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Abstract

Background: Lanthipeptides belong to the ribosomally synthesized and post-translationally modified peptide
group of natural products and have a variety of biological activities ranging from antibiotics to antinociceptives.
These peptides are cyclized through thioether crosslinks and can bear other secondary post-translational
modifications. While lanthipeptide biosynthetic gene clusters can be identified by the presence of genes encoding
characteristic enzymes involved in the post-translational modification process, locating the precursor peptides
encoded within these clusters is challenging due to their short length and high sequence variability, which limits
the high-throughput exploration of lanthipeptide biosynthesis. To address this challenge, we enhanced the
predictive capabilities of Rapid ORF Description & Evaluation Online (RODEO) to identify members of all four known
classes of lanthipeptides.

Results: Using RODEO, we mined over 100,000 bacterial and archaeal genomes in the RefSeq database. We
identified nearly 8500 lanthipeptide precursor peptides. These precursor peptides were identified in a broad range
of bacterial phyla as well as the Euryarchaeota phylum of archaea. Bacteroidetes were found to encode a large
number of these biosynthetic gene clusters, despite making up a relatively small portion of the genomes in this
dataset. A number of these precursor peptides are similar to those of previously characterized lanthipeptides, but
even more were not, including potential antibiotics. One such new antimicrobial lanthipeptide was purified and
characterized. Additionally, examination of the biosynthetic gene clusters revealed that enzymes installing
secondary post-translational modifications are more widespread than initially thought.

Conclusion: Lanthipeptide biosynthetic gene clusters are more widely distributed and the precursor peptides
encoded within these clusters are more diverse than previously appreciated, demonstrating that the lanthipeptide
sequence-function space remains largely underexplored.
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Background
Ribosomally synthesized and post-translationally modi-
fied peptides (RiPPs) are an expanding group of natural
products [1]. Lanthipeptides are among the most studied
RiPPs and have a diverse array of structures and bio-
logical activities, including antibiotic [2–5], anti-fungal
[6], anti-HIV [7, 8], and antinociceptive [9, 10] activities.
Recent studies have demonstrated important roles of
lanthipeptides produced by the human microbiome in
disease and disease prevention [11, 12]. These peptidic
natural products are characterized by the presence of
macrocycles formed via thioether crosslinks between
amino acid residue side chains, termed lanthionines or
methyllanthionines [13]. Lanthipeptides are synthesized
from a genetically encoded precursor peptide, generically
named LanA, which can be divided into two portions; an
N-terminal leader region, involved in recognition by the
biosynthetic machinery, and a C-terminal core region,
which is post-translationally modified. The essential en-
zymes in lanthipeptide biosynthesis dehydrate select
serine and threonine residues in the core region to form
dehydroalanine (Dha) and dehydrobutyrine (Dhb) resi-
dues, respectively, and then catalyze the conjugate
addition of cysteine thiols onto the resulting alkenes to
form the lanthionine or methyllanthionine crosslinks
(Fig. 1a). Lanthipeptides can be divided into four classes
based on the essential biosynthetic enzymes [13]. In class
I lanthipeptides, separate proteins carry out the dehydra-
tion (LanB) [14] and cyclization (LanC) [15] reactions.
LanB enzymes activate serine and threonine residues by
glutamylation in a tRNA-dependent manner and produce
the dehydrated residues through beta-elimination of
glutamate. In classes II-IV, a single protein carries out
dehydration and cyclization (LanM, LanKC, and LanL,
respectively) (Fig. 1b) [13]. The C-terminal cyclization
domains of LanMs, LanKCs, and LanLs are homologous to
LanC cyclases; however, the LanKC cyclization domain
lacks the zinc-binding residues that are conserved in the
other cyclases [16]. The LanM dehydratase domain is re-
lated to lipid kinases and has acquired phosphate elimin-
ation activity in the kinase active site [17] whereas the
LanKC and LanL proteins catalyze dehydration using dedi-
cated kinase [18] and lyase domains. LanL proteins are re-
lated to OspF, a phosphothreonine lyase from certain
pathogenic proteobacteria (InterPro entry IPR003519) [19].
Beyond dehydratases and cyclases, lanthipeptide biosyn-
thetic gene clusters (BGCs) often encode transporters and
proteases to remove the leader peptide (LanT/LanP) and
sometimes additional enzymes that further decorate lanthi-
peptides with secondary modifications [13, 20].
Genome-mining studies based on these enzymes have

revealed that lanthipeptide BGCs are distributed widely
across bacterial phyla [21–32]. Despite the success in
bioinformatically identifying likely lanthipeptide BGCs, it

has been an outstanding challenge to perform high-
throughput analysis of the precursor peptides encoded
in these gene clusters. Because of the short length of
the genes encoding LanAs, they are often not annotated
as genes and their variability renders identifying new
precursors through homology searching challenging.
To address this problem, we have expanded Rapid ORF
Description & Evaluation Online (RODEO) [33] to pre-
dict lanthipeptide precursor peptides and mined the
bacterial and archaeal genomes in the RefSeq database
for new lanthipeptide natural products.

