
INTRODUCTION

Antibiotics have served humanity for decades, saving

millions of lives from deadly infections. After the discov-

ery of penicillin, the so-called “the Golden Age” of

antibiotic discovery began. Over the period from 1928 to

1980, more than 10 types of antibiotics were discovered

[1]. However, nowadays humanity faces a serious threat

from the widespread emergence of microbial resistance to

antimicrobial agents due to their uncontrolled use in agri-

culture and improper and excessive use in medicine.

Humanity is entering the post-antibiotic era [2] accord-

ing to the World Health Organization (WHO). This sce-

nario is further complicated by the emergence of multiple

drug-resistant strains that are no longer sensitive to sever-

al types of antibiotics. The most common in clinical prac-

tice are methicillin-resistant Staphylococcus aureus

(MRSA), vancomycin-resistant Staphylococcus aureus

(VRSA), and vancomycin-resistant Enterococci (VRE).

They represent the leading cause of serious nosocomial

infections. Clostridial infection is another example of

common infectious cause of the hospital-acquired diar-

rhea. In recent years, the number of infected people and

mortality rates are increasing, and new treatment options

are needed [3]. Thus, the scientific and medical commu-

nity emphasizes the essential role of studies devoted to

design of alternative antimicrobial drugs.

Several approaches are currently being developed to

find new antibiotics. Synthetic biology techniques and

rational design methods are used to create compounds
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with improved antimicrobial and stability properties [4].

The development of bioinformatic methods and the

expansion of genome databases made it possible to find

new biosynthetic clusters of antimicrobial compounds

using genome mining techniques [5]. High-throughput

screening techniques are used to find natural antibiotics

in exotic microbial communities [6]. The use of artificial

intelligence in virtual screening of chemical compound

libraries for the ability to exhibit significant antimicrobial

activity also offers some promise in this field [7].

Safety and efficacy are crucial criteria for the devel-

opment of new compounds useful in clinical practice.

Peptides are promising candidates for the role of model

entities for the creation of new drugs. They have high

selectivity and efficiency of interaction with the targets

and are easily metabolized in the body. Advances in pep-

tide synthesis and biotechnology promote the reduction

of production costs [8]. To date, more than 60 peptide

drugs are on the market. They are used for the treatment

of diabetes, cancer, and orphan diseases [9].

Peptides have high potential in the area of develop-

ment of novel antimicrobials. However, antimicrobial

peptides (AMP) have not been widely applied in practice,

despite numerous attempts to create therapeutic drugs on

their basis. Clinical applications of AMPs are limited due

to the many complexities often associated with low selec-

tivity [10]. The natural level of AMP production is rela-

tively low and chemical synthesis is often associated with

technical difficulties and large financial investments [11].

One of the most serious drawbacks of AMPs is their sen-

sitivity to proteolysis, which dramatically impairs phar-

macokinetic properties. Nonetheless, there are promising

classes of AMPs that can serve as a template for the gen-

eration of peptide antibiotics by the methods of directed

evolution and high-throughput screening.

Ribosomally synthesized and post-translationally

modified peptides (RiPPs) attract particular interest in

this case. Biosynthesis of RiPPs begins with the formation

of a precursor peptide. It consists of a leader sequence

that is recognized by the modifying enzymes and a struc-

tural sequence that undergoes subsequent modifications.

At the last stage, the leader sequence is processed by pro-

teases, and the mature RiPP is exported into the extracel-

lular environment [12].

The genetically encoded sequence of these peptides

makes it easy to introduce changes in their structure [13].

A large set of possible modifications potentially creates a

wide range of structures and functional groups combined

in a single molecule, which, in turn, can be produced by

recombinant organisms. Thus, RiPPs have unique advan-

tages for creating compounds with different biological

activities, improving the stability of these molecules [14],

and making them attractive for therapeutic use [15, 16].

Considerable interest in this area is supported by the

development of the whole-genome sequencing technolo-

gies and metagenomic mining, intensifying the identifi-

cation of gene clusters potentially responsible for RiPPs

biosynthesis [17, 18]. Approximately 20 families of RiPPs

are known that have characteristic structures, biosynthet-

ic pathways, and biological activity [19]. They include

lantipeptides, cyanobactins, botramycins, lasso peptides,

microviridins, and others.

LANTIPEPTIDES AND LANTIBIOTICS

Lantipeptides are a group of RiPPs produced by

Gram-positive bacteria [20]. They contain residues of

non-canonical amino acids lanthionine and methyllan-

thionine, which form intramolecular thioether bonds

(Fig. 1a), and several other modifications such as dehy-

dration of Thr or Ser residues forming dehydrobutyrine

(Dhb) and dehydroalanine (Dha), N-terminal acetyla-

tion, etc. Lantipeptides are encoded in the producer’ s

genome in the form of a pre-peptide consisting of a leader

sequence and a structural peptide. The leader sequence is

recognized by the modifying enzyme and directs the mat-

uration of the lantipeptide. Structural peptides undergo

modification, cleavage of the leader sequence, and then

become active molecules (Fig. 1b). It is known that lan-

tipeptides can act as signaling or regulatory molecules

[21, 22], but the most attractive group of them are the so-

called lantibiotics (lantipeptides with antibacterial activi-

ty).

