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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, 0706T 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 II 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.      
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Zusammenfassung  

Die Suche nach neuen ribosomal gebildeten und post-translational modifizierten Peptiden 
(RiPPs) ist ein sehr aktives Feld und ist damit begründet, dass  man auf völlig neuartige Moleküle 
trifft, die entweder biologisch hochaktiv sind oder interessante physiologische Funktionen 
aufweisen. Zudem sind die entsprechenden Biosynthesegencluster eine reichhaltige Quelle für 
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, Sekundärmetabolite zu produzieren. In den meisten Fällen 
handelt es sich jedoch um stille Biosynthesegencluster und es gelingt nicht die vorhergesagten 
Naturstoffe zu isolieren. Um dieses Problem teilweise zu überwinden 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, 0706T und Longimycelium tulufanense CGMCC 
4.5737 ermöglichte es, den chemischen Raum dieser Bakterien zu erforschen und hinsichtlich 
drei neuer RiPP-Moleküle zu erweitern. 

Die erste Fallstudie beinhaltet die Genom-gestützte Priorisierung eines neuartigen 
Biosynthesegenclusters im Genom von N. terpenica, welches durch eine ungewöhnlich hohe 
Anzahl an Genen auffiel, die für 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 führte 
schließlich in synergistischer Weise zur Findung, Isolation und Strukturaufklärung von drei neuen 
RiPPs, die Nocathioamid A-C genannt  wurden. Diese fallen durch zwei Besonderheiten auf: Zum 
einen stellt die ungewöhnliche Imid-Brücke 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 II Lasso-Peptids, welches durch oxidative Vorgänge weiter 
modifiert sein musste. In Rahmen von weiterführenden bioinformatischen Screeningansätzen 
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 begründen eine neue 
strukturelle Klasse von Lasso-Peptiden die oxidativ quervernetzt sind. Im Vergleich zu 
Nocapeptin, weist Longipeptin noch zusätzliche posttranslationale Modifikationen auf, wie z.B. 
eine Hydroxylierung und eine Methylierung. Damit stellt Longipeptin eines der höchst- 
modifizierten Lasso-Peptide dar. 
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Die Entdeckung der Nocathioamide und der Nocapeptine bzw. Longipeptine stellen einen 
Machbarkeitsbnachweis dar und zeigen die Effektivität der gewählten genom-getriebenen 
Forschungsstrategie, die letztendlich die Erforschung von bisher unbekannten chemischen 
Räumen und biosynthetischen Enzymen erlaubte. 
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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 α-melanocyte-stimulating hormone to 
prevent skin damage and pain.1 

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.2 

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.3 

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.4-6

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).7

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.8 

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 

Actagardine9 Actinoplanes garbadinensis Antibacterial (Gram-positive) 
Cinnamycin10 Streptomyces cinnamoneus subsp. 

cinnamoneus DSM 40005 
Antibacterial (Gram-positive, permeabilize 
lysophosphatidylethanolamine lipids), Antiviral (HSV-1) 

Divamide A11 Prochloron didemni  Antiviral (HIV) 
Duramycin12 Streptomyces cinnamoneus ATCC 12686 Antibacterial (Gram-positive), Antiviral 
Labyrinthopeptins13 Actinomadura namibiensis Antiviral (Broad spectrum of enveloped viruses HIV, ZikV, 

HSV, HCV, WNV, RSV) 
Microbisporicin14 Microbispora corallina Antibacterial (Gram-positive) 
Nisin15 Lactococcus lactis Antibacterial (Gram-positive), Food preservative 
Pinensins16 Chitinophaga pinensis Antifungal (Filamentous fungi and yeasts) 

 

Lassopeptides 

Aborycin/RP 7195517 Streptomyces griseoflavus TÜ 4072 Antibacterial (Gram-positive), Antiviral (HIV) 
Actinokineosin18 Actinokineospora spheciospongiae DSM 

45935T 
Antibacterial (Gram-positive) 

Anantin19 Streptomyces coerulescens DSM 4777/4788 Atrial natriuretic peptide (ANP) antagonist 
BI-3216920 Streptomyces sp. DSM 14996 Glucagon receptor antagonist 
Capistruin21 Burkholderia thailandensis E264 DSM 13276 RNA polymerase inhibition (Gram-negative) 
Chaxapeptin22 Streptomyces leeuwenhoekii strain C58 Antibacterial (Gram-positive), Inhibition in cell invasion of 

lung cancer cell 
Humidimycin23 Streptomyces humidus F-100,629 Caspofungin activity potentiator 
Lariatins24 Rhodococcus jostii K01-B0171 Antimycobacterial 
Lassomycin25 Lentzea kentuckyensis sp. Antimycobacterial (mycobacterial ClpC1 ATPase) 
Propeptin26 Microbispora sp. SNA-115 Antibacterial (Gram-positive), Prolyl endopeptidase inhibitor 
Microcin J2527 Escherichia coli AY25 RNA polymerase inhibition (Gram-negative) 
Siamycins28 Streptomyces sp. AA6532, Streptomyces sp. 

AA3891 
Antiviral (HIV) 

Specialicin29 Streptomyces specialis JCM 16611T Antibacterial (Gram-positive), Antiviral (HIV) 
Sungsanpin30 Streptomyces sp. SNJ013 Anti-invasive activity with the human lung cancer cell line 
Ulleungdin31 Streptomyces sp. KCB13F003 Inhibitory activities against cancer cell invasion and migration 

 

Thiopeptides 

Berninamycin32 Streptomyces berniensis Antibacterial (Gram-positive) 
Cyclothiazomycin33 Streptomyces hygroscopicus 5008 RNA polymerase inhibitor, filamentous antifungal, renin 

inhibitor 
GE2270A34 Planobispora rosea Antibacterial (Gram-positive, elongation factor Tu inhibitor) 
Kocurin35 Kocuria palustris Antibacterial (Gram-positive) 
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Micrococcin P136 Micrococcus sp., Staphylococcus equorum 
WS2733 

RNA polymerase inhibitor, filamentous antifungal, renin 
inhibitor 

Nocardithiocin37 Nocardia pseudobrasiliensis IFM 0757 Antibacterial (Gram-positive) 
Nocathiacins38 Nocardia sp. WW-12651 (ATCC 202099) Antibacterial (Gram-positive) 
Nosiheptide39 Streptomyces actuosus Antibacterial (Gram-positive) 
Siomycin A40 Streptomyces sioyaensis Immunosuppressant 
Sulfomycin41 Streptomyces viridochromogenes Antibacterial (Gram-positive) 
Thiomuracins42 Nonomuraea sp. Antibacterial (Gram-positive, elongation factor Tu inhibitor) 
Thiostrepton43 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 

Aerucyclamides45 Microcystis aeruginosa PCC 7806 Antimalarial potency against Plasmodium faclciparum 
Dolastatins46 Dolabella auricularia Antineoplastic activity  
Patellamides47 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  
Ulithiacyclamide49 Lissoclinum patella Anticancer activity against L1210 murine leukemia and KB 

cells 
 

Thioamitides 

Saalfelduracin50 Amycolatopsis saalfeldensis NRRL B-24474 Selective antibiotic activity 
Thioalbamide51 Amycolatopsis alba DSM44262 Selective antiproliferative activity 
Thioholgamides52 Streptomycetes malaysiense MUSC 136 57 Submicromolar activity against HCT-116 cancer cell lines 
Thiopeptin50a Micromonospora arboorensis NRRL 8041 Selective antibiotic activity 
Thioviridamides53 Streptomycetes olivoviridis NA05001 Anticancer activity against several cancer cell lines 

 
Amatoxins α-Amanitin54 Amanita phalloides Selective inhibitor of RNA polymerase II, toxin-component of 

antibody-drug conjugates (ADC) 
 

Dikaritins 
Phomopsins55 Phomopsis leptostromiformis Antimitotic agent 
Ustiloxins56 Ustilaginoidea virens Antimitotic agent, anticancer activity 

 
Bottromycins Bottromycin A257 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 Polytheonamides58 Theonella swinhoei, uncultivated bacterial 

symbiont 
Picomolar cytotoxic activity 
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Graspetides Microviridins59 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 function60 

RiPP class Peptide Organism(s) Physiological/Ecological role 

Lanthipeptides 

Cytolysins Enterococcus faecalis Autoinducing peptide; virulence factor 
Lacticin 3147 (LtnA1/LtnA2) Lactococcus lactis Interference competition 
Nisin Lactococcus lactis Autoinducing peptide 
Planosporicin Planomonospora alba Autoinducing peptide 
SapB/SapT Streptomycetes coelicolor, Streptomycetes tendae Morphological development in Streptomyces 
Sh-lantibiotics-α/β Streptomycetes hominis A9 Interference competition 

Lassopeptides Microcin J25 E. coli AY25 Interference competition 

Thiopeptides 
Lactocillin Lactobacillus gasseri Interference competition 
Thiocillin Bacillus cereus ATCC 14579 Stimulation of biofilm formation in Bacillus 
Thiostrepton Streptomycetes laurentii Morphological development in Streptomyces 

LAPs 
Goadsporin Streptomyces sp. Morphological development in Streptomyces 
Listeriolysin S Listeria monocytogenes Interference competition (virulence factor) 
Streptolysin S Streptococcus pyogenes Virulence factor (cytotoxin) 

Sactipeptides 

Ruminococcin C Ruminococcus gnavus E1 Interference competition 
Sporulation killing factor Bacillus subtilis 168 Cannibalism 
Streptosactin Streptococcus spp. Fratricidal agent 
Thuricin CD (Trnα/Trnβ) Bacillus thuringiensis DPC6431 Interference competition 

Streptides 
Streptide Streptococcus thermophilus Quorum-sensing response 
Tryglsins Streptococcus mutans, Streptococcus ferus Quorum-sensing response, Interference competition 

Miscellaneous 

AIP Staphylococcus aureus Quorum-sensing signal 
ComX Bacillus subtilis Quorum-sensing signal 
Methanobactin Methylosinus trichosporium OB3b Metallophore (chalkophores) 
Mycofactocin Mycobacterium tuberculosis Redox enzyme cofactor 
Pyrroloquinoline quinone Klebsiella pneumoniae Redox enzyme cofactor 
RaxX Xanthomonas oryzae pv. oryzae (Xoo) 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.61 

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.8b 

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).62 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.63 

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 MIC90 of 0.25 mg/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 II 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.64 

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.8a,8d 

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 Italian 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.65 
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According to 2020 pipeline news of Cassiopea's, CB-06-01 successfully completed phase II 
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.66 

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.67 

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.43d,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.69 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.70 

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 ClpC1, whereas at the same time it 
uncouples the ATPase activity from the ClpP1P2- 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.25,71 

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.23,72 

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 αvb3 integrin 
receptor, which is involved in angiogenesis and important for the growth of certain types of 
tumors.73   

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 β-carbons of alanine residues, termed lanthionine 
(Lan) or methyllanthionine (MeLan) as class-defining modifications.74 

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.8a,75 

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.74a,76 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 

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 β-carbon of Dha/Dhb is 
governed by the generated enolate intermediate, which either would form a Lan/MeLan linkage 
through a protonated mechanism or adopts a further attack on a second Dha/Dhb motif to convey 
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an α,α-disubstituted triamino acid labionin (Lab)/methyllabionin (MeLab) macrocycle (Figure 
2).7,74a,78 

 
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).74a 

 
Figure 3. Schematic representation of the four classes of lanthipeptides synthetases  

A 

B 
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1.4.1.1  Class I Lanthipeptides: Biosynthesis and Tailoring 

In class I 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 I, 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 
α-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.79 

Afterwards, a β-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 β-
carbons of Dha/Dhb yielding (Me)Lan interlinks (Figure 2).80 

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.81 

Aside from the characteristic thioether modifications, class I 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 I 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).82 

 
Figure 4. A) Selected members of class I lanthipeptides featuring N-terminal Lac and Pyr motifs 

B) Proposed mechanism of the formation of Lac and Pyr tailorings  

S-[(Z)-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 I 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 

A B 
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decarboxylation followed by the 1,4- Michael addition by the in-situ generated thioenolate 
nucleophile (Figure 5).14,74a,83 

 
Figure 5. A) Representative entities of class I lanthipeptides tailored with AviCys decoration 

B) Proposed mechanism of the formation of AviCys PTM    

Despite the fact of the hydroxylation prevalence as a secondary PTM in other RiPP family e.g. 
thiopeptides, its occurrence within a lanthipeptide context is rather rare. Consistent with such 
observations, microbisporicin (NAI-107), produced by Microbispora sp. 107891, structurally 
frames two novel tailorings, defined as halogenation on Trp and dihydroxylation on Pro. 
Interestingly, the native version of microbisporicin with 5-chlorotryptophan (5-Cl-Trp) was found 
to be 2 to 32-fold more potent than the deschloro variant, considering the tested bacterial isolates 
panel. The halogenase encoded by mibH was proven to be responsible for catalyzing such 
unprecedented makeup with very high substrate specificity and more flexibility regrading the 
halogen nature.84 

1.4.1.2  Class II Lanthipeptides: Biosynthesis and Tailoring 

Unlike class I of having two standalone processing enzymes, LanBC, a full-length single enzyme, 
LanM, catalyzes both the dehydration step and the cyclization reaction equipped with its N-
terminal dehydration and a C-terminal cyclization domain. An additional discriminative feature of 
class II is that LanMs recruit a different mechanism to activate the hydroxyl groups of Ser/Thr 
residues than LanB proteins in which ATP phosphorylation is recalled, followed by phosphate 
elimination to append the Dha/Dhb moiety (Figure 3).85 

In a similar fashion to class I and expectedly considering the sequence similarity, the cyclase 
domain of LanM shares a resemblance to the previously reported one of class I (LanC) in terms 
of the role of Zn to facilitate the activation of the Cys motifs for the cyclization (Figure 3).74a,86 

Along the same tailoring lines of class I, class II conveys as well further modifications beside the 
typical (Me)Lan linkages. The first architectural change that can be enlisted is their ability to 
encode D-configured amino acids within the mature peptide backbone either as D-Ala and/or D-
aminobutyric acid (D-Abu) (Figure 6). The utility of such installation is to improve the product 
stability against proteolysis. Lactocin S was the first characterized lanthipeptide II to harbor D-Ala 
residues, which inferred genetically and biosynthetically to be installed via the conversion of L-

A 

B 
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Ser to D-Ala in the CP in a stereospecific reductive manner of Dha catalyzed by a LanJ 
dehydrogenase. Further examples retrieving such an epimerization tailoring were witnessed in 
lacticin 3147 (Figure 6) and more recently in carnolysins.87 

 
Figure 6. Representative entities of class I lanthipeptides tailored with AviCys decoration    

Comparably to NAI-107 as a hydroxylated member of class I, duramycins portray the analogous 
hydroxylated scaffold of class II carrying such PTM as erythro-3-hydroxy-L-aspartic acid for their 
antimicrobial activity (Figure 7). An extra appealing C-N cross-link was exclusively featured in 
duramycins and cinnamycins molecular families in the form of the lysinoalanine (Lal) macrocycle 
installed by an aza-Michael-type addition between the 3-amine of the C-terminal Lys19 to a 
dehydrated Ser6 (Dha) residues. The mechanistic facilitator for appending such structural 
alteration was genetically proposed to be carried out by the protein DurN through positioning Dha6 
and Lys19 residues in adjacent proximity enabling the macrocycle generation (Figure 7).12b,88 

 

Figure 7. A) Schematic architecture of duramycin 
B) Shared identical tailorings across cinnamycins and duramycins members 

1.4.1.3  Class III and IV Lanthipeptides: Biosynthesis and Tailoring 

In contrast to class I and similar to II, class III and IV possess a single enzyme that is responsible 
for the dehydration and cyclization events within their members. Differently to LanM as a di-
modular Lan synthetase, classes III and IV recruit trimodular Lan synthetases, called LanKC and 
LanL respectively, to phosphorylate, dephosphorylate and cyclize their respective substrates 
(Figure 3).74a,78 

A B 
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The previous in vitro investigations discerned that the dehydration reaction is carried out by 
utilizing two separate active sites of LanKC and LanL where the phosphorylation is achieved via 
the central Ser/Thr kinase domain and phosphate elimination takes place in the N-terminal 
pSer/pThr lyase domain. In a distinctive fashion to the ATP phosphorylation mechanism accepted 
by LanM or LanL, the N-terminal kinase domain of LabKC fulfills the activation of the inert in-chain 
groups of Ser/Thr by consuming a GTP substrate.89 

Additionally, the C-termini of LanM and LanL proteins exhibit an analogous LanC-like domain 
containing a Zn2+ site, whereas LanKC lacks the signature of the catalytic residues and such zinc 
ligands (Figure 3).85c,90 

The most noticeable structural modification of class III lanthipeptides is their ability to frame either 
(Me)Lan or Lab residues through a remarkable tandem cross-linking event.91 A Lab as class 
defining decoration of class III enables the installation of two cross-links into the mature peptide, 
where the carbacyclic ring is N-terminal, and the thioether ring closure points towards the C-
terminus. While the majority of the characterized Lab containing structures of class III 
lanthipeptides are modeled with a SX2SX3C motif, variable sequences of the thioether ring were 
found to be tolerated in Lab resulting in a contracted ring size as given in catenulipeptin or in an 
expanded version exemplified by labyrinthopeptin and NAI-112 (Figure 8).74a,92 

 
Figure 8. Selected archetypes of class III lanthipeptides framing Lab modifications    

The frequent occurrence of different PTMs in classes III and IV is not as rich and diverse as in 
classes I and II which might be partly attributed to the less characterized members belonging to 
both categories.  

 
Figure 9. Exemplary architectures of class II lanthipeptides scaffolds embedded with a disulfide linkage     

The first observed tailoring in class III was installed in its prototype member, labyrinthopeptin A2 
and its related scaffolds labyrinthopeptin A1/A3, in the form of a disulfide linkage made between 
Cys9-Cys18 in case of A2 and Cys9-Cys20 in A1/A3 (Figure 3). Additionally, some class II 
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candidates, haloduracin α and bovicin HJ50, structurally append such disulfide decoration (Figure 
9). Although the disulfides proved to be essential for the bioactivity in bovicin related 
lanthipeptides, it was found to be marginal in the α component of haloduracin.75,93 The second 
modification was illustrated as N-glycosylated lanthipeptide in NAI-112 produced by Actinoplanes 
sp. DSM 24059. Analyzing the putative BGC encoding NAI-112 revealed a glycosyltransferase 
(GTF) which was hypothesized to introduce this PTM (Figure 8).92c           

1.4.2  Linear Azoline Peptides 

Further common structural elements that ribosomally-made peptides known to feature within their 
architectures are thiazoles and oxazoles units. Such imprinted skeletal modifications are encoded 
in a vast space of bacterial RiPPs, defined as thiazole/oxazole modified microcins (TOMMs).7,94 
As a result of their high abundance and wide distribution across multitudes of RiPPs families in 
tandem with other unique structural alterations, more precise subclassification was adopted to 
accurately subdivide them into a variety of molecular classes, including linear azol(in)e-containing 
peptides (LAPs), thiopeptides (pyritides) and cyanobactins.95 

Convergently, the biosynthetic basis to install (methyl)azol(in)es is highly analogous in the three 
classes via a heterotrimeric enzyme complex (Figure 10), referred as YcaO, administering the 
heterocyclization of Ser/Thr and Cys residues to frame (methyl)azolines residues which would be 
subsequently oxidized into (methyl)azoles catalyzed by a flavin mononucleotide (FMN)-
dependent dehydrogenase, termed SagB.7,95d 

Figure 10. Cartoon models of the E1-like (left) and F-dependent (right) cyclodehydratase 

Mechanistically, the structural framing of (methyl)azol(in)es blocks into the CP backbone by YcaO 
protein is achieved by an ATP-dependent cyclodehydration event in which the in-chain β-hydroxyl 
group of Ser/Thr and/or thiol group of Cys residues execute a nucleophilic attack onto the former 
amide bond to yield a hemiorthoamide species. Upon cyclization, ATP-oriented O-
phosphorylation occurs followed by N-deprotonation facilitating the loss of a phosphate moiety to 
deliver the final (methyl)azoline heterocycle (Figure 11).95d,96 Despite the similar processing action 
exerted by azoline-forming YcaO enzymes across the different RiPP classes, the utilized 
accessory domains to potentiate such cyclodehydration activity vary significantly across these 
biosynthetic routes.96b,96c 

Figure 11. ATP-dependent mechanism for the cyclodehydration process 
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The majority of the so far reported LAP BGCs were found to contain an E1-ubiquitin (E1-like) 
activating protein as a cognate protein paired with the main YcaO enzyme. The in vitro 
biochemical characterization demonstrated that in the absence of the partner E1-like proteins the 
majority of the cyclodehydratase activity of YcaO proteins is minimal. The current state of 
structural biology data illustrates that the E1-like domain binds with the precursor substrate via its 
leader peptide specifically through a conserved domain, called RiPP recognition element (RRE), 
to conformationally enforce the propeptide to be in close vicinity to the catalytic center of the YcaO 
for cyclodehydration.96d,97 

 
Figure 12. Schematic representatives of different RiPP cyclodehydratases 

Unlike most LAP YcaOs, thiopeptide BGCs commonly share a shortened N-terminal E1-like 
activating domain fused with a YcaO protein, which is further accompanied by a discrete “Ocin-
ThiF-like” protein, termed as F-dependent YcaO (Figure 12).95d,96c,98  

Upon cyclodehydration and to enhance the chemical stability of such installed tailorings in the 
mature peptide, a further and common modification is exerted through a selective 
dehydrogenation of (methyl)azolines into azoles. Such skeletal mofication is found to be catalyzed 
by a member of FMN-dependent dehydrogenases by deprotonating the Cα of the (methyl)azoline 
followed by the Cβ hydride transfer of the (methyl)azoline to yield the oxidized (methyl)azole.95d,99 

An additional architectural alteration frequently coupled with the introduction of azol(in)e residues 
into LAPs and mostly in thiopeptides, is the formation of the dehydrated amino acids Dha and/or 
Dhb. In a complete analogous dehydrating mechanism of lanthipeptides class I, the installation of 
Dha/Dhb motifs in the CP is facilitated by a homologous of lantibiotic-type dehydratases (LanB). 
Differently to the typical class I full-length LanB, LAPs and thiopeptides recruit two split-proteins 
to convey such PTM. Mechanistically, the glutamylation domain, recognized by its sequence 
similarity, mediates the tRNA-dependent glutamylation reaction, while the subsequent elimination 
is catalyzed by the other protein as a glutamate eliminator considering the homology.42,79,80,98a,100 

1.4.2.1  Microcin B17 

The first discovered example of LAPs is microcin B17 (MccB17) from Escherichia coli as a narrow-
spectrum growth-suppressive metabolite targeting DNA gyrase and enabling their producers to 
compete within its niche (Figure 13).101 Similarly to the most defined microcins in terms of their 
selective activities, MccB17-specificity against other Enterobacteriaceae and some 
Pseudomonas species was mainly attributed to the selective cellular uptake machinery of the 
cells.102 The discovery of the MccB17-BGC and its precursor peptide McbA proved to match the 
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structural characterization efforts regarding the posttranslationally modified residues in which the 
scaffold is architecturally morphed with a pair of four thiazole and oxazole motifs arising from Cys 
and Ser residues under the effect of a trimeric synthetase comprised of McbB, McbC, and McbD 
(E1-like, dehydrogenase, and YcaO proteins, respectively) (Figure13).95a,97,103 

 
Figure 13. Microcin B17 BGC (A) and structure (B) 

The site-directed mutagenesis investigations verified that the thiazole and oxazole heterocycles 
are undoubtedly critical for the observed activity and the defined antibacterial effect counts on the 
heterocycles number encoded in the peptide. The generation of MccB17 variants by deleting 
and/or altering C-terminal residues delivered a library of analogs with retained in vitro inhibitory 
profile of DNA replication but less potency against living bacteria. Interestingly, the chimeric entity 
resulted from the Gly3 introduction of P. syringae MccB17 into E. coli McbA displayed a broad 
index of potency highlighting that the sequence residues manipulation at different segments offers 
a general possible route to tune the activity profiles of other microcins.101a,104 

1.4.2.2  Plantazolicins 

Plantazolicin (PZN) is an additional example of LAPs possessing an ultra-specific bactericidal 
antibiotic property against Bacillus anthracis, the causative agent of anthrax (Figure 14). Unlike 
the traditional bioactivity scheme of MccB1, PZN discovery from Bacillus velezensis FZB42 
(formerly Bacillus amyloliquefaciens) was assisted by the genomics paradigm in which the 
putative gene cluster and biosynthetic logic of azoline-forming YcaOs orient the discovery as well 
as the structural elucidation efforts.105 

A 

B 
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Figure 14. Plantazolicin BGC (A) and structure (B) 

As a standard for LAP BGCs, PZN biosynthetic cluster comprises BamA (PZN precursor peptide), 
and a (methyl)azol(in)e installing machinery (cyclodehydratase/dehydrogenase, BamBCD) which 
was found to process all Cys, Ser, and Thr residues into decazol(in)es product. Notably, the 
existence a S-adenosylmethionine (SAM)-dependent methyltransferase (BamL) within the BGC 
was structurally translated into double N-terminus methylation (Figure 14).105b 

The continuous proliferation of available genome sequences in combination with homology-based 
motifs similarity could expand the PZN molecular family with 14 further BGCs. The first PZN 
variant, badiazolicin (BZN), was confirmed via its characterization from the native producer, 
Bacillus badius, with an expected potency against B. anthracis. An additional PZN-related entity, 
coryneazolicin (CZN), was deciphered through successful in vitro reconstitution of the azole 
synthetase (CurBCD) delivering ten azoles on CurA followed by leader peptide removal and final 
N-terminal dimethylation by chemical means.105b,106 

Driven by the highly specific activity profile of PZN scaffolds, several studies were conducted to 
untangle their mode of action and to define structure-activity relationships (SAR) for their selective 
potency. Supported with PZN resistance mutants and fluorescently labeled architectures, the 
possible mode of action was hypothesized in the frame of PZN interaction with specific regions of 
the B. anthracis membrane associated with cardiolipin, a diphosphatidylglycerol lipid, suggesting 
the destabilization of cardiolipin synthetase to lyse the cell membrane.107 

To reveal the hidden SAR of PZN, methyltransferase disruption in tandem with precursor peptide 
mutagenesis laid the fact of the crucial necessity and importance of the dimethylation in addition 
to the full heterocyclization in the potency index. The mutagenesis experiments also revealed that 
only a few PZN analogs were possible to be generated through the alteration of certain residues 
without losing activity against B. anthracis.105b,108 

A 

B 
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Figure 15. Synthetic Me2-Arg-Az5 variant of PZN 

Along the same line by total synthesis means, the shortened pentazole variant was yielded with 
retained behavior of antibiosis against B. anthracis. Unexpectedly, interesting biological leverage 
with a high profile towards Staphylococcus aureus was observed shedding light on the N-terminal 
end of PZN as the bioactive portion while the C-terminal chunk orients the selectivity (Figure 
15).109 

1.4.2.3  Azolemycins 

Azolemycin shapes an exceptional LAP whose architecture encodes a rare oxime moiety with 
modest efficacy against mammalian cancer cell lines. Despite the framing of such an unusual 
decoration in only a handful of some natural products, for example, caerulomycin A, althiomycin, 
and nocardicins A and B, azolemycin represents the sole RiPP example to append such ancillary 
modification which possibly plays a role against proteolysis (Figure 16).110 