Results
Identification of potential lanthipeptide biosynthetic gene
clusters
Potential lanthipeptide BGCs were identified by search-
ing the non-redundant RefSeq database (release 93) with
the LANC_like (PF05147) hidden Markov model
(HMM) from the Protein family (Pfam) database [34], as
this domain is shared among currently known classes of
lanthipeptides (Fig. 1b). This search resulted in 12,705
proteins with LanC-like domains. The genomic context
of these proteins was then examined to assign the clus-
ters to the four separate lanthipeptide classes. If any of
the proteins encoded in the seven genes upstream or
downstream from the LanC-domain containing protein
matched the Pfam HMMs for a LanB (PF04738 and
PF14028), the cluster was categorized as class I. If the
encoded proteins matched the Pfam HMM for the dehy-
dratase domain of a LanM (PF13575), the cluster was
categorized as class II. If the protein containing the
LanC-like domain also matched the Pfam HMM for a
protein kinase (PF00069), the cluster was categorized as
class III or class IV. Classes III and IV were then sepa-
rated using custom HMMs to distinguish LanKCs (class
III) from LanLs (class IV). If none of the encoded pro-
teins matched with these Pfam HMMs, the cluster was
categorized as unclassified. This sorting resulted in 2753
putative class I lanthipeptide BGCs, 3708 class II BGCs,
2377 class III BGCs, 815 class IV BGCs, and 3052 un-
classified sequences. With the exception of 33 putative
class II BGCs from Archaea, lanthipeptide BGCs were
exclusively identified in bacteria. Of the unclassified pro-
teins, 1279 are likely not within lanthipeptide BGCs as
these proteins are more similar to other proteins, such
as endogluconases [15]. In another 381 cases of unclassi-
fied proteins, the gene encoding the protein is within 3
kb of the beginning or end of a sequencing contig, sug-
gesting incomplete data on the BGC. Intriguingly, a
number of the remaining 1392 unclassified proteins are
located within BGCs that encode proteins often associ-
ated with RiPP biosynthesis, such as ABC transporters
and proteases, suggesting these clusters are potentially
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involved in the biosynthesis of an as-of-yet uncharacter-
ized class of RiPP.

Identification of precursor peptides
Having identified potential lanthipeptide BGCs, we set
out to identify the cognate precursor peptide(s). The

DNA sequence encompassing seven genes downstream
to seven genes upstream of the LanC-like domain-
containing protein was searched for potential open read-
ing frames (ORFs) beginning with an ATG, TTG, or
GTG start codon. Potential ORFs that encoded peptides
within the expected length range for LanAs (30–120

Fig. 1 Biosynthesis of lanthipeptides. a Installation of lanthionine or methyllanthionine thioether crosslinks in the four different classes of
lanthipeptides. Dha: dehydroalanine, Dhb: dehydrobutyrine, Lan: lanthionine, MeLan: methyllanthionine. b Domain structure of the enzymes that
install the thioether crosslinks in the different classes of lanthipeptides. The cyclase domains shared between the classes belong to the Pfam
family PF05147. The black lines in the cyclase domains represent the location of the zinc-binding residues
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amino acids) and not located entirely within an anno-
tated ORF were identified for scoring. A random subset
consisting of 20% of the BGCs for each class were manu-
ally examined and the identified peptides were annotated
as a precursor peptide or not based on characteristics such
as similarity to lanthipeptide precursor Pfam families, be-
ing encoded immediately upstream or downstream and
on the same strand as the class-defining modification en-
zyme, and the prevalence of Ser, Thr, and Cys residues at
the C-terminus. If a precursor peptide could not be unam-
biguously identified in the BGC, all of the potential pep-
tides from that cluster were set aside. Next, 2458 features
were calculated for the peptides deemed to be lanthipep-
tide precursors (Supplementary Figure S1, Add-
itional File 1) and ANOVA was used to identify the
features that were most significantly different (p-value <
0.05) between high-confidence precursor peptides and
likely peptides arising from translation of noncoding re-
gions. These features were then calculated for the entire
set of potential precursor peptides for each class, and the
manually annotated peptides were used as a training set
for support vector machine (SVM) classification of the
peptides as precursor or not. The SVM classification, the
presence of sequence motifs in the leader peptide, and
other features were used in the RODEO framework to
identify potential precursor peptides for the entire RefSeq
database (Supplementary Tables S1, S2, S3, S4, Additional
File 1). These improvements have been incorporated into
the web tool and command line versions of RODEO and
are publicly accessible (http://ripp.rodeo).
This approach resulted in the identification of 8405 pre-

cursor peptides (Additional File 2). Of these putative
LanAs, 2698 (32% of the total) were from class I BGCs,
3002 (36%) were from class II BGCs, 2304 (27%) were
from class III BGCs, and 401 (5%) were from class IV
BGCs. Based on the number of times their cognate modi-
fying enzymes are encoded in the genome data set, these
precursors represent approximately 30,000 redundant
lanthipeptides. Approximately 24% of class I precursors,
17% of class II precursors, 55% of class III precursors, and
86% of class IV precursors were not annotated as genes in
the database. The majority of precursor peptides in class I
(62%), class III (57%), and class IV (83%) BGCs are the
only predicted precursor peptide in the cluster. Precursors
in class II BGCs are roughly equally split between BGCs
with a single precursor peptide (37%) and those with two
precursor peptides (39%). Notable exceptions to this dis-
tribution are a class I BGC from Tumebacillus flagellates
that encodes 10 distinct precursor peptides, a class II BGC
from Herbidospora mongoliensis with 6 distinct precursor
peptides, and a class III cluster from Bacillus cereus with
13 identical precursor peptides. The most abundant,
ungapped sequence motifs from the leader and core re-
gions of each class were identified using Multiple Em for

