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SUMMARY  

 

The continuous emergence of antibiotic-resistant pathogens and the urgent need for novel 

antibacterial agents require innovative strategies for the discovery of new natural products. 

Actinobacteria have long been recognized as prolific producers of bioactive secondary 

metabolites; however, their vast chemical diversity remains far from fully explored. Expanding 

and facilitating the discovery of novel natural products from actinobacterial sources therefore 

represents an important challenge in contemporary drug discovery research.  

 

In this thesis, novel natural products from actinobacteria of the DSMZ and Tübingen strain 

collections were investigated with the objective of expanding accessible chemical diversity for 

antibacterial drug discovery. A genome mining approach based on the phosphoenolpyruvate 

mutase (pepM) gene was applied to 940 actinomycete genomes, allowing the identification of 

putative phosphonate producers and the assessment of their phylogenetic distribution. 

Subsequently, 28 pepM-positive strains were cultivated under diverse growth conditions, and 

their metabolite profiles were analyzed by NMR spectroscopy. By combining bioinformatic 

analyses, targeted gene deletion, heterologous expression, and NMR-based structure 

elucidation, the minimal biosynthetic gene clusters required for phosphonate production were 

identified in Kitasatospora fiedleri DSM 114396 and Streptomyces iranensis DSM 41954. To 

enable the isolation and characterization of phosphonate compounds, several enrichment and 

purification strategies were developed, including chemical labeling reactions as well as size 

exclusion chromatography, hydrophilic interaction liquid chromatography (HILIC), and ion-

exchange techniques. In addition, a multiplexed chemical metabolomics workflow (MCheM) 

employing post-column derivatization reactions was established for non-targeted LC-MS/MS 

analysis. Application of this workflow resulted in the isolation and structural characterization of 

7-glycosyl oxazolomycin D from Streptomyces libani subsp. rufus DSM 41230, representing 

the first reported glycosylated member of the oxazolomycin family. 

 

Furthermore, the metabolic potential of Streptomyces aureocirculatus DSM 40386 was 

explored, leading to the discovery of piperazic acid-containing peptides. Their mode of action 

was investigated using a bioreporter-based assay. Moreover, the presence of a brominated 

compound was detected, indicating additional unexplored chemical diversity, although its full 

characterization remains pending. 

 

In summary, the results presented in this thesis demonstrate that the integration of genome 

mining, advanced metabolomics workflows and targeted biosynthetic investigations 

constitutes a robust strategy for the discovery and characterization of previously inaccessible 

natural products from actinobacteria, thereby providing a strong basis for future antibacterial 

lead discovery. 

 

 



ZUSAMMENFASSUNG 

Das ständige Auftreten antibiotikaresistenter Krankheitserreger und der dringende Bedarf an 

neuartigen antibakteriellen Wirkstoffen erfordern innovative Strategien zur Entdeckung neuer 

Naturstoffe. Actinobakterien sind seit langem als produktive Erzeuger bioaktiver 

Sekundärmetabolite bekannt; ihre enorme chemische Vielfalt ist jedoch noch bei weitem nicht 

vollständig erforscht. Die Erweiterung und Erleichterung der Entdeckung neuartiger 

Naturstoffe aus actinobakteriellen Quellen stellt daher eine wichtige Herausforderung in der 

zeitgenössischen Wirkstoffforschung dar. 

 

In dieser Arbeit wurden neuartige Naturstoffe aus Actinobakterien der DSMZ- und Tübinger 

Stammsammlungen mit dem Ziel untersucht, die zugängliche chemische Vielfalt für die 

antibakterielle Wirkstoffforschung zu erweitern. Ein Genome-Mining-Ansatz basierend auf 

dem Phosphoenolpyruvat-Mutase-Gen (pepM) wurde auf 940 Actinomyceten-Genome 

angewandt, was die Identifizierung potenzieller Phosphonat-Produzenten und die Bewertung 

ihrer phylogenetischen Verteilung ermöglichte. Anschließend wurden 28 pepM-positive 

Stämme unter verschiedenen Wachstumsbedingungen kultiviert und ihre Metabolitenprofile 

mittels NMR-Spektroskopie analysiert. Durch die Kombination von bioinformatischen Analysen, 

gezielter Gendeletion, heterologer Expression und NMR-basierter Strukturaufklärung wurden 

die für die Phosphonatproduktion erforderlichen minimalen biosynthetischen Gencluster in 

Kitasatospora fiedleri DSM 114396 und Streptomyces iranensis DSM 41954 identifiziert. Um 

die Isolierung und Charakterisierung von Phosphonatverbindungen zu ermöglichen, wurden 

verschiedene Anreicherungs- und Reinigungsstrategien entwickelt, darunter 

Isotopenmarkierungsreaktionen sowie Größenausschlusschromatographie, Hydrophile 

Interaktions-Flüssigkeitschromatographie (HILIC) und Ionenaustauschtechniken. Zusätzlich 

wurde ein multiplexer chemischer Metabolomics-Workflow (MCheM) unter Verwendung von 

Post-Column-Derivatisierungsreaktionen für die nicht-zielgerichtete LC-MS/MS-Analyse 

etabliert. Die Anwendung dieses Workflows führte zur Isolierung und strukturellen 

Charakterisierung von 7-Glycosyloxazolomycin D aus Streptomyces libani subsp. rufus DSM 

41230, was den ersten beschriebenen glycosylierten Vertreter der Oxazolomycin-Familie 

darstellt. 

 

Darüber hinaus wurde das metabolische Potenzial von Streptomyces aureocirculatus DSM 

40386 untersucht, was zur Entdeckung von Piperazinsäure-haltigen Peptiden führte. Ihr 

Wirkmechanismus wurde mithilfe eines Bioreporter-basierten Assays untersucht. Zudem 

wurde das Vorhandensein einer bromierten Verbindung nachgewiesen, was auf eine weitere 

unerschlossene chemische Vielfalt hindeutet, wenngleich deren vollständige 

Charakterisierung noch aussteht. 

 

Zusammenfassend zeigen die in dieser Arbeit vorgestellten Ergebnisse, dass die Integration 

von Genome Mining, fortschrittlichen Metabolomics-Workflows und gezielten biosynthetischen 

Untersuchungen eine robuste Strategie zur Entdeckung und Charakterisierung bisher 

unzugänglicher Naturstoffe aus Actinobakterien darstellt und somit eine solide Grundlage für 

die zukünftige Entdeckung antibakterieller Leitstrukturen bietet. 
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1 INTRODUCTION 

1.1 Microbial-derived natural products 

Natural products (NPs) are organic molecules generated through the biosynthetic processes 

of living organisms. They constitute an essential and invaluable source of inspiration for the 

discovery and development of novel therapeutics to address threats to human health, 

particularly in the field of drug discovery, including antibiotics, anticancer agents, immune-

suppressants and so on.1Previous statistical analysis revealed that more than half of small 

molecule medicines approved by the U.S. Food and Drug Administration (FDA) between 

January 1981 and September 2019, were developed either directly or indirectly based on NPs, 

or mimicked their key pharmacophoric elements, particularly those sourced from plants, 

animals and microbes.2,3Among them, microbial-derived NPs have attracted increasing 

interest because of their immense structural diversity, unique mechanisms of action, and broad 

spectrum of biological properties. Around 5000 of compounds from microbes had been 

recognize, and the numbers are still rising.4 

Microbes, also called microorganisms, are not only the oldest life presence on earth, but also 

prolific producers of bioactive secondary metabolites, which all have revolutionized human 

healthcare. For instance, penicillin, discovered in the crude extract of Penicillum rubens in 

1928, is a famous and important beta-lactam antibiotic used for the treatment of a broad 

spectrum of infections caused by Gram-positive bacteria. The other representative example is 

clinic medicine anticancer doxorubicin, isolated from streptomyces. However, the golden era 

(1940s to 1960s) of the discovery of bioactive NPs especially antibiotics had ended due to 

repeatedly isolation of known compounds (Figure 1). In addition, other issues further speeded 

up this decline, including challenges associated with the stability, formulation, and resupply of  

structurally complex molecules; the limited compatibility of NPs with high-throughput screening 

approaches; and the tendency for screening libraries to compounds with reduced stereo-

chemical complexity.5Although the gap between the huge research investment and the 

limitation of novel skeletons of NPs have prompted many pharmaceutical companies to 

chemically synthesize bioactive molecules instead of isolation of NPs from microbial extracts, 

the microbial-derived NPs still can provide a new insight to bio-mimicked synthesis. 

Furthermore, in most cases, NPs exhibit superior antibacterial activity compared with synthetic 

screening hits, which is not surprising given that antibiotic-producing strains have undergone 

long term co-evolution with other organisms while competing with same ecological niche for 

more than millions of years.6In recent years, the intersection of synthetic molecules bottlenecks 

and the rising incidence of drug-resistant pathogens, as well as technological advances and 

cognitive innovations, has persuaded pharmaceutical companies to redirect their focus 

towards NPs discovery field. A representative example is the 2014 announcement by Sanofi 

and Fraunhofer institute of the establishment of a NP Centre of Excellence aimed at the 

discovery and development of novel antibacterial compounds.7  
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Figure 1. Timeline of antibiotic discovery and antimicrobial resistance development. The upper part 

shows the key compounds representing each identified antibiotic class. NPs are highlighted in green, 

while synthetic antibiotics are marked in red. The lower part shows the main antimicrobial resistance 

development after clinical introduction. 

 

The capacity of microbes in the biosynthesis of NPs varies across taxonomic levels, leading 

to significant chemical diversity. This diversity is mainly attributed to the presence of 

biosynthetic gene clusters (BGCs), which encode the enzymatic pathways responsible for the 

formation of NPs. Approximately 30 BGCs are harbored in one microbial genome, each of 

which is theoretically capable of directing the production of a unique compound. However, 

experimentally identified NPs are disproportionately less than predicted based on BGCs. 

According to the computational genomic analysis, Gavriilidou et al. estimated that only 3% of 

the NPs potentially encoded within bacterial genomes have been experimentally characterized, 

a limitation that is mainly attributed to the transcriptional silence of numerous BGCs.8 

Consequently, the ecological significance and biotechnological value of microbes was 

underestimated due to their underexplored biosynthetic potential. Furthermore, nearly 99% of 

microbial species cannot be cultivated under standard laboratory methods, which significantly 

constrains access to their NPs repertoire. Thus, one way to uncover novel NPs is exploring 

unculturable microbes, which is well exemplified by the discovery of antibiotic teixobactin 

through in situ cultivation and product isolation.9 Apart from that, exploring previously 

inaccessible microbial groups and their unique ecological niche also a valuable avenue for 

identifying novel bioactive compounds, as represented by recent studies where a new 
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antibiotic Darobactin was discovered from nematode symbionts Photorhabdus,10and Lugdunin, 

a first fibupeptide antibiotic against microbial infections like MRSA, was produced by nasal 

Staphylococcus lugdunensis strains.11,12In the context of the global antimicrobial resistance 

crisis, the renewed focus on microbes-derived NPs is of particular interest, as it is poised to 

reaffirm their critical role in drug discovery by offering the most promising way for the 

development of urgently needed therapies. 

1.2 Actinobacteria as main sources of microbial-derived natural 

products 

Actinobacteria constitutes one of the most dominant and evolutionarily significant bacterial 

phyla, encompassing an extensive diversity of genera, including Tropheryma, 

Propionibacterium, Micromonospora, Salinispora, Mycobacterium, Nocardia, 

Corynebacterium, Gordonia, Rhodococcus, Leifsonia, Kitasatospora, Bifidobacterium, 

Gardnerella, Streptomyces, Frankia, Thermobifida, among others13(Figure 2A). This 

taxonomic diversity reflects the broad ecological and functional roles played by actinobacteria 

across natural and engineered environments. Members of this phylum are distributed across 

diverse ecological niches, ranging from terrestrial to aquatic ecosystems, and are particularly 

abundant in soil, where they play key roles in processes such as the decomposition of organic 

matter and the cycling of nutrients.14,15 

 

 
Figure 2. A genome-based phylogenetic tree based on 97 genome sequences of the phylum 

Actinobacteria(A) and schematic representation of the life cycle of sporulating actinomycetes(B). 

Modified with permission from Barka et al13. 

 

From a morphological perspective, actinobacterial growth and morphogenesis are 

characterized by a unique mode of hyphal tip elongation coupled with branching. This mode 

of development gives rise to filamentous structures resembling fungal hyphae, which enhance 

the ability of actinobacteria to effectively colonize and exploit complex substrates. (Figure 2B) 

Historically, actinobacteria were regarded as transitional organisms between fungi and 
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bacteria due to their fungal-like morphology and reproductive strategies. Like filamentous fungi, 

many actinobacteria form intricate networks of hyphae and reproduce through sporulation, a 

process commonly associated with fungal biology.13However, this superficial resemblance 

belies their fundamentally bacterial nature, as evidenced by several defining characteristics. 

From the perspective of cell and molecule, actinobacteria exhibit hallmarks of bacterial 

organization. Their cells are thin and elongated, with chromosomes organized within 

prokaryotic nucleoids, distinguishing them from eukaryotic fungi, which possess membrane-

bound nuclei. Additionally, the presence of peptidoglycan in their cell walls is a defining feature 

of bacteria, serving both structural and functional roles in maintaining cellular integrity. Another 

critical aspect underscoring their bacterial classification is their susceptibility to antimicrobial 

agents, a property that further differentiates them from fungi. This duality of fungal-like 

morphology and bacterial cellular organization underscores the unique evolutionary position 

of actinobacteria, highlighting their adaptability and ecological success. 

Actinobacteria comprise a class of Gram-positive bacteria characterized by their high guanine-

plus-cytosine (G+C) content in genomic DNA, often exceeding 60%.13This genomic 

composition is thought to confer stability to their DNA under environmental stress conditions, 

further contributing to their widespread distribution and ecological resilience. They are 

ubiquitous in terrestrial habitats, with a pronounced presence in soil, where they can be 

isolated from both surface layers and depths exceeding 2 meters. Their ability to thrive in 

diverse environments is attributed to their metabolic versatility and capacity for adapting to 

varying nutrients and oxygen availability. 

Also, a significate feature of actinobacteria is their extraordinary potential to biosynthesize 

bioactive secondary metabolites. These compounds have profound ecological and biomedical 

significance, serving as mediators of microbial interactions and as the foundation for numerous 

therapeutics. Actinobacteria are particularly renowned for their role in the discovery and 

production of antibiotics, which have revolutionized modern medicine. Notably, they are 

responsible for synthesizing a wide array of antimicrobial drug classes.16 Tetracycline, a 

polyketide broad-spectrum antibiotic with activity against a wide range of medically relevant 

Gram-positive and Gram-negative bacterial pathogens, is derived from Streptomyces spp. 

Similarly, erythromycin A, a representative macrolide antibiotic, has been widely used in 

clinical practice for the treatment of Gram-positive bacterial infections, was first isolated from 

Saccharopolyspora erythraea.17 Another notable example is streptomycin, the first 

aminoglycoside antibiotic possessing broad antimicrobial properties, which was also produced 

by Streptomyces griseus.18 For the management of infections associated with Clostridium 

difficile and other multidrug-resistant Gram-positive bacteria, daptomycin, a cyclic lipopeptide 

antibiotic, has emerged as a critical therapeutic agent. This compound is produced by 

Streptomyces filamentosus. Apart from their role as antibiotics, actinobacterial NPs have also 

contributed to multiple other fields of medicine. For instance, Doxorubicin (also called 

Adriamycin), an anthracycline-spectrum antitumor agent, is derived from Streptomyces spp. 

and remains widely used in clinical oncology. Additionally, certain terpene compounds like 

Lawsonone that isolated from Streptomyces sp. had shown potent immunomodulatory activity 

while polyether ionophores like Salinomycin from Streptomyces albus DSM 41398 had shown 

potent and selective anticancer activity toward cancer stem cells as well as cancer cell 

lines.19,20,21Even these examples highlight the unparalleled role of actinobacteria particularly 
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the genus Streptomyces, which is regarded as one of the most important producers of bioactive 

metabolites with therapeutic value, research on actinomycetes has still experienced a decline, 

largely as a consequence of the repeated isolation of already known metabolites, leading to 

the perception that these microorganisms have been overexploited. 

Advances in biotechnological development and the post-genomic era have shown that the 

secondary metabolites BGCs in actinobacteria substantially exceeds conventional estimates. 

In addition, the characterized actinobacteria represent only a minor fraction in their global 

phylogenetic diversity, while a vast reservoir of taxa as mentioned before, particularly rare 

actinomycetes in inhabiting specialized ecological niches underexplored. To delineate the 

unknown chemical structure diversity of NPs, the prevailing strategies are mainly towards: 1.  

the optimization of cultivation parameters to mimic in situ environmental conditions, as 

represented by teixobactin and Lugdunomycin, two novel angucycline-derived compound were 

isolated from Streptomyces sp. QL37 by altering culture conditions;22 2. targeted the isolation 

of extremophilic strains from underexplored habitats. For example, Abyssomicin C, the first 

naturally occurring inhibitor of the p-aminobenzoate, was identified from the marine bacterium 

Verrucosispora sp. AB-18-03223and Schorn et al. revealed high potential of unique NPs 

biosynthetic gene clusters in rare marine actinomycetes;24 3. the activation of cryptic BGCs 

through synthetic biology approaches. Compound kutzneridine, a novel cyclic lipopeptide with 

antibacterial activities, was obtained by cloning the silent lipopeptide-encoding BGC from 

Kutzneria sp. and heterologous expressing in Streptomyces coelicolor M1152;25 4. the 

promoter engineering. Bauman et al. engineered and applied promotor cassettes to induce 

expression of the silent streptophenazine BGC in marine strain Streptomyces sp., resulting in 

production of over 100 streptophenazines;26 5. combinatorial biosynthesis through modular 

reengineering of enzymatic domains. For example, Kaniusaite et al. redesigned peptide 

biosynthesis module in vitro from teicoplanin biosynthesis,27and and Yuzawa et al. engineered 

polyketide synthases and expressed the genes in Streptomyces albus to produce short-chain 

ketones.28 

1.3 Approaches to the discovery of natural products in actinobacteria 

1.3.1 Phenotypic screening-based approaches 

Conventional phenotype-based screening, especially activity-guided isolation, is the most 

widespread method used in the discovery of new antimicrobial NPs, which essentially accounts 

for all the bioactive NPs identified in the golden era from microbes. In this approach, the pure 

cultures of actinobacteria are obtained usually from soil suspensions and fractionated, and the 

fractions then screened for the desired positive hit, which are fractionated further until a pure 

compound is isolated and identified with the desired biological activity. (Figure 3) This whole 

is usually carried out iteratively with different analytic methods.  
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Figure 3. General workflow in activity-guided isolation procedures. Crude extracts are subjected to 

multiple rounds of extraction or fractionation, each guided by biological activity, until pure compound is 

obtained. 

 

The advantage of activity-guided fractionation is that it can directly be isolated bioactive 

compounds with specific biological properties, that it is no surprise that it has its efficacy in the 

discovery of numerous antibiotics. And this activity-guided fractionation was main method to 

discover the bioactive NPs during the golden age of antibiotic discovery. The disadvantage of 

this approach is that it does not account for molecular structural features, leading to 

rediscovery of known compounds, and it also not able to access the full biosynthetic potential 

of microorganisms, not only can some compounds not be extracted using solvents like ethyl 

acetate, dichloromethane, butanol, but some taxa cannot be cultured using common methods. 

Even with the lack of a robust dereplication, it is still essential method for discovery of bioactive 

NPs, especially as a powerful and complementary method, for example Nothias et al. 

integrated bioactivity data with molecular networking to map the relationships between 

molecular structures and their biological activities, thereby rapidly identified bioactive 

compounds in complex mixtures.29In addition, advance in high throughput screening and 

chromatographic techniques also have further enhanced its efficiency and effectiveness.30 

1.3.2 Genome mining-based approaches 

With the advance in high-throughput genome sequencing, the availability of thousands of 

sequences has driven a paradigm shift in actinobacterial NPs discovery. Unlike traditional 

random screening approaches for novel compounds, genome mining provides  a powerful 

strategy for predicting the NP biosynthetic capacity of actinobacteria prior to labor intensive 

wet-lab characterization31(Figure 4). 
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Figure 4. Workflow of genome mining-based natural products discovery. This approach starts from the 

genomic sequence of actinobacteria, which are used to identify target BGCs of putative NPs. The target 

BGCs are then activated using different tools, which is followed by compound purification, structure 

elucidation and bioactivity testing. 

 

In addition, NPs sharing the same skeletons possess the similar BGCs, allowing for the 

discovery of structurally similar derivatives by means of genome mining, as exemplified by the 

isolation of lobosamides and related polyene macrolactams.32 The discovery of NPs in 

actinobacteria can be shifted towards bioinformative analysis of the predicted BGCs encoded 

within the genome to expand chemical diversity. 

 

1.3.2.1 Genes encoding core biosynthetic enzyme-based mining 

 

Although NPs are typically generated through diverse biosynthetic reactions catalyzed by 

multiple specialized enzymes, their structural features and biosynthetic logics can be classified 

into several major groups that can be predicted through sequence similarity, including 

polyketides, nonribosomal peptides(NRPs), terpenoids, alkaloids, phosphonates, ribosomally 

synthesized and post-translationally modified peptides (RiPPs), and other hybrid forms.33 

 

1.3.2.1.1 Polyketides 

 

Polyketides are a structurally diverse family of NPs that exhibit a wide range of important 

biological activities, such as antibiotic erythromycin, immunosuppressant rapamycin, 

anticancer drug epothilone, all of which are biosynthesized by multifunctional enzyme 

complexes known as polyketide synthase (PKSs). Similar to fatty acids, polyketide 

biosynthesis begins with repeated Claisen condensation reactions between an activated acyl 

starter unit and malonyl-CoA-derived extender units, followed by modifications such as 

cyclization, oxidation, halogenation, alkylation, glycosylation etc., to form final complex 

polyketide compounds.34The whole process requires different domains including a β-
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ketosynthase (KS), an acyl carrier protein (ACP), acyltransferase (AT), and one or more 

optional ketoreductase(KR), dehydratase(DH) and/or enoylreductase(ER). Typically, each 

domain catalyzes a specific reaction subsequentially during the formation of polyketides, which 

means the growing polyketide chain is initially attached to KS during each round of chain 

elongation. First, the ACP domain is converted into its active form through 

phosphopantetheinylation catalyzed by a 4’-Phosphopantetheinyl Transferase (PPTase), 

followed by a transformation of the malonyl group from malonyl-CoA to the ACP domain, which 

catalyzed by the AT domain. Second, the transferred extender unit is incorporated into the 

growing polyketide chain by the KS domain. In certain cases, the β-keto group may then be 

stereoselectively reduced to a β-hydroxyl group by the KR domain, followed by dehydration 

from an adjacent α-hydrogen catalyzed by the DH domain to yield an α, β-unsaturated 

intermediate. At last, the mature polyketide product is released from the ACP through 

hydrolysis of the thioester bond, a step mediated by Thioesterase (TE). Apart from that, the 

TE domain can also facilitate the intramolecular macrocyclization to generate lactones or 

lactams. Dan et al. recently presented an approach that replaces TE domain with terminal 

thioreductase, allowing the biosynthesis of diols, hydroxy acids and amino alcohols in 

Streptomyces albus,35 and further widen the chemistry space in PKSs usage. From current 

knowledge of biosynthetic machinery architectures, PKSs are generally divided into three 

major classes in bacteria: Type I, Type II, and Type III PKSs.36 Type I PKSs can be further 

subdivided into non-iterative and iterative form from a mechanistic perspective. 

Within the non-iterative type I PKSs, two distinct subclasses are recognized: cis-AT PKSs and 

trans-AT PKSs, while enzymatic domains in cis-AT PKSs are incorporated in a co-linearity 

logic, such as KS-AT-DH-KR-ACP or KS-AT-KR-ACP. In addition, multiple cis-AT PKSs can 

be connected by intermodular linkers, forming a multi-modular PKS system, which can be 

exemplified by the biosynthesis of 6-deoxyerythronolide B, which is a key precursor in the 

formation of erythromycin A. This compound is synthesized by 6-Deoxyerythronolide B 

synthase (DEBS), which includes three proteins: DEBS1, DEBS2, and DEBS337(Figure 5). 

Each protein contains two modules, which executes a cycle of chain elongation and 

subsequent reduction independently. 

Whereas all domains in the trans-AT PKSs are distributed across different polypeptide chains 

and assemble into functional complexes through specific interactions, such as docking 

domains. For example, the KS domain may be located on one polypeptide chain, while the AT 

and ACP domains are located on others. Furthermore, trans-AT PKSs are characterized by a 

discrete AT domain that transfers extender units onto the ACP domain.38Trans-AT PKSs have 

been identified across diverse bacterial taxa, including numerous lineages that remain largely 

unexplored in terms of their chemical diversity. Helfrich et al. developed a phylogenomic 

algorithm transPACT, providing comprehensive evidence that the diversification of trans-AT 

PKSs is widespread and associated with the replacement, insertion, or deletion of conserved 

PKS module blocks.39Apart from that, a key architectural distinction between the two systems 

lies in their genetic and functional organization. Cis-AT PKSs typically exhibit a colinear 

relationship between their genetic encoding and module arrangement, meaning the sequential 

order of modules on the DNA level directly corresponds to their operational sequence in the 

biosynthetic pathway. In contrast, trans-AT PKSs often display a noncolinear architecture, 
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where the genetic order of modules does not strictly align with their functional order, reflecting 

a more complex and evolutionarily adaptable system. 

