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Abstract

Lanthipeptides are members of the ribosomally synthesized and post-translationally modified 

peptide (RiPP) natural products. They contain thioether crosslinks generated by dehydration of Ser 

and Thr residues followed by the addition of the thiol of Cys residues to the dehydroamino acids. 

Recent studies have revealed unexpected mechanisms of the post- translational modifications, and 

structural studies have started to provide insights into recognition of the peptide substrates by the 

modification enzymes.

INTRODUCTION

The availability of large amounts of genomic data has led to the realization that 

microorganisms have a much larger biosynthetic capacity than previously anticipated. In 

turn, these findings have resulted in an expanded interest in bioactive natural products in the 

past decade [1]. While much of the initial research efforts have focused on non-ribosomally 

synthesized peptides and polyketides, recent studies of ribosomally synthesized natural 

products have provided a greater appreciation of the widespread occurrence of these 

molecules [2]. The biosynthetic modifications that produce ribosomally synthesized and 

post-translationally modified peptides (RiPPs) result in a vast array of structurally diverse 

scaffolds [3]. The genomic data have revealed that many natural products that were 

previously thought to have been non-ribosomally generated are, in fact, ribosomally derived 

peptides that have undergone extensive post-translational modifications [2]. The precursor 

peptide for a given RiPP can typically be demarcated into an amino-terminal leader 
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sequence (leader peptide) that is removed to liberate the final bioactive product, and a 

carboxy-terminal core peptide that is post- translationally modified into the active compound 

[4]. Many studies have shown that the leader peptides contain specific recognition motifs for 

the enzymes that carry out the post-translational modifications [5].

Lantibiotics are a class of peptide-derived antimicrobial compounds that often disrupt the 

integrity of Gram-positive bacterial cell walls. The most extensively studied lantibiotic is 

nisin, produced in certain strains of Lactococcus lactis (Figure 1). Nisin binds to lipid II (a 

peptidoglycan precursor) to inhibit cell wall biosynthesis, and also initiates pore formation 

after binding to lipid II, resulting in a multi-pronged attack on the integrity of the bacterial 

cell wall and membrane [6-9]. Lantibiotics are a subgroup of the lanthipeptides that are 

characterized by the presence of multiple lanthionine and/or 3- methyllanthionine residues 

that result in a crosslinked peptide backbone (Figure 1). These characteristic thioether 

bridges are generated by the enzymatic dehydration of Ser or Thr residues to form 2,3-

dehydroalanine (Dha) or (Z)-2,3-dehydrobutyrine (Dhb), followed by the enzymatic 

stereoselective addition of the thiol of Cys to the unsaturated amino acid. Sequence 

comparison of the dehydratases and cyclases allowed the grouping of lanthipeptides into 

four distinct classes, and phylogenetic analysis provided insights into their evolutionary 

origins [10]. The precursor peptides (general nomenclature LanA, i.e. NisA for nisin) of the 

class I lantibiotic family are post-translationally modified by two distinct modification 

enzymes, a dehydratase that generates the alkene moiety of Dha/Dhb (general nomenclature 

LanB, i.e. NisB for nisin) and a cyclase that catalyzes the addition of the Cys thiol (general 

nomenclature LanC, i.e. NisC for nisin; Figure 1) [11]. In contrast, a single modification 

enzyme with the general nomenclature of LanM is responsible for processing the precursor 

peptides of class II lanthipeptides [12]. LanM contains an amino-terminal dehydratase 

domain and a carboxy-terminal LanC-like domain (Figure 1). The third and fourth classes of 

lanthipeptides are also biosynthesized by a single modification enzyme (general 

nomenclature LanKC for class III and LanL for class IV; Figure 1). These enzymes contain 

an amino-terminal phospho- Ser/phospho-Thr lyase domain, a central kinase-like domain, 

and a carboxy-terminal LanC-like domain [13,14]. Notably, the carboxy-terminal LanC-like 

domains of class III enzymes are unique in that they lack the zinc ion (Figure 1) [15,16] that 

is believed to activate the Cys thiol for nucleophilic attack in LanC proteins [17]. A subset 

of class III lanthipeptides are characterized by the presence of an unusual α,α-disubstituted 

tri amino acid named labionin, which enables the formation of two ring systems within a 

peptide chain (e.g. labyrinthopeptins, Figure 1) [18].