Motif Elicitation (MEME) (Supplementary Figure S2,
Additional File 1) [35]. None of the leader peptide motifs
were shared among the four lanthipeptide classes, which
was expected given the differences in the respective
lanthionine biosynthetic proteins. Interestingly, the most
abundant core peptide motifs from each class were also
restricted to that class. For example, the nisin/gallidermin
lipid II-binding motif SxxxCTP(G/S) C [36] is only found
in class I precursors and the mersacidin lipid II-binding
motif TxTxEC [37, 38] is only found in class II precursors.
Examining these sequence motifs also reveals that in
addition to the long-recognized FxLD sequence motif in
the leader peptides of class I LanAs [39], a number of class
I LanAs from Bacteroidetes have an LxLxKx5L motif in-
stead. Many of the leader peptides that contain this motif
end with a Gly-Gly sequence, and a C39-family Cys prote-
ase that removes leader peptides at GG sites [40, 41] is
often encoded in the corresponding clusters. This GG
leader motif has previously only been observed in class II
[42] and III LanAs [43]. With the identification of these
class I LanAs, approximately one third of all LanAs have a
GG motif at the end of the leader peptide. Double-Gly
motif leader peptides are also a common occurrence in
other RiPP classes [1, 44]. Other frequently observed
leader peptide sequence motifs are the (E/D − 8)(L/M
− 7) motif in class II [45] and the LxLQ motif in class
III lanthipeptide precursors (Supplementary Figure S2)
[46]. Additional less frequent motifs that have not
been experimentally investigated are depicted in
Supplementary Figure S2.

Comparison with other genome mining tools
To explore the effectiveness of RODEO to predict
precursor peptides, these results were compared to
other genome mining packages. To achieve this com-
parison, 5240 genome records encoding identified
lanthipeptide BGCs were submitted to antiSMASH
5.0 [47, 48]. AntiSMASH identified a similar number
of BGCs as the above analysis, which is to be ex-
pected as both approaches utilize Pfam HMMs to
identify the clusters, although antiSMASH does not
distinguish between class III and class IV BGCs. Anti-
SMASH identified 55% of class I, 70% of class II, and
47% of class III or IV precursor peptides that were
identified by RODEO. On the other hand, RODEO
identified 93% of class I, 38% of class II, and 93% of
class III or IV precursor peptides that were identified
by antiSMASH. The majority of class II precursor
peptides predicted by antiSMASH and not by RODEO
appear to be false positives as 68% of those peptides
are encoded in BGCs with at least one other precur-
sor peptide identified by both tools. These putative
false positive peptides have leader peptides that share
neither similarity with the peptide identified by both
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tools nor with each other (when three or more puta-
tive precursor peptides were predicted in a BGC).
This lack of leader peptide homology calls into ques-
tion whether these peptides would be modified by the
same set of enzymes as most examples of experimen-
tally verified BGCs that contain multiple precursor
peptides show high sequence identity in their leader
peptides [41, 49, 50]. Next, ten randomly selected
genome records encoding each class of lanthipeptide
BGC were selected and submitted to the web server
BAGEL4 [29]. BAGEL4 identified 70, 90, 60, and 70%
of class I-IV BGCs, respectively, and identified the
precursor peptides as open reading frames, but typic-
ally did not predict which open reading frame in the
BGC was the precursor peptide. Thus, the improve-
ments in RODEO for lanthipeptide precursor peptide
annotation described here provide both more infor-
mation and higher confidence predictions.
A sequence similarity network analysis [51] (Fig. 2)

reveals that the identified precursor peptides tend to
cluster into families by lanthipeptide class and by taxo-
nomic phylum (Fig. 2 and Supplementary Figure S3,
Additional File 1). Even though a number of these fam-
ilies include lanthipeptides that have been character-
ized, as indicated by the representative lanthipeptides
shown (Supplementary Table S5, Additional File 1),
most families lack a characterized member, highlight-
ing the scope of lanthipeptide sequence space that re-
mains to be studied. In this work, we have labeled the
precursor families by a Roman numeral indicating
lanthipeptide class and an increasing Arabic number
from left to right and top to bottom in the order gen-
erated by the Organic layout of Cytoscape [53]. Several
of the uncharacterized families, including I 8, I 13, II
18, and II 32, appear to contain lipid II-binding motifs
(Supplementary Figures S4, S5, S6, S7, Additional File 1)
and are likely antibiotics. The four largest class I families (I
1–4) are from Actinobacteria and do not have a character-
ized member. Their core peptides contain a highly con-
served Asp residue that is of particular note because the
corresponding BGCs contain an O-methyltransferase
(PF01135) and the conserved Asp is likely post-
translationally modified [54]. A number of the class II fam-
ilies, such as II 2, II 13, II 17, and II 26 have conserved
leader peptides and non-conserved core peptides. The
leader peptides from families II 2, II 13, II 17, II 25, and II
29 belong to the nitrile hydratase leader peptide family of
leader peptides, whereas the leader peptides from family II
26 belong to the Nif11 family of leader peptides [44]. The
precursor peptides in family II 26 are from Cyanobacteria,
however the prochlorosin lanthipeptides are not among
them [49]. The prochlorosin precursor peptides (also in the
Nif11 family) are located in a smaller cluster, which does
not represent the actual size of this family of precursors as

many of them are encoded in genes located distantly from
their cognate LanM in the genome [49, 55] and thus were
not identified in our analysis that limited the distance be-
tween the LanC-domain containing protein and the precur-
sor peptide to seven genes upstream or downstream. We
suggest the name cyanotins for this family of RiPPs that are
made from highly diverse core peptides, some of which lack
Cys and hence cannot be precursors to lanthipeptides.