Genes encoding enzymes for the lantipeptide

biosynthesis are often identified as clusters on chromo-

somes, mobile elements, or plasmids of Gram-positive

bacteria. According to the commonly accepted designa-

tions [23], the gene coding for the structural peptide is

called lanA. The enzymes that carry out basic modifica-

tions are lanB and lanC or lanM, lanL (for multifunction-

al enzymes modifying lantibiotics of classes 2 and 4), lanT

for the transporter protein, lanP – specific protease that

processes the leader sequence, additional modifying

enzymes have their unique names. Lan in the name of a

gene or its product is replaced with the relevant abbrevia-

tion for a specific lantibiotic.

CLASSIFICATION OF LANTIBIOTICS

The modern classification system for lantibiotics is based

on the difference in the structure of enzymes that dehy-

drate and cyclize the structural peptide and mechanisms

by which these modifications are introduced [19]. Today

there are 4 main classes of lantipeptides (Fig. 2).

Class I. This class includes lantibiotics in which the

main modifications are made by two separate enzymes:

LanB, which performs dehydration, and LanC, which

enables cyclization and theformation of lanthionine and

methylanthionine residues. The biosynthetic cluster also

includes specific proteases, ABC-transporters, enzymes
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that introduce additional modifications, regulatory ele-

ments, and proteins that provide self-immunity to lan-

tibiotic. Genomic studies have shown that lantibiotic

class I biosynthetic clusters are widespread among the

bacteria from different phyla [24].

Lantipeptides of this class are divided into sub-

groups: nisin-like, epidermin-like, and Pep5-like lan-

tipeptides, based on the similarity of the pre-peptide

leader sequence recognized by the modification system.

A distinctive feature of the class I lantibiotics is the

mechanism of dehydration of the structural peptide.

Mechanistic studies of biosynthesis were mainly focused

on the nisin as the best-studied and most significant rep-

resentative of the class. Despite the success in producing

the heterologous system of nisin biosynthesis [25], the

researchers were unable to reconstruct this process in vitro

for a long time. The first positive results were reported by

Garg et al. [26], in which the addition of ATP, MgCl2, and

cell lysate from Escherichia coli to NisB in the reaction

mixture resulted in complete dehydration of the NisA

pre-peptide. Examination of the mutated forms of the

enzyme showed the formation of a glutamylated interme-

diate product, that could be converted into the dehydrat-

ed peptide without additional components. The ultimate

mechanism of dehydration of NisB was discovered after

determining the role of the source of glutamate residues,

glutamyl-tRNA [27]. LanB activates the hydroxyl group

on the Ser/Thr side group by adding a glutamate residue

from the glutamyl-tRNA. Then directed dissociation of

the proton from the activated amino acid occurs, which

leads to the elimination of glutamate with the formation

of the dehydroamino acid (Fig. 3a).

Fig. 1. a) Structure of dehydrated amino acid residues and thioether cross-links typical for lantipeptides. b) General lantipeptide biosynthet-

ic pathway; adapted from [20]. Designations: Dha, dehydroalanine; Dhb, dehydrobutyrine; Abu, alpha-aminobutyric acid. (Colored versions

of Figs. 1-8 are available in online version of the article and can be accessed at: https://www.springer.com/journal/10541)

Fig. 2. Schematic representation of enzymes involved in the biosynthesis of lantibiotics. Vertical bands indicate conserved regions that are

required for catalytic activity, bandwidth schematically illustrates the relative size of the conserved region.

a b
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Cyclization and formation of the thioether ring are

mediated by the enzyme LanC. It has structural similari-

ty to the cyclase domain of multifunctional enzymes

LanM [28] and LanL [29] of lantibiotics class II and IV,

respectively. This similarity originates from the presence

of the zinc-binding domain in these groups of enzymes,

which may indicate similar cyclization mechanisms.

The mature peptide is transported by the specific

LanT transporters. The membrane association, as well as

the presence of two ATP-binding Walker motifs, indicates

that they belong to the ABC-transporter family [30].

LanTs recognize the leader sequence during the transport

process, while the structural peptide may differ from the

natural one [31]. This flexibility makes it possible to adapt

the machinery of lantibiotic biosynthesis for the creation

of biologically active compound libraries in vivo. The

leader peptide is processed by the subtilisin-like serine

protease LanP. It can be anchored to the membrane or

localized in the cytoplasm. However, the order of prote-

olytic activation is not completely established for all

LanPs. Extracellular localization is shown for NisP, and

proteolysis of the leader sequence occurs after the pre-

peptide secretion. Effective recognition of the substrate

and subsequent proteolysis requires the presence of at

least one lanthionine in the structural part of the pre-pep-

tide [32].

In addition to the main modifications, the presence

of lactate at the N-terminus of the polypeptide chain [33]

or acetylation [34], as well as the formation of amino

vinyl cysteine (AviCys) at the C-terminus [35], is a com-

mon feature for this class of lantipeptides (Fig. 3b). The

most famous representative of class I lantibiotics is nisin,

which has been successfully used as a preservative in the

food industry for more than 50 years [36]. The lantibiotic

microbisporicin A1, also known as NAI-107, exhibits

substantial activity against clinically significant pathogens

such as S. aureus MRSA and Clostridium difficile. NAI-

107 is undergoing pre-clinical trials for the treatment of

infections caused by multidrug-resistant bacteria [37, 38].