 
Figure 16. Azolemycin BGC (A) and structure (B) 

Mining the genomic data of the producer Streptomyces sp. FXJ1.264 revealed a putative BGC 
with a precursor peptide (AzmA) that could be responsible for the azolemycins production (Figure 
16). In addition to AzmA, additional processing genes were co-localized such as a fused 
cyclodehydratase (AzmC/D) and a discrete dehydrogenase (AzmB) to set up the four 
(methyl)azole units. Interestingly, the BGC of azolemycin disclosed a further protein, AzmF, with 
homology to flavin-dependent monooxygenases that can account for the oxime decoration, 
proven by azmF knockout product.111 In alignment with the methylated structure of azolemycin, 
AzmE as a SAM-dependent methyltransferase was also validated to be in charge of such PTM.111 

1.4.2.4  Goadsporin 

Inspired by the fact that microorganisms live in multilayered complex communities and develop 
their chemical language to communicate, the discovery of goadsporin from Streptomyces sp. TP-
A0584 was achieved through a co-culture screening campaign of hundreds of actinomycete 
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broths to induce the actinorhodin production from Streptomyces lividans TK23. Interestingly, more 
physiological characterization unveiled that goadsporin can promote the secondary metabolism 
and sporulation across various streptomycetes at a concentration of 1 μM while higher doses (>1 
μM) deliver an inhibitory profile.112 

The structural elucidation of such an entity culminated in an unusual LAP consisting of 19 amino 
acids morphed with six (methyl)azole motifs, two dehydrated alanine residues (Dha), and N 
terminal acetylation (Figure 17).100a 

 
Figure 17. Goadsporin BGC (A) and structure (B) 

The detection of the goadsporin BGC in tandem with systematic experiments of genetic deletion 
rationalized the biosynthetic pathway in which the azoles introduction into the CP backbone is 
carried out firstly by the fused cyclodehydratase (GodD) and dehydrogenase (GodE). Afterward, 
the installation of Dha residues is catalyzed by homologous proteins being involved in 
lanthipeptide biosynthesis, termed a split LanB dehydratase (GodG for glutamylation followed by 
GodF for elimination) (Figure 17). Furthermore, a candidate protein for the N-acetylation was also 
retrieved as N-acetyltransferase (GodH).100b,113 Biological evaluations of the different installed 
structural features verified that Dha groups are indeed crucial for its observed bioactivity.100b 

1.4.3  Thioamitides 

In complementation to the YcaOs-mediating azoline, further categories of this protein family were 
spotted in multiple genomic contexts, uniquely installing specific structural alterations than the 
well-characterized azoline type. Candidates of such a distinct subfamily of YcaO proteins seem 
to be neither fused (E1-like) nor co-occur with partner proteins (ThiF-like), referred to as 
standalone YcaO, exemplified by the one involved in bottromycins to frame amidine units (Figure 
18).95d,114 

A further skeletal transformation mediated by specific YcaO proteins is the rare thioamidation 
tailoring in which the amidic oxygen of the backbone is replaced with sulfur affording thioamitides. 
Besides the expanded scope of the unique structural modifications catalyzed by such protein 
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family, in nearly all thioamide-containing RiPPs, YcaO is encoded adjacent to a ‘TfuA-like’ protein, 
as responsible pair for installing the class-defining thioamide(s) in the backbone (Figure 18).77,115 

 
Figure 18. Comparative proposed mechanisms catalyzed by different YcaO members (left) 

and selected PTMs overview mediated by some YcaO members (right)    

Aside from the proposed classification by the RiPPs community as an independent class termed 
thioamitides, thioamidated RiPPs are exceptionally rare and catalyzing such compelling PTM in 
the CP has profound impacts on the mature peptide in terms of the hydrogen bonding, protease 
resistance and bioactivity index.115 

Historically, thioviridamide, from Streptomyces olivoviridis NA05001, is considered the 
representative entity of this molecular family characterized by an apoptosis induction profile 
(Figure 19). In addition to the five thioamide groups that thioviridamide carries, an additional set 
of posttranslational decorations are structurally embedded within the CP encompassing a β-
hydroxy-N1,N3-dimethylhistidinium, AviCys, and an N-terminal pyruvyl motif.116 

 
Figure 19. Thioviridamide BGC (A) and structure (B) 

The allocation of the BGC of thioviridamide and the function assignment for each gene eased and 
accelerated the genome mining trails to leverage such a potent chemical space. The successful 
discovery of multiple thioviridamide-like compounds with enhanced inhibitory behavior against the 
growth of various cancer cell lines was demonstrative of these targeted efforts exemplified by 
three analogs of thioalbamide (from Amycolatopsis alba DSM 44262) in addition to 
thioholgamides A/B (Streptomyces malaysiense) (Figure 20).52,53a,117 
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Figure 20. Thioviridamide-related structures 

Despite no biochemical characterization was recruited to study the thioviridamide pathway, 
genetic disruption experiments of thiovarsolins and the thiostreptamide S4 variant proved the 
requirement of YcaO and TfuA proteins for the backbone thioamidation. It was early hypothesized 
that TvaH, a YcaO homolog, is the in-charge protein to feature the class-defining thioamide 
transformations during the biosynthesis. Moreover, TvaI, a TfuA-like protein, was additionally 
envisioned to contribute to the thioamidation step as a supportive partner protein existent in all 
thioviridamide similar BGCs.51a,118 

Extra evidence about the responsibility of the YcaO/TfuA pair in RiPP thioamidation was gleaned 
from capitalizing the bioinformatic expansion of the thiopeptide family that can harbor 
thioamidated members. Such a bioinformatic-driven approach afforded a novel thiopeptide 
framing a solo thioamide residue, designated as saalfelduracin besides similar entities like Sch 
18640 and thiopeptin (Figure 20). The BGC identification was enabled by sequencing the native 
producers in which YcaO–TfuA proteins are encoded adjacent to each other. Further indisputable 
proof about the dependency of thioamidation on YcaO and TfuA proteins was derived from the 
chromosomal insertion of the corresponding genes couple from Sch 18640 (Streptomyces 
tateyamensis) as a thioamide producer into a non-thioamide producer of thiostrepton 
(Streptomyces laurentii) uncovered an identical metabolite to Sch 18640.50a 

1.4.4  Lasso Peptides 

A further peptidic group with an expeditious growing nature affiliated with the superfamily RiPPs 
is the subgroup of lasso peptides in which their archetypes share specific class-defining 
architecture achieved by lariat knot-like threading (Figure 21).69a,77,119 

Historically until 2008, the biological needs mainly directed the chemical 
investigations as the main paradigm that enabled the discovery of several 
lasso peptides. Recently, the remarkable advances in sequencing 
technologies in synergy with the publicly shared genomic datasets 
empowered the genome mining strategy to be broadly adopted as the ideal 
tool to unearth diverse scaffolds of lasso peptide.120 

 
Figure 21. Threading depiction of lasso peptides 
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1.4.4.1  Topology, Classification and Stability 

Structurally, lasso peptides feature at the scaffold level an N-terminal macrolactam ring connected 
to a linear C-terminal tail in such a way that the tail is threaded through the ring yielding a complex 
and unique topology that resembles a lasso. Such macrolactam rings are formed as a result of a 
characteristic isopeptide bonding between the free N-terminus and the carboxylic acid side chain 
of an Asp or Glu located at positions 7, 8, or 9. The insertion of the tail within the ring creating a 
fold is topologically sustained by steric plugs in the form of bulky amino acids situated above and 
below the ring. Further introduced crosslinks between the Cys residues as disulfide crosslink(s) 
contribute to the stabilization of such an interlocked molecular frame (Figure 22).120c,121 

 
Figure 22. Schematic representation of lasso peptides BGC and the possible architectures  

Considering the presence, absence and localization of the disulfide crosslinks, lasso peptides are 
categorized into four different classes. Class II lasso peptides are renowned for the absence of 
disulfide interlinks. Their topologies are solely kept by steric dependence. However, two disulfide 
bonds are featured in class I entities while, class III and IV models harbor a single interlinkage 
(Figure 22).119b In class I, one of the disulfide bridges is accomplished between the N-terminal 
Cys residue of the ring and the one located at the loop region. In addition, another disulfide linkage 
is recruited between a further Cys motif of the macrolactam ring with an additional one enoded at 
the lower region of the threaded tail. In contrast to class I, members of class III, and IV are 
chemically characterized by one connection of a disulfide PTM. The location of the involved Cys 
residues can discriminate between both. In class III, the bond formation occurs between a Cys 
unit from the ring with a Cys placed in the C-terminal tail, while the single connectivity between 
the two Cys residues of the C-terminal tail delivers class IV (Figure 22).20b,119a,120c 

From a structural point of view and aside from the biological significance, the tailoring with 
disulfide bridge(s) is supposed to promote the stability of the exceptional chemical fold that lasso 
peptides inherit but even in class II lacking such a decoration, substantial stability was iteratively 
proven for the lasso conformation. Previous thermal stability studies showed that multiple lasso 
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peptides are able to tolerate prolonged exposure to higher temperatures e.g. 95 οC and 
autoclaving at 120 οC.121,122 Nevertheless, at elevated thermal conditions, some heat-sensitive 
lasso peptides were converted into branched-cyclic peptides through unthreading the C-terminal 
tail out of the ring exhibiting a retention time drift in liquid chromatography (LC).27,123 

Upon several investigations about the thermal steadiness of multiple lasso peptides, it was 
deciphered that both ring and steric plug residues sizes are the skeletal determinants of their 
thermal resistance. For example, site-directed mutagenesis of the CP of xanthomonin II, a lasso 
peptide isolated from Xanthomonas gardneri with a seven-membered macrolactam ring (Gly1-
Glu7), revealed that all steric residues larger than Ser retained the topology in the thermal 
denaturation protocol.121,123a,123c On the contrary, capistruin, from Burkholderia thailandensis with 
a nine-membered isopeptide linkage (Gly1-Asp9) morphed by Arg15 as a bulky lower plug, was 
liable to thermal degradation upon replacing Arg15 and Phe16 as a next candidate bulky residue 
with Ala. Despite that the Phe18 unit was expected to act as the final lower plug, the longer 
sequence offered by the Phe18 position relative to the ring threading conveys a flexible un-
lassoed tail under elevated temperatures.124 

An additional instance describing the impact and utility of the size replacement of the steric unit 
on upgrading the thermal resistance properties of the heat-sensitive lasso peptides can be 
outlined with the bulky residues substitutions at the tails of caulosegnin I (Gly1-Glu8 ring, Glu16 
as plug residue) and astexin-1 (Gly1-Asp9, Phe15 as plug residue) with Trp resulting in heat-
stable scaffolds.123a,123c,125  

In complementary to the thermal stability, the lasso topology also brings resistance against 
proteases pictured in numerous study cases. Commonly, carboxypeptidases Y, as a typically 
employed peptidase in most lasso reports to infer their enzymatic stability, continuously degrade 
the C-terminal residues out of the tail until the shielding effect of the macrolactam ring is 
called.120b,121,123a 

1.4.4.2  Lasso Peptide Biosynthesis 

The biogenesis of lasso peptides as a member of the RiPP superfamily is initiated with the 
precursor peptide synthesis by the ribosome, yielding a typical precursor peptide consisting of the 
N-terminal leader required for the enzymatic processing and a C-terminal core sequence 
translated into the mature lasso peptide. Minimally to biosynthesize a lasso peptide, the candidate 
BGC should harbor at least three biosynthetic genes, a precursor peptide (A), a cysteine leader 
protease (B) sharing homology to transglutaminases, and an asparagine synthetases homolog 
defined as ATP-dependent lasso macrocyclase (C) (Figure 22).69a,119,126 

The proteolysis stage in the biosynthesis of lasso peptides counts on protein (B) which can be 
either expressed as a fused di-modular catalyst or discrete fragmented proteins encompassing a 
RiPP Recognition Element (RRE/B1) and a discrete protease (E/B2) with the catalytic domains 
(Figures 22,23).120b,120c,127 

The mechanistic scheme of lasso peptides obeys the same route in both cases where the 
translated propeptide recognition is achieved by the RRE which in turn guides the subsequent 
processing events. Mediated by the RRE binding, the proteolytic leader cleavage is catalyzed by 
the protease (E/B2) to deliver the core peptide as a substrate undergoing the class-defining 
isopeptide tailoring (C) between the released N-terminal α-amine and the Asp or Glu side chain 
by the macrocyclase in an ATP dependent manner (Figure 23).96d,119b,128 
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Figure 23. Generic mechanistic depiction of the lasso peptide biosynthesis  

Several and recent in vitro studies proved that the prefolding adjustment of the CP is recruited 
before the macrocyclization step potentiated by C protein (Figure 23). Furthermore, the unique 
steric nature, afforded by the lasso architecture and maintained by the rotaxane-like topology, 
additionally prevents the C- terminal tail from threading upon the installation of the macrolactam 
ring.129 

Within the course of the in vitro biochemical characterization of the microcin J25 processing 
enzymes McjB and McjC, an interdependency relation was interestingly found for both enzymes 
where no individual activity could be detected in the performed assays. Together, the catalytic 
activities were restored thereby deciphering the necessity of the close proximity of both protease 
and macrocyclase active sites to overcome the short-fate burden of the in vivo linear biosynthetic 
intermediate of the lasso peptide.130 

A further noticeable biosynthetic feature lasso peptides inherit for enzymatic tailoring is the 
common existence of conserved residues embedded within the precursor peptide in both leader 
and core regions. The first universal residue (Thr) is located in the leader peptide at the 
penultimate position Thr(-2) (Figure 23).121,122a Multiple mutagenesis studies showed that the 
replacement of this residue impaired the lasso peptide production and in some cases halted the 
proteolytic turnover. More insights about the role of this conserved motif were gleaned by 
conducting in vitro assays to demonstrate the proteolytic maturation machinery of paeninodin, a 
lasso peptide from Paenibacillus dendritiformis C454, decoding that Thr(-2) is crucial for the 
leader recognition by the peptidase PadeB2.123d,129b,131 

A second maintained aspect of the lasso maturation enzymes is their strict affinity of engaging 
Asp or Glu residues in the macrolactam modification to produce entities with 7,8 and 9 membered 
ring systems. Repeatedly, the lasso macrocyclase C has confirmed its high stringent specificity 
to such macrocycle sizes, while shifting these residues in their respective precursor variants are 
not processed enzymatically.121,129a,130 

As a deviating instance of such a conserved feature, the C protein encoded in caulosegnins I-III 
BGC from Caulobacter segnis is an exceptional model from the common lasso macrocyclase with 
efficient flexibility to cyclize variable ring sizes in different precursor peptides. This was 
exemplified by Gly1-Glu8 in caulosegnin I besides Gly1-Glu9 in caulosegnins II and III (Figure 
24).125 Along the same line, fusilassin macrolactam-forming enzyme FusC, naturally cyclize a 9-
mer Trp1-Glu9 macrolactam, exhibits via in vitro reconstitution experiments a compelling 
tolerance in the threaded ring size to be not only 7-9 but also 10 residues as new-to-nature 
tailoring (Figure 25).129a 
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Figure 24. Caulosegnins BGC and their simplified structures  

A third feature that most lasso peptides universally share across their biosynthetic machineries is 
their biogenetic preference for a Gly residue at position 1 of the CP whereas its substitution usually 
impacts the lasso production negatively. The early exception of such enzymatic affinity was 
exemplified by the fusilassin archetype (Trp1-Glu9), whose precursor peptide homologs at 
position 1 were tolerant towards all amino acids replacements except Pro residue (Figure 25).  

 
Figure 25. Fusilassin BGC and its precursor peptide  

Despite the accumulated knowledge regarding the strong biosynthetic bias towards Gly1 unit in 
classes II and III, recent genome mining-guided schemes leveraged the panel in this regard with 
Ala1, Ser1, Leu1, Asp1, Tyr1 and the previously described Trp1.119b,127b,129a,132 Additionally, large-
scale bioinformatic charting of BGCs encoding putative lasso peptides expanded the variation 
scope at position 1 with all canonical amino acids except for Pro.120c 

An additional conserved motif uncovered by genome mining is the YxxP (or sometimes WxxP) 
sequence situated in the leader region of the precursor lasso, exclusively retrieved in the 
biosynthetic loci encoding discrete RRE proteins and leader peptidases. Site-derived 
mutagenesis investigations concluded that the residues Tyr and Pro are crucial for the lasso 
recognition and the maturation steps whereas their substitutions compromised the binding affinity 
with the RRE protein.120c,129a,129b,133 

1.4.4.3  Lasso Peptide Tailoring 

Aside from the isopeptide defining motif that lasso peptides architecturally feature, a suite of 
variable functional groups were found to be appended into their skeletons upon the maturation 
process catalyzed by the tailoring enzymes. The scope of such skeletal decorations witnessed 
for lasso scaffolds is spanning from phosphorylation,123d,134 over acetylation,127a methylation,25 
hydroxylation,135 deimination120c to epimerization (Figure 26).29,136 
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Figure 26. Overview of the PTMs scope across various tailored lasso peptide   

The possible genetic elements responsible for carrying out such modifications were usually 
identified from their putative encoding BGCs. For example, a putative acetyltransferase was 
envisioned to execute the acetylation of Lys10 in albusnodin, and a presumed O-
methyltransferase methylates the C-terminus of lassomycin (Figure 26).25,127a Although the 
biochemical validation to corroborate the roles of the putative epimerase SpeH in specialicin 
biosynthesis is missing till now, the in vivo and in vitro functional characterization of MslH in MS-
271 verified its catalytic function to conduct the epimerizations of the C-terminal Trp 
residues.29,136b,137 

The in vitro studies of the kinase homolog (PadeK), involved in the C-terminal phosphorylation of 
the Ser residue in paeninodin, exhibit its ability to tailor the linear precursor peptide and not the 
mature lasso version. This was mechanistically rationalized as a result of the steric hindrance 
presented by the macrolactam ring topology. Additionally, the promiscuity and regioselectivity of 
PadeK were shown with the C-terminal Ser and other residues as well.123d 

Citrulassin A, a characterized lasso peptide from Streptomyces albulus NRRL B-3066, carries an 
unprecedented deimination illustrating of the unusual modification that lasso peptides can deliver 
(Figure 26). The framing of the nonproteinogenic citrullline residue at position 9 instead of the 
genetically encoded Arg was enzymatically hypothesized to be catalyzed by a peptidyl arginine 
deiminase (PAD).120c,138 
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1.5  Bioinformatics/Metabolomics-Guided The Leverage of RiPPs Chemical Space 

The affordability of whole-genome sequencing compounded with various bioinformatic platforms 
has empowered the introduction of a parallel frontier, denoted as genome mining, in the natural 
products pipeline to prioritize the discovery efforts. The genome mining-oriented approach is a 
process in which the putative BGC(s) is identified in the context of their corresponding biosynthetic 
products. In the meantime, the exponential growth of genomic data impelled numerous 
bioinformatic tools to adopt a high throughput computational format to expedite the exploration of 
novel natural products.139     

Since the majority of various RiPPs classes are commonly known to feature a short precursor 
peptide in close vicinity to a unique set of post-translational modifying enzyme(s) differentiating 
one from another, the bioinformatic usage of such characteristic biosynthetic hallmarks as genetic 
signatures unveiled a hidden plethora of different RiPP BGCs.139 

Constrained by the formerly selected and represented RiPP classes, below we highlight some 
exemplary schemes of genome mining frequently recruited to disclose new RiPP entities 
belonging to these different families. 

1.5.1  Mining BGCs by Searching Both PTM Enzymes and Precursors 

The first and early genome mining trials were based on the sequences of the precursor peptides, 
the substrates of the ribosomal biosynthetic machinery, and/or the processing enzymes as an 
input to retrieve structurally related entities sharing analogous skeletal alterations. Despite the 
inherited RiPP limitations that the multipurpose genome mining tools like antiSMASH, and PRISM 
possess in terms of accuracy, the implementation of exclusively designed RiPP algorithms e.g. 
BAGEL, RODEO, RiPPMiner, DeepRiPP, and RiPPER improve the comprehensive detection and 
prediction of RiPP BGCs in addition to their respective precursors' anticipation.51a,120c,140  

1.5.2  BGC Comparison and Clustering by Similarity Network 

Aside from the classical homology-based querying of either the precursor peptide and/or the 
conserved modifying enzymes, a comparative BGC workflow was lately introduced to discriminate 
between the known and novel PTM enzymes. Utilizing a sequence similarity score in the form of 
sequence similarity networks (SSNs) offers a quick prioritization of novel RiPP BGCs with new 
PTM. Similarly but with a broader context, Medema and his co-workers developed the BiG-
SCAPE platform that can align and correlate single, multiple ORFs or a complete BGC against 
the already discovered and deposited RiPP families from the MIBiG database in a high throughput 
manner speeding up the large-scale genomic data mining.120c,141  

1.5.3  Metabologenomics   

As a result of the exquisite scope of the bioinformatically-predicted motifs that RiPPs can encode 
gleaned from the genomic data. These chemical features can be exploited as handles in a 
reactivity setting to facilitate the linkage between the assay hits and putative BGCs offering a rapid 
shortcut to different RiPP entities of interest.142 

Mitchell’s group utilized this inherited chemical property within different RiPP classes to selectively 
label them chemically via their specific functional groups enabling their detection and 
dereplication. The common occurrence of dehydrated amino acid (DHAA) moieties in the form of 
Dha and/or Dhb units within different classes like lanthipeptides, LAPs, thiopeptides, and linaridins 
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enabled Cox et al., to streamline the identification of such reactive posttranslationally modified 
features. Using dithiothreitol (DTT) as a soft nucleophile with the MS measurements of the treated 
extracts, indicative mass shifts could define the number of the labeled groups (Figure 27).143 

 
Figure 27. Chemoselective tagging of defined PTMs in different RiPPs classes 

A further example of the selective chemical labeling was presented with lasso peptides in which 
a chemical probe, 3-bromophenylglyoxal, was validated to specifically tailor the primary ureido 
functional groups encoded within citrulline lasso peptides (Figure 27). The employment of such 
selective chemical tags presents a noticeable acceleration in the identification and 
characterization of the targeted RiPPs especially in conjunction with sensitive MS-based 
measurements.138 

Exploiting the sensitivity and high throughput setup offered by the MS technique, a RiPPquest 
tool was developed by Dorrestein's team to automate the early connection between the RiPP 
BGCs and their cognate chemotypes from the metabolomic datasets. This is achieved by 
allocating the PTM genes and their small precursor peptide from the genomic data followed by 
generating a list of in-silico MSMS spectra of the predicted CPs. Final cross matching between 
the calculated masses and experimental ones is automated to deconvolute the candidate hits 
from the bacterial extracts.144 

1.6  The Genus Nocardia: Pathogenicity and Biosynthetic Capacity 

The genus Nocardia, which belongs to the aerobic actinomycetes and can be ubiquitously 
recovered from soil and water, comprises a group of clinical pathogens that contribute to severe 
infections associated with high morbidity to humans and animals. The health implication initiated 
by Nocardia usually impacts the immunocompromised patients and sometimes impairs the 
immunocompetent individuals aside. The nocardial infections, which are often attained by 
inhalation as a result of their environmental abundance, target the skin and lung as primary sites 
triggering severe pulmonary or central nervous system illnesses that can be developed into life-
threatening scenarios in the immunocompromised ones.145,146 

Although numerous studies were conducted on Nocardia spp. for a long time, the driving force 
and ramifications of such investigations were mainly poured on their isolation, taxonomic 
classification, clinical diagnosis in conjunction with understanding their host pathophysiology. 
Driven by such a medical interest, several whole-genome sequencing projects were executed on 
several Nocardia isolates within the last ten years. Markedly, an extraordinary capacity for the 
assembly of diverse secondary metabolites was disclosed upon these sequencing initiatives for 
the majority of Nocardia species, surpassing even some genera known for their prolific 
biosynthetic potential such as Amycolatopsis.147 
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Even though bacterial pathogens have always gained more traction for many decades to 
understand their inherited pathogenicities and virulent factors, in the meantime they are also 
deemed to be rich reservoirs of specialized bioactive metabolites. Nocardia genome mining 
studies in tandem with bioinformatic approaches revealed considerably that they do not only 
produce enabling metabolites for their virulent behaviour but also novel druggable molecules that 
can be harnessed in different biological needs e.g. immunosuppressive, antimicrobial, cytotoxic 
or antifungal aspects.148 

1.6.1  Nocardia terpenica, a Promising Source of Exceptional RiPPs 

Nocardia terpenica species, including IFM 0406 (formerly known as N. brasiliensis) and 0706T 
isolated from patients with lung nocardiosis, are classified as clinical gram-positive isolates. They 
share the same primary feature of forming colorless to beige mycelia that can shatter into rod to 
coccoid-shaped bacteroid non-motile elements during growth. Similar to other Nocardia 
members, their cell walls are equipped with an unusual envelope consisting of mycolic acids as 
characteristic components of the cell wall differentiating them from other bacteria.148d,144 

Recently, the comparative genome sequence alignment of both isolates reflected their 
phylogenetic relatedness and enormous biosynthetic talent in terms of secondary metabolites 
with around thirty-eight BGCs predicted by antiSMASH v5.1. Expectedly, the antiSMASH results 
revealed a large number of BGCs translating various polyketide synthases (PKS) and non-
ribosomal peptide synthetases (NRPS) in accordance with the previous analysis of multiple 
Nocardia spp. genome sequences.147c 

Nocardia was previously described within a limited number of studies to be able to assemble 
RiPPs (Figure 28). Taking into account the mainly deduced in vitro potency of these ribosomal 
entities, it was hypothesized that they are more likely involved in their producers' natural habitats 
for competition and survival purposes.149  

Besides the highly diverse pool of unknown PKS and NRPS products, the BGCs coding for the 
antifungal brasilinolides, the immunosuppressant brasilicardins and the terpenibactins were 
seamlessly detected as well. In complementation to PKS and NRPS machineries, minimal five 
BGCs encode for different and unique RiPPs were additionally identified in both isolates' 
genomes.150, 151 

The first ribosomally biosynthesized features isolated from Nocardia spp. were thiopeptides, 
termed nocathiacins and nocardithiocin. They exhibited an interesting bioactivity index against a 
broad panel of some clinical pathogens (Figure 28).  

Nocathiacins, from Nocardia sp. ATCC 202099, structurally frame, besides the class-
characteristic six-membered nitrogenous ring of thiopeptides, an additional nosiheptide-indolic 
skeleton decorated with a unique glycosylation tailoring of rare sugar enhancing their solubility 
(Figure 28). A further thiocillin-similar thiopeptide, nocardithiocin, was discovered in a bioactivity-
guided scheme from N. pseudobrasiliensis IFM 0757 with promising minimal inhibitory 
concentration (MIC) values towards rifampicin-resistant and -sensitive Mycobacterium 
tuberculosis strains.37,38a,38b 
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Figure 28. Isolated RiPPs from Nocardia 

Recuriting the classical bioactivity–guided isolation with genome mining approach, the discovery 
of nocavionin from the extracts of N. terpenica IFM 0406 was achieved. Nocavionin, as a hybrid 
lipidated lanthipeptide termed lipolanthine, charts the first example of a ribosomally synthesized 
peptide framing an unprecedented decarboxylated avionin motif in addition to a lipidatation 
character (Figure 28). Despite the non-availability of the antibacterial assessments for nocavionin, 
its structural analog microvionin, from Microbacterium arborescens, showed notable antibacterial 
profiles against Methicillin-resistant Staphylococcus aureus (MRSA) and Streptococcus 
pneumoniae.152 
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2.  Aims of The Present Study 

As has been discussed formerly, the value of RiPPs investigation is well appreciated in terms of 
their versatile biological significance that can be repurposed in numerous human and/or animal-
related therapeutic needs. In addition, the myriad ecological and physiological roles associated 
with some RiPP archetypes can assist in understanding microbial ecosystems and interactions. 