Other enzymes in lanthipeptide biosynthetic gene clusters
Very few of the BGCs with predicted precursors con-
tained genes encoding class-defining enzymes from
other lanthipeptide classes. For example, only six BGCs
encoded a LanM and a LanB and LanC, and it is un-
clear if these encode a single biosynthetic pathway or
two separate pathways encoded in close proximity.
BGCs encoding a LanM and a LanKC have been identi-
fied previously [25]; however, the LanM-associated pre-
cursor peptides in those clusters lack Cys residues and
therefore were not considered lanthipeptides in the
current analysis. In contrast, enzymes that install secondary
post-translational modifications are more broadly distrib-
uted. Other proteins present in the BGCs were character-
ized by searching the Pfam database of HMMs. Examining
the most abundant proteins that hit at least one Pfam fam-
ily reveals proteases, ABC transporters, and transcriptional
regulators (Supplementary Tables S6, S7, S8, S9, Additional
File 1). A number of class I BGCs contain split LanB
enzymes that contain the glutamylation and elimination
domains on separate polypeptides, as is seen in the biosyn-
thesis of the lanthipeptide pinensin [6], as well as the thio-
peptide family of RiPPs [56]. Other class I BGCs contain a
full length LanB and an additional protein homologous to
the LanB elimination domain. These proteins are also hom-
ologous to the enzyme in thiopeptide biosynthesis that cat-
alyzes a formal [4 + 2] cycloaddition to install a substituted
pyridine or (dehydro) piperidine moiety [14, 57–59]. Ac-
cordingly, it is an intriguing possibility that these domains
catalyze a post-translational modification other than elimin-
ation. These standalone elimination domain proteins are
also often fused to protein-L-isoaspartate O-methyltransfer-
ase (PCMT or PIMT, PF01135) family proteins and, in
turn, many BGCs have these O-methyltransferases as stan-
dalone proteins. Notably, these elimination domain proteins
and methyltransferases are nearly exclusively limited to
class I BGCs (Supplementary Table S10, Additional File 1).
Enzymes that are among the most abundant in one

class of lanthipeptide BGCs are generally also present in
the other classes, if at lower abundance (Supplementary
Table S10 and Figure S8, Additional File 1). For ex-
ample, flavoprotein family enzymes, which have been
shown to catalyze oxidative decarboxylation of the C-
terminus of some lanthipeptides (LanDs) [60–64], halo-
genation of amino acid side chains [62], and oxidation of

Walker et al. BMC Genomics          (2020) 21:387 Page 5 of 17



Fig. 2 (See legend on next page.)
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the sulfur in lanthionine crosslinks [65], are among the
most abundant enzymes in class I BGCs but are present in
class II and III BGCs as well. Likewise, NAD(P)H-
dependent FMN reductase family enzymes, such as those
that catalyze the reduction of dehydro amino acid side
chains to form D-amino acid residues (LanJB) [66, 67], are
among the most common tailoring enzymes in class II
BGCs and are present in class I and III BGCs. Another en-
zyme family, the zinc-dependent dehydrogenases, have
been demonstrated to carry out the same overall reaction
(LanJAs) [68], and members of this family are present in
all four classes of lanthipeptide BGCs (Supplementary
Table S11). To date, the installation of D-amino acids has
only been observed in class II lanthipeptides, but these re-
ductases and dehydrogenases suggest these structures may
also be present in class I, III, and IV lanthipeptides, or al-
ternatively, these enzymes may catalyze a new post-
translational modification. Some BGCs from all four clas-
ses of lanthipeptides encode a short chain dehydrogenase.
This family of enzymes has been shown to install an N-
terminal lactate moiety [69], although this modification
has thus far only been observed in class I lanthipeptides.
To date, no secondary post-translational modifications
have been reported for class IV lanthipeptides; however, a
number of these clusters contain genes encoding FAD-
dependent oxidoreductases, glycosyltransferases, and ace-
tyltransferases. Thus, tailoring may occur for the products

of these clusters, or alternatively, the genes encoding these
other enzymes may not be part of the gene clusters.
Many BGCs appear to encode enzymes that are less

widely distributed but may carry out rare post-
translational modifications (Supplementary Table S11 and
Figure S9, Additional File 1). For example, some class I, II,
and III lanthipeptide BGCs contain a YcaO family protein
(PF02624), members of which catalyze modification to the
amide backbone [70]. Moreover, a number of BGCs for all
four classes of lanthipeptides encode polyketide or fatty
acid biosynthetic machinery, as in the recently reported
class III lipolanthine [63], or non-ribosomal peptide bio-
synthetic machinery. Enzymes from other families, such as
radical SAM (PF04055), cytochrome P450 (PF00067), and
α-ketoglutarate-dependent oxygenases (PF03171), are
present in lanthipeptide BGCs and may catalyze the instal-
lation of additional secondary modifications. A number of
these BGCs were previously identified in Actinobacteria
[25], however the current analysis reveals they are present
in numerous phyla, highlighting the broad distribution of
lanthipeptide BGCs.

Phylogenetic distribution of lanthipeptide biosynthetic
gene clusters
Lanthipeptide biosynthetic enzymes were identified in a
wide range of bacterial phyla, with the majority (within
currently sequenced genomes) in Actinobacteria (Fig. 3a).

