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ABSTRACT: Ribosomally synthesized and post-translationally
modified peptides (RiPPs) are of increasing interest in natural
products as well as drug discovery. This empowers not only the
unique chemical structures and topologies in natural products but
also the excellent bioactivities such as antibacteria, antifungi,
antiviruses, and so on. Advances in genomics, bioinformatics, and
chemical analytics have promoted the exponential increase of
RiPPs as well as the evaluation of biological activities thereof.
Furthermore, benefiting from their relatively simple and conserved
biosynthetic logic, RiPPs are prone to be engineered to obtain
diverse analogues that exhibit distinct physiological activities and
are difficult to synthesize. This Review aims to systematically
address the variety of biological activities and/or the mode of
mechanisms of novel RiPPs discovered in the past decade, albeit the characteristics of selective structures and biosynthetic
mechanisms are briefly covered as well. Almost one-half of the cases are involved in anti-Gram-positive bacteria. Meanwhile, an
increasing number of RiPPs related to anti-Gram-negative bacteria, antitumor, antivirus, etc., are also discussed in detail. Last but not
least, we sum up some disciplines of the RiPPs’ biological activities to guide genome mining as well as drug discovery and
optimization in the future.
KEYWORDS: Peptide, RiPPs, post-translational modifications, bioengineering, biological activities, anti-infective, antitumor,
mode of mechanism, pharmaceuticals

1. INTRODUCTION
There is an urgent need to identify novel therapeutic agents
because of the potential development of tolerance or resistance
to current anti-infectious agents. This concerns all the
treatment of bacterial, fungal, and viral infections, as well as
tumors and other incurable diseases.1 Natural products have
been of great interest for decades since they have been the
most important source of potential drug leads and continue
providing unique structural diversity for discovering novel lead
compounds.2 Polyketides, nonribosomal peptides, terpenoids,
and alkaloids are four predominant groups of natural products
explored in the last century. Nevertheless, advances in
genomics, bioinformatics, and chemical analytics have paved
the way for ribosomally synthesized and post-translationally
modified peptides (RiPPs), a structurally diverse group of
natural products with a broad spectrum of biological activities
as well as mode of mechanisms.

The biosynthesis of RiPPs proceeds via ribosomally
assembled precursor peptides that undergo post-translational
modifications to gain their biological functions. Precursor
peptides with a short length are usually constituted of an N-

terminal leader peptide which recruits different post-transla-
tional modification (PTM) enzymes and a C-terminal core
peptide with a sequence of amino acids that makes up the
structural backbone of RiPPs. In some instances, the leader
peptide (follower peptide) is attached at the C-terminus rather
than the typically N-terminus of the precursor. In rare cases, a
signal sequence or a recognition sequence could be found at
the N-terminal of the precursors, respectively (Figure 1).

Generally, the leader peptide-dependent PTMs are highly
promiscuous with different mutations in the core peptide,
facilitating bioengineering efforts and structure−activity
relationship (SAR) studies of RiPPs. Peptidases are needed
to cleave the leader peptides of the precursors following the
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Figure 1. Biosynthetic route of RiPPs. (A) General biosynthetic pathway of RiPPs. The precursor peptide consists of a leader peptide and a core
peptide. The core region is post-translationally modified in a leader peptide-dependent and (or) independent manner to generate the mature RiPP.
(B) Multiple copies of the recognition sequences and the following core peptides are distributed in the precursor peptide in some RiPPs. The
sequences of the core peptides can be highly diverse, which results in different RiPP products.

Table 1. Bioactive RiPPs and the (Proposed) Targets Thereof Reported in the Past Decade

RiPP compound RiPP class
biological
activity (proposed) target ref

Homicorcin lanthipeptide anti-Gram-
positive

cytoplasmic membrane ref 46

Bicereucin lanthipeptide anti-Gram-
positive

the outer surface of the bacterial cell ref 49

Ruminococcin C1 sactipeptide anti-Gram-
positive

ATP synthesis refs 62−64

Huazacin/Thuricin Z sactipeptide anti-Gram-
positive

bacterial cell membrane refs 66, 67

Hyicin 4244 sactipeptide anti-Gram-
positive

staphylococcal biofilm ref 70

Arcumycin lasso peptide anti-Gram-
positive

bacterial cell wall, lipid II ref 83

Cacaoidin lanthidin anti-Gram-
positive

bacterial cell wall, lipid II ref 93

YydF33−49DD epipeptide anti-Gram-
positive

bacterial cell membrane ref 96

Klebsazolicin/Phazolicin LAP anti-Gram-
negative

the peptide exit tunnel of 70S ribosome refs 111, 112

Darobactins darobactins anti-Gram-
negative

BamA, the central component of complex for both folding and insertion of outer
membrane proteins

refs103−108

Dynobactin A dynobactins anti-Gram-
negative

BamA, the central component of complex for both folding and insertion of outer
membrane proteins

ref 109

Citrocin/Acinetodin/
Klebsidin

lasso peptide anti-Gram-
negative

RNA polymerase refs 113, 115

Aeronamide A proteusins antitumor
activity

Cell membrane (pore-forming) ref 138

XY3-3 lanthipeptide antiviral activity UEV domain of the human TSG101 protein ref 162
Stlassin lasso peptide antagonistic

activity
Toll-like receptor 4 (TLR4) ref 168
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leader peptide-dependent PTMs and release the modified core
peptides, which could be exported to the extra cell as mature
peptides or be further modified by leader peptide-independent
PTM enzymes prior to export (Figure 1). As detailed and
comprehensive reviews have summarized the novel structural
scaffolds, the biosynthetic mechanisms and corresponding
intriguing PTM enzymes,3,4 in this review we mainly focus on
the diverse biological activities, the (proposed) mode of
mechanisms of selective RiPPs, and the bioengineered
derivatives in the past decade (Table 1).

Preliminary to the main text, the characteristics of the major
classes of RiPPs mentioned in this Review are selectively
introduced briefly.

Lanthipeptides represent the largest class and one of the
well-characterized classes of the RiPP family. Their character-
istic is the presence of lanthionine (Lan) and/or methyl-
lanthionine (MeLan) thioether bridged amino acids that create
a high thermal, chemical, and proteolytic stability. The
formation of Lan and MeLan requires the dehydration of Ser
and Thr residues to 2,3-didehydroalanine (Dha) and 2,3-
didehydrobutyrine (Dhb), respectively. Then the hydrosulfide
group of Cys residue undergoes a Michael-type addition to the
nascent Dha or Dhb to produce Lan or MeLan, respectively.5

According to the differences between the (Me)Lan bio-
synthetic enzymes, lanthipeptides are subdivided into five
classes at present.4,6,7 For Class I lanthipeptide, dehydration
and cyclization reactions are catalyzed by dehydratase LanB
and a zinc-dependent cyclase LanC, respectively.8,9 Biosyn-
thetic enzymes of class II, III and IV are all bifunctional
enzymes termed LanM (Class II), LanKC (Class III), and
LanL (Class IV).6 Recently, a new lanthipeptide termed
lexapeptide was identified and proved to be biosynthesized by
a trienzyme cascade termed LxmK, LxmX, and LxmY.7

Lexapeptide was assigned as the first member of Class V
lanthipeptide. With respect to the biosynthetic mechanism,
Class I LanB dehydratase employs glutamyl-tRNA to activate
the side chains of Ser and/or Thr residues followed by

glutamate elimination,8,10 whereas class II−IV dehydratase
domain of the biosynthetic enzymes utilize NTPs to
phosphorylate Ser and/or Thr residues prior to dephosphor-
ylation.6,11,12 Except for Lan and MeLan, it is noteworthy that
an additional carbon−carbon cross-link termed (methyl)-
labionin ((Me)Lab) could be formed by a subgroup of
LanKC enzymes. The Lab is generated putatively by the attack
of the enolate intermediate onto another dehydroalanine
located in the core peptide.13,14

Sulfur to α-carbon cross-linked peptides (sactipeptides) and
radical non-α-carbon thioether peptides (ranthipeptides) are
also featured with one or more thioether bonds like the
structurally similar lanthipeptides. The thioether bonds in
sactipeptides and ranthipeptides are between the sulfur atom of
a Cys residue and the α-carbon (sactipeptides) or β-/γ-carbon
(ranthipeptides) of an acceptor residue. Superficial resem-
blance of the chemical structures of sactipeptides and
ranthipeptides indicates resemblant biosynthetic pathways, as
both of the biosynthetic gene clusters (BGCs) include a Cys-
rich precursor peptide and a radical S-adenosylmethionine
(SAM)-dependent enzyme that forms thioether linkages,
which are distinguished from the Michael-type addition
involved in the formation of β-thioether linkages to Dha/
Dhb in lanthipeptides.15,16

Thiopeptides represent a group of highly modified RiPPs
with a central pyridine ring, a core macrocyclic ring, both of
which are formed via an unusual enzymatic [4 + 2]
cycloaddition on two Dha-containing fragments, and a tail
that is linked to the macrocyclic ring via the central pyridine.
The thiopeptide macrocycle is further decorated with addi-
tional thiazole and/or (methyl)oxazole rings as well as multiple
dehydrated amino acid residues.17,18 LAPs are structurally
similar to thiopeptides in having a full set of dehydroamino
acids and thiazole and/or (methyl)oxazole rings, resulting from
dehydration of Ser/Thr and cyclization of Cys and Ser (Thr)
side chains on nonmacrocyclized natural products, which are
different from thiopeptides and cyanobactins. The latter is also

Figure 2. Structures of nisin A, thiostreptons, nosiheptide, and GE2270A, the RiPPs applied in commercial/clinical trials. The class-defining PTMs
are highlighted in blue, and other PTMs are highlighted in red.
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structurally related to thiopeptides with multiple azole/azoline
motifs, but their head-to-tail macrocyclic rings are produced
via a protease-assisted lactamization process.4

Another two classes of RiPPs distinct from the above are
lasso peptides and glycocins comprising no thioether linkage,
dehydrated amino acids, or azol(in)e rings. Lasso peptides are
a group of RiPPs with a characteristic lariat topology. The C-
terminal tail threads through the macrolactam ring formed by
the N-terminal amino group and the carboxylic acid side chain
of aspartate or glutamate located in the 7−9 residues of the
core peptide via an isopeptide bond. The lasso topology is
stabilized by steric interactions above and below the ring and/
or disulfide bridge(s).19,20 Glycocins are post-translationally
glycosylated bacteriocins that feature sugar moieties installed
via glycosyltransferase on Ser, Thr, or Cys residues of
precursor peptide and two nested disulfide bonds formed by
two disulfide oxidoreductases that stabilize their unique helix−
loop−helix structures.21

