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Summary

Summary

The intrinsic driving force of finding new RiPP scaffolds is largely attributed to their appreciable
biological/physiological functions, however the constantly growing interest in disclosing novel
architectures currently extends beyond the classical needs. For example, RiPP-BGCs regularly
provide a rich pool of enzymatic machineries that can install specific, in some cases rare, tailorings
expanding the biobrick toolbox in synthetic biology and chemistry.

Although the analyses of different genome sequences of Nocardia spp. disclosed a huge cryptic
biosynthetic potential waiting to be unearthed, the discovery of such genetically encoded entities
is insurmountable. Thus, to partially overcome the typical limitations offered by the common
silence of biosynthetic gene clusters (BGCs) and the inherited challenge to connect the
genotype(s) with the chemotype(s), a tunable metabologenomic approach was developed within
the frame of this work.

The application of the OSMAC concept in tandem with the configured analytical strategy in
Nocardia terpenica IFM 0406, 0706" and Longimycelium tulufanense CGMCC 4.5737 enabled to
chart unprecedented chemical space belonging to RiPPs with three novel molecular families.

The first study case comprises a genome-oriented prioritization of a novel BGC associated with
a new-to-nature combination of multiple post-translational enzymes in N. terpenica IFM 0406. It
was hypothesized that the gene cluster will in turn assemble a novel chemical entity blending
three different class-defining post-translational modifications (PTMs). Recruiting a synergism of
bioinformatics, stable isotope labeling experiments and NMR spectroscopy facilitated the
successful identification, isolation and structural characterization of three new RiPPs, named
nocathioamides A-C. Aside from structurally featuring unprecedented PTM in the form of a
macrocyclic imide bridge, they inaugurate the first-in-nature combinatorial tribrid RiPPs hovering
over three different biosynthetic machineries of lanthipeptides, LAPs and thioamitides.

The second investigation deals with the deorphanization of an additional unique RiPP-BGC found
in N. terpenica genomes. The bioinformatic annotation and prediction pinpoint to an unknown
scaffold belonging to class Il lasso peptide which is additionally decorated with a possible
oxidative event(s). A quick bioinformatic survey revealed the presence of homologous BGCs
coding for similar entities in other bacteria exemplified by Longimycelium tulufanense. Relying on
the predicted core peptides in tandem with the tuned workflow, the encoded products were
deciphered from both isolates, termed nocapeptins and longipeptins. Nocapeptins, from N.
terpenica, and longipeptins, from L. tulufanense, symbolize the founders of a novel molecular
family of lasso peptides in which a conserved regional PTM as a unique oxidative crosslink is
structurally appended. Aside from the characteristic skeletal interlinkage embedded in longipeptin
A, the structure could leverage the modification scope with further tailoring events like
hydroxylation and methylation, delivering thereby the most tailored lasso architecture till now.

The discovery of nocathioamides and nocapeptins stretched with longipeptins portrays a proof of
concept to the effectiveness of employing the technique of genome mining prioritization to unearth
a new chemical space with uncharted biosynthetic enzymes from underexplored species.

VI



Zusammenfassung

Zusammenfassung

Die Suche nach neuen ribosomal gebildeten und post-translational modifizierten Peptiden
(RiPPs) ist ein sehr aktives Feld und ist damit begriindet, dass man auf véllig neuartige Molekiile
trifft, die entweder biologisch hochaktiv sind oder interessante physiologische Funktionen
aufweisen. Zudem sind die entsprechenden Biosynthesegencluster eine reichhaltige Quelle fir
neuartige Gene, deren Produkte spezifische und seltene Reaktionen katalysieren. Diese Gene
stellen wiederum eine interessante Erweiterung der molekularbiologischen Werkzeuge
(,Biobricks®) im Bereich der synthetischen Biologie dar.

Die Genom-Analyse von verschiedenen Nocardia Spezies haben gezeigt, dass diese Bakterien
ein enormes Potential aufweisen, Sekundarmetabolite zu produzieren. In den meisten Fallen
handelt es sich jedoch um stille Biosynthesegencluster und es gelingt nicht die vorhergesagten
Naturstoffe zu isolieren. Um dieses Problem teilweise zu Uberwinden wurde im Rahmen dieser
Arbeit ein variabler metabolomischer Ansatz entwickelt, womit letztendlich dennoch die
genetische mit der metabolomischen Ebene korreliert werden kann.