The specific feature of this lantibiotic is the presence of a

halogenated Trp residue and mono- or dihydroxylation of

the Pro residue, which are necessary for its antimicrobial

activity [39].

Class II. This class includes lantibiotics, which are

dehydrated and cyclized by the multifunctional enzyme

LanM. At the N-terminus of the enzyme, there is a

domain responsible for dehydration of the pre-peptide.

The C-terminal domain is homologous to the LanC

a

b

Fig. 3. a) Scheme describing dehydration of the class I lantibiotics by LanB enzyme. b) Structures of some class I lantibiotics with various post-

translational modifications. Designations: Lac, lactate; Dha, dehydroalanine: Dhb, dehydrobutyrine; Pyr, 2-oxopropionyl; Abu, alpha-

aminobutyric acid; R′, R′′, lantipeptide polypeptide chain; Xn, fragment of the polypeptide chain consisting of n amino acid residues, where n

is a number from 1 to 20; adapted from [20].
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cyclase of the class I lantibiotics and has a zinc-binding

domain. Studies of the enzyme activity in vitro showed

that the presence of ATP and Mg2+ ions is necessary for

dehydration, and the use of analogs of the natural sub-

strate led to the formation of an intermediate phosphory-

lated at Ser/Thr residues [40]. Thus, in class II lantibi-

otics, as well as in class III and IV described below, dehy-

dration of Ser and Thr residues occurs through the phos-

phorylation stage, while for the class I lantibiotics, the

process proceeds through the glutamylated derivatives

(Fig. 4). The N-terminal domain of LanM has structural

homology with eukaryotic lipid kinases, such as phospho-

inositide 3-kinase (PI3K) [41], while these enzymes have

low sequence identity.

Dehydration and cyclization are carried out by the

LanM enzymes independently, which is confirmed by

experiments with an individual expression of each

domain [42, 43]. An important property of lantipeptide

synthetases is their strict stereoselectivity in the formation

of thioether bridges and regioselectivity. An exceptional

case is the enzyme CylM, which modifies a two-compo-

nent class II lantibiotic cytolysin from Enterococcus fae-

calis. Cytolysin consists of two peptides: cytolysin L and

cytolysin S, which contain two variants of methyllanthio-

nine: one in the classic DL configuration, which is char-

acteristic of most lantibiotics, and the other in the rarer

LL configuration [44]. Thus, CylM can form thioether

bridges of different configurations within one peptide.

Lantipeptide synthetase ProcM has a broad substrate

specificity. Analysis of the cluster of prochlorosin biosyn-

thesis including ProcM, showed the presence of 30 pep-

tides with different amino acid sequences. Despite a large

number of substrate variants, ProcM modifies each pre-

peptide into a lantipeptide with a strictly defined mor-

phology [45]. The family of ProcM-like enzymes displays

the widest range of substrate specificity known so far [46].

In most cases, transport is carried out by the specific

ABC-transporter LanT that also has a protease domain

[47]. During the transport of the pre-peptide across the

membrane, the leader sequence is removed, and the

active lantibiotic is secreted into the extracellular envi-

ronment. Proteolysis occurs in the region of the Gly-Gly

Fig. 4. Formation of thioester amino acids in the biosynthesis of lantipeptides of different classes. Designations: Dha, dehydroalanine;

Dhb, dehydrobutyrine; R′, R′′, parts of the polypeptide chain of lantipeptide; Xn,m, fragment of the polypeptide chain, consisting of n- or

m-number of amino acid residues, where n and m are numbers from 1 to 20.
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motif at the C-terminus of the leader. The leader peptide

sequence is important for the LanT-driven transport,

while the structural peptide may differ from the native

one [48]. However, in the case of prochlorosins and lich-

necidin, the transporter is also tolerant to the leader pep-

tide, which is confirmed by the variability found in the

leader sequence among the lantibiotics of the same clus-

ter. Additional proteases are found for several lantibiotics

of the class II, cleaving amino acids from the N-terminus

of the structural peptide after the leader sequence has

been processed [49].

Class II lantibiotics are distinguished by a more glob-

ular structure compared to the class I, furthermore, a

unique group is also clustered from them – the two-pep-

tide lantibiotics. Antibiotic activity of the two-peptide

lantibiotics is based on a dual mechanism of binding to

lipid II and pore formation. Among the two-peptide lan-

tibiotics, lacticin 3147 has a remarkable activity. It is

active against a wide range of Gram-positive bacteria,

including methicillin-resistant S. aureus, vancomycin-

resistant E. faecalis, Propionibacterium acne, and

Streptococcus mutans [50]. Another two-peptide lantibiot-

ic, haloduracin, is more active against vancomycin-resist-

ant E. faecalis than nisin and is more stable under physi-

ological conditions [51]. Traditionally, lactic acid bacteria

have been considered as sources of new lantibiotics.

However, with the development of whole-genome

sequencing and genome mining, more and more active

lantibiotics are found outside of this group of bacteria.