Overall, RiPPs have demonstrated diverse physiological
functionalities and the potential for pharmaceuticals. Nisin
(Figure 2) is the oldest and the most extensively characterized
RiPP until now. This compound was identified in 1928, the
same year as penicillin was discovered, and commercially
marketed after 25 years. Since then, nisin has been approved as
a safe food preservative to inhibit several food spoilage and
food-borne pathogens without distinct observation of resist-
ance. It hinders cell wall biosynthesis by binding to lipid II and
damages the cell membrane, eventually leading to the cell
death of sensitive bacteria.22 In addition to nisin, two
thiopeptides are currently used in commercials. Thiostrepton
(Figure 2) has potent anti-Gram-positive activity and is a
component in veterinary topical ointment to treat interdigital
cysts and infected anal glands of dogs and cats.18 A structurally
similar thiopeptide, nosiheptide (Figure 2), is highly active
against several Gram-positive bacteria resistant to other
antibiotics and is widely added into feed additives to promote
growth and feed conversion in pigs and chickens.23 Besides,
thiopeptide GE2270A (Figure 2) displays potent activity

against Gram-positives, including methicillin-resistant staph-
ylococci (MRSA), vancomycin-resistant enterococci (VRE),
and group A streptococci.24 Two semisynthetic analogues of
GE2270A, i.e., LFF571 and CB-06-01 (now named NAI-
Acne) have been completed Phase II clinical trials. LFF571
exhibits excellent activity against Clostridium dif f icile com-
parable with vancomycin,25 but it was cut and discontinued in
2018.9 NAI-Acne displays efficacy in treating Propionibacterium
acnes with less disruption to other skin flora,26 and is expected
to be a human drug in the future.

In spite of valuable collective reviews focusing on RiPP
biosynthetic mechanisms, intriguing/unique post-translation-
ally modifying enzymes, as well as the novel structural scaffolds
thereof,3,4,6,27−32 relatively fewer summaries in regard to their
diverse bioactivities, physiological/ecological functionalities,
and/or mode of mechanism, are available in the literature.33−36

Thus, this Review systematically covers the recent advances in
bioactive RiPPs in terms of bioactivity and/or mode of
mechanisms in the past decade. RiPPs exhibiting anti-Gram-
positive bacteria, anti-Gram-negative bacteria, antitumor,
antivirus, etc. activity are discussed in detail. Some disciplines
of the RiPPs physiological activities are also summarized to
guide genome mining as well as drug discovery and
optimization in the future.

2. RiPPs AGAINST GRAM-POSITIVE BACTERIA

2.1. Lanthipeptides

Due to the excellent antimicrobial activity and demonstrated
biosafety, several natural or bioengineered nisin variants have
been uncovered during the past years. Recently, a homologue
designated nisin H (Figure 3) was identified from a gut-derived
strain Streptococcus hyointestinalis DPC6484. Nisin H has
almost the same structure except for five mutations (Ile1Phe,
Leu6Met, Gly18Dhb, Met21Tyr, and His31Lys) compared to
the prototypical nisin A. It was effective against a series of
Gram-positive bacteria but was less inhibitory than nisin A in
the majority of instances except for Staphylococcus aureus

Figure 3. Representative structures of the bioactive nisin analogues. The distinct residues that vary from nisin A are highlighted in red.
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DPC5245, for which nisin H was more effective, and Listeria
innocua DPC3572, for which the two peptides were equally
effective.37 The BGC of another nisin homologue containing
four precursor genes was discovered from the dominant human
gut bacterium Blautia obeum strain A2-162. Likely, the
deduced products NsoA (nisin O) (Figure 3) was detrimental
to L. lactis MG1614, C. dif f icile, an urgent threat for which new
antibiotics are needed, and Clostridium perf ringens, the third
cause of foodborne infections in the United States according to
the Centers for Disease Control and Prevention (CDC).38,39

Flavucin from Corynebacterium lipophilof lavum DSM 44291
and agalacticin from Streptococcus agalactiae ATCC 13813 are
two lantibiotics unveiled using the promiscuous nisin
modification machinery. They have been shown to have a
broad substrate tolerance for diverse lantibiotic peptides fused
to nisin leader peptide. Both sequences are partly similar to
nisin, particularly the N-terminal region (Figure 3). Flavucin
was less potent than nisin for most tested bacteria, but the
vancomycin- and avoparcin-resistant Enterococcus faecium
LMG 16003. Agalacticin only showed moderate activity
against E. faecium LMG 16003 and Listeria monocytogenes
LMG 10470.40

A similar strategy was used for mining potential nisin
analogues in a cell-free protein synthesis (CFPS) platform.
Four novel analogues (RL6, RL8, RL13, RL14; Figure 3) with
antibacterial activity against M. luteus, clinical pathogenic
strains of Enterococcus faecalis, S. aureus, and methicillin-
resistant S. aureus (MRSA) were identified, with RL14
surpassing nisin against M. luteus and E. faecalis. Furthermore,
another analogue M5 (Figure 3), with five mutations in the
core peptide, was identified to effectively against Gram-
negative Escherichia coli (mentioned in section 3.1).41

New-to-nature variants of lanthipeptides were generated by
a combinatorial shuffling of peptide modules derived from 12
natural lantibiotics and processing by the nisin PTM
machinery in Lactococcus lactis. The antimicrobial screening

revealed more than 30 candidates against Micrococcus f lavus,
among which three nisin variants showed improved activities
against some pathogenic reference strains than nisin and
gallidermin. In addition to the antimicrobial activities, ten
newly yielded lanthipeptides could bypass lantibiotic defense
mechanisms. Half of them were less sensitive to the nisin
immunity machinery, while the other half was insensitive to the
nisin resistance protein (NSR) present in resistant pathogenic
strains (exact structures not available for these variants).42

Andalusicin A (Figure 4) as a new family of class III
lanthipeptides from Bacillus thuringiensis sv. andalousiensis
NRRL B23139 was active against a panel of Gram-positive
bacteria like Bacillus cereus ATCC 14579, Bacillus mycoides
DSM 2048, S. aureus ATCC 25923, Paenibacillus polymyxa
ATCC 842, and Arthrobacter sp. ATCC 21022, with closely
related Bacillus strains being the most sensitive. This is striking
since most class III and IV lanthipeptides have been reported
to lack antimicrobial activities.6 The dimethylation of
andalusicin A is essential for the antimicrobial activities as
andalusicin B without the dimethyl groups abolishes the
activity against most of the tested bacteria.43

Another class III lanthipeptides amylopeptin(I) (Figure 4)
from the Sprague−Dawley (SD) rats gut microbe Bacillus
amyloliquefaciens displayed narrow antimicrobial activity
against the rat gut-derived Bacillus megaterium R28, suggesting
that this lantibiotic might be involved in the microbe−microbe
interactions in the rat gut microbiota. The removal of the
leader peptide is essential for maturation, and this is catalyzed
by the S8 family protease AmyP, which represents a novel type
of protease involved in class III lanthipeptide biosynthesis.44

Lexapeptide (Figure 4) is the founding member of a novel
class V lanthipeptides, considering the unique trienzyme
cascade responsible for the Lan biosynthesis. This lantibiotic
and its derivatives exhibited more effective antimicrobial
activities against several Gram-positive bacteria than nisin
and vancomycin, particularly for the methicillin-resistant S.

Figure 4. Structures of representatives of the single-component lantibiotics. The class-defining PTMs are highlighted in blue, with the other PTMs
highlighted in red.
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aureus (MRSA) and Staphylococcus epidermidis (MRSE), E.
faecalis and Mycobacterium smegmatis mc2155. A rare D-Ala
modification (D-Ala28) installed by an F420H2-dependent
reductase termed LanJc significantly enhanced the antimicro-
bial activity against S. aureus ATCC 29213, Micrococcus luteus,
and M. smegmatis mc2155 compared to its L-isomer.7 It is
worth mentioning that another “class V” lanthipeptide-pristinin
that differs from lexapeptide was reported almost simulta-
neously. The formations of Lan and MeLan in pristinin have
not been elucidated yet, but are distinct from the classical
lanthipeptides, representing a novel subfamily of lanthipep-
tides.45

Homicorcin (Figure 4) from a jute endophyte Staphylococcus
hominis strain MBL_AB63 showed promising antimicrobial
activity against all the Gram-positive bacteria tested, inclusive
of Staphylococcus simulans 22, S. aureus SG511, Staphylococcus
carnosus TM300, M. luteus ATCC1856, M. luteus DSM1790, L.
lactis NCTC497, Bacillus subtilis 168 and methicillin-resistant
S. aureus (MRSA), and methicillin sensitive S. aureus
(MSSA1), but was less potent than nisin A against the tested
strains. It exerted bactericidal activity against susceptible
strains by disrupting the integrity of the cytoplasmic membrane
through pore formation to dissipate the proton motive force

Figure 5. Structures of representatives of the two-component lantibiotics. The class-defining PTMs are highlighted in blue, with the other PTMs
highlighted in red.
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(PMF) as observed under field emission-scanning electron
microscopy (FE-SEM).46

Daspyromycin A and B (Figure 4) strongly suppressed the
growth of Gram-positive bacteria like M. luteus ATCC 4698,
Staphylococcus capitis W7, S. aureus LV-B1, B. subtilis ATCC
6051, and the Gram-negative bacteria including Acidovorax
avenae, Pseudomonas syringae, and Xanthomonas oryzae. This
activity is exceptional as most of the lanthipeptides are only
active toward Gram-positive bacteria. In addition, daspyromy-
cin A was particularly active against methicillin-resistant S.
aureus (MRSA) and vancomycin-resistant Enterococci (VRE).
Compared to daspyromycin A, daspyromycin B has an extra
hydroxyl group located at the C-4 position of Pro9 and is less
active against bacteria. The hydroxyl group is added via a
hydroxylase encoded in the genome of the heterologous hosts
and is believed as a detoxification step during the heterologous
production.47

