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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 Tibingen 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 standige 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
Sekundarmetabolite bekannt; ihre enorme chemische Vielfalt ist jedoch noch bei weitem nicht
vollstdndig erforscht. Die Erweiterung und Erleichterung der Entdeckung neuartiger
Naturstoffe aus actinobakteriellen Quellen stellt daher eine wichtige Herausforderung in der
zeitgenossischen Wirkstoffforschung dar.

In dieser Arbeit wurden neuartige Naturstoffe aus Actinobakterien der DSMZ- und Tubinger
Stammsammlungen mit dem Ziel untersucht, die zugangliche chemische Vielfalt fur 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 ermdglichte. AnschlieBend wurden 28 pepM-positive
Stamme unter verschiedenen Wachstumsbedingungen kultiviert und ihre Metabolitenprofile
mittels NMR-Spektroskopie analysiert. Durch die Kombination von bioinformatischen Analysen,
gezielter Gendeletion, heterologer Expression und NMR-basierter Strukturaufklarung wurden
die fur 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 erméglichen, wurden
verschiedene  Anreicherungs- und Reinigungsstrategien entwickelt, darunter
Isotopenmarkierungsreaktionen sowie GréRenausschlusschromatographie, Hydrophile
Interaktions-Flussigkeitschromatographie (HILIC) und lonenaustauschtechniken. Zusatzlich
wurde ein multiplexer chemischer Metabolomics-Workflow (MCheM) unter Verwendung von
Post-Column-Derivatisierungsreaktionen flr die nicht-zielgerichtete LC-MS/MS-Analyse
etabliert. Die Anwendung dieses Workflows flhrte 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.

Darlber hinaus wurde das metabolische Potenzial von Streptomyces aureocirculatus DSM
40386 untersucht, was zur Entdeckung von Piperazinsaure-haltigen Peptiden fuhrte. lhr
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 vollstandige
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
unzuganglicher Naturstoffe aus Actinobakterien darstellt und somit eine solide Grundlage flr
die zuklnftige 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.'Previous 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.>*Among them, microbial-derived NPs have attracted increasing
interest because of theirimmense 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.*

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.°Although 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.®In 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.”
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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.®
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.® 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



antibiotic Darobactin was discovered from nematode symbionts Photorhabdus,®and Lugdunin,
a first fibupeptide antibiotic against microbial infections like MRSA, was produced by nasal
Staphylococcus lugdunensis strains.'"'?In 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 others'}(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.'*1
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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 al’3.

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



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."*However, 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%."*This 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.'® 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." Another notable example is streptomycin, the first
aminoglycoside antibiotic possessing broad antimicrobial properties, which was also produced
by Streptomyces griseus.’® 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.®2%2'Even these examples highlight the unparalleled role of actinobacteria particularly



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;?? 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-18-032%2and Schorn et al. revealed high potential of unique NPs
biosynthetic gene clusters in rare marine actinomycetes;?* 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;% 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;?® 5. combinatorial biosynthesis through modular
reengineering of enzymatic domains. For example, Kaniusaite et al. redesigned peptide
biosynthesis module in vitro from teicoplanin biosynthesis,?’and and Yuzawa et al. engineered
polyketide synthases and expressed the genes in Streptomyces albus to produce short-chain
ketones.?®

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.?®In addition, advance in high throughput screening and
chromatographic techniques also have further enhanced its efficiency and effectiveness.°

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 characterization®!(Figure 4).
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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.®> 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.®**The whole process requires different domains including a B-



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 B-keto group may then be
stereoselectively reduced to a p-hydroxyl group by the KR domain, followed by dehydration
from an adjacent a-hydrogen catalyzed by the DH domain to yield an a, B-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,*® 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 |, Type Il, and Type |ll PKSs.*® Type | PKSs can be further
subdivided into non-iterative and iterative form from a mechanistic perspective.

Within the non-iterative type | 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 DEBS3* (Figure 5).
Each protein contains two modules, which executes a cycle of chain elongation and
subsequent reduction independently.

Whereas all domains in the frans-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, frans-AT PKSs are characterized by a
discrete AT domain that transfers extender units onto the ACP domain.®Trans-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.**Apart 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,



where the genetic order of modules does not strictly align with their functional order, reflecting
a more complex and evolutionarily adaptable system.