The ticin A4 biosynthesis cluster was found in the bac-

terium Bacillus thuringiensis BMB3201 [52]. This lantibi-

otic exhibited activity similar to that of nisin against a

wide range of Gram-positive bacteria. It was found that

ticin A4 retained its antibiotic properties in the pH range

2-9 and was moderately resistant to the treatment with

proteases such as trypsin, papain, and β-amylase.

Another example of the class II lantibiotic that has

potential in medical application is NVB302. It is a semi-

synthetic derivative of deoxyactagardine, lantibiotic from

the bacterium Actinoplanes garbadinensis. In 2012,

Novacta announced the successful completion of the first

phase of clinical trials with NVB302 for the treatment of

C. difficile infections. NVB302 has an efficacy similar to

vancomycin against C. difficile; its advantage is a faster

recovery of the Bacteroides fragilis population after the

end of therapy [53]. B. fragilis is a part of the normal gut

microbiota. It is assumed that the less severe antibiotic

effect on this group of bacteria during clostridial infec-

tions leads to fewer fluctuations in the anaerobic intestin-

al microflora and reduces the risk of relapses [54].

Class III. This class of lantipeptides has been identi-

fied relatively recently. The main modifications are per-

formed by the multifunctional enzyme LanKC [55].

Unlike LanM, LanKC consists of three domains: N-ter-

minal lyase, central kinase, and C-terminal cyclase. The

lyase and kinase domains perform dehydration, while the

cyclase domain forms thioether rings. LanKC does not

have a zinc-binding motif, but it exhibits homology with

other cyclase domains [56]. Differences are also observed

in the structure of the peptides since the formation of

labionin is characteristic among some representatives of

this class. Such peptides are classified into the

labyrinthopeptin group. Formation of the additional car-

bon-carbon bond in labionin occurs upon the attack of

dehydroalanine on enol intermediate, which is protonat-

ed in the case of lanthionin formation [57]. Reconstruction

of the biosynthesis of labirynthopeptins in vitro showed

that the dehydration process occurred sequentially from

the C-terminus of the peptide to the N-terminus, and

labionin was formed from the Ser(Xxx)2Ser(Xxx)3Cys

motif. Dehydration occurs via the phosphorylated deriv-

ative as in the class II lantibiotics. LanKC enzymes utilize

different nucleoside triphosphates as a substrate: LabKC

uses only GTP when modifying labyrinthopeptin [58],

while AviKC, which synthesizes catenulipeptin, can use

ATP, TTP, GTP, and CTP [59].

For a long time, it was not known how exactly the

leader sequence is processed since no specific protease or

transporter with a protease domain was found within the

biosynthesis cluster. The presence of several residues from

the leader sequence at the N-terminus of the structural

peptide was often observed. The main assumption was

that endopeptidase, which processes the leader, and

aminopeptidase, which removes the remaining amino

acids, are present. The discovery of the NAI-122 lan-

tipeptide and the study of its biosynthetic cluster showed

the presence of a specific protease AplP with a dual func-

tion [60]. It is a zinc-dependent bifunctional protease

with endo- and aminopeptidase activity. First, AplP, as an

endopeptidase, cleaves the leader sequence at the con-

served EL-Q motif, then removes the remaining amino

acids, as aminopeptidase [61]. Further analysis showed

the presence of AplP-like proteases in all genomes of the

class III lantipeptide producers outside the lantipeptide

biosynthetic cluster. The ability of these proteases to form

mature lantipeptides was confirmed in vitro.

Currently, the known class III lantipeptides do not

exhibit obvious antimicrobial properties, therefore the

term lantibiotics is inapplicable for them. They are

thought to have regulatory functions as signaling mole-

cules. SapT has been shown to stimulate the formation of

air hyphae in streptomycetes [62]. The potential use of

lantipeptides is not limited to antibiotic activity. Studies

in a mouse model of pain have shown an antinociceptive

effect of the NAI-122 lantipeptide from Actinoplanes

DSM 24059 [63]. Systemic administration of 1-10 µg/kg

NAI-122 resulted in the dose-dependent decrease in the

development of formalin-induced pain behavior in mice.

Lantipeptide was also active in the experiments on the

relief of chronic pain. Several lantipeptides have been

shown to have antiviral properties. Labyrinthopeptin A1

exhibited significant activity against human immunodefi-
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ciency virus (HIV) and herpes virus in the cell models

[64]. Synergistic effects with the clinically approved anti-

retrovirals and low toxicity to vaginal strains of

Lactobacillus demonstrate its potential in the treatment of

sexually transmitted diseases.

Class IV. It is one of the least studied groups of lan-

tipeptides known today. The first characterized biosyn-

thetic system of the class IV lantipeptides was found in

Streptomyces venezuelae after genomic screening for pro-

teins homologous to LanC. The peptide was named

venezuelin, and its synthetase was named VenL [65].

Lantipeptide synthetases of the class IV LanL are multi-

functional enzymes consisting of three domains: the lyase

and cyclase domains are homologous to those of LanKC,

and the cyclase domain is a homolog of LanM, since it

has a characteristic zinc-binding motif. Despite the pres-

ence of all components of the venezuelin biosynthesis

cluster, its production was not detected in the wild-type

strain. Determination of the structure and properties of

the LanL peptide and enzyme was carried out in vitro.