Die Anwendung des OSMAC-Konzepts in Verbindung mit einer angepassten analytischen
Strategie auf Nocardia terpenica IFM 0406, 0706™ und Longimycelium tulufanense CGMCC
4.5737 ermdglichte es, den chemischen Raum dieser Bakterien zu erforschen und hinsichtlich
drei neuer RiPP-Moleklle zu erweitern.

Die erste Fallstudie beinhaltet die Genom-gestitzte Priorisierung eines neuartigen
Biosynthesegenclusters im Genom von N. terpenica, welches durch eine ungewdhnlich hohe
Anzahl an Genen auffiel, die fur diverse posttranslationale Modifikationsenzyme kodierten. Es
wurde vermutet, dass die resultierende Verbindung gleich drei verschiedene Strukturklassen-
bestimmende post-translationale Modifikationen in sich vereint. Die Anwendung von
bioinformatischen Methoden, Istopen-Markierungsexperimenten und NMR Spektroskopie flhrte
schlieBlich in synergistischer Weise zur Findung, Isolation und Strukturaufklarung von drei neuen
RiPPs, die Nocathioamid A-C genannt wurden. Diese fallen durch zwei Besonderheiten auf: Zum
einen stellt die ungewohnliche Imid-Brucke ein Novum hinsichtlich einer posttranslationalen
Modifikationen dar und zum anderen vereint der Bioassemblierungsprozess eine Kombination
der Maschinerien der Lanthipeptide, der Linearen Azol(in)-Peptide und der Thioamitide.

Die zweite Fallstudie handelt von der Entdeckung des Produkts eines weiteren einzigartigen
RIPP-Biosynthesegenclusters aus N. terpenica Genomen. Die bioinformatische Annotation
erlaubte die Vorhesage eines Klasse Il Lasso-Peptids, welches durch oxidative Vorgange weiter
modifiert sein musste. In Rahmen von weiterfihrenden bioinformatischen Screeningansatzen
wurde dieses Gencluster auch in anderen Bakterien gefunden, u.a. in dem Stamm Longimycelium
tulufanense. Mittels der vorhergesagten Struktur und der oben beschriebenen analytischen
Strategie konnten die entsprechenden Produkte der Gencluster (Nocapeptine und Longipeptine)
in den jeweiligen Isolaten gefunden werden. Diese beiden Naturstoffe begrinden eine neue
strukturelle Klasse von Lasso-Peptiden die oxidativ quervernetzt sind. Im Vergleich zu
Nocapeptin, weist Longipeptin noch zusatzliche posttranslationale Modifikationen auf, wie z.B.
eine Hydroxylierung und eine Methylierung. Damit stellt Longipeptin eines der hdchst-
modifizierten Lasso-Peptide dar.

Vi



Zusammenfassung

Die Entdeckung der Nocathioamide und der Nocapeptine bzw. Longipeptine stellen einen
Machbarkeitsbnachweis dar und zeigen die Effektivitdt der gewahlten genom-getriebenen
Forschungsstrategie, die letztendlich die Erforschung von bisher unbekannten chemischen
Raumen und biosynthetischen Enzymen erlaubte.

VI



Introduction

1. Introduction
1.1. Peptide-Derived Natural Products

Over the last few years, peptides have earned increasing traction as multifaceted-therapeutics by
various pharmaceutical companies to fill the void between the morphed small molecules and
protein drugs with hybrid advantages of both molecular entities. Such interest is unequivocally
manifested by the currently approved ixazomib for multiple myeloma, the hormone insulin, the
anti-diabetic semaglutide, and afamelanotide, an analog of a-melanocyte-stimulating hormone to
prevent skin damage and pain."

Nature, in its standard models as prokaryotic and eukaryotic systems, has evolved multiple routes
to biosynthesize a plethora of small peptides with a vast spectrum of biological activities ranging
from antibiotics, antifungal to antiviral agents in addition to being immunosuppressives.?

