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Ribosomally synthesised and post-translationally modified peptides (RiPPs) comprise a substantial group of
peptide natural products exhibiting noteworthy bioactivities ranging from antiinfective to anticancer and
analgesic effects. Furthermore, RiPP biosynthetic pathways represent promising production routes for
complex peptide drugs, and the RiPP technology is well-suited for peptide engineering to produce
derivatives with specific functions. Thus, RiPP natural products possess features that render them
potentially ideal candidates for drug discovery and development. Nonetheless, only a small number of
RiPP-derived compounds have successfully reached the market thus far. This review initially outlines the
therapeutic opportunities that RiPP-based compounds can offer, whilst subsequently discussing the
limitations that require resolution in order to fully exploit the potential of RiPPs towards the development
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1 Introduction

Ribosomally synthesised and post-translationally modified
peptides (RiPPs) constitute a large superfamily of peptide
natural products and possess an extensive structural diversity.*
The different structural elements lead to various biological
functions, including a range of therapeutic effects. The biolog-
ical effects of these compounds rely on chemical motifs, which
are introduced by post-translational modifications in precursor
peptides that are produced by ribosomes. Most precursor
peptides comprise an N-terminal leader peptide and a C-
terminal core peptide, while some precursors bear an addi-
tional follower peptide at the C-terminus. RiPP biosynthetic
gene clusters encode the precursor peptide(s), post-
translationally acting maturases, transporter proteins, and
often proteases to cleave the modified core sequences from the
leader peptide releasing the mature natural product.

The family of RiPP natural products is continuously
expanding and its members encompass redox cofactors,>
chalkophores,® siderophores,” and antimicrobials that partic-
ipate in natural competition within microbial communities.
Although most researchers categorise “classical” RiPPs as
bacterial, fungal, and plant specialised metabolites, we also
classify certain human, amphibian, and mollusk hormones or
toxins as RiPPs in this review, since they also fall under the
category of ribosomally synthesised and post-translationally
modified peptides. In contrast to “classical” RiPPs, these
molecules only contain disulphide bridges as post-translational
modifications. Peptides facilitate an array of biological

This journal is © The Royal Society of Chemistry 2024
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processes in all domains of life,® and are believed to be the
pharmaceuticals of tomorrow. Their large chemical diversity,
typically low toxicity/immunogenicity and their notable target
specificity make them a prime subject for drug discovery.'>"
The molecular weight of peptide drugs falls between small
molecules and large biologicals, such as antibodies. Therefore,
peptide drugs are deemed to combine the high specificity of
biologicals that are capable of inhibiting protein-protein
interactions, with the favourable physicochemical properties of
classical small molecule drugs, that are essential for bioavail-
ability. While peptides tend to have low metabolic stability, and
linear peptides can display lower binding affinity to their target
structure owing to their structural flexibility, modifications can
be introduced that incorporate structural characteristics to
enhance peptide stability and binding affinity.*>**

Numerous review articles have been published on RiPP
research, including general overviews of RiPPs,"” their physio-
logical and ecological roles,” their modes of action,'*** their
antiviral activities,'® their engineering potential,"”** and reviews
on certain RiPP families.>*?* This review will concentrate on the
potential therapeutic applications of RiPPs and will describe the
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promising opportunities RiPPs can offer in drug discovery, as
well as the limitations currently preventing their application.

2 Opportunities

RiPP natural products exhibit significant bioactivities in
laboratory-based in vitro and in vivo experiments. Numerous
research groups have directed their focus on antibiotic RiPPs,
due to the prevalent issue of antibiotic resistance, commonly
referred to as “the silent pandemic”. Nonetheless, RiPP natural
products have demonstrated additional pharmaceutically rele-
vant effects including antifungal, antiviral, antiparasitic, anti-
tumour, and analgesic activities. In the upcoming sections we
will present sample compounds for each of the bioactivities
mentioned, underscoring the immense potential of this natural
product class for pharmaceutical purposes.

2.1 Antibiotic RiPPs

Over 80 antibiotically active RiPPs with distinct targets and
modes of action are described to date. Most of them have
already been reviewed elsewhere;** therefore, only a few exam-
ples shall be highlighted here. Along with members of popular
RiPP classes, peptides with remarkable activity against drug-
resistant and Gram-negative bacteria, and RiPPs with unique
targets or modes of action have been chosen for this chapter.
First, members of the RiPP class of lanthipeptides, including
lanthidins and lipolanthins, are described, followed by linear
azol(in)e containing peptides (LAPs), glycocins, thiopeptides,
and lasso peptides.

Cinnamycin (also known as Ro 09-0198 or lanthiopeptin)
and duramycin (syn. PA48009 or leucopeptin, Fig. 1) are two
closely related class II lanthipeptides, which are produced by
Streptomyces cinnamoneus.*® They differ solely in one amino acid
and display antibiotic activity against Gram-positive
bacteria,”*® by binding to the cell membrane component
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Fig. 1 Many RiPPs show antibiotic activities. Chemical structures of duramycin, nocathiacin |, glycocin F, plantazolicin, darobactin, lariatin A/B
and goadvionin Al are depicted. Example(s) of affected bacteria with MIC or ICsq value are listed below the compound name. For glycocin F,
amino acids are shown in the single-letter code and yellow indicated crosslinks are disulphide bridges. The acyl group of goadvionin Al is
indicated in red.
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phosphatidylethanolamine (PE) in a highly specific manner.
While cinnamycin causes membrane disruption, duramycin
induces membrane permeabilisation. The precise mechanism
of action for both peptides, however, remains unclear.*>?°

Lexapeptide and cacaoidin represent the first members of the
class V lanthipeptides, which are characterised by an atypical
three-component lanthionine synthetase. The two peptides exhibit
an N,N-dimethylation at their N-termini.** Lexapeptide, derived
from Streptomyces rochei Sal35, displays antibiotic activity against
various Gram-positive bacteria in a low micromolar range,
encompassing Mycobacterium smegmatis (MIC] 0.26 uM, Table 1),§
Enterococcus faecalis (MIC 0.52 uM), methicillin-resistant Staphy-
lococcus aureus (MRSA; MIC 0.52 pM) and Staphylococcus epi-
dermidis (MRSE; MIC 1.03 uM). Neither the target nor the mode of
action have yet been elucidated.* Cacaoidin is produced by
Streptomyces cacaoi CA-170360 and shows antimicrobial activity
against MRSA (MIC 0.22 pM) and Clostridioides (formerly Clos-
tridium) difficile (MIC 1.7 pM). It is believed that cacaoidin targets
cell wall biosynthesis, through the inhibition of transglycosylases
in the cell wall and through the binding of the cell wall precursor
lipid 1.3+

Lipidated lanthipeptides are found in the class of lipolanthines.
The first lipolanthine, microvionin, was identified through
a bioactivity-guided screening of culture extracts from Micro-
bacterium arborescens 5913. This lipolanthine shows potent anti-
bacterial activity against Gram-positive bacteria, notably against
MRSA and Streptococcus pneumoniae with low minimal inhibitory
concentrations of 0.46 pg ml™* and 0.15 pg ml ™", respectively.*
Another family of lipolanthines are the goadvionins, which
comprise currently eight polyketide/RiPP hybrid lipopeptides,
named goadvionin A1-A4 and B1-B4 (Fig. 2). Extracts from a strain
that produces goadvionin, namely Streptomyces sp. TP-A0584, dis-
played antibacterial effects against Streptomyces and other Gram-
positive bacteria, but no effect was observed on Gram-negative
bacteria.*

Plantazolicin (Fig. 2), microcin B17, and goadsporin are
classified as LAPs. Plantazolicin, a highly selective, narrow-
spectrum antibiotic was isolated from Bacillus amyloliquefaciens
FZB42. It demonstrated noteworthy efficacy against Bacillus
anthracis (MIC 0.75-12 uM). Following localisation to the cell
envelop of B. anthracis, depolarisation and lysis of the cellular
membrane was observed as a result of plantazolicin treatment.
Plantazolicin utilises a distinct mechanism of action in contrast

1 The following different ratings are employed to characterise the activity/strength
of the different compounds. Please find their respective definitions below. EC5, =
half maximal effective concentration; GIs, = concentration required for 50%
growth inhibition; IC5, = half maximal inhibitory concentration; ID5, = median
infectious dose; LCy¢o = lethal concentration (kills 100% of a test sample); LDs,
= median lethal dose; LDgy = 90% lethal dose (kills 90% of a test sample); MIC
= minimal inhibitory concentration; TD5, = median toxic dose. The lower the
value, the more potent (or toxic) the compound is.

§ To help the reader classify the values mentioned, we summarise below typical
values of drugs that are in clinical use: MIC values of potent antibiotics and
antifungals are in the low uM range. ICs, values of potent antifungals and
antivirals are in the submicromolar to low uM range. First line treatments for
antiparasitic drugs usually have ICs, values in the nM to low puM range.
Chemotherapy drugs that have made it through clinical trial show ICs, values
in the nM range for their target.

This journal is © The Royal Society of Chemistry 2024
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to other antibiotics targeting the cell envelope. It is suggested
that it takes advantage of a transient weakened cell membrane,
caused by increased membrane fluidity or changes in the lipid
composition, such as an aberrant cardiolipin portion. Cell death
ultimately occurs through cell lysis.*® The prototypical example of
class B microcins is microcin B17 (MccB17),*” which was isolated
from Escherichia coli and demonstrated to block DNA replication.
In contrast to other DNA gyrase inhibitors, like the quinolones,
MccB17 does not bind the A subunit but the B subunit of
bacterial DNA gyrase.*® This causes a cascade of reactions.
Double-stranded DNA breaks initiate the SOS response, resulting
in DNA degradation and, finally, cell death. A single molecule of
MccB17 is enough to kill a bacterium.**** Antibiotic activity of
goadsporin, produced by Streptomyces sp. TP-A0584, was found
against actinomycetes, but not against other bacteria and fungi.
Goadsporin was demonstrated to bind the intracellular signal
recognition particle (SRP) and interfering with the correct
cellular localisation of nascent proteins. But the target of its
antibiotic activity remains unknown.***

Further compounds with antibiotic activity can be found in
the RiPP family of glycosylated bacteriocins, the glycocins.
Bacteriocins are synthesised by bacteria and belong to the class
of antimicrobial peptides, which demonstrate antibiotic activity
only against highly similar strains.** Glycocin F (or plantaricin
KW30, Fig. 1), produced by Lactobacillus plantarum KW30,
exhibits uncommon structural features. These include an N-
acetylglucosamine (GlcNAc), which is B-O-linked to serine 18
of the peptide, and an N-acetylhexosamine (HexNAc), which is
S-linked to the C-terminal cysteine 43. Inhibitory activity of
glycocin F was observed in Lactobacillus strains, particularly L.
plantarum strains were strongly inhibited (ICso} 2 nM). It was
demonstrated that GlcNAc is required for bacteriostasis and
HexNAc crucial for a maximal efficacy. To our knowledge, the
exact mode of action has not yet been reported.****

