Fig. S1 in the supplemental material), which rep-
resents a very unusual biosynthetic cluster. Each member of this
family encodes a LanKC and a series of polyketide synthetase
(PKS)-like enzymes, including an acyl carrier protein (ACP), two
3-oxoacyl-ACP synthases (KS), a malonyltransferase (MT), a
short-chain dehydrogenase/reductase (SDR) likely to be a ketore-
ductase (KR), and a putative enoyl coenzyme A (enoyl-CoA) hy-
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FIG 4 Association of genes encoding lanthipeptide synthetases with PKS and NRPS genes. (A) A representative gene cluster of GCF133 that likely encodes
lanthipeptide synthetase-PKS hybrid systems. (B) A representative gene cluster of GCF26 that likely encodes lanthipeptide synthetase-NRPS hybrid systems, and
alogo depicting the precursor peptide sequences. The empty sites in the leader peptide region are a consequence of high sequence divergence (i.e., no conserved
residues). The sequence alignment of GCF26 precursor peptides is shown in Fig. S5 in the supplemental material. The GG leader peptide cleavage site and the
conserved Cys residue in the putative core region are highlighted by a red box and a red asterisk, respectively. The putative functions of gene products are shown
by colors. MT, malonyl transferase; ACP, acyl carrier protein; KS, ketosynthase; KR, ketoreductase; DH, dehydratase/enoyl-CoA hydratase; AL, ATP-dependent
ligase; RNR, ribonucleotide reductase-like (these RNR-like proteins appear to contain the ligands for a dinuclear metal cluster but not a tyrosine for radical
formation); sLanB, small LanB. The boundaries of each gene cluster are predicted based on the conserved genes within each GCF and are not clearly defined.

dratase (Fig. 4A). These enzymes are reminiscent of a type I PKS
system, which, unlike modular PKSs, are complexes of monofunc-
tional enzymes (52). A lanthipeptide precursor peptide could not
be found in the cluster, but the LanKC is likely to be involved in
the biosynthesis of the product of GCF133, as its encoding gene is
embedded in the middle of the cluster (Fig. 4A). A P450 enzyme is
also encoded in the gene cluster, which shares significant similar-
ity (37% identity and 53% similarity) with EryF, which is involved
in erythromycin biosynthesis (53). In addition, the GCF encodes
an enzyme sharing significant similarities to nonheme dinuclear
Fe or Fe/Mn enzymes related to the small subunit of ribonucle-
otide reductase (RNR). It is currently too early to propose poten-
tial products of GCF133. Regardless, the biosynthesis almost cer-
tainly involves unprecedented and intriguing biochemistry.

We have recently shown that the nisin dehydratase NisB con-
sists of an N-terminal domain that utilizes glutamyl-tRNA to glu-
tamylate the side chains of Ser and Thr residues that are targeted
for dehydration and a small C-terminal domain (SpaB_C do-
main) that is required for glutamate elimination to form the de-
hydroamino acids (54). Notably, a set of small LanBs (sLanBs)
lacking the elimination domain are apparently associated with
nonribosomal peptide synthetases (NRPSs), possibly adding
amino acids to the growing peptide in a tRNA-dependent manner
(54). While the majority of these sLanBs reside on their own poly-
peptide chain, the NRPS GCF348 (23) contains a gene cluster
wherein the sLanB resides in a module of an NRPS along with an
adenylation domain and a peptidyl carrier protein, providing fur-
ther support for integration of sLanB into the assembly line of
certain NRPS biosynthetic pathways.