Families of the lantipeptide-like genetic clusters were

identified during the phylogenetic analysis of actinobac-

teria for the presence of LanC-like proteins [66]. In par-

ticular, with this analysis, several venezuelin-like peptides

common among bacteria of the genus Streptomyces were

found.

Streptocollin – another lantipeptide from this fami-

ly produced by Streptomyces collinus Tu 365, was discov-

ered similarly [67]. Dehydration and cyclization

processed catalyzed by the LanL enzyme were studied

using globisporicin biosynthesis as an example [68]. It was

found that the SgbL enzyme recognized the α-helical

region of the leader peptide located in its N-terminal

part. The recognition occurred in the kinase part of SgbL,

but not in the lyase one. The dehydration process

occurred sequentially from the N-terminus to the C-ter-

minus of the structural peptide through the phosphorylat-

ed derivative.

No specific protease processing the leader sequence

has been found so far for the class IV lantipeptides. It is

assumed that the maturation of a lantipeptide occurs with

the participation of the producer’ s endopeptidases and

aminopeptidases.

Currently, the biological function of the class IV lan-

tipeptides remains unknown. For streptocollin, a

mediocre inhibitory activity against the protein tyrosine

phosphatase 1B (PTP1B) was found – 33% inhibition at

the streptocollin concentration of 50 µM [67].

BIOLOGICAL ACTIVITY OF LANTIBIOTICS

The antimicrobial effect of lantibiotics was first dis-

covered in 1927 in the study of the inhibitory effect of

Lactococcus lactis on the growth of Lactobacillus bulgari-

cus [69]. In 1947 Mattick et al. [70] isolated the lantibiot-

ic nisin from the cultivation medium of L. lactis. Now it

is widely used in the food industry worldwide as a preser-

vative (food additive E243). Nisin is the most researched

representative of lantibiotics with an extensively studied

spectrum of antimicrobial activity, mechanism of action,

and biosynthesis.

Lipid II is the main target on the surface of Gram-

positive bacteria for many lantibiotics. This molecule

plays a critical role in the formation of the bacterial cell

wall. It acts as a carrier of peptidoglycans of the bacterial

cell wall from the inner side of the membrane, where they

are formed, to the outer side, where the cell wall matures.

Since the number of lipid II molecules in the bacterial

membrane is limited [71], lipid II binding to lantibiotic

molecules blocks the cell wall synthesis, which subse-

quently leads to cell death. An important feature of lipid

II is its conservatism among prokaryotes. Therefore,

antibiotics that bind lipid II display a broad spectrum of

activity and have the potential for the development of new

drugs [72]. Lipid II is unique to prokaryotes, making

these antimicrobial agents potentially safe for eukaryotic

cells. The group of antibiotics that bind lipid II includes

vancomycin, a tricyclic glycopeptide used in medicine for

the treatment of serious infectious diseases, including

those caused by multi-resistant bacteria, and is one of the

“drugs of last resort”. However, the number of pathogen-

ic bacterial strains resistant to vancomycin has been grow-

ing recently. In this regard, lantibiotics can take over,

since they bind to another site on the lipid II molecule

(Fig. 5), and can inhibit the growth of bacteria resistant to

Fig. 5. Schematic representation of lipid II structure.

Designations: G, N-acetylglucosamine; M, N-acetylmuramic

acid; P, phosphate group; red lines mark the binding areas of van-

comycin, nisin, and mersacidin.
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known antibiotics. In vitro experiments have shown that

the lantibiotic microbisporicin was capable of inhibiting

the growth of the E. faecalis strain resistant to van-

comycin with a minimum inhibitory concentration of

0.5 µg/ml [39], nisin – 4 µg/ml [39], the two-peptide lan-

tibiotic lacticin 3147 – 1.9 µg/ml [73].

In addition to inhibiting the cell wall biosynthesis,

some lantibiotics form pores in the cytoplasmic mem-

brane (Fig. 6), which also leads to bacterial cell death

[74]. Pore formation is lipid II-dependent in most cases

since lantibiotics bind to the bacterial membrane through

lipid II. In the case of nisin, two rings in the N-terminal

part form a pyrophosphate-binding pocket, which binds

the undecaprenyl pyrophosphate part of lipid II, and the

C-terminus is involved in pore formation [75]. A study by

Hasper et al. [76] showed that pore formation involved 8

nisin and 4 lipid II molecules, which ensured the binding

of the lantibiotic to the membrane.

Cinnamycin-like lantibiotics, which also include

duramycin and ancoverin, form a separate group of lan-

tibiotics. Apart from the globular structure and the pres-

ence of a noncanonical amino acid residue, lysinoala-

nine, they differ in the target to which they bind on the

cell membrane [77]. Phosphatidylethanolamine (PE) is

an important representative of phospholipids. PE partici-

pates in the negative charge distribution on the mem-

brane, it also plays the role of a precursor for the synthe-

sis of other phospholipids, takes part in signaling cascades

[78], and imparts special physicochemical properties to

the plasma membrane necessary for the functioning of

membrane proteins [79]. In eukaryotic cells, PE is main-

ly present on the inner surface of the plasma membrane.