Additional post-translational modifications introduce further structural diversity. Examples 

include the installation of a 2-hydroxypropionyl group (lactate) at the amino terminus of the 

lantibiotic epilancin 15X by a dehydrogenase [19], the oxidation of one of the thioether 

bridges in actagardine to a sulfoxide [20,21], the hydrogenation of Dha and Dhb to generate 

D-amino acids in lacticin 3147 and carnolysin [22,23], the chlorination of Trp and 

hydroxylation of Pro in microbisporicin (NAI-107) [24], the β-hydroxylation of an aspartic 

acid during the biosynthesis of cinnamycin [25,26], the N- glycosylation of a Trp 

presumably catalyzed by a glycosyltransferase within the biosynthetic cluster of the 

labionin-containing lanthipeptide NAI-112 [27], and the oxidative decarboxylation of the 

van der Donk and Nair Page 2

Curr Opin Struct Biol. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



carboxy- terminal Cys to form an enethiolate, which subsequently cyclizes onto a Dha to 

form (Z)-2-aminovinyl- D-Cys [28,29]. This review focuses on those lanthipeptide 

biosynthetic systems for which structural information is available. Therefore, we will not 

discuss in detail the class II-IV lanthionine synthetases.

LanB Dehydratases

The LanB dehydratases are large enzymes, roughly 120 kDa in size, which do not share any 

sequence homology to class II-IV enzymes [11]. Homologs of LanB dehydratases are found 

in the gene clusters of peptide natural products that are not lanthipeptides, including 

goadsporin and thiopeptides [30-34]. Although currently no crystallographic data are 

available for a LanB enzyme, recent studies have provided intriguing insights into the 

mechanism of dehydration [35]. A total of 28 Ala-scanning mutations of highly conserved 

residues in NisB were screened for activity. Notably, mutations at Arg786, Arg826 or 

His961 resulted in NisA products with multiple adducts with a mass of 129 Da each, 

suggesting that Ser and Thr residues in the NisA substrate were activated by glutamylation 

(Figure 2). Conversely, Ala mutations of NisB at Arg83, Arg87, Thr89, Asp121, Asp299, 

Arg966 and Arg464 were inactive for dehydration activity, but could carry out conversion of 

the glutamylated NisA substrate to the dehydrated peptide. In concert, these experiments are 

consistent with NisB containing two different active sites, with one serving to catalyze 

glutamylation of the Ser and Thr residues of the NisA substrate, and the second active site 

functioning to abstract the α-proton from glutamylated Ser/Thr, resulting in elimination of 

the glutamate to yield the Dha/Dhb residues. Notably, the biosynthetic clusters of 

thiopeptides contain homologs of lantibiotic dehydratases but lack the cognate lantibiotic 

cyclases, consistent with the persistence of Dha/Dhb residues in the final products of these 

clusters [31-34]. LanB enzymes recognize a conserved “FNLD” motif in the leader peptides 

of their substrates [36,37] and carry out dehydration with N-to-C terminal directionality 

[38,39].

LanC Cyclases

The crystal structure of the nisin cyclase NisC (PDB accession code: 2G0D) reveals an α/α 

barrel fold with a catalytically requisite zinc ion positioned at the center of the toroid (Figure 

3A) [17]. There is weak but notable sequence conservation between NisC and the C-

terminal domain of the bifunctional class II LanM and class IV LanL enzymes, including 

conservation of the His/Cys/Cys residues that function as zinc ligands (Figure 1). The zinc 

ion is thought to activate the Cys thiols in the precursor peptide for nucleophilic attack on 

the dehydroamino acids. The overall fold of NisC resembles that of the β subunit of 

mammalian farnesyl transferase (PDB: 1FT1), which also contains a requisite zinc ion that 

activates a Cys thiol in a peptidic substrate for nucleophilic attack [40]. In farnesyl 

transferases, heterodimer formation between theα and β subunits generates the binding site 

for the substrate and tight association between the two is necessary for function. While there 

is no available data on how LanC enzymes control the site selectivity of cyclization, the 

NisC structure shows that the loops connecting several of the helices form a structural 

element that resembles various eukaryotic peptide-binding domains (e.g. SH3; Figure 3A), 

and this element may play a role in engaging the substrate peptide and helping dictate site 

specificity.
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The LanC enzymes have eukaryotic counterparts termed lanthionine synthetase C-like 

proteins (LanCL), which are proposed to play functional roles in various signaling processes 

[41,42]. For example, the human LanCL2 isoform and the plant GCR2 proteins are proposed 

to serve as sensors for abscisic acid, and mediate downstream signaling through divergent 

pathways. Human LanCL1 (PDB: 3E6U) has strong structural homology to NisC but lacks 

the putative peptide-binding structural element (Figure 3B) [43]. LanCL1 was shown to 

interact with the SH3 domain of the Eps8 receptor kinase with low micromolar affinity [43], 

to bind glutathione [43,44], and to have anti-oxidant activity in neurons [45,46]. An 

interesting hypothesis has been formulated in which LanCL1 may be involved in the 

formation of lanthionine in human brain [47]. However, the activity of the LanCL enzymes 

has not been firmly established, and additional accessory proteins (similar to the 

farnesyltransferaseα subunit) may be necessary components for an active complex.