DEBS1 DEBS2 DEBS3
[ >| >| >
module1 module3 module5
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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,*iterative Type | 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,*'and 6-methylsalicylic acid, which is assembled by 6-
methylsalicylic acid synthase (6-MSAS) in Penicillium patulum.*># Iterative type | PKSs are
usually constituted by single modular that catalyzes intermediate chain elongation and
elaboration.** Iterative monomodular type | 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.*® Additional insights into
architecture and evolutionary classify iterative type | PKSs into different subgroups.*These
include bacterial iterative type | PKSs involved in the biosynthesis of aromatic compounds,
such as the orsellinic acid moieties found in avilamycin“®and polyketomycin,*"“%as well as
polyunsaturated fatty acid synthases responsible for the formation of polyunsaturated fatty
acids,**polycyclic tetramate macrolactam synthases in the biosynthesis of frontalamides and
maltophilin,>®*'enediyne synthase for biosynthesis of C-1027 and calicheamicin®2>3and other
trans-AT type | PKSs.40:54



Type Il 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 |
assembly-line PKSs or type lll PKSs, Type || PKSs are centered on two core proteins
ketosynthase a-subunit (KSq), and ketosynthase B-subunit (KSg), also called as chain length
factor (CLF).These proteins form a heterodimer and function in concert with an ACP to produce
a poly-B-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.®®

Type lll PKSs are homodimeric KS-based enzymes that catalyze polyketide formation
independently of ACP.%Although they were historically regarded as plant specific enzymes,
genomic studies have revealed that type |ll PKSs are broadly distributed in microorganisms.2®
Representative examples include ArsB and ArsC from Azotobacter vinelandii, reported by
Funa et al.,*’which 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.%®Moreover, Milke et al.
revealed 96 putative type Ill PKS genes implicated in alkylresorcinol biosynthesis among
known members of the phylum Planctomycetota.5®

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.®%6'6283(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.®*%5The 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.®*Peptide 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 NRPs®*
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.®For 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.®®
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Nevertheless, not all NRPs are synthesized modularly, for example Blml type Il PCP in the
bleomycin-biosynthesis’' and module/domain portable mechanism in

pyrrolopyrazine biosynthesis.”> A large scale genome mining analysis of 2699 bacterial
genomes revealed more than half of BGCs associated with NRPs are nonmodular.®®In addition,
numerous hybrid biosynthetic systems comprising both NRPS and PKS modules have been
reported.%®

Although advance in genome mining tools like antiSMASH,”>NRPSpredictor’* and AdenPredi-
ctor,”®the potential for large-scale discovery of NRPs has not yet been fully realized’®""due to
a multitude of challenges such as noncanonical assembly lines, flexible A domains and
tailoring domains. Behsaz et al.”” 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.”®recently 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.”®Richard et al. reported that Duramycin, a cyclic
lantibiotic peptide, exhibits potent inhibitory activity against the entry of West Nile, dengue and
Ebola viruses.?°

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.'#2Due 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.®*Genome 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.?* A putative class
[l 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 pPNOR in S. lividans, combined with in vitro reconstitution experiments, revealed
that a subgroup of lanthipeptide synthetases, named LanKCHDbt, catalyzes the formations of
both labionin and histidinobutyrine crosslinks in precursor peptides to yield noursin-like
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compounds.®* Another notable example is Daptides.®*Using 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 RIiPPs class bearing an unusual C-terminal (S)-N2,No-dimethyl-1,2-
propanediamine (Dmp) modification.®8(Figure 7B)
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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 | and class || enzymes. Class | terpene synthases contain the conserved
DDxxD/E and NSE/DTE metal-binding motifs, which enable diphosphate activation following
coordination with a trinuclear Mg?* cluster, whereas class Il enzyme rely on a conserved DXDD
motif to initiate catalysis through protonation of the substrate.®¢8"The 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 al®® 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.®®
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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.®°A representative example is provided
by halogenated antibiotic such as vancomycin,®'chloramphenicol and balhimycin,®?which
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, a-ketoglutarate-dependent halogenases and fluorinases.**As
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.%Heterologous 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.%*Saha et al. mined four BGCs colocalized with
lanthionine synthetase gene using Srpl, a flavin-dependent halogenase, as a query sequence,
and demonstrated through heterologous expression and in vitro reconstitution that Srpl can
catalyze the regioselective bromination of the indole moiety of a tryptophan residue in a
macrocyclic peptide substrate.®*This 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.*®Since 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.This 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.*®%NPs 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;'®intracellular resistance proteins that sequester or
inactive highly potent NPs; target proteins that allow essential housekeeping enzymes in the
producing organism to escape inhibition.*From some examples like novobiocin,'"’
platensin'®has 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 2013'%*(Figure
9B).
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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.1%*

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."%In 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.'%
Another interesting example concerns caseinolytic protease(ClpP) inhibitors.07:108.109.110 C|pp
is highly conserved protease found in bacteria as well as in eukaryotic mitochondria.'"!
Organisms are killed when ClpP is inappropriately activated or inhibited. The mode of action
of antibiotics acyldepsipeptides (ADEPS) is the most representative example.'?”""2Using this
knowledge Culp et al."®used 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 | polyketide synthase from Streptomyces cattleya DSM 46488 has attracted particular
interest. Through heterologous expression in S. coelicolor and recombination, they identified
a novel CIpP inhibitor, clipibicyclene, which can potently and selectively inactivate
ClpP'"3(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, % 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.'*Therefore, 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."'* For example,
Kang et al. used short conserved B-ketosynthas (KSg) 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.""®These 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
antibiotics''® 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.'’ 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."* and Yee et al."”