For most bacteria, PE is the main zwitterionic phospho-

lipid. Moreover, in Gram-negative bacteria, the content

of PE in the membrane is higher than in Gram-positive

bacteria. [80]. High selectivity of cinnamycin-like lantibi-

otics to PE is achieved with the formation of a network of

hydrogen bonds with lipid phosphates. In contrast to the

bulkier choline group of phosphatidylcholine, the com-

pact structure of the ammonium-binding domain of cin-

namycin-like lantibiotics is complementary to a small

group of PE [81]. The exact mechanism of antimicrobial

action of this group of lantibiotics is still unknown.

However, it is assumed that the binding of cinnamycin to

phosphatidylethanolamine leads to an increase in the

permeability of the cell membrane, which leads to cell

death [82]. For duramycin, changes in morphology and

disruption of cell integrity were shown in susceptible

strains Bacillus BC15 and Bacillus subtilis 168 [83]. It was

found that susceptible bacterial strains also developed

resistance to higher concentrations following incubation

with the low concentration of lantibiotic. Analysis of the

composition of bacterial membranes before and after the

emergence of resistance showed that bacteria with the

acquired resistance had a reduced content of PE. Thus,

the sensitivity of microorganisms to lantibiotics from the

cinnamycin family correlates with the phospholipid com-

position of the bacterial membranes, which limits their

use as broad-spectrum antibiotics. Nevertheless, selectiv-

ity to PE has potential applications in medicine.

Duramycin is in the second phase of clinical trials as a

drug for the treatment of cystic fibrosis [84]. Binding of

duramycin to PE on the surface of lung epithelial cells

stimulates the secretion of chloride ions, which, in turn,

entails the secretion of water and stimulates cleansing of

mucus from the lungs. Cinnamycin-like lantibiotics also

Fig. 6. Schematic representation of different mechanisms of the lantibiotic antimicrobial action on Gram-positive bacteria.
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find applications in bioimaging. PE becomes widespread

on the cell surface during apoptosis [85], as well as during

eukaryotic cell division [86], which enables the use of PE

as a molecular marker in the study of the cellular process-

es. Biotinylated or radiolabeled duramycin and cin-

namycin are used for detection of PE on the cell sur-

face [87].

BIOENGINEERING OF LANTIBIOTICS

AND DIRECTED EVOLUTION

OF ANTIBIOTIC ACTIVITY

Lantibiotics have great potential in the development

of new antimicrobial drugs. The traditional strategy in

antibiotic discovery is to isolate a natural producer strain

from various sources and analyze the antimicrobial prop-

erties of its metabolites. This approach has limitations as

it is only suitable for cultured bacteria. The development

of whole-genome sequencing and genomic mining tech-

nologies enables the discovery of new lantibiotics that

were not previously isolated from natural sources, such as

unculturable microorganisms. Various approaches of syn-

thetic biology are used to study biosynthetic clusters of

lantibiotics, from cell-free systems to heterologous pro-

duction.

Cell-free systems are practically unlimited in the size

of the combinatorial library since there is no need for

transformation of the producer cells – the stage that lim-

its this parameter in cellular biosynthesis systems. An

in vitro system was developed for the synthesis of a lan-

tipeptide library based on mRNA display [88]. In vitro

transcribed mRNA was used as a template for peptide

synthesis. An oligonucleotide carrying puromycin at the

3′-end of the open reading frame was used to connect

mRNA to the translated peptide. This oligonucleotide

was attached to the 3′-end of the mRNA by photoinduced

crosslinking due to the presence of psoralen at its 5′-end.

The lysine residue was replaced by 4-selenolysine, which

was transformed into dehydroalanine upon treatment

with hydrogen peroxide. After immobilization of the pre-

peptide on the column and corresponding change of

buffers, lanthionines were formed. Thus, a completely

artificial enzyme-free system was designed to create more

than 1011 lantipeptide variants. Molecules with high

specificity for sortase A, the enzyme responsible for the

virulence of S. aureus, were isolated from this library.

Heterologous systems for expression of the lantibiot-

ic clusters are used in the high-throughput screening of

libraries of the mutant variants of lantibiotics for more

active and stable compounds. The use of heterologous

expression systems enables the production of lantibiotics

in quantities sufficient for carrying out comprehensive

studies of their structure and functions.

L. lactis is a lactic acid bacterium that is often used

for heterologous protein expression. The NICE (NIsin-

Controlled Expression system) expression system was

created based on the L. lactis nisin biosynthetic cluster

[89]. Nisin production in L. lactis and other nisin-pro-

ducing bacteria is autoinduced. When nisin appears in the

medium, the membrane-associated kinase NisK is

autophosphorylated. After that, it phosphorylates the

intracellular regulatory protein NisR, which binds to the

nisA promoter and triggers the expression of the down-

stream genes. Thus, the controlled overexpression of the

desired recombinant lantibiotic is realized. The biosyn-

thetic cluster of the class II lantibiotic nukacin ISK-1 was

investigated using the NICE system [90]. This approach

allowed to reduce the level of proteolytic degradation of

the lantibiotic, which was observed in the natural produc-

er, and to determine the minimum set of genes required

for production of the active lantibiotic.