Driven by such promises and the less characterized RiPP entities from the genus Nocardia, this 
study has been fundamentally focused on expanding the chemical space of RiPPs from N. 
terpenica IFM 0406 and 0706T.  

The genome analysis of N. terpenica IFM 0406 clearly exhibited five different RiPP gene clusters 
(1 x lanthipeptide, 1 x linaridin, 2 x lasso peptides and 1 x hybrid RiPP) that can possibly assemble 
unknown RiPP scaffolds (Figure 29). Among these clusters, two BGCs were prioritized to be 
surveyed within the scope of the current study considering their novel constituting biosynthetic 
elements.  

 

Figure 29. Secondary metabolite BGCs within the genome of N. terpenica IFM 0406 identified by 
antiSMASH 5.1.2; The boxes highlight BGCs coding for four different unknown RiPPs (Red) and the  

known lipolanthine nocavionin (Green). 
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2.1  Genome-Guided Discovery of Nocathioamides From Nocardia terpenica IFM 0406 
 
A putative lanthipeptide BGC (nta) was prioritized and annotated, showing a unique 
combination of post-translational enzymes that have not been observed so far for any 
lanthipeptides. Based on this finding and taking into account the unprecedented peptide 
sequence of the core peptide, it was intended to deorphanize the cognate product(s) of the nta 
BGC. 
 

2.2 Genome-Driven Discovery of Nocapeptins From N. terpenica IFM 0406 and 
Longipeptins   From Longimycelium tulufanense CGMCC 4.5737 

 
Adjacent to the nta BGC, a further prioritized RiPP locus belonging to class II lasso peptides 
was detected in the genome of N. terpenica and termed nop BGC. The in silico annotation of 
its biosynthetic genes depicted a putative unknown architecture with possible oxidative 
tailoring. The homology-based query using NCBI BlastP uncovered analogous BGCs 
assembling similar unknown entities of lasso peptides exemplified by the lop BGC in L. 
tulufanense.  
 
Armed with the predicted scaffolds, this project aimed at deciphering the nop and lop products 
from N. terpenica and L. tulufanense, respectively.  
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3.  Materials and Methods 

3.1  Catalog of The Chemicals and Stationary Phases 
 
Table 3: List of solvents, chemicals and stationary phases used in the study  
 
Category Chemical Manufacturer 
HPLC solvents Methanol (MeOH) Sigma-Aldrich 

Acetonitrile (ACN) Sigma-Aldrich  
Formic acid (HCO2H) Sigma-Aldrich  
Trifluoroacetic acid (TFA) Sigma-Aldrich  

 
Extraction solvents n-Butanol (n-BuOH) Fischer Scientific 
 
MS solvents  
 

MeOH Sigma-Aldrich 
Acetonitrile Sigma-Aldrich 

 
NMR solvents d4-CH3OH Sigma-Aldrich 

d3-CH3OH  Sigma-Aldrich 
d6-DMSO (Dimethylsulfoxide) Sigma-Aldrich 

 
Labeled substrates (15NH4)2SO4, 98% Sigma-Aldrich 

[2H10] L-leucine, 97-98% Cambridge Isotope Laboratories 
[2H7] L-proline, 97-98% Cambridge Isotope Laboratories 
[2H4] L-alanine, 97-98% Cambridge Isotope Laboratories 
[2H3] L-cysteine, 97-98% Cambridge Isotope Laboratories 
[2H2] L-glycine, 97-98% Cambridge Isotope Laboratories 
[2H7] L-tyrosine, 97-98% Cambridge Isotope Laboratories 
[2H8] L-tryptophan, 97-98% Cambridge Isotope Laboratories 

 
Stationary phases Polygoprep 50-60, Reversed-

Phase (RP) C18 silica gel 
Macherey-Nagel 

Sephadex LH-20 GE Healthcare 
 

3.2  Media Recipes for Bacterial Cultivation 

The following set of media were prepared using milliQ-H2O, where the pH value was adjusted 
with 1 M HCl / 1 M NaOH to be 7.0 ± 0.2. Media were sterilized at 121 °C for  20 min and the salts 
solutions via sterile-filtered prior usage. 
 
Table 4: List of media used in OSMAC studies 
 
Medium Ingredients Amount (g/l) Supplier 
Brain heart infusion (BHI)153 Agar (for agar plates) 20 Sigma-Aldrich 

BHI broth 37 Sigma-Aldrich 
 
Ikeda's seed medium154 Soluble starch 10 Roth 

Glucose 5 Sigma-Aldrich 
NZ-case 3 Sigma-Aldrich 
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Yeast extract 2 DB 
Tryptone 5 DB 
K2HPO4 1 Sigma-Aldrich 
MgSO4•7H2O 0.5 Sigma-Aldrich 
CaCO3 3 ChemSolute 

 
Ikeda's production medium154 Glucose 5 Sigma-Aldrich 

Glycerol 20 Roth 
Soluble starch 20 Roth 
Pharma media 15  
Yeast extract 3 DB 

 
Czapek-Dox medium Saccharose 30 Difco 

Sodium nitrate 3 Difco 
Dipotassium phosphate 1 Difco 
Magnesium sulfate 0.5 Difco 
Potassium chloride 0.5 Difco 
Ferrous sulfate 0.01 Difco 

 
Peptidolipins medium155 Soluble starch 20 Roth 

Glucose 10 Sigma-Aldrich 
Peptone 5 DB 
Yeast extract 5 DB 
CaCO3 5 ChemSolute 

 
PC-766B medium156 Glycerol 50 Roth 

Soybean flour 30 Sigma-Aldrich 
CaCO3 4 ChemSolute 

 
Caniferolides medium157 Glucose 50 Sigma-Aldrich 

Soluble starch 12 Roth 
Soybean flour 30 Sigma-Aldrich 
CoCl2•6H2O 0.002 Fluka 
CaCO3 7 ChemSolute 

    
Brasilinolides medium148b,149a Glycerol 20 Roth 

Polypepton 10 DB 
Meat extract 5 Sigma-Aldrich 

 
Nocavionin medium152 Peptone 10 DB 

Yeast extract 5 DB 
Glucose 1 Sigma-Aldrich 
4-
Morpholinopropanesulfo
nic acid (MOPS) 

150 mmol Sigma-Aldrich 

 
GYM medium Glucose 4 Sigma-Aldrich 

Yeast extract 4 DB 
Malt extract 10 DB 
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ISP2 medium Yeast extract 4 DB 

Malt extract 10 Oxoid 
Dextrose 4 Sigma-Aldrich 

 
ISP4 medium Soluble starch 10 Roth 

(NH4)2SO4 1 Merck 
CaCO3 1 ChemSolute 
FeSO4•7H2O 1 Sigma-Aldrich 
MgSO4•7H2O 2 Sigma-Aldrich 
K2HPO4 2 Sigma-Aldrich 
NaCl 0.001 Sigma-Aldrich 
ZnSO4•7H2O 0.001 MP 
MnCl2•2H2O 0.001 Roth 

 
ISP5 medium L-asparagin 1 Sigma-Aldrich 

K2HPO4 1 Sigma-Aldrich 
FeSO4•7H2O 0.001 Sigma-Aldrich 
MnCl2•4H2O 0.001 Sigma-Aldrich 
ZnSO4•7H2O 0.001 MP 
Glycerol 10 Roth 

 
AGS Arginine HCl 1 Sigma-Aldrich 

Glycerol 12.5 Roth 
K2HPO4 1 Sigma-Aldrich 
NaCl 1 Sigma-Aldrich 
MgSO4•7H2O 0.5 Sigma-Aldrich 
Fe2(SO4)3•7H2O 0.01 Sigma-Aldrich 
CuSO4•5H2O 0.001 Sigma-Aldrich 
MnSO4•H2O 0.001 Sigma-Aldrich 
ZnSO4•7H2O 0.001 MP 

 
Modified R4 medium Glucose 5 Sigma-Aldrich 

Yeast extract 1 DB 
MgCl2•6H2O 5 Sigma-Aldrich 
CaCl2•2H2O 2 Roth 
K2SO4 1 Sigma-Aldrich 
Casminoacid 0.5 MP 
L-proline 0.7 Sigma-Aldrich 
L-valine 1.18 Sigma-Aldrich 
TES (N-
Tris(hydroxymethyl)met
hyl-2-
aminoethanesulfonic 
acid) 

2.8 Roth 

Trace elements solution 1 ----------- 
Trace elements solution ZnCl2 0.04 MP 

FeCl3•6H2O 0.02 Sigma-Aldrich 
CuCl2•2H2O 0.01 Sigma-Aldrich 
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MnCl2•4H2O 0.01 Roth 
Na2B4O7•10H2O 0.01 Merck 
(NH4)6Mo7O24•4H2O 0.01 Sigma-Aldrich 

 

3.3  Bacterial Strains 

Nocardia terpenica IFM 0406 was attained from the Medical Mycology Research Center (MMRC) 
culture collection, Chiba University, Chiba, Japan, while N. terpenica IFM 0706 (DSM 44935)  and 
Longimycelium tulufanense (DSM 46696) were purchased from the DSMZ (German collection of 
microorganisms and cell cultures). 

Table 5: List of the bacterial and fungal isolates used in the current studies 

Strain Genotype Source 
                                                                 For secondary metabolites investigation 
N. terpenica IFM 0406 wild type Medical Mycology Research Center (MMRC) culture 

collection, Chiba University, Chiba, Japan 
N. terpenica IFM 0706 wild type DSMZ (German collection of microorganisms and cell 

cultures) 
Longimycelium tulufanense wild type DSMZ (German collection of microorganisms and cell 

cultures) 
                                                                  For antibacterial assay 
Enterococcus faecium BM4147-1 wild type Group of Brötz-Oesterhelt, IMIT, University of Tübingen  
Staphylococcus aureus ATCC 29213 wild type Group of Brötz-Oesterhelt, IMIT, University of Tübingen  
Klebsiella pneumoniae ATCC 12657 wild type Group of Brötz-Oesterhelt, IMIT, University of Tübingen  
Acinetobacter baumannii 09987 wild type Group of Brötz-Oesterhelt, IMIT, University of Tübingen  
Pseudomonas aeruginosa ATCC 27853 wild type Group of Brötz-Oesterhelt, IMIT, University of Tübingen  
Enterobacter aerogenes ATCC 13048 wild type Group of Brötz-Oesterhelt, IMIT, University of Tübingen  
Escherichia coli ATCC 25922 wild type Group of Brötz-Oesterhelt, IMIT, University of Tübingen  
Bacillus subtilis 168 wild type Group of Brötz-Oesterhelt, IMIT, University of Tübingen  
Staphylococcus aureus NCTC 8325 wild type Group of Brötz-Oesterhelt, IMIT, University of Tübingen  
Mycobacterium smegmatis mc2 155 wild type Group of Brötz-Oesterhelt, IMIT, University of Tübingen  
                                                                  For antifungal assay 
Candida albicans TüC01 wild type Prof. Silke Peter, UKT, University of Tübingen 
Candida albicans TüC02 wild type Prof. Silke Peter, UKT, University of Tübingen 
Candida albicans TüC03 wild type Prof. Silke Peter, UKT, University of Tübingen 
Candida glabrata TüC04 wild type Prof. Silke Peter, UKT, University of Tübingen 
Candida tropicalis TüC05 wild type Prof. Silke Peter, UKT, University of Tübingen 

 

3.4  Culture Conditions of The OSMAC Approach and The Extraction Procedures  

Over Brain Heart Infusion (BHI) broth agar plates, N. terpenica IFM 0406, 0706 were revived by 
their incubation at 37 °C for three days monitored by their colonies growth. Triplicates of seed 
cultures, BHI broth (80 ml) in 250 ml baffled Erlenmeyer flasks containing metal coils, were 
inoculated with fresh spores of IFM 0406 and grown under 37 °C with 150 rpm for four days using 
an orbital shaker.  

0.4 ml of the BHI preculture was added into 100 ml of the production media in a 300 ml Erlenmeyer 
baffled flask shaken with 150 rpm at 37 °C for 6-7 days in triplicate format. 

The cell-free supernatants, prepared by centrifugation, were extracted twice with 80 ml of n-
BuOH. The organic layers were dried in vacuo affording n-Bu extracts, which were dissolved in 
MeOH and prepared for the subsequent analytical procedures, including either HPLC profiling 
and/or mass spectrometry (MS). 
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3.5  HPLC Profiling and Liquid Chromatography/High-resolution Electron Spray Ionization     
Mass Spectrometry (LC/HRESI-MSMS) 

HPLC profiles of OSMAC trials were generated via a system consisting of a Waters 1525 Binary 
Pump with a 7725i Rheodyne injection port, a Kromega Solvent Degasser, a Waters 2998 
Photodiode Array Detector, connected with a Luna Omega polar C18 column (5 µm, 250 × 4.6 
mm, Phenomenex). ACN (solvent A) and H2O + 0.1% TFA (solvent B) were used for the gradual 
elution of the analytes with a steady flow rate of 0.5 ml/min and an injection volume of 7 μl as 
follow: 
Table 6: HPLC gradient used for universal profiling 

Time (min) Flow (ml/min) A  B 
0 0.50 10 90 
3 0.50 10 90 
10 0.50 30 70 
20 0.50 35 65 
32 0.50 50 50 
42 0.50 100 0 
50 0.50 100 0 
57 0.50 10 90 
60 0.50 10 90 

 
Liquid Chromatography/High-resolution Electron Spray Ionization Mass Spectrometry 
(LC/HRESI-MSMS) measurements were carried out using a system consisting of an Ultimate 
3000 HPLC (Thermo Fisher Scientific) united with MaXis-4G instrument (Bruker Daltonics, 
Bremen, Germany). The adopted HPLC-method was (0.1% FA in H2O as solvent A and either 
MeOH or ACN as solvent B), a gradient of 10% B to 100% B in 40 min holding an isocratic elution 
of 100% B for an additional 15 min, with a flow rate of 0.3 ml/min, 5 μl injection volume and UV 
detector (UV/VIS) wavelength monitoring at 210, 254, 280 and 360 nm.  
 
The separation was achieved on a Phenomenex Luna Omega polar C18 (3 µm, 150 x 3 mm) 
column with MS acquisition range of m/z 50-1800. A capillary voltage of 4500 V, nebulizer gas 
pressure (nitrogen) of 2 (1.6) bar, ion source temperature of 200 °C, the dry gas flow of 9 l/min 
source temperature, and spectral rates of 3 Hz for MS1 and 10 Hz for MS2 were recruited. To 
trigger MS/MS fragmentation in a data-dependent manner (DDA), the 10 most intense ions per 
MS1 were prioritized for collision-induced dissociation (CID) with the recommended stepped CID 
energies.158  
 
3.6  Isotopic Labeling Experiments 

As formerly described, 49.5 ml of the modified R4 production medium, in triplicates, were 
inoculated with 0.5 ml of the grown BHI seed culture, in a 250 ml Erlenmeyer baffled flask at 37 
°C with 150 rpm for 5-6 days with a final concentration of 2-3 mM of the supplemented labeled 
amino acids. After 5-6 days, the supernatants were freed from cells by centrifugation and 
extracted twice with 50 ml of n-BuOH. The organic phases were combined, dried in vacuo, 
dissolved in MeOH and submitted to LC/HRESI-MSMS. 
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3.7  Large Scale Fermentation, Extraction Scheme, and Vaccum Liquid Chromatography 
(VLC) 

Counting on the OSMAC-MS readings, Nocardia terpenica IFM 0406 was cultivated considering 
Ikeda’s et al. recipe and Chen’s et al. culturing parameters up to twenty-two liters for 
nocathioamides.154,159 For nocapeptins production, twenty liters of modified R4 nutrients were 
prepared as a production medium employing the same cultivation parameters of nocathioamides.     

Upon large scale cultivations, cultures were centrifuged twice in a Thermo Scientific Heraeus 
Multifuge 4KR centrifuge at 4000 g at 4 °C for 30 min to discard the cells. Subsequently, the 
butanol extracts of cell-free supernatants were attained by the twice extraction using n-BuOH 
(1:1). The evaporation under reduced pressure afforded the crude extracts (Bu SN extracts), 
which were dissolved in methanol followed by centrifugation to eliminate debris before the LC/MS 
analysis, HPLC profilings, and VLC. Fractionation of the Bu SN extracts was accomplished using 
a VLC system operated with a controllable vacuum pump running a stepwise elution of solvents 
mixture consisting of H2O and methanol (MeOH) with a decreased polarity gradient, shifting from 
100% H2O to pure methanol in ten fractions (750 ml per each) (Figure A17 Left). 

3.8  (Sub)Fractionation, HPLC Isolation, and Purification 

In the case of nocathioamides, the prioritized VLC fraction (70% MeOH VLC) was redissolved in 
a mixture of MeOH:H2O (40:60) to be further sub-fractionated over a Sephadex LH-20 open 
column. With a gradual elution starting with 100% H2O and ending with 100% MeOH, eight 
subfractions were delivered where subfractions A, and B were tracked down in terms of isolation 
and purification (Figure A17 Right). 

Aided with a polar gradient for 23 minutes using the formerly described HPLC setup equipped 
with a Phenomenex Kinetex EVO C18 column (5 µm, 4.6 × 250 mm); 1 ml/min flow rate, and UV 
monitoring at 211, 250 and 280 nm, nocathioamides A and B were isolated. An additional round 
of purification was completed with a shorter run time, which resulted in pure nocathioamide A (1) 
(25 mg) and nocathioamide B (2) (12 mg) (Figures A18 and A19). 

Table 7: HPLC gradients used for nocathioamides isolation and purification 

Time (min) Flow (ml/min) A  B  Time (min) Flow (ml/min) A  B 
Isolation Purification 
0 1 20 80 0 1 23 77 
3 1 20 80 2 1 23 77 
8 1 25 75 3 1 24 76 
15 1 25 75 5 1 24 76 
18 1 30 70 9 1 25 75 
20 1 20 80 10 1 23 77 
23 1 20 80 11 1 23 77 

 

Regrading nocapeptin A (5), the nominated VLC fraction (60% MeOH VLC) directly proceeded 
into HPLC isolation and purification without any further subfractionation steps. 
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Integrating a Phenomenex Kinetex PFP column (5 µm, 4.6 × 250 mm) to the previously defined 
HPLC system running with 1 ml/min flow rate, and UV monitoring at 211, 250 and 280 nm, with a 
polar gradient for 28 minutes enabled the isolation of pure lasso peptide (17 mg) (Figure A60). 

Table 8: HPLC gradient used for nocapeptin A (5) isolation 

Time (min) Flow (ml/min) A  B 
0 1 10 90 
5 1  20 80 
8 1  25 75 
20 1  30 70 
21 1  100 0 
25 1  100 0 
26 1  10 90 
28 1  10 90 

 

3.9  NMR Spectroscopy 

1D and 2D NMR spectra were measured on a Bruker Avance III HD spectrometer (400, 100 and 
40.6 MHz for 1H, 13C and 15N NMR, respectively) at 297 K using a 5 mm SMART probe head. The 
NMR spectra were collected in d4-CH3OH, d3-CH3OH in addition to d6-DMSO and processed with 
TopSpin 3.5 besides MestReNova 12.0.4. Before the analysis, spectra were calibrated to the 
corresponding residual solvent signals (δH/C 3.31/49.15 => d4-CH3OH, d3-CH3OH & δH/C 
2.50/39.51=> d6-DMSO). Mixing times were 80 ms for TOCSY and 300 ms for NOESY 
experiments. Band-Selective constant time HMBC spectra were recorded to dissect the peptide 
carbonyl region.  

Further d3-CH3OH datasets were attained from Bruker Avance III HDX spectrometer (700, 176 
and 71 MHz for 1H, 13C and 15N NMR, respectively) equipped with a 5 mm Prodigy TCI CryoProbe 
head. Mixing times were 80 ms for TOCSY and 300, 500 ms for NOESY spectra. For both 
spectrometers, 15N unreferenced chemical shifts were reported in ppm (spectrometer default 
values).  

3.10  Infrared (IR) Spectroscopy 

IR spectrometry was performed with a Jasco FT/IR-4200 series spectrometer, comprising a ZnSe 
optical window and processed with the software Spectra Manager 2.10.01. 
 
3.11  Ultraviolet/Visible (UV/VIS) Spectroscopy 

UV measurements were performed on a Perkin-Elmer 25 UV/VIS spectrometer, using 1 cm quartz 
cells and dissolving samples either in ddH2O or LCMS-grade MeOH. UV scans were recorded 
over the range from 780 to 190 nm. 
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3.12  MS-Based Molecular Networking 

Mass spectral data were analyzed using Compass Data Analysis 4.4 (Bruker Daltonik), while 
MetaboScape 3.0 (Bruker Daltonik) was consulted for molecular features selection. Raw data files 
were imported into MetaboScape 3.0 for the entire data treatment and pre-processing in which  
T-ReX 3D (Time aligned Region Complete eXtraction) algorithm is integrated for retention time 
alignment with an automatic detection to decompose fragments, isotopes, and adducts intrinsic 
to the same compound into one single feature. All the harvested ions were categorized as a 
bucket table with their corresponding retention times, measured m/z, molecular weights, detected 
ions, and their intensity within the sample. The bucket table was prepared with an intensity 
threshold (1e4) for the positive measurement with a minimum peak length 3 for the retention time 
range of interest from 15 to 30 min possessing a mass range m/z 150-1600 Da. 
 
Metaboscape bucketing parameters were chosen as follow: 
 
Intensity threshold [counts]   10000.0  
Minimum peak length [spectra]   3  
Minimum peak length (recursive) [spectra]   1  
Minimum # Features for Extraction   1  
Presence of features in minimum # of analyses   1  
Lock mass calibration   false  
Mass calibration   true  
Primary Ion   [M+H]+  
Seed Ions   [M+Na]+, [2M+H]+, [2M+Na]+, [M+2H]2+, [M+H+Na]2+  
Common Ions   [M-H2O+H]+, [M+H2O+H]+, [2M+H2O+H]+, [2M-H2O+H]+  
EIC correlation   0.8  
Mass range: Start [m/z]   150.0  
Mass range: End [m/z]   1600.0  
Retention time range: Start [min]   15.0  
Retention time range: End [min]   30.0  
Perform MS/MS import   true  
Group by collision energy   true  
MS/MS import method   average 
 
The features list of the pre-processed retention time range was exported from MetaboScape as 
a single MGF file which was in turn uploaded to the GNPS online platform where Feature-Based 
Molecular Network (FBMN) was created. The precursor ion mass tolerance was set to 0.03 Da 
and an MS/MS fragment ion tolerance of 0.03 Da. A network was then created where edges were 
filtered to have a cosine score above 0.70 and more than 5 matched peaks. Further, edges 
between two nodes were kept in the network if and only if each of the nodes appeared in each 
other's respective top 10 most similar nodes. Finally, the maximum size of a molecular family was 
set to 100, and the lowest-scoring edges were removed from molecular families until the 
molecular family size was below this threshold. Cytoscape 3.5.1 was used for molecular network 
visualization.160 
 
GNPS job URL: 
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=450f6e9825bd4accb5fe353d4e4ebe42 
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3.13  Bioinformatics 

The usage of different bioinformatic tools e.g. antiSMASH 5.1140a and RODEO 2.0120c enabled the 
detection of the putative biosynthetic gene clusters (BGCs) of nocathioamides, nocapeptins, and 
longipeptins. Chiefly relying on RODEO annotation, the assignment of the possible functions of 
each biosynthetic gene from IFM 0406, IFM 0706, and L. tulufanense was conceivable.150a,150b,161  

The exclusive integration of the RiPPMiner tool140d was called to assist in predicting the probable 
proteolytic site in nocathioamides CP whereas the RRE protein in nocathioamides BGC was 
deciphered by Antismash 6.0 implemented with the RRE algorithm.162 

To corroborate the putative function of nocathioamides biosynthetic genes suggested by the 
automated RODEO output, a manual BlastP query was conducted against the NCBI GenBank 
repository. In addition, the retrieval of further homologous nocapeptins was also facilitated by a 
BlastP search of the nocapeptin precursor peptide in synergy with the antiSMASH algorithm. 

3.14  Biological Assays 

The antibacterial assays and the determination of the cytotoxicity were performed as previously 
described.159 For MIC testing of Mycobacterium smegmatis, instead of cation adjusted Müller 
Hinton medium, Middlebrook 7H9 broth was used. 

The minimal inhibitory concentration (MIC) of nocathioamide (1) and nocathioamide (2) against 
different Candida clinical isolates was determined by broth microdilution using the direct colony 
suspension method with an inoculum of 0.5-2.5 x 105 CFU/ml, according to the recommendations 
of the European Committee on Antimicrobial Susceptibility Testing (EUCAST).  

Caspofungin was used as a reference antifungal agent. MIC testing was performed in sterile 96-
well microdilution plates using MOPS-buffered RPMI 1640 medium supplemented with glucose 
to a final concentration of 2%, pH 7.0. MICs were read after incubation of the microplates at 37°C 
for 24-48 h.163 
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4. Results and Discussion 

Within the course of our genome-driven investigations of Nocardia strains, we noted that the 
highly similar genomes of Nocardia terpenica IFM 0406 and 0706T both contain, beside 
nocavionin152, a further RiPP BGC which codes for a core ribosomal peptide co-localized with a 
unique combination of post-translational enzymes that have not been observed for lanthipeptides. 

Here, we report a genome-guided identification, isolation and characterization of three structurally 
novel RiPPs, designated as nocathioamides A-C, from these strains, which represent the first 
members of a new class of chimeric lanthipeptides.  

The upcoming results and discussion sections of nocathioamides part were taken from the 
published manuscript permitted by the copyrights clearance with the journal, Angewandte Chemie 
International Edition and publisher, Wiley-VCH GmbH.164  
 
4.1 Genome Mining of The Nocathioamide Biosynthetic Gene Cluster in N. terpenica IFM 

0406 and 0706T 

Mining the genomes of N. terpenica IFM 0406 and 0706, employing the bioinformatic tools 
antiSMASH 5.1 and RODEO readily revealed the presence of a putative lanthipeptide 
BGC.140a,120c The comparatively large nta gene cluster (17.1 kb) consists of 14 open reading 
frames (ORFs), annotated as ntaA-ntaN. The genetic set of ntaA-ntaJ is transcribed in one 
direction, while ntaK-ntaN is translated in the opposite orientation (Figure 30).  