One of the biosynthetic strategies that bacteria and/or fungi can recall to deliver peptide-based
products is the nonribosomal peptide synthetase (NRPS) assembly line. Supported by modular
NRP assembly with a thio template minimally consisting of three main domains: adenylation (A),
thiolation or peptide carrier protein (T or PCP), and condensation (C), the nascent nonribosomal
peptides (NRPs) can be prepared. NRPs usually experience further enzymatic processing pre-
and/or post-release, resulting in specific structural alterations crucial for their assumed molecular
targets.?

The utility of NRPs as medical drugs is clearly indisputable through surveying the currently
marketed drugs with approximately 30 NRP core scaffolds contributing substantially to the
pharmaceutical industry. For instance, penicillin/cephalosporin, vancomycin and daptomycin are
models of NRP-based antibiotics that are predominantly employed to treat systemic and topical
bacterial infections in humans with diverse mechanisms of action, including disruptions of
membrane integrity, cell wall biosynthesis, protein synthesis, DNA replication, RNA transcription,
and fatty acid biosynthesis.*®

1.2 Ribosomally Synthesized and Posttranslationally Modified Peptides

In parallel, a prevalent alternative route that microorganisms often recruit to biosynthesize
peptides-derived secondary metabolites is by the ribosome. Since the resultant ribosomal
products are subjected to additional structural changes during a post-translational transformation
process, they have been termed ribosomally synthesized and post-translationally modified
peptides (RiPPs).”

In contrast to NRP antibiotics, the analogous ribosomal ones are less acknowledged in terms of
being approved antibiotics. Despite such pitfall as small-molecule medicines from an
anthropocentric perspective, RiPPs are the fastest-growing superfamily of peptidic natural
products furnished with a myriad of constantly expanding index of new chemical skeletons
supported by multi profiles of biological potencies.®

Considering that RiPPs entities can mediate various biological purposes, the succeeding catalogs
(Tables 1 and 2) outline a brief overview regarding the multiple biological and physiological
implications associated with some selected members belonging to various RiPPs classes.
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Table 1. Representative microbial RiPPs belonging to different classes with described biological potency

RiPP class

Peptide

Organism(s)

Bioactivity/Mechanism of action

Lanthipeptides

Actagardine®

Actinoplanes garbadinensis

Antibacterial (Gram-positive)

Cinnamycin'®

Streptomyces cinnamoneus subsp.
cinnamoneus DSM 40005

Antibacterial (Gram-positive, permeabilize
lysophosphatidylethanolamine lipids), Antiviral (HSV-1)

Divamide A" Prochloron didemni Antiviral (HIV)
Duramycin'? Streptomyces cinnamoneus ATCC 12686 Antibacterial (Gram-positive), Antiviral
Labyrinthopeptins'? Actinomadura namibiensis Antiviral (Broad spectrum of enveloped viruses HIV, ZikV,

HSV, HCV, WNV, RSV)

Microbisporicin™

Microbispora corallina

Antibacterial (Gram-positive)

Nisin1®

Lactococcus lactis

Antibacterial (Gram-positive), Food preservative

Pinensins1®

Chitinophaga pinensis

Antifungal (Filamentous fungi and yeasts)

Lassopeptides

Aborycin/RP 71955"

Streptomyces griseoflavus TU 4072

Antibacterial (Gram-positive), Antiviral (HIV)

Actinokineosin1®

Actinokineospora spheciospongiae DSM
45935T

Antibacterial (Gram-positive)

Anantin® Streptomyces coerulescens DSM 4777/4788 | Atrial natriuretic peptide (ANP) antagonist

Bl-32169%° Streptomyces sp. DSM 14996 Glucagon receptor antagonist

Capistruin?! Burkholderia thailandensis E264 DSM 13276 | RNA polymerase inhibition (Gram-negative)
Chaxapeptin?? Streptomyces leeuwenhoekii strain C58 Antibacterial (Gram-positive), Inhibition in cell invasion of

lung cancer cell

Humidimycin?®

Streptomyces humidus F-100,629

Caspofungin activity potentiator

Lariatins? Rhodococcus jostii KO1-B0171 Antimycobacterial

Lassomycin?® Lentzea kentuckyensis sp. Antimycobacterial (mycobacterial ClpC1 ATPase)