Numerous structural and functional studies of lan-

tibiotics have shown the presence of characteristic motifs

and certain topology of the rings facilitating their inher-

ent mechanism of action, e.g., a pyrophosphate-binding

cavity in the nisin-like lantibiotics [75] or the lipid II

binding motif [91]. The library of the artificial lantipep-

tides was created based on a similar modular system. It

consisted of a combination of modules of 12 known lan-

tibiotics. The corresponding genetic constructs were used

to transform L. lactis with a nisin biosynthetic cluster in

its genome carrying out post-translational modifications

and transport of the mature lantipeptide into the extracel-

lular environment. For the high-throughput testing of the

biological activity of bacteria, lantibiotic producers were

placed in the alginate beads together with the indicator

bacterial strain and specific protease that processed the

leader peptide to release the active lantibiotic. After incu-

bation and staining with a fluorescent dye, the beads were

sorted using flow cytometry. Chimeric molecules com-

posed of gallidermin and nisin modules showed improved

activity against Streptococcus pneumoniae compared to

the natural lantibiotics. This technology offers promise

for testing the activity of potential peptide drugs in vivo

and screening for compounds with new spectra of biolog-

ical activity.

E. coli is the most used microorganism for heterolo-

gous expression of proteins and peptides, including those

with antimicrobial activity [92]. The advantages of E. coli

are simplicity of cultivation, simplicity of genetic manipu-

lations, and availability of various expression options: from

adding tags to increase solubility and simplifying purifica-

tion of the recombinant protein to directing production to

the periplasmic space [93]. Several systems for the biosyn-

thesis of lantibiotics have been successfully reconstructed

using E. coli as a producer [25]. Prochlorosins synthesized

in E. coli had a significantly higher yield compared to the

natural producer Prochlorococcus MIT 9313, while being

completely modified.

Screening of the improved variants of lantibiotics

follows the development of the heterologous expression
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systems. The leader sequence inhibits the antimicrobial

properties of the completely modified lantibiotic.

Therefore, commercially available proteases that process

polypeptides are used after the production and purifica-

tion of pre-peptides. The need for purification, as well as

subsequent treatment with proteases, complicates the

process of analyzing the activity of lantibiotics, especially

during the screening of a large number of variants. The

leader peptide processing in E. coli colonies was used to

solve this problem [94]. The lantipeptide was synthesized

intracellularly, while the production of the specific lan-

tipeptide protease LicP was directed to the periplasm

(Fig. 7). After the temperature-induced autolysis of cells,

protease and pre-peptide were released from the cells.

Subsequently, the active lantibiotic was processed and

detected with the indicator bacteria by the appearance of

growth inhibition zones. The successful application of

this system was demonstrated for the two-peptide lantibi-

otic haloduracin and lantibiotic lacticin 481.

The genetically encoded nature of lantibiotics sim-

plifies the process of modification of their structure. This

allows the use of directed or random mutagenesis meth-

ods to create lantibiotics with improved properties, as well

as to understand their structural and functional features.

For instance, mutations R13A and K2A/R13A in the lan-

tibiotic mutacin 1140 led to increased resistance to prote-

olysis by trypsin [95]. The substitution of the Met21

residue for valine in the nisin molecule led to the increase

in activity against Listeria monocytogenes, while the N20P

mutant was more active against S. aureus [96].

Lantibiotics mainly act on Gram-positive bacteria,

since the Gram-negative bacteria are protected from their

action by the outer membrane. To expand the spectrum of

action of lantibiotics, various attempts are being made to

create chimeric molecules capable of crossing the outer

membrane and attacking Gram-negative bacteria. To

overcome this limitation, it was suggested to use conju-

gates of the lantibiotic gallidermin with siderophore mol-

Fig. 7. Schematic representation of a system for production of the mature class II lantibiotics in E. coli. a) Periplasmic compartmentalization

of the protease. b) Temperature induction of expression of autolytic proteins. c) Processing of the leader peptide after autolysis. d) Structural

and functional screening of the lantipeptide variants on colonies using the agar diffusion method and matrix assisted laser desorption ioniza-

tion-time of flight mass spectrometry (MALDI-ToF MS) analysis; adapted from [94].



DEVELOPMENT OF ARTIFICIAL BIODIVERSITY OF LANTIBIOTICS 1329

BIOCHEMISTRY  (Moscow)   Vol.  85   No.  11   2020

ecules [97]. It was assumed that the presence of specific

receptors for siderophores on the outer membrane would

help the conjugate to penetrate the outer membrane and

make the inner membrane accessible to the lantibiotic.

However, Gram-negative bacteria were found to be

immune to the antimicrobial effect of the conjugate

despite the activity against the indicator Gram-positive

bacterium Lactococcus lactis subsp. cremoris HP.

Alternatively, the short peptides with known activity

against Gram-negative bacteria were attached to the C-

terminus of the full-length or truncated nisin [98]. Several

variants of such chimeric molecules inhibited the growth

of indicator strains. The rational design was carried out

for the most promising variants. As a result, a compound

that was 4-12-fold more active against a number of

important Gram-negative pathogens in comparison with

nisin was obtained.

The presence of macrocycles in the structure of lan-

tibiotics makes them convenient targets for the develop-

ment of inhibitors of protein-protein interactions since

they can act as structural analogs of the natural ligands.