Several thiopeptide antibiotics with diverse structures have
been characterised so far. They are unified by the presence of
a six-membered heterocycle and a common mode of action, the
inhibition of bacterial protein biosynthesis.*® Thiostrepton was
already isolated in the 1950s from Streptomyces sp. and inhibits
different strains of Streptococcus and Staphylococcus.*” Potent
antibacterial activity against MRSA and vancomycin-resistant
Enterococcus (VRE) was observed by the thiopeptides thiazo-
mycin (MIC MRSA: 0.032 pg ml™'; VRE: 0.064 pg ml?)
produced by Amycolatopsis fastidiosa,* nocathiacin (Fig. 1, MIC
MRSA: 0.007 pg ml~"; VRE: 0.03 pug ml~")*** and nosiheptide
(MIC MRSA: 0.03 pug ml™"; VRE: 0.125 pg ml~").*® Nocathiacins,
isolated from Nocardia sp. ATCC202099, were additionally
effective against Mycobacterium tuberculosis (MIC 0.008 pg
ml ™), Mycobacterium avium (MIC 0.06 pg ml™ ') and like thia-
zomycin against penicillin-resistant Streptococcus pneumoniae
(PRSP) with a minimal inhibitory concentration <0.002 pg
ml "% Nosiheptide, which is produced by Streptomyces sp.
CNT-373, was further shown to inhibit a hypervirulent B1 strain
of Clostridioides difficile (MIC 0.008 pg ml™*).5

Antimycobacterial activity was detected for the lasso
peptides lassomycin and lariatin A and B (Fig. 1). Lassomycin
is a unique bactericidal compound produced by Lentzea

Nat. Prod. Rep., 2024, 41, 990-1019 | 993
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Compound
name Bioactivity Target (if known) Activity metrics
Achromonodins Gram-negative bacteria RNA polymerase A. pulmonis: MIC 1.3 uM (ref. 55)
Acinetodin Not observed RNA polymerase® n.d.
Cacaoidin Gram-positive bacteria Cell wall MRSA: MIC 0.22 pM
C. difficile: MIC 1.7 pM (ref. 33)

Capistruin Gram-negative bacteria DNA-dependent RNA P. aeruginosa: MIC 50 pM

polymerase B. caledonica: MIC 12 puM (ref. 57)
Cinnamycin Gram-positive bacteria Cell membrane (PE)*° n.d.
Citrocin Gram-negative bacteria RNA polymerase E. coli BW25113: MIC 31 uM (ref. 64)
Cloacaenodin Gram-negative bacteria RNA polymerase E. cloacae ATCC 13047: MIC 0.94 pM (ref. 65)
Darobactin Gram-negative bacteria Outer membrane protein n.d.

BamA*®
Duramycin Gram-positive bacteria Cell membrane (PE)*° n.d.
Glycocin F Gram-positive bacteria n.d. L. plantarum: 1Cs, 2 nM (ref. 44)
Goadsporin Gram-positive bacteria®* n.d. n.d.
Goadvionins Gram-positive bacteria®® n.d. n.d.
Klebsidin Gram-negative bacteria RNA polymerase K. pneumoniae: MIC 256 puM (ref. 63)

Lariatin A & B Mycobacteria Mycobacterial cell wall
Lassomycin Mycobacteria CIpC1 ATPase”
Lexapeptide Gram-positive bacteria n.d.

Microcin B17 Gram-negative bacteria®

B38

Microcin J25 Gram-negative bacteria DNA-dependent RNA
polymerase

Microcin Y Gram-positive and Gram- RNA polymerase

negative bacteria

Microvionin Gram-positive bacteria n.d.

Nocathiacin Gram-positive bacteria Bacterial protein biosynthesis

Nosiheptide Gram-positive bacteria Bacterial protein biosynthesis

Plantazolicin Gram-positive bacteria Cell membrane

Siamycins Gram-positive bacteria Cell wall/lipid 11**

Thiazomycin Gram-positive bacteria Bacterial protein biosynthesis

Thiostrepton Gram-positive bacteria Bacterial protein
biosynthesis®’

Ubonodin Gram-negative bacteria RNA polymerase

Marketed (non-RiPP) antibiotics

Ceftazidime Gram-positive and Gram- Cell wall
negative bacteria
Vancomycin Gram-positive bacteria Cell wall

“ n.d. = not determined.

kentuckyensis, targeting the ClpC1l ATPase. It triggers the
ATPase activity and in parallel abolishes the ClpC1's proteo-
lytic activity. In addition, lassomycin exhibits a high speci-
ficity for mycobacteria, but is inactive against bacteria of the
human microbiota.®* Lariatin A is an 18 amino acid peptide,
and lariatin B contains two additional amino acids in the tail
region, glycine and proline. Both peptides were isolated from

994 | Nat. Prod. Rep., 2024, 41, 990-1019

Bacterial DNA gyrase, subunit

Lariatin A: M. smegmatis: MIC 3.13 pg ml !

M tuberculosis: MIC 0.39 pg ml™"

Lariatin B: M. smegmatis: MIC 6.25 pug ml " (ref. 52)
n.d.

M. smegmatis: MIC 0.26 pM

E. faecalis: MIC 0.52 pM

MRSA: MIC 0.52 pyM

MRSE: MIC 1.03 pM (ref. 32)

n.d.

S. newport: MIC 0.01 ug ml ™" (ref. 56)

B. subtilis ATCC 6633: MIC 4 uM

S. infantis: MIC 0.04 uM (ref. 67 and 68)
MRSA: MIC 0.46 pug ml "

S. pneumoniae: MIC 0.15 pg ml ™" (ref. 34)
MRSA: MIC 0.007 ug ml "

VRE: MIC 0.03 pg ml ™" (ref. 48)

M. tuberculosis: MIC 0.008 pg ml ™" (ref. 49)
PRSP: MIC <0.002 pg ml " (ref. 48)
MRSA: MIC 0.03 pug ml™*

VRE: MIC 0.125 pg ml ™"

C. difficile: MIC 0.008 pg ml " (ref. 50)

B. anthracis: MIC 0.75-12 uM (ref. 36)
n.d.

MRSA: MIC 0.032 pg ml™*

VRE: MIC 0.064 pg ml ™" (ref. 48)

n.d.

B. cepacia ATCC 25416: MIC 4 pM (ref. 69)

E. coli: MIC 0.06-0.25 pg ml~" (ref. 70)

Streptococcus pneumoniae: MIC 0.25-0.5 pg ml~" (ref. 71)

Rhodococcus jostii K01B0171 and specifically inhibited growth
of M. smegmatis (lariatin A: MIC 3.13 ug ml™; lariatin B: MIC
6.25 pg ml~"); M. tuberculosis was only inhibited by lariatin A
with a MIC of 0.39 pg ml~'. They displayed no activity against
other bacterial and fungal test organisms. Mycobacteria
possess an uncommon cell wall structure, differentiating
them from other bacteria. Since the lariatins only inhibited

This journal is © The Royal Society of Chemistry 2024
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inhibition of activity.

mycobacteria, it is assumed they are targeting a step specific
for mycobacterial cell wall biosynthesis.”* Streptomyces sp.
AA6532 produces siamycin I (Fig. 5), which also belongs to the
class of lasso peptides. Strong antibiotic activity was observed
against Gram-positive bacteria, including MRSA and VRE.
Siamycin I binds to the pyrophosphate-sugar motif of lipid II
at the outside of Gram-positive cell walls. Incorporation of the
N-acetyl glucosamine-N-acetylmuramic acid disaccharide
into the cell wall is thought to be hindered by that.**** The
lasso peptides achromonodin-1 and achromonodin-2 identi-
fied from Achromobacter sp. show narrow-spectrum antibiotic
activity against other pathogenic Achromobacter sp., which
often infect cystic fibrosis patients.>*

Compounds targeting Gram-negative bacteria are scarce and
novel anti-Gram-negative compounds are rarely discovered. The
lasso peptides microcin J25 (MccJ25) and capistruin are both
highly active against Gram-negative bacteria. Mcc]25, isolated
from E. coli, was found to inhibit the DNA-dependent RNA poly-
merase (RNAP) and antibiotic activity with a MIC of 0.01 pug ml™*
against Salmonella newport was demonstrated.”® Capistruin,
produced by Burkholderia thailandensis E264, displays antibiotic
activity against Pseudomonas and Burkholderia strains that are
closely related to the producer. For Pseudomonas aeruginosa
AT27853 a MIC of 50 uM and for Burkholderia caledonica a MIC of
12 uM were determined.”” Like Mcc]25, capsitruin was found to
bind and inhibit RNAP.*® A bactericidal antibiotic with negligible
anti-Gram-positive, but strong anti-Gram-negative activity is
darobactin (Fig. 1). It is produced by Photorhabdus khanii
HGB1456. Inhibition of clinically relevant drug resistant patho-
gens, including P. aeruginosa, E. coli and Klebsiella pneumoniae
strains, was demonstrated. The effect was explained by darobactin
binding the outer membrane protein BamaA, thereby preventing

This journal is © The Royal Society of Chemistry 2024
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proper assembly of the Gram-negatives outer membrane (Fig. 2).*°
The binding site of darobactin at BamaA is not addressed by other
commercially available antibiotics making darobactin a valuable
compound to treat infections with multidrug resistant strains.
Genetically engineered derivatives of darobactin show an
increased antibacterial activity (128-fold increase compared to
darobactin) and a promising ADMET (absorption, distribution,
metabolism, excretion, and toxicity) profile.***

2.2 Antifungal RiPPs

Fungal diseases pose a serious threat to human health.
Mortality rates above 50% of invasive fungal infections under-
line the need for novel antifungal drugs.” Antifungal RiPPs are
found in several RiPP families, including lanthipeptides, cya-
nobactins, thiopeptides, and lasso peptides.

Pinensin A and B (Fig. 3) are two new lanthipeptides ob-
tained from Chitinophaga pinensis DSM 28390, representing the
first antifungal lantibiotics produced by a Gram-negative
bacterium. The pinensins A and B both contain two methyl-
lanthionine rings, and differ by an additional alanine at the C-
terminus in pinensin A. Both peptides were found to exhibit
a weak antibacterial but in combination a broad antifungal
activity against filamentous fungi and yeast (MIC 2.1-4.2 pg
ml~', Table 2). Their target and the mechanism behind the
activity remain elusive.”

Four cyclic heptapeptides of the cyanobactin family, hymena-
mide A-C (Fig. 3) and hymenamide E, were isolated from the
marine sponge Hymeniacidon sp. Antifungal activity of these
proline-rich peptides was observed against Cryptococcus neofor-
mans with a MIC of 133 ug ml~" for congeners A, C, E and 33 g
ml ' for B. Hymenamide A and B showed additionally activity
against Candida albicans with a MIC of 33 pg ml* and 66 pg ml ™%,
respectively.”*”

Cyclothiazomycin B1 (Fig. 3) is a cyclic peptide that belongs
to the class of thiopeptides. It was isolated from a Streptomyces
sp. strain and found to be fungistatic. By binding chitin in the
fungal cell wall, it inhibits growth of filamentous fungi in
a submicromolar range. This leads putatively to cell wall
fragility. Activity against bacteria, yeast, or cytotoxic effects on
mammalian cells were not observed.”