Apart from the aforementioned single-component lanti-
biotics, the other subclass is the two-component lantibiotics
employing two lanthipeptides which are post-translationally
modified individually to generate two different products acting
in synergy for antibacterial activity.48 One example is the
bicereucin (Figure 5) from B. cereus SJ1. It is noted that one of
the two peptides (Bsjα) lacks any cysteines and is not a
lanthipeptide. The optimal molar ratio between Bsjα and Bsjβ
is 2:1, about 50−100 lower than their independent minimal
inhibitory concentrations (MICs). Bicereucin showed anti-
microbial activities against a range of Gram-positive bacteria,
such as B. subtilis ATCC6633, L. lactis CNRZ 481, S.
epidermidis 15x, Streptococcus mutans ATCC 25175, M. luteus
ATCC 4698, methicillin-resistant S. aureus Rosenbach ATCC
BAA-1717, and vancomycin-resistant E. faecium ATCC
700221. The Lan in Bsjβ is crucial for its activity as the
Bsjβ-C40A variant dramatically drops in inhibitory activity. It
was suggested that Bsjα bound a target on the outer surface of
the bacterial cell, and Bsjβ performed its synergistic effect for
antimicrobial activity. Besides, bicereucin also exhibited weak
synergistic hemolytic activity against rabbit red blood cells.49

The genome of Ruminococcus f lavefaciens FD-1 encoded the
lanthipeptide BGC of flavecins (hereinafter f lv), which
comprised four highly conserved copies with the same core
peptide (Flvα.x, where x = a−d) and a diverse set of eight
additional peptides (Flvβ.x, where x = a−h) (Figure 5). Some
of the Flvβ.x did not act synergistically with Flvα against M.
luteus DSM 1790, such as Δ1-Flvβ.c and Δ1-Flvβ.e. In
contrast, the antimicrobial activities of Flvβ.b and Δ1-Flvβ.g
were synergistically enhanced by Δ2-Flvα.a that was character-
istic of two-component lantibiotics. Weak antimicrobial activity
was also observed against Ruminococcus albus 7 and R.
f lavefaciens C94. The remainder of the Flvβ.x did not display
antimicrobial activity separately or combined with Δ2-Flva.a
and are not considered lantibiotics.50

Roseocin isolated from Streptomyces roseosporus NRRL
11379 is the first two-component lantibiotics from a non-
Firmicute, though the structure of roseocin has not been fully
characterized. The full-length RosA1 and RosA2 modified
peptides alone or in combination show no antimicrobial
activity. Contrarily, they displayed synergistic antimicrobial
activity against L. monocytogenes MTCC 839 and VRE after the
treatment of GluC to remove most of the leader peptides and
even active against methicillin-resistant S. aureus ATCC 43300
with the treatment of proteinase K, as the latter treatment is
much closer to the native core peptide predicted in silico.51

Almost simultaneously, another two-component lantibiotic
from Actinobacteria designated birimositide (Figure 5) was
identified from Streptomyces rimosus subsp. rimosus WC3908. It
was screened against L. lactis sp. cremoris and M. luteus ATCC
4698.52

Sh-lantibiotic-α and Sh-lantibiotic-β (Figure 5) are two
lanthipeptides isolated from human skin commensal bacteria S.
hominis A9. These Sh-lantibiotic peptides selectively inhibit
multiple strains of S. aureus, including S. aureus ATCC 35556,
methicillin-resistant S. aureus (MRSA) strain USA 300 and
Sanger252, and clinical isolates from subjects with atopic
dermatitis, but is tolerant of other species frequently isolated
from normal human skin. It is unclear whether the two
lanthipeptides act synergistically or not, whereas each of the
Sh-lantibiotics synergized with the cathelicidin family human
antimicrobial peptide LL-37.53

Other lantibiotics that are active against Gram-positive
bacteria include BPSCSK (Figure 6), which had a narrower

spectrum of activity that targeted VRE while preserving
commensal bacteria,54 mathermycin (Figure 6), a congener
of cinnamycin against B. subtilis LH45,55 ruminococcin A
(RumA, Figure 6) against B. subtilis ATCC 6633,56 OG253
(mutacin 1140, Phe1Ile, Figure 6), a lead compound due to
the superior in vivo efficacy along with an apparent lack of
relapse against C. dif f icile,57 and paraplantaricin TC318
(Figure 6), another mutacin 1140 analogue against various
pathogenic and spoilage bacteria such as B. cereus, Clostridium
sporogenes, E. faecalis, L. monocytogenes, Salmonella enterica ser,
and S. aureus.58

A variation of class-III lanthipeptides is the lipolanthines,
lipid moieties connected with the N-terminus of RiPPs. Based

Figure 6. Structures of some other lantibiotics against Gram-positive
bacteria. The class-defining PTMs are highlighted in blue, with the
other PTMs highlighted in red.
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on the presence or not of the lanD gene (encoding cysteine
decarboxylase) and the encoded polyketide synthase (PKS)
enzymes, lipolanthines were divided into four subtypes and
characterized as a hybrid of RiPPs, polyketides, NRPs, and
polysaccharides.59 The founding member is microvionin
(Figure 7) containing a bicyclic octapeptide formed by a

hybrid aminovinylcysteine (AviCys)-labionin moiety (termed
avionin) with an N-terminal PKS-derived dimethyl guanidino
fatty acid. Microvionin exhibited antibacterial effects with
MICs (MICs are given in parentheses, the same below) for
MRSA (<0.46 μg/mL), MSSA (<0.1 μg/mL) and Streptococcus
pneumoniae (<0.15 μg/mL).60 The other bioactive lip-
olanthines discovered so far are goadvionins (Figure 7),
consisting of a polyfunctional C32 fatty acid with a polar
ammonium headgroup and an eight-residue RiPP with an
avionin structure. Goadvionins showed antimicrobial activity
against Streptomyces like Streptomyces sp. TP-A0584, S.
avermitilis MA-4680, S. lividans TK23, S. coelicolor A3(2), S.
albus J1074, S. griseus IFO13350 and M. smegmatis, B. subtilis
ATCC6633, M. luteus, and S. aureus 209P JC-1. The MICs of
goadvionin B2 against the last three sensitive strains were 3.2,
3.2, and 6.4 μg/mL, respectively.61

2.2. Sactipeptides
Ruminococcin C1 (RumC1, Figure 8), purified from the cecal
contents of rats monoassociated with Ruminococcus gnavus E1,
carries four sulfur to α-carbon thioether cross-links, folding the
peptide in a unique double hairpin-like structure, distinct from
most sactipeptides with ring-within-a-ring topologies, or rather
single hairpin-like structures.62−64 This sactipeptide undergoes

a two-step cleavage process to maturation, involving a
monofunctional Zn-metallopeptidase from the symbiont (i.e.,
RumPc) and a serine protease from the host organism (i.e.,
trypsin).63 RumC1 exerted antimicrobial activity toward Gram-
positive Clostridium species, including Clostridium coccoides, C.
perf ringens, C. dif f icile, and Clostridium botulinum, a pathogen
responsible for foodborne botulism (via a preformed toxin),
infant botulism (intestinal infection via a toxin-forming C.
botulinum), and wound botulism.

Moreover, RumC1 was also active against B. cereus, L.
monocytogenes, S. aureus, E. faecium, vancomycin-resistant E.
faecalis (VRE), nisin-resistant B. subtilis, methicillin-resistant S.
aureus (MRSA) as well as a clinical S. pneumoniae strain
responsible of multiple types of infection.63−65 The Gram-
negative E. coli was also reported to be suppressed by RumC1
(mentioned in section 3.3).62 And not only that, RumC1
exhibits a selective antifungal activity against the growth of
Heterobasidion annosum BRFM 524 at 12.5 μM, a pathogen
responsible for conifer diseases in the forest industry.65 The
minimal bacteriostatic concentration (MBC) values are
identical to MICs for most strains, indicating that RumC1 is
bactericidal rather than bacteriostatic. The antimicrobial
activity of RumC1 likely derives from the inhibition of the

Figure 7. Structure of the lipolanthines. The class-defining PTMs are
highlighted in blue, and other PTMs, including the lipid moieties, are
highlighted in red.

Figure 8. Structure of representatives of sactipeptides against Gram-
positive bacteria. The thioether-bridged residues are highlighted in
blue.
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ATP synthesis to block the synthetic pathways of DNA, RNA,
proteins, and peptidoglycan, which is distinct from most of the
bacteriocins targeting cell membranes.64 In addition to its
prominent bioactivity, the thioether network leading to a
compact structure of RumC1 confers high resistance to
physicochemical treatments such as acidic or basic pH,
elevated temperature, high salt concentrations, and the
physiological but harsh conditions encountered in blood or
the digestive tract, validating the potency of RumC1 as a drug-
lead.64

Conversely, other reported sactipeptides typically have a
narrow spectrum of activity toward Gram-positive bacteria.
Huazacin, also named thuricin Z (Figure 8) from B.
thuringiensis sv huazhongensis, was active against L. mono-
cytogenes 4b F2365 and several B. cereus strains with MICs of 4
μM and 2−8 μM, respectively.66,67 Multianalyses involving
confocal laser scanning microscopy, ultrathin-sectioning trans-
mission electron microscopy, scanning electron microscopy,
and large-unilamellar-vesicle-based fluorescence analysis un-
veiled that huazacin targets the bacterial cell membrane and
induces membrane permeabilization.67 Another hallmark of
huazacin is the BGC containing two precursor peptide genes
and two sactionine synthetic genes, which is reminiscent of the
two-component sactipeptide thuricin CD.68 Nonetheless, the
two copies of precursor peptide genes in the huazacin BGC
encoding an identical precursor peptide and the two sactionine
synthases appear to be modified independently with each
other.67

Streptosactin (Figure 8) was isolated from Streptococcus
thermophilus JIM 8232 and represented the first sactipeptide of
streptococcal origin. The thioether cross-links in streptosactin
are unnested, with the mercapto donors and acceptors
alternating along the core peptide, a structure akin to the
double hairpin in RumC1. Streptosactin acts as a fratricidal
reagent to potently suppress the producing host and its closest
relatives like S. thermophilus LMD-9 and S. thermophilus LMG
18311, which also carry the BGC of streptosactin.69

Hyicin 4244 (Figure 8) from Staphylococcus hyicus 4244 is
the first sactibiotic to be described in staphylococci, albeit not
isolated for detailed structural characterization. It had a
bactericidal mode of action against staphylococcal isolates
from either human infections or bovine mastitis, including S.
aureus, S. epidermidis, S. hominis, S. saprophyticus, and S.
simulans, by preventing staphylococcal biofilm-formation or
killing of staphylococcal cells in preformed biofilms to reduced
cell proliferation and viability.70

2.3. Thiopeptides

Saalfelduracin (Figure 9) from Amycolatopsis saalfeldensis
NRRL B-24474 is a thiostrepton-like thiopeptide featuring a
central piperidine and a rare thioamide moiety.71 Heterologous
expression experiments revealed that the thioamide moiety is
installed post-translationally by the combined action of the
TfuA and YcaO pair, which reconciled the subsequent research
on thioamidation in thiovarsolin,72 thioviridamides73 and
methyl-coenzyme M reductases from most of the metha-
nogen.74 Saalfelduracin displayed strongly growth inhibitory
toward Bacillus anthracis str. Sterne and two drug-resistant
Gram-positive pathogens VRE and MRSA, with approximately
equivalent MICs to thiostrepton.71