We also noted a unique family, GCF26 (8 members), that en-
codes an sLanB, a LanM, and an NRPS (Fig. 4B). A putative LanA
substrate is also encoded in these clusters, which has a conserved
Gly-Gly proteolytic leader peptide removal site and multiple Ser/
Thr residues but only one Cys in the predicted core peptide (Fig.
4B; see Fig. S5 in the supplemental material). These observations
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suggest the possibility of cross talk between ribosomal and nonri-
bosomal peptide natural products, which has recently also been
reported in another context for pheganomycin biosynthesis (55).
Interestingly, the LanM enzymes encoded in GCF26 all lack the
normally highly conserved zinc ligands that are important for cy-
clization (see Fig. S6 and Table S1 in the supplemental material).
Of the 211 LanM enzymes encoded in the genomes investigated
here, 196 have the canonical conserved CC(H/C) zinc-binding
ligand set. Of the 15 that do not, 12 are encoded in clusters with
NRPS genes (GCF26 and GCF98) (see Table S1 in the supplemen-
tal material). These findings suggest that these LanM enzymes are
used only for dehydration processes and not for cyclization.
Clusters containing LanC but not LanB enzymes. Dehydra-
tion of Ser/Thr residues catalyzed by LanBs is a prerequisite for
LanC-catalyzed cyclizations (Fig. 1A). However, LanC-like en-
zymes are widespread in eukaryotes, whereas the corresponding
LanB homologs are not present (12, 36). The molecular details of
the functions of eukaryotic LanC-like enzymes remain largely elu-
sive (56—61). In prokaryotes, orphan LanCs have also been ob-
served sporadically, which could possibly be evolutionary vestiges
(12, 21). In our analysis, we noted that GCF125, the fourth-largest
lanthipeptide family in the investigated Actinobacteria genome
collection, with 36 members (see Fig. S1 in the supplemental ma-
terial), encodes LanCs but not LanBs (Fig. 5A). Putative LanA
substrates are also encoded in the gene cluster, which are highly
conserved in sequence and contain multiple Cys and Ser/Thr res-
idues (Fig. 5A). An enzyme from the cupin family, a large family of
enzymes with highly diverse functions (62), is also present in these
gene clusters. Interestingly, a hypothetical protein sharing weak
similarity with LanM enzymes (BLAST E value of ~10~° with the
TIGR03897 family consisting of LanMs) is also encoded (Fig. 5A),
suggesting a novel lanthipeptide biosynthetic system. This LanM-
like stand-alone enzyme is likely a dehydratase and possibly a sur-
rogate for the canonical LanB enzymes usually found in conjunc-
tion with LanC proteins. A stand-alone dehydratase domain
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FIG 5 Putative LanC-containing lanthipeptide systems without LanB enzymes. (A) A representative gene cluster and the precursor peptide sequence logo of
GCF125. (B) A representative gene cluster and the precursor peptide sequence logo of GCF114. The putative functions of gene products are shown by colors. The
boundaries of each gene cluster are predicted based on the conserved genes within each GCF and are not clearly defined.

related to LanM proteins is also found in PoyE, which is involved
in polytheonamide biosynthesis (63), although the LanM-like
proteins in GCF125 are more divergent from canonical LanM
proteins than PoyE. The very high density of Ser, Cys, and Gly
residues in the substrate peptides (Fig. 5A) is reminiscent of thia-
zole/oxazole-modified microcins (TOMMs) (64), but no other
RiPP biosynthetic genes were found in the gene clusters.

Another notable family whose members encode LanCs with-
out the corresponding LanBs is GCF114 (9 members) (Fig. 5B).
No other lanthipeptide synthetase-like enzymes are found in this
family. Once again, the putative LanAs encoded in these gene clus-
ters contain multiple Gly, Ser, and Cys residues (Fig. 5B), present-
ing a potentially very interesting natural product biosynthesis sys-
tem for future investigations.

Orchestration of lanthipeptide and TOMM biosynthesis.
Thiopeptides are a class of RiPPs characterized by a six-member
nitrogen-containing heterocycle that is believed to be formed
from cycloaddition of dehydroalanine residues (65). In addition,
thiopeptides typically contain azole heterocycles. The dehydroala-
nines in thiopeptides are formed by a LanB-like enzyme and the
azoles by a cyclodehydratase/dehydrogenase pair (66, 67).
GCF127 (8 members; currently limited to Kitasatospora) is a
unique family that also combines lanthipeptide and TOMM bio-
synthetic machinery but in a manner different from that for the
thiopeptides. This family encodes a LanM and a pair of TOMM
biosynthetic enzymes, including a cyclodehydratase and a dehy-
drogenase. Notably, based on sequence, the LanM has a functional
dehydratase domain but the C-terminal domain is not homolo-
gous to the canonical LanC-like cyclization domain. The putative
cyclodehydratase is a fusion protein containing an N-terminal
docking domain and a C-terminal YcaO domain (68), an organi-
zation similar to that of the cyclodehydratases involved in thio-
peptide and cyanobactin biosynthesis (Fig. 6) (64, 66—71). The
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dehydrogenase is flavin mononucleotide dependent, and related
enzymes catalyze the conversion of azolines to azoles (64, 72). The
two TOMM enzymes and LanM in GCF127 are encoded together
with a P450 enzyme, a putative precursor substrate, and three
transporter proteins.