Propeptin2® Microbispora sp. SNA-115 Antibacterial (Gram-positive), Prolyl endopeptidase inhibitor

Microcin J25% Escherichia coli AY25 RNA polymerase inhibition (Gram-negative)

Siamycins?® Streptomyces sp. AA6532, Streptomyces sp. | Antiviral (HIV)

AA3891

Specialicin®® Streptomyces specialis JCM 16611T Antibacterial (Gram-positive), Antiviral (HIV)

Sungsanpin®® Streptomyces sp. SNJ013 Anti-invasive activity with the human lung cancer cell line

Ulleungdin®! Streptomyces sp. KCB13F003 Inhibitory activities against cancer cell invasion and migration

Berninamycin®2 Streptomyces berniensis Antibacterial (Gram-positive)

Cyclothiazomycin33 Streptomyces hygroscopicus 5008 RNA polymerase inhibitor, filamentous antifungal, renin
Thiopeptides inhibitor

GE2270A%

Planobispora rosea

Antibacterial (Gram-positive, elongation factor Tu inhibitor)

Kocurin3?

Kocuria palustris

Antibacterial (Gram-positive)




Introduction

Micrococcin P136

Micrococcus sp., Staphylococcus equorum
WS2733

RNA polymerase inhibitor, filamentous antifungal, renin
inhibitor

Nocardithiocin®’

Nocardia pseudobrasiliensis IFM 0757

Antibacterial (Gram-positive)

Nocathiacins3®

Nocardia sp. WW-12651 (ATCC 202099)

Antibacterial (Gram-positive)

Nosiheptide®®

Streptomyces actuosus

Antibacterial (Gram-positive)

Siomycin A%?

Streptomyces sioyaensis

Immunosuppressant

Sulfomycin!

Streptomyces viridochromogenes

Antibacterial (Gram-positive)

Thiomuracins#?

Nonomuraea sp.

Antibacterial (Gram-positive, elongation factor Tu inhibitor)

Thiostrepton®?

Streptomyces azureus

Antibacterial (Gram-positive), antimalarial,
Proteasome inhibition activity, apoptosis induction in human
cancer cells

TP-116144

Nocardiopsis sp. TFS65-07

Antibacterial (Gram-positive)

Cyanobactins

Aerucyclamides*®

Microcystis aeruginosa PCC 7806

Antimalarial potency against Plasmodium faclciparum

Dolastatins4®

Dolabella auricularia

Antineoplastic activity

Patellamides*

Prochloron sp.

Anticancer activity against L1210 murine leukemia cells

Trunkamide A148

Prochloron sp.

Anticancer activity against HT-29 human colon carcinoma
and MEL-28 human melanoma cell lines

Ulithiacyclamide*®

Lissoclinum patella

Anticancer activity against L1210 murine leukemia and KB
cells

Saalfelduracin®®

Amycolatopsis saalfeldensis NRRL B-24474

Selective antibiotic activity

Thioalbamide®!

Amycolatopsis alba DSM44262

Selective antiproliferative activity

Thioamitides Thioholgamides5? Streptomycetes malaysiense MUSC 136 57 Submicromolar activity against HCT-116 cancer cell lines
Thiopeptin®2 Micromonospora arboorensis NRRL 8041 Selective antibiotic activity
Thioviridamides®? Streptomycetes olivoviridis NA05001 Anticancer activity against several cancer cell lines
Amatoxins o-Amanitin®4 Amanita phalloides Selective inhibitor of RNA polymerase Il, toxin-component of
antibody-drug conjugates (ADC)
Dikaritins Phomopsins® Phomopsis leptostromiformis Antimitotic agent
Ustiloxins®® Ustilaginoidea virens Antimitotic agent, anticancer activity
Bottromycins | Bottromycin A2%7 Streptomyces bottropensis DSM 40262 Antibacterial activity towards multidrug-resistant bacteria

(Selective blocking of aminoacyl-tRNA binding to the A site of
bacterial 50S ribosomes)