 

 
Figure 5. Example of polyketide biosynthesis model. The 6-deoxyerythronolide B was assembled on 6-

deoxyerythronolide B synthase (DEBS). Erythromycin A is then produced via subsequent tailoring 

modifications. 

 

Apart from the “canonical” modular PKSs,40iterative Type I PKSs are widely involved in highly 

reduced, partially reduced, or nonreduced polyketides, and are regarded as a hallmark of 

polyketide biosynthesis in fungi. Representative examples include aflatoxin B1, a DNA-

alkylating secondary metabolite with prohepatocarcinogenic properties from Aspergillus spp., 

whose biosynthesis is initiated by PksA,41and 6-methylsalicylic acid, which is assembled by 6-

methylsalicylic acid synthase (6-MSAS) in Penicillium patulum.42,43 Iterative type I PKSs are 

usually constituted by single modular that catalyzes intermediate chain elongation and 

elaboration.44 Iterative monomodular type I PKSs were initially considered to be exclusive to 

fungi. However, Wang et al. discovered that they are unexpectedly abundant in Streptomyces 

by combining phylogenetic analysis and experimental verification.45 Additional insights into 

architecture and evolutionary classify iterative type I PKSs into different subgroups.40These 

include bacterial iterative type I PKSs involved in the biosynthesis of aromatic compounds, 

such as the orsellinic acid moieties found in avilamycin46and polyketomycin,47,48as well as 

polyunsaturated fatty acid synthases responsible for the formation of polyunsaturated fatty 

acids,49polycyclic tetramate macrolactam synthases in the biosynthesis of frontalamides and 

maltophilin,50,51enediyne synthase for biosynthesis of C-1027 and calicheamicin52,53and other 

trans-AT type I PKSs.40,54 
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Type II PKSs represent multienzyme complexes formed by individual monofunctional proteins 

arranged in a nonmodular biosynthetic architecture, which synthesize many clinically useful 

aromatic polycyclic polyketides, such as tetracyclines and anthracyclines. Unlike type I 

assembly-line PKSs or type III PKSs, Type II PKSs are centered on two core proteins 

ketosynthase α-subunit (KSα), and ketosynthase β-subunit (KSβ), also called as chain length 

factor (CLF).These proteins form a heterodimer and function in concert with an ACP to produce 

a poly-β-keto intermediate, which is highly unstable and readily undergoes spontaneous 

cyclization. The growing polyketide chain thus requires an environment to exclude 

spontaneous intramolecular reactions, and the biosynthetic enzymes must fix the orientation 

of the intermediates in a specific way to facilitate region-selective reactions controlled by 

various modifying enzymes, such as a KR and a cyclase.55 

Type III PKSs are homodimeric KS-based enzymes that catalyze polyketide formation 

independently of ACP.56Although they were historically regarded as plant specific enzymes, 

genomic studies have revealed that type III PKSs are broadly distributed in microorganisms.36 

Representative examples include ArsB and ArsC from Azotobacter vinelandii, reported by 

Funa et al.,57which are responsible for the alkylresorcinols and alkylpyrones biosynthesis, 

respectively, and contribute to cyst formation through the production of phenolic lipids. 

Similarly, BpsA in Bacillus subtilis is involved in the biosynthesis of several aliphatic polyketides, 

including triketide pyrones, tetraketide pyrones and alkylresorcinols.58Moreover, Milke et al. 

revealed 96 putative type III PKS genes implicated in alkylresorcinol biosynthesis among 

known members of the phylum Planctomycetota.59 

 

1.3.2.1.2 Nonribosomally synthesized peptides 

 

Differ to peptides and proteins produced by ribosomal synthase, many nonribosomally 

synthesized peptides (NRPs) feature broad structural and biological activity, serving as 

antitumors, antibiotics, or immunosuppressants clinically, such as vancomycin, pristinamycin, 

bacitracin, cyclochlorotine, tentoxin. NRPs are biosynthesized by nonribosomal peptide 

synthases (NRPSs), modular enzymatic assembly lines that activate and incorporate specific 

monomeric building blocks into peptide products.60,61,62,63(Figure 6A) A minimal NRPS module 

generally comprises three core domains: condensation (C), adenylation (A), and thiolation 

(T)domain. T domain also is called as peptidyl carrier protein (PCP) domain. Each module is 

generally responsible for the incorporation of one amino acid into the growing peptide 

chain.64,65The A domain recognizes and activates the corresponding amino acid substrate, 

then activated amino acid is covalently loaded onto phosphopantheteine (PPant) arm of a PCP 

domain as a thioester intermediate.66Peptide bond formation is subsequently catalyzed by the 

C domain, which links adjacent PCP-bound intermediates during chain elongation. 

Furthermore, tailoring domains such as oxidation(Ox), reduction(R), heterocyclization(Cy), 

epimerization(E) and methylation(M) further provide the structural diversification of NRPs63, 

67Lastly, the completed NRPs is released from the assembly line either by hydrolysis or by 

intramolecular cyclization under the action of thioesterase (TE) domain. Notably, NRPs/PKs 

associated BGCs are widely distributed across bacterial genomes, especially among members 

of the phyla Proteobacteria, Firmicutes, Actinobacteria, and Cyanobacteria.68For example 
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Royer et al revealed Xanthomonas spp. contains specific NRPs genes which have potential to 

synthesize novel NRPs with structural diversity.69 

 

 

 
Figure 6. Biosynthetic model of NRPs(A) and chemical structure of examples (B). Adapted and modified 

with permission from Kittilä et al.70 
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Nevertheless, not all NRPs are synthesized modularly, for example Blml type II PCP in the 

bleomycin-biosynthesis71 and module/domain portable mechanism in  

pyrrolopyrazine biosynthesis.72 A large scale genome mining analysis of 2699 bacterial 

genomes revealed more than half of BGCs associated with NRPs are nonmodular.68In addition, 

numerous hybrid biosynthetic systems comprising both NRPS and PKS modules have been 

reported.66 

Although advance in genome mining tools like antiSMASH,73NRPSpredictor74 and AdenPredi-

ctor,75the potential for large-scale discovery of NRPs has not yet been fully realized76,77due to 

a multitude of challenges such as noncanonical assembly lines, flexible A domains and 

tailoring domains. Behsaz et al.77 recently presented a scalable modification-tolerant tool NRP 

miner, which designed to identify NRPs from large (meta) genomic and mass spectrometry 

datasets across different environments. This approach enables the detection of compounds 

produced by distinct non-canonical assembly lines, including surugamides, xenoinformycin, 

and lugdunin, as well as PAMs such as surfactins, arthrofactins, plipastatins, protegomycins, 

and PAX peptides. (Figure 6B) 

 

1.3.2.1.3 Ribosomally synthesized and post-translationally modified peptides 

 

Ribosomally synthesized and post-translationally modified peptides (RiPPs) have attracted 

extensive interest due to their antimicrobial activity and other therapeutic functions. Jangra et 

al.78recently reported Lariocidin, a first 30S ribosomal subunit-targeting lasso peptide that 

possesses broad-spectrum antibacterial activity against multiple bacterial pathogens, including 

A. baumannii. Xu et al. reported the discovery of Lexapeptide, a novel antibiotic with potent 

activity against Gram-positive bacteria, including MRSA and MRSE, through a bioactivity-

guided functional genome mining strategy.79Richard et al. reported that Duramycin, a cyclic 

lantibiotic peptide, exhibits potent inhibitory activity against the entry of West Nile, dengue and 

Ebola viruses.80 

The biosynthesis of RiPPs involves the stepwise processing of a precursor peptide that 

consists of both leader and core regions (Figure 7A). During this process, the core peptide 

undergoes a series of post-translational modifications to yield the final RiPP product, while the 

leader region mediates recognition of the precursor by corresponding tailoring enzymes and 

peptide export in many cases. To date, more than 40 RiPPs classes have been described such 

as Lanthipeptides, Cyanobactins, Lasso peptides, Glycocins, Microcins and so on, which 

categorized by common, class-defining post-translational modifications.81,82Due to the short 

sequence (often < 50 amino acids) of the precursor peptide, unclear annotation in genomes, 

and limited conserved features across class with varied tailoring enzymes, the discovery of 

novel RiPPs is a challenge.83Genome mining can overcome it, especially with increased 

knowledge about different RiPP biosynthetic mechanisms, exemplified by an interesting 

example the bacteria-derived tricyclic copper-binding lanthipeptides Noursin.84 A putative class 

III lanthipeptide BGC (nor) was discovered in Streptomyces noursei ATCC 11455, whose 

precursor peptide NorA contains three Ser/Thr residues and one Cys residue. Heterologous 

expression of pNOR in S. lividans, combined with in vitro reconstitution experiments, revealed 

that a subgroup of lanthipeptide synthetases, named LanKCHbt, catalyzes the formations of 

both labionin and histidinobutyrine crosslinks in precursor peptides to yield noursin-like 
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compounds.84 Another notable example is Daptides.85Using RRE-Finder and RODED in a 

class-independent manner, Ren et al. identified an unusual gene set associated with precursor 

peptides displaying atypical amino acid compositions. Direct cloning and heterologous 

expression of a putative BGC from Microbacterium paraoxydans DSM 15019 subsequently 

revealed a new RiPPs class bearing an unusual C-terminal (S)-N2,N2-dimethyl-1,2-

propanediamine (Dmp) modification.85(Figure 7B) 

 

 
Figure 7. General biosynthetic scheme of ribosomally synthesized and post-translationally modified 

peptides (RiPPs, A) and chemical structure of lexapeptide (B). 

 

1.3.2.1.4 Terpenes 

 

Another a large family of NPs that has been studied well are terpenes, terpenoids, or 

isoprenoids, which are synthesized by terpene synthases. Terpene synthases can be broadly 

categorized into class I and class II enzymes. Class I terpene synthases contain the conserved 

DDxxD/E and NSE/DTE metal-binding motifs, which enable diphosphate activation following 

coordination with a trinuclear Mg2+ cluster, whereas class II enzyme rely on a conserved DXDD 

motif to initiate catalysis through protonation of the substrate.86,87The terpene precursors are 

assembled from the universal five carbon units dimethylallyl pyrophosphate (DMAPP) and 

isopentenyl pyrophosphate (IPP). These building blocks derive from two distinct pathways, the 

mevalonate (MVA) and the methylerythritol (MEP) pathway (Figure 8). The MVA pathway is 

mainly found in eukaryotes and archaea, while the MEP pathway occurs in most bacteria. 

Notably, plants possess both a cytosolic MVA pathway and a plastidial MEP pathway.  

Terpenes have traditionally been regarded as metabolites primarily produced by plants and 

fungi. However, the genome mining work from Yamada et al88 had uncovered a large number 

of terpene synthases in bacteria, in which 13 previously unreported cyclic terpenes were 

identified through the heterologous expression of several candidates terpene synthase 

genes.89 
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Figure 8. Mevalonate pathway towards IPP and DMAPP. MVK: mevalonate kinase, PMK: 

phosphomevalonate kinase, PMD: phosphomevalonate decarboxylase, IPK: isopentenyl 

pyrophosphate kinase, IDI: isopentenyl diphosphate isomerase. 

 

1.3.2.1.5 Halogen-containing compounds 

 

Halogen-containing compounds play an important role in the development of pharmaceuticals 

and agrochemicals due to their structural diversities and interesting bioactivities, such as 

anticancer candidate salinosporamides A, antifungal drug griseofulvin and antibiotic 
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aureomycin. Through their ability to participate in specific molecular interactions, halogens can 

enhance protein ligand recognition and consequently modulate the biological activity as well 

as the physicochemical characteristics of compounds.90A representative example is provided 

by halogenated antibiotic such as vancomycin,91chloramphenicol and balhimycin,92which 

exhibit stronger bioactivity than their dechlorinated derivatives, because of the effect of the 

chlorines for both the stability and the specificity of the targeted binding site. And halogenation 

of small natural molecular is carried out by halogenases, which can be divided into different 

groups according to the generation and utilization of activated halide: flavin-dependent 

halogenases, haloperoxidases, α-ketoglutarate-dependent halogenases and fluorinases.93As 

such, on the basis of the concept that structurally related NPs are typically biosynthesized by 

pathways harboring highly homologous enzymes, Hornung et al. used the conserved regions 

of six FADH2-dependent halogenases as marker sequences to examine 550 randomly 

selected actinomycete strains, resulting in the identification of 103 putative halogenase 

genes.94Heterologous expression of these candidates in Streptomyces albus, followed by 

HPLC-MS analysis, enabled the discovery of novel chlorinated xanthone antibiotic CBS40, 

which showed strong antibacterial activity against multiple Gram-positive bacteria and Gram-

negative bacteria E. coli ATCC 10536.94Saha et al. mined four BGCs colocalized with 

lanthionine synthetase gene using SrpI, a flavin-dependent halogenase, as a query sequence, 

and demonstrated through heterologous expression and in vitro reconstitution that SrpI can 

catalyze the regioselective bromination of the indole moiety of a tryptophan residue in a 

macrocyclic peptide substrate.95This may provide a useful handle for the discovery of 

brominated Lanthipeptides. In addition, Dong et al. described 5’-fluoro-5’-deoxyadenosine 

synthase, the first native fluorination enzyme from Streptomyces cattleya, which can catalyze 

the formation of carbon-fluoride bonds.96Since the found of this fluorinase, Deng et al. 

employed genome mining and in vivo enzymatic assays to uncover three novel 

fluorometabolite BGCs with high sequence similarity from Streptomyces sp MA37, Norcardia 

brasiliensis and Actinoplanes sp N902-109.97This also means that the biosynthesis of 

fluorinated natural compounds still has a large chemical space waiting to be discovered. 

 

1.3.2.2 Resistant gene-based mining 

 

One effective strategy for the targeted discovery antimicrobial NPs is to mine BGCs based on 

self-resistant mechanisms encoded within microbial genomes.98,99NPs typically serve specific 

physiological roles that provide their producers with a competitive advantage within their 

ecological niches. However, while these NPs are effective in inhibiting competitors, they may 

also pose toxic risks to the producer themselves. To avoid this potential self-toxicity, producers 

that biosynthesize the NPs have evolved specialized resistance mechanisms for their self-

protection. Such mechanisms include efflux pumps that actively transport metabolites out of 

the cell, exemplified by the LexABC efflux pump of Lysobacter antibioticus under the control 

of the transcriptional regulator LexR;100intracellular resistance proteins that sequester or 

inactive highly potent NPs; target proteins that allow essential housekeeping enzymes in the 

producing organism to escape inhibition.99From some examples like novobiocin,101 

platensin102has revealed that there often was the self-resistance gene, which directly encoded 

within the gene cluster. It enables the genome mining of NPs guided by resistant genes (Figure 
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9A). And microbial self-resistance mechanism could be used as a discriminating criterion for 

discovery of potential antibiotic producing strain, which was first demonstrated by Thaker et al. 

using this strategy, isolated pekiskomycin, a new glycopeptide antibacterials in 2013103(Figure 

9B). 

 

 

 
Figure 9. Discovery of target BGCs guided by self-resistance genes A) and examples of reported 

compounds B). Adapted and modified with permission from Yuan et al.104 

 

Using a further target-directed genome mining approach, Tang et al. identified an unusual 

thiotetronic acid NPs in 2015 by screening for duplicated housekeeping genes associated with 

the orphan BGCs PKS4.105In order to facilitate to detect possible resistant housekeeping genes 

in actinobacterial genomes, Alanjary et al. introduced a web-based platform, Antibiotic 

Resistant Target Seeker (ARTS), designed for the rapid and efficient detection of duplicated 

essential gene within BGC-containing genomes, thereby enabling the prioritization of bacterial 

strains likely to encode novel antibiotics associated with resistant housekeeping genes.106 

Another interesting example concerns caseinolytic protease(ClpP) inhibitors.107,108,109,110 ClpP 

is highly conserved protease found in bacteria as well as in eukaryotic mitochondria.111 

Organisms are killed when ClpP is inappropriately activated or inhibited. The mode of action 

of antibiotics acyldepsipeptides (ADEPs) is the most representative example.107,112Using this 

knowledge Culp et al.113used ClpP as a putative resistance marker to mine ClpP-associated 

clusters from genomes available in GenBank, leading to the prioritization of ten ClpP-

associated gene cluster. Among them, one cluster cac, which contained bimodular NRPS with 

a type I polyketide synthase from Streptomyces cattleya DSM 46488 has attracted particular 

interest. Through heterologous expression in S. coelicolor and recombination, they identified 

a novel ClpP inhibitor, clipibicyclene, which can potently and selectively inactivate 

ClpP113(Figure 9B). Nevertheless, only a limited number of bioactive NPs have been 

characterized from the vast reservoir of unexploited BGCs in actinobacteria. More recently, 
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Yuan et al. reported an automatically high-throughput platform, FAST-NPS,104 which enables 

the efficient discovery of bioactive NPs produced from Streptomyces by integrating automated 

high-throughput direct cloning and heterologous expression of BGCs with self-resistance 

genes guided prioritization. 

 

1.3.2.3 Phylogeny-based mining 

 

The structural and functional diversity of NPs is thought to arise from the continuous evolution 

that involve different processes like duplication, rearrangement, transfer of genes or domains 

of microbial BGCs, enabling adaptation to ecological environments.114Therefore, investigating 

the evolution of gene and protein, along with their common ancestry and descent, provides 

valuable and fascinating insights into these complex evolutionary pathways. Phylogenetic tree 

construction is a widely displayed graphically approach to trace the evolutionary trajectories of 

specific genes and to distinguish the genes or proteins between orthologous and paralogous 

relationships (Figure 10A). With the increasing identification of biosynthetic enzymes and 

pathways, the genetic basis of NPs diversity has been elucidated through phylogeny-guided 

discovery strategies. This approach has facilitated the development of an evolutionary 

molecular network linking chemical structural diversity and novelty. Specifically, if a core gene 

of unknown function is phylogenetically distant from its known orthologs, its associated 

biosynthetic gene cluster may encode a novel compound with a unique structural backbone. 

Conversely, if a gene is closely related to others within an evolutionary branch, the products 

of the corresponding gene clusters are likely to exhibit high structural similarity.114 For example, 

Kang et al. used short conserved β-ketosynthas (KSβ) sequences amplified from soil 

microbiomes as phylogenetic markers to establish correlation between genotype and 

chemotype, and thereby target the discovery of the novel pentangular polyphenols 

arixanthomycins A-C.115These compounds exhibited potent in vitro antiproliferative activity 

against colon cancer lines HCT-116 and WiDr and breast cancer cell line MDA-MB-231. Deng 

et al. constructed a phylogenetic tree using glycosyltransferase responsible for transferring 

mycosamine to the polyene macrolide scaffold, and used this enzyme as a sequence tag to 

identify an orphan clade not associated with any previously characterized polyene macrolide 

antibiotics116 This approach led to the discovery of mandimycin, a novel polyene antifungal 

antibiotic from Streptomyces netropsis DSM 40259. Mandimycin displayed potent broad-

spectrum antifungal activity against a range of multidrug-resistant fungal pathogens, including 

all Candida species listed on the WHO priority pathogen list for MDR fungi as well as 

Aspergillus fumigatus and Cryptococcus neoformans. It also exhibited a distinctive mechanism 

of action involving specific binding to multiple classes of phospholipids in fungal cell 

membranes. In another example, Yee et al.117 identified a novel tRNA-dependent dipeptide 

synthase responsible for the biosynthesis of rare Arg-Xaa diketopiperazines by investigating a 

conserved fungal biosynthetic pathway (ank) that lacks a canonical core biosynthetic enzyme. 
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Figure 10. Workflow of construction of phylogenetic tree (A) and examples of reported compounds (B). 

Adapted and modified with permission from Adamek et al.114 and Yee et al.117 

1.3.3 Metabolomics-based approaches 

Although genome mining offers a rational entry point for strain prioritization and for the targeted 

search of specific classes of NPs, genomic information alone does not demonstrate that a 

predicted metabolite is actually produced. The presence of a BGC does not necessarily 

correlate with pathway expression, metabolite accumulation, or detectability under laboratory 

conditions. Also, another main challenge encountered is determining how to prioritize 

molecules for novel compounds discovery from crude natural extracts. Progress in 

bioanalytical methodologies, coupled with expanding knowledge of microbial biosynthetic 
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systems and ecological evolution, has yielded fascinating molecular insights into these 

processes. Within this context, metabolomics has emerged as a relatively recent yet highly 

informative approach, which mainly used nuclear magnetic resonance (NMR) spectroscopy 

and mass spectrometry (MS) to profile all small molecules involving metabolites, intermediates 

and products, which present in an organism and its lifecycle or under certain conditions and at 

a certain point in time, after genomics, transcriptomics and proteomics.118,119,120,121 

 

1.3.3.1 MS-based metabolomics 

 

Given the complexity of the NPs particularly unknown crude extract from microbes, MS can 

offer notable advantages such as exceptional sensitivity, rapid analytical performance, less 

sample consumption and wide application range as a useful and well-suited analysis technique 

in research on microbial NPs for structure elucidation.122,123,124It is typically coupled with high-

performance liquid chromatography (HPLC) or gas chromatography (GC) to enhance detection 

coverage and facilitate high-throughput analysis of NPs, utilizing features such as exact mass, 

ion adducts and MS/MS fragmentation profiles.125However, a large amount of useful 

untargeted MS spectra was trapped in the private lab notebooks, databases or papers, even 

with some databases could be queried such as Dictionary of Natural Products, Coconuts, the 

natural products atlas,126and so on until Watrous et al. introduced molecular networking127 in 

2012. Molecular networking is a visual strategy for all of the chemical relationships of the ions 

of molecules that can be detected using MS.128 Here, molecules with highly similar 

fragmentation pattern are calculated and grouped into molecular clusters or molecular families. 

In these clusters, each compound is visualized as a node, and the connections between them 

indicate their chemical relatedness. On the basis of molecular networking, Wang et al. 

established the Global Natural Products Social Molecular Networking (GNPS) platform in 

2016.129GNPS is an open-access ecosystem for MS-based NPs analysis that supports 

untargeted metabolomics data in different fields through the Mass Spectrometry Interactive 

Virtual Environment (MassIVE) data repository.130By integrating MS/MS spectral information 

with clustering-based analysis, this platform enables online dereplication of complex raw MS 

data and accelerates the identification of potentially interesting compound.129,131,132Even with 

limited available MS spectra, the database of GNPS still is growing to make it serve as a 

powerful MS community. Also, the development of feature-based molecular networking (FBMN) 

provides enhanced analytical functions like distinguishing isomers producing similar MS/MS 

spectra, automated spectral annotation and statistical analysis.133 The workflow of MS is 

Figure 11. 

Notably, the performance and resulting data quality of MS-based analyses greatly depend on 

the ionization parameters chosen as well as the specific instrumentation used.134It means that 

samples that are difficult to ionize or unstable may be missed and poorly detected, leading 

thus to strong bias of structure identification, especially for novel or rare microbial products. 
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Figure 11. Workflow of MS based metabolomics. (1) sample preparation and extraction; (2) metabolite 

separation on a column (chromatography); (3) ionization of metabolites using an ion source; (4) 

separation by a mass analyzer as ions fly or oscillate; (5) detection of metabolites by combination of 

retention time and MS signature. (6) Data comparison in public database. (7) Construction of molecular 

networking and similarity for hits. (8) Structure elucidation. (9) Bioactivity test. Adapted and modified 

with permission from Alseekh et al.125 

 

1.3.3.2 NMR-based metabolomics 

 

Despite its lower sensitivity relative to MS, NMR continues to serve as an essential and highly 

informative tool for metabolome analysis and NPs discovery, largely due to its outstanding 

reproducibility, inherently quantitative nature, and unique capacity to provide unambiguous 

structural identification of previously unknown metabolite.135,136  

In a typical NMR-based metabolomics workflow(Figure 12), extracted samples are analyzed 

using one-dimensional NMR like 1H and 13C NMR for determining and mapping the chemical 

environment of typical nuclei, as well as two-dimensional NMR such as COSY, HSQC, HMBC, 

TOCSY and NOESY for interpreting more detailed information about the chemical structure 

and the three-dimensional arrangement of molecules, followed by systematic spectral 

processing and multivariate statistical analysis. Variations among sample groups are 

translated into statistically significant spectral features, which can be traced back to specific 

metabolites or structural motifs. For example, stable isotopes such as 2H, 13C, and 15N derived 

from labeled substrates can be followed through biochemical processes, providing a means to 

identify active metabolic pathways, and to quantify metabolic fluxes as well ae measure 

enzyme activity. Unlike mass spectrometry, NMR does not rely on ionization efficiency and is 

free from adduct formation and ion suppression effects, allowing a more unbiased 

representation of metabolite composition. In addition, and importantly, the direct relationship 

between signal intensity and molar concentration facilitates reliable relative quantification 

across samples. 
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Figure 12. Workflow of NMR based metabolomics. Reproduced from Wang et al137 with permission. 

1.4 Aim and overview of this thesis  

In this thesis, we aimed to identify novel NPs in actinobacteria from DSMZ and Tü collection 

for expanding and facilitating NPs chemical diversity discovery efforts that can potentially lead 

to new antibacterials. Although many antibiotics have been reported from the actinobacteria, 

its potential for chemical diversity remains largely unexplored. 