A lasso peptide with high structural similarities to the sia-
mycins, is humidimycin (or MDN-0010, Fig. 5). It was isolated
from Streptomyces humidus F-100.629. The peptide is not anti-
fungal itself but exhibits a synergistic effect with approved
antifungal drugs, like caspofungin (CAS). This makes humid-
imycin an antifungal enhancer. The antifungal effect of CAS in
combination with humidimycin was shown to be enhanced by
4.5-fold, resulting in a remarkable low ICs, of 0.007 ug ml ™. Its
target and the mechanism behind this effect are not yet fully
understood. The high osmolarity glycerol (HOG) pathway is
assumed to be involved in the response to humidimycin. When
treated only with CAS, the HOG pathway may be employed to
bypass the CAS-blocked pathway. Thus, tackling a different
target than CAS could explain the observed synergistic effect.
This could present a possible starting point to enhance CAS
activity.”
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Fig. 3 RiPPs with antifungal activities: chemical structures of pinensin A/B, hymenamide C, and cyclothiazomycin B1 are shown. Example(s) of
affected fungi with MIC values are listed below the compound name. For pinensin A/B, the three-letter code is used. Dhb, dehydrobutyrine; Abu,
2-aminobutyric acid. Green indicated crosslinks are lanthionine bridges. For cyclothiazomycin B1, the target chitin in the fungal cell wall is shown.

Binding of cyclothiamycin B1 to chitin leads to cell wall fragility.

2.3 Antiviral RiPPs

Epidemics and pandemics of viral diseases recurred frequently
throughout human history. The recent emergence of the severe
acute respiratory syndrome coronavirus (SARS-CoV2) and the
coronavirus disease 2019 (COVID-19) represents just one
example of the keen interest in new antiviral therapeutics.®*
More than 40 peptides from different RiPP families are known
to have antiviral activity, including members of proteusins,
lasso peptides, and lanthipeptides.*®

Table 2 Overview of antifungal RiPPs®

Landornamide A (Fig. 3) is a member of the proteusin family
and produced by Kamptonema sp. PCC 6506. It exhibits rare
antiarenaviral activity, inhibiting the infection with lymphocytic
choriomeningitis virus (LCMV) with an ICs;, of 1.4-2.9 uM
(Table 3).*> Investigations aiming to determine the target and
mode of action of landornamide A are ongoing.

Several RiPPs with anti-HIV activity are known to date. The
lasso peptides siamycin I and II differ in position 4: the valine
residue is replaced by isoleucine in siamycin II. An 1D} 7 pg ml
for HIV and IDs, 48 pg ml ™" for HSV (herpes simplex virus) was

Compound name Bioactivity

Target (if known)

Activity metrics

Cyclothiazomycin B1 Filamentous fungi

Humidimycin Antifungal enhancer HOG pathway
Hymenamides Non-filamentous fungi n.d.
Pinensins Filamentous fungi and yeast n.d.

Marketed (non-RiPP) antifungal drug
Caspofungin Filamentous fungi and yeast

“ n.d. = not determined.

996 | Nat. Prod. Rep., 2024, 41, 990-1019

Fungal cell wall

Fungal cell wal

Submicromolar inhibition”®

+Caspofungin ICs, 0.007 pg ml™" (ref. 77)

C. neoformans: MIC 133 ug ml~" (hymenamides A, C, and E),
33 pg ml~' (hymenamide B)

C. albicans: MIC 33 pg ml~" (hymenamide A)

66 pg ml' (hymenamide B)”®

Yeast: MIC 2.1-4.2 pg ml ™" (ref. 73)

74,75

178 Candida sp.: MIC 0.015-2 pg ml~" (ref. 79)

Aspergillus sp.: MIC 0.25-16 pg m1~" (ref. 80)

This journal is © The Royal Society of Chemistry 2024
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Table 3 Overview of antiviral RiPPs”
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Compound name Bioactivity Target (if known) Activity metrics
Cinnamycin HSV-1 viral proliferation'®*® n.d.
Divamide A HIV Cell entry or exit n.d.
Duramycin HSV-1, Ebola, West Nile virus, Cell entry'*5® n.d.
Dengue virus®
Labyrinthopeptins HIV & HSV Cell entry LabyA1: HIV: EC50} 0.79-3.3 uM
HSV: ECs54 0.29-2.7 uM
LabyA2: HIV: ECs, of 26 uM (ref. 92)
Landornamide A Arenavirus n.d. LCMV: IC5, 1.4-2.9 pM (ref. 82)
Siamycins I-II HIV & HSV Viral cell fusion (1) HIV: ID50% 7 pg ml™* HSV: 1D, 48 pg ml~" (ref. 93)

Marketed (non-RiPP) antiviral drugs

(I) HIV: IDso 9 pg ml™*

HSV: IDs; 27 pg ml™* (ref. 93)

(II1) HIV-1 reverse transcriptase: ICso 4 pg ml™ 7,
HIV aspartyl protease: ICs, 48 pg ml ™" (ref. 84)

Docosanol HSV Cell entry ECso 2.5 mg ml " (ref. 94)
Maraviroc HIV Cell entry IC5 43 nM (ref. 95)
Saquinavir HIV HIV protease ICso 1-10 nM (ref. 96)

“ n.d. = not determined.

measured for siamycin I. Siamycin II, produced by Streptomyces sp.
AA3891, displayed and IDs, of 9 ug ml™* for HIV and an IDs, of
27 pg ml™" for HSV. Their anti-HIV and anti-HSV activity is
hypothesised to be related to blocking viral cell fusion.* Structural
similarities to gp41 transmembrane protein functional domains of
HIV-1 were observed in siamycin III (or RP 71955 or arborycin),
implying an analogous mode of action of all siamycins. Siamycin
II is produced by Streptomyces sp. SP9440 and contains an
isoleucine at position 4 like siamycin II, and a valine instead of
isoleucine at position 17.** Furthermore, siamycin III was found to

PE enveloped virus

virus attachment

Extracellular

PP PIIPPID
OOCOOYOCOOO0O

Intracellular
receptor

Fig. 4 Duramycin targets enveloped viruses by binding PE (phos-
phatidylethanolamine). This leads to inhibition of virus attachment to
the TIM1 membrane receptor in human cells and blocks cell entry.

This journal is © The Royal Society of Chemistry 2024

affect HIV-1 by inhibiting the production of the reverse transcrip-
tase (ICso 4 ug ml ™) and the aspartyl protease (ICs, 48 pg ml ") of
HIV. Knowledge on the exact mechanism of action of the siamy-
cins is not available yet.">**** Based on its structural relatedness to
the siamycins, humidimycin (mentioned above) is thought to have
anti-HIV properties as well.*®

Activity against HIV and HSV can be attributed to laby-
rinthopeptin A1 (LabyA1l, Fig. 5) and A2 (LabyA2), which
belong to a new class of carbacyclic lantibiotics, isolated from
Actinomadura namibiensis DSM 6313. These compounds
contain labionin, an aC quaternary substituted amino acid.
This was the first time such a carbocyclic side chain linkage
was described. Two serine and one cysteine residue(s) are
linked by LabKC to form this unique structural feature. The
cell entry of HIV and HSV is inhibited, in case of HIV by
interaction of LabyAl with the envelope protein gp120.
Depending on the cell line tested, an EC5,} of 0.79-3.3 uM for
HIV and an ECs, of 0.29-2.7 uM for HSV was observed. LabyA1
further acts as anti-HIV enhancer. It showed an additive to
synergistic effect together with anti(retro)viral drugs such as
aciclovir, tenofovir and saquinavir. In contrast, LabyA2 was
found to be about 10-fold less potent against HSV than
LabyA1 and displayed only an ECs, of 26 uM against HIV. This
notable difference in potency may be explained by the struc-
tural differences of the labyrinthopeptins. LabyAl has two
additional amino acids and LabyAl and LabyA2 vary at five
amino acid positions.?”

In addition to their antimicrobial activity, cinnamycin and
duramycin exhibit antiviral activity against HSV-1. By targeting
phosphatidylethanolamine (PE), the viral proliferation is
inhibited."** Duramycin effects furthermore Ebola, West Nile
and Dengue virus specifically by preventing virus attachment,
thereby stopping cellular entry (Fig. 4).%

The divamides are cinnamycin-like anti-HIV peptides that
were originally isolated from a marine tunicate. Later, it was

Nat. Prod. Rep., 2024, 41, 990-1019 | 997
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Fig. 5 RiPPs with antiviral activities: chemical structures of divamide A, siamycins and humidimycin, landornamide A, labyrinthopeptin Al, and
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found that divamide A-C were produced by a symbiont of the
tunicate, the cyanobacterium Prochloron didemnid. Employing
bioassay-guided fractionation, the anti-HIV activity could be
assigned only to divamide A (Fig. 5). By structure activity
relationship studies, the lysinoalanine residue was shown to
be crucial for its antiviral activity. The exact underlying mode
of action could not be clarified yet. Interaction of divamide A
with T-cell membranes was observed, thus it was concluded it
may block the viral cell entry or exit. Another bioactivity
related discovery was the splitting of divamide A's cytotoxic
and antiviral effect by minor changes in the sequence of
amino acids.”®

2.4 Antiparasitic RiPPs

Parasitic diseases affect 3.5 billion people worldwide according
to WHO.” Economical and public health effects dispropor-
tionally burden the poorest nations and the drugs currently in
use to treat these infections often show sub-optimal efficacy or
serious toxicity. They were mostly discovered over 50 years ago,
and today many drug-resistant strains exist. To combat these
infections and mitigate the long lasting effects, it is imperative
to find new drug leads.””*® First, we will discuss antimicrobial
RiPPs that have additional antiparasitic properties. Subse-
quently, we will provide examples from the defensin, cyano-
bactin, and cyclotide families. Defensins are antimicrobial
peptides found in eukaryotes and prokaryotes; they are ribo-
somally synthesised and post-translationally modified, and can
therefore be attributed to the natural product class of
RiPPS-2,99,100

Besides its antimicrobial activity (see Section 2.1), thio-
strepton (Fig. 8) has potential as an antimalarial drug lead. It
was shown to target the proteasome of the human malaria
parasite Plasmodium falciparum. The natural compound itself
shows modest antimalarial activity with an ICs, of 8.9 uM

Table 4 Overview of RiPPs with antiparasitic properties®

View Article Online
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(Table 4), while optimised thiostrepton derivatives achieved
IC5, values as low as 1.0 uM.*** Two independent targets were
identified, the parasitic 20S proteasome and the large ribo-
somal subunit of the prokaryotic apicoplast, an essential cell
organelle found in parasites belonging to the phylum Api-
complexa. Addressing two targets presents a substantial
advantage, as it lessens the risk of resistance development.
Additionally thiostrepton-based derivatives show consider-
able selectivity for the parasite proteasome over the human
proteasome and no toxicity to human cell lines, making these
compounds attractive antimalarial drug leads.***