Proteusins

Polytheonamides®®

Theonella swinhoei, uncultivated bacterial
symbiont

Picomolar cytotoxic activity
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Graspetides

Microviridins®®

Microcystis, Planktothrix agardhii

Serine protease inhibitors such as trypsin, chymotrypsin,
subtilase, elastase, and the 20S proteasome

Table 2. Exemplary microbial RiPPs with deciphered physiological and/or ecological function&®

RiPP class

Peptide

Organism(s)

Physiological/Ecological role

Cytolysins

Enterococcus faecalis

Autoinducing peptide; virulence factor

Lacticin 3147 (LtnA1/LtnA2)

Lactococcus lactis

Interference competition

Lanthipeptides

Nisin Lactococcus lactis Autoinducing peptide
Planosporicin Planomonospora alba Autoinducing peptide
SapB/SapT Streptomycetes coelicolor, Streptomycetes tendae | Morphological development in Streptomyces

Sh-lantibiotics-a/

Streptomycetes hominis A9

Interference competition

Lassopeptides | Microcin J25 | E. coli AY25 | Interference competition
Lactocillin Lactobacillus gasseri Interference competition

Thiopeptides Thiocillin Bacillus cereus ATCC 14579 Stimulation of biofilm formation in Bacillus
Thiostrepton Streptomycetes laurentii Morphological development in Streptomyces
Goadsporin Streptomyces sp. Morphological development in Streptomyces

LAPs Listeriolysin S Listeria monocytogenes Interference competition (virulence factor)
Streptolysin S Streptococcus pyogenes Virulence factor (cytotoxin)
Ruminococcin C Ruminococcus gnavus E1 Interference competition

Sactiveptides Sporulation killing factor Bacillus subtilis 168 Cannibalism

pep Streptosactin Streptococcus spp. Fratricidal agent
Thuricin CD (Trna/Trnf) Bacillus thuringiensis DPC6431 Interference competition
. Streptide Streptococcus thermophilus Quorum-sensing response

Streptides . . —
Tryglsins Streptococcus mutans, Streptococcus ferus Quorum-sensing response, Interference competition
AIP Staphylococcus aureus Quorum-sensing signal
ComX Bacillus subtilis Quorum-sensing signal

. Methanobactin Methylosinus trichosporium OB3b Metallophore (chalkophores)

Miscellaneous - - -
Mycofactocin Mycobacterium tuberculosis Redox enzyme cofactor
Pyrroloquinoline quinone Klebsiella pneumoniae Redox enzyme cofactor
RaxX Xanthomonas oryzae pv. oryzae (Xo00) Host-bacteria interaction
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1.3 RiPPs Potential Applications
1.3.1 Thiopeptides

Given the fact of the broad spectrum of the intriguing and unique biological activities presented
by several members of RiPPs, thiopeptides have always been earning more interest than any
other classes with untapped potential scaffolds in terms of clinical needs. Despite their structural
attractiveness, which is evident by their potent antibiotic behavior and different modes of action
from the currently used drugs, their progression into the clinical trials has been hindered due to
their challenging synthesis and inadequate pharmacological issues such as poor solubility,
absorption and bioavailability. 5!

Nevertheless, two thiopeptides are currently commercialized for veterinary purposes.
Thiostrepton, besides its utility as a molecular biology toolkit, is the first example of a commercially
used thiopeptide for treating skin infections for both companion animals and livestock as topical
ointment Animax®. The second marketed candidate is nosiheptide, whose addition at
subtherapeutic concentrations in animal feeds can promote growth.8?