To achieve this aim, we first turned our attention to phosphonate-containing compounds due 

to their nature and potential bioactivity. We analyzed and retrieved 940 actinomycetes 

genomes from the DSMZ and Tübingen strain collection using pepM gene, determined 

potential phosphonate producers and their phylogenetic distance. 28 pepM+ strains were 

cultivated in different growth conditions. The extracts were analyzed using NMR. Bioinformatic 

analyses, gene deletion, heterologous expression and NMR defined the minimal and key gene 

cluster for phosphonate production from Kitasatospora fiedleri DSM 114396 and Streptomyces 

iranensis DSM41954. In addition, to isolate and characterize the phosphonate compounds 

from producers, we developed different labeling reactions and some attempts such as size 

exclusion, HILIC and ion exchange to obtain them, as described in chapter 2 of this thesis. 
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In chapter 3, we described a multiplexed chemical metabolomics workflow (MCheM) that 

leverages an array of post-column derivatization reactions for non-targeted LC-MS/MS 

analysis. By using this strategy, we isolated and characterized the first glycosylated member 

of the oxazolomycin family, 7-glycosyl oxazolomycin D, from Streptomyces libani subsp. rufus 

DSM 41230. 

In chapter 4, we explored the potential of S.aureocirculatus DSM40386 and described the 

discovery of piperazic acid-containing peptides. Moreover, by analyzing the bioreporter we 

preliminarily characterized the mode of action for piperazic acid-containing peptides. More 

interestingly, we found that there is a brominated compound, but further characterization 

awaits completion. 

In Chapter 5, we discuss all research efforts and address future perspectives. 
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2 DISCOVERY OF NOVEL PHOSPHONATE-

CONTAINING NATURAL PRODUCTS USING GENOME-

MINING IN BACTERIA 

Part of sections 2.1.1, 2.1.2 and 2.1.5 in this chapter have already been published. All contents, 

including text, figures, and tables were reproduced and adapted with the permission of 

Zimmermann, A.; Xia, S.-N.; Moschny, J.; Gomez-Escribano, J. P.; Boldt, J.; Nübel, U.; Nouioui, 

I.; Krause, J.; Irle, M. K.; Metcalf, W. W.; et al. Expanding the actinomycetes landscape for 

phosphonate natural products through genome mining. RSC Chemical Biology 2025, 7 (2), 

298-312.See section 2.3.1 
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natural compound biosynthesis capacity. Frontiers in Bioengineering and Biotechnology 2024, 
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The inappropriate and excessive use of antibiotics has accelerated the evolution of multidrug-

resistant bacteria, particularly the ESKAPE pathogens, including Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 

aeruginosa and Enterobacter spp.,138GBD 2021 antimicrobial resistance collaborators 

estimated that drug-resistant infections were responsible for more than one million deaths 

annually from 1990 to 2021, and forecasted this may increase to 1.91 million attributable 

deaths and 8.22 million associated deaths by 2050,139thereby creating an urgent requirement 

for novel and highly efficacious antibiotics to tackle this emerging threat to public health. As 

described in Chapter 1, the expanding number of bioactive compounds and evidence to 

support that bacteria could still be most potential producer to produce novel natural products. 

Phosphonates are a notable and underexploited class of NPs featuring carbon to 

phosphorus(C-P) bonds. This structural moiety, which enables potent molecular mimicry of 

essential metabolites (e.g., phosphate esters or carboxylates), is responsible for interesting 

and useful biological properties of these compounds, including antibacterial, antiparasitic, 

antiviral, insecticidal and herbicidal activities. For example, fosfomycin (also known as Monuril, 

Monurol, or Monural), is used clinically for the treatment of acute urinary tract infections.140By 

minicking phosphoenolpyruvate, it inhibits UDP-N-acetylglucosamine3-enolpyruvyltransferase 

and consequently blocks peptidoglycan biosynthesis. Notably, fosfomycin seems to be one of 

the most effective agents for combating infections caused by ESKAPE pathogens.141 

Fosmidomycin and its derivatives FR-900098, promisingly used to against malaria in human 

clinical trials, which acts through inhibition of 1-deoxy-d-xylulose 5-phosphate 

reductoisomerase and thereby blocks the non-mevalonate pathway of isoprenoid biosynthesis. 

In addition to antibacterial and antifungal activities, phosphinothricin, bialaphos and 

phosalacine, which acts as inhibitors of glutamine synthetase, mostly investigated as 

herbicides.140,142Even with these existing values and potential, less than 30 small molecule 

phosphonate-containing NPs have been reported thus far.143This is due to the distinctive 

characteristics of the phosphonate moiety that may have affected their detection and inclusion 

in standard NPs discovery, since most phosphonate compounds are highly polar, hydrophilic 

and lack strong UV absorption. Interestingly, insights into biosynthesis of all known 

phosphonates have revealed its genetic basis for C-P synthesis.144 With the exception of K-26 

and I5B2, all known phosphonates biosynthesis begin with the conversion of 

phosphoenolpyruvate (PEP) to phosphonopyruvate (PnPy) by phosphoenolpyruvate mutase 

(PepM)144,143(Figure 13). Due to this conserved biosynthetic feature, which enables microbial 

genomes to be queried for the presence of pepM, allowing determination of their genetic 

capacity for biosynthesize phosphonates.145,146Using pepM gene as a molecular marker, 

Metcalf group developed a gene-based screening strategy and revealed that the approximately 

5 % of randomly isolated actinomycetes possess the genetic capability to biosynthesize 

phosphonates.147 

In this chapter, we use a genomics-guided approach to assess the distribution and diversity of 

phosphonate biosynthetic pathways in strains from the German Collection of Microorganisms 

and Cell Cultures GmbH (DSMZ), which further demonstrate the effectiveness of genome 

mining as a strategy for dereplicating known compounds and prioritizing interesting BGCs, and 

reveal many novel phosphonate biosynthetic potentials from actinomycetes. Subsequent 

culturing of all pepM+ strains under OSMAC stratage identified potential phosphonate 
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producers, two of which were Kitasatospora fiedleri DSM 114396 and Streptomyces iranensis 

DSM41954 with unique gene clusters that prompted us to explore them further. And we tried 

to find the correct BGCs and use genetic engineering to increase phosphonate production so 

that further isolation and purification. Given the nature of phosphonate, we developed and 

optimized new methods that allow facile isolation of phosphonate. 

 

 
Figure 13. Overview of phosphonate biosynthesis. 

2.1 Results and discussion 

2.1.1 Genome mining reveals diversity of phosphonate biosynthetic pathways in DSMZ 

and Tü collection 

The genome mining of phosphonate BGCs and genetic engineering has been done by Alina 

Zimmermann and Dr. Juan Pablo Gomez-Escribano at the Leibniz Institute DSMZ-German 

Collection of Microorganisms and Cell Cultures in Braunschweig supervised by Prof. Dr. 

Yvonne Mast.  

 

To identify potential phosphonate producers, we screened 940 actinomycetes genomes from 

the DSMZ (n = 781) and Tübingen (n = 159) strain collection using the pepM gene, as a 
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molecular marker. Due to the pepM gene is high conserved with an essential active site 

motif(EDKXXXXXNS),147, 148and also there is a strong correlation between PEP mutase amino 

acid sequences that encode phosphonate metabolic pathways and pepM gene neighborhood. 

Using this criterion, all putative phosphonate producers(pepM+) were subsequently identified. 

To prioritize these pepM+ srains, the phylogenetic tree of PepM amino acid sequences and 

cluster uniqueness was created and validated (Figure 14). This analysis not only classifies 

sequence diversiy but also provides a framework for estimating biosynthetic relatedness 

among strains.  

 

 
Figure 14. Maximum-likelihood phylogenetic tree of pepM amino acid sequences. Nodes corresponding 

to known phosphonate producers are color-coded, and the chemical structures of their known products 

are shown. Uncolored nodes represent putative phosphonate producers with unknown compounds. K. 

fiedleri DSM114396 and S. iranensis DSM41954 are highlighted with red stars. 

 

Significantly, all phosphonate producers deposited in the DSMZ collection possess the 

potential to produce known phosphonate compounds, including producers of 

phosphonoalamides, argolaphos, fosmidomycin and hydroxynitrilaphos, as well as unknown 

phosphonate producers were discovered, validating the effectiveness and sensitivity of the 

approach based on PepM amino acid phylogeny. More importantly, phylogenetic 

reconstruction reveals a considerable extent of unexplored biosynthetic diversity (The 

simultaneous presence of color-coded nodes corresponding to characterized phosphonate 

producers and uncolored nodes representing strains for which no phosphonate compound has 
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yet been assigned, indicating that a substantial proportion of the observed PepM sequence 

space remains chemically uncharacterized.  

Two of these strains, Kitasatospora fiedleri DSM114396 and Streptomyces iranensis 

DSM41954, were of particular interest first because the genomic information showed that their 

BGCs were unique and novel149. Nevertheless, the broader tree topology further suggests that 

phosphonate biosynthesis is widely distributed and evolutionarily diverse in DSMZ and Tü 

collection,147 and there are still many strains carrying interesting gene clusters worth exploring, 

for example Nocardia tenerifensis DSM44704, Goodfellowiella coeruleoviolacea DSM43935, 

Saccharopolyspora spinosa DSM44228, which deserve further study. 

2.1.2 Initial phosphonate production screening of pepM+ strains 

Although genome sequenced-based screening has proven effective in identifying potential 

phosphonate producers from the DSMZ collection, the actual production of phosphonate 

remains unknown. Therefore, it is crucial to figure out whether the pepM+ strains could produce 

phosphonate. In contrast to many other NPs classes such as polyketides, NRPs, 

phosphonates have distinctive structural features that can be visualized by Nuclear Magnetic 

Resonance (NMR), which enables easy detection of phosphonate compounds when they are 

presented.143 And the OSMAC approach is a classic and highly effective strategy for facilitating 

secondary metabolites by leveraging varied cultivation conditions to extend NPs chemical 

diversity. Therefore, we used semi-quantitative 31P NMR spectroscopy and OSMAC method 

for linking genome sequenced-based screening results to phosphonate production(Figure A 

4-Figure A 18). Initially, we examined the role of inorganic phosphate in phosphonate 

production for 28 pepM+ strains.150 

 

 
Figure 15. Images of all putative phosphonate producers in this study. 
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This analysis revealed inorganic phosphate is an essential precursor, providing the 

phosphorus-containing building blocks for phosphonate compounds. In addition, phosphonate 

production was influenced by the composition of carbon and nitrogen sources in the cultivation 

media. For example, under the addition of inorganic phosphate, the phosphonate compounds 

signals from K.atroaurantiaca DSM 41649 were detected only in spent OM and NL400 medium 

(Figure A 13). Similarly, K.cheerisanensis DSM 101999, the phosphonate compounds signals 

were observed only in spent HM and ISP4 medium with the addition of inorganic phosphate 

(Figure A 7). Likewise, the phosphonate compounds signal from S. seoulensis DSM41840 

were detected only in spent HM and ISP4 medium with the addition of inorganic phosphate 

(Figure A 8). Furthermore, production screening of all 28 pepM+ strains from the DSM and Tü 

collection by 31P NMR spectroscopy and OSMAC method indicated that at least 4/5 produced 

phosphonates. Meanwhile, a tremendous wealth of phosphonate chemical diversity from DSM 

and Tü collection is yet to be explored. 

2.1.3 Streptomyces kutzneri DSM40907 is a new phosphonoalamides producer 

Even with the understanding of phosphonate biosynthetic capacity by genome mining and 

NMR,145,146,151it doesn’t mean the phosphonate structure is clear. Therefore, linking 

phylogenetic placement with chemical output remains essential for validating biosynthetic 

predictions. From our phylogenetic tree, the two strains from DSM collection, Streptomyces 

resistomycificus DSM40133 and Streptomyces kutzneri DSM40907, were grouped into 

phosphonoalanine gene cluster family. Since S.resistomycificus DSM40133 was previously 

shown to produce phosphonoalamides based on comparative analysis of pepM genomic 

neighborhoods as reported by Kayrouz et al.151,152its close association with S. kutzneri 

DSM40907 suggested that the latter strain might encode a similar biosynthetic capability. 

Therefore, to further clearly verify the prediction of our phylogenetic tree, S. kutzneri 

DSM40907 was cultivated in ten different media to identify conditions that induced 

phosphonate production most effectively. Screening of the resulting extracts by 31P NMR 

showed that phosphonate accumulation was highest after 7 days of growth in GUBC medium, 

indicating that metabolite production is strongly influenced by culture conditions (Figure 16). 

This analysis also highlights the importance of medium optimization when attempting to 

experimentally confirm cryptic or weakly expressed phosphonate pathways.  

Subsequent LC-HRMS analysis of the culture supernatant detected several ions with masses 

and fragmentation features characteristic of phosphonoalamides. Specifically, the protonated 

molecular ions m/z 340.1270[M+H]+, 370.1378 [M+H]+, 354.1424[M+H]+, and 368.1582 [M+H]+, 

each of which matched the respective molecular formulas C11H23N3O7P, C12H25N3O8P, 

C12H25N3O7P, and C13H27N3O7P.153These data were consistent with previously reported 

MS/MS fragmentation patterns of phosphonoalamides, revealing that S. kutzneri DSM40907 

is a new phosphonoalamides producer. And these findings not only expand the known 

distribution of phosphonoalamide biosynthesis within Streptomyces, but also further 

demonstrate that our phylogenetic analysis is functionally effective for uncovering novel 

phosphonate biosynthetic pathway. 
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Figure 16. 31P spectra of phosphonates from concentrated spent GUBC culture extract of S. kutzneri 

DSM40907. The P peaks with chemical shifts between 10 and 40 ppm are usually indicative of 

phosphonates and phosphinates, whereas P peaks between +10 to -20 ppm range are usually 

phosphate monomers, esters and pyrophosphates 

2.1.4 Validating the phosphonate production in the S. iranensis DSM41954 based on 

a putative BGC using 31P NMR analysis 

As our phylogenetic tree shown, S. iranensis DSM41954 and S. aureocirculatus DSM 40386 

was grouped together but without connection to any known phosphonate producers. Due to 

the uniqueness of BGC, S. iranensis DSM41954 was prioritised and investigated. The putative 

phosphonate biosynthetic gene cluster from antiSMASH 7.173 is depicted in Figure 17. The 

region 28.2 is reported by antiSMASH as a lager hybrid-BGC, which predicted multiple NP 

types, including phosphonate, acyl amino acids, butyrolactone, NRPS-like, T1PKS, and 

hserlactone. To idetify the boundaries of phosphonate BGC and to uncover its phosphonate 

biosynthesis, The specific vector pDS0007 was first constructed for mainipulation of S. 

iranensis DSM41954,154and sucessfully used to creat the pepM gene deletion of S. iranensis 

DSM41954. The function of pepM gene was confirmed by detecting the phosphonate signal in 
31P NMR. In addition, to further enhance the phosphonate production, we used two strategy 

including overexpression the pepM gene and deletion of putative repressor lacl.154 Thus, the 

pepM-ppdAB overexpression mutants and the deletion mutant of lacl was created by 

conjugation. After cultivation of corresponding strains, distinct peak patterns appreared in 

compariison to the wildtype, with enhanced signal intensity observed in culture supernatant 

sample of the overexpression mutants, but no increased  peak patterns detected in the lacl 

deletion mutant (Figure A 19). Therefore, the overexpression of genes encoding the first 
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enzymes of the pathway is useful strategy to enhance the phosphonate production, but lacl 

gene is not repressor in phosphonate biosynthesis as expected. 

 

 
Figure 17. The cluster region 28.2 contains phosphonate BGC, which is a lager hybrid-BGC of S. 

iranensis DSM41954. 

2.1.5 Validating the phosphonate production in the K. fiedleri DSM114396 based on a 

putative BGC using 31P NMR analysis 

The rare actinomycete K. fiedleri DSM114396 was described as a novel type strain,155 and the 

phosphonate production in this strain was demonstrated by 31P NMR previously. The 

phylogenetic analysis showed that K. fiedleri DSM114396 has conserved core enzyme PepM 

and further comparision of full gene cluster to other known phosphonate producers exhibited 

their different gene orders, thus K. fiedleri DSM114396 was further selected as a candidate. 

To clearly establish the BGC boundaries, NCBI BLAST and Clinker were used for analysis, 

and thus comfirmed the phosphonate BGC location from position 3401998 to position 3428393. 

Notably, we found a gene kfp24 encoding a putative transcriptional regulator of the LuxR family 

in the cluster, which may drive the phosphonate biosynthesis.  

To test this hypothesis and futher investigate the phosphonate biosynthesis, we first 

deterimined the minimal gene cluster kfp02-kfp04 by heterologous expression in Streptomyces 

albus and Streptomyces lividans. Metabolites produced by the resulting strains were analyzed 

by 31P NMR and LC-MS in comparision to the wildtype strain.156Phosphonate-specific chemical 

shifts were observed from either heterologous expression strain. Due to the instability of 

phosphonoacetaldehyde, which can be easily transformed to other products, it was detected 

by derivatived with dansyl group in the culture after incolubation of 3 days and 5 days(Figure 

18, Figure 19).  

 
Figure 18. Chemical structure of the phosphonoacetaldehyde derivatized with dansyl hydrazine, and 

the product with an m/z value of 372.0. 
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Figure 19. Phosphonoacetaldehyde production in the culture of heterologous expression strain. A. EIC 

spectrum of the sample from the culture of S. albus pDS0105 and S. albus pDS0105 after incubation of 

3 days.  B. EIC spectrum of the sample from the culture of S. albus pDS0105 and S. albus pDS0106 

after incubation of 5 days. C. EIC spectrum of the sample from the culture of S. albus pDS0105 and S. 

lividans pDS0105 after incubation of 3 days. D. EIC spectrum of the sample from the culture of S. lividans 

pDS0106 and S. albus pDS0105 after incubation of 5 days 

 

Meanwile, we further constructed the deletion mutant to determine if the genes kfp02-kfp04 

are required to phosphonate biosynthesis in K. fiedleri DSM114396. Analysis of resulting 

strains by 31P NMR revealed no significant phosphonate-specific peak patterns were observed, 

but phosphonate production restored after complementation of the deletion mutant with ectopic 

expression of kfp02-kfp04. These results were clearly demonstrated the essential role of kfp02-

kfp04 in the phosphonate biosynthesis. In addition, overexpression of kfp02-kfp04 resulted in 

distinct peak patterns with stronger signals and new chemical shifts compared with the wildtype. 

As described above, we identified kfp24 as a gene encoding a putative pathway-specific 
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transcriptional activator belonging to the LuxR family. Therefore, we expected the 

overexpression of kfp24 should lead to more phosphonate production. To test our hypothesis, 

the kfp24-overexpression mutants were constructed and introduced into K. fiedleri wildtype. 

Analysis of resulting strains by 31P NMR revealed more and new phosphonate-specific 

chemical shifts observed, confirming that the LuxR-family regulator Kfp24 is the pathway 

specific transcriptional activator of the phosphonate biosynthesis. 

2.1.6 Production screening and pre-purification by size exclusion and ion exchange 

chromatography 

One of the main goals in this thesis was to isolate and purify the unknown phosphonates from 

the spent culture media of S. iranensis DSM41954 and K. fiedleri DSM114396. This task was 

highly challenging because of the complex sample matrix, which contained high concentrations 

of inorganic salts, hydrophobic esters, and macromolecular constituents such as proteins and 

polysaccharides, as well as abundant polar metabolites including sugars and amino acids. 

Therefore, an efficient extraction and pre-purification strategy was required to reduce 

interference from these components as far as possible while preserving the target 

phosphonates for subsequent isolation.After comparing the intensity of target signals of 31P 

NMR from the spent cuture sample of wildtype S. iranensis DSM41954 and K. fiedleri 

DSM114396, K. fiedleri DSM114396 was selected for scale-up production and purification of 

the unknown phosphonates. Based on the optimal growth conditions identified during the initial 

production screening, 13 L of K. fiedleri DSM114396 culture was prepared and concentrated 

by rotary evaporation to a final volume of 800 mL. The samples were monitored for the target 

compounds by detecting signals with chemical shifts of 8 ppm or higher in the 31P NMR spectra. 

Given the complexity of the sample, additional extraction steps were required prior to further 

enrichment of the phosphonates. To remove undesirable constituents such as proteins, 

polysaccharides, colored metabolites, lipids, and other hydrophobic byproducts, methanol was 

added to a final concentration of 80%. The resulting suspension was filtered, evaporated to 

dryness, and the residue was reconstituted in water and analyzed by 31P NMR (Figure 20A). 

Subsequently, 50 g of activated charcoal was added to further reduce matrix components that 

could interfere with further purification. Despite unavoidable losses during these steps, 31P 

NMR analysis revealed an increase in the relative intensity of the target signals and a clearer 

appearance of phosphonate-specific chemical shifts (Figure 20B) In addition, an acid-

treatment step was evaluated as an auxiliary purification measure, as similar procedures have 

been reported to facilitate phosphonate isolation and, in this case, likewise contributed to a 

reduction in undesirable compounds (Figure A 22). Interestingly, some phosphonates were 

extracted into MeCN, suggesting that variations in the side chain structures of the 

phosphonates produced by K. fiedleri DSM114396 result in distinct polarity properties (Figure 

A 23).  

To futher enrich phosphonates, column chromatography with weak anion-exchange resin was 

applied in accordance with the acidic nature of phosphonate compounds. Initially, 100mg 

pretreated samples were reconstituted and loaded to test if phosphonates could be separated. 

By analyzing eluted samples by 31P NMR, phosphonate singal was detected in elution with 
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concentrations of 10mM, 50mM and 100mM bicarbonate solution (Figure 21), indicated that 

column chromatography with weak anion-exchange resin was available for separating different 

phosphonates produced by K. fiedleri DSM114396 culture.  

 
Figure 20.  31P spectra of phosphonates from K. fiedleri DSM114396 A. Concentrated culture extract of 

K. fiedleri DSM114396 shows the presence of phosphonates. B. Concentrated culture extract of K. 

fiedleri DSM114396 after processing by activated charcoal shows the presence of phosphonates. The 

P peaks with chemical shifts between 10 and 40 ppm are usually indicative of phosphonates and 

phosphinates, whereas P peaks between +10 to -20 ppm range are usually phosphate monomers, 

esters and pyrophosphates 

 

 
Figure 21. 31P spectra of the concentrated elution fractions from K. fiedleri DSM114396 sample obtained 

by ion exchange resin separation. Phosphonate signals were detected in fractions eluted with 10mM, 

50mM and 100mM bicarbonate solutions. 
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However, phosphonate signals were not detected with the increase of loading capacity and 

elution, revealed that tracing of phosphonate in 31P NMR may be affected by excess 

bicarbonate, which accumulated during elution progressing. Although lyophilization has proven 

to remove the bicarbonate, the effectiveness was limited by the unavailability of a large-scale 

lyophilizer available. To overcome this limitation and to enable more reliable detection of the 

phosphonates in the obtained extracts, the different LCMS based detection and purification 

strategies were subsequently developed and explored. 

2.1.7 Analytic strategies for phosphonate detection 

A reliable analytical strategy is essential for tracking phosphonate-containing metabolites 

during isolation and purification. Although it would be logical to only perform 31P NMR for the 

detection of phosphorus-containing compounds, this approach may not be complete and 

enough in further large-scale separations and purifications. 31P NMR analysis requires 

relatively high sample amounts and is not well suited for the rapid screening of numerous 

fractions generated during multistep purification. In addition, the complexity of microbial 

extracts can complicate spectral interpretation and reduce analytical throughput. Challenges 

in phosphonate analysis is their occurrence as anionic species in microbial cultures, where 

they readily form complexes with metal ions such as Ca2+ and Mg2+.157Such interactions may 

influence chromatographic separation and ionization efficiency during mass spectrometric 

analysis. Moreover, they are difficult to detect by conventional UV-based HPLC methods due 

to their feature with high polarity, low volatility, and the frequent absence of strong UV 

chromophores.157,158Their extreme hydrophilicity also limits their retention on standard 

reversed-phase columns such as C18, where they often elute at the begining. Thus, it is 

necessary to use chromatographic systems specifically designed for highly polar metabolites. 

To address these challenges, hydrophilic interaction liquid chromatography (HILIC) was 

evaluated as the primary chromatographic mode for phosphonate analysis. Since the first 

introdution of term “HILIC” in 1990, numerous stationary phases have been developed for 

HILIC, the majprity of which are derived from silanol-modified materials, including amino, 

amide, cyanopropyl, carbamate, diol, and polyol phases, as well as mixed-mode stationary 

phases.159Depending on the chromatographic conditions employed, HILIC can function in 

reversed-phase, aqueous normal-phase, and organic normal-phase modes, enabling the 

simultaneous separation of polar and nonpolar compounds such as sugars, polysaccharides, 

peptides, nucleic acids, amino acids, acidic compounds, and basic compounds. Given the 

strongly polar nature of phosphonates, HILIC was considered a preferred chromatographic 

analysis for method development. 

To develop an effective LC-MS method, two HILIC columns, Luna® HILIC column and ZIC® 

HILIC column, were compared using a standard phosphonate mixture (SPM). Both columns 

allowed the detection of all phosphonates present in the standard mixture, confirming that 

HILIC is generally appropriate for phosphonate analysis. However, a clear difference was 

observed in chromatographic performance. The Luna® HILIC column provided better peak 

shapes in comparison to the ZIC® HILIC column. This is particularly important for reliable 
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extracted ion chromatogram (EIC) analysis and reproducible tracking of target compounds 

across fractions. Based on these results, the Luna® HILIC column was selected for subsequent 

analyses. As a verified phosphonoalamides producer, the culture of S. kutzneri DSM40907 

was analyzed, EIC annalysis showed that phosphonoalamides A–D were retained on the 

Luna® HILIC column and could be detected directly from culture extracts (Figure 22A). This 

data further demonstrated that the method was suitable not only for phosphonate standards 

but also for structurally related phosphonate metabolites present in complex microbial culture. 