Lantibiotic Proteases

Following the installation of Dha/Dhb by a lanthipeptide dehydratase, and the generation of 

the cyclic thioether linkages by a lantibiotic cyclase (and sometimes subsequent tailoring 

steps), the amino-terminal leader peptide is removed to yield the bioactive molecule. During 

the biosynthesis of class II lanthipeptides, leader peptide removal occurs concomitant with 

the transport of the modified precursor peptide, and is catalyzed by the papain-like Cys 

protease domain of LanT, a member of the ATP-binding membrane-integral cassette 

transporter superfamily [48]. The leader peptides of some class III lanthipeptides are 

removed by prolyl oligopeptidases, and one such peptidase was recently shown to only 

process substrates that contained a fully modified core peptide, suggesting a specificity 

mechanism designed to select against premature substrate cleavage [49]; similar specificity 

has also been observed for nisin [50].

For class I lanthipeptides, removal of the amino-terminal leader peptide is carried out by a 

subtilisin- like serine protease termed LanP [51]. Homology modeling, based on co-crystal 

structures of subtilisin BPN’ (PDB: 1SBT) and thermitase (PDB: 1THM), identified roles 

for subsites S1 and S4 (Schechter and Berger notation; [52]) of NisP in substrate 

recognition. Indeed, mutations at residues Arg-1 and Ala-4 in the NisA substrate 

compromised substrate cleavage [53]. More recent work on the protease from the epilancin 

15x biosynthetic cluster (ElxP) further subdivides the recognition elements into two clades: 

the (Ala/Gly-5)-(Ala-4)-x-x-(Arg-1) motif found in the C-terminus of the NisA leader 

sequence and related peptides (NisA class), and an (Asp/Glu-5)-(Leu/Val-4)-x-x-Gln-1 

motif found in the epilancin 15x leader (ElxA) and related peptides (ElxA class) [54]. 

Sequence-swapping experiments demonstrated that protease specificity, within a respective 

clade, is governed by these five-residue motifs in the leader sequence. Importantly, the 

recognition determinants for leader recognition/excision by these lantibiotic proteases are 

distinct from the conserved motifs important for substrate recognition by the enzymes 

involved in (methyl)lanthionine incorporation [5]. Studies of the unrelated cyanobactin 

RiPPs also support a model where distinct and non-overlapping recognition elements direct 

recognition by the different biosynthetic enzymes [55].
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The crystal structure of a NisP homolog from Staphylococcus aureus was recently 

determined by the Center for Structural Genomics of Infectious Diseases [56] (PDB: 3QFH), 

revealing a peptidase_S8 fold found in subtilisin-type serine proteases (Figure 3C), as 

expected from the strong conservation in primary sequence. The overall structure also 

contains a non-covalently linked amino- terminal pro-domain, which remained associated 

with the protease domain after autocatalytic processing. While this homolog is designated as 

EpiP, indicating that it is involved in the processing of the lantibiotic epidermin, this 

annotation is somewhat misleading as the corresponding biosynthetic cluster is not present 

in the organism from which the gene was cloned (S. aureus). Nonetheless, this enzyme 

shows strong sequence conservation with other LanP proteases, including NisP (41% 

identity over 151 aligned residues) and the true EpiP from S. epidermidis 15X154 (50% 

identity over 293 aligned residues).

Based on the recently reported structure, we generated a homology model of the NisP 

protease domain in complex with a NisA peptide and identified a canonical serine protease 

catalytic triad consisting of Asp259, His306 and Ser512. The substrate peptide can be 

accommodated into a well- defined and extended peptide-binding groove composed of 

multiple subsites (Figure 3D). The specificity for Arg-1 in the substrate is likely due to salt 

bridge formation between the guanidinium side chain of the substrate and Asp436, as well as 

additional interactions with the main chain carbonyls of Ala364, Ala404, and Ala438 of the 

protease. Notably, the retention of Thr2 in the NisA substrate would result in a clash with 

Tyr509, and suggests that the modified core peptide, with a Dhb at this position, may be a 

better substrate for the enzyme. Similarly, a number of aromatic residues including Phe477, 

Trp495, and Tyr509 restrict linear binding of the substrate past P3′, and the binding site may 

be better suited to accommodate a substrate that contains a cyclic topology. These 

observations provide a plausible explanation for the report that NisP only removes the N-

terminal leader peptide from the modified precursor peptide NisA and not from linear NisA 

[50].