Structurally, the introduction of azol(in)e(s) heterocycles into peptides is assumed to evade the
proteases susceptibility issue and to imply specific configurations to the scaffold facilitating its fine
interaction with its proposed molecular target(s).? Exemplified by such perception, thiazole
heterocycles units can be retrieved in some approved drugs arising from the hybrid polyketide
synthase (PKS)/non-ribosomal peptide synthetases (NRPS) pathway, e.g. bleomycin, a
PKS/NRPS product as an anticancer agent driving DNA intercalation. An additional anticancer
thiazole-derived candidate is depicted as epothilone and its approved synthetic macrolactam
variant, ixabepilone.53

Within the same context, azol(in)e-containing RiPPs usually offer tempting drug-lead archetypes
that can be harnessed in various therapeutic needs of human diseases. For instance, LFF571, a
semisynthetic derivative of GE2270A, underwent development by Novartis to overcome its
solubility difficulty (12 mg/mL compared to <0.001 mg/mL). Strikingly, in a panel consisting of 50
strains of vancomycin-sensitive Clostridium difficile, LFF571 delivered an MICg of 0.25 mgl/l,
compared to 2.0 mg/l of vancomycin. More importantly, both antibiotics have distinct mechanisms
of action, so possible cross-resistance would not be anticipated. As a result of this, LFF571 was
nominated to a phase Il clinical trial (NCT01232595), in which its comparable safety and efficacy
in contrast to vancomycin for the treatment of C. difficile infections were found to be highly
promising.54

In 2018, Novartis' antibacterial program, unfortunately, was suspended, halting the development
of this thiopeptide despite its potential. However, dedicated improvements should be recalled to
optimize the formulation and tune alterations to the framework amending the solubility and
bioavailability limitations.8284

A further illustration of the therapeutic potential of thiopeptides can be gleaned from the
development of CB-06-01 (NAI-003), a chemical derivative of GE2270A, for the treatment of
moderate to severe acne by Cassiopea, an ltalian pharmaceutical company with an interest in
developing dermatological agents. Interestingly, Donadio and his co-workers demonstrated that
CB-06-01 exhibited weaker potency towards a broad spectrum of Gram-positive contrary to
GE2270A. In the meantime promising low MIC values against Propionibacterium acnes were
observed, proposing a selective and less disruptive advantage to the normal skin microflora.®®

5
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According to 2020 pipeline news of Cassiopea's, CB-06-01 successfully completed phase Il
clinical trials with a plan to optimize formulation and to execute a dose-ranging study.

Bearing in mind the highly potent chemical space that thiopeptides occupy, semi-synthesis was
often consulted to morph their different skeletons to gain accession to structurally relevant
analogs with improved pharmacokinetic and pharmacodynamic (PK/PD) properties and
maintaining their potency profiles. Such efforts can be demonstrated by the trials to harness the
multiple chemical handles of thiomuracin A to prepare a suite of substituted proline variants from
the ILe epoxide motif. In a similar fashion, the replacement of its Phe with Gly afforded a more
water-soluble derivative with a kept potency.5®

The nocathiacin archetype similarly underwent various chemical modifications by a group at
Bristol-Myers Squibb through the C-terminus as a free carboxylic acid handle for multiple
derivatizations with more solubilizing groups. Considering its hydroxypyridine and indole moieties,
mono- and bis-alkylated homologs were semi-synthesized with significantly improved solubility
character and sustained activity.®”

Analogously, an additional hybrid strategy combining mutasynthesis and precursor-directed
diversification was adopted to fetch groups with exclusive and particular changes within the
quinaldic acid motif of thiostrepton. Remarkably, such alterations markedly achieved a substantial
effect on the solubility limitation besides enhancing the antibiotic profile.43:68

1.3.2 Lasso peptides

A further RiPP molecular family displaying a fascinating array of biological activities with
numerous potential candidates is formed by lasso peptides.®® Such therapeutical scope can be
gleaned, for example, from microcin J25 with its antimicrobial ability towards gram-negative
bacteria by targeting RNA polymerase through blocking the entry of NTP substrates owing to its
binding to the uptake channel. Moreover, microcin J25 was found to counteract endotoxins ETEC
K88 without any noticeable toxicity raising the possibility to be envisioned as a preventative drug
against intestinal damage and inflammatory response by pathogenic infections.”

A different instance of a promising biological significance is portrayed by lassomycin, which
exhibited antimycobacterial activity against multidrug-resistant Mycobacterium tuberculosis. Its
potency was delineated by stimulating ATP hydrolysis of CIpC1, whereas at the same time it
uncouples the ATPase activity from the CIpP1P2- mediated proteolysis causing cell death.
Deciphering the molecular basis of lassomycin can be harnessed as a template for the
development of new possible therapies for tuberculosis.?%!