However, chromatographic retention and selectivity in HILIC are highly sensitive to mobile 

phase composition, including the buffer concentration, pH, and the ratio of aqueous to organic 

solvent. This can make method optimization difficult and may complicate further isolation and 

purification. For this reason, an alternative chromatographic approach was investigated to 

facilitate more convenient phosphonate detection. 

A Hypercarb column, consisting of 100% porous graphitic carbon (PGC) as the stationary 

phase, was therefore evaluated as a complementary analytical method. Porous graphitic 

carbon differs fundamentally from silica-based stationary phases in both surface chemistry and 

retention mechanism. Due to its highly polarizable graphitic surface, PGC often shows 

enhanced retention of small, polar, and structurally challenging compounds, including analytes 

that are poorly retained on regular reversed phase columns such as C18. In addition, the 

mobile phase of hypercarb column is regular solvent, which may simplify the LC-MS analysis. 

To evaluate the performance of the Hypercarb column for phosphonate analysis, culture 

extracts of S. kutzneri DSM40907 were analyzed. The resulting extracted ion chromatograms 

(EICs) showed that phosphonoalamides A–D exhibited improved retention on the Hypercarb 

column (Figure 22B).In addition, standard phosphonates were analyzed under the same 

conditions, and the EIC profiles similarly demonstrated enhanced retention compared to the 

Luna® HILIC (Figure A 25). This improved retention is advantageous for distinguishing and 

separating analyte peaks from the fraction during further purification. Moreover, the use of a 

more conventional mobile phase made the Hypercarb method operationally simpler than HILIC, 

which is beneficial for further fraction analysis. 

Although Hypercarb columns showed excellent analytical capability for phosphonates, the 

columns are costly for the purification of large sample volumes, especially from complex culture. 

In addition, the hypercarb SPE cartridges were used to test if solo compound can be sperate 

from the standard phosphonate mixture, results indicated that the expected compound 

separation was not achieved with the hypercarb SPE cartridges (Figure A 24). Although 

phosphonates are better fitted with LC analysis, their measurement using conventional 

detectors remains challenging due to the lack of adequate chemical moieties, such as 

chromophores and strong UV-absorbing groups.160For these reasons, three main labeling 

reactions were developed for further detection and isolation.  
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Figure 22. Detection of phosphonoalamides A-D in crude extract of S. kutzneri DSM40907. A. EIC 

spectrum showed that phosphonoalamides A-D were retained on the Luna® HILIC column and could be 

detected directly from the culture extract B. EIC spectrum of hypercarb column analysis, revealed 

improved retention of phosphonoalamides A-D. 

2.1.8 Labeling of phosphonates with 9-fluorenylmethyl chloroformate  

9-Fluorenylmethyl chloroformate (FMOC-Cl) derivatization was investigated as a selective 

approach for probing whether the unknown phosphonate produced by K. fiedleri DSM114396 

contains amine functionality. FMOC-Cl is widely used as a pre-column derivatization reagent 
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because it reacts readily with primary and secondary amines under mild alkaline 

conditions.161,160,162The resulting 9-fluorenylmethyl derivatives are less polar and UV-active, 

which improves their detectability by LC-MS and facilitates enrichment or separation using 

reversed-phase chromatography. 

To assess the applicability of this approach to phosphonate analysis and isolation, six 

representative standards, including aminomethylphosphonate (AMPA), phosphinothricin(PT), 

glyphosate (GP), phosphomycin (PM), methylphosphonate(MP) and 3-phosphonopropioinc 

acid(3-PPA) were test.  

 
Figure 23. Chemical structures of aminomethylphosphonate(AMPA), phosphinothricin(PT), glyphosate 

(GP), phosphomycin(PM), methylphosphonate(MP) and 3-phosphonopropioinc acid(3-PPA) and 

derivatization reaction with FMOC. FOMC group is highlighted in red. 

 

After derivatization, the stable FMOC derivatives were successfully yielded for AMP, GLY and 

PT (Figure 23). These products displayed clear UV absorbance at 254nm and were retained 

sufficiently on a C18 column, confirming successful derivatization of amine-containing 

phosphonates. (Figure 24A) In contrast, PM, MP, and 3-PPA failed to form detectable FMOC 

products, as expected from the absence of a primary or secondary amine group. (Figure 24B) 

These results confirmed that FMOC derivatization provides a useful chemical filter for 

distinguishing amino-phosphonates from non-amino phosphonates. Notably, hydrolyzed 

FMOC byproducts were consistently observed in reaction mixtures. Although this byproduct is 

unavoidable in aqueous derivatization systems and complicates sample analysis to some 

extent, it did not preclude assessment of whether derivatization had occurred.163 
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Figure 24. EIC chromatograms of FMOC derivatives of aminomethylphosphonate(AMP), 

phosphinothricin(PT), glyphosate (GP), phosphomycin(PM), methylphosphonate(MP) and 3-

phosphonopropioinc acid(3-PPA) in 254nm. A) Unlabeled MP, PM and 3-PPA. B) Labeled PT, GP and 

AMP. 

 

When this approach was applied to the crude extract of K. fiedleri DSM114396, no 

phosphonate-specific 31P NMR signals appeared in the MeOH-eluted fraction after FMOC 

treatment, followed by C18 processing (Figure 25) This finding indicates that the unknown 

phosphonate was not retained in the derivatized fraction and therefore most likely did not react 

with FMOC-Cl. 
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Figure 25. 31P spectra of the labeled K. fiedleri DSM114396 sample. The detection of phosphonates 

produced by K. fiedleri DSM114396 in the MeOH elution fraction suggests that these compounds may 

not contain primary or secondary amine groups. 

2.1.9 Labeling of phosphonates with diazo probe 

Compared with FMOC, diazo probes show higher reactivity. The reaction between aryl diazo 

probe and acidic compounds is mediated by an electrophilic reaction activated by acid-base 

interaction. For this reaction, no additional catalysts are required and can proceed even under 

neutral conditions. Moreover, diazo probe have been successfully applied to derivatize the 

phosphate and carboxyl group.164,165,166For example, Liu et al used diazo compounds to 

derivatize phosphate group on ribonucleotides for the detection of endogenous ribonucleotides 

from cells.167Li et al used diazo compounds to label and determine derivatize twenty-two 

intermediates in central carbon metabolism pathway.164 Kalie et al used diazo compounds to 

esterify the carboxyl group in the green fluorescent protein in an aqueous environment for 

cytosolic entry study.168 

 

2.1.9.1 Characterizations of synthesized aryl diazo reagent  

 

To achieve the analysis of phosphonates for facilitating further purification, we developed an 

aryl diazo-based labeling strategy with Br tag while preserving the integrity of the phosphonate 

moiety. Different diazo labeling reagents were synthesized and shown in Figure 26. 

Unfortunately, the synthesis experiment of 1 failed because quinoline was not dissolved in 

DCM, but successful case was reported involving the use of DSMO.165The compound 2 was 
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not good to detect under regular LC-MS analysis procedure. Finally, we got two diazo probes, 

the high-resolution mass spectrometry and NMR analysis demonstrated that these two Br-

diazo compounds 3 and 4 were successfully synthesized. Both were determined as labeling 

reagent for further phosphonate labeling reactions but 4 was a priority. The introduction of Br 

brings the isotope peak, and the hydrophobic phenyl group enhances the retention of 

phosphonates on reversed-phase LC that can improve the chromatographic separation. Of 

note is that manganese dioxide from different sources affects the Br-diazo synthesis, our 

experiments revealed MnO2 produced by electrolysis exhibits the most effective oxidation 

properties, and the reaction was completed in 2 hours. In addition, due to the instability of 

probe compound, it was directly used for the labeling of phosphonates. 

 
Figure 26. Structures of synthesized Br-diazo in this study. The protocol and synthesis were kindly 

constructed by Dr. Chamber C. Hughes. 

 

2.1.9.2 Labeling reaction of phosphonates  

 

To evaluate the utility of our aryl diazo probe for labeling phosphonates, we used AMP, PT, 

GLY, PM, MP and 3-PPA, which were reacted with the probe compound and examined by LC-

MS analysis. The results showed that the measured precursor ions and product ions of AMP, 

PT, GLY, PM, MP and 3-PPA-diazos were identical to the theretical values(Figure 27), 

suggesting that all the phosphonates successfully reacted with diazo probe compound and 

formed the desired derivatives of phosphonate diazos. The derivative peaks showed better 

retention and UV absorption, supporting the conclusion that diazo tagging enhances LC-MS 

performance by altering compound properties, thereby enable the phosphonate isolation. 

Notably, alkylated phosphate is the major product of the six analytes, although there is carboxyl 

group site available for alkylation in PT, GP and 3-PPA. In addition, the reaction with the 

phosphate diesters were barely observed. This result is qualitatively in agreement with the 

literature reported.166and the reactivity of diazo compounds were affected by pH and 

equivalents. The main product of diazo labeling is generated by the reaction with phosphonic 

acid group in pH 6.9 borate buffer. 
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Figure 27. Structures theoretically of aminomethylphosphonate(AMPA), phosphinothricin(PT), 

glyphosate (GP), phosphomycin(PM), methylphosphonate(MP) and 3-phosphonopropioinc acid(3-PPA) 

after labeling with diazo reagent. The actual products obtained are marked with red diamonds. 

 

In contrast, unlabeled phosphonates appeared close to the baseline at very early retention 

times, consistent with the high polarity and generally poor ESI response of the nature of 

phosphonates. In addition, the top peak eluting at approximately 6.0 min is primarily attributed 

to the formation of H2O-diazo, since the hydrolysis is always predominant for reactions of diazo 

compounds in water (Figure 28). Nevertheless, the retention shows no obvious difference in 

the different analytes. Rather than interfering with labeled phosphonate detection, this peak 

eluted in a distinct chromatographic region and served as a useful indicator of reagent activity 

and reaction. And the absence of overlapping signals between H2O-diazo and phosphonate-

diazo derivatives demonstrated that the method maintains analytical clarity and utility despite 

excess derivatization. Additional peaks observed at retention times later than 8 min are likely 

associated with minor reaction by product or matrix-related components (Figure 28). These 

peaks do not overlap with the phosphonate diazo derivatives and therefore do not compromise 

analysis. 
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Figure 28. EIC chromatograms of diazo derivatives of aminomethylphosphonate, phosphinothricin, 

glyphosate, phosphomycin, methylphosphonate and 3-phosphonopropioinc acid at 254nm. Peaks with 

retention times between 2 and 6 min were assigned to the corresponding diazo derivatives, whereas 

peaks eluting after 8 min were attributed to other unknown products. 

 

2.1.9.3 Optimization of labeling reaction 

 

The conditions including buffer and pH were optimized to obtain high efficiency of the labeling 

reaction. To assess potential buffer effects on the labeling reaction, four buffer systems (borate, 

Bis-Tris, HEPES, and MOPS) were tested at three concentrations (250 mM, 500 mM, and 1 

M). For each buffer and concentration, four pH conditions (pH 5.5, 6.0, 6.5, and 7.0) were 

examined for labeling AMP,PT,3-PPA. The results showed that the peak areas of AMP,PT,3-

PPA derivatives presented slight variation.  

2.1.10 Labeling of phosphonates with ethyl chloroformate  

Ethyl chloroformate is widely used as a pre-column derivatization reagent across various fields 

for analysis due to several advantages.169,170Firstly, ester formation markedly reduces 

substrate polarity, which is particularly advantageous for the analysis of highly polar 

compounds. This benefit is especially evident when ECF labeling is performed in aqueous 

medium, as it avoids the need for complete water removal prior to derivatization and thereby 

simplifies sample preparation, especially for culture-derived samples. Secondly, the reaction 

proceeds rapidly at room temperature and typically affords high yields, while also enabling 

efficient esterification of carboxyl groups in multifunctional protic compounds such as amino 

acids.170Lastly, the esterification is highly fast, cost-effective and readily available reagents that 

can be easily removed by extraction or evaporation.171 Based on this advantage and the 



44 

phosphonates that have been reported, we hypothesize that this chemical modification could 

increase the phosphonate hydrophobicity, thereby enable them retent on C18 columns. 

To evaluate the labeling reaction and confirm our hypothesis, phosphinothricin(PT) and 

glyphosate(GP) was used to react with ECF as standard analytes. Due to ECF is reactive 

species with the ability to protect many protic functional groups, there are multiple sites can be 

reacted in PT and GP (Figure 29, Figure 30).  

Under standard reversed phase LC-MS conditions, the underivatized compound exhibited 

minimal retention and eluted close to the solvent front. This is consistent with the high polarity 

and zwitterionic nature of PT and GP, which limits interaction with the hydrophobic stationary 

phase. After ECF derivatization, the chromatographic profile changed markedly. Several new 

peaks were observed at significantly longer retention times, as described.170,172 And product 

ions were identical to the theoretical values (Figure A 31, Figure A 32). The obviously increase 

in retention time confirmed successful derivatization and demonstrated that introduction of 

ethyl groups effectively reduces polarity of PT and GP. Although such product heterogeneity 

may complicate absolute quantification, it does not compromise qualitative detection or 

chromato-graphic retention. These results demonstrate that ECF derivatization provides an 

effective and experimentally simple strategy for improving the reversed-phase retention of 

phosphonate compounds.  

 
Figure 29. Chemical structures of glyphosate (GP) after labeling with ECF. Available labeling sites are 

highlighted in red. 
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Figure 30. Chemical structures of phosphinothricin(PT) after labeling with ECF. Available labeling sites 

are highlighted in red. 

 

Additional purification by HPLC indicated that the derivatized PT and GP products could be 

isolated, even using a small scale system. Unforunately, pure compounds were not obtained 

due to insufficient samples. Therefore, large pyridine and alcohol in excess to the labile ECF 

reagent is necessary to get the high ester yields in aqueous media as confirmed by Opekar et 

al,170 since further purification needs enough sample. Neverthless, further study of labeling 

with ECF will be worth for phosphonate purification. 

2.2 Materials and methods 

For detailed materials and methods can be referred to the original publication 1-3, the following 

sections provide additional supplementary information for certain procedures.  

2.2.1 Strains 

All wildtype strains were from Deutsche Sammlung von Mikroorganismen und Zellkulturen 

(DSMZ). All strains used in this study were listed in Table 1. 
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Table 1. Strain list from DSMZ and Tübingen strain collection 

No. SPECIES Isolation, sampling and environmental information from DSMZ 

41867 Streptomyces glauciniger aerobe, spore-forming, Gram-positive bacterium that was isolated from soil in a willow wood 

41954 Streptomyces iranensis aerobe, spore-forming, Gram-positive bacterium that builds an aerial mycelium and was isolated 

from rhizospherical soil at a depth of 10 cm. 

42034 Streptomyces 

shenzhenensis 

spore-forming bacterium that was isolated from mangrove soil 

41649 Kitasatospora 

atroaurantiaca 

spore-forming, Gram-positive bacterium that builds an aerial mycelium and was isolated from soil. 

43861 Kitasatospora setae spore-forming bacterium that builds an aerial mycelium and produces antibiotic compounds. 

101999 Kitasatospora 

cheerisanensis 

spore-forming, Gram-positive bacterium that was isolated from soil humus sample. 

40043 Streptomyces alboniger spore-forming bacterium that produces antibiotic compounds and was isolated from forest soil. 

41230 Streptomyces libani (rufus) spore-forming, Gram-positive bacterium that produces antibiotic compounds and was isolated 

from soil 

40133 Streptomyces 

resistomycificus 

spore-forming bacterium that builds an aerial mycelium and produces antibiotic compounds 

41840 Streptomyces seoulensis aerobe, spore-forming, Gram-positive bacterium that was isolated from soil 

102214 Streptomyces hokutonensis a bacterium that was isolated from sample of strawberry root rhizosphere 

41801 Streptomyces monomycini spore-forming, Gram-positive bacterium of the family Streptomycetaceae 

41691 Streptomyces mutomycini spore-forming bacterium that builds an aerial mycelium and produces antibiotic compounds 

40386 Streptomyces 

aureocirculatus 

spore-forming, Gram-positive bacterium that builds an aerial mycelium and was isolated from Soil. 

44228 Saccharopolyspora spinosa spore-forming, Gram-positive bacterium that builds an aerial mycelium and was isolated from soil; 

sugar mill rum still. 

46670 Kibdelosporangium 

banguiense 

spore-forming bacterium that builds an aerial mycelium and was isolated from soil 
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Table 1. Strain list from DSMZ and Tübingen strain collection (Continued) 

No. SPECIES Isolation, sampling and environmental information from DSMZ 

40907 Streptomyces kutzneri unknown 

45285 Amycolatopsis xylanica aerobe, spore-forming, Gram-positive bacterium that was isolated from soil 

40283 Kitasatospora purpeofusca spore-forming, Gram-positive bacterium that produces antibiotic compounds and was isolated 

from soil 

116176 

 (BCCO 

100798) 

Lentzea kristufekii isolated from bare soil developing on Miocene lacustrine clay sediment 

114396 

 (Tü 4103) 

Kitasatospora fiedleri isolated from soil in Indonesia Java 

40736  

(Tü 494) 

Streptomyces 

viridochromogenes 

unknown  

Tü I6 Streptomyces sp. isolated from an Indonesian mangrove sediment sample 

Tü 18 Streptomyces sp. isolated from soil  

Tü 3678 Streptomyces sp. isolated from soil 

Tü 21470 Streptomyces sp. isolated from soil 

40386 Streptomyces 

aureocirculatus 

spore-forming, Gram-positive bacterium that builds an aerial mycelium and was isolated from soil. 
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2.2.2 Medium  

All media were prepared by dissolving the relevant ingredients (see Table 2) in deionized water and subsequent adjusted pH using NaOH or HCl, 

respectively. And 2 % (w/v) agar (Sigma-Aldrich, St. Louis, USA) were added for solid media. All media were autoclaved at 121℃. 

 

Table 2. Compositions of media and buffer used. 

Name Ingredients Concentration (g/L) Volume per L medium (mL) pH 

M65 Yeast extract 4  7.0-7.3 

 Malt extract 10   

 Glucose 4   

 CaCO3 2   

     

HM/ISP2 Yeast extract 4  7.0-7.3 

 Malt extract 10   

 Glucose 4   

     

MS Mannitol 20  7.0-7.3 

 Vollfett soy flour  20   

     

OM/ISP3 Oatmeal  20  7.0-7.3 

 Trace metal mix 2  5  

     

HM + 1 g/L K2HPO4 Yeast extract 4  7.0-7.3 

 Malt extract 10   

 Glucose 4   

 K2HPO4 1   
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Table 2. Compositions of media and buffer used. (Continued) 

Name Ingredients Concentration (g/L) Volume per L medium (mL) pH 

R5 Saccharose 103  7.0-7.3 

 Glucose 10   

 K2SO4  0.25   

 MgCl2 10.12   

 Casamino acids 0.1   

 Yeast extract 5   

 TES 5.73   

 Trace metal mix 2  2  

  

 dissolve in 955 mL H2O, add after autoclaving: 

 1M CaCl2   20  

 0.54% KH2PO4  10  

 20% L-Prolin  15  

     

GUBC Saccharose 10  7.0-7.3 

 Meat extract 5   

 Casamino acids 5   

 Glycerol 5   

 1M Na2HPO4 / KH2PO4 pH 7.3  5  

 Hunter’s base  2  

 add after autoclaving    

 Balch’s vitamins  10  
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Table 2. Compositions of media and buffer used. (Continued) 

Name Ingredients Concentration (g/L) Volume per L medium (mL) pH 

ISP4 Solution I:   7.0-7.3 

 10 g Soluble starch 10   

 dissolve in 500 mL H2O    

 Solution II:    

 2 g CaCO3 2   

 1 g K2HPO4 anhydrous 1   

 MgCl2 1   

 NaCl 1   

 (NH4)SO4 2   

 Trace metal mix 1    

 dissolve in 500 mL H2O    

 mix solution I and II and autoclave 

     

A1 Soluble starch 10  7.1 

 Yeast extract 4   

 Bacto Peptone 2   

 Seasalts 33   

     

HM + 1M buffer Yeast extract 4  7.0-7.3 

 Malt extract 10   

 Glucose 4   

 1M Na2HPO4 / KH2PO4 pH 7.3  5  

     

MS + 1 g/L K2HPO4 Mannitol 20  7.0-7.3 

 Vollfett soy flour  20   

 K2HPO4 1   
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Table 2. Compositions of media and buffer used. (Continued) 

Name Ingredients Concentration (g/L) Volume per L medium (mL) pH 

MS + 1M buffer Mannitol 20  7.0-7.3 

 Vollfett soy flour  20   

 1M Na2HPO4 / KH2PO4 pH 7.3  5  

     

OM/ISP3 + 1 g/L K2HPO4 Oatmeal  20  7.0-7.3 

 K2HPO4 1   

 Trace metal mix 2  5  

     

OM/ISP3 + 1M buffer Oatmeal 20  7.0-7.3 

 1M Na2HPO4 / KH2PO4 pH 7.3  5  

 Trace metal mix 2  5  

     

R5 + 1 g/L K2HPO4 Saccharose 103  7.0-7.3 

 Glucose 10   

 K2SO4  0.25   

 MgCl2  10.12   

 Casamino acids 0.1   

 Yeast extract 5   

 TES 5.73   

 Trace metal mix 2  2  

 dissolve in 955 mL H2O    

 add after autoclaving    

 1M CaCl2   20  

 0.54% KH2PO4  10  

 20% L-Prolin  15  
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Table 2. Compositions of media and buffer used. (Continued) 

Name Ingredients Concentration (g/L) Volume per L medium (mL) pH 

R5 + 1M buffer Saccharose 103  7.0-7.3 

 Glucose 10   

 K2SO4  0.25   

 MgCl2  10.12   

 Casamino acids 0.1   

 Yeast extract 5   

 TES 5.73   

 Trace metal mix 2  2  

 dissolve in 955 mL H2O    

 add after autoclaving:    

 1M CaCl2   20  

 0.54% KH2PO4  10  

 20% L-Prolin  15  

 1M Na2HPO4 / KH2PO4 pH 7.3  5  

     

NL200 + 1 g/L K2HPO4 Mannitol 20  7.0-7.3 

 Cornsteep Powder 20   

 K2HPO4 1   

     

NL300 + 1 g/L K2HPO4 Mannitol 20  7.0-7.3 

 Cotton Seed 20   

 K2HPO4 1   

     

SG Glycerol 68  6.8 

 Vollfett soy flour 20   

 KH2PO4 1   
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Table 2. Compositions of media and buffer used. (Continued) 

Name Ingredients Concentration (g/L) Volume per L medium (mL) pH 

NL400 + 1 g/L K2HPO4 Glucose 10  7.0-7.3 

 Soluble starch 20   

 Bacto Peptone 3   

 Meat extract 3   

 Yeast extract 5   

 CaCO3 3   

 K2HPO4 1   

     

NL410 + 1 g/L K2HPO4 Glucose 10  7.0-7.3 

 Glycerol 10   

 Oatmeal 5   

 Soy flour 10   

 Yeast extract 5   

 Casaminoacids 5   

 CaCO3 1   

 K2HPO4 1   

     

Minimal medium L-asparagine 0.5  7.0-7.2 

 K2HPO4 0.5   

 MgSO4 x 7 H2O 0.2   

 FeSO4 x 7 H2O 0.010   

 add after autoclaving    

 50% glucose solution (autoclaved 

separately) 

 20  
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Table 2. Compositions of media and buffer used. (Continued) 

Name Ingredients Concentration (g/L) Volume per L medium (mL) pH 

Hunter’s concentrated base MgSO4 x 7 H2O 59.3  6.8 

 Nitrilotriacetic acid 20   

 CaCl2 x 2 H2O 6.67   

 (NH4)6Mo7O24 ∙ 4 H2O 0.0185   

 FeSO4 x 7 H2O 0.198   

 Na-EDTA 0.25   

 ZnSO4 x 7 H2O 1.095   

 FeSO4 x 7 H2O 0.5   

 MnSO4 × H2O 0.154   

 CuSO4 × 5 H2O 0.0392   

 Co(NO3)2 x 7 H2O 0.025   

 Na2B4O7 ∙ 10 H2O 0.0177   

     

Balch’s vitamins p-amino benzoic aicd 0.005  7.0 

 Folic acid 0.002   

 Biotin 0.002   

 Nicotinic acid 0.005   

 Calcium pantothenate 0.005   

 Riboflavin 0.005   

 Thiamin HCl 0.005   

 Pyridoxine HCl 0.010   

 Cyanocobalamin 0.0001   

 Thioctic (lipoic) acid 0.005   

     

LB LB-Broth    
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Table 2. Compositions of media and buffer used. (Continued) 

Name Ingredients Concentration (g/L) Volume per L medium (mL) pH 

Minimal medium L-asparagine 0.5  7.0-7.2 

 K2HPO4 0.5   

 MgSO4 x 7 H2O 0.2   

 FeSO4 x 7 H2O 0.010   

 add after autoclaving    

 50% glucose solution (autoclaved separately)  20  

     

Trace metal mix 2 FeCl3 ∙ 6 H2O 0.2   

 CuCl2 ∙ 2 H2O 0.01   

 10/8,2 mg MnCl2 ∙ 4 H2O/ 2 H2O    

 (NH4)6Mo7O24 ∙ 4 H2O 0.01   

 Na2B4O7 ∙ 10 H2O 0.01   

     

Sporulation medium  

for B. subtilis 

FeCl3 x 6H2O 0.001  7.1 

 MnCl2 x 2H2O 0.0145   

 NH4Cl 0.540   

 Na2SO4 0.105   

 KH2PO4 0.087   

 CaCl2 0.1947   

 NH4NO3 0.096   

 MgCl2x6H2O 0.0083   

 Glucose 2   

 Sodium L-glutamate monohydrate 1.9   
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Table 2. Compositions of media and buffer used. (Continued) 

Name Ingredients Concentration (g/L) Volume per L medium (mL) pH 

Antibiotic-test medium KH2PO4  3 7.0-7.2 

 K2HPO4  7  

 Tri-Na-Citrat x 2 H2O  0.5  

 MgSO4 x 7 H2O  0.1  

 (NH4)2SO4  1  

 Glucose  2  

     

LB+Glucose LB-Broth    

 Glucose  1  
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2.2.3 Instrument and analytical methods 

2.2.3.1 LC-MS analysis 

 

Low resolution analytical LC-MS was performed on an Agilent 1260 Infinity with different 

columns. For standard method: Kinetex 5 µm C18 100 Å, 100 x 4.6 mm column, G6125B 

LC/MSD. the flow rate was set at 0.50 mL/min with water as solvent A and acetonitrile (MeCN) 

as solvent B with 0.1% of formic acid in A and B. Standard conditions: Gradient 10-100% B 

over 10 minutes, hold 100% B for 2 minutes, then back to initial conditions for 1 minute, hold 

at initial conditions for 2 minutes. Long conditions: Gradient 10-100% B over 20 minutes, hold 

100% B for 3 minutes, then back to initial conditions for 1 minute, hold at initial conditions for 

1 minute.  