 

Figure 30. Biosynthetic gene cluster (BGC) coding for nocathioamides A-C 

The gene ntaA encodes a 51-aa precursor peptide which showed no sequence similarity to any 
known RiPPs. The leader peptide possessed the conserved FDLN motif and towards its C-
terminal end two proline residues, which typically occur in propeptides of class I lantibiotics and 
suggest, with P commonly located at position -2, two putative cleavage sites.165  

To complicate matters further, NtaA contains, in addition, one characteristic tandem alanine “AA” 
and two “PA” cleavage sites which give rise to multiple possibilities for dividing the precursor 
peptide into an N-terminal leader peptide and a C-terminal core peptide.152,166  

The application of the automated web-based tool RIPPMiner corroborated these findings and 
predicted the formation of a 12 or 14mer. At this stage of the study, we assumed that the cleavage 
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site is located within the “PAAPAC” sequence (residues -4 to +2) of the NtaA precursor peptide, 
which culminates in 12 to 15mer.140d 

We additionally expected that the dehydratases (NtaF, Protein family PF04738) and (NtaG, 
PF14028) catalyze up to three dehydrations (on Thr4, Ser6 and Ser7), enabling thereby, in 
conjunction with the LanC-like enzyme NtaB, the formation of up to three (methyl)lanthionine 
bridges (with Cys2, Cys10 and Cys11).74a  

Moreover, the nta cluster contained two YcaO-encoding genes (ntaJ and ntaL) which would lead, 
depending on their type and partner protein, either to (methyl)azoline(s) formation or conversion 
of an amide(s) into a thioamide bond(s).95d The partner proteins were readily identified employing 
the RODEO algorithm120c (Table 9): ntaK/ntaL was predicted to code for a pair of TfuA/YcaO 
proteins (PF07812 / PF02624), and ntaI/ntaJ to encode the tandem Ocin-ThiF/YcaO (TIGR03693 
/ PF02624).  

Thus, we hypothesized that at the resultant RiPP would be thioamidated by NtaK/NtaL and that 
at least one Ser/Thr/Cys residue is converted into a (methyl)azoline catalyzed by NtaI/NtaJ. 
Notably, the application of RRE-Finder implemented in antiSMASH 6.0 unveiled that the RiPP 
recognition element (RRE), which binds specifically to the precursor peptide (NtaA) guiding the 
post-translationally modifying enzymes to their substrates, is fused to the F-dependent 
cyclodehydratase, NtaI (Table 9).96d,154 

Taking into account the presence of a SagB-dehydrogenase-encoding gene (ntaE, PF00881), it 
is conceivable that (methyl)azoline would be oxidized to (methyl)azole during the maturation of 
the RiPP.95d Notably, the presence of a (methyl)azole ring system reduces, in turn, the maximum 
number of possible (methyl)lanthionine-bridges from three to two. The analysis of the remaining 
ORFs of the nta BGC revealed genes for two GNAT-N-acetyltransferases (NtaH, PF13527 and 
NtaN, PF00583), a CYP450 oxygenase (NtaM, PF00067), a hydrolase (NtaD, PF01738) and a 
methyltransferase (NtaC, PF01135). 

Consequently, we anticipated that the final peptide to be twice N-acetylated and harbors an 
additional hydroxyl or keto-group. Since methyltransferases catalyze a diverse spectrum of 
chemical reactions ranging from actual methyl transfer over epimerization to C-C crosslinking 
reactions, no reliable prediction can be currently performed.  

In summary, the bioinformatic analysis suggested the production of a RiPP, formed by 12-15 
amino acids featuring one to two (methyl)lanthionine bridges, thioamide bond(s), (methyl)azole 
ring(s) and possibly oxygenated and acetylated amino acid residues. Due to the unprecedented 
peptide sequence and the predicted modifications of the resultant peptide, we embarked on the 
screening for the product(s) of the nta BGC. 
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Table 9.  Putative functions of proteins from the nta BGC based on the web-based tool RODEO and a manual BlastP search. 
 

   Automated RODEO Analysis  Manual BlastP Analysis 

Protein 

Nucleotide 
Accession Nr. 

IFM 0706a 
IFM 0406b 

Protein 
Accession Nr. 

IFM 0706 
IFM 0406 

Length 
[aa] 

PFAM hits 
(TIGRFam hits) 

Description E-value Protein hits (Protein ID) 
Identity/ 
Similarity 
[% / %] 

Orf-1 HPY32_RS36330 
AWN90_28350 

NQE92403.1 
KZM72695.1 
 

231 
210 

PF00440 Bacterial regulatory proteins, tetR family 
 

3.20E-17 TetR/AcrR family transcriptional regulator (WP_139175378.1)    
TetR/AcrR family transcriptional regulator (WP_068369163.1)    
TetR family transcriptional regulator (WP_162141431.1)                 

37/52 
34/54 
40/63 

NtaJ
 
  

HPY32_RS36335 
AWN90_28345 

NQE92404.1 
KZM72694.1 
 

614 
592 

PF02624 
(TIGR03604, 
TIGR03882) 

YcaO cyclodehydratase, ATP-ad Mg2+-
binding 

6.10E-73 TOMM precursor leader peptide-binding protein (WP_189056215.1) 
TOMM precursor leader peptide-binding protein (WP_090933850.1) 
TOMM precursor leader peptide-binding protein (WP_071803308.1) 

48/62 
42/54 
37/51 

NatI HPY32_RS36340 
AWN90_28340 

NQE92405.1 
KZM72693.1 
 

617 
630 

TIGR03693 Ocin_ThiF_like: putative thiazole-
containing bacteriocin maturation protein 

3.30E-23 hypothetical protein (WP_189056217.1)                                 
hypothetical protein (WP_100559871.1)                                 
hypothetical protein (WP_107412486.1)                                 
 

37/52 
31/43 
31/44 

  
The RRE domain, fused to NtaI, is indicated in green (AA 9-91 of NatI)  
 
MDRDHKLDLRRPVLRAGVRATPTPEGIALEGPSELRITLQGPEVRDVLVWLVSQFDGVTGANEIMGRLDED
RRSLAERIIVALDRYGIIRDRARDRSHSLTAHELDCHAGEIAQIARHRESPEQRFDDFRSTPMVLIGSVHAVSP
VVRLALDSGLRRLRVLVPGGMSCEPGDLARCADVRIIDAGAPGIETIRPLLAEFPVVVHVCTAHSADLLRRLD
RLCWEERKYLVPAVVLGDQAWIGPVGLPGHEWTRWAAFWQRHRTTVPEQPRHSDPTLVQLELVANHLLLL
WFRRITGIEQARAPDVVHLEFGELRSRKRTVAPHPHGLPRSPETSTEVAAKIGALSDAEPLIEHDFYRSIRRYI
DERVGIFADIRAARTDPLPLQVAEVVVTDPLKSYRAQHVPVIVRGAGPDMLRARLDALRRACELYAYLVVDP
QRLHTADGTPAFLEFMPDEWAAGRLWGMSLGTGQPCTVRAGDAFPHLVSGPTATTPVGVASGNTFCEAV
ERALIDQCASHAITSAETEQSPLDLWSLELRGIGSHYRNLLRLSGETVHAVRFTHELAPPVVRLSNSTVGDLY
STGRSLGEAIGHGIEQLLLHRQCQRLSPPESPCPPVGHRIGQPAPGPRTSGASTLGRRLVDRLTRRGLHPV
AVTLDHDPVLSRLHPFVVRVLVLPDAAEGPGTCW 
 

NatH HPY32_RS36345 
AWN90_28335 

NQE92406.1 
KZM72692.1 
 

424 
424 

PF13527 
PF13530 
PF17668 

Acetyltransferase (GNAT) domain 
Sterol carrier protein domain 
Acetyltransferase (GNAT) domain 

2.80E-23 
1.10E-19 
3.80E-13 

GNAT family N-acetyltransferase (WP_189056219.1)                   
GNAT family N-acetyltransferase (PZN46310.1)                           
GNAT family N-acetyltransferase (WP_124440951.1)                             

55/68 
43/54 
42/56 

NatG HPY32_RS36350 
AWN90_28330 

NQE92407.1 
KZM72691.1 
 

286 
286 

PF14028 
 

Lantibiotic biosynthesis dehydratase C-
terminus 

4.30E-30 thiopeptide-type bacteriocin biosynthesis protein (WP_189056204.1) 
thiopeptide-type bacteriocin biosynthesis protein (WP_131736176.1)   
thiopeptide-type bacteriocin biosynthesis protein (WP_099929903.1) 

70/80 
49/58 
48/55 

NtaF HPY32_RS36355 
AWN90_28325 

 

NQE92408.1 
KZM72690.1 
 

830 
796 

PF04738 Lantibiotic dehydratase, N-terminus 5.30E-19 lantibiotic dehydratase (WP_189056202.1)                          
hypothetical protein GCM10012275_19850 (GGM48992.1)        
lantibiotic dehydratase (WP_189056221.1)                            

66/76 
49/59 
49/59 

NtaE HPY32_RS36360 
AWN90_28320 

NQE92409.1 
KZM72689.1 
 

512 
512 

PF00881 
(TIGR03605) 

SagB: SagB-type dehydrogenase domain 
 

5.00E-41 SagB family peptide dehydrogenase (WP_189056200.1)                      
SagB-type dehydrogenase domain (KPI02545.1)                                
SagB family peptide dehydrogenase (WP_020665156.1)              

60/70 
44/57         
44/56 

NtaD HPY32_RS36365 
AWN90_28315 

NQE92410.1 
KZM72688.1 
 

193 
193 

PF01738 
PF12697 

Dienelactone hydrolase family 
Alpha/beta hydrolase family 

2.60E-12 
2.40E-07 

α/β fold hydrolase (WP_189056198.1)                                                
hypothetical protein GCM10012275_19730 (GGM48884.1)         
dienelactone hydrolase family protein (WP_131968989.1)        

72/80 
72/80 
48/60 

NtaC HPY32_RS36370 
AWN90_28310 

NQE92411.1 
KZM72687.1 
 

377 
365 

PF01135 
(TIGR04188, 
TIGR04364) 

Methyltransferase 
 

3.20E-38 
 
 

hypothetical protein (WP_189056196.1)                                            
methyltransferase domain-containing protein (WP_189060694.1)   
methyltransferase domain-containing protein (WP_102918215.1)   

62/77 
38/52 
37/49 

NtaB HPY32_RS36375 
AWN90_28305 

NQE92412.1 
KZM72686.1 
 

421 
414 

PF05147 
 

Lanthionine synthetase C-like protein 
 

1.90E-51 hypothetical protein (WP_189056194.1)                                   
lanthionine synthetase C family protein (RLU79699.1)                 
lanthionine synthetase C family protein (WP_189782898.1)       

62/74 
35/47 
35/48 

NtaA HPY32_RS36380 
not annotated 
 

NQE92413.1 
not annotated 
 

51  --------------------- --------- hypothetical protein (WP_189056192.1) 78/86 
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NtaK HPY32_RS36385 
AWN90_28300 

NQE92414.1 
KZM72685.1 
 

426 
394 

PF07812 TfuA-like protein 2.80E-32 hypothetical protein (WP_189056190.1)                                  
hypothetical protein GCM10012275_19690 (GGM48852.1)        
hypothetical protein (WP_063274436.1)                                   

66/76 
66/76 
48/63 

NtaL HPY32_RS36390 
AWN90_28295 

NQE92415.1 
KZM72684.1 
 

391 
391 

PF02624 
(TIGR00702) 

YcaO cyclodehydratase, ATP-ad Mg2+-
binding 
 

7.90E-58 YcaO-like family protein (WP_189056188.1)                                
YcaO-like family protein (WP_063274437.1)                                
hypothetical protein (MQT02134.1)                                                           

70/83 
52/70 
54/67 

NtaM HPY32_RS36395 
AWN90_28290 

NQE92416.1 
KZM72683.1 
 

394 
368 

PF00067 cytochrome P450 5.20E-37 cytochrome P450 (WP_189056186.1)                                          
cytochrome P450 (GGM48838.1)                                          
cytochrome P450 (WP_189060646.1)                                 

69/78 
70/79 
53/65 

NtaN HPY32_RS36400 
AWN90_28285 

NQE92417.1 
KZM73943.1 
 

155 
155 

PF00583 
PF13508 
PF13673 

Acetyltransferase (GNAT) family 
Acetyltransferase (GNAT) domain 
Acetyltransferase (GNAT) domain 

2.00E-10 
2.10E-07 
1.30E-05 

GNAT family N-acetyltransferase (WP_150404808.1)                  
GNAT family N-acetyltransferase (WP_067538111.1)               
GNAT family N-acetyltransferase (WP_169813135.1)                  

75/84 
78/83 
69/83 

Orf+1 HPY32_RS36405 
AWN90_28280 

NQE92418.1 
KZM72682.1 
 

230 
230 

PF13419 
PF00702 
PF13242 

Haloacid dehalogenase-like hydrolase 
haloacid dehalogenase-like hydrolase 
HAD-hyrolase-like 

2.20E-08 
3.40E-08 
2.80E-05 

haloacid dehalogenase type II (WP_165257141.1)                    
haloacid dehalogenase type II (WP_201875758.1)                    
haloacid dehalogenase type II (WP_190052985.1)                    

83/91 
81/87 
81/87 

Orf+2 HPY32_RS36410 
AWN90_28275 

NQE92419.1 
KZM72681.1 
 

190 
   190 

PF07336 
 
PF11706 

Putative stress-induced transcription 
regulator 
CGNR zinc finger 

4.70E-17 
 
4.20E-16 

ABATE domain-containing protein (WP_165257307.1)             
ABATE domain-containing protein (WP_042153133.1)          
ABATE domain-containing protein (WP_027942564.1)         

90/92 
88/91 
85/90 

Orf+3 HPY32_RS36415 
AWN90_28270 

Not annotated 
KZM72680.1 
 

29 
64 

PF00248 Aldo/keto reductase family 5.60E-06 
 

aldo/keto reductase (WP_185941606.1)                                     
aldo/keto reductase (WP_192776860.1)                                       
aldo/keto reductase (GFE07022.1)                                               

100/100 
100/100 
97/100 

Orf+4 HPY32_RS36420 
AWN90_28265 

NQE92420.1 
KZM72679.1 
 

465 
465 

PF01425 Amidase 
 

6.50E-
105 

amidase (WP_173868031.1)                                                         
amidase (WP_073766127.1)                                                        
amidase (NEW71157.1)                                                                     

66/74 
65/72 
67/76 

Orf+5 HPY32_RS36425 
AWN90_28260 

NQE92421.1 
KZM72678.1 
 

192 
192 

PF16859 
 
PF00440 

Tetracyclin repressor-like, C-terminal 
domain 
Bacterial regulatory proteins, tetR family 

1.70E-14 
 
5.20E-09 

TetR/AcrR family transcriptional regulator (WP_092550168.1)  
TetR/AcrR family transcriptional regulator (WP_188675544.1) 
TetR family transcriptional regulator (GGF20957.1)                        

58/76 
57/73 
57/73 

Orf+6 HPY32_RS36430 
AWN90_28255 

NQE92422.1 
KZM72677.1 
 

284 
284 

PF00126 
 
PF03466 

Bacterial regulatory helix-turn-helix 
protein, lysR family 
LysR substrate binding domain 

2.20E-20 
 
9.20E-18 

transcriptional regulator, LysR family (CDR16212.1)                   
LysR family transcriptional regulator (WP_020873917.1)              
LysR family transcriptional regulator (WP_040020027.1)            

87/91 
87/91 
84/90 

 
a) The nta BGC of strain IFM 0706 is located on contig 5 of the genome (Accession: NZ_JABMCZ010000005.1). 
b) The nta BGC of strain IFM 0406 is located on contig 15 of the genome (Accession: LWGR01000007.1). 
 
Protein homology analysis found in the nocathioamide biosynthetic gene cluster (nta BGC) employing the web-based tool RODEO and 
a manual BlastP search.  
The manual BlastP search was limited to records that exclude the species ´Nocardia terpenica (taxid:455432)´; listed are the top 1-3 
hits. The protein hits, which represent the products of the nta BGC in the bacterium Longimycelium tulufanense CGMCC 4.5737 are 
indicated in orange. 
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4.2 Targeted Identification and Isolation of Nocathioamides Using a Configured 
Metabologenomic Approach 

Counting on the bioinformatically predicted structural features and the limitation of formulating 
only a very broad mass range of the mature peptide, a three-layered metabolomic workflow was 
designed to track down the resultant RiPP using OSMAC-mass spectrometry (OSMAC-MS), 
stable isotope labeling and 1H-13C HMBC NMR (Figure 31).  

 

Figure 31. The adopted metabologenomic strategy for the discovery of nocathioamides 

A panel of extracts, prepared under different culture conditions (30 different culture recipes, while 
temperature and fermentation periods were kept constant), was screened by liquid 
chromatography-high resolution (LC-HR)MS/MS with particular attention given to nitrogen-
containing metabolites with a mass higher than 1000 Da. The pharma media-based extracts 
offered a reproducible candidate set of structurally related ions (m/z 1315, 1331 and 1347) with a 
peptidic nature inferred via their molecular formula predictions, the intense formation of doubly 
charged species and their very similar MS2 spectra (Figures 32 and 33). Initial attempts to interpret 
the peptides sequence using the MS/MS technique were not successful, which were attributed by 
then to the processing degree of the substrates under investigation. 

To corroborate the candidate compounds, three feeding experiments, employing isotopically 
labeled (15NH4)2SO4, [2H10] Leucine and [2H7] L- proline, respectively, were carried out on a small 
scale with strain IFM 0406. 
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 Figure 32. Extracted ion chromatograms (EICs) and MS1 of nocathioamide A (1) (1315 Da [M+H]+) and B 
(2) (1331 Da [M+H]+) 

 

Figure 33. Comparative [M+2H]2+ MS2 of nocathioamide A, B, and C (1-3) (658, 666, and 674 Da) 

EIC of nocathioamide A 

EIC of nocathioamide B 

MS1 of nocathioamide A 

MS1 of nocathioamide B 

MS2 of nocathioamide A 

MS2 of nocathioamide B 

MS2 of nocathioamide C 
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As postulated, the 15N-labeling experiment led to uniformly 15N-labeled peptides. In agreement 
with our hypothesis, each of the three candidate compounds showed in their corresponding 
LC/MS spectra a characteristic 15N-isotope-envelope pattern that pointed to the presence of 12 
to 13mer (Figures 34 and 35). In order to prove that the targeted peptides are indeed the product 
of the nta gene cluster, [2H10] L-leucine was fed, which was expected to be incorporated twice and 
to produce a +9/10 and a +18/19/20 Da pattern. 

 

Figure 34. Labeling experiments of nocathioamide A (1)  

 

Figure 35. Labeling experiments of nocathioamide B (2) 

Strikingly, mass shifts of +6, +9, and +15 Da were observed for all candidate compounds' 
pseudomolecular ions (Figures 34 and 35), which readily hinted on the crude level prior to any 
isolation steps that one Leu residue must have undergone an unusual modification. Within the 
same context and driven by the numerous predicted possible cleavage sites, the labeled substrate 
[2H7] L-proline was supplemented into IFM 0406 cultures to validate more the features in question 
and the probable hydrolytic site within the prepeptide. Notably, the proline experiment exhibited 
an extra 7 Da as a clear indication of a single encoded proline residue within the peptides under 
investigation (Figures 34 and 35), which on the one hand validated that we are tracking down the 
products of interest and on the other hand automatically shrank the cleavage position from the 
“PAAPAC” to the “AC” sequence (residues +1 to +2) which corroborates, in turn, the formation of 
a 12 to 13mer. 
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At this point and motivated by the suggested molecular formula which showed no fit with any 
known compound derived from a natural resource using SciFinder (Figures A13-A15), IFM 0406 
was fermented on a large scale (22 L). Upon C18-vacuum liquid chromatography (RP-VLC), we 
took advantage of the in silico predicted rare thioamide and common (methyl)azole moieties, 
which produce distinctive downfield resonances in NMR spectra (Figure 31). 

Guided by LC-MS of RP-VLC fractions, a series of 1H-13C HMBC NMR experiments were 
complementarily executed on the (sub)fractions exhibiting masses > m/z 1300. Cross 
correlations, typical for oxazole and/or thiazole entities (δH/C 8.18/148.32 and δH/C 8.18 /174.91) 
were exclusively observed in the VLC-fraction, eluting with 70% MeOH which was, beside the 
known secondary metabolite brasilicardin A, mainly enriched with the unknown peptides in pursuit 
(Figure 36).  

In contrast, pronounced downfield 1H-13C HMBC cross-peaks (δC > 200 ppm) were not detectable 
at all in any fractions, thusly crippling the envisioned thioamide-based NMR screening scheme. 
However, upon further purification and having this molecular family in hand, the thioamide motif 
was found to reveal weaker resonances under the applied standard NMR conditions. Using 
Sephadex LH-20 column chromatography, and followed by sequential rounds of RP-HPLC 
(Figures A17-A19), pure nocathioamides A (1), B (2) and traces of C (3) were obtained. 

 

Figure 36. 1H-13C HMBC spectra of fractions 70% (panel A), 80% (panel B), 90% (panel C), and B 
LH20_70% (panel D) MeOH (d4-CH3OH, 400 MHz) 

4.3 Structure Elucidation of Nocathioamides A-C  

In combination with extensive NMR analyses, the suggested elemental compositions of 
nocathioamide A (1) possessing m/z 1315 [M+H]+ and 658 [M+2H]2+ was expected to be 
C54H74N16O15S4 with 26 degrees of unsaturation (RDB) with no matched hits to any known 
naturally occurring compound from any natural resource. 

Expectedly, 13C-NMR spectra in the differently used solvents (d4-, d3-CH3OH) exhibited a greater 
number of signals due to the inseparable minor conformer(s), which were also observed in the 
LC/MS (Figure 32) and HPLC (Figure A19) profiles. Additionally, careful inspection of the 1D and 
2D NMR data unveiled a pairing phenomenon of almost all signals emphasizing a mixture of 
conformers (Figures A20 and A25). The observation of multiple doubly charged species as 658 
[M+2H]2+, 669 [M+H+Na]2+, 677 [M+H+K]2+ (Figure 32) with a large number of exchangeable 
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amide NH protons (δH 6.5-10.5) and carbonyl carbons (δC 160-185) from 1D NMR (Figures A25) 
aligned with the postulated peptide nature.  

Analyzing various 2D (1H-1H, 1H-13C and 1H-15N) NMR experiments (COSY, TOCSY, NOESY, 
HSQC, HSQC-TOCSY, HMBC) instantly resulted in the assignment of four proteogenic amino 
acid residues encompassing leucine (Leu-8), proline (Pro-9), alanine (Ala-12), and 
asparagine/aspartic acid (Asn-13/Asp-13 due to the initial inabilities to allocate the δH of either -
CONH2 or –CO2H, respectively). Exploiting HMBC and NOESY correlations, the connectivity 
between these readily discovered spin systems was directly established, offering a pair of 
fragments (I, and II), each consisting of two-stitched residues (Figure 37). 

                        

Figure 37. Structural fragments I, and II 

The distinctive olefinic CH2 [δH/C 5.35/111.63 ppm in d3-CH3OH (700/176 MHz)] and its 
characteristic downfield NH2 signal [δH/N 10.05/127.35 ppm in d3-CH3OH (700/71 MHz)] in tandem 
with the correlations from HMBC and NOESY experiments could unequivocally outline extended 
fragment II with an extra unit in the form of 2,3-didehydroalanine (Dha-7) (Figure 38). 

 

Figure 38. Structural fragments extended II, and III 

The clearly found singlets and their conformers in the aliphatic and aromatic regions [δH (2.02–
2.04 & 7.30–8.90) ppm in d4-CH3OH (400 MHz)] aided in constructing fragment III with the help 
of the derived data mostly from 1H-13C and 1H-15N HMBC experiments. It started with a terminal 
acetyl group (Ac) linked to an alanine residue (Ala-1) which was in turn found to be connected to 
the thiazole moiety (Thz). Guided by the unique Thz resonances of 3-CH (δH/C 8.16/126.66 ppm 
in d4-CH3OH), and –N= (δN 305.60 ppm in d3-CH3OH) in joint with the 1H-13C and 1H-15N HMBC 
couplings, Thz unit was completely assigned to be in in a direct fusion with Ala-1 (Figure 38).  
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Analogously, histidine (His) was deciphered from its characteristic imidazole signals (δ5H/C 
7.48/119.05, δ6H/C 8.86/135.23, δ5N 175.04, and δ6N 191.59 ppm in d4-CH3OH). The inter-residue 
NOESY proved its occurrence to be in a direct linkage with Thz unit. Moreover, the 1H-13C HMBC 
exhibited several cross-peaks around δC 206 - 209 ppm corresponding to an intensely relaxed 
signal in the 1D 13C-NMR spectrum, which were identified as couplings between the 2-CH (αH), 
and 3-CH2 (βH) of His-3 with the genetically expected thioamide tailoring that typically resonates 
around 200–210 ppm (Figure 39). Thus, His was selectively post-translationally modified into thio-
histidine portraying fragment III (Figure 38).  

 

Figure 39. 1H-13C HMBC cross-peaks between C=S and 2H, 3Hb and the amidic hydrogen of His 

The assembly of the highly morphed fragment IV  (Figure 40) was initiated by the guidance of 1H-
1H TOCSY, 1H-13C HSQC-TOCSY, and 1H-1H NOESY experiments, which enabled the decoding 
of a common post-translationally tailored motif as α-aminobutyrate (Abu), biosynthetically 
originating from threonine. Tracing up this spin system (Abu) with 1H-13C HMBC, and NOESY 
correlations uncovered three additional transformed amino acid residues (AlaS-6, AlaS-10, and 
AlaS-11), comprising typical methyllanthionine (MeLan = Abu + AlaS-10), and lanthionine (Lan = 
AlaS-6 + AlaS-11) bridges, besides an exceptionally δ-oxidized leucine in the form of 4-
methylglutamate (4-Meglu) (Figure 40).  
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Figure 40. Structural fragment IV 

As a result of the highly similar (almost identical) chemical shifts of α-protons of AlaS-6 and AlaS-
11 across the different datasets (Tables 10, 12 and 14), the NOESY analysis did not result in any 
convincing correlations using neither the β-, or α- protons of the Lan residues to validate the 
crosslink. Mainly supervised by the homonuclear correlations arising from NOESY data, MeLan 
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and Lan blocks were found to be directly bonded to each other on one side whilst being disjointed 
on the Abu flank by 4-Meglu (Figure 40). 

Taking into account the deduced skeletons of fragments (I–IV), it was clear that fragment I 
portrayed the C-terminus of the peptide while the amino-terminus was represented as fragment 
III, N-capped with an acetyl group. Besides the heteronuclear connections of αH and βH-His to 
13C=S, an extra set of aligned couplings (δ2H/C, major 5.48/65.74, δ2H/C, minor 5.37/65.74 in d4-
CH3OH) was identified signifying the αH of the Abu motif.  

The confirmatory observation of 1H-15N HMBC couplings between αH-His and NH of the Abu 
offered further unambiguous proof of fitting fragment III together with component IV/A (Figure 41). 
Notably, the uniquely deshielded NH signals of the Abu spin system [δH/N 9.77/ 155.59 ppm in d3-
CH3OH (700/71 MHz)] were also in alignment with its straight association with the thiocarbonyl 
group (Figure 41). The additional attachment of fragment I to IV/D was basically gleaned from 
both 1H-13C HMBC along with 1H-1H NOESY data (Figure 41). 

 

Figure 41. Structural fragments III+IV/A, and I+IV/D 

Finally, the extended fragment II was found to be architecturally inserted within IV using solely 
NOE connections which placed the Dha structural brick in association with AlaS-6 feature (IV/B), 
whereas Pro-9 was attached to the AlaS-10 system (IV/C) (Figure 42).  