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.'18.119.120.121

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.'?2123124|t 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.'”However, 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,’?and so on until Watrous et al. introduced molecular networking'?’ 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.'? 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."2°GNPS 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.'*°By 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.'?%'3"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.'™® 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.'*lt 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.12®

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. 35136

In a typical NMR-based metabolomics workflow(Figure 12), extracted samples are analyzed
using one-dimensional NMR like 'H and "3C 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 ?H, '*C, and "°N 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 al'37 with permission.

1.4 Aim and overview of this thesis

In this thesis, we aimed to identify novel NPs in actinobacteria from DSMZ and Tu 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 Tlbingen 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.; NUbel, U.; Nouioui,
l.; 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

The author’s contributions are as follows:

The study concept was conceived by Yvonne Mast and Chambers C. Hughes. The genome
mining of phosphonate BGCs for phosphonate producers was done by Alina Zimmermann,
Juan Pablo Gomez-Escribano and Janina Krause. The methodology for screening
phosphonate production of putative producers was designed and developed by close
consultation between Julia Moschny and me. The cultivation, screening, extraction and
analysis of all putative phosphonate producers from DSMZ was done by me. The genetic
engineering of Kitasatospora fiedleri DSM114396 was done by Alina Zimmermann and Juan
Pablo Gomez-Escribano. The phosphonate production validation of all resulting engineering
strains was analyzed and completed jointly by Julia Moschny and me, including cultivation,
screening, extraction and analysis. The initial manuscript was drafted by Alina Zimmermann,
Juan Pablo Gomez-Escribano and Yvonne Mast. The data in this publication was curated by
Alina Zimmermann, me, Juan Pablo Gomez-Escribano and Julia Moschny. All figures
containing gene sequences were prepared by Alina Zimmermann and Juan Pablo Gomez-
Escribano under supervision of Yvonne Mast. All figures containing 3'P NMR spectra were
prepared by me under supervision of Chambers C. Hughes. William W. Metcalf gave scientific

advice. All authors reviewed, edited and approved the final version of the manuscript.

Part of section 2.1.3 in this chapter has already been published. All contents, including text,
figures, and tables were reproduced and adapted with the permission of Nouioui, |.;
Zimmermann, A.; Hennrich, O.; Xia, S.; Réssler, O.; Makitrynskyy, R.; Pablo Gomez-Escribano,

J.; Pétter, G.; Jando, M.; Déppner, M.; et al. Challenging old microbiological treasures for
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natural compound biosynthesis capacity. Frontiers in Bioengineering and Biotechnology 2024,

12, Original Research. See section 2.3.2

The authors' contributions are as follows:

Imen Nouioui: conceptualization, data curation, formal analysis, investigation, supervision,
writing—original draft, writing—review and editing, methodology, validation, and visualization.
Alina Zimmermann: investigation, visualization, and writing—original draft. Oliver Hennrich:
investigation and writing—original draft. Me: investigation, data generation, analysis and
writing—original draft. Oona ROéssler: investigation and writing—original draff. Roman
Makitrynskyy: investigation, methodology, validation, visualization, writing—original draft, and
supervision. Juan Pablo Gomez-Escribano: investigation, methodology, validation, writing—
original draft, and supervision. Gabriele Pobtter: writing—original draft and investigation. Marlen
Jando: writing—original draft and investigation. Meike Ddéppner: writing—original draft, and
investigation. Jacqueline Wolf: data curation, writing—review and editing, and investigation.
Meina Neumann-Schaal: data curation, resources, writing—review and editing, and
investigation. Chambers C. Hughes: investigation, supervision, writing—review and editing,
data curation, resources, and visualization. Yvonne Mast: conceptualization, data curation,
formal analysis, funding acquisition, investigation, project administration, resources,

supervision, writing—original draft, writing—review and editing, methodology, and visualization.

Part of section 2.1.4 in this chapter have already been published. All contents, including text,
figures, and tables were reproduced and adapted with the permission of Gomez-Escribano, J.
P.; Zimmermann, A.; Xia, S.-N.; Déppner, M.; Moschny, J.; Hughes, C. C.; Mast, Y. Application
of a replicative targetable vector system for difficult-to-manipulate streptomycetes. Applied
Microbiology and Biotechnology 2025, 109 (1), 89. See section 2.3.3

The authors' contributions are as follows:

The study concept was conceived by Yvonne Mast and Chambers C. Hughes. The related
genetic engineering and the construction of vector pDS0007 experiments was conducted by
Alina Zimmermann, Juan Pablo Gomez-Escribano and Meike Dbppner. The phosphonate
production validation of all resulting wildtype and engineering strains were conducted and
completed by me, including cultivation, screening, extraction and analysis. Julia Moschny
contributed new methods. All authors analyzed data. Juan Pablo Gomez-Escribano,
Chambers C. Hughes and Yvonne Mast wrote the initial manuscript. All authors reviewed and

contributed to the manuscript. All authors read and approved the manuscript.
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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.,"**GBD 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,"*thereby 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 Monuiril,
Monurol, or Monural), is used clinically for the treatment of acute urinary tract infections.°By
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.™
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.'®'*2Even with these existing values and potential, less than 30 small molecule
phosphonate-containing NPs have been reported thus far.'3This 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.'** With the exception of K-26
and 15B2, all known phosphonates biosynthesis begin with the conversion of
phosphoenolpyruvate (PEP) to phosphonopyruvate (PnPy) by phosphoenolpyruvate mutase
(PepM)™+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.™®'%8Using 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.™’

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.
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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 Tu 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 Tubingen (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),'" 8and 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.
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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 novel'°. Nevertheless, the broader tree topology further suggests that
phosphonate biosynthesis is widely distributed and evolutionarily diverse in DSMZ and Tu
collection,™’ 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.* 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 3'P 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.'°

Lantzaa HE1TE DEM 40283 dier! DSM 114396 sp. T 21470 DEM 40123 p. TU 3278 i O5M 40736
ILentzen spBCCO 10_0708)

{Krmserospora sp. TO 4903) (Strepmeyzes sp. Th4a4)

i DSM 0386 41801 41954

=p. DSM 41527

Strepiompoes seowensis D5M 41840 s 1w OSM 21649

plaucinia attinigr =
DSV 46670 TOtA D5 41867 DEM 40043 TEW 1014 DSV 101993 DEM 45285

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 Tu
collection by 3'P NMR spectroscopy and OSMAC method indicated that at least 4/5 produced
phosphonates. Meanwhile, a tremendous wealth of phosphonate chemical diversity from DSM
and Tu 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,45.146.151it  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.'®'%ts 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 3'P 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 Ci11H23N307P, Ci2H25N30gP,
C12H2sN307P, and Ci3H27N3O7P."3These 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. 3'P 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 3'P 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,"%*and 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
3P NMR. In addition, to further enhance the phosphonate production, we used two strategy
including overexpression the pepM gene and deletion of putative repressor /acl.'®* Thus, the
pepM-ppdAB overexpression mutants and the deletion mutant of /ac/ 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 /ac/
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 /ac/
gene is not repressor in phosphonate biosynthesis as expected.

S.iranensis DSM41954 cluster region 28.1

phosphonate

! 1

DEMOED D BB EED

pepM
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 3'P NMR analysis

The rare actinomycete K. fiedleri DSM114396 was described as a novel type strain,'®® and the
phosphonate production in this strain was demonstrated by *'P 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 3'P NMR and LC-MS in comparision to the wildtype strain.'*Phosphonate-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).
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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 *'P 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 *'P 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 3'P
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 *'P 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 3'P 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, *'P
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 *'P 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.
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Figure 20. 3'P 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
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Figure 21. 3P 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 3'P 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 3'P NMR for the
detection of phosphorus-containing compounds, this approach may not be complete and
enough in further large-scale separations and purifications. 3P 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 Ca?* and Mg?*."’Such 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.™”%8Their 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.’™Depending 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.'®°For 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-CI) derivatization was investigated as a selective
approach for probing whether the unknown phosphonate produced by K. fiedleri DSM114396
contains amine functionality. FMOC-CI 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.'6"169.162The 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.

Q Q. _oH

R
OH

O’ O\n/ NH
o o AMPA
HO, /L\ m/z:333.0766 P
P

0” “oH

HO
P
\
HO Yo
m/z:138.0082 O
PM \ o "
(0}
UV-tag .
= O \g PT

O O m/z:403.1185
/ .

Q},-OH 0
7\
OH OJ\Cl
m/z:95.9976 9-flourenyl methyl chloroformate
(FMOcC-Cl)

P.
N\
\/\o

0 Y

(o) m/z:391.0821
\
\P/\)LOH

HO™ '\
OH 3-PPA
m/z:154.0031

(0]
O Ho/“\\ HO, oH
"

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.'®
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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 *'P 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-CI.
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Figure 25. 3'P 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'84'%51%6For example, Liu et al used diazo compounds to
derivatize phosphate group on ribonucleotides for the detection of endogenous ribonucleotides
from cells."Li et al used diazo compounds to label and determine derivatize twenty-two
intermediates in central carbon metabolism pathway.'®* Kalie et al used diazo compounds to
esterify the carboxyl group in the green fluorescent protein in an aqueous environment for
cytosolic entry study. 8

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.'®The 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 MnO- 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.