High resolution analytical LC-MS(LC-HRMS/MS) were performed on 1290, Infinity II LC system 

(Agilent Technologies, France) coupled to an impact II mass spectrometer (Bruker, France) 

equipped with an electrospray ionization (ESI) source operated in the positive mode and 

negative mode. Chromatographic separations were developed with reverse phase, HILIC, or 

porous graphitic carbon columns. For reverse phase analysis, a Kinetex C18 (2.1x50 mm, 1.7 

µm, Phenomenex) column was used at 30 ℃ with a flow rate of 0.50 mL/min. The mobile 

phase consisted of solvent A (water containing 0.1% formic acid) and solvent B (acetonitrile 

containing 0.1% formic acid). A 5 µL aliquot of sample was injected, and elution was performed 

using the following gradient: 5% B at initial conditions, increased linearly to 100% B over 10 

min, held at 100% B for 2 min, returned to initial conditions over 1 min, and equilibrated for 2 

min. For HILIC analysis, separations were performed on a XBridge® BEH Amide (4.6x150 mm, 

5 µm, Waters), Luna HILIC (2.1x50 mm, 1.7 µm, Waters) and ZIC®HILIC (4.6x100 mm, 5 µm, 

Merck) column maintained at 30 ℃. The flow rate was set at 0.5 or 1.0 mL/min depending on 

the column used. The mobile phase consisted of solvent A (acetonitrile/50 mM ammonium 

formate, 9:1, v/v, pH 3.2) and solvent B (acetonitrile/water/50 mM ammonium formate, 5:4:1, 

v/v/v, pH 3.2). A 5 µL aliquot of sample was injected and separated using the following gradient: 

90% B from 0 to 2.0 min, decreased to 40% B at 12.0 min, held at 40% B until 14.0 min, 

returned to 90% B at 14.5 min, maintained at 90% B until 20.0 min, followed by a 10 min re-

equilibration step. For porous graphitic carbon analysis, a HypercarbTM (4.6x100 mm, 5 µm, 

Thermo fisher scientific) column was used at 30 ℃. with a flow rate of 0.50 mL/min. The mobile 

phase consisted of solvent A (water containing 0.1% formic acid) and solvent B (acetonitrile 

containing 0.1% formic acid). A 5 µL aliquot of sample was injected, and separation was 

achieved using the following gradient: 5% B at initial conditions, increased linearly to 100% B 

over 10.0 min, held at 100% B until 12.0 min, returned to 5% B at 13.0 min, and equilibrated 

at 5% B until 15.0 min. 

All mass spectrometric detection was performed in positive electrospray ionization (ESI) mode 

and negative ESI mode using auto-MS/MS acquisition. The positive-ion scan range was m/z 

100-2000, whereas the negative-ion scan range was m/z 60-2000. Up to three precursor ions 

were selected in each cycle, with an absolute intensity threshold of 400. Dynamic exclusion 

was enabled, and the precursor cycle time was set to 0.30 s. Ion source parameters were set 
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as follows: capillary voltage 4.5 kV, an end plate offset of -500 V, nebulizer 2.2 bar, dry gas 

10.0 L/min, desolvatation temperature 250 ℃ no collision in source. Nitrogen was used as 

drying gas in the source and for collision. The elemental compositions for all ions were 

determined with the instrument software DataAnalysis, the precision mass measurement was 

less than 5 ppm. 

 

2.2.3.2 NMR analysis 

 

The NMR experiments were kindly performed by NMR department at Eberhard Karls 

Universität Tübingen. The data was made available to me for further analysis. 

 
31P NMR spectra were recorded in 20% D2O at 243 MHz on a Bruker Avance III HDX 600 MHz 

spectrometer fitted with a 5mm Prodigy BBO H&F CryoProbe. Phosphorus chemical shifts are 

reported in ppm relative to a 10 mM L-phosphinothricin HCl reference (δP 51.2) using a double-

chamber coaxial NMR tube. 1H NMR spectra were recorded on a Bruker Avance III HDX 400 

MHz, Bruker Avance III HDX 600 MHz. The deuterated solvents used in this study were from 

Cambridge Isotope Laboratories (Andover, MA). Spectra were collected in water 

supplemented with 20% D2O as a lock solvent. The deuterated solvents used in this study 

were bought (Sigma-Aldrich, USA). NMR data were analyzed using MestReNova 14.3.0.  

2.2.4 Sample preparation, isolation and purification 

2.2.4.1 Preparation of cryopreserved spore suspensions 

 

To ensure that sufficient active strains were available for all experiments, long-term spore 

suspensions stocks were prepared for each strain. Each strain was grown on agar plates until 

sporulation occurred. The spores were collected by suspending in 2mL sterilized 20% glycerol 

in water (v/v) with 0.1% Tween 80 (v/v), as previous described to maintain as a back-up. All 

spore suspensions were stored in 1.2 mL cryogenic vials at - 80 °C. 

 

2.2.4.2 Preparation of pre-cultures of putative phosphonate producer 

 

All culture agar of putative phosphonate producers (see Table 1) were prepared by inoculating 

spore suspension or the active culture agar from DSMZ. A small square block about 1cm2 was 

picked with a sterilized toothpick from culture agar and transferred into sterilized 100mL 

Erlenmeyer baffled flasks (“mit Schikane”) with metal coil containing 30mL R5 or HM liquid 

medium. The pre-culture was grown at 150rpm and 29 ℃ on a platform shaker for three days. 

 

2.2.4.3 Preparation of supernatant and agar sample for phosphonate compounds 

 

For the liquid culture, the culture was transferred into 50mL centrifuge tubes or 750mL bottles. 

The cells were separated from the culture by centrifugation at 4000rpm for 20 min, and the 
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supernatant was collected, frozen and lyophilized. The dried materials were stored at -20 ℃ 

until further analysis. 

For the agar, the culture plates were cut up into small pieces. Sliced culture was put into 250mL 

plastic beaker containing 100mL distilled water, and was frozen at -80 ℃ for overnight, then 

thawed to room temperature. Unfrozen agars were compressed by twisting the cheese cloth 

tightly to harvest liquid from each strain. The filtrate was centrifuged, collected, frozen and 

lyophilized. The dried materials were stored at -20 ℃ until further analysis. 

 

2.2.4.4 Cultivation of S. kutzneri DSM40907 

 

See publication 2 

 

2.2.4.5 Processing of phosphonate compounds samples 

 

The dried materials were melted and re-dissolved in 5mL Millipore water. Then concentrated 

liquid was centrifuged at 4000rpm for 20min to remove particles and applied to a 2g C18 solid 

phase extraction (SPE) cartridge, and aqueous phase was collected. C18 SPE cartridge was 

washed and equilibrated with MeOH and Millipore water.  Then MeOH was added into aqueous 

phase to a final concentration of 80%MeOH and 20% H2O. The precipitate was removed by 

filtration through filter paper. The soluble material (filtrate) was dried using a rotary evaporator 

and GeneVac. 

 

2.2.4.6 Ion exchange treatment 

 

The dried sample was redissolved in water and adjusted with acetic acid to 3. The sample was 

next subjected to fractionation on column chromatography with Dowex 1-X8 anion exchange 

resins (50g), which had been pre-equilibrated with 0.1% acetic acid. Under gravity flow, the 

column was sequentially washed with two column volumes of 0.1% acetic acid, followed by 

water. Bound components, including phosphonates, were then eluted with 1mM, 5mM, 10mM, 

25mM, 50mM, 100mM, 250mM, 500mM and 1M bicarbonate solution. For Oasis MCX and 

WAX, the cartridges were conditioned and equilibrated with MeOH and water, then loaded with 

samples. After loading, the cartridges were washed with 2% formic acid to remove weakly 

retained interference. Then the elutions with 100% MeOH was performed to collect neutral 

compounds, followed by 5% NH4OH in MeOH. For Oasis MAX and WCX, samples were 

prepared and loaded under basic conditions. Following loading, cartridges were washed with 

5% NH4OH to remove weakly retained compounds. Elution was carried out sequently with 100% 

MeOH for neutral compounds and followed by 2% formic acid in MeOH. 

2.2.5 Bioassays 

2.2.5.1 Preparation of E. coli K12, E. coli WM 6242 and B. subtilis 168 stocks 
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The initial strain E.coli K12 and E.coli WM6242 stocks was taken over from Dr. Julia Moschny. 

The initial strain B. subtilis 168 stock was obtained from Dr. Dardan Beqaj. 

E. coli K12, E. coli WM 6242 was cultivated in the 100mL Erlenmeyer flask containing 30mL 

LB medium at 180rpm and 37 ℃ for overnight. Then the culture was diluted with 90% glycerol 

solution to OD600=1 separately. The aliquots of 600 µl diluted culture was frozen at -20 ℃ as 

stock.  

B. subtilis 168 was cultivated in the 500mL Erlenmeyer flask containing 100mL sporulation 

medium at 180rpm and 30 ℃ for 4-5 days. The culture was centrifuged at 4000rpm and 4℃ 

for 10min. Spores were collected and washed with sterilized water to OD546=2. The remaining 

vegetative cells were killed by heating at 70 ℃ for 45min. The aliquots of 600 µl spore solution 

were frozen at -20 ℃ as stock. The optical density of E. coli K12, E. coli WM 6242 and B. 

subtilis 168 was determinated with OD600 and OD524. 

 

2.2.5.2 Preparation of cryopreserved spore suspensions 

 

To ensure that sufficient active strains were available for all experiments, long-term spore 

suspensions stocks were prepared for each strain. Each strain was grown on agar plates until 

sporulation occurred. The spores were collected by suspending 2mL sterilized 20% glycerol in 

water (v/v) with 0.1% Tween 80 (v/v), as previously described to maintain as a back-up. All 

spore suspensions were stored in 1.2 mL cryogenic vials at - 80 ℃. 

 

2.2.5.3 Agar/Disc diffusion assays 

 

Agar diffusion assays against E. coli K12 and E. coli WM6242 were performed in square (120 

x 120 mm) disposable petri dishes. E. coli WM6242 was an engineered E. coli strain that has 

phosphonate uptake transporter genes that are hypersensitive to bioactive phosphonate under 

the regulatory control of Tac promoter.146 E. coli K12 was a wildtype strain that accounted for 

the presence of non-phosphonate-containing antibiotics. Petri dishes were filled with 50mL LB 

agar and mixed with 0.5mL stock of E. coli K12 or E. coli WM6242. The 0.1mL IPTG was 

added in petri dishes of E. coli WM6242. Disc diffusion assays against B.subtilis 168 were also 

performed in square (120 x 120 mm) disposable petri dishes.  

2.2.6 Chemical labeling strategies 

Phosphonate compounds are highly water-soluble and polar compounds. This results in a lack 

of sufficient hydrophobicity to allow them to enter organic solvents and a series of reverse 

chromatograms, such as C18, to separate them. Also, the cultures are usually complex in 

composition, containing large amounts of hydrocarbons such as sugars, amino acids, peptides 

and other metabolites. These pose a great challenge for the separation of phosphonate 

compounds.  

 

2.2.6.1 Labeling of phosphonates with FMOC-Cl 
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The labeling reaction of standard phosphonates was performed with Fmoc chloride. The 

reaction was carried out by mixing 200 µL of phosphonate standard solution, 200 µL of borate 

buffer (crystallized boric acid, 200 mM, pH 8.8) and 100 µL of Fmoc chloride (10mM in MeCN). 

The reaction was incubated at room temperature for 30 min, diluted and analyszed by LC-MS. 

 

2.2.6.2 Labeling of phosphonates with a diazo probe 

2.2.6.2.1 Diazo probe synthesis 

 

The synthesis protocol was figured out by Dr. Chambers C. Hughes 

 

 

 

To a solution of the aldehyde in THF was added in 65% solution of hydrazine hydrate via 

syringe. And the reaction mixture was stirred overnight at room temperature, filtered to collect 

product. The solid was dried to obtain the desired hydrazone. The hydrazones were used in 

subsequent reactions without any further purification. Then electrolyzed MnO2 was added in 

the hydrazone in THF. After ~ 4 hours, the entire reaction was centrifuged to remove THF layer 

from MnO2 and filtered the reaction through glasswool. This THF solution was covered with 

aluminum foil and kept in the fridge away from light. 

 

2.2.6.2.2 Labeling of phosphonates with a diazo probe 

 

The reactions were performed in Eppendorf tubes. 200 µL phosphonate standard solution 

(2mg/mL solution of single phosphonate) and 100 µL diazo solution in THF was reacted with 

200 µL borate buffer (pH 6.9). Different volumes of MeCN were added to it to make sure that 

everything was dissolved well. Then the reaction was dried under N2 and analyzed by LC-MS. 

 

2.2.6.3 Labeling of phosphonates with O-benzylhydroxylamine(O-BHA) 
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Pyridine buffer was prepared with 5.4mL of HCl (12.1M), 8.6mL of pyridine, and 86mL of water. 

The pH was measured with pH meter to be around 5.0. Reactions were performed in 8mL 

glass vials with caps. 500 µL phosphonate standard solution (1mg/mL) and α-ketoglutarate 

were mixed with 500 µL of 20mM O-BHA and 500 µL of 20mM EDC-HCl in the pyridine buffer. 

After 1h at room temperature, 1mL ethyl acetate was added and shaken. Then the organic 

layer was taken into another vial. The aqueous layer was extracted again with ethyl acetate. 

Then the organic layers were combined and dried under nitrogen. The residue was dissolved 

in 50% MeCN in H2O and analyzed by LC-MS. 

 

2.2.6.4 Labeling of phosphonates with ethyl chloroformate (ECF) 

 

Reactions were performed in 8mL glass vials with caps. 150 µL Ethanol-pyridine mixture (4:1, 

v/v) and 150 µL of chloroform- ECF (9:1, v/v) were vortexed with the 200 µL phosphonate 

standards solution (5mg/mL) to create emulsion. Then, 150 µL of 1.5N NaOH were added for 

neuralization first portion ECF and the content was vortexed. 150 µL of chloroform-ECF (9:1, 

v/v) was again added, followed by vortexing and centrifugation. The final mixture was treated 

with 150 µL of 3N HCl, mixed and centrifuged. The sample organic layer was transferred into 

another vial and evaporated to dry carefully under the N2 at room temperature. Then the dried 

residue was dissolved in MeOH and analyzed by LC-MS. 

 

2.2.6.5 Carbonyl derivatization 

 

The main culture was sampled after 3 days, 5 days, 7 days and 10 days of cultivation and 

centrifuged. Different supernatants were reacted with dansyl hydrazine in 8mL glass vials 

covering with aluminum foil at room temperature for 4 hours, diluted with MeCN and analyzed 

by LC-MS.  
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2.3 Publications 

2.3.1 Publication 1 
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3 DISCOVERY OF 7-GLYCOSYL OXAZOLOMYCIN D, 

A FIRST GLYCOSYLATED MEMBER OF 

OXAZOLOMYCIN FAMILY 

This chapter are reproduced and adapted from the following published article, of which I am a 

co-first author: Vitale, G.A.*; Xia, S.N.*; Dührkop, K; Shahneh, M.R.Z; Broetz-Oesterhelt, H.; 

Mast, Y.; Brungs, C.; Böcker, S.; Schmid R.; Wang, M.; Hughes, C.C.; Petras, D. Enhancing 

tandem mass spectrometry-based metabolite annotation with online chemical labeling. Nature 

Communications 16, 6911 (2025). The text, figures, and page images included here are used 

with full acknowledgment of the original source and solely for academic and degree 

requirements. 

 

The author’s contributions are as follows: 

 

The study concept was conceived by Daniel Petras and Chambers C. Hughes. The compound 

isolation, purification, all related experiments and data analysis were done by me. I developed 

and optimized the cultivation conditions and isolation procedures. The NMR experiments and 

analysis were performed by me and Chambers C. Hughes. The derivatization reactions and 

LC-MS/MS experiments were performed by Giovanni Andrea Vitale, Chambers C. Hughes and 

Daniel Petras. The initial data in this publication was curated by Giovanni Andrea Vitale, me, 

Chambers C. Hughes and Daniel Petras. Kai Dührkop, Mohammad Reza Zare Shahneh, 

Corinna Brungs, Sebastian Böcker, Robin Schmid, and Mingxun Wang developed software. 

Giovanni Andrea Vitale, Kai Dührkop, Mohammad Reza Zare Shahneh and Daniel Petras 

performed MCheM data analysis. Heike Brötz-Oesterhelt and Yvonne Mast. provided natural 

product standards and strains. Yvonne Mast performed BGC analysis.  Giovanni Andrea Vitale, 

Chambers C. Hughes and Daniel Petras wrote the initial manuscript. All authors edited and 

approved the manuscript. 

 

 

 

* Contributed equally 
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The preceding chapter showed that genome mining can effectively prioritise pepM+ strains and 

biosynthetic targets but also highlighted the difficulty of isolation and purification. In microbial 

fermentation systems, metabolite identification is often complicated by low compound 

abundance, the co-occurrence of structurally related analogues, and substantial interference 

arising from complex sample matrices. Under such conditions, conventional detection and 

isolation strategies may be insufficient to distinguish novel metabolites from background 

chemical complexity. These limitations reveal a persistent gap between biosynthetic inference 

and metabolite-level validation and indicate the need for more sensitive and structurally 

informative analytical approaches. As described in chapter 1, one of the major challenges is 

metabolite annotation in metabolomics, even with the technical improvement in high-resolution 

liquid chromatography tandem mass spectrometry (LC-MS/MS) instrumentation and 

computational approaches. In typical MS-based analyses, fewer than 10% of detected features 

can be assigned with high confidence.173Although some studies have shown that a 

considerable fraction of unannotated signals arises from ion adducts and in-source 

fragments,174evidence from metabolomics,175,176,177,178genome mining,8,179,180and NP discovery 

consistently indicates that metabolite chemical space of metabolites is vast and mostly 

uncharted. One major limitation in metabolite identification is the relatively narrow coverage of 

existing spectral libraries compared with the breadth of chemical diversity encountered in 

biological samples.181 To address this gap, recent studies have expanded the use of large 

structural databases through in silico annotation methods,182 as well as de novo structure 

annotation methods.183 Nevertheless, confident metabolite identification remains difficult, 

highlighting the need for workflows that generate complementary chemical information to 

support annotation and improve accuracy. 

Chemical derivatization has been broadly applied to improve structure elucidation and 

overcome limits of detection by exploiting the unique reactivity of certain chemical moieties184. 

In the field of targeted metabolomics, post-column derivatization is used to enhance the 

detection of specific compounds185. In contrast, derivatization strategies in non-targeted 

metabolomics has mainly been applied as an offline batch step before LC-MS/MS 

analysis186,187,188. Post-column derivatization offers considerable but underused potential in this 

context because it can provide feature-specific information about the functional groups present 

in unknown compounds. Unlike batch derivatization, post-column strategies preserve 

chromatographic co-elution relationships between precursor ions and their derivatization 

products, an advantage that is especially valuable when analyzing complex mixtures. The 

structural insight obtainable in non-targeted metabolomics could be greatly expanded by 

combining multiple orthogonal derivatization chemistries. Such an approach enables functional 

groups to be interrogated through sequential or parallel reactions and allows the resulting 

information to be integrated into a single analytical stream for in silico spectral annotation and 

open-modification searching.  

In this chapter, we present a Multiplexed Chemical Metabolomics (MCheM) workflow that 

combines multiple post-column derivatization reactions with non-targeted LC-MS/MS analysis. 

In addition, we established a data analysis pipeline based on ion identity networking in 

mzmine189to post-process MCheM data to support downstream metabolite annotation from 

MCheM experiments190. By integrating CSI:FingerID in silico annotation191 and GNPS2 open 

modification search129, we observed annotation improvements of 31.9% for CSI:FingerID and 
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37.6% for GNPS2 over an experimental library of ~10K experimental compounds, and of 48.8% 

for CSI:FingerID and 20.4% for GNPS2 on a set of authentic NP standards. More importantly, 

we rapidly identified the first glycosylated member of the oxazolomycin family, 7-glycosyl 

oxazolomycin D, which was identified from Streptomyces libani subsp. rufus DSM 41230 using 

MCheM in a genome-guided natural product discovery. 

3.1 Results and discussion 

3.1.1 Construction and validation of MCheM 

To enhance and improve the metabolite annotation, a customized LC-MS/MS configuration 

was constructed for MCheM data acquisition, integrating a make-up UHPLC pump, a T-splitter 

or reactor manifold, and a syringe pump (Figure 31A). By using this configuration, three post-

column derivatization workflows for targeting different functional groups compatible with LC-

MS were established (Figure 31C). Specifically, the first workflow employed L-cysteine as a 

labeling reagent for electrophilic moieties.186. Such motifs are widespread in NPs, likely 

reflecting their evolutionary role in forming covalent interactions with nucleophilic amino acid 

residues including serine, cysteine, and threonine in biomolecular targets. The second 

workflow focused on amine and phenolic moieties through derivatization with the commercially 

available reagent 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC). Due to efficient 

labeling requires basic conditions to maintain amines in the free-base state, a 0.5% 

trimethylamine solution was introduced between the column outlet and the AQC stream via the 

make-up pump. This adjustment maintained the eluent at approximately pH 5–6 throughout 

MS acquisition. The third workflow used commercially available hydroxylamine hydrochloride 

as the labeling reagent for aldehyde and ketone compounds.192. Simultaneously, the analytical 

performance of three workflows was assessed by measuring concentration-dependent 

response linearity and detection limits. To further validate our MCheM, 359 structurally diverse 

NP standards from the Tübingen Natural Compound Collection were derivatized with 

established reaction, resulting high selectivity and negligible false-positive rates revealed our 

MCheM had the robust chemical specificity. Interestingly, nearly 50% of the evaluated spectra 

exhibited improved ranking positions by utilizing the CSI: FingerID algorithm, with several 

candidates promoted to top-confidence annotations. In addition, analog library searches via 

GNPS2 benefited from functional-group filtering, resulting in increased structural similarity 

scores and improved ranking of relevant analogs, even in the absence of exact spectral 

matches in public databases. 

To enable high-throughput analysis of multiple derivatization reactions in complex 

metabolomics samples and to combine these measurements into a unified multiplexed dataset, 

we implemented a dedicated “Online Reactivity” module in MZmine. This strategy uses the co-

elution of precursor ions and their reaction products to create correlation-based links(Figure 

31B), using ion identity networking190 together with user-defined Δm/z values assigned to each 

derivatization reagent. The resulting MCheM output is a composite dataset that brings together 
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MS, MS/MS, and reactivity-derived information. In addition, it provides predicted functional 

groups or substructures encoded as SMILES Arbitrary Target Specification (SMARTS)193. 

These reactivity-informed annotations can be passed directly to downstream tools such as 

CSI:FingerID182 or GNPS2129 to constrain the candidate structural search space( Figure 31B). 

 

 
Figure 31. Multiplexed Chemical Metabolomics (MCheM) overview. A) The sample is injected and 

individual components are separated via the LC system. The derivatization agent is continuously infused 

post-column over the entire run and, when necessary (Reaction B), the effluent pH is adjusted with a 

buffer infused between the column and the derivatization agent injection port. The effluent is 

continuously analyzed via MS. B) The “Online Reactivity” module in mzmine automatically connects 

precursor/product pairs, integrating structural knowledge into the MS data, and allowing a reactivity 
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molecular network to be visualized. The integrated data are submitted to SIRIUS/CSI: FingerID and 

GNPS2 to improve annotation confidence. C) Reactions employed in the present study along with the 

reacting functional groups. D) Co-clustered reactivity network of a subset of the 359 NPs here tested, 

highlighting nodes reacting with L-cysteine (orange), AQC (red), and N-hydroxylamine (light blue). 

Reacting functional groups are marked with the corresponding colors. Adapted and modified from Vitale 

et al.194 

3.1.2 MCheM allows for improved metabolite annotation of tandem mass spectra 

We assessed the selectivity of the MCheM reactions using a panel of authentic NP standards 

(Figure 31D). Reaction A labeled electrophilic moieties. Reaction A successfully labeled 

electrophilic functional groups, including Michael acceptors185,195, naphthoquinones196,197, 

epoxyketones186,198, β-lactones186,199, and macrocyclic esters (likely undergoing thioester 

formation)200, as well as terminal alkenes195. Reaction B effectively labeled primary and 

secondary amines, phenols, and N-hydroxy groups201,202. Lastly, reaction C labeled aldehydes 

and ketones192,203. A total of 139 distinct derivatization events (including those from Reactions 

A–C) were detected across the 359 compounds, using their known structures as ground truth. 