The defensins found in the dragonfly Aeshna cyanea, known
as Aeshna defensin, and in the flesh fly Protophormia terraeno-
vae, referred to as phormicin, exhibit antiparasitic activity
against P. gallinaceum.'*>** P. gallinaceum is a malarial parasite
to birds of the genus Gallus and it is used as a model system in
malaria research.'*>'*® Injecting Aeshna defensin or phormicin
into the haemolymph of Aedes aegypti mosquitos 3-4 days after
parasite ingestion significantly reduced the oocyte density,
without showing toxicity against the mosquito hosts.'”” A
defensin from the sandfly Phlebotomus duboscqi active against
Leishmania major was identified in a Leishmania infected sand
fly. Leishmania spp. are parasites that cause leishmaniasis,
a tropical disease with potentially fatal consequences.
Recombinant Phlebotomus defensin was then tested against L.
major, i.e. strain MHOM/YE/84, in vitro and ICs, values ranged
from 68-85 pM, demonstrating antiparasitic activity for the
Phlebotomus defensin.'*®**

Balgacyclamides A-C (Fig. 8) belong to the family of cya-
nobactins and were isolated from Microcystis aeruginosa
EAWAG 251. They were tested against a range of parasites,
such as P. falciparum, Trypanosoma brucei rhodesiense, Try-
panosoma cruzi, and Leishmania donovani. T.b. rhodesiense is
the cause of African trypanosomiasis, which can lead to coma

Compound name Bioactivity Target (if known) Activity metrics

Aeshna defensin Antimalaria n.d. Dosed at 1 pg (ref. 107)
Balgacyclamides A-C Antimalaria n.d. ICs0 8.2-9 pM (ref. 110)
Balgacyclamides A-C Anti-trypanosomatid n.d. IC50 51-59 uM (ref. 110)
Cycloviolacin 014 Antihelmintic n.d. IC5 1.40 uM (ref. 116)
Kalata B1 Antihelmintic n.d. IC50 3.36 uM (ref. 116)
Mollamide B Antimalaria n.d. ICs0 2 pg ml ™" (ref. 111)
Mollamide B Leishmanicidal n.d. ICs 18 pg ml~ " (ref. 111)
Phlebotumus defensin Leishmanicidal n.d. IC5,68-85 UM (ref. 108)
Phormicin Antimalaria n.d. Dosed at 1 pg (ref. 107)
Thiostrepton Antimalaria Proteasome ICs0 8.9 uM (ref. 101)
Venturamides Antimalaria n.d. ICsp 5.2-8.2 pM (ref. 112)
Venturamides Anti-trypanosomatid n.d. ICsy 14.6-15.8 puM (ref. 112)

Marketed (non-RiPP) antiparasitic drugs
Atovaquone/Proguanil Antimalaria
Nifurtimox Anti-trypanosomatid

Mitochondrial cyth gene
Inhibition trypanozhione

ICs 3.4 nM and 36.5 pM (ref. 117)
ICs, 0.9-3.4 M (ref. 119)

reductase, oxidative stress''®

Meglumine antimoniate Leishmanicidal n.d.

“ n.d. = not determined.

This journal is © The Royal Society of Chemistry 2024

ECso 29.1-60.1 pug ml~* (depending on strain)"*°
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Balgacyclamide A
> P. falciparum (ICs 9.0 uM)
> T.b. rhodesiense (IC5y 59 uM)

Balgacyclamide C
> P. falciparum (ICsq 8.2 pM)
> T.b. rhodesiense (IC5y 51 pM)

Mollamide B

Kalata B1
> N. americanus (1Csg 3.6 uM)

Cylcoviolacin 014

> N. americanus (ICsq 1.4 uM)
Venturamide A

> P. falciparum (ICsq 8.2 pM)

> T. cruzi (ICsg 14.6 M)

> P. falciparum D6 (ICsq 2 pg/mL)
> P. falciparum W2 (ICsq 2.1 pg/mL)
> L. donovani (ICsq 18 pg/mL)
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Fig.6 RiPPs with antiparasitic properties: chemical structures of balgacyclamide A and C, thiostrepton, mollamide B, venturamide A and B, kalata
B1, and cycloviolacin O14 are shown. For kalata B1 and cycloviolacin O14, the one-letter code is used. Yellow indicated crosslinks are disulphide
bridges, the black link indicates a macrocyclisation. ICsq values of affected parasites are listed below the respective compound names.

and death if left untreated. The best antiparasitic activity of
balgacyclamides was detected against P. falciparum K1 with
an ICs, of 8.2-9 pM, depending on the derivative. Besides,
moderate activity against T.b. rhodesiense with ICs, values
between 51-59 uM, and no activity against other parasites was
reported.'® The cyanobactin mollamide B (Fig. 6), isolated
from the tunicate Didemnum molle, was tested for its anti-
parasitic activity against the chloroquine-sensitive P. falcipa-
rum strain D6, the chloroquine-resistant P. falciparum strain
W2, and L. donovani. It showed moderate activity with ICs,
values of 2 pg ml™", 2.1 pg ml™*, and 18 pg ml™"', respec-
tively."™* Other peptides isolated from cyanobacteria, ventur-
amide A and B (Fig. 6), were also tested against tropical
parasites. They were isolated from Oscillatoria sp., a marine
cyanobacterium. In bioassays both compounds showed
moderate activity against P. falciparum and T. cruzi.

1000 | Nat. Prod. Rep., 2024, 41, 990-1019

Venturamide A and B showed IC;, values of 8.2 uM and 5.2
uM for P. falciparum, and 14.6 pM and 15.8 puM for T. cruzi,
respectively.'*?

Cyclotides are plant derived RiPPs, and some representatives
of this family show anthelmintic activities. Kalata B1 was iso-
lated from Oldenlandia affinis, and cycloviolacin 014 was iso-
lated from Viola odorata (Fig. 6).***'** Both peptides were
screened for their anthelmintic properties against the human
hookworm Necator americanus. Hookworm infections are
a human health issue in the tropics and subtropics, and they are
the leading cause of maternal and child morbidity. Infections in
children can result in intellectual, cognitive and growth retar-
dation."® In vitro tests conducted on N. americanus larvae
showed that kalata B1 has an ICs, of 3.63 uM, while cyclo-
violacin O14 has an IC5, of 1.40 uM."®

This journal is © The Royal Society of Chemistry 2024
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2.5 Anticancer/antitumour RiPPs

Cancer is among the foremost causes of death around the globe,
resulting in almost 10 million deaths in 2020.*** Consequently,
there is a pressing need for improved clinical treatment options.
Peptides and proteins are of particular interest, as they possess
a significant advantage over small molecule drug candidates:
they show a reduced probability of off-target interactions.” In
this section, we will first discuss thiostrepton and its analogues,
followed by cyanobactins, bacteriocins, ammosamides and
related pyrroloquinoline RiPPs, defensins, and RiPPs of an
unknown class. The final section will discuss RiPP natural
products that have no cytotoxic properties but inhibit lung
cancer cell migration and RiPPs that have synergistic properties
with chemotherapy drugs.

Siomycin A was originally described as an antibiotic similar in
structure to thiostrepton isolated from Streptomyces sp. H-690."* In
a study by Radhakrishnan et al. it was identified as a potential
inhibitor of the transcription factor forkhead box M1 (FoxM1)."2412>
Dysregulation of FoxM1 has been associated with lung cancer and
basal cell breast carcinoma.**® Siomycin A appears to be a negative
regulator of FoxM1, which at least partly contributes to its
anticancer and proapoptotic activities. It was demonstrated that
siomycin A treatment induces apoptosis only in transformed lung
fibroblasts in culture, leaving non-cancerous cells nearly unaf-
fected.” Unsurprisingly, thiostrepton also has anticancer proper-
ties. It directly interacts with FoxM1 as shown in MCF7 breast
cancer cell lines by Hegde et al.**®

Cyanobactins are better known for their antimicrobial
activities, but some also display cytotoxicity against human
cancer cell lines. For instance, wewakazole B (Fig. 8), isolated
from Moorea producens has an ICs, of 1.0 uM (Table 5) against
human H460 lung and an ICs, of 0.58 uM against human MCF7
breast cancer cells.*”” Lissoclinamides are a group of cyano-
bactins isolated from the ascidian Lissoclinum patella. Initial
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Fig. 7 Nisin ZP activates calpain in cancerous cells; this activation
leads to the hydrolysis of different cytosolic and membrane proteins
and induces apoptosis. Schematic is based on ref. 136 and 138.
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cytotoxicity assays revealed lissoclinamide 7 to be the most
potent compound, with an ICs, of 0.06 pg ml™"' for urinary
bladder carcinoma cells."”® Another cyanobactin from L. patella
is patellin 6. In cytotoxicity assays, an ICs, of 2 g ml~" for P388
(leukaemia), A549 (lung carcinoma), HT29 (colon cancer) and
CV1 (non-cancerous cells) cells was measured.”® Further
expanding the group of cytotoxic cyanobactins, hymenamide B
from Hymeniacidon sp. exhibited an ICs, of 3.2 and 6.0 pg ml~*
against murine lymphoma L1210 cells and human epidermoid
carcinoma KB cells, respectively.”” Hymenamide B also has
antifungal properties (see Section 2.2 above). Similarly, several
peptides from Didemnum molle symbionts, comoramides A and
B, and mayotamides A and B (Fig. 5) show mild cytotoxicity
against A549 lung cancer cells, HT29 colorectal cancer cells, and
MEL-28 malignant melanoma cells.**

Class I bacteriocins represent a group of RiPPs that were
initially reported as antimicrobials, and were subsequently
discovered to possess a range of properties, including anti-
cancer effects.”® One example is microcin E492 (MccE492),
which showed activity against SW620 human colorectal cancer.
Cancer cell viability decreased in a dose-dependent manner
when treated with 0, 30 and 60 ug ml~* MccE492 suspension in
an in vivo model using zebrafish larvae. Additionally, MccE492
induces apoptosis in HeLa cells at about 20 ug ml~" (Table 5). It
is produced by Klebsiella pneumoniae RYC492 and it is mainly
active against Enterobacteriaceae.’*>'** Similarly, nisin A,
a bacteriocin well known for its antibacterial application in food
preservation, also displays cytotoxic properties. It induces
apoptosis in cells of colon cancer, breast cancer, and hepatic
cancer, with an ICs, of around 600 uM.*** Furthermore nisin A
was tested in a floor-of-mouth oral cancer xenograft mouse
model. Treatment with 200 mg kg™ per day of nisin A led to
significant tumour volume decrease with no observed adverse
effects.’®® Additionally Kamarajan et al™°® tested nisin ZP,
a natural occurring variant of nisin A. Both nisin A and nisin ZP
are produced by Lactococcus lactis. Nisin ZP was tested in
a similar oral cancer floor-of-mouth mouse model. It was found
to decelerate tumour growth, inhibit cancer cell proliferation,
prevent angiogenic processes, suppress orasphere formation
and tumorigenesis in vivo at dosages up to 800 mg kg™ per day.
Converting this dose to human administration would entail
giving 66.7 mg kg~ to humans, which falls well within the no
observed adverse effect level (NOAEL) range of 225 mg nisin A
kg ' bodyweight identified by the European Food and Safety
Administration. It is theorized that nisin ZP activates calpain
which then leads to apoptosis in cancerous cells (Fig. 7).'*¢*%®

Ammosamides belong to the natural product class of pyr-
roloquinoline alkaloids, and their biosynthetic pathway
contains cryptic RiPP genes.” Ammosamides were initially
isolated from the Streptomyces strain CNR-698 and are
compounds with intriguing structures and bright colours, but
with low solubility.*** Though they were originally thought to
constitute a 16-member family, it has been shown that most
ammosamides are artefacts of ammosamide C, forming deriv-
atives when exposed to nucleophiles, air, and light."*'**
Ammosamides A and B (Fig. 8) display in vitro cytotoxicity
towards the human colorectal cancer cell line HCT-116, with an

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 RiPPs with anticancer activities: chemical structures of ammosamide B, kintamidin, lymphostin, wewakazole B, telomestatin, patellamide D, and
mayolamide B are shown. Examples for affected cancer cell lines are given below the compound names. For kintamdin, the three-letter code is used.