The human skin commensal bacterium Cutibacterium acnes
HL030PA1 is widely distributed across individuals and skin
sites produce a berninamycin-like thiopeptide-cutimycin

(Figure 9), which significantly inhibited the growth of S.
aureus UAMS-1 and the MRSA strain S. aureus USA300
NRS384 as well as S. epidermidis W23144, S. epidermidis
DSM2004 and S. epidermidis ATCC 35984 with a MIC lower
(for the strains except for S. epidermidis ATCC 35984) or
comparative (for S. epidermidis ATCC 35984) to berninamy-
cin. Cutimycin favors the growth of resident skin Actino-
bacteria over staphylococcal species owing to the resistance of
several other C. acnes strains and Corynebacterium species. The
coculture of C. acnes further demonstrates this scenario with
susceptible Staphylococcus strains increases cutimycin BGC
transcription. Cutimycin is potentially applied to change the
skin microbiota composition to prevent or treat skin diseases.75

Another berninamycin-like thiopeptide-geninthiocin B (Figure
9), which lacks the C-terminal Dha-residue compared to
geninthiocin, was isolated from Streptomyces sp. YIM 130001
with bioactivity against B. subtilis.76

2.4. Lasso Peptides
The number and position of disulfide linkage are used to
categorize lasso peptides into four classes. Class IV with a
disulfide bridge residing on the tail (resulting in “handcuff”
topology) is newly identified. The founding member is LP2006
(Figure 10) from Nocardiopsis alba NRRL B-24146. It was
active against E. faecium (VRE), B. subtilis, B. anthracis, and M.
smegmatis that is a strain used to develop and test treatments
for tuberculosis.77

The class I lasso peptide siamycin I (MS-271) was isolated
as an anti-HIV, anti-MRSA, and anti-VRE compound from
Streptomyces.78,79 Inspired by the remarkable bioactivity, a
natural siamycin I mutation (Ile17Val) named specialicin
(Figure 10) was uncovered via genome mining.80 Specialicin

Figure 9. Structure of representatives of thiopeptides against Gram-
positive bacteria. The central pyridine rings are highlighted in blue,
with the other PTMs highlighted in red.
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also includes a C-terminal D-Trp residue and is suspected to be
epimerized by the CapA family protein SpeH (a homologous
protein of MslH that catalyzes the C-terminal D-Trp
epimerization in siamycin I biosynthesis81) before cleavage of
the leader peptide, due to the resemblance of the structures
and BGCs between specialicin and siamycin I. In addition to
its anti-HIV activity (see below), specialicin displays
antibacterial activity against only M. luteus (MIC: 8 μg/mL)
but no antibacterial activity against S. aureus, B. subtilis, and E.
coli, Pseudomonas aeruginosa. The activity against MRSA and
VRE was not tested.80 The antibacterial activity of specialicin is
reminiscent of class II lasso peptide achromosin (Figure 10)
from Streptomyces achromogenes subsp. achromogenes
NBRC12735, which only showed an inhibitory against M.
luteus among a range of bacterial strains.82

Another siamycin I-like class I lasso peptide arcumycin
(Figure 10) was uncovered from Streptomyces NRRL F-5639.
This compound shares an overall 55% amino acid identity with
both siamycin and sviceucin. It does not contain any D-amino
acids correspondence to the fact that the BGC of arcumycin
lacks the putative epimerases observed in the BGC of siamycin
and sviceucin. Arcumycin induced the inhibition of multiple
Gram-positive bacteria such as B. subtilis ATCC 6051 (4 μg/
mL), S. aureus ATCC 25923 (8 μg/mL), and M. luteus ATCC
4698 (8 μg/mL) but was inactive against the Gram-negative
bacteria. Treatment of the B. subtilis reporter strain with
arcumycin illustrates that this molecule tampers with lipid II
biosynthesis, a mode of action shared with siamycin I.83

2.5. Glycocins
The S-linked glycocin sublancin (Figure 11) is an antimicrobial
peptide isolated from B. subtilis 168 containing 37 amino acids
and exhibited bactericidal activity against an array of Gram-
positive bacteria, including important pathogens such as B.
cereus, Streptococcus pyogenes, C. perf ringens, and MRSA.84,85

Due to the flexibility and robustness of the leader peptide
dependent PTMs of RiPPs, structure−activity relationships
(SARs) were analyzed via reconstitution of the biosynthetic
pathway in E. coli Shuffle, a strain expressing the disulfide bond
isomerase DsbC to aid oxidative folding of Cys-rich proteins in
the cytoplasm.86 Both Asn31 and Arg33 in helix B might have
an essential role in interacting with the target or delivery to the
target since mutations of these sites led to a significant
decrease in bioactivity. The positive charge was evaluated to be
crucial as R33K displayed an almost identical activity, and
residues bearing a positive charge at equivalent positions are
highly conserved in a sequence alignment to sublancin. The
aglycone and C22S variant showed the absence of growth
inhibition, indicating that the sugar moiety is essential for the
antimicrobial activity, or rather, sublancin is “glycoactive”.87

The biosynthetic pathway of a sublancin type glycocin
named pallidocin (Figure 11) from the thermophilic bacterium
Aeribacillus pallidus 8 was reconstituted in E. coli BL21(DE3).
The strain without additional DsbC in the cytoplasm could
also form disulfide bonds automatically. Pallidocin exhibited
high stability for high temperatures and a wide range of pH
values. Admirable antibacterial activities against B. cereus
ATCC 14579, B. megaterium DSM 319 (37 nM), and some
thermophilic bacteria like Geobacillus stearothermophilus
B4109, B4111, B4112, B4114 (246 pM), Parageobacillus
genomospecies 1 NUB36187 (2.4 pM), Parageobacillus toebii
B4110, B4162 (493 pM), Parageobacillus caldoxylosilyticus
B4119 (985 pM), and Caldibacillus debilis B4165, could be
observed. The S-glycosyltransferase PalS possesses a quite
flexible substrate selectivity as PalS was able to modify the
maturation of two other glycocins, Hyp1 (Figure 11) from B.
megaterium BHG1.1 and Hyp2 from Bacillus sp. JCM19047.
Hyp2 is inactive against all the strains tested, whereas Hyp1
was active against Geobacillus sp. B4113 and G. stearothermo-
philus B4163. Of note, both the disulfide bonds and
glycosylations are essential for the antimicrobial activities of
pallidocin and Hyp1.88

A plug-and-play pathway refactoring workflow established
for natural product research was used to discover three
sublancin-type glycocins, geocillicin, bacillicin CER074, and
bacillicin BAG2O, as well as an enterocin 96-type glycocin
listeriocytocin (Figure 11) with two successive glycosylations
occurring on Ser60. Despite listeriocytocin lacking any
antimicrobial activity, bacillicin CER074 and bacillicin
BAG2O had a narrower antimicrobial spectrum against B.
cereus ATCC 14579 with MICs much lower than sublancin,
while geocillicin exhibited much weaker activity against the
same indicator strain than sublancin. The bioactivity of
bacillicin BAG2O is intriguing as it does not contain a
positively charged residue corresponding to Arg33 of
sublancin, which may imply that this glycocin has an altered
target from sublancin.21

The glycocin F (GccF) type glycocin ASM1 (Figure 11) was
isolated from Lactobacillus plantarum A-1 at nearly the same
time as GccF, but its structure was yet fully characterized until
recently. ASM1 has five amino acid substitutions in the flexible
C-terminus compared to GccF. The peptide is diglycosylated

Figure 10. Structure of representatives of lasso peptides against
Gram-positive bacteria. The disulfide bridged residues are highlighted
in red.
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by two HexNAcs, with one S-linked to Cys43 and the other O-
linked to Ser18, as is the case for GccF. ASM1 inhibited most
Lb. plantarum strains to varying degrees except the known
glycocin producers KW30 and A-1, and the plantaricin EF/JK
indicator strain LP965. Inhibitions were also observed for
Lactobacillus acidophilus NCFM, Lb. plantarum WCFS1,
Lactobacillus sakei Lb790, Lactobacillus brevis LMG11437, Lb.
plantarum NC8 and weak inhibition for E. faecalis V583.89

2.6. Others

Many other classes of RiPPs unveiled recently also exhibit
potent anti-Gram-positive activity, most of which contain only

one example in a certain class of RiPPs. Representatives are
discussed in this section.

Linaridins are linear and dehydrated (arid) RiPPs with an
unexplored diversity in nature discovered by bioinformatic
studies. The maturation of linaridin involves dehydratases (and
possibly dethiolases) by a set of enzymes with unknown
biochemistry but distinct from lanthipeptide dehydratase-like
enzymes.90 Salinipeptin A−D (Figure 12) are type A linaridins
isolated from the halotolerant Streptomyces sp. strain GSL-6C
as analogues of cypemycin, the founding linaridin peptide that
is active against M. luteus and mouse P388 leukemia cells.91

Both cypemycin and salinipeptins include several Dhb residues
and an AviCys ring in the C-terminus, whereas salinipeptins

Figure 11. Structures of representatives of glycocins against Gram-positive bacteria. The class-defining disulfide bridges and glycosyls are
highlighted in blue.