Fig. 3 Phylogenetic distribution of lanthipeptide biosynthetic gene clusters. a The distribution of lanthipeptide BGCs in bacterial and archaeal
phyla. b The distribution of bacterial and archaeal phyla among the four classes of lanthipeptide BGCs

(See figure on previous page.)
Fig. 2 Sequence similarity networks [51] of precursor peptides. Clusters of precursor peptides with 20 or more members are numbered and
sequence logos for these clusters are presented in Supplementary Figure S3. Clusters with characterized members as determined by using
BAGEL4 [29] and the MIBiG repository [52] (Supplementary Table S5) are labeled by a selected member
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The distribution of these proteins across phyla is incon-
sistent for the different classes of lanthipeptides (Fig. 3b).
Nearly a quarter of the class I LanCs were identified in
Bacteroidetes, despite their genomes making up a rela-
tively small portion of those in the data set (Supplemen-
tary Figure S10, Additional File 1). This distribution
suggests further genome sequencing efforts of Bacteroi-
detes may uncover additional novel lanthipeptide BGCs.
At present, only the pinensins have been isolated from this
phylum [6]. LanMs were the only lanthipeptide biosyn-
thetic enzymes identified in Cyanobacteria. The majority
of LanKCs and LanLs are from Actinobacteria and

Firmicutes (Fig. 2); however, no members of these class III
or class IV lanthipeptides from Firmicutes have been char-
acterized to date.
A phylogenetic tree of LanCs and LanC-like domains re-

veals clades corresponding to the class of lanthipeptide and
then sub-clades of bacterial phyla (Fig. 4). This topology
suggests the divergence of the lanthipeptide classes is an-
cient and supports the hypothesis that the lanthipeptide
synthases that produce different classes may have arisen
through convergent evolution [71]. Inclusion of human
LanC-like proteins on the tree shows that they fall into the
class IV clade, which is made up of proteins with LanC-

Fig. 4 Phylogenetic analysis of LanC-like domains. A midpoint rooted approximately maximum likelihood phylogenetic tree of LanC-like domains
from lanthipeptide biosynthetic enzymes. The inner ring is colored according to prokaryotic phylum and the outer ring is colored according to
lanthipeptide class
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like domains linked to a kinase domain (Supplementary
Figure S11, Additional File 1). Notably, human LanC-like
proteins bind to kinases in various cell lines [72]. Some ex-
ceptions to grouping by class are observed, such as class I
LanCs from Bacteroidetes that appear to be related to the
LanC-like domains of class II LanMs from Firmicutes. The
precursor peptides associated with these LanCs fall into
family I 17, which includes the antifungal lanthipeptide
pinensin [6]. Furthermore, a group of the LanC-like do-
mains of LanMs from Actinobacteria are related to LanCs
from the same phylum with the precursors associated with
these LanMs falling in family II 28. Additionally, an
analysis of the %GC content of the lanthipeptide
BGCs versus the %GC content of the entire bacterial
or archaeal genome was performed. Generally, these
two values are in good agreement (Supplementary
Figure S12, Additional File 1).

Identification of a two-component lanthipeptide BGC
from Streptomyces rimosus subsp. rimosus WC3908
While several two-component lanthipeptides from Fir-
micutes have been characterized, only a single example,
roseocin [73], has been reported from Actinobacteria.
The roseocin α precursor peptide falls into family II 29
whereas the roseocin β precursor is a member of family
II 2. To further explore two-component lanthipeptides
from Actinobacteria, we focused on a BGC from Strepto-
myces rimosus, which encodes an α precursor peptide in
family II 9 similar to lacticin 3147 α (Ltnα) [74, 75], and
a β precursor peptide in family II 19 (Fig. 5a), the first
example of a II 19 family member (Fig. 2). The BGC also
encodes a flavin-dependent oxidoreductase belonging to
the luciferase-like monooxygenase family (PF00296).
The lacticin 3147 BGC encodes a LanJA that is involved
in the conversion of Ser to D-Ala [68]. Curiously,

Fig. 5 Characterization of a two-component lanthipeptide from S. rimosus. a The biosynthetic gene cluster of birimositide and the predicted
structures of Brtα and Brtβ with the cyclization pattern in comparison to those of lacticin 3147 (Ltnα and Ltnβ). The location of modified residues
in Brtα and Brtβ are based on tandem mass spectrometry data (Supplementary Figure S13) and homology with lacticin 3147. Ser and Thr derived
residues are colored in red as well as Ser and Thr, whereas Cys derived residues are colored in blue. Dha: dehydroalanine, Dhb: dehydrobutyrine,
2-ob: 2-oxo-butyrate moiety derived from Dhb. b) MALDI-TOF mass spectra showing Brtα and Brtβ in crude extract of S. rimosus culture, as well
as purified Brtα and Brtβ. The masses correspond to the predicted core peptides dehydrated 7-fold (Brtα) and 6-fold (Brtβ) and the addition of
hydrogen for the reduction of Brtβ
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whereas the corresponding Ser residues appear con-
served in the precursor peptides encoded in the S. rimo-
sus BGC (Fig. 5a), a gene encoding LanJA is not present.
Therefore, we hypothesized that the luciferase-like
monooxygenase might carry out a similar reaction.
Upon culturing Streptomyces rimosus, masses corre-
sponding to the predicted two-component lanthipep-
tide were observed and the purified peptides were
shown to display the synergistic activity characteristic
of a two-component lantibiotic (Supplementary Figure
S13, Additional File 1). We named the compound bir-
imositide and designated the locus encoding its bio-
synthesis brt. High-resolution mass spectra of both
peptides were consistent with the conversion of one
Ser to a D-Ala (Fig. 5b). Therefore, we propose the
generic name LanJC to luciferase-like monooxygenases
that reduce dehydrated residues in lanthipeptides.
Tandem mass spectrometry suggests that the α-
peptide (Brtα) is similar in structure to lacticin 3147
α including the position of the D-Ala, but that the β-
peptide (Brtβ) is structurally more divergent from lac-
ticin 3147 β (Ltnβ) and contains a single D-Ala com-
pared to two Ser to D-Ala conversions for Ltnβ
(Supplementary Figure S13 and Supplementary Table
S12, Additional File 1).