Lantibiotic Immunity

Lantibiotic producing strains must protect themselves against the bactericidal activity of the 

fully processed product. Such producer strains encode a self-immunity system consisting of 

two different components: a multi-pass transmembrane ABC transporter system consisting 

of the LanFEG gene products [57], and a small, single-pass immunity protein termed LanI 

[58]. In several instances, most notably in the nisin producer L. lactis, the two components 

work synergistically, and biochemical and genetic knock-in experiments are consistent with 

a model in which the LanI protein intercepts the lanthipeptide, and the LanFEG complex 

transports the bioactive product from the membrane to the extracellular space [59]. The 

ability to bind nisin was mapped to the carboxy-terminus of the NisI protein, but additional 

interactions between NisI and NisFEG are needed to confer complete resistance against 

active nisin [60]. A similar self-immunity determinant is found in the subtilin producer 

Bacillus subtilis ATCC6633, wherein expression of the SpaI and the SpaFEG systems are 

required for complete resistance. However, despite the fact that subtilin and nisin share very 

similar ring topologies and primary sequences, the SpaI gene does not confer resistance to 

nisin and the NisI gene does not function on subtilin [61].
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The solution NMR structure of SpaI (PDB: 2LVL), in which the lipid anchor and the amino-

terminal 17 residues were deleted, reveals an extended fold consisting solely of β-strands 

(Figure 4A) [62]. The first 32 residues, and last 4 residues of the protein are highly flexible, 

and the stable structure core spans Thr32 through Lys139. A longer construct of SpaI, from 

which the Cys1 diacylglycerol- anchoring site was deleted but the remainder of the amino-

terminus was retained, was shown to bind to synthetic multilamellar liposomes, even in the 

absence of the lipid anchor. Moreover, titration experiments showed large changes in the 

chemical shifts of the amino-terminal residues and suggest a direct interaction between the 

first 10 residues of the protein and the membrane. Unfortunately, as lanthipeptides are 

generally poorly soluble in aqueous solutions, no direct structural data are available that 

provide information for how LanI immunity proteins would engage their cognate 

lantibiotics.

Lantibiotic Tailoring Enzymes

In addition to the enzymes that install the cyclic thioether linkages and carry out proteolysis 

of the modified lanthipeptide, a number of additional tailoring (as opposed to lanthionine-

forming) enzymes involved in lantibiotic maturation have been characterized. Structural data 

of lantibiotic tailoring enzymes have been limited and consisted until recently only of the 

structures of the enzymes EpiD (PDB: 1G63) [63] and MrsD (PDB: 1P3Y) [64] that 

catalyze Cys oxidation/decarboxylation to generate an enethiolate intermediate. These 

structures reveal a conserved Rossman fold architecture similar to that of flavodoxins, which 

assemble to form a dodecameric structure. The requisite flavin co-factor is bound with the 

Re face exposed to solvent, and co-crystal structures show binding of a pentapeptide 

substrate in an extended manner (Figure 4B). The carboxy-terminal Cys of the peptide is 

held in place above the isoalloxazine ring of the cofactor.

More recently, the structure of the short-chain dehydrogenase ElxO involved in the 

maturation of epilancin 15X was solved (PDB: 4QEC) [54]. During the biosynthesis of this 

lanthipeptide, removal of the leader sequence exposes an amino-terminal Dha that 

hydrolyzes to a pyruvyl group. The ElxO dehydrogenase then catalyzes the reduction of the 

ketone to generate an amino-terminal lactyl group in an NADP(H)-dependent manner. 

Mutational analysis identified several active site residues that function in catalysis, including 

Tyr152 that acts as the general acid and base, Lys156 that participates as an electrostatic 

catalyst, and Ser139 that polarizes the substrate peptide carbonyl [54]. Although a co-crystal 

structure with a substrate peptide is not available, a solvent-exposed surface diagram reveals 

an extensive groove along the active site trajectory that could serve as the peptide-binding 

site (Figure 4C).