ACS Bio & Med Chem Au pubs.acs.org/biomedchemau Review

https://doi.org/10.1021/acsbiomedchemau.2c00062
ACS Bio Med Chem Au 2023, 3, 1−31

11

https://pubs.acs.org/doi/10.1021/acsbiomedchemau.2c00062?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.2c00062?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.2c00062?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.2c00062?fig=fig11&ref=pdf
pubs.acs.org/biomedchemau?ref=pdf
https://doi.org/10.1021/acsbiomedchemau.2c00062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


also feature multiple D-amino acids, even the unprecedented D-
Pro and D-Ile residues.92 This is confusing because no enzymes

like radical SAM epimerase or oxidoreductase are encoded in
the BGC of salinipeptins, and the formations of D-amino acids

Figure 12. Other representative RiPPs against Gram-positive bacteria. The post-translationally modified amino acids and D-amino acids are
highlighted in red and blue, respectively, with the proteinogenic amino acids drawn in black.
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remain elusive.90 In addition to the N-terminal demethylation
in salinipeptin A, further mysterious PTMs are found in
salinipeptin B and salinipeptin C, with an N,N-dimethylala-
nine-N-oxide moiety in the former and a dimethylimidazolidin-
4-one moiety in the latter. Salinipeptin A showed antibacterial
activity against Group A S. pyogenes M1T1 with an LD50 of
12.5 μg/mL but is inactive against other tested bacterial.92

Cacaoidin (Figure 12) isolated from Streptomyces cacaoi CA-
170360 combines outstanding structural features: a rare
disaccharide β-6-deoxygulopyranosyl-(1 → 3)-α-rhamnopyr-
anoside moiety attached to the phenolic oxygen of Tyr8, a high
number of D-amino acids including two remarkable D-
aminobutyric acid (Abu) residues, and particularly, an
unprecedented N,N-dimethyl lanthionine system (NMe2Ala-
S-Ala) first identified within RiPPs. As mentioned above,
(Me)Lan ring and terminal N-methylation are specific features
of lanthipeptides and linaridins, making cacaoidin a novel RiPP
class possessing the structural features of both lanthipeptides
and linaridins, therefore termed lanthidins.93 Induction of
LiaRS bioreporter, specifically and strongly induced by
antibiotics that target the cell wall,94 was confirmed for
cacaoidin, and it could be antagonized of the LiaRS stress
response by the addition of purified Lipid II. These results
strongly suggest that cacaoidin targets Lipid II and further
impedes the cell envelope integrity to suppress the growth of
susceptive strains, with potent activity against Staphylococcus
simulans 22 (MIC 0.25 μg/mL), the clinically isolated MRSA
MB5393 (MIC 0.5 μg/mL), and moderate activity against B.
subtilis 168 and a set of C. dif f icile strains.93

LiaRS regulation screening for B. subtilis disclosed YydF
(Figure 12), a novel class of RiPPs termed epipeptides with D-
amino acids as the sole PTMs catalyzed by a radical SAM
epimerase. The precursor peptide of YydF is first epimerized
by the radical SAM enzyme (YydG) to obtain a D-Val and a D-
allo-Ile in positions 36 and 44, respectively, processed by the
membrane protease (YydH) and then exported by the ABC
transporter (YydIJ) and requires no other post-translational
modification. The matured peptide YydF33−49DD proved to be a
more potent inhibitor leading to the total inhibition of B.
subtilis growth with a MIC < 2 μg/mL. The peptide with an
identical sequence but devoid of D-amino acid residues lost the
activity toward B. subtilis completely, which is indicative of the
importance of the D-amino acid residues.95 Further studies
demonstrated that YydF33−49DD targets the cell envelope,
triggers membrane depolarization, permeabilization, rigid-
ification, and additionally lipid domain formation to block
cell wall synthesis, thereby ultimately resulting in cell death.96

Tryglysin A from Streptococcus ferus DSM 20646 and
tryglysin B from S. mutans UA159 (Figure 12) carry an
unprecedented tetrahydro[5,6]benzindole modification via two
C−C bonds cross-links between Trp and Lys residues. A single
radical SAM enzyme is responsible for the regio- and
stereospecific cyclization of unactivated carbons.97 Both
tryglysins displayed bacteriostatic activities against their
producing strains and the competing species, including
Streptococcus mitis, Streptococcus oralis, S. pneumoniae, and
several other streptococcal species. This raises the possibility
that tryglysins are fratricidal agents as well.98

Circular bacteriocins cerecyclin and bacicyclicin XIN-1
(Figure 12) were isolated from B. cereus DDD103 and Bacillus
sp. Xin1, respectively. They are incredibly stable under acidic
and high temperatures but less stable in neutral or alkaline
conditions. They exhibited inhibition of B. cereus spore

outgrowth and a broad antimicrobial spectrum against Gram-
positive bacteria, including B. cereus, E. faecalis, and L.
monocytogenes. In contrast, no antimicrobial activity is detected
against Gram-negative bacteria. Hemolysis of red blood cells
(RBCs) was observed for neither of them at different
concentrations, further implying the potential of circular
bacteriocins as promising biopreservatives. A bit difference is
that cerecyclin also significantly inhibited the growth of B.
amyloliquefaciens, Bacillus f irmus, B. subtilis, B. pumilus, while
bacicyclicin XIN-1 strongly suppressed the growth of S. aureus,
E. faecium, S. epidermidis, S. pyogenes, and S. pneumoniae as
well.99,100

Enterocin Gr17 was isolated from E. faecalis Gr17, a novel
bacteriocin-producing strain from the Chinese traditional low-
salt fermented whole fish product Suan yu. The entire amino
acid sequence was determined as RSYGNGVYCNNSKCWV-
NWGEAKENIIGIVISGWATGLAGMGR with a disulfide
bond, although the detailed structure remains obscure. It
displayed potent antibacterial activity against Gram-positive
bacteria such as L. monocytogenes, S. aureus, B. subtilis, B. cereus,
and E. faecalis and poor activity against Gram-negative bacteria
like E. coli, Salmonella enteritidis, Brochothrix thermosphacta, P.
aeruginosa, Pseudomonas f luorescens, and Cronobacter sakazakii
(mentioned in section 3.4).101 In addition, it is also active
against the pathogenic yeast Candida albicans (mentioned in
section 4).101

Another structurally uncharacterized bacteriocin is lactolis-
terin BU with a molecular mass of 5160.94 Da and an internal
fragment AVSWAWQH, isolated from L. lactis subsp. lactis bv.
diacetylactis BGBU1-4. It was active against various Gram-
positive bacteria, with the MICs in the micromolar range,
embracing several L. lactis strains, Lactobacillus casei BGHN14,
L. monocytogenes ATCC 19111, S. aureus ATCC 25923, S.
pyogenes, S. pneumoniae, E. faecalis ATCC 29212, and E. faecalis
BGZLS10-27. Curiously, lactolisterin BU even exhibited
comparable antimicrobial activity against its producers.
Because of the relative thermostability and inhibitions of
substantial food spoilage and foodborne pathogens, lactolister-
in BU is another desirable candidate for application in the food
industry.102

3. RiPPs AGAINST GRAM-NEGATIVE BACTERIA

3.1. Darobactins/Dynobactins

Darobactin A (Figure 13) was identified from the concentrated
extract of Photorhabdus khanii HGB1456, a Photorhabdus
symbiont of entomopathogenic nematode microbiomes and
strain P. khanii DSM 3369 with a higher yield was used to
isolate darobactin A. Structural elucidation showed that
darobactin A is a modified heptapeptide (WNWSKSF) with
an ether link between C7 indole of W1 and the β-carbon of W3,
and a carbon−carbon bond between the C6 indole of W3 and
the β-carbon of K5. Bioinformatic analysis, knockout experi-
ment, and heterologous expression suggested that it was
synthesized through a ribosomal pathway. Darobactin A
exhibited potent activity against a series of Gram-negative
bacteria, with IC50 values ranging from 2 to 64 μg/mL.
Especially for some drug-resistant clinical isolates, it also
showed promising inhibitory activity. Notably, this new
peptide has little effect on gut commensals, and the virulence
of the darobactin A-resistant strain is significantly reduced.
Animal experiments showed that darobactin could effectively
protect animals infected with pathogens. The target of
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darobactin A was identified as BamA, an essential component
for folding and inserting outer membrane proteins.103 The
structure of the darobactin-BamA complex suggested the
peptide could mimic the C-terminal β-signal of native BamA
substrates and seal the lateral gate.104 The detail of how
darobactin affects the mechanical, kinetic, and energetic
properties of BamA was tested by dynamic single-molecule
force spectroscopy.105 The yield of darobactin A reached 13.4
mg/L by expressing the synthetically engineered gene cluster
in E. coli, 13 new non-natural derivatives and four predicted
products (darobactins B, C, D, and E) were obtained by
engineering the core peptides of darobactin A. Among them,
darobactin 9 (Figure 13) exhibited improved activity against P.
aeruginosa and Acinetobacter baumannii with MICs of 0.125
and 1−2 μg/mL, respectively, as well as potent activity against
MDR clinical isolates of E. coli (1−2 μg/mL) and K.
pneumoniae (1−4 μg/mL).106 In addition to darobactins B-E,
another natural member F was also generated by mutasyn-
thetic derivatization of a heterologous expression system,
among which darobactin B, D, and E were isolated and also

exhibited anti-Gram-negative activity.107 Lately, guided by the
Bam complex-darobactin 9 structures generated by cryogenic
electron microscopy (cryo-EM), 20 new darobactin variants
were obtained using biosynthetic engineering.108 Notably, one
variant Darobactin 22 (WNWTKRW) (Figure 13) turned out
to bind more tightly to BamA and surpass the antimicrobial
activity of darobactin 9 against Acinetobacter baumannii up to
32-fold with MICs ranging from 0.0625 to 0.5 μg/mL, without
observing toxic effects.108

Another recently reported novel RiPP dynobactin A
(WNSNVHSYRF) (Figure 13), exhibiting potent anti-Gram-
negative bacteria activity, was identified from Photorhabdus
australis by computational analysis of BGCs distantly related to
darobactins.109 Despite possessing an unrelated structural
scaffold to darobactins, dynobactin A performs antimicrobial
activity also by binding to BamA. Although it obstructs the
function of Bam complex at a lower IC50 value than darobactin
A and B, the MIC values of dynobactin A were about 4-fold
higher than darobactin A.109 This might be attributed to the
lower permeation of dynobactin A to the outer membrane. As
a RiPP from the symbiont of nematode gut microbiome,
dynobactin A showed no observed cytotoxicity at the
concentration up to 1 mg/mL and protection for the mouse
from E. coli infection in animal experiments, indicating that
dynobactin A is potentially a promising lead for the
development of antibiotic agent.109

3.2. Lanthipeptides

Lanthipeptides are famous for their anti-Gram-positive activity.
However, some versatile members also possess activity against
Gram-negative bacteria. Utilizing the strategy of high-
throughput elicitor screening (HiTES) combined with bio-
logical activity assays, a novel lanthipeptide (GPITFGTT-
CWGTPCPSANTVSC), designated cebulantin (Figure 14)
was purified from the fermentation broth of Saccharopolyspora
cebuensis supplemented with furosemide as an elicitor. It

Figure 13. Structures of darobactins. The class-defining PTMs are
highlighted in blue.