In an anti-infective context, the lack of cytotoxicity and the positive potentiation ability offered by
humidimycin in combination with caspofungin present a possible setup for developing a
synergistic cocktail for invasive fungal infections since the resistance issue is highly improbable
due to its non-antifungal activity alone.?*72

As a result of the biosynthetic malleability and characteristic rigid topology inherited by lasso
peptides, Marahiel, and his co-workers were able to non-conventionally repurpose them in new
targeted biological matters via an epitope grafting approach. Such a strategy involves the possible
amalgamation of a small peptide epitope, known for a particular biological profile, into a lasso
peptide by the precursor gene mutation utilizing the highly stable conformation to deliver epitope
in a defined, active format. The generation of a microcin J25 variant with an epitope of RGD
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peptide, a recognition sequence of integrin receptors, was an example of rebranding an
antimicrobial lasso peptide entity as a binder with a high affinity and selectivity to the avb3 integrin
receptor, which is involved in angiogenesis and important for the growth of certain types of
tumors.”

1.4 Selected Classes of Ribosomally Synthesized Peptides
1.4.1 Lanthipeptides

Ribosomally synthesized and posttranslationally modified peptides (RiPPs) as a superfamily of
peptidic natural products encompass a rapidly growing group of diverse archetypes spanning over
a vast chemical landscape. As one of the prominent RiPPs classes, lanthipeptides arise with the
largest and most exhaustively mined entities which are known to structurally contain one or more
intramolecular thioether cross-links between (-carbons of alanine residues, termed lanthionine
(Lan) or methyllanthionine (MeLan) as class-defining modifications.”

Aside from Lan and MeLan motifs, further structural decorations are often appended within the
mature peptide, endowing a bountiful array of posttranslational modifications (PTMs) ranging from
dehydration, hydroxylation, methylation, oxidation, epimerization to glycosylation. Such PTMs
assist in delivering highly morphed entities with proteolytic resistance rendering a broad profile of
bioactivities and potential therapeutic functions.87%

Like all RiPPs, all the discovered bacterial lanthipeptides so far share a similar biosynthetic
blueprint in which all the necessary genes contribute to their biogenesis, usually colocalized on
the bacterial genome in the form of a biosynthetic gene cluster (BGC). Through a similar
biosynthetic logic, lanthipeptides BGCs often harbor a structural gene encoding a ribosomally
translated larger peptide defined as a precursor peptide LanA.7#37® Convergently, LanAs'
translation products are typically fused elements of a N-terminal leader peptide (LP), which plays
a role in orientating some of the PTM-modifying enzymes, and a C-terminal core peptide (CP),
which will be eventually afforded as the mature lanthipeptide upon LP excision (Figure 1).77

. Leader Catalytic
Transporter Precursor Modifying enzymes Protease binding ~~~ ‘/ active

| site site

) ) . . Moditys
Generalized RiPP biosynthetic gene cluster odifying enzyme

' * = Post-translational modifications
Leader Core X Additional tailoring
Leader proteolysis
- N——— 4% /..**' —Export .**'

Precursor peptide —> Mature RiPP

Figure 1. Generalized RiPP biosynthesis and maturation

After that and guided by LP, the in-chain hydroxyl groups of serine (Ser) and/or threonine (Thr)
residues in the CP of LanA will be dehydrated by Lan synthetases to deliver 2,3-dehydroalanine
(Dha) and/or (Z)-2,3-dehydrobutyrine (Dhb) units, respectively. Following the dehydration, the
unique thioether linkages are then installed by the intramolecular 1,4-conjugate addition of
specific cysteine (Cys) residues onto the generated dehydro amino acids, in a regio- and
stereoselective manner, providing specific patterns of thioether cross-links in the final product.
The end product of the intramolecular addition of Cys thiols to the B-carbon of Dha/Dhb is
governed by the generated enolate intermediate, which either would form a Lan/MelLan linkage
through a protonated mechanism or adopts a further attack on a second Dha/Dhb motif to convey