ICs, of 320 nM. Myosin appears to be the intracellular target.*>
Ammosamide B derivatives demonstrate potent quinone
reductase 2 (QR2) inhibition. QR2 has been identified as
a potential target for the development of chemotherapeutic
drugs."® Research by Li et al. indicates that ammosamides can
be a highly effective scaffold for the development of targeted
therapies."** Several derivatives were synthesised using the
pyrroloquinoline base to optimise inhibition of BRD4. BRD4 is
a transcriptional and epigenetic regulator, well-established as
a target in cancer research.'® Derivative 49 showed the highest
inhibition against BRD4, when screened against MV4-11 and
22RV1, leukaemia and prostate cancer cell lines. Additionally, it
also showed good anti-proliferative effects. Consequently, this
compound displays potential as a new drug lead for chemo-
therapeutics.*** The ammosester subfamily of ammosamides
was discovered in the genome of Streptomyces unicalis DCA2648
and exhibits modest cytotoxicity against several human cancer

This journal is © The Royal Society of Chemistry 2024

cell lines, including melanoma (SK-MEL-5), breast (MDA-MB-
231), central nervous system (SF-295), non-small cell lung
(NCI-H226), and ovarian (OVCAR-3) cancer.'*®

Additional members of the pyrroloquinoline natural product
family are the lymphostins (Fig. 8). Like ammosamides, they
possess a non-canonical biosynthesis, involving genes associ-
ated with RiPP biosynthesis, the exact function of which require
further investigation."*® Originally isolated from Streptomyces
sp. KY11783, lymphostins and their derivatives are potent
inhibitors of mTOR (mechanistic Target of Rapamycin), exhib-
iting ICs, values ranging between 0.8 and 1.8 nM.*”**® The
serine/threonine kinase mTOR is involved in regulating cell
survival, cell growth, cell metabolism, protein synthesis, and
autophagy. As shown in animal models and clinical cancer
patients, dysfunction of mTOR contributes to tumorigenesis.**

Some defensins (see Section 2.4) show anticancer activity
both in vitro and in vivo. For instance, a defensin from Phaseolus
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vulgaris cv. “extra-long purple pole bean” displays potent anti-
proliferative properties against tumour cells. The ICs, values for
hepatoma (HepG2) cells and breast cancer (MCF7) cells are 4.1
uM and 8.3 uM, respectively.’*® Additionally, Defb14, a mouse
defensin, was shown to restrain the growth of Lewis lung
carcinoma in a mouse model without causing any observable
damage to the surrounding tissue.**

Kintamdin is a novel, macrocyclic RiPP that does not fall into
any known RiPP category (Fig. 8). Kintamdin was isolated from
Streptomyces sp. RK44 and shows cytotoxic activity against skin
and breast cancer cell lines, with IC5, values of 2.4 uM and 0.6
uM respectively.*** Other macrocyclic peptides of an unknown
class were obtained from the mushroom Gymnopus fusipes, the
cyclic gymnopeptides A and B. They show antiproliferative
properties against cervical, epidermoid, and breast cancer cell
lines with ICs, values ranging from10-90 nM."** Telomestatin
(Fig. 8), a macrocyclic RiPP isolated from Streptomyces anulatus,
has demonstrated great potential as a chemotherapeutic
agent.”>*>> It interacts specifically with telomerase, resulting in
proapoptotic and antiproliferative effects in acute leukaemia
and multiple myeloma.*”***” Telomestatin has more than one
mode of action, making it an ideal candidate for further
development of anticancer agents. It causes telomere dysfunc-
tion, downregulates the proto-oncogene ¢-Myb, and induces
a higher level of replication stress response in cancer cells
compared to non-cancerous cells. The telomestatin analogue
60TD shows activity in lower concentrations compared to the
native peptide when exerting its anticancer effects on a human
cancer cell line panel. On average 60TD had an GIs,} value of
0.30 uM for 39 cell lines, while telomestatin had an average GIs,
of 6.5 uM."® Additionally, 60TD showed potent antitumour
activity against human glioblastoma U251 cells, with treated
tumours only reaching 33% of the non-treated tumour sizes in
an in vivo mouse model. Other analogues are under
investigation.'*%°

Another approach to cancer treatment involves the use of
drugs that inhibit cancer cell motility. Although not cytotoxic in
nature, these compounds can help reduce the risk of cancer
metastasis in patients. One group of compounds that can ach-
ieve this are certain lasso peptides, which have closely related
sequences and structures. This cluster of lasso peptides is made
up of sungsanpin, chaxapeptin, and ulleungdin. These
compounds were isolated from Streptomyces sp. SNJ013, Strep-
tomyces leeuwenhoekii C58 and Streptomyces sp. KCB13f003,
respectively. Sungsanpin was first discovered in a deep-sea
sediment sample, while chaxapeptin was found in the Ata-
cama desert, and ulleungdin on a volcanic island.***** Despite
their different origins, these natural products exhibit similar
bioactivity. At a concentration of 50 uM, all three compounds
inhibit cell migration of A549 lung cancer cells by approxi-
mately 50% compared to untreated cells.'®***> These three
RiPPs have the potential to inspire a derivative compound for
clinical applications. Digal et al. have already demonstrated that
the knot motif is not necessary for retaining function. Macro-
cyclic and head-to-side chain derivatives of sungsanpin and
ulleungdin have retained comparable bioactivity.'**
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In addition to classical cytotoxic antitumour medications,
pharmaceuticals that work in synergy with chemotherapy drugs
offer a promising approach, particularly for targeting
multidrug-resistant tumours. One such compound is den-
droamide A, which was isolated from Stigonema dendroideum
and has been shown to increase the accumulation of vinblas-
tine, a chemotherapy drug, in P-glycoprotein-overexpressing
breast carcinoma cells (MCF7/ADR).*** Similarly, patellamide
D (Fig. 8) from the marine tunicate Lissaclinum patella, reduced
ICs, values for the cytotoxins vinblastine, colchicine, and
adriamycin in CEM/VLB;o, human leukaemic cells, reversing
the cell line's multi drug resistance.’®® The findings suggest
potential for the use of patellamide D as a therapeutic agent for
drug-resistant cancers. Felipeptin Al and A2 are lasso peptides
isolated from Amycolatopsis sp. YIM10. They have been shown
to promote cell proliferation in cancer cell lines MCF7, HCT-116
and A375 (malignant melanoma). When applied individually,
only marginal effects were observed. However, when both feli-
peptin A1 and A2 were combined, a synergistic pro-proliferation
effect was observed in cell viability assays. Pre-treating A375 cell
lines with 6.25 or 12.5 uM of each felipeptin increased the
sensitivity to the cytotoxic chemotherapy drug doxorubicin. Pre-
treating doxorubicin-resistant MCF7 cancer cells with feli-
peptins Al and A2 re-sensitised them to the chemotherapeutic
drug. This study demonstrates that felipeptin A1 and A2 have
potential in future chemotherapy applications to reduce dosage
and overcome resistance in clinical settings.'*®

2.6 Analgesic RiPPs

Chronic pain is an immense burden on people and public
health providers worldwide; according to the US Center for
Disease Control and Prevention point prevalence is at 20.9% for
chronic pain in the United States.” In contrast to acute pain,
chronic pain has little evolutionary benefit and becomes
a disease in its own right. Pain management is therefore of the
utmost importance for patients to mitigate not only the pain
itself but other biological, social, and psychological factors that
occur alongside this condition.””> There a several RiPPs with
analgesic properties. This section will begin by exploring two
lanthipeptides, followed by an examination of conotoxins and
finally, other venom peptides that possess analgesic properties.
Conotoxins are peptides isolated from the cone snails venom,
and are used by the snails for immobilising prey, which can
later be swallowed whole.'”?

The lanthipeptide labyrinthopeptin A2 (LabyA2, see Section
2.3 above) was first isolated because of its antiviral activity in
culture extracts of Actinomadura namibiensis DSM 6313, further
investigation was prompted by its unusual post-translational
modifications. LabyA2 (Fig. 6) contains labionin, an unprece-
dented non-canonical amino acid. LabyA2 showed in vivo effi-
cacy in a mouse model of neuropathic pain. In a spared nerve
injury mouse model, intravenous administration of LabyA2 led
to significant attenuation of tactile allodynia over a 6 h obser-
vation period (Table 6).'”* Iorio et al. identified another lanthi-
peptide that contains labionin in Actinoplanes sp. DSM14059,
known as NAI-112. In addition to labionin, NAI-112 has another

This journal is © The Royal Society of Chemistry 2024
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Table 6 Overview of RiPPs with analgesic properties”

View Article Online

Natural Product Reports

Compound name Bioactivity Target (if known) Activity metrics

Crotalphine Antinociceptive k and d opioid receptors Dosed at 1 pg kg™ (ref. 183)

CVIE and CVIF Antiallodynic Neuronal-type Ca>* channels Dosed at 1 nM (ref. 184)

Eul.6 Analgesic Neuronal-type Ca*" channels ICso 1.1 nM (ref. 103)

Labyrinthopeptin A2 Antiallodynic n.d. EDs, 50 pg kg * (ref. 174)

NAI-112 Antinociceptive n.d. Dosed at 30 mg kg™ " (ref. 175)

Psalmotoxin 1 Analgesic ASIC1a Dosed at 0.1 nmol per mouse'®"

Tx3-5 Antinociceptive n.d. ID5, 16.6 fmol per site, max
inhibition dose of 30 fmol per
site'®

Marketed (RiPP) analgesic drug

Ziconotide Antiallodynic Neuronal-type Ca*>" channels IC50 2-29 pmol (binding to Ca**