Figure 14. Structures of cebulantin with anti-Gram-negative activity.
The class-defining PTMs are highlighted in blue, and other PTMs are
highlighted in red.
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exhibited inhibitory activity against cell wall-weakened E. coli
(ΔlptD) with an IC50 of 9.7 ± 0.4 μM; moreover, it also
showed activity against several Vibrio strains with IC50s ranging
from 8.8 to 29.1 μM. Meanwhile, the activity of anti-Gram-
positive bacteria was not detected.110

Compounds containing C-terminal 2-aminovinyl-cysteine
(AviCys) usually exhibit strong bioactivities. Five strains with
AviCys containing lanthipeptide BGCs were obtained through
a genomic approach, and one showed potent antibacterial
activity. To overcome the low yield of active components, the
cosmid covering the intact BGC was expressed successfully in
heterologous host S. albus J1074. Daspyromycin A (ITSI-
SLCTPGCTSAGGGSNCSFCC, Figure 4) and its hydroxy-
lated analog daspyromycin B, together with two degraded
products, daspyromycins C and D, were isolated and
characterized. Apart from the activity against Gram-positive
bacteria, daspyromycin A and B also exhibited potent
antibacterial activity against Gram-negative bacteria with
MIC values of 4 and 16 μg/mL against A. avenae ATCC
19307, 4, and 32 μg/mL against P. syringae ATCC-BAA-2502
and 2 and 4 μg/mL against X. oryzae ATCC 35933.47

Combining the cell-free protein synthesis (CFPS) platform
with library screening, a mutant of nisin named M5 (I4R,
K12W, A15P, A24K, and S29Q, Figure 3) exhibited higher
inhibitory activity to E. coli with EDTA than nisin Z or S29A.41

3.3. Linear Azol(in)e-Containing Peptides (LAPs)

A thiazole/oxazole-modified microcin BGC was identified in
the genome of Klebsiella pneumoniae subsp. ozaenae ATCC
11296 by genome mining. A new RiPP with three thiazoles,
one oxazole, and one unique N-terminal amidine ring, named
klebsazolicin (KLB, SQSPGNCASCSNSASANCTGGLG, Fig-
ure 15), was purified and characterized. It could inhibit the
growth of Gram-negative bacteria, including E. coli, K.
pneumoniae, and Yersinia pseudotuberculosis, with MICs ranging
from 16 to 65 μM, while no inhibitory activity was detected
against other tested Gram-negative or -positive strains. The
narrow spectrum of KLB may be related to the cellular
membrane proteins such as OmpF or SbmA, which could help
KLB enter cells. Biochemical studies and structural analysis
suggested that KLB could inhibit 70S ribosome by binding in
the peptide exit tunnel in a compact conformation. Besides, a
set of KLB mutants were obtained by engineering, which could

Figure 15. Structures of linear azol(in)e-containing peptides with anti-Gram-negative activity. The class-defining PTMs are highlighted in blue, and
other PTMs are highlighted in red.
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not only help to analyze the structure−activity relationship
(SAR) but also serve as a starting point for developing new
bioactive compounds.111

Another BGC of LAP similar to KLB was found in the
genome of Rhizobium sp. Pop5 by genome mining and its
products, phazolicin (PHZ, Figure 15), A-PHZ, and TA-PHZ
were identified in the medium cultivated strain Pop5, which
included three thiazole and five oxazole cycles. The PHZ
showed inhibitory activity to some members of genera
Rhizobium, Sinorhizobium, and Azorhizobium with MICs of
0.125−1 μM. Similar to KLB, PHZ also inhibited the growth
of the targeted strain by binding in the peptide exit tunnel to
interfere with the elongation step of protein synthesis.112

3.4. Sactipeptides

Ruminococcin (Figure 8) presented in section 2.2 could also
induce a lag phase of the E. coli growth curve, suggesting that it
also acted on Gram-negative bacteria. As a compound against
both Gram-positive and -negative strains, it may target other
components rather than the cell envelope. Meanwhile, it also
could contribute to shaping the gut ecosystem.62

3.5. Lasso Peptides

Citrocin (Figure 16) is a 19-amino acid-long antimicrobial
lasso peptide (GGVGKIIEYFIGGGVGRYG) isolated from
Citrobacter braakii. The corresponding codon-optimized and
refactored biosynthetic gene cluster was expressed successfully
in the heterologous host E. coli. Citrocin is thermostable and
exhibited moderate activity against E. coli and Citrobacter
strains with IC50 values of 16−125 μM and some weak activity

against Salmonella Newport with an IC50 value of 1000 μM. It
exhibited more potent inhibitory activity against RNA
polymerase (RNAP) of E. coli than microcin J25 (MccJ25)
in vitro, while the activity against E. coli is weaker than MccJ25,
which may attribute to the different uptake mechanisms. In
addition, the authors found that Arg-17 is essential for both
thermostability and antibacterial activity.113 A structure similar
to lasso peptide termed ubonodin with a compelling 18aa loop
and a short 2aa tail was isolated from Burkholderia ubonensis
MSMB2207. This lasso peptide is thermosensitive as it
contains multiple Asp residues and degrades into various
peptide fragments at 95 °C for 2 h. Ubonodin inhibits
transcription initiation of the E. coli RNA polymerase and has
potent activity against Burkholderia cepacia, Burkholderia
multivorans, Burkholderia mallei, and poorly activity against
Burkholderia thailandensis.114

Acinetodin (Figure 16) was isolated from the supernatant of
Acinetobacter gyllenbergii CIP 110306, and klebsidin (Figure
16) was obtained by expressing the gene cluster from K.
pneumoniae 4541−2 in E. coli. Both are lasso peptides and
could inhibit transcript elongation of the RNA polymerase of
E. coli. Acinetodin and klebsidin showed no or weak inhibitory
activity against tested strains. However, the E. coli expressing
FhuA became sensitive to acinetodin, which indicated the
inability to permeate bacterial cells limited their activity.115

3.6. Others
Enterocin Gr17 presented in section 2.6 also exhibited poor
antibacterial activity against Gram-negative bacteria, including
E. coli, S. enteritidis, Brochothrix thermosphacta, P. aeruginosa, P.
f luorescens, and Cronobacter sakazakii.101

4. ANTIFUNGAL RiPPs
The first reported antifungal RiPPs are pinensin A and B
(Figure 16) isolated from Chitinophaga pinensis DSM 28390 (=
DSM 2588), a limited exploration group belonging to
Bacteroidetes. Pinensin A and B are derivatized from one
precursor peptide, and they differentiate each other with the
last amide acid at C-terminal. The 1:1 mixture of A and B
displayed broad-spectrum antifungal activity with the MICs
against yeasts and filamentous fungi ranging from 2.1 to 4.2
mg/mL, similar to first-line antifungal drugs, such as nystatin
and amphotericin B1.

116 In addition, they also showed weakly
antibacterial and cytotoxic activities. However, the structures of
pinensins are relatively simple. Only two methyllanthionine
rings and one pyruvyl group at N-terminal were detected.
Although the mode of mechanism of pinensins remains
ambiguous, the discovery of antifungal lantibiotics encourages
researchers to explore more antifungal RiPPs, which will be
beneficial to the treatment of fungal infections.

In addition to pinensins, other RiPPs also exhibited some
antifungal activity, such as ruminococcin C65 (mentioned in
section 2.2) and enterocin Gr17 (mentioned in section 2.6).101

5. ANTITUMOR RiPPs

5.1. Thioviridamide-like RiPP
Thioviridamide (Figure 17) derived from core peptide
SVMAAAASIALHC with five contiguous thioamide groups
was first identified from Streptomyces olivoviridis by Shin-ya and
co-workers in 2006, which showed selective cytotoxicity
against Ad12-3Y1 and E1A-3Y1 cells containing adenovirus
E1A oncogene at 3.9 and 32 ng/mL respectively (Table 2).
Ad12-3Y1 cells treated with thioviridamide showed chromatin

Figure 16. Structures of lasso peptide with anti-Gram-negative
activity and pinensins with antifungal activity. The class-defining
PTMs are highlighted in blue, and other PTMs are highlighted in red.
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condensation and nuclear fragmentation, typical traits of
apoptosis.117,118 More interestingly, the apoptosis resulting
from thioviridamide is dependent on E1A, which makes it a
promising antitumor agent against tumor cells expressing E1A-
like oncogenes.117 Furthermore, more thioviridamide-like
molecules (TLMs) featuring a series of thioamide groups
with potent cytotoxicity were reported. Heterologous
expression of the biosynthetic gene cluster of thioviridamide
produced a novel derivative, JBIR-140, which possesses a lactyl
moiety instead of a 2-hydroxy-2-methyl-4-oxopentanoyl group
in thioviridamide. The cytotoxic activities of JBIR-140 are
about two to three times higher than thioviridamide with
tested cell lines (human ovarian adenocarcinoma SKOV-3,
malignant pleural mesothelioma Meso-1, and Jurkat cells)
(Table 2).119 During efforts to generate polythioamide RiPPs,
neothioviridamide (Figure 17) was obtained by employing
heterologous expression, which shares a similar core peptide
(SVMAAAATVAFHC) with thioviridamide. It exhibited
cytotoxic activities against cancer cell lines SKOV-3, Meso-1,
and Jurkat with IC50 values of 2.1, 0.7, and 0.4 μM, respectively
(Table 2).120

Truman and co-workers pointed out that the unusual N-
terminal modification may be generated during extraction.
Their report identified three TLMs from selected actino-
mycetes based on genomic data analysis. And one of them,
isolated from Amycolatopsis alba DSM 44262, designated
thioalbamide (SVIGFAVTIAVHC, Figure 17), possesses a
potent antitumor activity with considerable selectivity. The
IC50 values of thioalbamide against tested cancer cell lines
range from 48 to 72 nM, an order of magnitude more potent

than clinically used doxorubicin. Meanwhile, the value toward
a noncancerous epithelial cell line is 0.302 μM, similar to
doxorubicin (0.343 μM) (Table 2).121 Further research
suggested that thioalbamide could induce mitochondrial
dysfunction, oxidative stress, and apoptotic cell death of breast
cancer cell lines. Similar to reported results, the antiprolifer-
ative activity of thioalbamide to selected breast cancer cell lines
is more potent than doxorubicin (IC50 values ranging from 54
to 75 nM versus 154 to 1170 nM) while they showed similar
cytotoxic activity to noncancerous cell lines (Table 2). More
importantly, it could disturb the propagation of breast cancer
stem cells.122 With a similar ideology, two TLMs (thioholga-
mides A and B, Figure 17) from Streptomyces malaysiense DSM
100712 were purified and structurally characterized. They
share a similar core peptide sequence (SVMAAAATVAFHC)
with thioviridamide, and thioholgamide A exhibited superior
cytotoxic activities than thioviridamide and JBIR-140. The IC50
values of thioholgamide A against SKOV-3 and Jurkat cell lines
are 2.49 and 0.53 μM, respectively, four to ten times lower
than JBIR-140. As to other tested cell lines, including HCT-
116, KB-3.1, SW480, and U937, the IC50 values of
thioholgamide A ranged from 0.03 to 2.19 μM, while the
cytotoxic activity of thioholgamide B is 10-fold lower (Table
2).123 Overexpression of the newly identified TLMs gene
cluster in Streptomyces sp. NRRL S-87, three novel analogues of
thioviridamide, TVA-YJ-4, TVA-YJ-5, and TVA-YJ-6 (Figure
17), shared identical core peptide with thioholgamides, were
detected. However, the cytotoxic activity of newly discovered
analogues is reduced than the parental thioholgamides A
(TVA-YJ-2), with the IC50 values against selected cancerous