Only five of these events (3.6%) were assigned as false positives, confirming the high 

specificity of the MCheM workflow. 

We validated the performance of MCheM-enhanced annotation using CSI:FingerID. Initially, 

208 spectra from the standard mixture that reacted with at least one derivatization reagent 

were searched against the SIRIUS biological structure database. For 180 of these spectra, the 

correct structures were represented in the database. Incorporation of MCheM information 

improved rankings across all Top-k levels, with 88 spectra (49%) showing a better overall 

placement. Of these, 20% moved into the top three candidates and 6% were reassigned to the 

top-ranked position. To estimate the improvement in metabolite annotation on a larger and 

more diverse set of molecules, we simulated MCheM-derived functional group information from 

10,709 MS/MS known spectra from MassBank, MoNA and GNPS (CANOPUS dataset204), in 

which we added the SMARTS string to each spectra as ground truth. The associated molecular 

structures were not included in CSI: FingerID training. Also here, MCheM substantially 

improved the annotation rankings for 3297 spectra (32%), with 22% showing improved top 3 

and 15% improved top 1 annotations. Next, we evaluated the impact of MCheM for open 

modification search (e.g., in case the target compound is not present in the library, but a 

structurally highly similar one is present). To do this, we removed the exact matching structures 

from the GNPS2 MS/MS libraries. Out of the experimental spectra from our 359 authentic 

standards, 189 yielded at least one hit during open modification spectrum library matching. 

Using the Tanimoto similarity205 of molecular fingerprints206 to evaluate structural similarity, the 

analysis focused on the queries with a potentially very similar structural analog in the libraries, 

higher than or equal to 0.5 Tanimoto similarity. This filtration step left 125 MS/MS queries. 

Comparison of rankings before and after MCheM-informed filtering revealed improvement in 

the average Tanimoto scores and the rank of the most structurally similar match. Of the 125 

cases, the top 1 Tanimoto score improved in 27 (21.6%) and decreased in 15 (12%), raising 

the average Tanimoto score from 0.36 to 0.44. Among the top 5 hits, the best Tanimoto scores 

improved in 28 cases (22.4%) and decreased in 11 (8.8%), raising the average from 0.48 to 
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0.58. The rank of the highest Tanimoto score improved in 47 cases (37.9%) and declined in 

19 (15.3%), with the average rank improving from 14.92 to 9.64 (Supplementary Figure 16). 

For the larger CANOPUS dataset, 7,248 of the 10,709 public MS/MS spectra yielded analog 

library matches. Among these, 861 spectra (11.9%) showed improved top 1 matches, while 

562 scans (7.8%) decreased, increasing the average Tanimoto score from 0.44 to 0.52 (an 

18% improvement). For the top 5,887 spectra (12.2%) improved, 446 (6.2%) decreased in 

ranking, and the average increased from 0.61 to 0.67 (Figure 3B and Supplementary Figures 

14-15). The rank of the most similar matches improved in 2,194 cases (30.3%) and worsened 

in 669 (9.2%), with the average rank improving from 11.94 to 9.42 (Supplementary Figure 16). 

3.1.3 MCheM facilitates the discovery of 7-glycosyl oxazolomycin D 

To assess the effectiveness of MCheM for investigating uncharacterized bacterial extracts, we 

applied the workflow in a genome-guided NPs discovery study focused on specialized 

metabolites produced by Streptomyces libani subsp. rufus DSM 41230. Genome analysis 

revealed a BGC in S. libani genome features is similar to oxazolomycin B BGC reported from 

Streptomyces albus JA345339207. Thus, we used MCheM reaction A to target this functionality, 

since members of this metabolite family contain a reactive β-lactone group. Notably, 

conventional MS/MS annotations did not rank oxazolomycin among the leading candidates. In 

contrast, when CSI: FingerID results were reranked using MCheM data, oxazolomycin D 

emerged as the top annotation for the feature at m/z 700.3804, making it the strongest 

structural match. We then extended the analysis to include related, previously unassigned 

metabolites detected by molecular networking and flagged by MCheM reaction A using 

cysteine. In addition to oxazolomycin D, four abundant candidate analogs within the network 

also reacted with the cysteine probe. Their mass shifts and MS/MS fragmentation signatures 

suggested oxidation and cyclization events along the polyketide backbone, in line with 

structural changes previously described for oxazolomycin F208. A metabolite with m/z 862.434 

displayed high spectral similarity to oxazolomycin D but differed by a Δm/z of +162.0528 Da. 

This delta mass corresponds to the expected mass of a hexose moiety (C6H10O5), which is 

consistent with the presence of a putative glycosyltransferase gene (srufu_025110) in the S. 

libani oxazolomycin BGC, and this gene is absent from the corresponding cluster in S. albus. 

Notably, glycosylated oxazolomycins have not been described in the literature and are not 

present in natural product databases (GNPS, Dictionary of Natural Products) and other 

structure databases (e.g., PubChem). Importantly, glycosylated oxazolomycins are not 

represented in the structure database searched by CSI: FingerID. To verify the proposed 

structure, we isolated and purified the compound by flash chromatography followed by 

preparative HPLC and characterized it using orthogonal NMR experiments. These data 

established the metabolite as 7-glycosyl oxazolomycin D, identifying it as the first known 

glycosylated member of the oxazolomycin family. 
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3.2 Materials and methods 

For full details of the materials and methods, see section 3.3. 
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3.3 Publication 
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4 DISCOVERY OF PIPERAZIC ACID-CONTAINING 

NATURAL PRODUCTS FROM STREPTOMYCES 

AUREOCIRCULATUS DSM40386  

Previous chapters addressed microbial NP discovery from the perspectives of biosynthetic 

prediction and metabolite level analysis. However, NP research also requires compound 

isolation, their structural elucidations, and the investigation of their biological properties. Such 

chemical investigation is essential for fully exploring the biosynthetic potential of individual 

strains and for supporting the discovery of novel therapeutic agents, particularly in the ongoing 

effort to combat multidrug resistance. In this context, the chemical investigation of selected 

strains remains an indispensable part of the overall workflow. 

Although different phosphonate producers were identified in Chapter 2, these strains generally 

harbor additional BGCs that may give rise to NPs belonging to unrelated structural classes. To 

take this broader biosynthetic capacity into account, the pepM-positive strain collection was 

systematically examined with the aim of identifying bioactive non-phosphonate secondary 

metabolites. Through this screening, Streptomyces aureocirculatus DSM 40386 was identified 

as a suitable candidate for further chemical investigation.  

By searching for publicly accessible strain databases and literature such as SciFinder, 

dictionary of natural procucts, the secondary metabolites had barely been reported and 

structurally characterized directly from Streptomyces aureocirculatus DSM 40386, although 

the genus Streptomyces is well known for its pronounced secondary metabolic potential. The 

information currently available for this strain is largely confined to taxonomic classification, 

cultivation data, strain synonymy, and genome-associated metadata, whereas compound-

level chemical studies appear to be lacking. Interestingly, Liu et al reported that a 

cyclodipeptide synthase associated with S. aureocirculatus to generate cyclo-L-Trp-L-Ala and 

cyclo-L-Trp-L-Pro in a heterologous expression E.coli system.209 However, these products 

were not obtained from cultures of S. aureocirculatus DSM 40386 itself and therefore cannot 

be regarded as chemically characterized metabolites of this strain in the strict sense. Therefore, 

secondary metabolite profile of S. aureocirculatus DSM 40386 has remained largely 

unexplored at the level of purified and structurally defined NPs. 

This chapter describes the metabolic investigation of S. aureocirculatus DSM 40386, which 

led to the discovery of piperazic acid-containing peptides. The isolation and structural 

characterization of these compounds are presented, followed by an initial evaluation of their 

biological activity using selected bioreporter assays to obtain first insights into their cellular 

mode of action. In addition, the preliminary detection of a brominated metabolite is reported. 

Regrettably, this brominated metabolite was not isolated in the thesis.  
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4.1 Results and discussion 

4.1.1 AntiSMASH analysis of the S.aureocirculatus DSM40386 genome 

To explore the potential of S. aureocirculatus DSM40386 as source of new antibiotics, the 

whole sequence of S.aureocirculatus DSM40386 was first retrieved from NCBI and analyzed 

using the antibiotic and Secondary Metabolite Analysis Shell (antiSMASH 7.0).73AntiSMASH 

analyses indicated the genome contains at least 45 BGCs potentially involved in the 

biosynthesis of diverse classes of secondary metabolites. Among them, six exhibited a 

similarity of 100% to the characterized BGC associated with the production of albaflavenone, 

geosmin, griseobactin, citrulassin D, ectoine, germicidin. More than half of the BGCs were 

predicted to produce PKS and NRPS, including PKS-NRPS hybrid-derived secondary 

metabolites, of them nine BGCs have genes that encode type I or III PKS systems. Six BGCs 

possess genes predicted to produce lanthipeptides, lassopeptide or thioamitides. And Several 

BGCs are predicted to be hybrid clusters that contain genes that encoding multiple types of 

scaffold-synthesizing enzymes (Figure 31). Thus, S.aureocirculatus DSM 40386 is a talented 

strain contains interesting biosynthetic diversity. 

4.1.2 Bioactive metabolites screening with S. aureocirculatus DSM40386 

The OSMAC approach is a highly effective and classic method in facilitating secondary 

metabolites by leveraging varied cultivation conditions to extend NPs chemical diversity. To 

investigate chemical diversity and evaluate the potential of S. aureocirculatus DSM40386 as 

a source of novel antibiotics, crude extracts were prepared from cultures grown under different 

cultivation conditions and tested for antibacterial activity against Bacillus subtilis 168. Of these 

extracts examined, the crude extract obtained from the self-made medium displayed strongest 

growth inhibition against Bacillus subtilis, as evidenced by the clear inhibition zone in the agar 

diffusion assay (Figure 33 A). This result indicates that the composition of the cultivation 

medium strongly influences the production of antibacterial metabolites by the strain. To further 

investigate the chemical basis of this activity, the active crude extract was analyzed by LC-MS 

and compared with the corresponding medium blank (Figure 33 B). The chromatographic 

profile of the extract showed several distinct peaks that were significantly enriched relative to 

the blank medium, indicating the presence of strain-derived metabolites. Notably, a distinct ion 

at m/z 551.1177 exhibited a characteristic bromine isotopic pattern, with nearly equal 

intensities of the M and M+2 peaks (Figure 34). HRMS analysis of the protonated molecular 

ion ([M+H]+) supported the molecular formula assignment of C28H28BrN2O5 (calcd for 

C28H28BrN2O5
+

, 551,1180), confirming the presence of a brominated metabolite. In addition, 

MS/MS analysis of precursor ion at m/z 551.1177 revealed a series of product ions at m/z 

355.0278, 329.0492, 266.0180, and 179.0851 (Figure A 62), which is from the cleavage of 

substituent groups and backbone fragmentation.  
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Figure 32. AntiSMASH-predicted BGCs for S.aureocirculatus DSM40386 
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Figure 33. Result of bioactivity of different crude extracts against Bacillus subtilis 168(A) and stack 

chromatogram of A1 medium blank and the crude extract at 254 nm(B). The crude extract from spent 

self-made A1medium showed strongest growth inhibition and marked with circle. The chromatographic 

profile of the extract displayed several distinct peaks compared to A1 medium blank, suggesting the 

presence of multiple metabolites. 

 

 
Figure 34. MS pattern of brominated metabolite.  

 

The preservation of the bromine isotopic pattern in several fragment ions indicates that the 

bromine atom is retained within the core structure rather than attached on a labile side chain. 

These findings further demonstrate that the antibacterial activity of the crude extract may be 

attributable, at least in part, to one or more of these secondary metabolites. 

4.1.3 Isolation and structure elucidation of PAC peptides 

To isolate the main products for validating our hypothesis, the supernatants of 10L combined 

S. aureocirculatus DSM40386 cultures were extracted with EtOAc and subsequently purified 

by flash chromatography and preparative HPLC. UV and MS-guided fractionation followed by 

structure elucidation yielded 6.4 mg of PAC1, 1.2 mg of compound PAC2, 7.7 mg of compound 

PAC3, 2.5 mg of compound PAC4. The NMR spectra was shown in A4. 

Analysis of the COSY data of 1 revealed at least four major spin systems. The first spin system 

consisted of H-1, H-2, H-3, and H-4, defining a contiguous fragment that, together with the 
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HMBC correlation from H-4 to C-5, was consistent with a proline-like five-membered nitrogen-

containing ring. The second and third spin systems were highly similar and extended from H-

8 to H-11 and from H-17 to H-20, respectively. 

 

 
Figure 35. Structures of PAC1-4 and key HMBC and COSY correlations 

 

Each of these fragments contained one α-methine and several methylene groups and showed 

HMBC correlations to adjacent carbonyl carbons, supporting the presence of two conserved 

six-membered nitrogen-containing cyclic amino acid-like units. The fourth spin system 

corresponded to a benzyl-aryl fragment involving C-23 and C-24-C-29, in which C-23 appeared 

as a benzylic methylene (δC 33.72, δH 3.12/2.92) and C-25-C-29 formed a monosubstituted 

phenyl ring. A second benzyl–aryl fragment was defined by C-30 and C-31-C-36, with C-30 

resonating as a benzylic methylene (δC 37.06, δH 2.98/2.77), thereby indicating the presence 

of a second phenylalanine-derived aromatic side chain. 

These partial structures were then connected using HMBC correlations to establish the 

structure of 1. The proline-like unit was linked into the peptide framework through correlations 
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to C-5. The N-methyl amino acid-derived aromatic fragment was secured by the HMBC 

correlations from H-22 to C-5/C-6 and the benzylic/aromatic correlations from H-23 to C-24-C-

29. Likewise, the second aromatic side chain was established from correlations involving H-30 

and aromatic carbons C-31-C-36. In addition, C-15 (δC 59.80, δH 5.31 (d, J = 8.4 Hz)) was 

connected to an aliphatic side chain composed of C-37-C-40, including one methine, one 

methylene, and two terminal methyl groups, forming a characteristic sec-butyl fragment. This 

pattern is most consistent with an isoleucine-derived side chain. The NMR data thus 

established compound PAC1 as a cyclic peptide congener containing one conserved N-methyl 

aromatic amino acid unit, one additional phenylalanine-derived side chain, and one isoleucine-

derived aliphatic residue. After searching from NPs database, the structure of compound PAC1 

was unfortunately reported, namely MSD-524 with bioactivity against M. tuberculosis and 

L156,737 as a selective oxytocin antagonist.210,211 

Compound PAC2 was obtained as a white amorphous solid, and its formula was assigned as 

C36H54N8O7 by HRMS and 1H and 13C NMR spectroscopic data. The 1H and multiplicity-edited 

HSQC NMR data in CD3OD showed that Compound PAC2 multiple carbonyl signals in the 

region δC 169.75-173.22, the characteristic N-methyl singlet at C-22 (δC 31.14, δH 2.78 (s)) 

with HMBC correlations to C-5 and C-6, a proline-like spin system from C-1 to C-4, and two 

highly similar six-membered nitrogen-containing ring systems spanning C-8-C-11 and C-17-C-

20. The benzyl-monosubstituted phenyl fragment at C-23-C-29 was also retained, indicating 

that the conserved N-methyl aromatic amino acid residue remained unchanged. 

The main differences between 2 and 1 were observed at the side chains attached to C-13 and 

C-15. In compound 2, C-13 (δC 53.71, δH 4.71 (t, J = 8.5 Hz)) was connected to C-30 and two 

methyl groups, C-31 and C-32, giving a typical isopropyl pattern that is characteristic of a 

valine-derived side chain. In contrast, the side chain attached to C-15 consisted of C-33-C-36 

and displayed an isobutyl pattern, with two methyl doublets attached to a methine/methylene 

unit, consistent with a leucine-derived side chain. With the remainder of the NMR data being 

essentially the same as those of 1, compound 2 was assigned as a closely related and new 

congener in which one aromatic side chain of 1 is replaced by a valine-derived substituent and 

the isoleucine-derived side chain is replaced by a leucine-derived one. 

Compound PAC3 was obtained as a white amorphous solid, and its formula was assigned as 

C40H54N8O7 by HRMS and 1H and 13C NMR spectroscopic data. The 1H and multiplicity-edited 

HSQC NMR data in CD3OD showed that Compound PAC3 contained the same general set of 

carbonyl carbons, one N-methyl signal at C-22 (δC 31.15, δH 2.82 (s)), the conserved aromatic 

fragment at C-23-C-29, and the same proline-like and two six-membered nitrogen-containing 

ring substructures observed in 1 and 2. 

Comparison of the side-chain region showed that compound 3 contains a second aromatic 

side chain at C-13. Specifically, C-13 (δC 50.51, δH 5.06 (m)) was connected to a benzylic 

methylene C-30 (δC 36.50, δH 2.97/2.84), which in turn showed HMBC correlations to an 

aromatic quaternary carbon C-31 and aromatic methine carbons C-32-C-36. These data 

defined a second phenylalanine-derived side chain. In contrast, the side chain attached to C-

15 was composed of C-37-C-40 and showed an isobutyl pattern characteristic of a leucine-

derived side chain. Thus, with the remainder of the NMR data essentially matching those of 1, 

compound 3 was assigned as a congener containing the same pair of aromatic residues as 1, 

but with a leucine-derived side chain in place of the isoleucine-derived residue. 
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Compound PAC4 was obtained as a white amorphous solid, and its formula was assigned as 

C37H54N8O7 by HRMS and 1H and 13C NMR spectroscopic data. The 1H and multiplicity-edited 

HSQC NMR data in CD3OD showed that Compound PAC4 as in compounds 1-3, the NMR 

data of 4 supported the same conserved cyclic peptide core, including multiple amide 

carbonyls, the characteristic N-methyl signal at C-22 (δC 31.13, δH 2.78 (s)), the proline-like 

fragment, the two six-membered nitrogen-containing ring systems, and the common N-methyl 

aromatic amino acid-derived benzyl/phenyl unit at C-23-C-29. 

Both variable side chains in 4 were aliphatic. The side chain attached to C-13 (δC 52.36, δH 

4.82) consisted of C-30-C-33 and displayed a sec-butyl pattern, which is consistent with an 

isoleucine-derived side chain. The side chain attached to C-15 [δC 56.20, δH 5.30] consisted of 

C-34-C-37 and showed an isobutyl pattern typical of a leucine-derived side chain. With the 

remainder of the structure unchanged, compound 4 was thus established as a congener 

carrying both isoleucine- and leucine-derived variable aliphatic residues. 

Compound PAC1-4 thus were a related family of piperazic acid-containing cyclic peptides 

sharing a conserved macrocyclic backbone but differing in two variable amino acid derived 

side chains, indicating that they were NRPS-derived compounds with common biosynthetic 

origin.  

4.1.4 Screening of putative PAC peptides biosynthetic gene clusters  

Even though compound PAC1 was identified as L156,373 for long time, the complete 

biosynthesis pathway hasn’t been confirmed. To elucidate the biosynthetic origin of the 

isolated piperazic acid-containing peptides, all NRPS-related regions were examined in detail. 

A putative NRPS gene cluster spanning approximately 100 kb of region 20.1 was identified. 

The BGC shows 35% similarity to that of aurantimycin A and polyoxypeptin, which contains 

piperazic acid moieties. And region 20.1 revealed at least three large biosynthetic genes 

directly involved in NRPS assembly, namely ctg20_139, ctg20_141, and ctg20_142.  

According to the antiSMASH prediction, ctg20_139 encodes one adenylation domain, 

ctg20_141 encodes four adenylation domains, and ctg20_142 encodes one Piz-activating 

adenylation domain,212 for a total of six A domains. This module number is in good agreement 

with the hexapeptidic macrocyclic scaffold of PAC1-4, strongly suggesting that this cluster can 

assemble a six-residue peptide backbone.  

In addition to the core NRPS genes, region 20.1 also contains several auxiliary genes that may 

be involved in precursor supply and post-assembly tailoring. Notably, ctg20_135 is annotated 

as a cytochrome P450 protein, suggesting that this cluster has the capacity to catalyze 

oxidative modification. Given that the structure of PAC1 contains an N-OH-L-Ile unit, indicating 

that at least one oxidation step is required during biosynthesis, this P450 enzyme may 

participate in the oxidative tailoring of the target compounds. Also, region 20.1 encodes a 

number of regulatory and accessory elements, including an LmbU-type regulatory protein 

(ctg20_133), two SARP family regulators (ctg20_137 and ctg20_146), an MbtH-like protein 

(ctg20_143), and multiple ABC transporter-related genes. Such components are commonly 

associated with expression control, substrate activation, and product export in NRPS-derived 

natural product pathways. Their co-occurrence further supports the interpretation that this 
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region constitutes a relatively complete secondary metabolite biosynthetic locus. In particular, 

MbtH-like proteins are known in many NRPS systems to facilitate A-domain function and 

substrate recognition,213,214 And its presence therefore provides additional support for the 

assignment of region 20.1 as an active NRPS biosynthetic cluster. In addition, the gene, 

ctg20_140, annotated as a halogenase, which is located adjacent to the principal NRPS genes 

within the core biosynthetic region rather than at a peripheral position, suggesting its possible 

involvement in product assembly or downstream tailoring. Interestingly, in addition to the four 

purified major compounds, LC-MS analysis indeed detects a low-abundance metabolite peak 

displaying a characteristic bromine-like isotopic pattern. Nevertheless, extra targeted genetic 

experiments and verification remain to be finished. 

 
Figure 36. Result of Known Cluster Blast (A) and antiSMASH prediction about region 20.1(B). PAC 

BGC shows 35% similarity to that of aurantimycin A and polyoxypeptin. 

4.1.5 Antibacterial activity and mode of action 

The biological activities of PAC 1-4 were assessed with S.aureus USA 300 and B.subtilis 168. 

PAC1 exhibited strong antibacterial activity against S.aureus USA 300 and showed a minimum 

inhibitory concentration (MIC) value of 0.25 µg/ml. It showed strong activity against B.subtilis 

168 with a MIC of 0.25 µg/ml. PAC3 exhibited strong antibacterial activity against S.aureus 
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USA 300 and showed a MIC value of 1 µg/ml. It showed strong activity against B.subtilis 168 

with a MIC of 1 µg/ml. PAC4 exhibited strong antibacterial activity against S.aureus USA 300 

and showed a MIC value of 8 µg/ml. It showed strong activity against B.subtilis 168 with a MIC 

of 8 µg/ml. Unfortunately, no enough PAC2 was obtained for full bioactivity experiments. 

Although the bioactivity experiments tested are limited, their inhibition against the human 

pathogen Mycobacterium tuberculosis has been determined.210 

To further investigate the mode of action of these compounds, the agar-based reporter with 

different biomarkers (clpE, yorB, yppS, bmrC, fabHB, ypuA, and liaI) were specifically used.  

 

 
Figure 37. Reporter-based profiling of antibiotic stress biomarkers in response to PAC1-4. All four 

compounds induced the ypuA reporter, consistent with cell envelope-associated stress, while no 

substantial induction was observed for clpE, yppS, bmrC, fabHB, or liaI. PAC1 and PAC4 additionally 

induced yorB, suggesting a possible DNA synthesis or replication associated with stress response. 
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The stress responsive biomarker panel revealed a distinct induction profile for the four 

compounds. The biomarker clpE, yorB, yppS, bmrC, fabHB, ypuA, and liaI have previously 

been shown to respond specifically to different antibiotic-induced stress pathways, 

corresponding to protein misfolding, DNA synthesis inhibition, RNA, translation inhibition, fatty 

acid synthesis inhibition, cell envelope stress, and lipid-II cycle stress, respectively.215All four 

compounds induced a clear response in the ypuA reporter, whereas no evident induction was 

observed for clpE, yppS, bmrC, fabHB, or liaI. In addition, PAC1 and PAC4 also showed an 

additional induction of the DNA synthesis stress biomarker yorB. This response pattern 

indicates that compound PAC1-4 primarily trigger cell envelope associated processes, and in 

the case of PAC1 and PAC4, may additionally induce DNA replication or DNA synthesis 

associated stress. By contrast, the absence of induction of clpE, yppS, bmrC, fabHB, or liaI 

shows that these compounds are unlikely to act as canonical translation inhibitors, RNA 

synthesis inhibitors, fatty acid biosynthesis inhibitors, or direct Lipid II cycle-targeting cell wall 

antibiotics. These results provide valuable guidance for the design of subsequent experiments 

to further elucidate the underlying molecular target of PAC1-4. 

4.2 Material and methods 

4.2.1 Cultivation of S. aureocirculatus DSM 40386 

The fresh agar was prepared. Then a small square block about 1cm2 was picked with a 

sterilized toothpick from culture agar and transferred into sterilized 100mL Erlenmeyer baffled 

flasks (“mit Schikane”) with metal coil containing 30mL R5 or HM liquid medium. The pre-

culture was grown with medium at 150rpm and 29 °C on a platform shaker. After three days, 

5 mL of preculture was used to inoculate a 500 mL flask containing 150 mL A1 fermentation 

medium (in total 4L). The main culture was grown at 100 rpm and 29 °C for four days. 