o5 W gsd

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.'®and 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 H>O-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 H,O-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.'®'CFirstly, 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.'"®Lastly, the esterification is highly fast, cost-effective and readily available reagents that
can be easily removed by extraction or evaporation.'”' Based on this advantage and the
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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.'”®'"2 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.
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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,'"® 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 Tibingen 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 spore-forming bacterium that was isolated from mangrove soil
shenzhenensis
41649 Kitasatospora spore-forming, Gram-positive bacterium that builds an aerial mycelium and was isolated from soil.
atroaurantiaca
43861 Kitasatospora setae spore-forming bacterium that builds an aerial mycelium and produces antibiotic compounds.
101999 Kitasatospora spore-forming, Gram-positive bacterium that was isolated from soil humus sample.
cheerisanensis
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 spore-forming bacterium that builds an aerial mycelium and produces antibiotic compounds
resistomycificus
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 spore-forming, Gram-positive bacterium that builds an aerial mycelium and was isolated from Soil.
aureocirculatus
44228 Saccharopolyspora spinosa  spore-forming, Gram-positive bacterium that builds an aerial mycelium and was isolated from soil;
sugar mill rum still.
46670 Kibdelosporangium spore-forming bacterium that builds an aerial mycelium and was isolated from soil
banguiense

46



Table 1. Strain list from DSMZ and Tibingen 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 Lentzea kristufekii isolated from bare soil developing on Miocene lacustrine clay sediment

(BCCO

100798)

114396 Kitasatospora fiedleri isolated from soil in Indonesia Java

(Tu 4103)

40736 Streptomyces unknown

(TG 494) viridochromogenes

TG 16 Streptomyces sp. isolated from an Indonesian mangrove sediment sample

TG 18 Streptomyces sp. isolated from soil

TG 3678 Streptomyces sp. isolated from soil

TG 21470  Streptomyces sp. isolated from soil

40386 Streptomyces spore-forming, Gram-positive bacterium that builds an aerial mycelium and was isolated from soil.

aureocirculatus
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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 HCI,
respectively. And 2 % (w/v) agar (Sigma-Aldrich, St. Louis, USA) were added for solid media. All media were autoclaved at 121°C.

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
CaCoO3 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

HM + 1 g/L KoHPO4 Yeast extract 4 7.0-7.3
Malt extract 10
Glucose 4
KoHPO, 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
MgCl, 10.12
Casamino acids 0.1
Yeast extract 5
TES 5.73
Trace metal mix 2 2
dissolve in 955 mL H,0O, add after autoclaving:
1M CaCl; 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 NazHPO4 / KH2PO4 pH 7.3 5
Hunter’'s base 2
add after autoclaving
Balch’s vitamins 10

49



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 Il:
2 g CaCOs; 2
1 g Kz2HPO4 anhydrous 1
MgC|2 1
NaCl 1
(NH4)SO4 2
Trace metal mix 1
dissolve in 500 mL H,O
mix solution | and Il and autoclave
A1 Soluble starch 10 71
Yeast extract 4
Bacto Peptone 2
Seasalts 33
HM + 1M buffer Yeast extract 4 7.0-7.3
Malt extract 10
Glucose 4
1M NaHPO4 / KH2PO4 pH 7.3 5
MS + 1 g/L KoaHPO4 Mannitol 20 7.0-7.3
Vollfett soy flour 20
KzoHPO4 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 NaoHPO4 / KH2PO4 pH 7.3 5

OM/ISP3 + 1 g/L Ko2HPO,  Oatmeal 20 7.0-7.3
K2HPO4 1
Trace metal mix 2 5

OM/ISP3 + 1M buffer Oatmeal 20 7.0-7.3
1M NaoHPO4 / KH2PO4 pH 7.3 5
Trace metal mix 2 5

R5 + 1 g/L KoHPO4 Saccharose 103 7.0-7.3
Glucose 10
K2SOq4 0.25
MgCl, 10.12
Casamino acids 0.1
Yeast extract 5
TES 5.73
Trace metal mix 2 2

dissolve in 955 mL H,O
add after autoclaving

1M CaClz 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
K>SO, 0.25
MgCl, 10.12
Casamino acids 0.1
Yeast extract 5
TES 5.73
Trace metal mix 2 2
dissolve in 955 mL H,O
add after autoclaving:
1M CaCl; 20
0.54% KH2PO4 10
20% L-Prolin 15
1M Na;HPO4 / KH2PO4 pH 7.3 5
NL200 + 1 g/L KoHPO4 Mannitol 20 7.0-7.3
Cornsteep Powder 20
KoHPO4 1
NL300 + 1 g/L K;HPO4 Mannitol 20 7.0-7.3
Cotton Seed 20
KoHPO4 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 KoHPO4 Glucose 10 7.0-7.3
Soluble starch 20
Bacto Peptone 3
Meat extract 3
Yeast extract 5
CaCOs3 3
KoHPO, 1
NL410 + 1 g/L K2HPO4 Glucose 10 7.0-7.3
Glycerol 10
Oatmeal 5
Soy flour 10
Yeast extract 5
Casaminoacids 5
CaCOs3 1
KoHPO4 1
Minimal medium L-asparagine 0.5 7.0-7.2
K2HPO4 0.5
MgSO4 x 7 H20 0.2
FeS04 x 7 H20 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 MgSQO4 x 7 H20 59.3 6.8
Nitrilotriacetic acid 20
CaCl2 x 2 H20 6.67
(NH4)6M07024 - 4 H2O 0.0185
FeSO4 x 7 H,0O 0.198
Na-EDTA 0.25
ZnS04 x 7 H0 1.095
FeSO4 X7 H20 0.5
MnSO4 x H,O 0.154
CuSO,4 x 5 H20 0.0392
Co(NO3)2 x 7 H20 0.025
NazB4O7 - 10 HO 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 HCI 0.005
Pyridoxine HCI 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