Figure 17. Structures of thioviridamide-like RiPPs with antitumor activity. The class-defining PTMs are highlighted in blue, and other PTMs are
highlighted in red.
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cell lines ranging from 0.6 to 5.1 μM, while the values of
thioholgamides A are between 0.3 and 1.2 μM (Table 2).124

5.2. Poly(thi)azole Cyclopeptides
Poly(thi)azole cyclopeptides biosynthesized by the RiPPs
pathway usually exhibit potent cytotoxicity. Since telomerase
inhibitor telomestatin was discovered from Streptomyces
anulatus,125 more and more members were purified and
characterized in the following two decades, including YM-
216391,126,127 mechercharmycin A (MCM-A) and its linear
congener MCM-B,128 urukthapelstatin,129,130 aurantizolicin
and its deritative131,132 and curacozole.133 Assisted by genomic
data, bio- and cheminformatic platform, aurantizolicin (Figure
18) was detected from Streptomyces aurantiacus JA 4570 in one

of 20 media conditions. However, the yield of aurantizolicin
was extremely low, and the corresponding bioactivity was not
evaluated.131 The aurantizolicin shares a similar core peptide
sequence (FIIGSSCC versus FIVGSSSC) with YM-216391,
combining a highly effective heterologous expression system
with precursor peptide engineering, the group of Tang
obtained aurantizolicin and its derivative (FIVGSSCC) with
high yield. The derivative exhibited improved antitumor
activity with IC50 values against HeLa and Jurkat cell lines at
119 and 62.2 nM, respectively, lower than aurantizolicin (209
and 217 nM) and YM-216391 (502 and 112 nM) (Table
2).132 Curacozole (Figure 18) was isolated from Streptomyces
curacoi by genome mining in 2018 which also shares a similar
core peptide (FIIGSTCC) with YM-216391 and showed
highly toxic toward HCT116 and HOS cancer cell lines with
IC50 values at 8.6 and 10.5 nM respectively (Table 2).133 Two
novel congeners MCM 17 and 18 (Figure 18) were obtained
by expressing engineered mechercharmycin pathway in
heterologous host B. subtilis TG1111 and exhibited comparable
cytotoxicity against Jurkat cell lines.134

5.3. Proteusins

Proteusins are a new family of RiPPs characterized by β-helix
and numerous nonproteinogenic amino acids. Polytheona-
mides, the first isolated proteusin constituted by 48 residues,
were believed to be biosynthesized by nonribosomal peptide
synthetase before their gene cluster was identified from the
library of T. swinhoei total DNA. Further analysis suggested the
gene cluster may source from uncultivated bacterial
symbionts.135 Polytheonamides are highly cytotoxic with IC50
against L1210 below 4 ng/mL, against P388 at 1.4 ng/mL, and
HeLa at 2.9 ng/mL.136,137 Given the potent cytotoxicity and
difficulty in chemical syntheses, Piel’s group found a
homologous gene cluster in cultivable Betaproteobacterium
Microvirgula aerodenitrif icans DSM 15089 by genome mining,
and its product, named aeronamide A (Figure 19), was
obtained by a “tagged-bait” strategy. Although lacking the tert-
butyl moiety, which has been implicated as a cytotoxicity
determinant of polytheonamides, aeronamide A exhibited
unexpected potent cytotoxicity with IC50 against HeLa at 1.48
nM which is based on a similar pore-forming mechanism to
polytheonamides.138

Figure 18. Structures of poly(thi)azole cyclopeptides with antitumor
activity. The class-defining PTMs are highlighted in blue, and other
PTMs are highlighted in red.

Figure 19. Structure of aeronamide A. Modified residues are labeled according to the legend below. The orange oval-shaped balloon indicates a
methyl group localized to the corresponding residues, but the exact locations remain unknown.
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5.4. Others

A novel lasso peptide was isolated from Streptomyces sp.
KCB13F003 by genome mining and one strain many
compounds (OSMAC) strategy. The compound designated
ulleungdin (core peptide sequence GFIGWGKDIFGHYGG,
Figure 20) showed inhibitory activity on cancer cell invasion
and migration. The rate of A549 cells invaded through the
tested membrane decreased by approximately 50% after
treatment with 50 μM ulleungdin for 24 h. The migration
and motility of the treated cells were also inhibited.139 Another
two lasso peptides named felipeptin A1 (GSRGWGFEPGVR-
CLIWCD) and A2 (GGGGRGYEYNKQCLIFC) (Figure 20)
were obtained by genome mining and heterologous expression.
The mixture of these two lasso peptides could stimulate the
proliferation of cancer cells by downregulating the tumor
suppressor Rb.140 Interestingly, the cancer cells treated with
felipeptins are more sensitive to the chemotherapy drug
doxorubicin. Furthermore, the DOX-resistant MCF7 cells
became much more sensitive to doxorubicin after treating with
felipeptins.141

Two highly N-methylated cyclic octadecapeptides, gymno-
peptides A and B (Figure 20), were isolated from mushroom
Gymnopus fusipes, and both showed potent antiproliferative
activity on tested cancer cell lines. The IC50 values of
gymnopeptide A against HeLa, A431, MCF7, MDA-MB-231,
and T47A are 88.4 ± 3.3, 66.4 ± 4.1, 26.5 ± 3.2, 37.4 ± 2.2,
and 18.0 ± 3.0 nM, respectively. Gymnopeptide B exhibited
more potent cytotoxicity against the same cancer cell lines,
with IC50 values of 42.5 ± 4.5, 44.3 ± 2.7, 18.5 ± 6.8, 30.7 ±
3.0 and 14.0 ± 2.2 nM, respectively, which are 2−3 orders of
magnitude more efficient than cisplatin (Table 2).142 Their
biosynthetic pathway was subsequently identified through
bioinformatic analysis and heterologous expression in E. coli.143

Eighteen new aeruginosamide (Figure 20) variants were
detected in the crude extraction of cyanobacterium Limnor-

aphis CCNP1324. However, most of them were poorly
separated. The chromatographically separated samples con-
taining AEG681a and an unknown residue reduced the relative
T47D cell viability to 4.2% ± 0.5% at 200 μg/mL.144 In
addition, salinipeptin A presented in section 2.6 also exhibited
inhibitory activity against U87 and HCT-116 with LD50 of 15
μg/mL.92

6. PROTEASE INHIBITORY RiPPs

6.1. Microviridin-like RiPPs
Microviridin-like molecules which contain tricyclic scaffold
constructed by intramolecular ω-ester and ω-amide bonds
between TxKxPSD motifs are potent protease inhibitors. The
first member of microviridin A was identified from the toxic
cyanobacterium Microcystis viridis in 1990.145 More and more
microviridin-like molecules with protease inhibitory activity
were isolated and characterized in the recent decade.
Microviridin LH1667 (Figure 21) (YSTLKYPSDWEEY) was
isolated from freeze-dried cells of Microcystis spp.. It could
inhibit chymotrypsin with IC50 value at 2.8 μM and elastase at
20 nM, while no inhibitory activity to trypsin was detected at
45.5 μM.146 The selectivity may relate to the amino acid at the
10th position from C-terminus.147 Combining phylogenomic
analysis and chemo-enzymatic synthesis, MdnA3, MdnA6,
MdnA7, and MdnA8 (Figure 21) were obtained in vitro.
MdnA3 and MdnA6 were acetylated tricyclic peptides which
showed potent inhibitory activity to trypsin with IC50 values of
28.4 ± 4.0 nM and 21.5 ± 0.6 nM, respectively. Bicyclic
MdnA7 and MdnA8 exhibited activity to elastase with IC50s of
1.05 ± 0.20 and 21.85 ± 3.35 μM, respectively.148 Microviridin
M (YNVTLKYPSDWEEF, Figure 21) was obtained by
expressing fosmid with gene mdnA or mdnB in E. coli. It is a
tricyclic but not an N-acetylated microviridin variant which
exhibited moderate inhibitory activity against elastase and
subtilisin with IC50 values of 2.9 and 6.9 μM, respectively.149

Figure 20. Structures of other RiPPs with antitumor activity. The class-defining PTMs are highlighted in blue, and other PTMs are highlighted in
red.
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Utilizing the minimal microviridin expression platform,150

completely and incompletely processed microviridin N1−N5
(YSTLKYPSDWEEY, Figure 21) were detected by HPLC,
while one of them, acetylated (Ac) bicyclic microviridin N3

Figure 21. Structures of microviridin-like RiPPs with protease inhibitory activity. The class-defining PTMs are highlighted in blue, and other PTMs
are highlighted in red.
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was isolated to test its bioactivity. It exhibited slightly higher
inhibitory potential against elastase and subtilisin than
microviridin M, with IC50 values of 2.5 and 2.0 μM,
respectively.149 Microviridin 1777 (YNVTLKYPSDWEEF,
Figure 21) was isolated from cyanobacterium Microcystis
aeruginosa by a metabologenomic approach. It displayed
potent activity against elastase and chymotrypsin with IC50
values at 160 and 100 nM, respectively, while the IC50 to
trypsin was more than 10 μM.151 A microviridin-like BGC
from Grimontia marina was expressed in heterologous host E.
coli, and a new compound grimoviridin (IATRKAPSDDDE-
GFS, Figure 21) with one isopeptide and two ester bonds was
obtained. It exhibited inhibitory activity toward chymotrypsin,
trypsin, and subtilisin with IC50 values of 5.2 μM, 238 nM, and

55 μM, respectively, while no inhibitory activity was detected
to elastase.152 Apart from the natural products, some variants
of microviridins obtained by the microviridin engineering
platform or chemo-enzymatic technology showed improved
inhibitory activity on different types of serine proteases.153,154

These variants enabled researchers to dissect the effect of
individual amino acids for protease selectivity. The cocrystal-
lization of microviridin J and trypsin provided more structural
insights into the interaction, which would be beneficial to
rationalize peptide engineering.153