4.2.2 Extraction and purification of PAC peptides 

The complete culture (4 L) was cultivated, centrifuged, and the supernatant was collected. The 

supernatant was then extracted three times with an equal volume of ethyl acetate. The EtOAc 

extract was dried over NaSO4 and concentrated under reduced pressure to give a crude 

extract. The extract was fractionated on silica gel using a stepwise gradient elution with 100% 

hexanes, 30% EtOAc in hexanes, 100% EtOAc, 1% MeOH in DCM, 10% MeOH in DCM, 100% 

MeOH. Fraction 5 (10% MeOH in DCM) was dried and further fractionated on C18 SPE using 

a stepwise gradient elution with 100% H2O, 20% MeCN in H2O, 40% MeCN in H2O, 60% MeCN 

in H2O, 80% MeCN in H2O, 100% MeCN. All elution solvents contained 0.1% Trifluoroacetic 
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acid (TFA). Fraction 4(60% MeCN in H2O) was dried and further purified by semi-HPLC 

KintexⓇ 5 μm C18 100 Å (250 X 21.2 mm), 65 % MeCN in H2O (0.1% FA) ,13 ml/min, 220 nm. 

The compounds were collected as shown in Figure A61. 

4.2.3 Structure elucidation of PAC peptides 

The NMR experiments were kindly performed by NMR department at Eberhard Karls 

Universität Tübingen. The data was made available to me for further analysis. 

 

The compounds were analyzed by LC-MS using with standard method. All compounds were 

characterized by 1H, 13C, and 2D (COSY, HSQC, HMBC, NOESY) NMR spectroscopy on a 

Bruker Avance III HDX 700 MHz spectrometer fitted with a 5 mm Prodigy (1H,19F/13C/15N) 

TCI Cryoprobe. 1H NMR data were recorded at 700 MHz in DMSO-d6 (2.50 ppm), and 13C 

NMR data were recorded at 175 MHz in DMSO-d6 (39.5 ppm). NMR spectra were processed 

using MestReNova 14.3.0. 

4.2.4 Bioreporter assays 

The bioreporter assays were kindly performed by Annika Schulz (Technical Assistant, AG 

Hughes) at IMIT. The data was made available to me for further analysis. 

 

Reporter strains carrying lux fusions were grown overnight from cryostocks in 10 mL LB 

medium containing 5 µg/mL chloramphenicol at 37 °C and 190 rpm. Overnight cultures were 

diluted into 20 mL antibiotic-free LB to an initial OD600 of 0.05 and grown at 37 °C and 190 rpm 

to an OD600 of 0.8-1.3 (typically ~1.0). Soft agar was prepared in parallel, using LB soft agar 

for yorB, ypuA, liaI, clpE, and fabHB, and Belitzky soft agar for yppS and yheI/bmrC. Cells 

were used directly without centrifugation, and no MgCl2 or X-Gal was added. The culture 

volume corresponding to 3 × 106 cells was calculated using the formula Volume (mL) = [6 / 

(OD600 × 19)] × 2.5. Cells were mixed with soft agar, poured onto plates (50 mL per large plate), 

and the plates were dried for ~30 min. Test compounds were then spotted onto the agar 

surface. Positive controls were ciprofloxacin for yorB, vancomycin for ypuA, daptomycin (1 µg) 

for liaI, erythromycin (0.1 µg) for yheI/bmrC, rifampicin (0.5 µg) for yppS, kanamycin for clpE, 

and triclosan (2.5 µg) for fabHB. Plates were incubated at 37 °C for 3–3.5 h, except for Belitzky 

agar plates, which were incubated for 4 h; yppS was evaluated after both 3 h and 4 h. 

Luminescence was recorded with a ChemiDoc system using an approximately 10 min 

exposure with 1 image acquired per minute. Plates were subsequently incubated overnight at 

30 °C, and inhibition zones were assessed the next day. 
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5 CONCLUSION 

5.1 Genome-guided identification and characterization of 

phosphonate biosynthesis in actinomycetes 

This chapter demonstrates that a genome-based approach is an effective strategy for 

uncovering phosphonate biosynthetic potential in actinobacteria. Genome mining of the DSMZ 

and Tübingen strain collections using pepM as a marker revealed a broad and previously 

underexplored diversity of putative phosphonate biosynthetic gene clusters, confirming that 

these collections represent a valuable resource for phosphonate natural product discovery. 

The OSMAC strategy, combined with 31P NMR analysis, further showed that phosphonate 

production is widespread among pepM-positive strains but strongly dependent on medium 

composition and phosphate availability. These findings establish a direct link between 

genome-predicted biosynthetic capacity and experimentally detectable metabolite production, 

while also highlighting the importance of culture optimization for activating phosphonate 

pathways. In addition, phylogenetic analysis of pepM proved to be a practical tool for strain 

prioritization. On this basis, S. kutzneri DSM40907 was identified as a new producer of 

phosphonoalamides, and the phosphonate biosynthetic loci of S. iranensis DSM41954 and K. 

fiedleri DSM114396 were experimentally confirmed. Furthermore, genetic analyses showed 

that overexpression of early biosynthetic genes can enhance phosphonate production, and 

that the LuxR-family regulator Kfp24 functions as a pathway-specific activator in K. fiedleri. 

Given the characteristics of phosphonates, several complementary approaches were explored. 

This included methanol precipitation, activated charcoal treatment, weak anion-exchange 

chromatography, HILIC, Hypercarbon chromatography, and three labeling strategies based on 

FMOC-Cl, an aryl diazo probe, and ECF. Although the complete isolation and structural 

elucidation of the target unknown phosphonates remain to be achieved, the extraction, 

enrichment, and LC-MS compatible detection approaches established here provide an 

important methodological basis for future work. 

5.2 Enhancing tandem mass spectrometry-based metabolite with 

online chemical labeling 

The present work demonstrates that MCheM is a useful strategy for MS/MS acquisition and 

data interpretation that strengthens metabolite annotation in untargeted metabolomics. The 
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approach is supported by a scalable implementation in MZmine for detecting MCheM-derived 

features, which can be coupled with downstream annotation platforms such as SIRIUS and 

GNPS2 to improve metabolite identification. Our findings show that adding reactivity-derived 

information from MCheM markedly increases annotation performance in both in silico and 

open-modification search workflows, as illustrated by the discovery of a previously unknown 

glycosylated oxazolomycin D. 

An important feature contributing to the practical value of MCheM is the accessibility of its 

experimental setup. The method can be deployed on most commercial LC–MS/MS systems 

with only modest additions, including a second HPLC, a syringe pump, and an available 

software workflow. The gains reported here were obtained using just three derivatization 

reactions, highlighting the efficiency of the platform. In principle, further reactions directed at 

other functional groups could be incorporated in the same framework to extend annotation 

capabilities even more. We expect MCheM to serve as a broadly useful tool for enriching 

structural insight in untargeted metabolomics and to support future integration with emerging 

computational methods aimed at fully MS/MS-based de novo structure elucidation. 

5.3 Structure characterization and antibacterial evaluation of cyclic 

peptides from Streptomyces aureocirculatus DSM40386 

The present work demonstrates that Streptomyces aureocirculatus DSM40386 is a promising 

source of bioactive piperazic acid-containing natural products. Genome analysis revealed 

substantial biosynthetic capacity, including at least 45 predicted biosynthetic gene clusters, 

which justified its selection for detailed chemical investigation. Guided by cultivation-based 

induction, bioactivity screening, and LC–MS analysis, four related cyclic peptides, L156,373 

and its derivatives, PAC1-4, were isolated and structurally characterized as a congeneric 

family sharing a conserved macrocyclic scaffold with variable amino acid-derived side chains, 

consistent with a common NRPS-dependent biosynthetic origin 

Biological evaluation showed that PAC1, PAC3, and PAC4 possess antibacterial activity 

against Staphylococcus aureus USA300 and Bacillus subtilis 168, with PAC1 displaying the 

highest potency. Bioreporter assays further suggested that these compounds primarily induce 

cell envelope stress, while PAC1 and PAC4 additionally affect DNA synthesis-associated 

stress responses, indicating a mode of action distinct from that of several classical antibiotic 

classes. 

In addition, the screening of a putative NRPS biosynthetic gene cluster in region 20.1 provides 

a plausible genetic basis for PAC biosynthesis. The presence of six adenylation domains, 

together with tailoring, regulatory, and transporter-associated genes, supports the assignment 
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of this locus to the production of the isolated hexapeptidic metabolites. The detection of a 

neighboring halogenase gene and a low-abundance brominated metabolite suggests that the 

metabolic potential of this strain may not yet be fully explored. The present work might provide 

a starting point for further minor congeners characterization, including the putative brominated 

derivative and biosynthetic mechanism studies to assess this compound family potential as a 

scaffold for further antibiotic development. 
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A.1 Abbreviations 

AA Amino acid 

ACP Acyl carrier protein 

AT Acyltransferase 

A domain Adenylation domain 

ARTS Antibiotic Resistant Target Seeker 

ADEPs Acyldepsipeptides 

AQC 6-Aminoquinolyl-N-hydroxysuccinimidyl carbamate 

BGCs Biosynthetic gene clusters 

Bis-tris 2-[bis(2-hydroxyethyl)amino]-2-

(hydroxymethyl)propane-1,3-diol 

Cis-AT PKSs cis-Acyltransferase polyketide synthases 

CLF Chain length factor  

C domain Condensation domain 

Cy Heterocyclization 

ClpP Caseinolytic protease 

COSY Correlation Spectroscopy 

C-P Carbon to phosphorus 

DNA Deoxyribonucleic acid  

DH Dehydratase 

DEBS Deoxyerythronolide B synthase 

DMAPP Dimethylallyl pyrophosphate 

DMSZ Deutsche Managementsystem Zertifizierungsgesell-

schaft  

DMSO Dimethyl sulfoxide 

DCM Dichloromethane 

DAD Diode array detection 

EtoAc Ethyl acetate 

ER Enoylreductase 

E Epimerization 

E. coli Escherichia coli 

ESKAPE Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa and Enterobacter spp. 

EIC Extracted ion chromatogram 

ECF Ethyl chloroformate 

ESI Electrospray Ionization 

FDA    Food and drug administration 

Fig  Figure 

FADH Flavin-dependent halogenases 

FBMN Feature-based molecular networking 

FMOC-Cl Fluorenylmethyl Chloroformate 
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FA Formic acid 

G+C Guanine-plus-cytosine  

GC Gas chromatography 

GNPS Global Natural Products Social Molecular Networking 

HPLC High-performance liquid chromatography 

HSQC Heteronuclear-single-quantum-coherence 

spectroscopy 

HMBC Heteronuclear Multiple Bond Correlation 

HILIC hydrophilic interaction liquid chromatography 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

IPP Isopentenyl pyrophosphate 

IPK Isopentenyl pyrophosphate kinase 

IDI Isopentenyl diphosphate isomerase 

KS Ketosynthase 

KR Ketoreductase 

LC-MS/MS Liquid Chromatography-Tandem Mass Spectrometry 

LC-HRMS Liquid Chromatography-High Resolution Mass 

Spectrometry 

MRSA Methicillin-resistant Staphylococcus aureus 

MSAS Methylsalicylic acid synthase  

M Methylation 

MRSE Methicillin-Resistant Staphylococcus Epidermidis 

MVA Mevalonate 

MEP Methylerythritol 

MVK Mevalonate kinase 

MS Mass spectrometry 

MS/MS Tandem Mass Spectrometry 

MassIVE Mass Spectrometry Interactive Virtual Environment 

MCheM Multiplexed Chemical Metabolomics workflow 

MOPS 3-(N-morpholino)propanesulfonic acid 

MeCN Acetonitrile 

MeOH Methanol 

NPs      Natural products 

NRPs Nonribosomally synthesized peptides 

NMR Nuclear magnetic resonance 

NOESY Nuclear Overhauser Effect Spectroscopy 

Ox Oxidation 

OSMAC One strain many compounds 

PKSs Polyketide synthase  

PPTase Phosphopantetheinyl Transferase 

PCP Peptidyl carrier protein 

PPant Phosphopantheteine  

PMK Phosphomevalonate kinase 

PMD Phosphomevalonate decarboxylase 
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PEP Phosphoenolpyruvate  

PnPy Phosphonopyruvate 

PCR Polymerase Chain Reaction 

RiPPs Ribosomally synthesized and post-translationally 

modified peptides  

R Reduction 

TE Thioesterase 

trans-AT PKSs Trans-acyltransferase polyketide synthases 

T domain Thiolation domain 

TOCSY Total Correlation Spectroscopy 

TFA Trifluoroacetic acid 

UV Ultraviolet 
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A.2 Supplementary information to Chapter 2 

The genome mining of phosphonate BGCs and genetic engineering has been done by Alina 

Zimmermann and Dr. Juan Pablo Gomez-Escribano at the Leibniz Institute DSMZ-German 

Collection of Microorganisms and Cell Cultures in Braunschweig supervised by Prof. Dr. 

Yvonne Mast. 

 
Figure A 1. Gene cluster families of identified and known phosphonate compounds BGCs. Gene cluster 

family (GCF) network as obtained from the BiG-SCAPE analysis and visualized with Cytoscape. Each 

node corresponds to a BGC. Colored spheres represent GCFs/singletons with sequences from 

previously identified phosphonate producers; light grey spheres are P-BGCs with unknown phosphonate 

products. Edges between two nodes represent a distance between the P-BGCs below a BiG-SCAPE 

cutoff threshold of 0.612 and distances are further represented by weighted lining of edges (lines get 

thicker with decreased distance). 
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Figure A 2. Synteny analysis for defining the boundaries of the putative phosphonate BGC.A. Similarity 

search with NCBI BLAST blastn program, using as query Kitasatospora fiedleri DSM 114396 

chromosome sequence with accession NZ_OX419519, limited to the range 3391998-3439448, against 

the NCBI Database “Refseq prokaryote representative genomes (contains refseq assembly) Update 

date 2025/05/12” limited to “Kitasatospora cineracea (taxid:88074)”, the closest known species to DSM 

114396 and for which several genome assemblies are available. The result shows the highly conserved 

regions surrounding the putative phosphonate biosynthetic gene cluster, therefore helping to determine 

the boundaries of the gene cluster. The highly conserved region around position 3409997 in the image 

represents the segment 3410635 to 3413339 and contains the genes with locus_tag QMQ26_RS15735, 

QMQ26_RS15740 and QMQ26_RS15745, all of them homologs of the highly conserved genes with 

locus_tag QMQ26_RS09285 (cysN), QMQ26_RS09280 (cysD), and QMQ26_RS09275 (cysC), that 

span from position 1960006 to 1962829 of the chromosome of DSM 114396, and encode the highly 

conserved enzymes sulphate adenylyltransferase subunit 1 CysN [EC:2.7.7.4; KEEG K00956], sulphate 

adenylyltransferase subunit 2 CysD [EC:2.7.7.4; KEEG K00957], and adenylylsulphate kinase CysC 

[EC:2.7.1.25; KEEG K00860] from sulphur metabolism in bacteria (see also Fig. S3 and S5). The 

upstream end (right in Figure S3) is supported by a synteny analysis with the type strains of 

Kitasatospora cineracea and Kitasatospora niigatensis, the most closely related species to K. fiedleri 

lacking a P-BGC1 (Figure S3).The downstream end (left in the figure) is well-supported also by highly 

conserved homologous genes beyond the aldehyde dehydrogenase, with the first gene (encoding a 

chloride channel protein) showing 69-97% identity to Kitasatospora strains in the NCBI non-redundant 

protein database. B and C. Artemis Comparison Tool (ACT) visualisation of the NCBI BLAST analysis 

of DSM 114396 chromosome (NZ_OX419519) against K. cineracea DSM 44780 contig 

NZ_RJVJ01000001 (B) or against Kitasatospora niigatensis DSM 44781 contig NZ_RKQG01000001 

(C), using NCBI megablast with default options. Note that the display of the bottom sequence has been 

flipped in both B and C to match the orientation of the top one. D. ACT visualisation of the NCBI BLAST 

analysis of NZ_OX419519 against Kitasatospora setae KM-6054 (the type strain of the genus) 

chromosome (NC_016109.1) showing that the synteny restarts only with the gene with locus_tag 

QMQ26_RS15885 encoding a tRNA-Thr, as a result of being K. setae a more distant species. 
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Figure A 3. An analysis at NCBI BLAST, using the range 3391998 to 3439448 of NZ_OX419519.1 

was performed against the “RefSeq Genome Database”, limited to “Actinobacteria (taxid: 201174)”, 

and using the program “megablast” with default parameters. The graphical summary of the results is 

shown in panel A. The gene cluster, as delimited by synteny analysis with Kitasatospora cineracea 

DSM 44780 is framed in a blue box. All sequences that provided coverage of the BGC (and not just for 

the homologues of the highly conserved cysCDN genes for sulfur metabolism to the right of the 

3409997 mark) originated from whole genome sequencing of microorganisms classified as 

Streptomyces or Kitasatospora species (table B); these alignments were thoroughly analysed, and the 

segments of the NCBI RefSeq records spanning 50 kb (or to the beginning or end in case the 

deposited sequence was not long enough) starting from 10 kb downstream of the aldehyde 

dehydrogenase gene, were downloaded as fully annotated GenBank files. These sequence files, 

together with the sequence comprising 3391998 to 3439448 of NZ_OX419519, were used for 

similarity analysis with CLINKER (with the default “Minimum alignment sequence identity” of 0.30). 

Table B shows the strains (with the accession numbers of the sequences used) included in CLINKER 

analysis, ordered according to CLINKER’s similarity of the PepM encoded by each strain as compared 

to K. fiedleri PepM. C. Legend for the colour used in the CLINKER plot to group homologous genes. 
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Figure A 4. Clinker analysis for defining the boundaries of the putative phosphonate BGC. CLINKER 

plot(A), with BGCs sorted according to, first, phylogeny proximity (Kitasatospora strains at the top), and 

finally the order was adapted to highlight similarity and synteny along the entire BGC and surrounding 

genes; the plot is aligned at the aldehyde dehydrogenase gene (in red). A phylogenetic analysis was 

performed with TYGS server to assess phylogenetic relationship among the Kitasatospora strains that 

carry a similar P-BGC to K. fiedleri. The full genome assemblies were downloaded from NCBI and 

submitted as queries to TYGS. The strains included in the analysis and the taxonomical judgment 

provided by TYGS(B). The similarity statistics(C). The full-genome phylogenetic tree(D).  
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Figure A 5. 31P NMR of culture extracts of Kibdelosporangium banguiense DSM46670 and 

Saccharopolyspora spinosa DSM 44228 grown in different media 
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Figure A 6.  31P NMR of culture extracts of Streptomyces aureocirculatus DSM40386 and Streptomyces 

iranensis DSM 41954 grown in different media 
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Figure A 7. 31P NMR of culture extracts of Streptomyces mutomycini DSM41691 and Kitasatospora 

cheerisanensis DSM 101999 grown in different media 
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Figure A 8. 31P NMR of culture extracts of Streptomyces glauciniger DSM 41867 and Streptomyces 

seoulensis DSM 41840 grown in different media 
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Figure A 9. 31P NMR of culture extracts of Kitasatospora fiedleri DSM 114396 and Streptomyces sp. 

TÜ H45 grown in different media 

  



163 

 
Figure A 10. 31P NMR of culture extracts of Streptomyces viridochromogenes DSM 40736 and 

Streptomyces sp. TÜ 18 grown in different media 
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Figure A 11. 31P NMR of culture extracts of Streptomyces sp. TÜ 3997 and Streptomyces sp. I6 

grown in different media 
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Figure A 12. 31P NMR of culture extracts of Streptomyces alboniger DSM 40043 and 

Streptomyces resistomycificus DSM 40133 grown in different media. 
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Figure A 13. 31P NMR of culture extracts of Streptomyces kutzneri DSM 40907 and Kitasatospora 

atroaurantiaca DSM 41649 grown in different media. 
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Figure A 14. 31P NMR of culture extracts of Streptomyces libani (rufus)DSM 41230 and Kitasatospora 

purpeofusca DSM 40283 grown in different media. 
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Figure A 15. 31P NMR of culture extracts of Kitasatospora setae DSM 43861 and Streptomyces 

hokutonensis DSM 102214 grown in different media. 
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Figure A 16. 31P NMR of culture extracts of Streptomyces shenzhenensis DSM 42034 and Lentzea 

kristufekii DSM 116176 grown in different media. 
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Figure A 17. 31P NMR of culture extracts of Streptomyces sp. TÜ 3678 and Streptomyces sp. TÜ 

21470 grown in different media 
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Figure A 18. 31P NMR of culture extracts of Streptomyces monomycini DSM 40801 and Streptomyces 

bikiniensis. DSM40581 grown in different media 

 

 

 

Figure A 19. 31P NMR spectrum of concentrated culture supernatant from S. iranensis DSM 41954. A. 

Wild-type strain sample showing production of phosphonate-containing metabolites (δP 33.4, 21.5 and 

17.0). B. Mutant strain sample of deletion pepM showing that production of phosphonate-containing 
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metabolites has been abolished. C. Mutant strain sample of deletion lac showing that production of 

phosphonate-containing metabolites (δP 33.4). L-phosphinothricin HCl (10 mM, δP 51.2) was used as 

a chemical shift reference 

 

 
Figure A 20. BLAST analysis of AA sequences from the Kitasatospora fiedleri DSM 114396 

phosphonate BGC 

 

 

Figure A 21. 31P NMR spectrum of cultures from Kitasatospora fiedleri DSM 114396 (minimal gene 

cluster kfp02-kfp04) heterologous expression in S. albus and S. lividans 
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Figure A 22. 31P NMR spectrum of cultures from Kitasatospora fiedleri DSM 114396 after MeOH and 

acetic acid 

 

 

 

 

Figure A 23. 31P NMR spectrum of cultures from Kitasatospora fiedleri DSM 114396 after MeCN 

extraction. A. 31P NMR spectrum of concentrated MeCN layer. B. 31P NMR spectrum of concentrated 

MeCN layer 
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Figure A 24. 31P NMR spectrum of Kitasatospora fiedleri DSM 114396 extracts following Hypercarb 

SPE fractionation. A. 31P NMR spectrum of concentrated water elution fraction. B. 31P NMR spectrum 

of concentrated MeCN elution fraction. 

 

 

 

 

Figure A 25. EIC chromatograms of standard phosphonates (phosphonothrixin, phosphomycin, 

biolaphos, AMP, glyphosate, phosphinothricin and 3-PPA) under the column: Hypercarb™ column. 
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Figure A 26. Schematic diagram of chemical labeling strategies 

 

 

 

 

 

 
Figure A 27. Chromatograms of pure diazo compound 4 at 254nm 
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Figure A 28. Flash chromatograms of AMPA diazo compound with C18 column at 254nm 

 

 

 

 
Figure A 29. Yields of standard phosphonates. 

 

 

 

 

 

 
Figure A 30. Reaction mechanism of ECF labeling 
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Figure A 31. Chromatograms of esterificated PT sample 

 

 

 
Figure A 32. Chromatograms of esterificated GP sample 
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A.3 Supplementary information to Chapter 3 

 
 

 
Figure A 33. Examples of the three derivatization reactions described in this manuscript with 

precursor and product m/z values and the corresponding expected mass shift of the [M+H]+ form. A) 

reaction A performed on parthenolide, B) reaction B performed on doxorubicin, and C) reaction C 

performed on kitasamycin with respective products. 

 

 

  
 

 

A 
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Figure A 34. Titration plots of the 32 standards reacting with L-cysteine 0.1 mM at different substrate 

concentrations as shown in the color chart. On the Y axis, it is reported the yield calculated on the 

[M+H]+ ions of the educts and products (except for fidaxomycin where [M+Na]+ (educt)/ [M+H]+(product) 

correlation was detected), while on the X axis the concentration in μg/ml of each standard in the mix. 

Error bars were drawn using the standard deviation between the two measurements. 

 

  



180 

 

 
Figure A 35. Titration plots of 32 mix molecules reacting with hydroxylamine 10 mM at different 

concentrations (50, 10, 1 and 0.1 μg/ml). On the Y axis, it is reported the yield calculated on the [M+H] 

+ ions of the unmodified and the derivatized molecule, while on the X axis the concentration in μg/ml of 

each metabolite in the mix.  

 

 

 

 
Figure A 36. Titration plots of 32 mix molecules reacting AQC 100 mM at different substrate 

concentrations as shown in the color chart. On the Y axis, it is reported the yield calculated on the [M+H]+ 

ions of the educts and products (except for cephalexin where [M+Na]+ (educt)/ [M+H]+(product) 

correlation was detected), while on the X axis the concentration in μg/ml of each standard in the mix. 

Error bars were calculated using the standard deviation between the two measurements. 
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Figure A 37. EIC of the standards reacting with cysteine (Reaction A) in the 32 standards mixture, EIC 

of respective products correlated appearing at the same retention time in the treated sample, MSMS 

spectrum of the educts, and MS1 spectrum of the educts/products pairs observed at the same retention 

time in the treated samples, and connected via the peculiar reaction Δm/z through the Online Reactivity. 

For all the molecules the reactivity was detected via the correlation between precursor and product 

[M+H]+ ions (calcld. Δm/z = 121.0197), except for fidaxomycin (at the bottom) where [M+Na]+ (educt)/ 

[M+H]+(product) correlation was detected (calcld. Δm/z = 99.03781). 
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Figure A 38. EIC of molecules reacting with AQC (Reaction B) in the 32 standards mixture, respective 

products appearing at the same RT, MSMS spectrum of the educts, and MS1 spectrum of the 

educts/products pairs observed at the same retention time in the treated samples, and connected via 

the peculiar reaction Δm/z through the Online Reactivity. For all the molecules the reactivity was 

detected thanks to the correlation between educt and product [M+H]+ ions (calcld. Δm/z = 170.0481), 

except for cephalexin where [M+Na]+ (educt)/ [M+H]+(product) correlation was detected (calcld. Δm/z 

= 148.0661). 