 

Figure 42. Structural fragments extended II (Dha) + IV/B, and extended II (Pro) + IV/D 

Although fragment IV possessed five possible attachment sites (A – E), only four (A – D) could 
be structurally ruled out. Unfortunately, meticulous investigation of the different NMR datasets 
(d4-CH3OH, and d3-CH3OH) did not infer any valuable couplings that could sort out any structural 
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connection with the last remaining decoration E. However, bearing in mind the anticipated 
molecular formula besides its RDB, one final macrocyclization has to be recruited. Driven by the 
inability to assign δH of neither the in-chain NH2 nor C-terminus CO2H of Asn-13 of fragment I, 
two possible crosslinks have been suggested either as an imide or anhydride macrocyclization, 
respectively (Figure 43).  

 

Figure 43. Possible crosslinks between fragment I-Asn and fragment IV/E (Top) and macrocylic imide 
PTM connected by NMR through NOESY and HMBC correlations (Bottom) 

The possibility of having a macrocyclic anhydride makeup was apparently in strong contradiction 
with 1 in terms of the given chemical stability observed during the extraction, separation, 
purification and storage as well. 

Luckily, the 1H-15N HMBC spectrum of 1 in the CD3OH/700 MHz dataset, in an unintentional partial 
sweep width (partial SW) experiment, disclosed a so far non-interpreted pair of two unfamiliar 
cross-peaks (δ3Ha/Asn 2.64/ δN 172.80, δ3Hb/Asn 2.99/ δN 172.80 ppm) (Figure 44C) which were 
consistent with the reported 15N values of imides.167  

Additionally, 1H-15N HSQC of NH glutarimide, an imide-containing standard, (δH/N 10.33/172.25 in 
d3-CH3OH) supported such a range of chemical shifts (Figure A58) and corroborated the imide 
linkage hypothesis. 



Results and Discussion 
 

53 
 

 

 

Figure 44. A) 1H-15N HSQC NMR spectra highlighting the chemical shifts of the NH of Abu connected to 
C=S, B) the macrocyclic imide NH of Asn and C) 1H-15N HMBC NMR spectrum showing the key cross-

peaks between 3Ha, and 3Hb of Asn with the amidic and imidic NH of Asn 

Within the course of our preliminary NMR trials recording in various solvents, d6-DMSO was tested 
even though the data quality was not good enough to fully elucidate the structure of 1. 
Unexpectedly, the 1H-15N HSQC spectrum showed two characteristic downfield correlations (δH/N 
10.55/161.63, and δH/N 11.19/174.72 ppm) (Figures 44A and 44B), which were tracked down by 
1H-1H TOCSY, 1H-1H NOESY, and 1H-13C HMBC correlations. The δH/N 10.55/161.63 ppm 
coupling was assigned to define the thioamide –NH– of Abu entity, whereas the sharp singlet δH/N 
11.19/174.72 ppm was found to be in an equivocal consistency with the presumed imide crosslink 
evidenced by a multitude of connectivities (Figures 43 and 45).  

Regardless of the unsatisfactory NMR data quality in d6-DMSO compared to d3- and d4-CH3OH, 
the dataset could still successfully and efficiently fill the remaining gap regarding the last 
unprecedented structural ornament and complete the 2D structure of nocathioamide A (1) (Figure 
45). 
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Figure 45. NMR key correlations of nocathioamide A (1) 

Taking into account the suggested molecular formula of the additional isolated feature, 
C54H74N16O16S4, it was envisioned that nocathioamide B (2) encode an extra oxygen atom within 
its architecture relative to 1 (Figure A14).  

A B C 
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Expectedly, 2 exhibited almost identical NMR spectra of 1 except with a lower degree of signals 
overlap besides a significant drift in the β-carbons chemical shifts of AlaSO-6 and AlaSO-11. The 
attained 1H-13C HSQC spectra in d3- and d4-CH3OH datasets all share that the Lan bridge forming 
residues (AlaSO-6, AlaSO-11) inherited an upfield shift with their α-carbons (δC AlaS6 55.49 => 
δC AlaSO6 51.50 & δC AlaS11 53.60 => δC AlaSO11 49.46, d3-CH3OH, 176 MHz) whilst the β-
carbons resonated strongly downfield (δC AlaS6 34.18 => δC AlaSO6 55.52 & δC  AlaS11 
35.43/35.52 => δC AlaSO11 59.73, d3-CH3OH, 176 MHz).74a 

In addition, the Lan crosslink motifs in 2, unlike 1, were found to exhibit more resolved NOESY 
correlations proving the bridge formation between AlaSO-6, and AlaSO-11 (Figures 46).168  

 

Figure 46. 1H-1H NOESY spectrum of the sulfoxide-Lan bridge of nocathioamide B (2) 

Considering such a change in the chemical shifts that typically occur upon diagnostic oxidation of 
the thioether functionality, 2 was deduced to be the S-monooxidized congener of 1 (Figure 47). 

In contrast to 1 and 2, nocathiamide C (3) was solely analyzed by HR-ESI-MS for C54H74N16O17S4 
(Figures 33 and A15) exhibiting 32 additional Da (2 x O) in comparison with 1. Thus, this difference 
could be readily accounted for two S-oxide groups instead of the typical thioether bridges featured 
in 1 (Figure 47). 
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Figure 47.  Chemical structures of the nocathioamides molecular family [A (1), B (2), and C (3)] 
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Table 10. 1H, 13C and 15N-NMR data of nocathioamide A (1) (d3-CH3OH; 400 MHz; major conformer) 

Residue Position C / N H, mult (J in Hz) Residue Position C / N H, mult (J in Hz) 

 
Ac 1 173.05, C -------- Dha 1 166.77, C -------- 
 2 22.64, CH3 2.02, s  2 138.27, C -------- 
Ala-1 * 1 48.92 b, CH 5.30, p (7.0)  3 107.87, CH2 5.36, brs 
 2 20.98, CH3 1.60, d (7.0)  -NH- 126.95 10.00, brs 
 -NH- 132.2 8.79, d (7.5) Leu 1 173.96, C -------- 
Thz 1 163.69, C --------  2 51.02, CH 4.86, m 
 2 149.74, C --------  3 41.67, CH2 1.46, m + 1.82, m 
 3 126.45, CH 8.15, s  4 26.19, CH 1.70, m 
 4 176.73, C --------  5 22.19, CH3 0.91, d (6.7) 
 =N- 305.66 --------  6 23.75, CH3 0.97, d (6.6) 
His * 1 207.98 d , C --------  -NH- 120.49 8.66, d (8.1) 
 2 60.64, CH 5.27, m Pro 1 174.72, C -------- 
 3 30.69, CH2 3.44 dd (14.7, 6.9) + 3.56, m  2 62.87, CH 4.68 b 
 4 130.78, C --------  3 33.09, CH2 2.28, m + 2.37, m 
 5 119.02, CH 7.46, s  4 22.94, CH2 1.85, m + 2.07, m 
 =N- 184.38 --------  5 47.97, CH2 3.64, m 
 6 135.31, CH 8.80, s  =N- 129.45 -------- 
 =NH 174.74 -------- AlaS-10 1 172.85/172.55 c, C -------- 
 -NH- 123.55 8.97, d (5.8)  2 58.93 d, CH 4.27, m 
Abu 1 170.58, C --------  3 35.60, CH2 3.13, m + 3.72, m 
 2 65.78, CH 5.47, brs  -NH- 117.43 7.20, brs 
 3 44.79, CH 3.93, m AlaS-11 1 171.72, C -------- 
 4 20.23, CH3 1.14, d (7.3)  2 53.39; CH 4.52, m 
 -NH- 156.00 9.84, d (5.8)  3 35.61/35.64 c, CH2 3.11, m + 3.36, m 
4-Meglu 1 172.61, C --------  -NH- 115.11 8.03 a, br 
 2 53.38, CH 4.64, m Ala-12 1 174.90, C -------- 
 3 35.73 a, CH2 1.46, m + 2.20, m  2 50.91, CH 4.16, m 
 4 36.71, CH 2.45, m  3 18.18, CH3 1.29, d (7.0) 
 5 179.39, C --------  -NH- 119.65 7.57, brs 

  6 18.65, CH3 0.83 a, d (6.7) Asn 1 178.95, C -------- 

  -NH- 120.33 8.04 a  2 51.55, CH 4.54, m 

AlaS-6 1 169.60, C --------  3 37.27, CH2 2.64, dd (17.7, 5.6) + 
2.99, dd (17.7, 9.2) 

 2 55.48, CH 4.52, m  4 178.22, C -------- 
 3 34.22, CH2 3.06, m + 3.31, m  -NH- 110.92 8.43, d (7.6) 
 -NH- 114.16 7.68, brs  -CONHCO- n.d 10.96, brs 

   

 
 
          [*] AA with modified CO within the backbone, [a] Overlapped, [b] Masked by water/solvent 1H/13C-NMR signals, [c] Interchangeable, [d] Weak, [n.d] not determined 
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Table 11. 1H, 13C, and 15N-NMR data of nocathioamide A (1) (d3-CH3OH; 400 MHz; minor conformer) 

Residue Position C / N H, mult (J in Hz) Residue Position C / N H, mult (J in Hz) 

 
Ac 1 173.13, C -------- Dha 1 166.70, C -------- 
 2 22.67, CH3 2.04, s  2 138.09, C -------- 
Ala-1 *  1 48.95 b, CH 5.26 a, m  3 111.69, CH2 5.43 a + 5.50 a 
 2 20.68, CH3 1.60, d (7.0)  -NH- 129.92 10.20, s 
 -NH- 132.20 8.82, d (7.5) Leu 1 174.12, C -------- 
Thz 1 163.87, C --------  2 57.82, CH 4.31, m 
 2 149.85, C --------  3 38.45, CH2 1.62, m + 1.88, m 
 3 126.42, CH 8.14, s  4 26.37, CH 1.79, m 
 4 176.94, C --------  5 22.16, CH3 0.93, d (6.5) 
 =N- n.d n.d  6 23.18, CH3 1.00, d (6.5) 
His * 1 207.03 d, C --------  -NH- 135.57 9.01 a, brs 
 2 60.99, CH 5.10, m Pro 1 n.d -------- 
 3 30.39, CH2 n.d + 3.65, m  2 64.87, CH 4.35, m 
 4 131.01, C --------  3 30.39, CH2 2.07, m + 2.36, m 
 5 118.88, C 7.36, s  4 27.08, CH2 1.98, m + 2.13, m 
 =N- 188.01 --------  5 48.88 b, CH2 3.73, m + 3.86, m 
 6 n.d 8.76 a, s  =N- n.d -------- 
 =NH 174.08 -------- AlaS-10 1 n.d -------- 
 -NH- 122.30 9.05, d (5.8)  2 56.16, CH 4.96 b 
Abu 1 171.24, C --------  3 38.88, CH2 3.15 a, m + 3.59 a, m 
 2 65.70, CH 5.36 a, m  -NH- 106.11 6.66, d (9.0) 
 3 45.27, CH 3.90, m AlaS-11 1 n.d n.d 
 4 n.d 1.13 a  2 n.d n.d 
 -NH- 155.1 9.51, brs  3 n.d n.d 
4-Meglu 1 172.03, C --------  -NH- n.d n.d 
 2 54.06, CH 4.47 b Ala-12 1 175.08, C -------- 
 3 35.73, CH2 1.42 a, m + 2.19 a, m  2 51.27, CH 4.31, m 
 4 36.71, CH 2.40 a, m  3 17.71, CH3 1.42, d (6.7) 
 5 179.39 a, C --------  -NH- 120.17 7.88, d (6.7) 
 6 18.52, CH3 0.72, d (7.0) Asn 1 178.91, C -------- 
 -NH- 119.50 7.92, d (8.0)  2 51.41, CH 4.60, m 
AlaS-6 1 169.75, C --------  3 37.34, CH2 2.60, m + 2.94, m 
 2 55.79, CH 4.64, m  4 n.d -------- 
 3 34.38, CH2 2.94, m + 3.20, m  -NH- 111.15 8.30, d (7.7) 
 -NH- 113.86 7.32 a, m  -CONHCO-  n.d n.d 

 

[*] AA with modified CO within the backbone, [a] Overlapped, [b] Masked by water/solvent 1H/13C-NMR signals, [c] Interchangeable, [d] Weak, [n.d] not determined 
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Table 12. 1H, 13C, and 15N-NMR data of nocathioamide A (1) (d3-CH3OH; 700 MHz; major conformer) 

Residue Position C / N H, mult (J in Hz) Residue Position C / N H, mult (J in Hz) 

 
Ac 1 173.07, C -------- Dha 1 166.70, C -------- 
 2 22.64, CH3 2.02, s  2 138.33, C -------- 
Ala-1 * 1 48.89 b, CH 5.30, p (7.0)  3 111.63, CH2 5.35, brs 
 2 20.94, CH3 1.60, d (7.0)  -NH- 127.35 10.05, brs 
 -NH- 132.3 8.81, d (7.4) Leu 1 174.00, C -------- 
Thz 1 163.68, C --------  2 50.94, CH 4.86 b 
 2 149.73, C --------  3 41.66, CH2  1.45, m + 1.82, m 
 3 126.43, CH 8.16, s  4 26.19, CH 1.70, m 
 4 176.64, C --------  5 22.17, CH3 0.91, d (6.5) 
 =N- 305.80 --------  6 23.75, CH3 0.97, d (6.5) 
His * 1 208.21 d, C --------  -NH- 120.58 8.68 a 
 2 60.94, CH 5.23, m Pro 1 174.85, C -------- 
 3 30.89; CH2 3.43, m + 3.54, m  2 62.89, CH 4.67, m 
 4 131.22, C --------  3 33.15, CH2 2.27, m + 2.36, m 
 5 118.95, CH 7.40, s  4 22.93, CH2 1.84, m + 2.05, m 
 =N- 189.63 --------  5 47.98, CH2 3.63, m 
 6 135.57, CH 8.67, s  =N- 129.27 -------- 
 =NH 175.21 -------- AlaS-10 1 172.84/172.59 c, C -------- 
 -NH- 123.78 8.94, d (5.1)  2 59.21, CH 4.26, brs 
Abu 1 170.70, C --------  3 35.43/35.52 c, CH2 3.13, m + 3.69, m 
 2 65.62, CH 5.48, brs  -NH- 117.55 7.23, very brs 
 3 44.77, CH 3.96, m AlaS-11 1 171.77, C -------- 
 4 20.24, CH3 1.12, d (7.1)  2 53.60, CH 4.51 a, m 
 -NH- 155.59 9.77, brs  3 35.52/35.43 c, CH2 3.11, m + 3.35, m 
4-Meglu 1 172.63 a, C --------  -NH- 114.99 8.02, brs 
 2 53.41, CH 4.63, m Ala-12 1 174.94, C -------- 
 3 35.70, CH2 1.48, m + 2.18, m  2 50.94, CH 4.15, m 
 4 36.75, CH 2.44, m  3 18.17, CH3 1.30, d (5.7) 
 5 179.54, C --------  -NH- 119.70 7.56, brs 
 6 18.65, CH3 0.83, brs Asn 1 179.00, C -------- 
 -NH- 120.30 8.09, brs  2 51.56, CH 4.54, m 
AlaS-6 1 169.62, C --------  3 37.26, CH2 2.64, dd (18.0, 5.6) +  

2.99, dd (18.0, 9.3) 
 2 55.49, CH 4.51 a, m  4 178.27, C -------- 
 3 34.18, CH2 3.05, m + 3.29, m  -NH- 110.93 8.44, d (7.3) 
 -NH- 114.08 7.66, very brs  -CONHCO- 172.80 d 10.94, very brs 

 

[*] AA with modified CO within the backbone, [a] Overlapped, [b] Masked by water/solvent 1H/13C-NMR signals, [c] Interchangeable, [d] Weak, [n.d] not determined 
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Table 13. 1H, 13C, and 15N-NMR data of nocathioamide A (1) (d3-CH3OH; 700/176/71 MHz; minor conformer) 

Residue Position C / N H, mult (J in Hz) Residue Position C / N H, mult (J in Hz) 

 
Ac 1 173.14, C -------- Dha 1 166.80, C -------- 
 2 22.65, CH3 2.03, s  2 138.09, C -------- 
Ala-1 *  1 48.97 b, CH 5.26 a, m  3 111.61, CH2 5.42 + 5.49, brs 
 2 20.96, CH3 1.59, d   -NH- 129.08 10.22, brs 
 -NH- 132.3 8.84, d (7.4) Leu 1 174.15, C -------- 
Thz 1 163.87, C --------  2 57.86, CH 4.31, m 
 2 149.85, C --------  3 38.43, CH2 1.62, m + 1.87, m 
 3 126.40, CH 8.14, s  4 26.36, CH 1.78, m 
 4 176.87, C --------  5 22.15, CH3 0.93, d (6.5) 
 =N- 305.8 --------  6 23.18, CH3 1.00, d (6.5) 
His * 1 207.30 d, C --------  -NH- 135.70 9.04 a 
 2 61.30, CH 5.07 b Pro 1 n.d -------- 
 3 30.72, CH2 3.41, m + 3.61, m  2 64.90, CH 4.34, t (8.1) 
 4 131.56, C --------  3 30.40, CH2 2.06, m + 2.35, m 
 5 118.68, CH 7.29, s  4 27.09, CH2 1.97, m + 2.13, m 
 =N- 191.86 --------  5 48.95 b, CH2 3.73, m + 3.86, m 
 6 135.52, CH 8.62, s  =N- 130.18 -------- 
 =NH 174.32 -------- AlaS-10 1 n.d -------- 
 -NH- 122.62 9.03, d (5.0)  2 56.13, CH 4.96, m 
Abu 1 171.33, C --------  3 38.81, CH2 3.15, m + 3.58, m 
 2 65.62 a, CH 5.35 a  -NH- 106.32 6.68, brs 
 3 45.19, CH 3.89, m AlaS-11 1 n.d n.d 
 4 20.65, CH3 1.09, d (7.1)  2 n.d n.d 
 -NH- 154.69 9.45, brs  3 n.d n.d 
4-Meglu 1 172.58/172.84 c, C --------  -NH- n.d n.d 
 2 53.41 & 54.05, CH    4.62 a & 4.47 b , m Ala-12 1 175.12, C -------- 
 3 35.70 a, CH2 1.45 + 2.17, m & 1.54 + 2.19, m  2 51.27, CH 4.31, m 
 4 36.75 a, CH 2.43 a & 2.47 a     3 17.69, CH3 1.42, d (7.2) 
 5 n.d  --------  -NH- 120.38 7.91, d (6.4) 
 6 18.65, CH3 0.74, d (7.2) & 0.82 a     Asn 1 178.95, C -------- 
 -NH- 119.70 7.97 a & 7.99 a  2 51.42, CH 4.60, m 
AlaS-6 1 169.78, C --------  3 37.33, CH2 2.61 a + 2.77 a, dd 
 2 55.82, CH 4.64, m  4 178.26, C -------- 
 3 34.35, CH2 2.91 + 3.18, m  -NH- 111.15 8.32, d (7.8) 
 -NH- 113.90 7.32, brs  -CONHCO- n.d n.d 

 

[*] AA with modified CO within the backbone, [a] Overlapped, [b] Masked by water/solvent 1H/13C-NMR signals, [c] Interchangeable, [d] Weak, [n.d] not determined 
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Table 14. 1H, and 13C-NMR data of nocathioamide A (1) (d4-CH3OH; 400 MHz; major conformer) 

Residue Position C / N H, mult (J in Hz) Residue Position C / N H, mult (J in Hz) 

 
Ac 1 173.15, C -------- Dha 1 166.76, C -------- 
 2 22.70, CH3 2.02, s  2 138.21, C -------- 
Ala-1 * 1 48.97 b, CH 5.31, m (7.0)  3 108.13, CH2 5.37, brs 
 2 21.04, CH3 1.61, d (7.0)  -NH- --------  -------- 
 -NH- --------  --------  Leu 1 174.19, C -------- 
Thz 1 163.84, C --------  2 51.11, CH 4.87, m 
 2 149.79, C --------  3 41.71, CH2 1.47, m + 1.84, m 
 3 126.66, CH 8.16, s  4 26.34, CH 1.72, m 
 4 177.08, C --------  5 22.30, CH3 0.92, d (6.2) 
 =N- --------  --------   6 23.86, CH3 0.98, d (6.5) 
His * 1 207.99 d, C --------  -NH- --------  -------- 
 2 60.71, CH 5.25, t (7.5) Pro 1 174.83, C -------- 
 3 30.52, CH2 3.47, dd (14.7, 7.5) +  

3.59, dd (14.7, 7.5) 
 2 63.01, CH 4.69, m 

 4 130.69, C --------  3 33.23, CH2 2.28, m + 2.37, m 
 5 119.05, CH 7.48, s  4 23.06, CH2 1.87, m + 2.08, m 
 =N- --------  --------   5 48.13, CH2 3.66, m 
 6 135.23, CH 8.86, s  =N- --------  -------- 
 =NH --------  --------  AlaS-10 1 172.93/172.64 c, C -------- 
 -NH- --------  --------   2 65.74, CH 5.48, brs 
Abu 1 170.68, C --------  3 44.76, CH2 3.98, m 
 2 65.74, CH 5.48, brs  -NH- --------  -------- 
 3 44.76, CH 3.98, m AlaS-11 1 171.82, C -------- 
 4 20.24, CH3 1.15, d (6.8)  2 53.37, CH 4.52 a 
 -NH- --------  --------   3 35.49/35.67 c, CH2 3.12 a + 3.36 a 
4-Meglu 1 172.64 a, C --------  -NH- --------  -------- 
 2 53.37, CH 4.65, m Ala-12 1 174.99, C -------- 
 3 35.79, CH2 1.47, m + 2.19, m  2 50.92, CH 4.17 a 
 4 36.79, CH 2.46, m  3 18.25, CH3 1.31, d (6.9) 
 5 179.48, C --------  -NH- --------  -------- 
 6 18.73, CH3 0.85 a Asn 1 178.99, C -------- 
 -NH- --------  --------   2 51.58, CH 4.56 a 
AlaS-16 1 169.70, C --------  3 37.34, CH2 2.65, dd (17.7, 5.5) +  

3.00, dd (17.7, 9.3) 
 2 55.53, CH 4.53 a  4 178.28, C -------- 
 3 34.32, CH2 3.06 a + 3.32 a  -NH- --------  -------- 
 -NH- --------  --------   -CONHCO- --------  -------- 

 

[*] AA with modified CO within the backbone, [a] Overlapped, [b] Masked by water/solvent 1H/13C-NMR signals, [c] Interchangeable, [d] Weak, [n.d] not determined 
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Table 15. 1H, and 13C-NMR data of nocathioamide A (1) (d4-CH3OH; 400 MHz; minor conformer) 

Residue Position C / N H, mult (J in Hz) Residue Position C / N H, mult (J in Hz) 

 
Ac 1 173.23, C -------- Dha 1 166.76, C -------- 
 2 22.73, CH3 2.04, s  2 138.04, C -------- 
Ala-1 * 1 49.00 b, CH 5.25 a, m  3 111.63, CH2 5.42 a + 5.49 a 
 2 21.02 a, CH3 1.61, d (7.0)  -NH- --------  -------- 
 -NH- --------  --------  Leu 1 174.28, C -------- 
Thz 1 163.99, C --------  2 57.83, CH 4.32, m 
 2 149.93, C --------  3 38.50, CH2 1.62, m + 1.90, m 
 3 126.60, CH 8.14, s  4 26.50, CH 1.79, m 
 4 177.08, C --------  5 22.26, CH3 0.93 a 
 =N- --------  --------   6 23.30, CH3 1.01, d (6.5) 
His * 1 206.90 d, C --------  -NH- --------  -------- 
 2 60.91, CH 5.09, t (7.5) Pro 1 n.d -------- 
 3 30.32, CH2 n.d + 3.68 a  2 65.00, CH 4.36 a 
 4 130.92, C --------  3 30.53 a, CH2 2.08 a + 2.36 a 
 5 118.88, CH 7.37, s  4 27.21, CH2 1.99 a + 2.14 a 
 =N- --------  --------   5 49.00, CH2 3.72 a + 3.88 a 
 6 135.17; CH 8.82, s   =N- --------  -------- 
 =NH --------  --------  AlaS-10 1 n.d -------- 
 -NH- --------  --------   2 56.20, CH 4.97 b 
Abu 1 171.40, C --------  3 38.97, CH2 3.16 a + 3.61 a 
 2 65.74 a, CH 5.37, brs  -NH- --------  -------- 
 3 45.40, CH 3.92, m AlaS-11 1 n.d n.d 
 4 n.d 1.14 a  2 n.d n.d 
 -NH- --------  --------   3 n.d n.d 
4-Meglu 1 n.d --------  -NH- --------  -------- 
 2 n.d 4.62 a    Ala-12 1 175.18, C -------- 
 3 35.79 a, CH2  1.44 a + 2.18 a     2 51.29, CH 4.32 a 
 4 36.79 a, CH 2.43, m      3 17.79, CH3 1.43, d (7.0) 
 5 n.d --------  -NH- --------  -------- 
 6 18.62, CH3  0.74, d (7.2) Asn 1 178.93, C -------- 
 -NH- --------  --------   2 51.42, CH 4.62 a 
AlaS-6 1 n.d --------  3 37.41, CH2 2.62 a, m+ 2.96 a, m 
 2 55.82, CH 4.60, m  4 n.d -------- 
 3 n.d  n.d   -NH- --------  -------- 
 -NH- --------  --------   -CONHCO- --------  -------- 

 

[*] AA with modified CO within the backbone, [a] Overlapped, [b] Masked by water/solvent 1H/13C-NMR signals, [c] Interchangeable, [d] Weak, [n.d] not determined 
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Table 16. 1H and 13C-NMR data of nocathioamide B (2) (d3-CH3OH; 400 MHz; major conformer) 

Residue Position C / N H, mult (J in Hz) Residue Position C / N H, mult (J in Hz) 

 
Ac 1 173.15, C -------- Dha 1 166.44, C -------- 
 2 22.59, CH3 2.01, s  2 138.79, C -------- 
Ala-1 * 1 48.97 b, CH 5.30, m  3 109.33, CH2 5.25 + 5.32, brs 
 2 20.95, CH3 1.60, d (7.0)  -NH- -------- 10.20, s 
 -NH- -------- 8.81, d (7.7) Leu 1 173.77, C -------- 
Thz 1 163.87, C --------  2 50.63, CH 4.84 a 
 2 149.77, C --------  3 42.12, CH2 1.44, m + 1.80, m 
 3 126.38, CH 8.17, s  4 26.12, CH 1.66, m 
 4 176.81, C --------  5 21.97, CH3 0.91, d (6.5) 
 =N- -------- --------  6 23.70, CH3 0.96, d (6.6) 
His * 1 208.53 d, C --------  -NH- -------- 8.59, d (7.7) 
 2 61.00, CH 5.16 b Pro 1 175.10, C -------- 
 3 30.49, CH2 3.46, m + 3.55, m  2 62.90, CH 4.57 a 
 4 130.87, C --------  3 33.16, CH2 2.33, m 
 5 119.04, CH 7.44, s  4 23.04, CH2 1.83, m + 2.05, m 
 =N- -------- --------  5 48.16, CH2 3.62, m 
 6 135.44, CH 8.79, s  =N- -------- -------- 
 =NH -------- -------- AlaS-10 1 172.14, C -------- 
 -NH- -------- 9.00, d (5.5)  2 58.82, CH 4.23, m 
Abu 1 170.55, C --------  3 34.68, CH2 3.09, m + 3.48, m 
 2 65.73, CH 5.56, brs  -NH- -------- 7.07, brs 
 3 44.66, CH 3.97, m AlaSO-11 1 171.06, C -------- 
 4 20.08, CH3 1.13, d (6.97)  2 49.47, CH 5.13 b 
 -NH- -------- 9.87, brs  3 59.74, CH2 3.44, m + 3.68, m 
4-Meglu 1 172.70, C --------  -NH- -------- 7.90 a 
 2 53.36, CH 4.67 b Ala-12 1 175.22, C -------- 
 3 35.52, CH2 1.51, m + 2.21, m  2 51.27, CH 4.14, m 
 4 36.75, CH 2.39, m  3 18.14, CH3 1.37, d (7.1) 
 5 179.60, C --------  -NH- -------- 7.48, d (5.8) 
 6 18.50, CH3 0.80, d (7.0) Asn 1 179.04, C -------- 
 -NH- -------- 7.94 a  2 51.58, CH 4.52, m 
AlaSO-6 1 167.62, C --------  3 37.20, CH2 2.64, dd (17.8, 5.5) + 