KoHPO4 0.5

MgSOs x 7 H20 0.2

FeSO4 x 7 H20 0.010

add after autoclaving

50% glucose solution (autoclaved separately) 20
Trace metal mix 2 FeCls - 6 H20 0.2

CuClz2 - 2 H.0 0.01

10/8,2 mg MnCl - 4 H.O/ 2 H20

(NH4)6M07024 -4 H0O 0.01

NazB407 - 10 H20 0.01
Sporulation medium  FeCls x 6H0 0.001 71
for B. subtilis

MnCl, x 2H.0 0.0145

NH4CI 0.540

Na>SO. 0.105

KH2PO4 0.087

CaCl 0.1947

NHsNO3 0.096

MgCl2x6H20 0.0083

Glucose 2

Sodium L-glutamate monohydrate 1.9




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 H,0 0.5
MgSQO4 x 7 H20 0.1
(NH4)2S0O4 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 um C18 100 A, 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 Il LC system
(Agilent Technologies, France) coupled to an impact Il 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
pm, Phenomenex) column was used at 30 °C 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 pL 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 ym, Waters), Luna HILIC (2.1x50 mm, 1.7 uym, Waters) and ZIC®HILIC (4.6x100 mm, 5 pm,
Merck) column maintained at 30 °C. 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,
viviv, pH 3.2). A 5 pL 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 Hypercarb™ (4.6x100 mm, 5 um,
Thermo fisher scientific) column was used at 30 °C. 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 pL 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. lon 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 °C 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
Universitét Tiibingen. The data was made available to me for further analysis.

3P NMR spectra were recorded in 20% D»O at 243 MHz on a Bruker Avance Ill 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 HCI reference (6P 51.2) using a double-
chamber coaxial NMR tube. 1H NMR spectra were recorded on a Bruker Avance Il HDX 400
MHz, Bruker Avance Il 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% D>O 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 1cm? 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 °C 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

58



supernatant was collected, frozen and lyophilized. The dried materials were stored at -20 °C
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 °C 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 °C 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% H>O. 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 lon 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% NHisOH 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 °C for overnight. Then the culture was diluted with 90% glycerol
solution to ODesgo=1 separately. The aliquots of 600 pl diluted culture was frozen at -20 °C as
stock.

B. subtilis 168 was cultivated in the 500mL Erlenmeyer flask containing 100mL sporulation
medium at 180rpm and 30 °C for 4-5 days. The culture was centrifuged at 4000rpm and 4°C
for 10min. Spores were collected and washed with sterilized water to ODs4s=2. The remaining
vegetative cells were killed by heating at 70 °C for 45min. The aliquots of 600 pl spore solution
were frozen at -20 °C as stock. The optical density of E. coli K12, E. coli WM 6242 and B.
subtilis 168 was determinated with ODgoo and ODsp4.

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 °C.

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.’® 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-CI
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The labeling reaction of standard phosphonates was performed with Fmoc chloride. The
reaction was carried out by mixing 200 uL of phosphonate standard solution, 200 uL of borate

buffer (crystallized boric acid, 200 mM, pH 8.8) and 100 pyL of Fmoc chloride (10mM in MeCN).
The reaction was incubated at room temperature for 30 min, diluted and analyszed by LC-MS.

+ HCI

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
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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 yL phosphonate standard solution
(2mg/mL solution of single phosphonate) and 100 pL diazo solution in THF was reacted with
200 pL 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)

\ o)
NH N
o2 EDC H
o) o} -0
— Iy
HOJl\/\n)J\OH + o-

a-Ketoglutarate O-BHA
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Pyridine buffer was prepared with 5.4mL of HCI (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 pL phosphonate standard solution (1mg/mL) and a-ketoglutarate
were mixed with 500 yL of 20mM O-BHA and 500 pL of 20mM EDC-HCI 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 H20 and analyzed by LC-MS.