“ n.d. = not determined.

unusual modification: the indole nitrogen of Trp13 carries a 6-
deoxyhexose moiety. This is the first example of an N-glycosy-
lated lanthipeptide and the first natural product in which
a tryptophan residue is N-glycosylated. After observing similar-
ities with LabyA2, the researchers tested for antinociceptive
activity. In these assays, NAI-112 proved to be effective in alle-
viating acute pain induced by formalin injections, by reducing
hyperalgesia and allodynia in a dose-dependent manner. It also
demonstrated efficacy on established chronic pains in a mouse
model with chronic constriction injury, with full effect at a dose
of 30 mg kg~ of NAI-112. Furthermore, there was no indication
of NAI-112 affecting motor coordination up to 60 minutes after
administration and no signs of toxicity were observed.'”®

The most prominent group of analgesic peptide drug leads
comprise conotoxins. One example is the a-conopeptide Eul.6
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Fig. 9 The conotoxin CVIE selectively blocks N-type Cav2.2 calcium
channels, thereby inhibiting nociception.
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channel), in vivo models: ID5, 3-30
pmol (acute pain), IDs, 30-1000 ng
(chronic pain)'®®

from Conus eburneus (Fig. 10), which shows significant anal-
gesic activity in neuropathic pain models at low doses,
surpassing the positive control of morphine and gabapentin.
Eul.6 represents the first conopeptide showing this effect with
intravenous administration in contrast to intrathecal injec-
tions, which are injected into the spinal canal. Additionally, no
significant impact on the motor, cardiac or respiratory function
of mice was observed even at a dose that was 100 times higher
than the effective dose. This result renders Eul.6 a promising
lead structure in treating neuropathic pain.'”®

The w-conotoxins CVIE and CVIF (Fig. 10) were isolated from
Conus catus venom, and they are selective inhibitors of neuronal-
type Ca*>" channel (Fig. 9). In a rat model of persistent pain, intra-
thecal administration of 1 nM led to a significant reversal of
mechanical allodynia to the pre-injury baseline levels. Concurrently
side effects of shakes, tail twitching, and serpentine tail movements
were recorded.””” Those side effects are typical, and they do not
necessarily represent a hurdle in developing these compounds into
pharmaceuticals. Ziconotide, a synthetic derivative of the conotoxin
MVIIA also belongs to the w-conotoxin family and is the first RiPP
drug to be approved by the FDA (see Section 3.2 below).'”®

The group of venom ribosomal peptide natural product is
vast, with many valuable peptides found not only in cone snail
venom but also spider venoms. Some examples are described
below; for a more in-depth review see Wu et al.'” Psalmotoxin 1
(PcTx1, Fig. 10) was isolated from the South American tarantula
Psalmopoeus cambridgei. 1t is non-lethal and blocks ASICla
neurons that are associated with a variety of pain sensations.'®
In different rodent models, PcTx1 showed similar pain relief as
morphine, for both acute and neuropathic pain. In cases of
chronic constriction injury (CCI) of the sciatic nerve in rats,
thermal hyperalgesia and tactile allodynia were reversed by
PcTx1. The peptide needs to be injected intrathecally or intra-
cerebroventricularly, as intraperitoneal or subcutaneous injec-
tions had no effect.”® Another example is the peptide Tx3-5
(Fig. 10) from Phoneutria nigriventer venom. It has been proven
that intrathecal injection of Tx3-5 in different mouse models can

Nat. Prod. Rep., 2024, 41, 990-1019 | 1005
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prevent or reverse postoperative nociception, show partial anti-
nociceptive effects in a neuropathic pain model, and can nearly
abolish cancer related nociception. However, it did not change
noxious heat sensitivity or mechanical threshold, implying no
effects on physiological pain. Additionally, no visible adverse
effects were observed at the administered dose, with a TDs,
about 50-fold higher than maximum inhibition dose.*®
Crotalphine (Fig. 10), a venom-derived peptide obtained from
the South American rattlesnake Crotalus durissus terrificus, also
exhibited antinociceptive properties. The oral administration of
crotalphine effectively blocked hyperalgesia induced by PGE,, an
inflammatory agent. The peptide demonstrated a dose-dependent,
antinociceptive effect over a course of 5 days. Injecting crotalphine
intravenously and intraplantarly (into the sole of the foot) also
showed long lasting antinociceptive effects, both systematically

View Article Online
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and locally, for PGE,-induced hyperalgesia. The effects are most
likely mediated by activation of k-opioid receptors. Oral availability
and long lasting effects indicate the therapeutic potential of cro-
talphine and its derivatives for treating chronic pain.'®

2.7 Further bioactivities

Newly discovered natural products are usually tested for the
most common or most urgently needed bioactivities, such as
antibiotic, antiviral, antifungal, and anticancer activities.
However, there are some other interesting bioactivities such as
antiinflammatory, antidiabetic, antihypertensive, and anti-
parkinsonian effects. Examples of RiPPs showing these bioac-
tivities are described for different RiPP families, ie.,
lanthipeptides, lasso peptides, and cyanobactins.

Labyrinthopeptin A2 S
Eul.6
—~S S=,
GCCSNPACMLKNPNLC
—Se—sd
CVIE
S S
I_S l’— S 1 ‘
CKGKGASCRRTSYDCCTGSCRSGRC-NH2
e S — g —J
CVIF
S S
I_S If_ S 1 \

CKGKGASCRRTSYDCCTGSCRLGRC-NH2
e S —— g ]

Psalmotoxin 1

f—S

S —
r S 1 S=—

Crotalphine

EDCIPKWKGCVNRHGDCCEGLECWKRRRSFEVCVPKTPKT
—s )

Tx3-5

S

Q
o)

—S S
GCIGRNESCKFDRHG

O e,

1
CWPWSCSCWNKEGQPESDVWCECSLKIGK

—s s— =S

S-J

Fig. 10 Examples for RiPPs with analgesic activities. Structures of labyrinthopeptin A2, crotalphine, Eul.6, CVIE, CVIF, psalmotoxin 1, and Tx3-5
are depicted. For Eul.6, CVIE, CVIF, psalmotoxin 1, and Tx3-5, the one-letter code is used. Yellow indicated crosslinks are disulphide bridges.
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The recently discovered lanthipeptides myxococin A and B
from Mpyxococcus fulvus show antiinflammatory effects in
lipopolysaccharide-induced mouse macrophages without any
detectable cytotoxicity, which makes them interesting drug
candidates (Table 7)."* Ancovenin is a cinnamycin derivative
isolated from Streptomyces sp. No. A647P-2 and belongs to the
lanthipeptide subfamily as well. It shows antihypertensive
activity by inhibiting the angiotensin 1-converting enzyme
(ACE) with an ICs, of 0.87 uM and was named after this activity
(angiotensin converting enzyme inhibitor). ACE inhibition is
clinically used for the treatment of high blood pressure.'®*”*%

In the class II of lasso peptides, two receptor antagonists are
found: Anantin and RES-701-1. Anantin, a peptide isolated from
Streptomyces coerulescens, binds to the atrial natriuretic peptide
(ANP) receptor. ANP is the natural agonist of this membrane
receptor, and it is involved in blood pressure homeostasis;
Anantin is the first microbially produced antagonist of
ANP.**** RES-701-1 was isolated from Streptomyces sp. RE-701
and binds strongly to the type B endothelin receptor with an
ICso of 10 nM. Endothelins are a group of potent vasoactive
peptides and high endothelin levels are found in several path-
ophysiological conditions such as systemic hypertension,
cardiac ischemia, and asthmatic attacks.**> The endothelin type
B receptor mediates vasoconstriction and vasodilatation, hence
it is involved in blood pressure regulation. Several RES-701-1-
related compounds have been isolated: the derivative RES-
701-2 from the RES-701-1 producer and RES-701-3 and RES-
701-4 from Streptomyces sp. RE-896. The derivatives differ in
two positions; 1 and 2 contain an alanine in position 7, while 3
and 4 contain a serine in this position, and 1 and 3 contain
a tryptophan in position 16, whereas 2 and 4 contain 7-hydroxy-
tryptophan.** The biosynthetic gene cluster of RES-701-3 and -4
has recently been identified in the marine bacterium Strepto-
myces caniferus CA-271066."** RES-701-1 and its derivatives are
selective endothelin antagonists with RES-701-3 > -1 > -2 > 4
(order of potency).'** Moreover, synthetic derivatives of RES-701-
1 have been developed: a hybrid peptide chemically synthesised
from the RES-701-1 N-terminus and the endothelin-1 C-
terminus exhibited an ICs, of 0.24 nM.** Further derivatives
also showed antagonistic activity for the endothelin type A
receptor.’®*” These results nicely exemplify that natural prod-
ucts are promising lead structures for drug development.

The compound BI-32169 belongs to class III of the lasso peptide
subfamily.'® BI-32169 is produced by Streptomyces sp. (DSM 14996)

Table 7 Overview of RiPPs with non-canonical bioactivities®
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and inhibits the human glucagon receptor with an ICs, of 440 nM.
Its methyl ester derivative exhibits slightly more potent inhibitory
activity with an ICs, of 320 nM.™?* Glucagon antagonists are
considered promising candidates for new antidiabetic therapies.”*

The macrocyclic peptide agardhipeptin A was isolated from
the cyanobacterium Oscillatoria agardhii (NIES-204) and
belongs to the RiPP family of cyanobactins. Agardhipeptin A is
a weak plasmin inhibitor (ICs, of 65 pg ml—'); the protease
plasmin is involved in the regulation of fibrinolysis and plasmin
inhibitors are clinically used to treat hyperfibrinolysis-
associated bleeding events.?*>?

The recently discovered fungal RiPP natural product acali-
tide is a macrotricyclised compound with two disulphide
bridges; disulphide bridges are a common motif in marketed
peptide drugs. Acalitide was isolated from the ascomycete
Acaulium album and shows neuroprotective effects. It is
a promising drug candidate to treat the Parkinson's disease.>**

2.8 Imaging and diagnostic agents

Therapeutic applications not only encompass medication but
also diagnostics such as radiocontrast agents, medical probes,
or microscopic dyes. A few RiPPs, mainly analogues of peptide
hormones, are used for such applications.

Phalloidin is a macrocyclic RiPP of the phallotoxin group
produced by the fungus Amanita phalloides.”*> Functionalised
with a fluorophore, phalloidin derivatives are commonly used
as a stain in immunofluorescence microscopy because of their
high affinity for actin filaments in cells and tissues.”®

Bombesin is a peptide hormone isolated from the skin of the
toad Bombina bombina.** It binds with high affinity to receptors
of certain cancer cells, i.e. gastrin-releasing peptide receptor
(GRPR)-positive tumours such as human prostate and breast
tumours, as well as small-cell lung, ovarian, and endometrial
cancer. Fluorescently labelled bombesin derivatives have been
investigated for the application in peptide receptor
imaging.?**?'° Later on, bombesin analogues for targeted
tumour therapy approaches were developed, since they might
be used as drug shuttles for the intracellular delivery of different
cytotoxic compounds.***

Several other compounds derived from peptide hormones
can be used in radiopharmaceutical applications. Examples
include somatostatin analogues for the diagnosis of neuroen-
docrine tumours,****** glucagon-like peptide-1 analogues for
imaging of beta cell function in diabetes patients,”**** and

Compound name Bioactivity

Target (if known) Activity metrics

Acalitide Neuroprotective/anti-parkinsonian
Agardhipeptin A Regulation of fibrinolysis

Anantin Antihypertensive

Ancovenin Antihypertensive

BI-32169 Antidiabetic

BI-32169-CH; Antidiabetic

Myxococin A + B Antiinflammatory"*®

RES-701-1 Antihypertensive

“ n.d. = not determined.