The genetically encoded nature of lantibiotics enables

the creation of diverse libraries of variants and combine

peptide synthesis with the screening inside the cell.

There are many approaches to the selection of com-

pounds with the required properties from the libraries.

One of them is the reverse two-hybrid system (RTHS).

This method was used to obtain inhibitors of the interac-

tion between the p6 protein of HIV with the ubiquitin E2

variant (UEV) domain of the human TSG101 protein

[99]. These inhibitors have a high therapeutic potential

in antiviral therapy since they disrupt the process of HIV

budding from the infected cell. The sequence of the lan-

tipeptide ProcA2.8 was used as a template for creating a

library of macrocycles. Formation of the thioether bonds

was carried out by the lantipeptide synthetase ProcM,

known for its high substrate tolerance. The p6 and UEV

proteins are produced intracellularly as chimeric mole-

cules with functional repressors. Their physical interac-

tion leads to inhibition of the expression of the reporter

genes that ensure bacterial growth on a selective medi-

um. Thus, only peptide variants inhibiting the interac-

tion between p6 and UEV allowed bacterial growth. The

selected XY3-3 inhibitor showed potent antiviral activity

detected using a cellular model of in vitro maturation of

viral particles.

Phage display is a powerful in vitro selection tool,

widely used for screening peptide ligands for a selected

target [100]. This technology is also used to screen lan-

tipeptide libraries. The prochlorosin biosynthetic cluster

carrying ProcM synthetase was taken as a template for the

creation of C-terminal peptide library [101]. The pre-

peptide was fused with the C-terminus of pIII of the cap-

sid protein of M13 bacteriophage. All modifications took

place in the cytoplasm. Phage display of the modified

peptides was provided by incorporation of the pIII conju-

gate into the phage envelope, followed by the release of a

phage particle into the medium (Fig. 8a).

Ligands to streptavidin and urokinase plasminogen

activator were obtained based on the selection results,

which showed the potential of using the lantipeptide

biosynthesis system in tandem with the phage display

technology.

The N-terminal phage display technology was devel-

oped to display a library of the lantibiotic nisin [102]. In

contrast to the work mentioned above, secretion of the

conjugate into the periplasm was carried out by the Tat

pathway, which allowed translocation of the folded pro-

teins (Fig. 8b). The selection was focused on the

improved stability of the nisin derivatives at higher pH

values. However, antimicrobial activity was lost despite

the successful selection of several variants binding lipid II.

A variant of the yeast display was also presented. The lan-

tibiotic lacticin 481 was fused with a protein of the yeast

cell wall. Modifications took place in the endoplasmic

reticulum. After confirming the presence of all the neces-

sary modifications by analyzing biological activity and

mass spectrometry data of the purified lantibiotic, a

library of 481 lacticin analogs was created. Peptides bind-

ing to the αvβ3 integrin were obtained after the selection.

The results of the study illustrate the versatility of lan-

tipeptide biosynthetic clusters for the discovery of com-

pounds with new biological properties.

CONCLUSIONS AND FUTURE PROSPECTS

In the era of rapidly spreading antibiotic resistance,

it is essential to develop systems facilitating the identifica-

tion of new antimicrobial agents. Thus, it is crucial to find

new sources of biological diversity and create approaches

for efficient analysis of a large amount of data. The tech-

nologies of directed evolution of antibiotic activity allow

us to create an artificial diversity of the antimicrobial

agents and to select the most effective variants from this

diversity, primarily taking into account their practical

application. High-throughput screening of compounds

generated by lantibiotic biochemical machinery is of par-

ticular interest. Combining biosynthesis and biological

activity screening in a single step would reduce the num-

ber of stages of analysis of the candidate molecules,

as well as time and costs of the process.

Currently, microfluidic technologies have been

intensively developed. In particular, droplet microfluidics

is successfully used in various biological research. Its

main advantage is the ability to confine reactions within

the individual droplets, which allows hundreds of millions

of reactions to be carried out in parallel [103]. This fea-

ture was successfully used in the development of the full-

cycle platforms for ultrahigh-throughput screening and

directed evolution of polypeptides [104]. Encapsulation

of single cells enables studying the effect of different fac-
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tors on the physiological state of microorganisms in detail

[105], as well as carrying out high-throughput screening

of antibiotic activity among the representatives of differ-

ent microbiological communities [106].

Lantibiotics, in turn, have great potential as a uni-

versal template for creating molecules with improved bio-

logical functions, from inhibitors of protein-protein

interactions to therapeutic drugs and new generation

antibiotics. Combining biosynthetic machinery that gen-

erates many variants of lantibiotics with microfluidic

technologies allows high-throughput screening of com-

pounds active against a given target. The use of heterolo-

gous systems for the production of lantibiotics and the

adaptation of cell-free systems for the generation of bio-

logically active lantibiotics in vitro are the cornerstones

for further development of this technology. Integrating

biosynthesis and biological activity screening inside indi-

vidual microcompartments will allow achieving outstand-

ing performance in the functional profiling of synthetic

diversity of the recombinant lantibiotics. It opens up

unique opportunities for analyzing the landscapes of

antimicrobial activity of genetically encoded antibiotics

and creating highly effective therapeutic agents.
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