Possible O-methylation in class I lanthipeptide biosynthesis.
A reoccurring observation in our analysis, one that was also made
previously with a smaller genome set (21), is that many class I
lanthipeptide biosynthetic gene clusters have a protein homolo-
gous to L-isoaspartate O-methyltransferase. These gene cluster
families include GCF1, GCF20, GCF27, GCF29, GCF44, and
GCF124 (Fig. 7A; see Fig. S7 in the supplemental material). The
LanA precursor peptides from each family are distinct from oth-
ers, but they all contain at least one Asp residue in the core region
that is conserved in each GCF (see Fig. S7 in the supplemental
material). Whether these Asp residues are related to methyl trans-
fer remains to be investigated. Although methyltransferases in dif-
ferent gene cluster families share significant similarities, they
mostly separate into different clusters (Fig. 7B), suggesting that
each family of enzymes may have evolved separately. Interestingly,
the phylogeny of LanC is different from the clustering of the meth-
yltransferases. For example, the LanCs from GCF1, GCF29, and
GCF124 are more closely related to each other and are on a sepa-
rate branch from GCF27 (Fig. 2), but the methyltransferases from
GCF27 and GCF124 are very closely related and separate only with
very stringent cutoff (Fig. 7B), suggesting that the LanC and meth-
yltransferase enzymes may not have coevolved. This finding is in
contrast to the observation that, except for rare cases, LanC and
LanB enzymes appear to have coevolved (12). A notable finding
for GCF20 and GCF29 is that a stand-alone SpaB_C protein, sim-
ilar to the elimination protein in thiopeptide biosynthesis (54), is
encoded in the gene cluster (Fig. 7A); this SpaB_C protein likely
involves novel chemistry.
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FIG 6 A representative gene cluster of GCF127 that likely encodes lanthipeptide-TOMM hybrid systems. The putative functions of gene products are shown by
colors. The boundaries of each gene cluster are predicted based on the conserved genes within each GCF and are not clearly defined. CD, cyclodehydratase; DHG,

dehydrogenase.

Venezuelins produced by Actinobacteria. Although they
share similar enzyme structure and organization, class IV LanL
enzymes are significantly outnumbered by the class III LanKCs in
Actinobacteria (Fig. 2). Venezuelin, previously obtained only via in
vitro modification of the precursor peptide VenA by VenL fol-
lowed by proteolytic removal of the leader peptide (16), represents
the only class IV lanthipeptide characterized so far. However, pro-
duction of venezuelin was detected neither in the wild-type strain
Streptomyces venezuelae nor after attempted expression of the gene
cluster in Streptomyces lividans, raising the question whether ven-
ezuelin is a genuine natural lanthipeptide. In our current analysis,
we noted that GCF147 (33 members) (see Fig. S1 in the supple-
mental material) consists mostly of venezuelin-like gene clusters
(Fig. 8A), and the putative precursor peptide sequences are highly
conserved (Fig. 8B), suggesting the wide occurrence of venezu-
elin-like lanthipeptide gene clusters (although it was first discov-
ered in S. venezuelae, here we collectively designate all these
similar putative lanthipeptides venezuelins). The conserved
genes in GCF147 include a LanA gene, a LanL gene, and two ABC
transporter genes (Fig. 8A), indicating that (methyl)lanthionine
formation is likely the only posttranslational modification on
LanA core peptides in this family. We screened for venezuelin
production in strains from GCF147 using matrix-assisted laser
desorption ionization—time of flight mass spectrometry (MALDI-

A B
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) m— ) )
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) — ) ) )
GerF1z4 )mmmmp) 5

W LanB

GCF20

GCF29

W LanC M LanA
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E-value cutoff: 1E-80

GCF1

TOF MS). Three Streptomyces strains (S. katrae ISP5550, S. laven-
dulae subsp. lavendulae NRRL B-2508, and Streptomyces sp. strain
NRRL B-2375) produced venezuelins in detectable amounts (Fig.
8C; see Fig. S8 in the supplemental material). Venezuelins of dif-
ferent lengths were detected, similar to the observations with class
III lanthipeptides (38, 39, 42, 73). The variation in lengths of the
observed venezuelins corresponded to the presence or absence of
Phe28 and Ala29 (numbering based on VenA sequence) (Fig. 8B;
see Fig. S8 in the supplemental material), presumably arising from
stepwise removal of (part of) the leader peptides. The venezuelin
from S. katrae ISP5550, which contained Ala29, was further ana-
lyzed by electrospray ionization (ESI)-MS-MS analysis (Fig. 8D).
The lack of any fragmentation showed that the peptide likely con-
sists of overlapping (methyl)lanthionine rings, consistent with the
previously proposed ring topology of venezuelins based on exten-
sive mutagenesis studies (16). Additional verification that venezu-
elin from S. katrae ISP5550 is indeed a lanthipeptide was provided
by hydrolysis of the peptide and derivatization of the constituent
amino acids as methyl esters and pentafluoropropionamides. Chi-
ral gas chromatography (GC)-MS analysis of the derivatized ven-
ezuelin residues revealed the presence of (methyl)lanthionine,
supporting the designation of venezuelin as a lanthipeptide (Fig.
8E). The (methyl)lanthionine derivatives all had the pL configu-
ration. Our analysis validates that venezuelins are genuine natural