This journal is © The Royal Society of Chemistry 2024

n.d.

ICs 65 ug ml™" (ref. 202)
ICs0 1.0 uM (ref. 190)
IC5, 0.87 uM (ref. 188)
IC5, 440 nM (ref. 199)
ICs0 320 nM (ref. 199)
n.d.

ICs 10 nM (ref. 192)

Dopamine neurons®**

Plasmin

Atrial natriuretic peptide receptor
Angiotensin converting enzyme
Glucagon receptor

Glucagon receptor

n.d.

Type B endothelin receptor
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cholecystokinin analogues for the visualisation of medullary
thyroid carcinomas, small-cell lung cancers, and stromal

ovarian cancers.>'¢*'7

2.9 Synthetic, engineered RiPP natural products

The previous sections have shown that RiPPs exhibit a broad
range of bioactivities and are interesting drug candidates for
treating a variety of diseases. In addition, the RiPP biosynthesis
represents a possible biotechnological production route, and it
is particularly well suited for engineering approaches to
produce customised peptide products for pharmaceutical
applications. For more comprehensive reviews on RiPP engi-
neering, the reader is referred to ref. 17-19.

Several bioengineered RiPPs with new activities have been
identified in different screening approaches. The protein-
protein interaction (PPI) of the HIV p6 protein with the human
TSG101 protein at its UEV domain is crucial for viral cell exit.
Aiming to find an inhibitor of this PPI, a lanthipeptide library
with the prochlorosin leader peptide and diversified core
peptides was constructed. To generate bicyclic peptides, the
promiscuous synthetase ProcM from Prochlorococcus was
employed. One selective inhibitor, the peptide variant XY3-3
(Fig. 3), was obtained. Binding to UEV at a distinct site to p6
protein was proven. Interaction of p6-UEV was shown to be
disrupted with an ICs, of 3.6 uM. Moreover, the requirement of
both thioether rings for binding and thus for the activity of XY3-
3 was demonstrated.”*® XY3-3 is an interesting antiviral drug
candidate. Further examples for bioengineered RiPPs are
compounds containing the ‘RGD’ binding epitope. The human
integrin ayf; is a potential drug target that recognises the ‘RGD’
motif. Compounds targeting the ayf; integrin receptor may be
used as antiangiogenics in cancer diagnostics and therapy. By
precursor engineering, this ‘RGD’ motif has been introduced
into many different RiPPs, including lanthipeptides,****° lasso
peptides,**'>** knottins,****** and cyclotides (0-defensins).>*

In general, RiPP pathways are relatively short and stream-
lined; the biosynthetic gene clusters consist of separate
precursor peptide(s) and post-translationally acting enzymes
that are often promiscuous. This modularity facilitates the gene
cluster manipulation and allows to mix and match enzymes
from different pathways to generate tailored designer peptides.
The promiscuity of the maturases is founded on the separation
of the substrate recognition site and the modification site; this
spatial segregation allows the modification of various core
sequences. Furthermore, the gene-encoded precursor peptides
can be modified easily by simple mutagenesis and enable the
rapid generation of novel peptide variants."®

Even though combinatorial biosynthesis of RiPP pathways is
theoretically easy, the combination of enzymes from different
pathways can be challenging. Many RiPP maturases contain so-
called RiPP recognition elements (RRE) to recognise and bind
the leader part of their cognate precursor peptides.””” Conse-
quently, they do not accept precursor peptides with different or
without leader peptides. For such naturally incompatible
maturase-precursor combinations, where maturases are inac-
tive towards designed core peptides, various engineering
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strategies have been described, see ref. 18 for a comprehensive
overview. Here, we will only briefly mention the most common
strategies. The leader peptide part can be engineered to
promote correct protein-protein interactions between the
leader peptide and the maturase, e.g. rationally designed
chimeric leader peptides harbouring RREs for different
maturases can be employed.**® However, this approach is quite
time-consuming, since the leader parts required for maturase
activity need to be experimentally determined for every single
maturase. In a second step, the chimeric leader needs to be
produced and tested. Leader peptide complementation could
be a simpler strategy. The required leader peptide can be
supplied either in cis, meaning it is covalently linked to the
maturase, or in trans, meaning it is expressed as a separate
peptide molecule.?***> However, this strategy is not generally
applicable to all types of RiPP systems, but it works for specific
RiPPs. Another option would be a sortase-based leader-peptide
exchange approach,*? in which a sortase A recognition site is
introduced between the leader peptide and the core peptide.
The sortase exchanges the leader peptide of one maturase with
the leader peptide of a second or third maturase. To incorporate
unnatural amino acids that cannot be introduced by post-
translational modifications of proteinogenic amino acids, the
flexizyme technology can be applied.*®**** This technology
enables the reprogramming of codons to accommodate
unnatural amino acids using aptamers to charge tRNAs in vitro.

In summary, several options to circumvent compatibility
issues have been described. The bioengineering of RiPPs is still
in its early stages, and several obstacles must be overcome
before RiPP processing enzymes from various subfamilies can
be effectively combined for targeted peptide engineering. The
RiPP technology represents a great chance for drug develop-
ment by offering opportunities to generate a broad range of
drug candidate derivatives in peptide libraries. Moreover, these
engineered pathways could at the same time be suitable to
produce peptide drugs at a large scale, superseding multi-step
total synthesis of these compounds.

3 Advanced RiPP (candidate) drugs

3.1 RiPPs in clinical trials

Although many RiPPs have been discovered exhibiting pharma-
ceutically interesting bioactivities, only few entered clinical trials
so far. Data about clinical trials is hard to access since most of it is
not published in the peer-reviewed literature. Therefore, the
following enumeration is not comprehensive, but contains the
candidates we were able to identify with our means.

Cystic fibrosis is caused by a defective or missing cystic
fibrosis transmembrane conductance regulator (CFTR) anion
channel. Lancovutide (or Moli1901 or duramycin) was demon-
strated to activate chloride channels, thereby having the
potential to compensate for the dysfunctional CFTR. It entered
phase IIb clinical trial for treatment of cystic fibrosis in 2007.
Since the administration of lancovutide compared to placebo
showed no significant positive effect on cystic fibrosis patients,
no further clinical investigations were carried out to our
knowledge.>*%>%”

This journal is © The Royal Society of Chemistry 2024
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Two semisynthetic derivatives of thiopeptide GE2270A,
LFF571 and CB-06-01 (or NAI-003), completed both phase II
clinical trials. Novartis Pharmaceuticals developed and tested
LFF571 successfully against moderate C. difficile infections.
Knowledge about the target of LFF571 is not published. By
terminating the antibacterial research in 2018, the LFF571
project was stopped by Novartis.***

The company Cassiopea SpA made a proof-of-concept
investigation of CB-06-01 for treatment of moderate-to-severe
acne. CB-06-01 assumably binds the elongation factor Tu in
Propionibacterium acnes, thereby abolishing protein biosyn-
thesis. Derivatisation of GE2270A to CB-06-01 reduced the
spectrum of activity but led to a lower minimal inhibitory
concentration against P. acnes. Phase II dose-ranging studies of
CB-06-01 were planned to be performed in the future according
to Cassiopea SpA.>*24

There are multiple conotoxins known that possess clinically
relevant properties. Conotoxin Vc1.1 was isolated from Conus
victoriae and discovered to act as a nicotinic acetylcholine
receptor antagonist (nAChR). The synthetic version of Vc1.1,
named ACV1, was found to be a potential therapeutic for the
treatment of diabetic neuropathy, post herpetic neuralgia, and
sciatic neuropathic pain.***> Metabolic Pharmaceuticals Ltd
tested ACV1 for treatment of neuropathic pain in a phase I
clinical trial, aiming to assess the safety, tolerability, pharma-
cokinetics and -dynamics.>** Furthermore, they examined the
application of ACV1 as medication for diabetic peripheral
neuropathy and post-herpetic neuralgia in a phase II study.”**
Due to remarkably lower efficiency of ACV1 in humans
compared to rats and thus immensely higher doses necessary in
human treatment, Metabolic Pharmaceuticals Ltd eventually
terminated its ACV1 clinical research project.**®

MrIA and MrIB, two closely related conopeptides produced by
Conus marmoreus, founded the class of y-conopeptides. They
allosterically target the neuronal norepinephrine transporter
(NET).** To encounter the instability of natural MrIA peptide,
Xenome Ltd synthesised a derivate of MrIA, Xen2174. Considering
the enhanced stability, duration of analgesia and an equivalent
efficacy vs. side effects window of Xen2174, clinical studies have
been conducted.*”** Two different clinical trials with healthy
subjects were carried out under Xenome Ltd, investigating its
therapeutic potential in pain management. Besides evaluating
safety, tolerability, pharmacokinetics and -dynamics, pain
modalities affected by Xen2174 and dose-dependent effects were
investigated. The outcome was positively evaluated in both
studies.”®*** However, a third trial comparing administration of
Xen2174 alone and in interplay of Xen2174 with the well-
established local anaesthetic bupivacaine, was rated negative
after completion.”**** Several other conopeptides are described as
currently being in or having been in (pre-)clinical trials.?**

3.2 RiPPs on the market

In the previous chapters, we presented an overview of potential
drug candidates in the clinical trial pipeline of RiPPs. In this
chapter, we will review those RiPPs that have been approved for
a variety of indications.

This journal is © The Royal Society of Chemistry 2024
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Ziconotide (Fig. 11), known as Prialt®, is perhaps the most
prominent example of a RiPP drug. It is a synthetic form of the w-
conotoxin MVIIA, which was originally discovered in Conus magus,
and subsequently reported on by Olivera et al. in 1987.>* Ziconotide
binds to N-type calcium channels in the spinal cord, and it is the
only non-opioid analgesic approved for the treatment of chronic
pain in Europe and the USA. It is administered intrathecally and
recommended as first line treatment for neuropathic and noci-
ceptive pain. Although adverse side effects continue to pose
a concern, ziconotide has significant benefits, including the
absence of bone marrow toxicity and respiratory depression, as well
as displaying no signs of withdrawal symptoms post-treatment.>*
Presently, investigation is underway to optimise treatment plans
and mitigate adverse side effects (http://ClinicalTrials.gov Identifier
NCT04321408), which underlines the importance of this drug.