Discussion
In this work, we improved the ability of RODEO to pre-
dict precursor peptides for all four classes of lanthipep-
tides. This expanded functionality facilitated the mining
of more than one hundred thousand bacterial and ar-
chaeal genomes for the ability to produce lanthipeptides.
These studies revealed that lanthipeptide BGCs are more
broadly distributed than previously appreciated, with a
large number of class I lanthipeptides in Bacteroidetes,
the presence of class III and IV lanthipeptides in Firmi-
cutes, and the detection of class II lanthipeptide BGCs
in archaea. Examining the precursor peptides encoded in
the gene clusters revealed that the majority of lanthipep-
tide natural product families have not been character-
ized, including a number that are likely antibiotics
because of lipid II-binding motifs. As delineated below,
several new insights have been revealed through this bio-
informatics study.
As in a previous study that focused on Actinobacteria

[25], the most common lanthipeptide precursor family
when analyzing all currently available genomes from dif-
ferent phyla (III 1) is the morphogenic SapB peptide in-
volved in sporulation [76]. The third- and fourth-most
abundant precursor families (II 3 and II 4) comprise sin-
gle- and two-component lanthipeptides in which two
structurally dissimilar lanthipeptides exert synergistic
bioactivity, with the individual peptides usually having
low or no activity [77]. The fourth most abundant family

(II 4) includes the α-peptide of the two-component
lanthipeptides lichenicidin [30, 78, 79], haloduracin
[80], and thusin [81] (Supplementary Table S5,
Additional File 1), and are primarily found in Firmi-
cutes with some members from Actinobacteria. Unex-
pectedly, the precursors of the partner lanthipeptide
that would make up the two-component systems are
not in one family but are more diverse in structure. In
Firmicutes, lichenicidin β is a member of family II 7,
and haloduracin β and thusin β are in small families,
whereas the putative partners of the actinobacterial
lichenicidin α-like precursors are in family II 49
(Fig. 6). Precursors related to other two-component
lanthipeptides such as staphylococcin C55 and the
newly reported birimositide also share a similar bifur-
cated distribution. The precursors of staphylococcin
C55 α and birimositide α are members of family II 9,
which is comprised of peptides encoded in Firmicutes
and Actinobacteria. However, the precursor of staphy-
lococcin C55 β is part of family II 6, whereas birimosi-
tide β (and other putative partners of the
Actinobacterial α-peptides) are in family II 19. The α
peptides of currently investigated two-component
lanthipeptides are involved in lipid II-binding. The
resulting complex is believed to serve as a binding site
for the β peptides, which results in pore formation in
the bacterial membranes [78, 82, 83]. The more diver-
gent structures of the β peptides may suggest that dif-
ferent features are required to form pores in the
membranes of the target bacteria for lanthipeptide
producers that live in different ecological niches.
The precursor peptides of the third most abundant fam-

ily of peptides (II 3) have sequence homology with the
CylLS′′ peptide that together with CylLL′′ makes up the
enterococcal cytolysin. This two-component lantibiotic ly-
ses bacterial and mammalian cells [84], and epidemio-
logical studies have shown a clear correlation between the
presence of the cytolysin biosynthetic gene locus and
hospital-acquired infections [85]. The precursor peptides
of the CylLL′′ peptides (II 30) are much less abundant
than the precursor peptides for CylLS′′ (II 3) (Fig. 2).
Genes encoding these CylLS-like peptides are found
mostly in species of Bacillus and sometimes in Staphylo-
coccus aureus. Previous studies noted these peptides in B.
cereus [23, 86] and several members have been isolated
(cericidins) and shown to display antimicrobial activity
without the need of a partner peptide, explaining why
family II 3 is much larger than family II 30.
The most abundant class I precursor peptides in Acti-

nobacteria (I 1–4) are encoded in BGCs that contain the
previously mentioned ortholog of a protein isoaspartate
methyltransferase as well as a fully conserved Asp in the
core peptide (Fig. 7a). This methyltransferase is the high-
est co-occurring protein with lanthionine biosynthetic
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enzymes (Additional File 1: Supplementary Table S9)
even though it is only found in class I lanthipeptide
BGCs. Recently, it was shown that one such enzyme
methylated the conserved Asp in a precursor peptide of
family I 2 encoded in Streptomyces olivaceus NRRL B-
3009. Methylation led to the formation of a succinimide
that was hydrolyzed to a mixture of aspartate and isoas-
partate. The mature form of the natural product remains
unknown [54].
The sixth most abundant precursor family (III 3)