E-value cutoff: 1E-145

® GCF20 @ GCF27 @ GCF29 @ GCF124

FIG 7 O-Methyltransferases in class I lanthipeptide biosynthesis. (A) Representative gene clusters of GCFs that encode class I lanthipeptide systems with a
putative O-methyltransferase. (B) Sequence similarity network analysis of the putative O-methyltransferases in panel A.
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(C) MALDI-TOF MS analysis of venezuelin produced by Streptomyces katrae ISP5550. MALDI-TOF MS analysis of venezuelins produced by Streptomyces
lavendulae subsp. lavendulae NRRL B-2508 and Streptomyces sp. NRRL B-2375 are shown in Fig. S8 in the supplemental material. (D) ESI-MS-MS analysis of
venezuelin produced by S. katrae ISP5550. The lack of fragmentation is consistent with a globular, overlapping ring topology. (E) Chiral GC-MS analysis of
hydrolyzed and derivatized venezuelin residues, which revealed the presence of DL-lanthionine and bL-methyllanthionine. Trace i, sample showing the presence
of pL-lanthionine; trace ii, sample spiked with DL-lanthionine standard; trace iii, sample showing the presence of DL-methyllanthionine; trace iv, sample spiked

with pL-methyllanthionine standard.

products, and based on the frequency of their biosynthetic genes
(see Fig. S1 in the supplemental material), they may be produced
by many Actinobacteria. This observation also further supports
the previous suggestion that identification of the products of silent
clusters may be accomplished by screening several strains that
contain the GCF (23).

DISCUSSION

Lanthipeptides are an intriguing class of natural products not only
because of their potential medicinal values but also because of
their wide occurrence and suitability for genome mining and het-
erologous expression studies. An extensive analysis of Actinobac-
teria genomes building on the recent gene cluster family project
shows that the chemical space of lanthipeptide-related natural
products is far beyond what the research community has tapped
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thus far. Analysis of just 17 selected GCFs that are among the most
abundant GCFs already revealed novel posttranslational modify-
ing enzymes that appear to have been recruited for lanthipeptide
biosynthesis, as well as several intriguing systems that illustrate
even more cross talk between different RiPP systems than recog-
nized at present (9). The analysis also shows that the classification
system currently in use may need to be updated, since several of
the GCFs do not fall clearly in the four classes as they are currently
defined. For instance, GCF146 appears to be a hybrid of class II
and III lanthipeptide gene clusters, and GCFs26 and 125 contain
genes encoding enzymes that would currently define them as class
Ior II. In addition, the analyses suggest cross talk between lanthi-
peptide biosynthetic enzymes and PKS and NRPS systems.

We emphasize that in addition to these interesting GCFs that
contain at least 5 members, a very large number of smaller GCFs as
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well as singleton clusters were identified in Actinobacteria (see Fig.
S1 in the supplemental material) (23), which suggests an even
larger diversity than that discussed here. In fact, with the excep-
tion of the class III lanthipeptides such as the morphogen SapB
and various peptins (both encoded within GCF31, the largest
GCF), the known lanthipeptides from Actinobacteria, such as mi-
crobisporicin and actagardine, are found in such small GCFs or
singleton clusters (see Fig. S1 in the supplemental material), fur-
ther highlighting that a large amount of structural and functional
diversity remains to be discovered. Based on precedent with the
small number of previously characterized lanthipeptides from Ac-
tinobacteria, we anticipate that a large subset of the lanthipeptide-
related natural products uncovered in this work are likely antibi-
otics, especially those made by machinery that is homologous to
class I and II biosynthetic enzymes. Conversely, many others may
have other biological activities that remain to be revealed by future
studies. Indeed, most of the class III lanthipeptides reported thus
far from Actinobacteria have no or weak antimicrobial activities,
and quite a few have anti-allodynic/antinociceptive activity (38,
74) or morphogenetic activities (75). Since the venezuelins did not
display antimicrobial activity in a previous study (16), class IV
lanthipeptides may also have activities that would have eluded
antimicrobial screens. The unusual biosynthetic systems high-
lighted here will help guide future efforts to discover novel bio-
synthetic mechanisms. More importantly, these studies set the
stage for discovery of natural products with new scaffolds that
potentially have interesting biological activities.
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