Eptifibatide (Fig. 11) has been approved by both by the FDA and
EMA for treating acute coronary syndrome since the late 1990s. It is
derived from barbourin, a venom peptide found in the southeastern
pygmy rattlesnake, Sistrurus milliarius barbourin.’ Eptifibatide is
a cyclic heptapeptide and contains a modified version of the
common ‘KGD motif’. The ‘RGD motif’ allows it to bind to glyco-
protein IIb/IMIa, the target protein. Additionally, its tertiary structure
is essential to the specificity. Glycoprotein IIb/Illa constitutes the
final common pathway accountable for platelet aggregation.
Inhibiting this pathway confers eptifibatide with its antithrombotic
effect. More recently other possible indications have been investi-
gated, ie., the treatment of ischemic stroke, carotid stenting,
stenting of intracranial aneurysms, and septic shock. While initial
studies have shown promising results more extensive investigations
are required to confirm its therapeutic value.*****

Captopril (Fig. 11) is the first angiotensin-converting enzyme
(ACE) inhibitor, a drug class used to treat high blood pressure. It
is derived from a venom peptide, called bradykinin-potentiating
factor, isolated from Bothrops jararaca venom.****** While
intravenous applications showed antihypertensive properties,
derivatising this peptide into an orally available drug while
retaining antihypertensive properties paved the way for drug
approval in the early eighties.”**?** Captopril is the prototype of
all ACE inhibitor drugs, a class still used as first line treatment
in cardiovascular diseases, and new indications are emerging.
These include but are not limited to atherosclerosis, heart
attacks, and diabetic nephropathy.***

Thiostrepton is prominently featured throughout this article.
Although it lacks approval for human use as of yet, thiostrepton
finds veterinary application. It is an approved antibiotic for skin and
eye infections, such as in Animax Ointment (NDC 17033-122-75).>®
Like thiostrepton, nosiheptide (Fig. 11) belongs to the thiopeptide
class of antibiotics. It was isolated from Streptomyces actuous 4003
and exhibits potent activity against Gram-positive bacteria.**®
Additionally, nosiheptide possesses growth promoting properties,
making it a beneficial feed additive for enhancing feed efficiency
and weight gain in swine and chicken.”>%

4 Challenges and limitations

Compared to the significant number of RiPP natural products
that exhibit intriguing bioactivities, as discussed in the first
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chapter ‘Opportunities’, only a small number of RiPPs are
currently in clinical trials or on the market. The causes of this
gap are diverse. The study of RiPPs and their biosynthetic
machinery is much more recent compared to other natural
product superfamilies, such as non-ribosomal peptides and
polyketide natural products. Additional reasons include prob-
lems of stability and permeability, rapid renal elimination, and
harmful side effects, among other factors. Traditionally,
peptides have been considered as weak drug candidates due to
their tendency to exhibit suboptimal ADME (Absorption,
Distribution, Metabolism and Excretion) properties.>”®

4.1 Oral bioavailability/gastrointestinal stability

Oral drug administration is generally preferred for reasons of
compliance and convenience. However, canonical peptides,
which are composed of proteinogenic amino acids, are often
labile compounds. The acidic pH in the stomach, as well as
pancreatic and intestinal proteases, cause rapid degradation.
Therefore, it is a significant challenge to deliver peptides orally,
and research in this area has been ongoing for over 100 years.
Since the discovery of insulin, attempts have been made by
researchers to design an oral form, but without success to
date.** Two prime examples of marketed, orally available
peptides are cyclosporine A and desmopressin. The macrocyclic
structure of both peptides enhances their protease and acid
stability. Although RiPPs are not solely linear canonical
peptides and certain post-translational modifications including
epimerisations, backbone N-methylations, B-amino acids, and
macrocyclisations can aid in improving their stability, acidic
hydrolysis or proteases can result in partial degradation of the
peptide compounds.

4.2 Absorption

Another challenge posed by RiPP candidate drugs relates to
their ability to enter cells. Their large molecular weight (>500 g
mol ') means that in most cases they do not satisfy the “Lip-
inski rule of five” criteria, and therefore have limited cell

Nosiheptide
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permeability, particularly when administered orally where there
are additional restrictions due to intestinal epithelial perme-
ability. This is because peptides, which are often hydrophilic,
are not able to diffuse passively through physiological barriers
and cell membranes efficiently.>”

One example of limited uptake is ziconotide (Prialt®), which
is a drug available on the market (see Section 3.2). It cannot
penetrate the blood-brain barrier and is therefore administered
via intrathecal application. However, this approach carries the
risk of severe infections, impeding the widespread use of zico-
notide in clinical practice.'®

It should be noted that a small number of macrocyclic peptides
have been approved as orally available peptide drugs. Backbone N-
methylations can enhance their cell penetration: cyclosporine A,
a nonribosomal peptide that is used as an immunosuppressant in
clinical settings, serves as an example.””

4.3 Metabolic stability

Therapeutic peptides undergo rapid elimination. In particular,
oral administration leads to a significant first pass effect that
reduces the amount of active ingredient systemically available
after absorption in the gastrointestinal tract. The peptides have
a short half-life in blood plasma, and the liver and kidneys clear
them from circulation in minutes.””*

Glycosylation of ribosomal peptides can enhance the metabolic
stability by reducing the clearance rate and/or preventing side-
chain oxidation.>”**”* Furthermore, the conjugation with lipids or
synthetic polyethylene glycol (PEG) units has been shown to
increase the serum halflife of peptides.”**” Similar post-
translational modifications, specifically glycosylation and lip-
idation, are naturally occurring in the families of glycocins," lip-
olanthines,* and selidamides®”® within the RiPP natural product
class, among others. These modifications can improve the circu-
lation of peptides in the bloodstream, which is a critical factor in
their therapeutic application. Thus, these glyco- and lipopeptides
are likely to exhibit enhanced metabolic stability, rendering them
favourable candidates for therapeutic peptides.

Ziconotide
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CKGKGAKCSRLMYDCCTGSCRSGKC
a L_s S
w ‘S
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s
N
o o HN \/LL Eptifibatide
- OH o
o NH o} o
Captopril N)H/\SH
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Fig. 11 RiPP(-based) compounds, that are currently in clinical use. Chemical structures of nosiheptide, captopril, eptifibatide, and ziconotide are
depicted. For ziconotide, the one-letter code is used. Yellow indicated crosslinks are disulphide bridges.
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4.4 Toxicity

Canonical peptides generally possess high conformational
flexibility, which can contribute to a lack of selectivity. This may
cause activation of multiple target receptors, leading to unde-
sired side effects.””” In contrast, RiPPs exhibit greater specificity
due to the imposition of conformational constraints via post-
translational modifications.

Peptides have a predictable metabolism, and their metabo-
lites are seldom toxic. Thus, ribosomal peptides have a lower
incidence of undesired side effects compared to small mole-
cules.””® However, like every small molecule or large biological
drug, ribosomal peptides can also have toxic side effects. For
instance, ziconotide shows systemic and central nervous system
side effects in higher doses, including dizziness, blurred vision,
nystagmus, and sedation, which ultimately subside after dis-
continuing the drug.'**

Although post-translational modifications can improve the
physicochemical properties of ribosomal peptides, including
oral bioavailability (via macrocyclisation), cell permeability
(using N-methylamides) and metabolic stability (through
glycosylation or lipidation), these structural characteristics
must be combined and cannot be universally applied to every
drug candidate. This leads to biosynthetic challenges and may
decrease binding affinity at the target, thus diminishing the
bioactivity.

5 Concluding remarks

The previous chapter highlights that RiPP(-based) therapies still
have a considerable way to progress. The currently available
strategies necessitate improvement, and new strategies must be
developed to conquer the encountered obstacles. One of the
concerns surrounding peptide medications available via oral
administration is their stability, which can be enhanced via
numerous post-translational modifications, such as macro-
cyclisation or conjugation with fatty acids. Some RiPPs exhibit
inherent stability due to their specific structural features. One
prominent example is the family of lasso peptides which are
robust against high temperatures, acidic conditions, and
proteases.””>**® Although oral administration may not be
possible, beneficial bioactivities can result in therapeutic
medicines, as different methods of treatment are attainable (for
example, topical or parenteral, e.g., IM, SC, IV, IT,q etc.). In
particular, for serious illnesses, patients frequently stay in the
hospital, which enables drug administration beyond the oral
route. Besides, a new form of drug administration addressing
the buccal mucosa is currently under development: a suction
patch inspired by octopus suckers that is loaded with a peptide
drug and a permeation enhancer, and may serve as a viable
alternative for parenteral drugs.”**

In addition to diverse methods for extending the half-life of
peptide drugs, including PEGylation® and fusion proteins,*®
various approaches for regulating drug release at specific body
sites and over a certain period of time have been described. These

€ IM = intramuscular; IT = intrathecal; IV = intravenous; SC = subcutaneous
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encompass the use of biodegradable polymer matrices,”®* engi-
neered living materials,*® pulmonary and intranasal drug delivery
systems,*****” vector-based methods and nanoparticles.”****
Nanoparticle systems have already been employed in RiPPs: Nisin
A, commonly used as a food preservative, is a narrow-spectrum
lanthibiotic that is effective against Gram-positive bacteria.
However, when nisin A is combined with gold-coated nano-
particles forming so called nanocomposites, it can exhibit activity
against Gram-negative bacteria.”®® This demonstrates how new
formulations can enhance the activity spectrum of antibiotics. In
general, the application of new formulations represents a prom-
ising measure for unstable drug candidates. This has already been
demonstrated by mRNA vaccines that utilise lipid-based vectors. A
similar liposome encapsulation technique using liposomes has
recently been applied to the anti-parkinsonian drug candidate
acalitide. To enhance the affinity to the transferrin receptor and
enable brain targeting, the liposome carrying acalitide was
equipped with surface-bound transferrin. The experimental
treatment was effectively administered to a mouse model, ulti-
mately reaching the mouse brain and culminating six hours after
being administered.”* This achievement underscores the signifi-
cance of novel strategies for drug delivery.

RiPPs show potential as drug candidates and can also facilitate
the construction of drug delivery systems. A stable conjugation
method for protein therapeutics is the tetrazine ligation approach,
named “TyrEx cycloaddition”, which relies on a post-translational
modification installed by a RiPP maturase. This method facilitates
the bonding of a drug molecule with an antibody that specifically
targets tumour cells. The process of conjugation is based on an
aminopyruvate unit that is introduced at a short tag through
a post-translational splicing reaction catalysed by a splicease. This
short tag can be genetically incorporated into a target protein or
an antibody, which enables the visualisation and localisation of
tumour cells as well as attacking them by releasing the drug after
entering the tumour cell. Such a methodology is believed to be
a significant advance towards more effective cancer therapies.”*

In the future, it is necessary to apply or adapt the drug
delivery strategies mentioned earlier to promising RiPP candi-
date drugs. This step will enable the full realisation of RiPPs' or
RiPP-based compounds' potential and widen their availability
for various medical treatments.
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