 

 

 
Figure A 39. EIC of the molecules reacting with hydroxylamine (Reaction C) in the 32 standards mixture, 

respective products appearing at the same RT, MSMS spectrum of the educts, and MS1 spectrum of 

the educts/products pairs observed at the same retention time in the treated samples, and connected 

via the peculiar reaction Δm/z through the Online Reactivity. For kitasamycin the reactivity was detected 

thanks to the correlation between educt and product [M+H] + ions (calcld. Δm/z = 15.0109), for 

spiramycin the correlation between the two [M+2H]2+ was detected (calcld. Δm/z = 7.5054). 
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Figure A 40. Mass spectrum and structures of cysteine cation radical [M+H] + and protonated [M+H]+ 

forms, both were observed when during blank (MeOH) run with a continuous post-column injection of L-

cysteine 0.1 mM (m/z range 100-300). MeOH without post-column injection of L-cysteine was also run, 

and none of the two ions was observed. 
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Figure A 41. Mzmine Online Reactivity module. Visualization of the Online Reactivity module of 

Mzmine4 built to automatically connect educt and products during an online reaction based on the typical 

Dm/z. By clicking on the example button a template of the input table with the essential parameters for 

this module is provided, here the different reaction features are defined (I.e. Δm/z, educt SMARTS, 

reaction SMARTS). If ticked the “Unique sample ID” and the “Reaction sample Type” can be used. The 

user can make use of the correlation produced by the meta correlation module if run before this one by 

ticking “Only grouped features”, moreover he can define the m/z tolerance and the allowed adducts for 

both educt and products. 
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Figure A 42. Features visualization in Mzmine 4 Online Reactivity. In the feature list, it is possible 

to activate the visualization of the online reaction attributes, such as the observed online reaction 

(including the ions involved) with the respective Δm/z, educt, and product IDs, the status of the feature 

we are observing (educt or product) the putative educt substructure or the entire reaction (in the form of 

SMARTS). Here are shown as an example A) parthenolide [M+H]+ ion row and B) parthenolide 

derivatization product [M+H]+ with cysteine row, automatically connected by the Online reactivity 

module. By clicking on the feature, it is possible to visualize the relative networks where the cyan node 

represents the reaction product. C) Reactivity network of parthenolide. 

 

 

      

A 
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Figure A 43. Mzmine 4 Metadata. Once a dataset is uploaded a simple Sample metadata table is 

automatically created and can be accessed by clicking on Project/Sample metadata. This metadata file 

originally contains the Filename and the run data columns, however, it is possible to either import a 

metadata table prepared offline in the .csv and .tsv format or to manually add additional columns. 

 

 

 
Figure A 44. Impact of MCheM on GNPS2 analog search for the experimental dataset. The MCheM 

method improved the structural similarity of the Top 1, Top 5 analogs as reflected by the improved 

Tanimoto scores (green dots on the scatter plots), while a lower number of worsened features were 

retrieved (orange dots on the scatter plots), leading to an improved average Tanimoto score after FG-

filtering compared with not filtered data (violin plots Figure 2 in the main text).  
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Figure A 45. Impact of MCheM on Top 10 analog search on GNPS2 for the experimental dataset. 

The MCheM method improved the similarity of Top 10 analogs with respect to the actual structure, as 

shown by the improved features reported as green dots in the scatter plot, while worsened annotations 

are reported as orange dots. Overall, MCheM showed an improvement in the average Tanimoto 

similarity score when compared to the classic annotation as depicted in the violin plot with the median 

value going from 0.51 to 0.59. 

 

 

Figure A 46. Impact of MCheM on GNPS2 analog search for the CANOPUS dataset. The MCheM 

method improved the structural similarity of the Top 1, Top 5 analogs as reflected by the improved 

Tanimoto scores (green dots on the scatter plots), while a lower number of worsened features were 

retrieved (orange dots on the scatter plots), leading to an improved average Tanimoto score after FG-

filtering compared with not filtered data violin plots Figure Y in the main text) 
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Figure A 47. Impact of MCheM on Top 10 analog search on GNPS2 for the CANOPUS dataset. 

The MCheM method improved the similarity of Top 10 analogs with respect to the actual structure, as 

shown by the improved features reported as green dots in the scatter plot, while worsened annotations 

are reported as orange dots. Overall, MCheM showed an improvement in the average Tanimoto 

similarity score when compared with the original annotation as depicted in the violin plot with median 

value going from 0.65 to 0.71. 

 

 

Figure A 48. Impact of MCheM on the average ranking of the most similar structure. The MCheM 

method improved the average ranking of the most similar structure (orange violin) compared with the 

classic data (blue violin) both in the experimental (left plot) and CANOPUS (right plot) datasets. The 

median values improved from 14.89 to 9.64 and from 11.94 to 9.42, and the shape also became 

narrower at the bottom for both datasets, which means a greater concentration of values closer to 1. 
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Figure A 49. MSMS spectrum of putative oxazolomycin D (ID 1911) with its diagnostic fragments. 

 

 

 

Figure A 50. MSMS spectrum of oxazolomycin D derivative with m/z 716.3754 (ID 1562) with its 

diagnostic fragments. Unshifted C and B fragments allowed us to predict the modification on the left part 

of the molecule, as confirmed by a shift of F, E and D fragments. 
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Figure A 51. MSMS spectrum of oxazolomycin D derivative with m/z 714.3598 (ID 1661) with its 

diagnostic fragments. Unshifted C and B fragments allowed us to predict the modification on the left part 

of the molecule, as confirmed by a shift of F, E and D fragments. 

 

 

 
Figure A 52. MSMS spectrum of 7-glycosyl oxazolomycin (1) (ID 1569) with its diagnostic fragments. 
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Figure A 53. Flash Chromatography of the extract with silica RediSep column. 

 

 
Figure A 54. Chromatogram of the concentrated fractions in 254nm.The target peak is pointed by red 

arrow. The substance on the right is pure compounds. 
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Table 3. NMR spectral data for 7-glycosyl oxazolomycin D in DMSO-d6 at 700 MHz 

 

carbon # δC δH, mult (J in Hz) COSY HMBC 

1 174.2 -- -- -- 
2 43.3 2.43, q (7.3) 2-Me 1,2-Me 
3 80.8 -- -- -- 
4 82.4 3.27, t (4.9) 5 4-OMe 
5a 31.4 1.81, m 4 6-Me 
5b 1.14, m 4 6-Me 
6 32.7 1.95, m 7 -- 
7 80.9 4.16, m 6,8 6-Me,17 
8 130.0 5.62, m 7,9 -- 
9 131.7 6.20, m 8 8 
10 130.2 6.14, m 11 12 
11 130.5 5.65, m 10,12 10,12 
12 40.5 3.72, m 11 -- 
13 170.2 -- -- -- 
14 85.1 -- -- -- 
15 79.0 4.96, dd (8.9, 2.7) 16 3,13,14,16 
16a 71.5 4.14, dd (12.1, 9.0) 15 15,16-OMe 
16b 4.00, dd (12.3, 2.7) 15 -- 
17 100.3 4.20, d (7.6) 18 7 
18 73.7 2.95, m 17 17,19,20 
19 77.0 3.13, s -- 17,18,20 
20 69.9 3.08, m 21 18,19,22 
21 76.9 2.99, m 20 17,20,22 
22a 60.8 3.58, dd (11.9, 2.4) 21 20,21 
22b 3.44, m 21 20,21 

1-NMe 26.1 2.83, s -- 1,14 
2-Me 9.6 1.00, d (7.4) -- 1,2,3 

4-OMe 56.0 3.15, s -- 4 
6-Me 14.5 0.88, dd (7.0, 2.8) -- 5,6,7 

16-OMe 58.5 3.29, s -- 16 
1’ 176.1 -- -- -- 
2’ 45.9 -- -- -- 
3’ 73.1 4.63, d (5.3) -- -- 
4’ 140.0 -- -- -- 
5’ 123.5 6.40, brd (12.1) 6’ -- 
6’ 124.5 6.32, t(11.4) 5’,7’ -- 
7’ 127.1 5.93, t(11.4) 6’,8’ -- 
8’ 128.1 6.75, m 7’,9’ -- 
9’ 129.0 5.79, m 8’ -- 
10’ 28.3 3.55, d(6.9) -- 9’,11’,12’ 
11’ 150.6 -- -- -- 
12’ 122.0 6.89, m -- 11’,13’ 
13’ 151.4 8.23, s -- 12’,11’ 

2’-Mea 21.5 0.97, m -- 1’,2’,2’-Meb,3’ 
2’-Meb 24.7 1.10, m -- 3’,2’,2’-Mea,3’ 
4’-Me 20.0 1.73, s -- 3’,4’,5’ 
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Figure A 55. 1H NMR (DMSO-d6, 700 MHz) of 7-glycosyl oxazolomycin D 
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Figure A 56. 13C NMR (DMSO-d6, 700 MHz) of 7-glycosyl oxazolomycin D 
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Figure A 57. COSY NMR (DMSO-d6, 700 MHz) of 7-glycosyl oxazolomycin D 
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Figure A 58. HSQC NMR (DMSO-d6, 700 MHz) of 7-glycosyl oxazolomycin D 
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Figure A 59. HMBC NMR (DMSO-d6, 700 MHz) of 7-glycosyl oxazolomycin D 
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Figure A 60. NOESY NMR (DMSO-d6, 700 MHz) of 7-glycosyl oxazolomycin D. 
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A.4 Supplementary information to Chapter 4 

 

 
Figure A 61. Workflow for isolation of compounds PAC1-4.  

 

 

 

Figure A 62. Chromatogram of brominated signal, including UV, MS and MS/MS. 
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Figure A 63. Chromatogram of the target compounds. 
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Figure A 64. C18 fractionation workflow to generate five fractions (A). Bioassay results against Bacilus  

(B). 

 

 

Figure A 65. Chromatogram of the fraction 3. 

 

 

Figure A 66. Chromatogram of the concentrated fraction 3 at 215nm. The target peak is F1, F2, F3 and 

F4. 
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Table 4. NMR spectral data for compound PAC1 in DMSO-d6 at 700 MHz 

carbon # δC δH, mult (J in Hz) COSY HMBC 

1 47.0 2.99 (m) 

2.59 (m) 

2 

2 

3 

– 

2 19.5 1.73 (m) 

1.28 (m) 

1, 3 

1, 3 

1, 2 

– 

3 23.7 1.60 (m) 

1.32 (m) 

3, 4 

4 

4 

1 

4 45.8 5.10 (m) 3 2, 5 

5 170.4 – – – 

6 54.9 5.39 (dd, J = 6.1, 9.8) 23 5, 7 

7 169.9 – – – 

8 46.2 3.43 (m) 

3.38 (m) 

9 

9 

– 

7, 9, 10, 11 

9 24.3 1.90 (m) 

1.77 (m) 

8, 10 

8, 10 

8, 11 

8, 11 

10 27.5 2.03 (m) 

1.75 (m) 

9, 11 

9, 11 

8, 11, 12 

8, 11, 12 

11 59.7 4.39 (dd, J = 2.8, 8.0) 10 8, 9, 10, 12 

12 170.3 – – – 

13 50.2 5.07 (m) 30 12, 14, 30, 31 

14 171.3 – – – 

15 59.8 5.31 (d, J = 8.4) 37 16, 37, 38, 40 

16 171.9 – – – 

17 46.5 3.02 (m) 

2.56 (m) 

18 

18 

19 

– 

18 20.6 1.48 (m, 2H) 17, 19 17, 19, 20 

19 24.9 1.89 (m) 

1.73 (m) 

18, 20 

18, 20 

17, 20 

17, 20, 21 

20 46.6 5.52 (dd, J = 1.1, 6.6) 19 18, 19, 21 

21 172.6 – – – 

22 31.2 2.98 (s) – 5, 6 

23 33.7 3.12 (dd, J = 6.0, 14.1) 

2.92 (dd, J = 9.4, 14.1) 

6 

6 

6, 7, 24, 25, 29 

6, 7, 24, 25, 29  

24 137.4 – – – 

25 130.0 7.24 (d, J = 7.5) 26 23, 24, 26, 27 

26 128.1 7.27 (m) 25, 27 24, 25, 27, 28 

27 126.4 7.20 (m) 26, 28 25, 26, 28, 29 

28 128.1 7.27 (m) 27, 29 24, 26, 27 ,29 

29 129.0 7.24 (d, J = 7.5) 28 23, 24, 27, 28 

30 37.1 2.98 (m) 

2.77 (dd, J = 5.8, 12.7) 

13 

13 

13, 14, 31, 32 

13, 14, 31, 32 

31 137.5 – – – 

32 129.3 7.14 (d, J = 7.6) 33 30, 31, 33, 34, 36 

33 128.0 7.23 (m) 32, 34 31, 32, 34, 35 

34 126.2 7.17 (m) 33, 35 32, 33, 35, 36 

35 128.0 7.23 (m) 34, 36 31, 33, 34, 36 

36 129.3 7.14 (d, J = 7.6) 35 30, 31, 32, 34, 35 

37 32.9 2.02 (m) 15, 38, 40 15, 38, 39, 40 

38 25.5 1.28 (m) 

1.03 (m) 

37, 39 

37, 39 

15, 37, 39, 40 

15, 37, 39, 40 

39 11.5 0.76 (t, J = 7.3) 38 37, 38 

40 15.5 0.83 (d, J = 6.9) 37 15, 37, 38 
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Figure A 67. 1H NMR (DMSO-d6, 700 MHz) of compound PAC1.  
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Figure A 68. 13C NMR (DMSO-d6, 700 MHz) of PAC1 
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Figure A 69. COSY NMR (DMSO-d6, 700 MHz) of PAC1 
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Figure A 70. HSQC NMR (DMSO-d6, 700 MHz) of PAC1 
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Figure A 71. HMBC NMR (DMSO-d6, 700 MHz) of PAC1 
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Figure A 72. NOESY NMR (DMSO-d6, 700 MHz) of PAC1. 
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Table 5. NMR spectral data for compound PAC2 in DMSO-d6 at 700 MHz 

carbon # δC δH, mult (J in Hz) COSY HMBC 

1 47.7 3.01 (br d, J = 12.7) 

2.56 (dd, J = 2.3, 12.8) 

2 

2 

3 

– 

2 19.6 1.94 (m) 

1.29 (m) 

1, 3 

1, 3 

– 

– 

3 23.9 1.55 (m) 

1.49 (m) 

2, 4 

2, 4 

2, 4, 5 

– 

4 46.0 5.19 (d, J = 6.2) 3 2, 3, 5 

5 170.0 – – – 

6 56.3 5.32 (dd, J = 7.6, 8.8) 23 7, 23, 24 

7 169.8 – – – 

8 46.1 3.35 (m) 

3.28 (m) 

9 

9 

9, 11 

– 

9 24.3 1.91 (m) 

1.78 (m) 

8, 10 

8, 10 

8 

– 

10 27.0 2.10 (m) 

1.75 (m) 

9, 11 

9, 11 

8 

9, 12 

11 60.0 4.47 (dd, J = 3.0, 7.8) 10 8, 9, 10, 12 

12 170.5 – – – 

13 53.7 4.71 (t, J = 8.5) 30 14, 30, 31, 32 

14 172.3 – – – 

15 56.1 5.34 (dd, J = 3.5, 10.9) 33 16, 33, 34 

16 173.2 – – – 

17 46.3 3.06 (br d, J = 12.5) 

2.63 (dd, J = 2.5, 12.2) 

18 

18 

– 

– 

18 19.6 1.94 (m) 

1.29 (m) 

17, 19 

17, 19 

– 

– 

19 23.9 1.55 (m) 

1.49 (m) 

18, 20 

18, 20 

17, 18, 21 

– 

20 46.6 5.40 (dd, J = 1.9, 6.7) 19 16, 18, 21 

21 172.7 – – – 

22 31.1 2.78 (s) – 5, 6 

23 33.9 3.13 (dd, J = 6.7, 13.6) 

2.81 (dd, J = 8.1, 13.5) 

6 

6 

6, 7, 24, 25, 29 

6, 7, 24, 25, 29 

24 137.8 – – – 

25 129.1 7.24 (m) 26 23, 24, 26, 27, 29 

26 128.0 7.25 (m) 25, 27 24, 25, 27, 28 

27 126.3 7.18 (m) 26, 28 25, 29 

28 128.0 7.25 (m) 27, 29 24, 25, 26, 27 

29 129.1 7.24 (m) 28 23, 24, 25, 27, 28 

30 29.9 1.91 (m) 13, 31, 32 13, 14, 31, 32 

31 18.4 0.89 (d, J = 6.5) 30 13, 30, 32 

32 19.1 0.82 (d, J = 6.7) 30 13, 30, 31 

33 35.5 1.82 (m) 

1.44 (t, J = 3.6) 

15, 34 

15, 34 

15, 34, 35, 36 

15, 34, 35, 36 

34 25.1 1.65 (m) 33, 35, 36 15, 33 

35 23.2 0.90 (d, J = 6.5) 34 33, 34, 36 

36 20.8 0.85 (d, J = 6.5) 34 33, 34, 35 
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Figure A 73. 1H NMR (DMSO-d6, 700 MHz) of ccompound PAC2. 
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Figure A 74. 13C NMR (DMSO-d6, 700 MHz) of ccompound PAC2. 
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Figure A 75. COSY (DMSO-d6, 700 MHz) of ccompound PAC2. 
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Figure A 76. HSQC NMR (DMSO-d6, 700 MHz) of PAC2 
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Figure A 77. HMBC NMR (DMSO-d6, 700 MHz) of PAC2 
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Figure A 78. NOESY NMR (DMSO-d6, 700 MHz) of PAC2 
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Table 6. NMR spectral data for compound PAC3 in DMSO-d6 at 700 MHz 

carbon # δC δH, mult (J in Hz) COSY HMBC 

1 47.6 3.00 (m) 

2.56 (dd, J = 2.4, 12.6) 

2 

2 

3 

–  

2 19.6 1.88 (m) 

1.28 (m) 

1 

1 

– 

4 

3 23.5 1.56 (m) 

1.43 (m) 

2, 4 

2, 4 

2, 4 

– 

4 45.8 5.19 (d, J = 13.1) 3 2, 3, 5 

5 170.5 – – – 

6 56.0 5.33 (m) – 7, 22, 23, 24 

7 169.6 – – – 

8 46.2 3.37 (m, 2H) 9 7, 9, 10, 11 

9 24.5 1.90 (m) 

1.79 (m) 

8 

8 

10, 11 

8, 11 

10 27.1 2.04 (m) 

1.79 (m) 

9, 11 

11 

8, 12 

8, 11, 12 

11 60.2 4.38 (dd, J = 4.1, 8.4) 10 8, 9, 10, 12 

12 170.4 – – – 

13 50.5 5.06 (m) 30 14, 30, 31 

14 172.1 – – – 

15 56.8 5.24 (m) 37 16, 37, 38 

16 173.3 – – – 

17 46.2 3.03 (m) 

2.62 (dd, J = 2.3, 11.6) 

18 

18 

19 

– 

18 20.6 1.54 (m) 

1.48 (m) 

17, 19 

19 

– 

19, 20 

19 23.9 1.83 (m) 

1.80 (m) 

18, 20 

18, 20 

17, 20, 21 

17, 20, 21 

20 47.2 5.34 (m) 19 18, 19, 21 

21 172.7 – – – 

22 31.2 2.82 (s) – 5, 6 

23 33.8 3.15 (dd, J = 6.6, 13.2) 

2.84 (m) 

6 

6 

6, 7, 24, 25, 29  

6, 7, 24, 25, 29 

24 137.8 – – – 

25 129.1 7.24 (m) 26, 28 24, 26, 27, 28 

26 128.1 7.25 (m) 25, 27, 28 24, 25, 27, 29 

27 126.3 7.18 (m) 26, 28 25, 26, 28, 29 

28 128.1 7.25 (m) 25, 27, 28 24, 25, 27, 29 

29 129.1 7.24 (m) 26, 28 24, 26, 27, 28 

30 36.5 2.97 (dd, J = 8.1, 13.0) 

2.84 (m) 

13 

13 

13, 14, 31, 32, 36 

13, 14, 31, 32, 36 

31 137.4 – – – 

32 129.2 7.15 (d, J = 7.6) 33 30, 31, 33, 34 

33 128.1 7.25 (m) 32, 34 31, 32, 34, 35 

34 126.3 7.19 (m) 33, 36 32, 33, 35, 36 

35 128.1 7.25 (m) 34, 36 31, 33, 34, 36 

36 129.2 7.15 (d, J = 7.6) 35 30, 31, 34, 35 

37 32.5 1.75 (m) 

1.41 (m) 

15 

15 

15, 38, 39 

38, 39 

38 24.8 1.49 (m) 39, 40 37 

39 20.8 0.79 (d, J = 6.6) 38 37, 38, 40 

40 23.2 0.83 (d, J = 6.6) 38 37, 38, 39 
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Figure A 79. 1H NMR (DMSO-d6, 700 MHz) of PAC3 
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Figure A 80. 13C NMR (DMSO-d6, 700 MHz) of PAC3 
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Figure A 81. COSY NMR (DMSO-d6, 700 MHz) of PAC3 
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Figure A 82. HSQC NMR (DMSO-d6, 700 MHz) of PAC3 
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Figure A 83. HMBC NMR (DMSO-d6, 700 MHz) of PAC3 
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Figure A 84. NOESY NMR (DMSO-d6, 700 MHz) of PAC3 
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Table 7. NMR spectral data for compound PAC4 in DMSO-d6 at 700 MHz 

carbon # δC δH, mult (J in Hz) COSY HMBC 

1 47.7 3.00 (d, J = 14.2) 

2.55 (m) 

2 

2 

2, 3 

– 

2 19.6 1.95 (m) 

1.29 (m) 

2, 3 

2,3 

3, 4 

3, 4 

3 23.9 1.83 (m) 

1.54 (m) 

– 

2, 4 

– 

– 

4 45.9 5.19 (d, J = 5.7) 3 5, 21 

5 170.7 –  – – 

6 56.2 5.33 (dd, J = 7.4, 13.7) 23 23 

7 169.8 – – – 

8 46.1 3.35 (m) 

3.27 (m) 

9 

9 

7 

– 

9 24.3 1.91 (m) 

1.79 (m) 

10 

– 

8, 11 

8, 11 

10 26.9 2.11 (m) 

1.74 (m) 

9 

– 

8, 11, 12 

11, 12 

11 59.9 4.48 (dd, J = 2.9, 8.2) 10 8, 9, 10, 12 

12 170.5 – – – 

13 52.4 4.82 (t, J = 8.1) 30 14, 30, 31, 33 

14 172.4 – – – 

15 56.2 5.30 (dd, J = 3.6, 10.9) 34 16, 34, 35 

16 173.1 – – – 

17 46.3 3.01(d, J = 12.3) 

2.66 (dd, J = 2.5, 12.3) 

18 

18 

19 

19 

18 20.5 1.59 (m) 

1.48 (m) 

17, 19 

17 

17, 20 

17 

19 24.0 1.79 (m) 

1.49 (m) 

18, 20 

– 

20 

– 

20 46.4 5.42 (dd, J = 1.8, 6.7) 19 18, 19, 21 

21 172.7 – – – 

22 31.1 2.78 (s) – 5, 6 

23 33.9 3.13 (dd, J = 6.7, 13.7) 

2.81 (dd, J = 8.2, 14.1) 

6 

6 

6, 24, 25 

6, 24, 25 

24 137.8 – – – 

25 129.2 7.23 (m) 26 27 

26 128.0 7.25 (m) 25, 27 24, 25 

27 126.3 7.18 (m) 26, 28 25 

28 128.0 7.25 (m) 25, 27 24, 25 

29 129.2 7.23 (m) 26 27 

30 36.2 1.73 (m) 13, 33 13, 31, 32, 33 

31 25.8 1.30 (m) 

1.05 (m) 

32 

30, 32 

30, 32, 33 

30, 32, 33 

32 11.1 0.846 (s) 31 30, 31 

33 14.6 0.86 (s) 30 13, 30, 31 

34 35.5 1.81 (m) 

1.44 (m) 

15 

15, 35 

15, 35, 36, 37 

35 

35 25.1 1.64 (m) 34, 36, 37 34 

36 23.2 0.89 (d, J = 6.7) 35 34, 35, 37 

37 20.8 0.846 (d, J = 6.7) 35 34, 35, 36 
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Figure A 85. 1H NMR (DMSO-d6, 700 MHz) of PAC4 
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Figure A 86. 13C NMR (DMSO-d6, 700 MHz) of PAC4 

 



226 

 

Figure A 87. COSY NMR (DMSO-d6, 700 MHz) of PAC4 
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Figure A 88. HSQC NMR (DMSO-d6, 700 MHz) of PAC4 
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Figure A 89. HMBC NMR (DMSO-d6, 700 MHz) of PAC4 
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Figure A 90. NOESY NMR (DMSO-d6, 700 MHz) of PAC4. 
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A.5 Copyright licenses 

Document A 1. Copyright permission for Figure 2 
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Document A 2. Copyright permission for Figure 9 
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Document A 3. Copyright permission for Figure 10 A 
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Document A 4. Copyright permission for Figure 10 B 
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Document A 5. Copyright permission for Figure 11 
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Document A 6. Copyright permission for Figure 12 
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