7
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an a,a-disubstituted triamino acid labionin (Lab)/methyllabionin (MelLab) macrocycle (Figure
2)'7,743,78
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Figure 2. A) Mechanistic reactions to install (Me)Lan or (Me)Lab cross-links
B) Class-defining PTMs of lanthipeptides

Since the underlying mechanism of lanthipeptides dehydration varies, the classification was

recruited to untangle such implication, outlining four different classes taking into account the
additional differences between the Lan synthetases as well (Figure 3).742

Class |
LanB (dehydratase) Class Il (LanM)
Dehydratase domain Cyclase domain
LanC (cyclase) L | I |
Mersacidin Cinnamycin
Zn ligands

Nisin

Class lll (IlanKC)

Lyase domain Kinase domain Cyclase domain

Lyase domain Kinase domain  Cyclase domain
I —II Il III 2 I e - 1l
= G Ee Venezueli
" @@ e
OoC %@ @%@W
Labyrmthopeptm A2

Class IV (LanL)

()

Figure 3. Schematic representation of the four classes of lanthipeptides synthetases
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1.4.1.1 Class | Lanthipeptides: Biosynthesis and Tailoring

In class | lanthipeptides, the formation of (Me)Lan is catalyzed by the cumulative roles of a
dehydratase (LanB) and a cyclase (LanC) (Figure 3). Despite the early detection of genes in
charge of nisin and subtilin biosynthesis as representative members of class |, the mechanistic
basis of LanB as a dehydratase was just laid out recently. The in vitro characterization
experiments of LanB deciphered its function through two domains, one as a N-terminal
glutamylator and another referred to as a C-terminal glutamate elimination domain. Counting on
a-carboxylate glutamyl-tRNA as glutamate donor, the activation of the inert hydroxyl groups of
the Ser/Thr residues, translated in the CP of LanA, is achieved through transesterification by the
glutamylation domain.™

Afterwards, a B-elimination reaction is carried out on the formerly activated Ser/Thr side chains
with the aid of the elimination domain to introduce the carbon-carbon double bond units formatted
as Dha/Dhb. Eventually, regional and stereoselective Michael-type additions are facilitated by the
cyclase enzyme LanC through the nucleophilic side chain of Cys residues and the electrophilic 3-
carbons of Dha/Dhb yielding (Me)Lan interlinks (Figure 2).8°

Crystal structure of NisC, nisin cyclase, exhibited a toroidal conformation containing a single zinc
(Zn) ion catalytic site with a proposed mechanism of activating the thiol side chain of Cys residues
towards the cyclization PTM.?!

Aside from the characteristic thioether modifications, class | entities frequently provide additional
ancillary alterations to finally morph the mature peptide against proteases and/or enhance the
stability. For instance, the presence of lactyl (Lac) and pyruvyl (Pyr) groups at the N-termini was
perceived in multiple class | members exemplified by epicidin 280, epilancin K7, and pinensins.
Biosynthetically, such tailoring arises from a N-terminal Ser residue, which undergoes dehydration
under the effect of LanB, giving N-teminal Dha1 that in turn tautomerizes into an unstable imine
following spontaneous hydrolysis to generate a Lac or Pyr moiety (Figure 4).22

‘111 EIxO
17N

NADPH NADP+
Pyr Lac

Figure 4. A) Selected members of class | lanthipeptides featuring N-terminal Lac and Pyr motifs
B) Proposed mechanism of the formation of Lac and Pyr tailorings

S-[(Z2)-2-aminovinyl]-D-cysteine (AviCys) installation was an additional unique RiPP structural
refinement at the C-terminus, that can be found in a handful of class | candidates as epidermin,
gallidermin, microbisporicin (NAI-107) and mutacin 1140 (Figure 5). Such skeletal change was
envisioned to be introduced through a 1,4-nucleophilic attack of an oxidatively decarboxylated
Cys residue onto a Dha unit. In vitro reconstitution experiments aided in gleaning a plausible
mechanism in which LanD enzyme supported with a flavin mononucleotide (FMN) catalyzes Cys

9
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decarboxylation followed by the 1,4- Michael addition by the in-situ generated thioenolate
nucleophile (Figure 5).1474a:83
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