2.97, dd (17.8, 9.4) 
 2 51.52, CH 4.70 a  4 178.24, C -------- 
 3 55.52, CH2 3.35, m + 3.83, m  -NH- -------- 8.58, d (7.9) 
 -NH- -------- 8.09 a, brs  -CONHCO- -------- 11.00, brs 

 

[*] AA with modified CO within the backbone, [a] Overlapped, [b] Masked by water/solvent 1H/13C-NMR signals, [c] Interchangeable, [d] Weak, [nd] not determined 
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Table 17. 1H and 13C-NMR data of nocathioamide B (2) (d3-CH3OH; 400 MHz; minor conformer) 

Residue Position C / N H, mult (J in Hz) Residue Position C / N H, mult (J in Hz) 

 
Ac 1 nd -------- Dha 1 nd -------- 
 2 22.62, CH3 2.03, s  2 nd  -------- 
Ala-1 * 1 49.03 b, CH  5.26 a  3 nd  nd 
 2 20.92, CH3 1.60 a  -NH- -------- nd 
 -NH- -------- 8.84 a Leu 1 nd -------- 
Thz 1 nd --------  2 nd 4.48 b 
 2 149.84, C --------  3 nd nd 
 3 126.00, CH 8.13, s  4 26.33, CH 1.75 a 
 4 176.85, C --------  5 nd 0.93 d (6.6) 
 =N- -------- --------  6 nd 0.99, d (6.6) 
His * 1 nd --------  -NH- -------- nd 
 2 nd nd Pro 1 nd -------- 
 3 30.16, CH2  3.46, a + 3.55, a  2 64.74, CH 4.32, m 
 4 131.12, C --------  3 30.15, CH2 1.99, m + 2.35, m 
 5 118.84, CH 7.34, s  4 26.90, CH2 2.00, m + 2.13, m 
 =N- -------- --------  5 49.10, CH2 3.69, m + 3.86, m 
 6 135.32, CH 8.75, s  =N- -------- -------- 
 =NH -------- -------- AlaS-10 1 nd -------- 
 -NH- -------- nd  2 nd nd 
Abu 1 nd  --------   3 nd nd 
 2 nd  nd   -NH- -------- nd 
 3 nd  nd  AlaSO-11 1 nd -------- 
 4 nd  nd   2 nd nd 
 -NH- -------- 9.62, brs  3 nd nd 
4-Meglu 1 nd  --------   -NH- -------- nd 
 2 nd  nd  Ala-12 1 175.33, C -------- 
 3 nd  nd   2 51.36, CH 4.33, m 
 4 nd  nd   3 17.65, CH3 1.45, d (7.0) 
 5 nd  --------   -NH- -------- 8.14 a 
 6 nd  nd  Asn 1 179.11, C -------- 
 -NH- -------- nd  2 51.41, CH 4.57, m 
AlaSO-6 1 nd --------  3 37.20 a, CH2 2.64 a, m + 2.97 a, m 
 2 nd  nd   4 nd -------- 
 3 nd  nd   -NH- -------- 8.43, d (6.8) 
 -NH- ------- nd  -CONHCO- -------- nd 

 

[*] AA with modified CO within the backbone, [a] Overlapped, [b] Masked by water/solvent 1H/13C-NMR signals, [c] Interchangeable, [d] Weak, [nd] not determined 
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Table 18.  1H, and 13C-NMR data of nocathioamide B (2) (d3-CH3OH; 700 MHz; major conformer) 

Residue Position C / N H, mult (J in Hz) Residue Position C / N H, mult (J in Hz) 

 
Ac 1 173.15, C -------- Dha 1 166.41, C -------- 
 2 22.60, CH3 2.01, s  2 138.82, C -------- 
Ala-1 * 1 48.94 b, CH 5.31, m  3 109.30, CH2 5.24 + 5.32, brs 
 2 20.88, CH3 1.60, d (6.9)  -NH- -------- 10.25, s 
 -NH- -------- 8.83, d (7.4) Leu 1 173.71, C -------- 
Thz 1 163.81, C --------  2 50.57, CH 4.85 b 
 2 149.76, C --------  3 42.15; CH2 1.43, m + 1.80, m 
 3 126.31, CH 8.16, s  4 26.10, CH 1.65, m 
 4 176.67, C --------  5 21.97, CH3 0.91, d (6.5) 
 =N- -------- --------  6 23.70, CH3 0.96, d (6.5) 
His * 1 208.75 d, C --------  -NH- -------- 8.62 a 
 2 61.29, CH 5.15 b Pro 1 175.12, C -------- 
 3 30.97, CH2 3.44, m + 3.54, m  2 62.89, CH 4.57, m 
 4 131.60, C --------  3 33.23, CH2 2.32, m 
 5 118.87, CH 7.37, s  4 23.04, CH2 1.82, m + 2.05, m 
 =N- -------- --------  5 48.17, CH2 3.60, m 
 6 135.81, CH 8.62, s  =N- -------- -------- 
 =NH -------- -------- AlaS-10 1 172.16, C -------- 
 -NH- -------- 8.94, d (5.1)  2 59.03, CH 4.23, m 
Abu 1 170.67, C --------  3 34.59, CH2 3.08, m + 3.47, m 
 2 65.62, CH 5.57, brs  -NH- -------- 7.15, brs 
 3 44.68, CH 3.97, m AlaSO-11 1 171.07, C -------- 
 4 20.04, CH3 1.11, d (6.4)  2 49.46, CH 5.14/5.15 a, m 
 -NH- -------- 9.80, very brs  3 59.73, CH2 3.44, m + 3.70, m 
4-Meglu 1 172.73, C --------  -NH- -------- 7.90, d (9.0) 
 2 53.44, CH 4.68, m Ala-12 1 175.20, C -------- 
 3 35.56, CH2 1.52, m + 2.21, m  2 51.30, CH 4.13, p (6.7) 
 4 36.84, CH 2.41, m  3 18.13, CH3 1.38, d (7.1) 
 5 179.72, C --------  -NH- -------- 7.46, d (4.7) 
 6 18.54, CH3 0.80, d (6.9) Asn 1 179.06, C -------- 
 -NH- -------- 8.01, d (7.6)  2 51.57, CH 4.53, m 
AlaSO-6 1 167.61, C --------  3 37.19, CH2 2.64, dd (17.8, 5.5) +  

2.97, dd (17.8, 9.5) 
 2 51.52/51.50 c 4.71 b  4 178.25, C -------- 
 3 55.52 3.36, m + 3.82, m  -NH- -------- 8.60 a 
 -NH- -------- 8.10, brs  -CONHCO- -------- 11.00, very brs 

 

[*] AA with modified CO within the backbone, [a] Overlapped, [b] Masked by water/solvent 1H/13C-NMR signals, [c] Interchangeable, [d] Weak, [nd] not determined 
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Table 19. 1H, and 13C-NMR data of nocathioamide B (2) (d3-CH3OH; 700 MHz; minor conformer) 

Residue Position C / N H, mult (J in Hz) Residue Position C / N H, mult (J in Hz) 

 
Ac 1 173.20, C -------- Dha 1 nd -------- 
 2 22.62, CH3 2.03, s  2 137.71, C  -------- 
Ala-1 * 1 49.05 b, CH 5.27 a  3 nd  nd 
 2 20.92, CH3 1.59 a  -NH- -------- nd 
 -NH- -------- 8.85, d (7.2) Leu 1 nd -------- 
Thz 1 nd --------  2 nd 4.44 b 
 2 149.86, C --------  3 nd nd 
 3 126.16, CH 8.14, s  4 26.33, CH 1.75 a 
 4 176.77, C --------  5 nd 0.94, d (6.4) 
 =N- -------- --------  6 nd 0.99, d (6.4) 
His * 1 nd --------  -NH- -------- nd 
 2 61.21, CH 5.15 b Pro 1 nd -------- 
 3 30.75, CH2 3.44, a + 3.54, a  2 64.81, CH 4.32, m 
 4 131.75, C --------  3 30.13, CH2 1.96, m + 2.35, m 
 5 118.64, CH 7.28, s  4 26.96, CH2 1.99, m+ 2.14, m 
 =N- -------- --------  5 49.14, CH2 3.68, m + 3.86, m 
 6 135.56, CH 8.60, s  =N- -------- -------- 
 =NH -------- -------- AlaS-10 1 nd -------- 
 -NH- -------- --------  2 nd nd 
Abu 1 nd  --------   3 nd nd 
 2 nd  nd   -NH- -------- nd 
 3 nd  nd  AlaSO-11 1 nd -------- 
 4 nd  nd   2 nd nd 
 -NH- -------- 9.55, very brs  3 nd nd 
4-Meglu 1 nd  --------   -NH- -------- nd 
 2 nd  nd  Ala-12 1 175.40, C -------- 
 3 nd  nd   2 51.35, CH 4.32, m 
 4 nd  nd   3 17.64, CH3 1.45, d (7.1) 
 5 nd  --------   -NH- -------- 8.18 a 
 6 18.63, CH3  nd  Asn 1 179.13, C -------- 
 -NH- -------- nd  2 51.50/51.52 c, CH 4.57, m 
AlaSO-6 1 nd --------  3 37.24, CH2 2.64 a + 2.97 a 
 2 nd  nd   4 nd -------- 
 3 nd  nd   -NH- -------- 8.45, brs 
 -NH- ------- nd  -CONHCO- -------- n.d 

 

[*] AA with modified CO within the backbone, [a] Overlapped, [b] Masked by water/solvent 1H/13C-NMR signals, [c] Interchangeable, [d] Weak, [nd] not determined 
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Table 20. 1H, and 13C-NMR data of nocathioamide B (2) (d4-CH3OH; 400 MHz; major conformer) 

Residue Position C / N H, mult (J in Hz) Residue Position C / N H, mult (J in Hz) 

 
Ac 1 173.21, C -------- Dha 1 166.48, C -------- 
 2 22.67, CH3 2.02, s  2 138.74, C -------- 
Ala-1 * 1 49.09 b, CH 5.31, m  3 109.46, CH2 5.26 + 5.33, brs 
 2 21.05, CH3 1.61, d (7.1)  -NH- -------- -------- 
 -NH- -------- -------- Leu 1 173.88, C -------- 
Thz 1 163.95, C --------  2 50.69, CH 4.87 b 
 2 149.87, C --------  3 42.20, CH2 1.45, m + 1.81, m 
 3 126.55, CH 8.18, s  4 26.26, CH 1.67, m 
 4 176.97, C --------  5 22.10, CH3 0.93, d (6.7) 
 =N- -------- --------  6 23.82, CH3 0.97, d (6.7) 
His * 1 208.43 d, C --------  -NH- -------- -------- 
 2 60.90, CH 5.18, t (7.6) Pro 1 175.14, C -------- 
 3 30.45, CH2 3.48, m + 3.58, m  2 63.01, CH 4.59, m 
 4 130.75, C --------  3 33.26, CH2 2.34, m 
 5 119.06, CH 7.47, s  4 23.17, CH2 1.84, m + 2.06, m 
 =N- -------- --------  5 48.30, CH2 3.64, m 
 6 135.30, CH 8.86, s  =N- -------- -------- 
 =NH -------- -------- AlaS-10 1 172.15, C -------- 
 -NH- -------- --------  2 58.79, CH 3.10 dd (13.4, 4.2) + 3.50 a 
Abu 1 170.59, C --------  3 34.78, CH2 4.24, dd (13.4, 4.0) 
 2 65.85, CH 5.55, brs  -NH- -------- -------- 
 3 44.77, CH 3.97, m AlaSO-11 1 171.11, C -------- 
 4 20.21, CH3 1.13, d (7.0)  2 49.52, CH 5.14, m 
 -NH- -------- --------  3 59.84, CH2 3.45, m + 3.68, m 
4-Meglu 1 172.74, C --------  -NH- -------- -------- 
 2 53.34, CH 4.68, m Ala-12 1 175.24, C -------- 
 3 35.58, CH2 1.52, m + 2.22, m  2 51.27, CH 4.16, m 
 4 36.81, CH 2.40, m  3 18.21, CH3 1.38, d (7.2) 
 5 179.51, C --------  -NH- -------- -------- 
 6 18.60, CH3 0.81, d (7.0) Asn 1 179.02, C -------- 
 -NH- -------- --------  2 51.58, CH 4.52, dd (9.1, 5.7) 
AlaSO-6 1 167.64, C --------  3 37.28, CH2 2.65, dd (17.8, 5.7) +  

2.98, dd (17.8, 9.1) 
 2 51.54, CH 4.71, m  4 178.23, C -------- 
 3 55.63, CH2 3.37, m + 3.83, m  -NH- -------- -------- 
 -NH- -------- --------  -CONHCO- -------- -------- 

 

[*] AA with modified CO within the backbone, [a] Overlapped, [b] Masked by water/solvent 1H/13C-NMR signals, [c] Interchangeable, [d] Weak, [nd] not determined 
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Table 21. 1H, and 13C-NMR data of nocathioamide B (2) (d4-CH3OH; 400 MHz; minor conformer) 

Residue Position C / N H, mult (J in Hz) Residue Position C / N H, mult (J in Hz) 

 
Ac 1 nd -------- Dha 1 nd -------- 
 2 21.01, CH3 2.04, s  2 nd  -------- 
Ala-1 * 1 49.09 b, CH 5.26 a   3 nd  nd 
 2 21.05, CH3 1.61 a  -NH- ------- -------- 
 -NH- -------- -------- Leu 1 nd -------- 
Thz 1 nd --------  2 nd 4.50 
 2 149.95, C --------  3 nd nd 
 3 126.38, CH 8.14, s  4 26.47, CH 1.77 
 4 177.00, C --------  5 nd 0.95 a 
 =N- --------  --------   6 nd 1.00, d (6.6) 
His * 1 nd --------  -NH- ------- -------- 
 2 nd 5.15, m Pro 1 n.d -------- 
 3 30.30, CH2  3.48 a + 3.58 a  2 64.87, CH 4.33, m  
 4 131.03, C --------  3 30.29, CH2 2.00, m + 2.36, m 
 5 118.88, CH 7.37, s  4 27.07, CH2 2.00, m + 3.14, m 
 =N- -------- --------  5 49.28, CH2 3.68, m + 3.88, m 
 6 135.20, CH 8.81, s   =N- ------- -------- 
 =NH --------  --------  AlaS-10 1 nd -------- 
 -NH- --------  --------   2 nd  nd 
Melan 1 nd  --------   3 nd  nd 
 2 nd  nd   -NH- ------- -------- 
 3 nd  nd  AlaSO-11 1 nd -------- 
 4 nd  nd   2 nd  nd 
 -NH- -------- --------  3 nd  nd 
4-Meglu 1 nd  --------   -NH- ------- -------- 
 2 nd  nd  Ala-12 1 175.34, C -------- 
 3 nd  nd   2 51.36, CH 4.33, m 
 4 nd  nd   3 17.73, CH3 1.46, d (7.0) 
 5 nd  --------   -NH- ------- -------- 
 6 nd  nd  Asn 1 179.10, C -------- 
 -NH- -------- --------  2 nd 4.57, m 
AlaSO-6 1 nd --------  3 37.32, CH2 2.65 a + 2.98 a 
 2 nd  nd   4 nd -------- 
 3 nd  nd   -NH- ------- -------- 
 -NH- ------- --------  -CONHCO- ------- -------- 

 

[*] AA with modified CO within the backbone, [a] Overlapped, [b] Masked by water/solvent 1H/13C-NMR signals, [c] Interchangeable, [d] Weak, [nd] not determined 
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4.4 Deciphering The Absolute Configuration of Nocathioamides Using Stable Isotope 
Labeling   

The employment of different isotopically labeled amino acids within the currently developed 
metabologenomic approach enabled swiftly the determination of the stereochemistry of these 
amino acids via their observed mass shifts. The L- configuration delivers the intact mass shift 
while the D- version is observed with less 1 Da drift as a result of the stereochemistry flip at the 
α- position of the amino acid of interest.169 Thus, the [2H10] L-Leu, and [2H7] L-Pro addition into 
IFM 0406 cultures in combination with their LCMS profiles indicated that Leu-5 (4-Meglu) and 
Leu-8 possess D- configuration whereas Pro-9 is architectured in L-format (Figures 34 and 35).   

 
Figure 48. MS1 spectra of [2H3] L-cysteine labeling experiment of nocathioamide A (1) and B (2) 

 
Similarly, the supplementation of [2H3] L-cysteine decoded that Cys-10 (AlaS-10) and Cys-11 
(AlaS-11 & AlaSO-11) are L-configured (Figure 48) in nocathioamides A (1) and B (2). Within the 
same context but in a different feeding fashion, the pulsed addition of [2H4] L-alanine after 3 and 
4 successive days from the initial inoculation revealed in the MS profiles a mass shift of +8 Da 
(Figure 49) which was traced up at the MS2 level concluding the L-stereochemistry of Ala-1 and 
Ala-12 residues (Figures 50, 51 and 52) in nocathioamides (Figure 53).   

 
Figure 49. MS1 spectra of nocathioamide A (1) and its [2H4] L-alanine labeled version 

nocathioamide A 

nocathioamide B 

nocathioamide A positive control  

nocathioamide A upon [2H4] L-alanine 
addition concurrently with the inoculation    

nocathioamide A upon [2H4] L-alanine 
addition in pulsed feeding fashion  
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 Figure 50. MS2 spectra of nocathioamide A (1) and its [2H4] L-alanine labeled version 

 

Figure 51. MS2 spectra of nocathioamide A (1) and its [2H4] L-alanine labeled version 
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Figure 52. Schematic fragmentation of the key MS2 fragments of nocathioamide A (1) highlighting the 
[2H4] L-Ala labeling  

MS2 of nocathioamide A  

MS2 of labeled nocathioamide A  

MS2 of labeled nocathioamide A  

MS2 of nocathioamide A  



Results and Discussion 
 

70 
 

 

Figure 53. The elucidated chiral centers of the nocathioamides molecular family 

4.5  Molecular Network Leveraging The Nocathioamides Molecular Family 

To expedite further the molecular family, the recruitment of a Feature-Based Molecular 
Networking (FBMN) analysis seamlessly unveiled an additional suite of nocathioamide variants 
(Figure 54 and Table 22).160  

 

Figure 54. Molecular network of the nocathioamides molecular family 

One of the noticeable ion was M= 1218.40976 Da, accounting for C50H70N14O14S4 with 23 RDB, 
which was annotated as nocathioamide D (4) based on the few interpreted MS2 fragments. Its 
architecture was dereplicated with a characteristic structural loss of Asn-13 residue and hence 
the breakage of the macrocyclic imide bridge (Figures 55 and Table 22).16  
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Figure 55.  Putative chemical structure of nocathioamide D (4)  

Table 22. Annotated members of the nocathioamides molecular family 
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4.6 Evaluations of The Biological Activity 

In guideline-conform determinations of the minimal inhibitory activity (MIC) by broth microdilution, 
nocathioamide A (1) and B (2) were inactive against an ESKAPE strain panel (of all eponymous 
species a representative strain was tested) as well as Bacillus subtilis and Mycobacterium 
smegmatis up to the highest concentration tested (MIC > 32 μg/ml, Table 23). Lack of antifungal 
activity was also noted against Candida albicans, C. glabrata and C. tropicalis (MIC > 32 μg/ml) 
and the metabolic activity of the HeLa cell line was not affected at 64 μg/ml (Table 23). Since 1 
and 2 did not exhibit the classic biological activity of RiPPs, we assume that nocathioamides might 
possess an ecological or physiological function. 

Table 23. Bioassay results. The letters indicated in red refer to the ESKAPE panel, an acronym comprising 
the scientific names of six highly virulent and resistant bacterial pathogens. 

 

4.7 Biosynthetic Considerations and Classification of Nocathioamides  

The performed bioinformatic prediction of the final product was largely correct but was, owing to 
the novelty of the involved genes cocktail, not able to predict a) the exact cleavage site, and 
therefore the length of the peptide, b) the imide ring closure, c) the catalytic activity of the 
methyltransferase NtaC and d) that only one acetylation reaction will take place despite the 
presence of two acetyltransferase encoding genes (ntaH and ntaN).  

Regarding the latter issue, apparently only one acetyltransferase is contributing to the acetylation. 
We hypothesize that NtaH is the decisive enzyme for the N-acetylation of the Ala-1 residue due 
to the analysis of the very recently sequenced genome of Longimycelium tulufanense CGMCC 
4.5737 (NZ_BMMK01000000)161 which also contained the nta cluster (Table 9). Strikingly, all 
annotated nta genes exhibited a high identity and similarity score, except for NtaN which showed 
no significant similarity with all proteins of strain CGMCC 4.5737. 

Since the nocathioamides A-C (1-3) bear no C- or N-methylated groups, but instead carries two 
D-configured leucine residues, the methyltransferase, NtaC, was hypothesized to be involved in 
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the amino acid epimerization process, which is well established in the RiPP members of proteusin 
in which the rSAM epimerase is the responsible enzyme of carrying out such a PTM.171 

From a PTM point of view, nocathioamides represent hypermodified RiPPs. 11 out of its 13 
residues underwent different and specific enzymatic modifications to deliver unique chemical 
alterations [(Me)Lan, thioamidation, azole formation, N-acetylation, (C and S) oxidation, 
dehydration, epimerisation, and macroimidation].  

Most intriguing is the unusual oxidation of the δ-carbon atom of Leu-5 (4-Meglu) residue, possibly 
mediated by the action of the cytochrome P450 enzyme (CYP450) NtaM, which prepares the 
molecule for a macrocylic imide ring closure. To the best of our knowledge, such a regio-specific 
CYP450-based oxidation reaction of Leu-5 was formerly reported so far for only seven NRPS-
derived natural products, such as echinocandins, nostopeptolide, polyoxypeptin B, griselimycin, 
perthamide C, monamycin D and ilamycin, but never in a RiPP context (Figure 56).172  

Moreover, the involved oxidative reactions never led to an imide macrocyclization, but rather to 
acyclic 4-methylglutamate or five and six-membered heterocycles such as 4-methylproline or 
cyclic hemiaminal substructures, respectively (Figure 56). Imide moieties themselves exist in 
several secondary metabolites, however either as succinimide or glutarimide units but not as a 
key element for ring closures of macrocycles, highlighting the uniqueness of nocathioamides 
again. 

 

Figure 56.  Different fates of oxidized δ-Methyl leucine (4-methylglutamate) 

Another feature of the nocathioamide family is the single and double sulfoxidation of Lan and 
MeLan bridges. Remarkably, such unique oxidation was described in only a few RiPPs, such as 
the lanthipeptides actagardines, NAI-107 B1/B2 and NAI-802 (Figure 57).84a,173  
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Figure 57.  Exemplary RiPPs scaffolds framing a sulfoxide feature  

However, in comparison to these molecules nocathioamide congener B (2) represents, besides 
NAI-107 B1/B2, the second example of a monosulfoxidized class I lanthipeptide, and C (3) 
expanded the scope of this novel modification to be carried out simultaneously on Lan and MeLan 
moieties as a disulfoxide for the first time. In addition, the process of sulfoxidation has been 
suggested either to be enzymatically controlled by a clustered monooxygenase or occur 
spontaneously under alkaline conditions. 

To classify nocathioamides according to the rules of the RiPP community,77 we consulted the nta 
BGC. Concerning the precursor peptide we found a hitherto unknown new AP cleavage site. 
Furthermore, we observed the presence of a split lanB-like dehydratase (ntaF/ntaG) beside a 
lanC like cyclase (ntaB), which clearly categorized the nocathioamides as a member of class I 
lanthipeptides. Notably, the co-occurrence of a split lanB with lanC was singly reported for class 
I lantibiotics of the antifungal pinensins despite its frequent existence in LAPs and 
thiopeptides.16,74a,95d  

It is also noteworthy to mention the thioamidation, which exclusively occurs at the His residue. In 
contrast to the few so far discovered thioamide containing RIPPs, recent genome mining efforts 
commenced to leverage and expand this chemical space with new thioamidated candidates either 
as thioviridamide-similar entities or as thiopeptides, exemplified by saalfelduracin and 
thiopeptin.50a,53a,53b  

Interestingly, the associations of lanthionine synthetases with either F-dependent and/or TfuA-
paired YcaOs were bioinformatically projected before by the teams of Mitchell and van der Donk 
to chart novel multi-biosynthetic systems which were followed up by their engineering efforts 
through combinatorial biosynthesis to mix and match new-to-nature hybrid RiPPs as thiazolinyl–
lanthipeptides (I, II).76,174 Along the same lines, the nocathioamide family elegantly symbolises the 
first-in-nature combinatorial tribrid RiPPs hovering over three different class-defining biosynthetic 
machineries of lanthipeptides, LAPs and thioamitides, decorated with an additional unique PTM. 
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4.8 Genome Mining of The Nocapeptin Biosynthetic Gene Cluster in Nocardia terpenica 
IFM 0406 and 0706T 

In the adjacent vicinity to the nocathioamide locus, an additional set of RiPP genetic elements 
were grouped as a new RiPP-BGC encoding an unknown lasso peptide, entitled nocapeptin 
(Figure 58).150a,150b   

nopA nopC nopF nopD nopE nopB

1,000 bp

Precursor peptide (A)

Lasso cyclase (C)

CYP450 oxygenase (F)

ABC transporter (D)

Leader peptide binding (RRE, E)

Leader peptidase (B)

MQQESVYESPVLFKVGTFEYDTQ--GWYGSQWDGPTGQRD
+1 +15+8-2-14-17 -8

Leader Core

 

Figure 58. Putative biosynthetic gene cluster (BGC) of nocapeptin 

The antiSMASH and RODEO results disclosed a new member of class II lasso peptides counting 
on the sequence of the precursor peptide, nopA. Classically, the annotation of the neighboring 
ORFs completed the necessary genetic suite for biosynthesizing the nocapeptin scaffold where 
the lasso cyclase (nopC, PF00733), as an asparagine synthetase homolog, was co-localized with 
a transglutaminase-like enzyme, termed leader peptidase (nopB, PF13471) (Table 24, Figure 
58).120c  

Notably, the RRE was found to be encoded as a standalone protein (NopE, PF05402)96d,162 in 
conjunction with the expected ABC transporter-encoding gene (nopD, TIGR02204/PF00005). 
Interestingly and as a foundational motive for the current investigation, the nocapeptin BGC was 
found to additionally frame a cytochrome P450 gene (nopF, PF00067) (Table 24).  