2.2.6.4 Labeling of phosphonates with ethyl chloroformate (ECF)

O - 0O o
pyridine
B eten 2 e
R4 OH EtOH

ECF

Reactions were performed in 8mL glass vials with caps. 150 yL Ethanol-pyridine mixture (4:1,
v/v) and 150 pL of chloroform- ECF (9:1, v/v) were vortexed with the 200 uL phosphonate
standards solution (5mg/mL) to create emulsion. Then, 150 pL of 1.5N NaOH were added for
neuralization first portion ECF and the content was vortexed. 150 yL of chloroform-ECF (9:1,
v/v) was again added, followed by vortexing and centrifugation. The final mixture was treated
with 150 uL of 3N HCI, 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

\N/
\N/
o OH rt;4h
IF S—
Oe + 4/ ~OH 0=$-N
(o) without light noo\
O:ﬁ—N‘H © . P\’OH
O NH, 0" oH
Day 3
Sampling

\ - - P 2 Day 5

Wildtype/Mutant Preculture
Day 7
Day 10

3

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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Expanding the actinomycetes landscape for
phosphonate natural products through
genome mining

Alina Zimmermann,”™ Shu-Ning Xia.”™ Julia Moschmy,™

Juan Pablo Gomez-Escribano, @ Judith Boldt,” Ulrich Nabel, @'
Imen Mouioui,” Janina Krause,” Mattis Kreins Irle,” William W. Metcalf, ©°
Chambers C, Hughes @ ™" and Yvonne Mast &=

Phadphonate natural products (P-NPs) repredemt & wunique and underexploned class of Dioactive
compounds with significant pharmaceutical and biotechnological potential. Many nowvel P-NPs with
Promising biosctivities were identified in recent years by genome mining of sctinomycetes. The DSMZ
strain collection harbors more than G000 actinobacterial straing including an increasing number of
genome sequenced strains. In this study, 940 genome-sequenced actinomycetes from the DSME and
University of Tobingen straéin collections were screened for the prisence of phosphonate bicsynthatic
gene clusters (P-BGCs] by searching for the consenved sep gene. This effon led to the identification of
54 potential phosphonate producer strains. Subsequent bicassays with a phosphonate-sensitee £, colf
test sbrain showed actaity for 17 strains. and Tp MMR SpRCIroSCOpC analyss of culture supernatants
confirmed phoiphonale production Tor 21 straing, including the rare actinomycete Hitasalospora Hedlern
DSM 1143967, The functionality of the unique K fiealer P-BGC was vesified by pepM gene deletion,
which abolished phosphonate production n K fedlerr, whergas overéxpression of a clustér-situated
LuxR-like regulatcr impeoved phosphonate peoduction. These findings heghlight the P-NF biosynthatic
polentisl of actinomycetes and pave the way for discovering novel bicactive phosphonates

immunesuppressive agents were identificd between 1940 and
1970 by systematically sereening soll microomganisms for pro-

The rediscovery of known antibiotics and other specialized
secondary metabolites poses a major challenge o the field of
natural product (NF] discovery and development,’ The majority
of antibiotics, as well as a range of anticancer, antifungal, and
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duction of bioactive substances,” This once successful pipeline is
exhausted due w the frequent rate of rediscovery of known
compounds,” The reasons for this are multifaceted and include
the reliance on common sampling sites, the use of sandard
straincisolation technicgues, and conventional cultivation condi-
tions, all of which often result in the re-isolation of known or
£'|:m.'|_l( related spm.‘ies with similar hm:l"[[.’ll‘}' metabalite bio-
synthesis profiles.’™ Furthermore, standard extraction protocols
l}]:li(.'."lll?"i:h'|:||\1' a limited range 1:lr1:lr5'."ul'u: solvenis which creates
a hias favoring the extraction of hydrophohic compounds.”™ In
antimicrobial ASSAYS, CHlmcls ane unu;l“_l( testid ﬂg:‘lhlst i pi:|1r|
of standard test organisms, such as Escherichia coli, Bacillus
subrilis, Stapiyplococons awrens ete., which in rnalso contributes
[{1] rﬂllmmly.'“ Additionally, compounds that demonstrate
prominent mass spectrometry [M3] patiemns and  ultra-violer
(U} spectroscopy signals are often prioritized even though they
may represent “low hanging fruits” in discovery.™"" As a result,
these interconnected prctices create a cyele leading to the
rediscovery of previously known NPs, accentuating the necessity
of innovative approaches o overcome these challenges.