6.2. Others

The biosynthetic gene cluster of plesiocin was identified in
marine myxobacterium Plesiocystis pacif ica, and its product was
obtained by incubating precursor PsnA2 and modified enzyme

Figure 22. Structures of other RiPPs with protease inhibitory activity. The class-defining PTMs are highlighted in blue.
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PsnB in vitro. Plesiocin contains four tandem hairpin-like (ring-
within-a-ring, Figure 22) bicyclic repeats and showed protease
inhibitory activity. The Ki values for elastase and chymotrypsin
are 16 and 7.5 nM, respectively. Interestingly, the shorter
fragment produced by formic acid-mediated cleavage also
could inhibit the activity of the above two proteases with
higher Ki values (380 and 63 nM, respectively). However,
neither of them could inhibit the activity of trypsin.155 A
variant (Psn-LLLR) of plesiocin was obtained by precursor
engineering and strongly inhibited both chymotrypsin and
trypsin with Ki = 5.4 and 130 nM, respectively.156

A new multicore graspetide BGC from Chryseobacterium
gregarium DSM 19109 was identified by genome mining.
Incubation of precursor CdnA3 with ATP-grasp ligase CdnC
and ATP, a modified peptide with loss of six water molecules
was detected. The product without leader peptide named
chryseoviridin (Figure 22) with four additional ω-esters apart
from the bicyclic microviridin core. Despite the lack of ω-
lactam, chryseoviridin still exhibited inhibitory activity against
chymotrypsin, elastase, thrombin, and trypsin. More note-
worthy is that both the chryseoviridin and its microviridin core
inhibited chymotrypsin significantly with IC50 values of 70 nM
and 100 nM, respectively.157

The marinostatin BGC from Algicola sagamiensis JCM
11461T was cloned and expressed in heterologous host E.
coli, which produced a new bicyclic analogue designated
marinostatin E (ATMRYPSDSDEDGFN, Figure 22). It
exhibited inhibitory activity to chymotrypsin and subtilisin
with the IC50 values of 4.0 and 39.6 μM, respectively. In
contrast, no activity against trypsin and elastase was
detected.158 Recently, a novel RiPP pathway (phospeptin,
Figure 22) only constituted by a precursor gene and a
maturase gene was identified from the deep-ocean species
“Candidatus Eudoremicrobium malaspinii” during the inves-
tigation of the biosynthetic potential of the global ocean
microbiome. The sole maturase encodes a dehydration domain
homologous to lanthipeptide synthetase, and the product
(Figure 22) obtained by heterologous expression and in vitro
assay was identified as a diphosphorylated linear peptide which
exhibited inhibitory activity against neutrophil elastase with an
IC50 value of 14.3 μM.159

7. ANTIVIRAL RiPPs
The specialicin (CLGVGSCVDFAGCGYAVVCFW, Figure
23) is a new lasso peptide isolated from Streptomyces specializ
by genome mining. Similar to its analogues siamycins
(CLGVGSCNDFAGCGYAIVCFW),78 specialicin showed

Figure 23. Structures of RiPPs with antiviral activity. The class-defining PTMs are highlighted in blue, and other PTMs are highlighted in red.

ACS Bio & Med Chem Au pubs.acs.org/biomedchemau Review

https://doi.org/10.1021/acsbiomedchemau.2c00062
ACS Bio Med Chem Au 2023, 3, 1−31

23

https://pubs.acs.org/doi/10.1021/acsbiomedchemau.2c00062?fig=fig23&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.2c00062?fig=fig23&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.2c00062?fig=fig23&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.2c00062?fig=fig23&ref=pdf
pubs.acs.org/biomedchemau?ref=pdf
https://doi.org/10.1021/acsbiomedchemau.2c00062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


moderate activity against HIV-1 NL4-3 with an IC50 value of
7.2 ± 2.1 μM.80 Divamides were identified from the marine
tunicate Didemnum mole and incorporated with three
methyllanthionines, one lysinoalanine, one β-hydroxy aspartic
acid, and one N-terminal trimethylation. And one of them,
divamide A (Figure 23), showed promising anti-HIV activity.
To overcome the limited material, the gene cluster of divamide
A was identified in the metagenome of sample E11−036,

which is encoded by the symbiotic cyanobacteria Prochloron
didemnid. The divamide A, as well as a series of intermediates,
were obtained by semi−in vivo synthesis. All intermediates
containing lysinoalamine showed similar anti-HIV activity with
divamide A, which indicated the complete three-dimensional
structure is essential for anti-HIV activity. The flow cytometry-
based approach suggested that the antiviral and cytotoxic
properties of divamide A are segregated.160 The gene cluster of

Figure 24. Structures of RiPPs with nematocidal and antagonistic activities. The amide bond N-methyl groups are highlighted in red. The
mutations and chemical modifications in stlassin are highlighted in blue.
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landornamides with nitrile hydratase leader peptides (NHLPs)
was identified from cyanobacterium Kamptonema sp. PCC
6506. The products were obtained by combining heterologous
expression in E. coli and trypsin digestion in vitro. Land-
ornamide A (Figure 23) exhibited antiviral infection activity
against lymphocytic choriomeningitis virus (LCMV) at
concentrations as low as 45 nM, with around 50% viral
inhibition observed between 1.4 and 2.9 μM. The variant
landornamide B without modification on arginine showed
higher activity with about 50% inhibition at 0.18 μM;
meanwhile, landornamide C without lanthionines did not
show observable inhibitory activity to the tested virus which
indicated the cyclic lanthionines are necessary for antiviral
infection activity and unmodified arginine are favored to
display inhibitory function.161 A genetic library was con-
structed and coexpressed with the substrate-tolerant lanthipep-
tide synthetase ProcM, coupling with a bacterial reverse two-
hybrid system (RTHS) for the interaction of the HIV p6
protein with the UEV domain of the human TSG101 protein, a
bicyclic peptide designated XY3-3 (leader peptide-AACL-
HFFLSMPPSHVLDIC, Figure 23) was identified. It could
disrupt the p6-UEV interaction with an IC50 of 3.6 ± 0.3 μM.
The variant with leader peptide truncated by Lys-C or GluC
exhibited a more potent activity with IC50 values of 2.7 ± 0.6
and 1.9 ± 0.8 μM, respectively. XY3-3 could bind to UEV with
a higher binding affinity than p6, and both rings are essential
for the binding. The XY3−3 linked with a cell-permeable Tat
peptide (XY3-3-Tat) showed about 65% inhibition of viral
budding.162

8. RiPPs WITH OTHER BIOLOGICAL ACTIVITIES
Borosins are RiPPs widespread in fungi and bacteria with
amide bond N-methylations installed on the peptide backbone.
The α-amino groups are unprecedentedly automethylated by
the self-sacrificing N-methyltransferase encoded in the N-
terminal of precursor peptides,163,164 albeit many borosin
BGCs involving “split” precursor peptides have been unveiled
very recently.165,166 The nematicide omphalotins that exhibit
toxicity to the plant pathogen Meloidogyne incognita are
founding members of borosins. Recently, two natural variants,
lentinulins and dendrothelins, were discovered from Lentinula
edodes and Dendrothele bispora, respectively, via heterologous
expression in the yeast Pichia pastoris using the promiscuous
omphalotin A modification machinery. The nematotoxicity of
lentinulin A (Figure 24) toward M. incognita is comparable to
omphalotin A, while the activity of dendrothelin A (Figure 24)
is significantly lower, implying that the Val to Thr mutation in
dendrothelin A negatively affects the nematotoxicity.167 In
addition to omphalotin-like borosins, the Gymnopus fusipes
derived cyclopeptides gymnopeptides with potent antiprolifer-
ative activities (mentioned in section 5.4) were classified as the
second set of bioactive borosins.142,143

In contrast to the aforementioned lasso peptide, stlassin
(Figure 24) from the marine Streptomyces sp. PKUMA01240
shows no antimicrobial, antitumor, or antivirus activity but
antagonistic activity against the binding of lipopolysaccharides
(LPS) to toll-like receptor 4 (TLR4), which may be used for
preventing or treating inflammatory diseases. Several mutant-
variants of stlassin, including I4A, I4C, F15Y, and the
chemically modified I4C and F15Y (I4C−III and F15Y−I)
exert comparable inhibitory activities, in which F15Y and
F15Y−I display smaller IC50 values than the native peptide.168

Atropopeptides (atropitides) are a new family RiPPs with
only four members identified up to now: tryptorubin A and B
from Streptomyces sp. CLI2509 and amyxirubin A and B from
Amycolatopsis xylanica (Figure 25). The cytochrome P450, the

exclusive modifying enzyme encoding in the BGC, atropospe-
cifically catalyzes the generation of one carbon−carbon and
two carbon−nitrogen bonds. All atropopeptides showed pro-
angiogenic and pro-migratory activities for the human
microvascular endothelial cell line (HMEC-1) and proliferative
activities on bacterial growth (accelerating Streptomyces
differentiation).169−171

9. OUTLOOK
In the past decade, advanced bioinformatic tools combined
with a genome-mining approach paved the way to uncover a
rapidly growing number of RiPPs. This field has not only
exploded in terms of novel compound discovery, new post-
translational enzymology,6 as well as new bioinformatic tools
for the prediction of RiPP biosynthetic potentials,131,172,173 but
also resulted in a broad spectrum of emerging bioactivities
from antibacteria, antifungi, antiviruses to antitumor and so on.
This field has exponentially expanded, and 17 new classes were
discovered just between 2013 and 2020.3 Thus, we believe that
RiPPs undoubtedly tend to be promising candidates to cope
with the crisis of resistance as well as other incurable diseases,
given their ability to produce large libraries of chemically
diverse scaffolds and various bioactivities thereof. Furthermore,
many bioinformatic studies demonstrated that RiPP bio-
synthetic pathways are widely distributed in the prokaryotic
tree of life, even in the plants and animals,131 reflecting that the
vast majority of the genetically encoded RiPP remain
unknown, encouraging researchers to excavate the abundant
dark matter.

However, given the increasing number of RiPPs with a
variety of bioactivities will be discovered and characterized via
advanced genome mining and/or bioengineering approaches in
the future, the underdeveloped understanding of the mode of
mechanisms might obstruct the clinical and/or commercial
applications of RiPPs. Thus, we hereby attempt to collectively
summarize the RiPPs uncovered during the past decade in
terms of their biological activity as well as the (proposed)
mode of mechanisms thereof. We hope we could sum up some
disciplines of the RiPPs physiological activities to guide
genome mining and drug discovery/optimization in the future.

Figure 25. Structures of RiPPs with proliferative activities. The
installed PTMs are highlighted in red.
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