Table 24. Putative functions of proteins from the nop BGC using RODEO 
 Automated RODEO Analysis 

Protein Accession Nr. Length [aa] PFAM (TIGRFam) hits Description E-value 
NopA WP_195116738.1 43 --------------------- ----------------- ---------- 
NopC WP_171983240.1 547 PF00733 Asparagine synthase 4.20E-36 
NopF WP_156674500.1 404 TIGR04515 / TIGR04538 Cytochrome P450 4.00E-50 
NopD WP_171983239.1 575 TIGR02204 ABC transporter 9.40E-96 
NopE WP_067588831.1 86 PF05402 Stand alone lasso RRE 2.10E-27 
NopB WP_082871451.1 157 PF13471 Transglutaminase 7.60E-24 

 
Taking into account the former bioinformatic annotations, we expected a mature lasso peptide 
consisting of a 15 AA sequence where the predictable proteolytic site is occurring at Gly+1 and 
Thr-2 catalyzed by the dual effects of NopE and NopB proteins (Figure 58). The cleaved CP shall 
be threaded to afford the lasso framework through the typical formation of an isopeptide bond 
between Gly+1 and Asp+8 residues (Figures 58 and 59) employing an ATP-mediated mechanism 
by NopC. Subsequently, the extracellular export of the final product is achieved via the 
transporter, NopD.69a,119b  
In addition, the existence of CYP450 monooxygenase within nop BGC suggested that extra 
tailoring(s) is probably expected in the predicted peptide through either an oxidative and/or 
reductive event(s) which cannot be speculated bioinformatically.  
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Driven by the unmatched precursor peptide sequence in tandem with the unprecedented co-
occurrence of cytochrome enzyme within lasso peptides BGCs in general, we commenced a 
media screening with IFM 0406 to deorphanize the nop gene cluster.     

4.9 Targeted Identification of Nocapeptin(s) Using Metabologenomics  

Similar to the nocathioamides discovery line and the ability to formulate a definitive m/z value(s) 
considering the bioinformatic analysis (Figure 59), an LCMS-guided campaign was recruited for 
the media screening of IFM 0406. In the light of the possible oxidative events that can be induced 
by NopF, hydroxylated variants and/or oxidized products were regarded during the inspection of 
the MS screening data.  

Out of almost 30 different cultivating recipes, the 
LCMS profiles of the modified R4 medium 
exclusively afforded a candidate with m/z values 
845.356 and 563.9068 Da as [M+2H]2+, [M+3H]3+ 

features, respectively (Figure 60). Interestingly, the 
molecular formula prediction using the HRMS 
measurements was in an excellent agreement with 
the predicted CP sequence tailored with the macrolactam modification except for less 2 Da 
translated into – 2H in the form of an extra RDB within the lasso scaffold (Table 25). 

 

Figure 60. LCMS profile of R4 medium highlighting the nocapeptin A (5) production 

Table 25. Molecular formula prediction of nocapeptin A (5) 
Meas. m/z Ion Formula Calc. m/z Error [ppm] RDB mSigma 
563.907016 C75H99N22O24 563.906204 1.4 39 4.9 
845.356216 C75H98N22O24 845.355667 0.9 39 3.3 

MS1 of nocapeptin A  
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To certify the feature of interest, the MS2 fragments were studied to validate the de novo sequence 
of the peptide and hence fortify the connection between the questionable chemical entities and 
the lasso peptide BGC under investigation (Figures 61 and 62). 
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Figure 61. Schematic fragmentation of nocapeptins highlighting the localization of the crosslink 

 

Figure 62. Comparative MS2 profiles of nocapeptin A (5) and B (6) 

The collisional-induced dissociation (CID) fragments of the [M+2H]2+ feature of nocapeptin A (5) 
expectedly delivered a series of y ions that unequivocally proved the tail sequence. Despite the 
less probability to observe y ions arising from the ring breakage, a set of low intense fragments 
(y9, y10, and y12) was spotted thereby presenting a further alignment with the predicted CP (Table 

MS2 of nocapeptin A  

MS2 of nocapeptin B  
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26). Moreover, an array of b ions was deconvoluted from the MS2 spectrum confirming the order 
of the amino acids constituting the nocapeptin A ring and hence corroborating the BGC linkage 
(Figure 63, Table 26). 

 

Figure 63. The annotated MS2 spectrum of nocapeptin A (5) 

Interestingly, the constant mass drift of 2 Da loss in the observed b ions series compared to the 
calculated ones and the absence of m/z values of b1 / y14 and b2 / y13 fragments facilitated the 
allocation of the extra crosslink morph to be specifically introduced into the first three N-terminal 
residues of the lasso ring, Gly+1, Trp+2, and Tyr+3 (Table 26).  

Table 26. The assigned fragments of nocapeptin A (5) 
Fragment Ion Formula RDB Calc. m/z Meas. m/z Δ in ppm 

y1 C4H8NO4 2 134.0453 134.0450 2.24 
y2 C10H20N5O5 4 290.1464 290.1466 0.69 
z2 C10H17N4O5 5 273.1199 273.1198 0.37 
y3 C15H28N7O7 6 418.2050 418.2053 0.72 
z3 C15H25N6O7 7 401.1785 401.1784 0.25 
y4 C17H31N8O8 7 475.2265 475.2265 0.00 
z4 C17H28N7O8 8 458.1999 458.2002 0.65 
y5 C21H38N9O10 8 576.2742 576.2741 0.17 
z5 C21H35N8O10 9 559.2476 559.2482 1.07 
y6 C26H45N10O11 10 673.3269 673.3277 1.19 
z6 C26H42N9O11 11 656.3004 656.3009 0.76 
y7 C28H48N11O12 11 730.3484 730.3490 0.82 
z7 C28H45N10O12 12 713.3218 713.3223 0.70 
y8 C32H51N12O14 14 827.3648 --------- --------- 
y9 C43H61N14O15 21 1013.4441 1013.4434 0.69 
z9 C43H58N13O15 22 996.4175 996.4169 0.60 
y10 C48H69N16O17 23 1141.5027 1141.5036  0.79 
y11 C51H74N17O19 24 1228.5347 --------- --------- 
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y12 C53H77N18O20 25 1285.5562 1285.5639 5.98 
z12 C53H74N17O20 26 1268.5296 1268.5147 11.74 
y13 ---------  ---------  ---------  ---------  --------- 
y14 ---------  ---------  ---------  ---------  --------- 

  
b1 ---------  ---------  ---------  ---------  --------- 
b2 ---------  ---------  ---------  ---------  --------- 
b3 C22H21N4O4 15 405.1563 405.1562 0.25 
a3 C21H21N4O3 14 377.1614 377.1610 1.06 
b4 C24H24N5O5 16 462.1777 462.1778 0.22 
a4 C23H24N5O4 15 434.1828 434.1842 3.22 
b5 C27H29N6O7 17 549.2098 549.2099 0.18 
a5 C26H29N6O6 16 521.2149 521.2142 1.34 
b6 C32H37N8O9 19 677.2683 677.2675 1.18 
a6 C31H37N8O8 18 649.2734 649.2746 1.84 
b7 C43H47N10O10 26 863.3477 863.3494 1.97 
b8 C47H50N11O12 29 960.3640 960.3641 0.10 
a8 C46H50N11O11 28 932.3691 932.3705 1.50 
b9 C49H53N12O13 30 1017.3855 1017.3865 0.98 
a9 C48H53N12O12 29 989.3906 989.3904 0.20 
b10 C54H60N13O14 32 1114.4383 1114.4405 1.97 
a10 C53H60N13O13 31 1086.4434 1086.4480 4.23 
b11 C58H67N14O16 33 1215.4859 1215.4860 0.08 
a11 C57H67N14O15 32 1187.4910 1187.4883 2.27 
b12 C60H70N15O17 34 1272.5074 1272.5056 1.41 
a12 C59H70N15O16 33 1244.5125 1244.5106 1.53 
b13 C65H78N17O19 36 1400.5660 1400.5628 2.28 
a13 C64H78N17O18 35 1372.5711 1372.5808 7.07 
b14 C71H90N21O20 38 1556.6671 ---------  --------- 

 
During our preliminary analysis of the LCMS data of the R4 medium extracts, a relevant minor 
feature (m/z 861.3517, [M+2H]2+) was dereplicated to be structurally related to the nocapeptin A 
entity with a suggested ion formula of C75H98N22O26 and 39 RDB deciphering an additional tailoring 
with two oxygen atoms into the lasso architecture defining nocapeptin B (6) (Figure 62).  
In a similar fashion to nocapeptin A, the MS2 ions series of nocapeptin B (mainly y and b 
fragments) validated as well the sequence in terms of amino acid identities and order (Figure 64, 
Table 27). Expectedly, the further inter-linkage was found to be well kept within the ring sequence 
of the first three residues, Gly+1--Trp+2--Tyr3+ (Table 27). Moreover, the comparative CID-MS2 
fragments (bn) of nocapeptin B against the annotated major entity eased the allocation of the 
additional oxidative reactions to be structurally located at the same sequence of residues chunk 
in the form of double hydroxylations (Table 27). 
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Figure 64. The annotated MS2 spectrum of nocapeptin B (6) 

Table 27. The assigned fragments of nocapeptin B (6) 
Fragment Ion Formula RDB Calc. m/z Meas. m/z Δ in ppm 

y1 C10H20N5O5 2 134.0453 134.0450 2.24 
y2 C10H20N5O5 4 290.1464 290.1469 1.72 
z2 C10H17N4O5 5 273.1199 273.1207 2.93 
y3 C15H28N7O7 6 418.2050 418.2057 1.67 
z3 C15H25N6O7 7 401.1785 401.1795 2.49 
y4 C17H31N8O8 7 475.2265 475.2273 1.68 
z4 C17H28N7O8 8 458.1999 458.2005 1.31 
y5 C21H38N9O10 8 576.2742 576.2748 1.04 
z5 C21H35N8O10 9 559.2476 559.2488 2.15 
y6 C26H45N10O11 10 673.3269 673.3285 2.38 
z6 C26H42N9O11 11 656.3004 656.3018 2.13 
y7 C28H48N11O12 11 730.3484 730.3495 1.50 
z7 C28H45N10O12 12 713.3218 713.3232 1.96 
y8 C32H51N12O14 14 827.3648 827.3652 0.48 
y9 C43H61N14O15 21 1013.4441 1013.4437 0.39 
z9 C43H58N13O15 22 996.4175 996.4167 0.80 
y10 C48H69N16O17 23 1141.5027 1141.4966 5.34 
y11 C51H74N17O19 24 1228.5347 --------- --------- 
y12 C53H77N18O20 25 1285.5562 1285.5593 2.41 
y13 ---------  ---------  ---------  ---------  --------- 
y14 ---------  ---------  ---------  ---------  --------- 

 
b1 ---------  ---------  ---------  ---------  --------- 
b2 ---------  ---------  ---------  ---------  --------- 
b3 C22H21N4O6 15 437.1461 437.1465 0.92 
a3 C21H21N4O5 14 409.1512 409.1508 0.98 
b4 C24H24N5O7 16 494.1676 494.1684 1.62 



Results and Discussion 
 

81 
 

b5 C27H29N6O9 17 581.1996 581.2012 2.75 
a5 C26H29N6O8 16 553.2047 553.2033 2.53 
b6 C32H37N8O11 19 709.2582 709.2588 0.85 
a6 C31H37N8O10 18 681.2633 681.2683 7.34 
b7 C43H47N10O12 26 895.3375 895.3382 0.78 
a7 C42H47N10O11 25 867.3426 867.3448 2.54 
b8 C47H50N11O14 29 992.3539 992.3546 0.71 
a8 C46H50N11O13 28 964.3590 964.3606 1.66 
b9 C49H53N12O15 30 1049.3753 1049.3776 2.19 
a9 C48H53N12O14 29 1021.3804 1021.3828 2.35 
b10 C54H60N13O16 32 1146.4281 1146.4279 0.17 
a10 C53H60N13O15 31 1118.4332 1118.4271 5.45 
b11 C58H67N14O18 33 1247.4758 1247.4776 1.44 
a11 C57H67N14O17 32 1219.4809 1219.4809 0.00 
b12 C60H70N15O19 34 1304.4972 1304.4935 2.84 
a12 C59H70N15O18 33 1276.5023 1276.4985 2.98 
b13 C65H78N17O21 36 1432.5558 1432.5660 7.12 
b14 C71H90N21O22 38 1588.6569 ---------  --------- 

 
As a result of the possible assignment of the crosslink locality within the nocapeptins CP by MS2 
fragments, labeling experiments were conducted using [2H7] L-tyrosine and [2H8] L-tryptophane in 
the same fashion with nocathioamides to strengthen the connectivity between the suspected 
chemotypes and the BGC in question besides probing the exact contributing residues to this PTM. 
Unsurprisingly, the LCMS profiles of [2H7] L-Tyr experiment in duplicates clearly showed the 
incorporation of +6 Da with an equivocal proof of Tyr+3 involvement in the interlink reaction 
(Figure 65).  
 

 

Figure 65. Comparative MS1 of nocapeptin A (5) and its [2H7] L-tyrosine-based version 

Replicate I  

Replicate II  
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Within the same context and taking into account the predicted CP sequence of nocapeptins that 
codes for two Trp residues (+2 and +7), the supplementation of [2H8] L-Trp into IFM 0406 cultures 
resulted in a +16 Da mass drift which again added a further piece of evidence regarding tracking 
the right chemotypes (Figure 66).  

 

Figure 66. Comparative MS1 of nocapeptin A (5) and its [2H8] L-tryptophan-based version 

Aside from untangling the PTM of the crosslink, the observed mass shifts under the studied 
labeling conditions assisted to glean as well the L-stereochemistry of the Trp+2 and +7 in addition 
to Tyr+3 residues (Figures 65 and 66). 

4.10 Genome Mining of CYP450-mediated C-X Crosslink Containing Lasso Peptides   

In an attempt to retrieve further homologs of nocapeptin BGC featuring such unprecedented PTM 
within the lasso peptide context, nopA was used as an input query in alignment searches against 
the NCBI database. The sequence results conveyed a limited number of hits and on top of them 
N. terpenica NBRC 100888 and Longimycelium tulufanense CGMCC 4.5737 arose.  

The antiSMASH output of both isolates indeed revealed the presence of nocapeptin-similar BGCs 
(Figure 67). In the case of N. terpenica NBRC 100888, the architecture of the putative gene cluster 
exhibited an identical organization to the IFM0406. In addition, the precursor gene (A) sequence 
which encodes the CP of the lasso scaffold was highly similar to the IFM 0406 except for S+5 and 
Q+6 motifs which were exchanged with Q+5 and H+6 residues, respectively. 

Nocardia terpenica NBRC 100888

Longimycelium tulufanense

Nocardia terpenica IFM 0406

 

Figure 67. Putative homologous BGCs of nocapeptin 

Replicate I  

Replicate II  
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In contrast to the highly similar variant offered by NBRC 100888 gene cluster, the L. tulufanense 
hit comprised stark differences regarding its BGC and proposed chemical structure as well (Figure 
67). At first glance, the putative BGC was found to harbor an additional cytochrome P450 (lopG, 
TIGR04515 / TIGR04538) beside a lopH that encodes a hypothetical protein (Figure 68, Table 
28). In complementation with lopG and lopH, the remaining ORFs completed the genetic suite for 
assembling an unknown lasso peptide, termed longipeptin (Table 28).120c  

Furthermore, the sequence analysis of the precursor gene, lopA, indicated that the predicted 
lasso CP is different from the IFM0406 by five residues (W+3, A+5, N+6, S+11 and M+13) 
considering the amino acid identities (Figure 68). Since NopF was proposed to catalyze a 
crosslink in nocapeptins architecture and governed by the order of the genes, the homologous 
LopF was assumed in turn to mediate a similar event in the predicted product of L. tulufanense.  

Keeping in mind the numerous catalytic modifications that can be induced by CYP450 enzymes, 
LopG protein was anticipated to apply further PTM(s) in the longipeptin scaffold (Figure 68). 

 

Figure 68. Biosynthetic gene cluster (BGC) of longipeptin 

Table 28. Putative function of proteins from the lop BGC using RODEO 
 Automated RODEO Analysis 

Protein Accession Nr. Length [aa] PFAM (TIGRFam) hits Description E-value 
LopA WP_189061731.1 38 ----------------- ----------------- --------- 
LopC WP_194500064.1 536 PF00733 Asparagine synthase 1.40E-38 
LopF WP_189061729.1 404 TIGR04515 /  TIGR04538 Cytochrome P450 1.10E-50 
LopD WP_189061728.1 596 TIGR02204 ABC transporter 1.20E-94 
LopG WP_189061727.1 406 TIGR04515 / TIGR04538 Cytochrome P450 1.00E-46 
LopH WP_189061726.1 191 ----------------- ------------------ --------- 
LopE WP_189061725.1 85 PF05402 Stand alone lasso RRE 3.50E-27 
LopB WP_189061724.1 137 PF13471 Transglutaminase 1.80E-26 

 
4.11 Targeted Identification of Longipeptin Using Metabologenomics 
Armed with the compelling combination of two 
candidates of P450 cytochrome (lopF and 
lopG) within the longipeptin BGC and the 
unprecedented sequence of the lopA product, 
L. tulufanense was screened to uncover such 
a novel family of lasso peptide(s).  

The R4 medium-based cultivation of L. 
tulufanense processed by the same cultivation 
and extraction protocols of nocapeptin yielded in triplicates a set of ions (m/z 851, 843, and 844 
as [M+2H]2+) falling in the mass range of interest formulated by the predicted cleaved CP (Figures 



Results and Discussion 
 

84 
 

69 and 70). Using the HRMS measurements, the predicted molecular formula and RDB of such 
ions reflected indeed their relevance to the expected product, longipeptin (Table 29, Figure 69).  

Considering the comparative difference between the theoretical and observed m/z values in terms 
of MF variations, the longipeptins scaffold was found to be morphed with additional ancillary PTMs 
aside from the typical class-defining isopeptide modification and the extra crosslink tailoring of 
interest. 

 

Figure 70. LCMS profile of R4 medium showing the production of longipeptins 

Table 29. Molecular formula prediction of longipeptins 
Meas. m/z Ion Formula Calc. m/z Error [ppm] RDB mSigma 
851.3472, Longipeptin A (7) C76H98N22O22S 851.3461 0.4 40 4.6 
843.3501, Longipeptin B (8) C76H98N22O21S 843.3493 0.7 39 10.0 
844.3395, Longipeptin C (9) C75H96N22O22S 844.3390 0.6 40 11.2 
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Figure 71. Schematic scaffold of longipeptins, highlighting the localization of the crosslink and 
the extra oxidative events 
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The inspection of the CID-MS2 of the abundant feature m/z 851, longipeptin A (7), clearly 
presented a less informative spectrum in comparison to nocapeptins halting the complete de novo 
sequencing of the peptide (Figure 72). In light of the elemental deviations between the observed 
molecular formula and the predicted one, it was hinted that further cross-linkage, hydroxylation 
and methylation modifications were appended into the longipeptins framework. The successful 
deconvolution of b series assisted to localize both the extra crosslink tailoring and the 
hydroxylation event coupled with the class-defining macrolactam alteration (Figure 73, Table 30).  

 

Figure 72. Comparative MS2 profiles of longipeptins A (7), B (8) and C (9) 

Likewise in nocapeptins, the absence of b1 and b2 fragments in addition to the constant additive 
mass shifts monitored with the sequential b ions could uncover the position of the crosslink and 
oxidation events to be specifically located at the N-terminal first three residues of the lasso ring in 
longipeptin A, Gly+1--Trp+2--Trp3+ (Table 30, and Figure 73).      

 

Figure 73. The annotated MS2 spectrum of longipeptin A (7) 
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Table 30. The assigned fragments of longipeptin A (7)  
Fragment Ion Formula RDB Calc. m/z Meas. m/z Δ in ppm 

b1 --------- --------- --------- --------- --------- 
b2 --------- --------- --------- --------- --------- 
b3 C24H22N5O4 17 444.1672 444.1681 2.03 
a3 C23H22N5O3 16 416.1723 416.1728 1.20 
b4 C26H25N6O5 18 501.1886 501.1892 1.20 
a4 C25H25N6O4 17 473.1937 473.1945 1.70 
b5 C29H30N7O6 19 572.2258 572.2252 1.05 
a5 C28H30N7O5 18 544.2308 544.2306 0.37 
b6 C33H36N9O8 21 686.2687 686.2701 2.04 

b6-NH3 C33H33N8O8 22 669.2421 669.2424 0.45 
a6 C32H36N9O7 20 658.2738 658.2715 3.50 

a6-NH3 C32H33N8O7 21 641.2472 641.2470 0.31 
b7 C44H46N11O9 28 872.3480 872.3483 0.34 
b8 C48H49N12O11 31 969.3644 969.3653 0.93 

b8-NH3 C48H46N11O11 32 952.3378 952.3383 0.53 
a8 C47H49N12O10 30 941.3695 941.3700 0.53 

a8-NH3 C47H46N11O10 31 924.3429 924.3431 0.22 
b9 C50H52N13O12 32 1026.3858 1026.3852 0.58 

b9-NH3 C50H49N12O12 33 1009.3593 1009.3595 0.20 
a9 C49H52N13O11 31 998.3909 998.3922 1.30 

a9-NH3 C49H49N12O11 32 981.3644 981.3648 0.41 
b10 C55H59N14O13 34 1123.4386 1123.4378 0.71 
b11 C58H64N15O15 35 1210.4706 1210.4701 0.41 

b11-NH3 C58H61N14O15 36 1193.4441 1193.4462 1.76 
b11-NH3-H2O C58H59N14O14 37 1175.4335 1175.4315 1.70 

a11 C57H64N15O14 34 1182.4757 1182.4743 1.18 
a11-NH3 C57H61N14O14 35 1165.4492 1165.4471 1.80 

b12 C60H67N16O16 36 1267.4921 1267.5161 18.94 
a12 C59H67N16O15 35 1239.4972 1239.5103 10.56 

 
Despite the MS2 spectral similarity between m/z 851 and 843 (Figure 72), the minor non-
hydroxylated variant of longipeptin, B congener (8), afforded fewer b ions upon its CID 
fragmentation compared to the abundant representative (Figure 74). The observation of b7, b8 
and b9 fragments in combination with the a8 and a9 series secured the characteristic isopeptide 
formation along with the unique crosslink alteration within the ring of the lasso scaffold (Figure 
74, Table 31). 
 
Table 31. The assigned fragments of longipeptin B (8) 
Fragment Ion Formula RDB Calc. m/z Meas. m/z Δ in ppm 

b7 C44H46N11O8 28 856.3531 856.3499 3.73 
b8 C48H49N12O10 31 953.3695 953.3684 1.15 

b8-NH3 C48H46N11O10 32 936.3429 936.3437 0.85 
a8 C47H49N12O9 30 925.3745 925.3723 2.38 

a8-NH3 C47H46N11O9 31 908.3480 908.3486 0.67 
b9 C50H52N13O11 32 1010.3909 1010.3880 2.87 

b9-NH3 C50H49N12O11 33 993.3644 993.3659 1.51 
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a9 C49H52N13O10 31 982.3960 982.4099 14.15 
a9-NH3 C49H49N12O10 32 965.3695 965.3748 5.49 

b10 C55H59N14O12 34 1107.4437 1107.4352 7.68 
b11 C58H64N15O14 35 1194.4757 1194.4710 3.93 

b11-NH3 C58H61N14O14 36 1177.4492 1177.4526 2.89 
b11-NH3-H2O C58H59N14O13 37 1159.4386 1159.4420 2.93 

a11 C57H64N15O13 34 1166.4808 1166.4720 7.54 
a11-NH3 C57H61N14O13 35 1149.4543 1149.4795 21.92 

b12 C60H67N16O15 36 1251.4972 1251.4874 7.83 
 

 

Figure 74. The annotated MS2 spectrum of longipeptin B (8) 

In contrast to m/z 851 and 843, the traces of the non-methylated congener, longipeptin C (9), 
revealed very descriptive fragments upon its CID fragmentation spectrum enabling the complete 
sequencing of the peptide (Figures 72 and 75). In an analogous fashion to nocapeptins, the 
absence of b1 and b2 m/z values with their corresponding y13 and y14 ions pinpointed the 
localization of the conserved interlink which was further validated by the annotation of more ions 
of the b series (Figure 75, Table 32). Furthermore, the y ions particularly the y3 fragment and the 
constant H2O loss of y features could unveil the position of the hydroxylation modification to occur 
at Met+13 residue in longipeptin C (Table 32, Figure 71). 

Table 32. The assigned fragments of longipeptin C (9)  
Fragment Ion Formula RDB Calc. m/z Meas. m/z Δ in ppm 

y1 C4H8NO4 2 134.0453 --------- --------- 
y2 C10H20N5O5 4 290.1464 290.1467 1.03 
y3 C15H29N6O7S 5 437.1818 437.1821 0.69 

y3-H2O C15H27N6O6S 6 419.1713 419.1716 0.72 
y4 C17H32N7O8S 6 494.2033 494.2035 0.40 

y4-H2O C17H30N7O7S 7 476.1927 476.1940 2.73 
y5 C20H37N8O10S 7 581.2353 581.2343 1.72 
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y5-H2O C20H35N8O9S 8 563.2248 563.2198 8.88 
y6 C25H44N9O11S 9 678.2881 678.2881 0.00 

y6-H2O C25H42N9O10S 10 660.2775 660.2750 3.79 
y7 C27H47N10O12S 10 735.3096 735.3101 0.68 

y7-H2O C27H45N10O11S 11 717.2990 717.2998 1.12 
y8 C31H50N11O14S 13 832.3259 --------- --------- 
y9 C42H60N13O15S 20 1018.4053 1018.4202 14.63 
y10 C46H66N15O17S 22 1132.4482 1132.4597 10.15 
y11 C49H71N16O18S 23 1203.4853 --------- --------- 
y12 C51H74N17O19S 24 1260.5068 1260.5104 2.86 
y13 --------- --------- --------- --------- --------- 
y14 --------- --------- --------- --------- --------- 

  
b1 --------- --------- --------- --------- --------- 
b2 --------- --------- --------- --------- --------- 
b3 C24H22N5O3 17 428.1723 428.1705 4.20 
a3 C23H22N5O2 16 400.1773 400.1789 3.99 
b4 C26H25N6O4 18 485.1937 485.1940 0.62 
a4  C25H25N6O3 17 457.1988 457.2015 5.90 
b5 C29H30N7O5 19 556.2308 556.2310 0.36 
a5 C28H30N7O4 18 528.2359 528.2394 6.63 
b6 C33H36N9O7 21 670.2738 670.2711 4.03 
a6 C32H36N9O6 20 642.2789 642.2817 4.36 
b7 C44H46N11O8 28 856.3531 856.3567 4.20 
b8 C48H49N12O10 31 953.3695 953.3685 1.05 

b8-NH3 C48H46N11O10 32 936.3429 936.3435 0.64 
a8 C47H49N12O9 30 925.3745 925.3772 2.92 

a8-NH3 C47H46N11O9 31 908.3480 908.3467 1.43 
b9 C50H52N13O11 32 1010.3909 1010.3935 2.57 

b9-NH3 C50H49N12O11 33 993.3644 993.3627 1.71 
a9 C49H52N13O10 31 982.3960 982.3964 0.41 

a9-NH3 C49H49N12O10 32 965.3695 965.3679 1.66 
 

  
Figure 75. The annotated MS2 spectrum of longipeptin C (9) 
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4.12 Biosynthetic Novelty and Outlook of Nocapeptin(s) and Longipeptin(s) PTMs 

The bioinformatic analysis of nocapeptin BGC and its predicted scaffold facilitated to a greater 
extent the deorphanization and identification of the corresponding product from the large MS 
dataset generated upon OSMAC studies. Despite the bioinformatic disability to precisely predict 
the additional decoration mediated by the P450 enzyme (NopF) in the nocapeptin architecture, 
the current state of data, fundamentally counting on MS, served to decipher this chemical 
modification to be skeletally introduced as a novel oxidative inter-linkage.  