consists of class III lanthipeptides encoded by Firmi-
cutes; currently class III peptides have only been iso-
lated from Actinobacteria. At present, the organisms
encoding family III 3 are restricted to Streptococcus
pneumoniae. The precursor peptides display identical
core sequences (Fig. 7b) that contain the characteris-
tic Sx2Sx3C motif that in some class III lanthipeptides
give rise to a lanthionine between the first Ser and
last Cys of the motif, and in other peptides yield
labionin [10, 43, 76, 87] (Fig. 7b). Unlike class III
lanthipeptide gene clusters from Actinobacteria that
usually do not contain a protease [88], the III 3 clus-
ters encode for a prolyl oligopeptidase (we propose

the name LanPB for these with the name LanPA given
to the previously characterized group of subtilisin-like
leader peptide proteases [13]) as well as a CAAX
family protease [89]. The smaller III 6 family is also
found in Firmicutes but the phylogenetic distribution
is more varied as these BGCs are present in different
Bacillus and Staphylococcus species. Like class III
BGCs from Actinobacteria, they do not encode a con-
served protease in the BGC, but they do encode an
ABC-type transporter.
Generally speaking, a particular family of lanthipep-

tides is usually only produced by a single phylum, but
some exceptions are notable. The lacticin 481 family (II
1) is mostly produced by Firmicutes, but some Actino-
bacteria also encode members. Nisin A, a commercially
used food preservative, and related lanthipeptides are al-
most exclusively encoded in Firmicutes genomes, but
our analysis revealed a single Actinobacterium (Nocardia
vaccinii NBRC 15922) encoding a member of this anti-
microbial family. After finding an example of a nisin-
family lanthipeptide in Actinobacteria we manually
examined the genomic context of highly similar LanB
and LanC enzymes. Nisin-like precursor peptides were

Fig. 6 Representative diagrams for two-component lanthipeptide BGCs that share an α precursor peptide (from family II 4) with β peptides from
families II 7 or II 49. Sequence logos for the predicted core peptides are shown as well. In the sequence logos, residues that can be dehydrated
(i.e. Ser and Thr) are shown in red and Cys residues are shown in blue and predicted cyclization patterns are shown. The predicted cyclization
pattern for family II 49 is based on similar positioning of modifiable residues in family II 7
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identified in these BGCs, however, they were encoded
more than seven genes away from the lanC gene and
therefore fell outside of the genome neighborhood ana-
lyzed in this study. Some lanthipeptides seem to have
distributed nearly equally between Firmicutes and Acti-
nobacteria, such as the α peptide of the two-component
lantibiotic staphylococcin C55, as well as the II 2 family,
which is found roughly equally in three phyla, Firmicutes,
Actinobacteria, and Cyanobacteria. At present, the mo-
lecular structures of members of this family have yet to be

reported. Examination of the Pfam families of other en-
zymes encoded in the BGCs revealed that some of the tai-
loring enzymes that were previously thought to be limited
to a single lanthipeptide class are in fact distributed
among multiple, if not all, classes of lanthipeptides.

Conclusions
The current comprehensive analysis of bacterial and
archaeal genomes for the presence of lanC-like genes
combined with the new methodology to characterize

Fig. 7 a. Representative diagrams for BGCs containing precursor peptides from families I 1, I 2, I 3, and I 4 along with sequence logos for those
precursor families. Conserved Asp residues in the predicted core peptide are highlighted in yellow. b. A representative diagram for BGCs
containing a precursor peptide from family III 3 along with the sequence logo for that family. LanPB is a prolyl oligopeptidase family protease
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the cognate precursor peptides reveal the diversity of
the lanthipeptide family of RiPPs and the extent to
which a large portion of chemical space remains to
be explored. The current study will facilitate
prioritization of genome-mining studies for novel
structures, new synergistic lanthipeptide pairs, or
lanthipeptides from genera currently not known to
produce such compounds.

Methods
Bioinformatic mining for lanthipeptides
The non-redundant protein, GenBank, and nucleotide
records for bacteria and archaea in the RefSeq collection
were downloaded from NCBI in May of 2019. The non-
redundant protein records were searched with the
LanC-Like Pfam HMM (PF05147.12) [90] using
HMMER3 [91] with the default settings. The GenBank
and nucleotide records were parsed using the list of
LanC-Like proteins. Proteins encoded within seven
ORFs upstream and downstream of the LanC-Like pro-
tein were annotated by searching the Pfam HMM data-
base using HMMER with an E-value cutoff of 1 × 10− 5.
Gene clusters that encoded proteins that matched with
the Lant_dehydr_N Pfam HMM (PF04738.13) and the
Lant_dehydr_C Pfam HMM (PF14028.6) were classified
as class I clusters. Gene clusters that encoded a protein
that matched with the DUF4135 Pfam HMM
(PF13575.6) were classified as class II clusters. Gene
clusters that encoded a protein that matched both the
LANC_Like Pfam HMM and the Pkinase Pfam HMM
(PF00069.25) were classified as class III or class IV clus-
ters. Gene clusters that did not encode proteins that
matched these HMMs were discarded as unclassified.
Custom HMMs were developed for class III and class IV
LanC-Like domains. The sequences of representative
LanKCs and LanLs were aligned with Clustal-Omega
[92], and these alignments were manually truncated to
include only the LanC-like domain. HMMER was then
used to generate HMMs from these alignments (Add-
itional Files 3 and 4). The LanC-like proteins in the class
III and IV gene clusters were then searched against these
custom HMMs, and classified as class III if the E-value
for the match with the class III HMM was lower than
that for the class IV HMM, and as class IV if the E-value
for the match with the class IV HMM was lower than
that for the class III HMM. Additionally, the DNA se-
quence spanning the most upstream ORF and most
downstream ORF was translated into all potential ORFs
with ATG, GTG, or TTG start codons. Potential gene
products that were longer than 120 amino acids or
shorter than 30 amino acids were discarded, as were any
that were encoded entirely within an annotated gene.
Additionally, any ORF not encoding a Cys was discarded
as it could not be a potential lanthipeptide precursor.