CONCLUSION

Research over the past decade has provided compelling evidence that RiPPs harbor 

structural and chemical complexities comparable to those found in natural products 

generated through non- ribosomal pathways [3]. The discovery and reconstitution of 

numerous RiPP pathways have resulted in an appreciation of the diversity of scaffolds that 

can be generated from linear peptide precursors and have prompted many successful 
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genome mining exercises [65]. Biochemical and structural biological efforts are beginning 

to provide routes for protein engineering experiments aimed at further diversifying RiPP 

natural products. The combination of RiPP biosynthetic machinery with technologies such 

as synthetic biology or the use of suppressor tRNAs to expand the genetic code may allow 

for the future production of small molecules that are beyond the scope of Nature [66-69].
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Highlights

• Dehydration of precursor peptides by class I lanthipeptide dehydratases involves 

glutamylation of Ser and Thr residues

• The first structural insights into recognition of the substrate by lanthipeptide 

proteases have been reported

• Structure of an immunity protein helps understand self-protection by lantibiotic 

producing bacteria

• The structure of the dehydrogenase ElxO provides insights into the biosynthesis 

of epilancin 15X
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Figure 1. 
Structures of the canonical post-translational modifications in lanthipeptides, overview of 

the four classes of lanthipeptide biosynthesis, and structures of representative members. The 

class I lantibiotics, such as nisin, are generated by two independent enzymes (LanB 

dehydratase and LanC cyclase); class II molecules like mersacidin and cinnamycin are 

biosynthesized by a bifunctional enzyme that contains both dehydration and cyclization 

activities; the biosynthesis of class III molecules, such as SapT or labyrinthopeptin A2, is 

carried out by a single protein that has lyase, kinase, and cyclase domains but lacks the 

signature zinc-ligands in the cyclase domain. Some class III lanthipeptides contain labionin 

moieties; class IV lantibiotics, such as venezuelin are generated by an enzyme that also 

contains lyase and kinase domains but a LanC-like cyclase domain that contains the metal 

ligands.

van der Donk and Nair Page 13

Curr Opin Struct Biol. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. 
The biosynthesis of the class I lantibiotic nisin is catalyzed by a dehydratase NisB and a 

cyclase NisC. The activation of Ser/Thr by the addition of glutamate was uncovered by 

analysis of NisB mutants. Wild type NisB is able to eliminate the glutamates to generate the 

dehydroamino acid residues. During normal catalysis, the glutamates are cryptic and never 

observed. The NisC cyclase carries out cyclization in a zinc-dependent manner but the 

molecular mechanism that governs site specificity for thioether formation is not yet known. 

The leader peptide is removed from the modified peptide by a specific protease to yield the 

bioactive natural product. Lanthionines are shown in red, methyllanthionines in blue.
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Figure 3. 
Structures of the nisin cyclase NisC, the eukaryotic lanthionine synthase C-like protein 

LanCL1, a lanthipeptide protease-like protein from S. aureus, and the protease NisP. (A) 

NisC contains a structural element resembling eukaryotic peptide binding domains that is 

missing in the LanCL proteins such as LanCL1 (B). (C) Crystal structure of the orphan 

lantibiotic protease homolog from S. aureus with the prodomain colored in cyan and the 

catalytic domain colored in green and blue. (D) A model of the NisP protease in complex 

with an unmodified NisA peptide substrate, generated using the S. aureus orphan enzyme as 

a template. Protease residues are shown in yellow and substrate residues are shown in green. 

The presence of an aromatic wall that blocks the carboxy- terminal end of the substrate-

binding site may facilitate a preference for modified substrates containing a thioether cycle.
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Figure 4. 
Structures of lanthipeptide immunity proteins and tailoring enzymes. (A) The coordinated 

actions of the LanFEG transport system and the LanI lantibiotic-binding protein confer self-

immunity against lantibiotic toxicity in producing strains. The depicted orientation of the 

immunity protein is based upon the NMR structure of SpaI and biochemical data that 

suggest that the amino-terminus of the immunity protein binds to lipid membranes even in 

the absence of a covalent anchor. Presumably, the immunity protein would act to bind 

directly to lantibiotics that are then expelled from the cell through the FEG transport system. 
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While several lanthipeptide tailoring enzymes have been characterized, structural data are 

available only for (B) oxidative decarboxylases, illustrated for EpiD (shown in pink and 

green) involved in the maturation of epidermin, and (C) the short-chain dehydrogenase ElxO 

that processes epilancin 15X (shown in purple and red).
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