The selective integration of isotopically labeled substrates within the workflow, relying on the 
gleaned MS2 findings regarding a particular sequence of residues, was again a three-layered 
utility. The practicality covered establishing the connectivity between the BGC of interest and its 
expressed metabolites, probing the crosslink-contributing motifs, and assigning the 
stereochemistry of the supplemented substances. Yet, the recruited labeling strategy exhibited 
some limitations under the current study case in terms of exactly determining the second involved 
residue (Gly+1 or Trp +2) in the post-translational morph in nocapeptin A (5).   

Although an epimerization reaction can still account for the same observed mass shift (+6 Da) in 
nocapeptin A labeling experiment, however such probability was directly excluded due to two 
facts. The first reason was attributed to the lack of the genetic element in the nop BGC that can 
catalyze such a specific PTM. The second justification was derived from the absence of b2 / y13 
ions and the presence of b3 / y12 fragments in the MS data of both variants highlighting the 
structural ornament within this particular sequence of residues. Nevertheless, the mass shifts 
upon the Trp labeling experiment in nocapeptin A (5) did not deliver conclusive proof about the 
inter-linkage, it is still envisioned that the Trp+2 motif might be involved in the additional crosslink 
tailoring via its ring NH that cannot be inferred under the employed MS setup. 

Nocapeptins, aside from being the first lasso peptides to be reported from the genus Nocardia, 
structurally feature an unprecedented oxidative linkage that has not been witnessed across the 
PTM space of lasso peptides regardless of the class (Table 33). Regarding the double 
hydroxylations in nocapeptin B (6), it was presumed to be catalytically induced by npF under the 
aerobic conditions used during the cultivation.  

Table 33. Summary of the observed PTMs of nocapeptins 
PTMs Nocapeptin A (5) Nocapeptin B (6) 
 
Isopeptide PTM Yes  Yes 
Isopeptide localization G+1--D+8  G+1--D+8 
 
Ring crosslink PTM Yes  Yes 
Ring crosslink localization G+1--W+2--Y+3  G+1--W+2--Y+3 
 
Hydroxylations PTM ----  Yes 
Hydroxylations localization ---- G+1--W+2--Y+3 

 
The assembly of hydroxylated lasso entities was previously enlisted in class II exemplified by 
RES-701-2 and RES-701-4 where C7-hydroxylation is introduced in the C-terminal Trp 
residues.175 Recently, the cloning and heterologous expression of RES-701-4 BGC proved the 
necessity of a conserved resE in the hydroxylation step to append such tailoring within similar 
architectures.176 A further instance with a hydroxylated lasso skeleton was delivered by canucin 
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A from Streptomyces canus in which a hydroxyl group is installed at the β-carbon of the C-terminal 
aspartate residue. The biochemical characterization experiments revealed CanE, an iron/2-
oxoglutarate-dependent enzyme, is in charge of introducing such PTM before the macrolactam 
cyclization event.177 

Although longipeptins were disclosed via a BLASTP search using the NopA amino acid sequence 
with the purpose of unearthing further homologues that can encode a specific novel inter-linkage, 
they were post-translationally able to leverage the chemical modifications with further tailorings 
like hydroxylation and methylation reactions (Table 34). The study of CID-MS2 fragments could 
fairly pinpoint the structural modifications of the oxidative crosslink and the hydroxylation event in 
contrast to the installed methylation group that remains enigmatic in terms of position. From a 
PTM perspective, longipeptin A represents the most tailored lasso peptide till now with one class-
defining modification as a macrolactam ring, in addition to three different ancillary alterations. 

Table 34. Summary of the observed PTMs of longipeptins 
PTMs Longipeptin A (7) Longipeptin B (8)  Longipeptin C (9) 
 
Isopeptide PTM Yes Yes  Yes 
Isopeptide localization G+1--D+8 G+1--D+8  G+1--D+8 
 
Ring crosslink PTM Yes Yes  Yes 
Ring crosslink localization G+1--W+2--W+3 G+1--W+2--W+3 *  G+1--W+2--W+3 
 
Hydroxylation PTM Yes ----  Yes 
Hydroxylation localization G+1--W+2--W+3 ---- M+13 
 
Methylation PTM Yes Yes  ---- 
Methylation localization No No ---- 
 
* deduced through b8 / a8 ions rather than b3 / a3 fragments  

 
Bearing in mind the genetic organization of the nocapeptin BGC, it is hypothesized that the LopF 
enzyme in the longipeptin BGC mediates the cross-linkage while the enzymatic installation of the 
hydroxyl group is catalyzed by LopG. Although lopH lacks putatively conserved domains to predict 
its catalytic function, the futuristic experiments of genetic deletion can aid in identifying its role 
whether it is relevant to the methylation step or is non-enzymatically controlled.  

While the MS technique presented almost a complete overview about nocapeptin A (5) and 
longipeptin A (7) architectures, an extensive structural elucidation by NMR is still needed to close 
the inter-linkage gap in addition to the additional PTMs observed in longipeptin A scaffold. 
Currently, the isolation of longipeptin A is ongoing whereas full 2D-NMR spectra of nocapeptin A 
(400 and 700 MHz) were collected. Due to time constraints, the NMR datasets were not inspected.  

As formerly stated, we hypothesized based on the feeding experiments of specific labeled 
precursors the that Trp+2 residue is the contributing motif in the oxidative linkage with either Tyr+3 
unit in nocapeptins or Trp+3 residue in longipeptins via its aromatic NH. In general, the occurrence 
of oxidative crosslinks in RiPPs has been witnessed in a handful of instances covering different 
classes exmplified by streptides from Streptococcus thermophilus178 and darobactin from 
Photorhabdus khanii HGB1456.179 Structurally, such entities frame a post-translationally installed 
Lys– Trp and Trp-Trp crosslinks mediated by rSAM enzymes (Figure 76). 
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Figure 76. Exmeplary RiPPs containing oxidative crosslinks mediated by rSAM  

In concert with the catalyzed macrocyclization by rSAMs, P450 cytochromes were also found to 
append many unusual oxidative events in numerous RiPP architectures. Corcagin A, from  the 
myxobacterium Chondromyces crocatus Cm c5, depicts an exemplary morphed RiPP through an 
extensive posttranslationally modifying process catalyzed by a dioxygenase (Figure 77).180 In 
addition, tryptorubin A, from Streptomyces sp. CLI2509, represnts an exquisite skeletally modified 
scaffold coded by a RiPP BGC in which a processing cytochrome P450 enzyme is harboured to 
catalyze three different oxidative crosslinks including Trp-Tyr, Trp-Trp and Trp-backbone amidic 
NH (Figure 77).181  

 

Figure 77. Selected RiPPs featuring oxidative interlinkages installed by CYP450 

Aside from the interesting PTMs witnessed in nocapeptins and longipeptins frameworks, the 
threading property of these entities has to be also warranted through NOESY correlations to 
secure the lasso format and the steric plugs as well. 

Since the architectures of nocapeptins and longipeptins come fully loaded with an exceptional 
conserved crosslink and further interesting PTMs, the genetic engineering of nop and lop BGCs 
in combination with the biochemical characterization will possibly be able to assign the processing 
enzymes to their respective biosynthetic events and hence dissecting the biogenesis order and 
timing.  

 

Streptide  Darobactin  

Corcagin A  Trytorubin A  
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5.  Conclusion and Outlook 

The latest initiatives of the genome sequencing projects of various pathogenic Nocardia spp. 
revealed untapped cryptic biosynthetic talent shared across most of the Nocardia genus members 
branding them as an underexplored source of novel secondary metabolites.          

The phylogenetically related isolates N. terpenica IFM 0406, and IFM 0706T, as representative 
clinical members, delivered a relatively large number of BGCs encoded within their genomes with 
a huge metabolic reservoir of extremely diverse biosynthetic machineries yet to be discovered. 

Since major hurdles in activating this biosynthetic chemical diversity are usually encountered 
under laboratory conditions, a genome-mining prioritization strategy was adopted within the scope 
of this work, taking into account the novelty of the contributing biosynthetic enzymes in terms of 
occurrence and combination. While the identification of the optimal conditions that regulate the 
secondary metabolism of a BGC of interest remains a challenge, the application of genetics-free 
tactics like the variation of growth conditions (OSMAC concept) and an elicitor screening still 
present a simple alternative in awakening silent BGC(s) of interest. 

Driven by the limited chemical space of discovered RiPP entities delivered by Nocardia spp. and 
the unusual skeletal modifications that RiPP tailoring enzymes can append, a targeted campaign 
of RiPP genome mining led to the prioritization of two unusual BGCs in IFM 0406, and 0706 
genomes coding for novel products. 

To assist and accelerate the detection of the products under investigation, a configured 
metabolomics strategy was recruited. The developed analytical approach mainly relied on the 
mass shifts observation upon using particular labeled amino acids once a candidate ion feature(s) 
was recognized under a defined cultivation condition. The choice of the isotopically labeled 
substrates was on the basis of the putative sequence of the predicted core peptide. The 
application of OSMAC and the tuned analytical approach enabled the retrieval of ideal growing 
conditions that triggered the production of secondary metabolites expressed by the two BGCs 
under question. Upon upscaling, enough amounts of the products were isolated and structurally 
characterized by NMR spectroscopy. 

The deorphanization of the first RiPP-BGC, nta, resulted in the discovery of chimeric lanthipeptide 
scaffolds belonging to class I, termed nocathioamides. Their architectures represented a hyper-
modified RiPP in which 11 out of 13 amino acid residues underwent specific and different tailoring 
reactions [(Me)Lan, thioamidation, azole formation, N-acetylation, (C and S) oxidation, 
dehydration, epimerization, and macroimidation]. Ultimately, nocathioamides A-C define a new 
class of RiPPs hovering over three different class-defining biosynthetic machineries of 
lanthipeptides, LAPs and rare thioamitides, additionally decorated with unprecedented 
macrocyclic imide tailoring. 

The second prioritized RiPP-BGC, nop, was activated under single specific growth parameters. 
The genetically translated products were found to feature, besides the class-defining modification, 
an additional ancillary oxidative PTM(s). Nocapeptin A, isolated from IFM 0406, inaugurated the 
first lasso peptide entity from the genus Nocardia and on top of that, the scaffold delivered an 
elusive installation of oxidative crosslinkage (C-X). Bioinformatic leverage of nocapeptins BGC 
enriched this novel molecular family with further novel members, termed longipeptins from 
Longimycelium tulufanense. Structurally, longipeptin A architecture was able to post-
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translationally append three further ancillary alterations [oxidative crosslink (C-X), hydroxylation, 
and methylation] besides the typical macrolactam tailoring. 

Within the scope of this study, we demonstrated the utility and practicality of a newly optimized 
metabologenomic approach through its application to a set of orphan gene clusters found in the 
genomes of N. terpenica and L. tulufanense. This approach led to the discovery of three novel 
RiPP molecular families, nocathioamides, nocapeptins, and longipeptins. 

Such chemical entities could have been overlooked by regular LC/MS screening due to peaks 
overlapping and/or the appearance as minor peaks. We achieved the isolation by the 
bioinformatic prediction of the resulting peptide and used this information, after a round of media 
optimization, to screen for specific mass drifts of some amino acid residues upon labeling besides 
particular NMR features after fractionation.  

The practicality of the isotopic labeling experiments was multipurpose: They early connected the 
suspected chemotypes with the BGC of interest, narrowed down the cleavage site in 
nocathioamides, probed the involved residues in the oxidative crosslink (C-X) in nocapeptins and 
longipeptins in addition to allowing the determination of the absolute configuration of the involved 
amino acids. The developed hybrid MS/NMR tactic represents a valuable complement to the 
existing genome mining strategies, particularly for RiPPs lacking a predictable bioactivity or mass 
ranges as clearly found in nocathiomaides.  

Albeit the adopted approach applied in this study resulted in characterizing thiazole-containing 
RiPPs and lasso peptides, it still could be modulated to target other rare functional groups of 
RiPPs. For example, the integration of 1H-15N HSQC and 1H-15N HMBC NMR screening 
components can enable to delve more RiPP featuring imide moieties or unusual nitrogen 
crosslinks. Furthermore, with a refocused 1H-13C-HMBC sequence that takes into account the 
low-relaxing quarternary atoms of thioamide carbonyl groups, it could be implemented to unearth 
further thioamidated RiPPs. 

While the discovery of nocathioamides and nocapeptins in addition to longipeptins brings up a 
legion of firsts into RiPPs, the nta, nop and lop BGCs set the stage for studying the interplay of 
the involved enzymes to elucidate the currently enigmatic biosynthetic events. This will possibly 
enrich the biocatalytic toolbox with various tailoring RiPP enzymes that can be harnessed in 
synthetic biology and synthetic chemistry contexts.  

For example, the futuristic in vitro reconstitution of the monooxygenases found in nta, nop, lop 
encoding clusters and their substrates tolerance represents an exquisite panel of new processing 
enzymes that can install specific and/or rare PTMs. In parallel, the exceptional combinations of 
the different biogenesis machineries with various modifying enzymes witnessed either in the nta 
chimeric BGC or in the nop and lop clusters can assist in the current combinatorial biosynthesis 
endeavors towards the engineering of new-to-nature hybrid RiPPs customized with rare and/or 
particular modifications. 
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7.  Appendix 

 

Figure A1. Comparative MS1 of nocathioamide A (1) (1315 Da [M+H]+, 658 Da [M+2H]2+) and its 15N-based version 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2. Magnified doubly ([M+2H]2+, panel A) and singly ([M+H]+, panel B) charged ions of nocathioamide A (1) and its 15N-based version 

A B 
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Figure A3. Comparative MS1 of nocathioamide B (2) (1331 Da [M+H]+, 666 Da [M+2H]2+) and its 15N-based version  

 

 

 

 

 

 

 

 

 

 

 

Figure A4. Magnified doubly ([M+2H]2+, panel A) and singly ([M+H]+, panel B) charged ions of nocathioamide B (2) and its 15N-based version 

A B 
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Figure A5. Comparative MS1 of nocathioamide A (1) and its ([2H10] L-leucine)-based version 

 

 

 

 

 

 

 

 

 

 

 

Figure A6. Enlarged doubly ([M+2H]2+, panel A) and singly ([M+H]+, panel B) charged ions of nocathioamide A (1) and its ([2H10] L-leucine)-based version 
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Figure A7. Comparative MS1 of nocathioamide B (2) and its ([2H10] L-leucine)-based version 

 

 

 

 

 

 

 

 

 

 

 

Figure A8. Enlarged doubly ([M+2H]2+, panel A) and singly ([M+H]+, panel B) charged ions of nocathioamide B (2) and its ([2H10] L-leucine)-based version 
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Figure A9. Comparative MS1 of nocathioamide A (1) and its ([2H7] L-proline)-based version 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A10. Enlarged doubly ([M+2H]2+, panel A) and singly ([M+H]+, panel B) charged ions of nocathioamide A (1) and its ([2H7] L-proline)-based version 
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Figure A11. Comparative MS1 of nocathioamide B (2) and its ([2H7] L-proline)-based version 

 

 

 

Figure S8A.  Enlarged singly charged ions ([M+H]+) of nocathioamide B (2) and its ([2H7] L-proline)-based version 

 

 

Figure S8B.  Enlarged singly charged ions ([M+2H]2+) of nocathioamide B (2) and its ([2H7] L-proline)-based version 

 

 

 

 

 

 

Figure A12. Enlarged doubly ([M+2H]2+, panel A) and singly ([M+H]+, panel B) charged ions of nocathioamide B (2) and its ([2H7] L-proline)-based version 
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                                             Figure A13.  MS1 and molecular formula prediction of nocathioamide A (1) 
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                                                    Figure A14.  MS1 and molecular formula prediction of nocathioamide B (2) 
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                                                            Figure A15.  MS1 and molecular formula prediction of nocathioamide C (3) 
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Figure A16. HPLC profile of the n-butanol extract of cell-free supernatant of IFM 0406  

  

Figure A17.  HPLC profiles of VLC fractions of the n-butanol extract (Left); HPLC profiles of Sephadex LH-20 subfractions of 70% MeOH VLC fraction (Right) 
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Figure A18.  HPLC profile of fraction A-100% H2O LH-20 (Left); HPLC profile of prepurified nocathioamide B (2) (Right) 

  

Figure A19. HPLC profile of fraction B-100% H2O LH-20 (Left); HPLC profile of prepurified nocathioamide A (1) (Right) 
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Figure A20. 1H-NMR spectrum of nocathioamide A (1) (d4-CH3OH, 400 MHz, Left); 13C-NMR spectrum of nocathioamide A (1) (d4-CH3OH, 100 MHz, Right) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A21. DEPT-135 spectrum of nocathioamide A (1) (d4-CH3OH, 100 MHz, Right); 1H-13C edited HSQC spectrum of nocathioamide A (1) (d4-CH3OH, 400 MHz, Left) 
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Figure A22. 1H-13C HSQC-TOCSY spectrum of nocathioamide A (1) (d4-CH3OH, 400 MHz, Left); 1H-13C HMBC spectrum of nocathioamide A (1) (d4-CH3OH, 400 MHz, 
Right) 

 

Figure A23. Band-Selective 1H-13C-HMBC spectrum of nocathioamide A (1) (d4-CH3OH, 400 MHz, Left), 1H-1H COSY spectrum of nocathioamide A (1) (d4-CH3OH, 400 
MHz, Right) 
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Figure A24. 1H-1H TOCSY spectrum of nocathioamide A (1) (d4-CH3OH, 400 MHz, left); 1H-1H NOESY spectrum of nocathioamide A (1) (d4-CH3OH, 400 MHz, d8 = 300 
msec, Right) 

 

Figure A25. 1H-NMR spectrum of nocathioamide A (1) (d3-CH3OH, 400 MHz, Left); 13C-NMR spectrum of nocathioamide A (1) (d3-CH3OH, 100 MHz, Right) 
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Figure A26. DEPT-135 spectrum of nocathioamide A (1) (d3-CH3OH, 100 MHz, Left); 1H-13C edited HSQC spectrum of nocathioamide A (1) (d3-CH3OH, 400 MHz, Right) 

  

Figure A27. 1H-13C HSQC-TOCSY spectrum of nocathioamide A (1) (d3-CH3OH, 400 MHz, Left); 1H-13C HMBC spectrum of nocathioamide A (1) (d3-CH3OH, 400 MHz, 
Right) 
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Figure A28. 1H-13C Band-Selective HMBC spectrum of nocathioamide A (1) (d3-CH3OH, 400 MHz, Left); 1H-1H COSY spectrum of nocathioamide A (1) (d3-CH3OH, 400 
MHz, Right) 

 

Figure A29. 1H-1H TOCSY spectrum of nocathioamide A (1) (d3-CH3OH, 400 MHz, Left); 1H-1H TOCSY WET spectrum of nocathioamide A (1) (d3-CH3OH, 400 MHz, Right) 
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Figure A30. 1H-1H NOESY spectrum of nocathioamide A (1) (d3-CH3OH, 400 MHz, d8 = 300 msec, Left); 1H-1H NOESY WET spectrum of nocathioamide A (1) (d3-CH3OH, 
400 MHz, d8 = 300 msec, PLW1 = 27, Right) 

  

Figure A31. 1H-15N HSQC spectrum of nocathioamide A (1) (d3-CH3OH, 400 MHz, Left); Magnified 1H-15N HSQC-TOCSY spectrum of nocathioamide A (1) (d3-CH3OH, 400 
MHz, Right) 
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Figure A32. 1H-15N HMBC spectrum of nocathioamide A (1) (d3-CH3OH, 400 MHz, Left); 1H-NMR spectrum of nocathioamide A (1) (d3-CH3OH, 700 MHz, Right) 

  

Figure A33. 13C-NMR spectrum of nocathioamide A (1) (d3-CH3OH, 176 MHz, Left); 1H-13C HSQC spectrum of nocathioamide A (1) (d3-CH3OH, 700 MHz, Right) 
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Figure A34. 1H-13C HSQC-TOCSY spectrum of nocathioamide A (1) (d3-CH3OH, 700 MHz, Left); 1H-13C HMBC spectrum of nocathioamide A (1) (d3-CH3OH, 700 MHz, 
Right) 

  

Figure A35. 1H-1H COSY spectrum of nocathioamide A (1) (d3-CH3OH, 700 MHz, Left); 1H-1H TOCSY spectrum of nocathioamide A (1) (d3-CH3OH, 700 MHz, Right) 
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Figure A36. 1H-1H NOESY spectrum of nocathioamide A (1) (d3-CH3OH, 700 MHz; d8 = 300 msec, Left); 1H-1H NOESY spectrum of nocathioamide A (1) (d3-CH3OH, 700 
MHz; d8 = 500 msec, Right) 

  

Figure A37. 1H-15N HSQC spectrum of nocathioamide A (1) (d3-CH3OH, 700 MHz, Left); 1H-15N HMBC spectrum of nocathioamide A (1) (d3-CH3OH, 700 MHz, Right) 



Appendix 
 

127 
 

  

Figure A38. 1H-15N HMBC partial SW spectrum of nocathioamide A (1) (d3-CH3OH, 700 MHz, Left); 1H-NMR spectrum of nocathioamide B (2) (d4-CH3OH, 400 MHz, Right) 

  

Figure A39. 13C-NMR spectrum of nocathioamide B (2) (d4-CH3OH, 100 MHz, Left); DEPT-135 spectrum of nocathioamide B (2) (d4-CH3OH, 100 MHz, Right) 
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Figure A40. 1H-13C HSQC spectrum of nocathioamide B (2) (d4-CH3OH, 400 MHz, Left); 1H-13C HSQC-TOCSY spectrum of nocathioamide B (2) (d4-CH3OH, 400 MHz, 
Right) 

  

Figure A41. 1H-13C HMBC spectrum of nocathioamide B (2) (d4-CH3OH, 400 MHz, Left); 1H-1H COSY spectrum of nocathioamide B (2) (d4-CH3OH, 400 MHz, Right) 



Appendix 
 

129 
 

  

Figure A42. 1H-1H TOCSY spectrum of nocathioamide B (2) (d4-CH3OH, 400 MHz, Left); 1H-1H NOESY spectrum of nocathioamide B (2) (d4-CH3OH, 400 MHz, d8 = 300 
msec, Left) 

 

Figure A43. 1H-NMR spectrum of nocathioamide B (2) (d3-CH3OH, 400 MHz, Left); 13C-NMR spectrum of nocathioamide B (2) (d3-CH3OH, 100 MHz, Right) 
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Figure A44. DEPT-135 spectrum of nocathioamide B (2) (d3-CH3OH, 100 MHz, Left); 1H-13C HSQC spectrum of nocathioamide B (2) (d3-CH3OH, 400 MHz, Right) 

   

Figure A45. 1H-13C HSQC-TOCSY spectrum of nocathioamide B (2) (d3-CH3OH, 400 MHz, Left); 1H-13C HMBC spectrum of nocathioamide B (2) (d3-CH3OH, 400 MHz, 
Right) 
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Figure A46. Band-Selective HMBC spectrum of nocathioamide B (2) (d3-CH3OH, 400 MHz, Left); 1H-1H COSY spectrum of nocathioamide B (2) (d3-CH3OH, 400 MHz, 
Right) 

  

Figure A47. 1H-1H TOCSY spectrum of nocathioamide B (2) (d3-CH3OH, 400 MHz, Left); 1H-1H TOCSY WET spectrum of nocathioamide B (2) (d3-CH3OH, 400 MHz, Right) 
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Figure A48. 1H-1H NOESY WET spectrum of nocathioamide B (2) (d3-CH3OH, 400 MHz, d8 = 300 msec, PLW1=15, Left); 1H-NMR spectrum of nocathioamide B (2) (d3-
CH3OH, 700 MHz, Right) 

  

Figure A49. 13C-NMR spectrum of nocathioamide B (2) (d3-CH3OH, 176 MHz, Left); 1H-13C edited HSQC spectrum of nocathioamide B (2) (d3-CH3OH, 700 MHz, Right) 
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Figure A50. 1H-13C HSQC-TOCSY spectrum of nocathioamide B (2) (d3-CH3OH, 700 MHz, Left); 1H-13C HMBC spectrum of nocathioamide B (2) (d3-CH3OH, 700 MHz, 
Right) 

  

Figure A51. 1H-1H COSY spectrum of nocathioamide B (2) (d3-CH3OH, 700 MHz, Left); 1H-1H TOCSY spectrum of nocathioamide B (2) (d3-CH3OH, 700 MHz, Right) 
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Figure A52. 1H-1H NOESY spectrum of nocathioamide B (2) (d3-CH3OH, 700/700 MHz, d8 = 300 msec, Left); 1H-NMR spectrum of nocathioamide A (1) (d6-DMSO, 400 
MHz, Right) 

  

Figure A53. 13C-NMR spectrum of nocathioamide A (1) (d6-DMSO, 100 MHz, Left); DEPT-135 spectrum of nocathioamide A (1) (d6-DMSO, 100 MHz, Right) 
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Figure A54. 1H-13C HSQC spectrum of nocathioamide A (1) (d6-DMSO, 400 MHz, Left); 1H-13C HSQC-TOCSY spectrum of nocathioamide A (1) (d6-DMSO, 400 MHz, Right) 

  

Figure A55. 1H-13C HMBC spectrum of nocathioamide A (1) (d6-DMSO, 400 MHz, Left); 1H-1H COSY spectrum of nocathioamide A (1) (d6-DMSO, 400 MHz, Right) 
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Figure A56. 1H-1H TOCSY spectrum of nocathioamide A (1) (d6-DMSO, 400 MHz, Left); 1H-15N HSQC spectrum of nocathioamide A (1) (d6-DMSO, 400 MHz, Right) 

  

Figure A57. 1H-15N HMBC spectrum of nocathioamide A (1) (d6-DMSO, 400 MHz, Left); 1H-1H NOESY spectrum of nocathioamide A (1) (d6-DMSO, 400/400 MHz, d8 = 300 
msec, Right) 
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Figure A58. Magnified 1H-1H NOESY spectrum of nocathioamide A (1) (d6-DMSO, 400 MHz, d8 = 300 msec, Left); 1H-15N HSQC spectrum of glutarimide (d3-CH3OH, 400 
MHz, Right) 
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Figure A59.  UV spectra of nocathioamide A (1) (panel I) and B (2) (panel II) & FT-IR spectra of nocathioamide A (1) (panel III) and B (2) (panel IV).  
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Figure A60.  HPLC profile of Fr 60% MeOH VLC highlighting the isolation of nocapeptin A. 
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