Finally, to reduce redundancy, the longest of the
remaining ORFs with the same stop codon coordinates
were retained for further analysis.

Scoring of potential precursor peptides
Leader peptide motifs were identified in the gene prod-
ucts identified above using the MEME bioinformatics
application. The leader-core boundary was then esti-
mated by searching the amino acids following the leader
peptide motif for GG, GA, or S/T(x)2-7C and setting the
core region as starting immediately following a GG or
GA motif or 1 residue before a S/T(x)2-7C as long as that
motif was more than 10 residues from the end of the
peptide. If multiple of these motifs were identified, the
one allowing the longest core region was used as the
boundary. If none of these motifs were present or were
present within 10 residues of the C-terminus, the C-
terminal half of the ORF was used as the core. If a leader
peptide motif was not identified, the same analysis was
performed from the beginning of the ORF. Finally, if
no Cys was present in the estimated core region, the
ORF was discarded as not a lanthipeptide precursor.
Features were then calculated for the potential core
peptide, SVM classification was performed, and the
potential precursor peptides were scored according to
the rubrics in Supplementary Tables S1, S2, S3, S4.

Phylogenetic analysis of LanC and LanC-like domains
LanC and LanC-like domain containing proteins from
clusters encoding likely precursor peptides per the analysis
above, were retrieved. LanM, LanKC, and LanL enzymes
were aligned separately using Clustal-Omega, manually
truncated to their LanC-like domains, and then unaligned.
Then an alignment of LanCs and LanC-like domains was
constructed using Clustal-Omega and manually edited to
remove large gaps. This alignment was used to calculate
an approximately maximum likelihood phylogenetic tree
using FastTree [93]. The tree was then visualized using
the Interactive Tree of Life [94].

Precursor sequence logos
Likely precursor peptides were aligned using Clustal-
Omega, and that alignment was used to generate se-
quence logos using WebLogo [95].

Purification of birimositide peptides
Streptomyces rimosus subsp. rimosus WC3908 was culti-
vated on GYM agar for 4 d at 30 °C. After growth, col-
onies were extracted with methanol. Solvent was
removed under vacuum using rotary evaporation and
the extract was resuspended in up to 10% MeCN:H2O
prior to high-performance liquid chromatography
(HPLC) purification. HPLC purification was conducted
using a C18 column (Macherey-Nagel, 100 Å, 250 × 10
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mm, 5 μm) connected to an Agilent Infinity II LC system
with solvents A (0.1% trifluoroacetic acid in H2O) and B
(0.1% trifluoroacetic acid in MeCN) at a flow rate of 4
mL/min. The following method was used: stationary at
2% B for 10 min, followed by a linear increase from 2 to
98% B over 35 min, and holding stationary at 98% B for
an additional 2 min. For LC coupled to mass spectrom-
etry (MS), LC was performed on HPLC-purified samples
using a C18 column (Acclaim PepMap RSLC, nanoVi-
per, 75 μm× 15 cm) on a Dionex UltiMate 3000 LC. The
following stepwise linear gradient was applied with sol-
vents A (1% formic acid in H2O) and B (1% formic acid
in MeCN) at a flow rate of 0.3 μL/min: starting at 4% B
to 35% B over 45 min, 35 to 50% B over 6 min, 50 to
75% B over 6 min, and holding stationary at 75% B for 6
min. Hybrid Ion Trap-Orbitrap Mass Spectrometer
(Thermo Fusion Tribrid Orbitrap, Thermo Scientific)
Peptides were diluted 1:1 with ESI mix (80% MeCN,
19% H2O, 1% formic acid) in H2O. Calibration and tun-
ing was conducted with Pierce LTQ Velos ESI Positive
Ion Calibration (ThermoFisher). Data were obtained
using the following parameters: resolution, 30,000; isola-
tion window (MS/MS), 1.6 m/z; collision-induced energy
(CID) (MS/MS), 35%; CID activation time, 10 ms; activa-
tion q value (MS/MS), 0.25. Data analysis was performed
with the Qualbrowser application of Xcalibur software
(Thermo-Fisher Scientific).

Birimositide BGC
The genome of Streptomyces rimosus subsp. rimosus
WC3908 was sequenced as part of another genome min-
ing effort focused on phosphonates [96]. The sequence
of the birimositide BGC has been deposited under acces-
sion number MT037000.

Bioactivity assay
Brtα and Brtβ were resuspended in 50% MeCN:H2O to a
concentration of 50 μM. Each peptide was spotted at vary-
ing concentrations on 20mL of Mueller-Hinton agar
seeded with Micrococcus luteus ATCC 4698 or Lactococ-
cus lactis sp. cremoris at a final OD600 of 0.05. Inhibition
was assessed after overnight growth at 37 °C for M. luteus
and 30 °C for L. lactis. Images were obtained using a Gel-
Doc XR+ molecule imager (Bio-Rad).
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