2026 The Authan(s), Publiche
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Despite these challenges, the remarkable patential of micro-
organisms for NP discovery remains undeniable, The most
versatile and prolific antibiotic producers belong to the plylum
Actinabacteria, particularly to the genus Strepromyces," " Most
antimicrobial compounds commonly used clinically woday are
derived from these organisms,” In these microorganisms, all
genes required for the biosynthesis of a particular NP, as well as
genes invelved in regulation, secretion, and selfresistance
mechanisms, are wpically located together in a continuous
region of the genome, comprising the so called biosynthetic
gene cluster (BGC), an amrangement first discovered in 1979 by
Bucld and I-lu[rwu:n;l for the genes 1'|.:.1:||:||‘|:.'i'|,:||: for actinorhodin
binsynthesis in Streptomyces coelicolor A3(2). "™ Despite the
cxtensive exploration of actinemycetes for NP production for
the last 70 years, the advent of the genomics era has revealed
that many novel compounds remain o be discovered,'™'®
Current estimates indicate that only about 3% of the genomi-
cally encoded bacterial biosymthetie diversity has been experd-
mentally characterized, with streptomyoctes in particular
representing a largely untapped genetic reservoir for novel NP
h:indll..-mi.-itry.“ Genome mining has played a pivetal role in
bridging this gap by correlating genomic data with biosynthetic
functions of encoded enzymes, and even in predicting the
chemical structures of the resulting metabolic produets.™*
However, only certain types of BGCs allow for straightforward
and reliable prediction of biochemistry and metabolic pro-
ducts by bisinformatics analysis of genomie sequence, includ-
ing BGCs encoding polvketide synthases (PKS] and non-
ribosomal peptide synthetases [NRPSL™™ ' For other kinds
of biosynthetic pathways, specific marker genes can serve as
molecular fontprints, enabling the identification of distimet
struetural features and underexplored classes of specialized
metabolives, thereby facilitating the discovery of novel NP
chemistry. ™

One undercaplored class of specialized metabolites are
phosphonate-containing NPs (P-NPs), The unifying feature of
P-MPs is the direct carbon-phosphorus bond, Early discovery
cffiors using bivassay-guided fractionation for isolating P-NPs
yielded a commercialization orders of magnitude higher than
the estimated 0.1% for NPs overall,™" highlighting the
potential of small molecule NP5 for pharmaceatical™ and
agriculiural applications.™ The global phosphonate market is
set to grow, with many phesphonates demonstrating strong
bioactivities suitable for various applications.*** One example
is FROMAE, a derivate of fosmidomycin, which was originally
izolated from Strepromyces rubellomurings.”™* FROO009E is a
candidate for malaria treatment due to is capability w inhibit
the L-deoxy-pagylulose-5-phosphate [DXP] reductoisomerase in
the mon-mevalonate pathway for isoprenoid synthesis in Plas-
modinm faleipaeem™* Fosfomyein, " produced by Strepto-
myces wedmorensis DSM 41676", Streptemyces fradice, and
Peendmmonas syringae,"™™ is a broad-spectrum antibiotic that
has been used since the 19708 to treat various bacterial infiec-
tions, including urinary tract and gastrointestinal infections,™
Fosfomyein targets the initial step of peptideglyean biosynth-
esis by mimicking phosphoenolpyrnvate (PEP), the natural

& 2026 The Authon(s). Published by the Royal Society of Chamesiny
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substrate of UDF-N-acetylglucosamine enolpyruvy] transferase
(Mura)l ™ pnps include phosphonates and phosphinates,
with the later featuring C-P-C or C-P-H bonds, and thereby
phosphorus in an even lower redox state, lustrative examples
include the industrially used herbicide phosphinothricin tri-
peptide (FTT], also known as binlaphos, which is produced by
Strepromyces virdochromogenes DSM 40736 and Streplomyces
mooreae DDSM 41527, formerly S fygroscopicus ™™ PTT acts
as an inhibiter of gloiamine synthetase by releasing the unu-
sual aminge ackd phosphinothricin (PT), which mimics the
mative substrate glutamic acid, leading wo bactericidal, fungici-
i,|||.|II wnel hcrhiuidalgﬂns.“"“ These n:mpcnlnds mmpli.ﬁ.- thir
diverse bicactivities of P-NPs, showcasing their potential as
small molecular inhibivors.

Phosphonates and phosphinates frequently display struc-
wural similarities to primary metabolites such as phosphate
esters, carboxylic acids, or other tetrahedral structures. This
similarity underpins their bioactivity through  “molecular
mimicry"”, allowing phosphonates to bind the same ensymatic
partmers as their cognate primary metabolites and act as small
maolecular inhibitors across various pathways, due to the wide-
spread occurrence of this structural feasre in biolegy.
Furthermore, the unigque P-C bond requires specialized cata-
bolic pathways for the degradation inte phosphates, preventing
commaen degrmdation routes that imvalve the hydrolysis of
phosphate esters or carboxylic acids,**

With a single exception, "™ all known natural phosphonate
binsynthetic pathways have o common initinl biosymthetic step,
mamely the isomerization of phosphoenolpyruvate [PEP) o
phosphonopynvate (Pofy) by the enzyme phosphoenslpyru-
vate mutase [PepM)™ (Fig. 1). Due to the difference in P-0 and
P-C bond energies, this isomerization favors the formation of
PEP at equilibrium. Toe generate the phosphonate product, the
first reaction must be coupled to a subsequent enzvmatic step
that ensures thermedynamic favorability.™ This reaction is
most commanly carried out by the PPy decarboxylase (Pped],
which conwverts PPy to phosphenoacetaldehyde (Fnaa) while
releasing a carbon dioxide molecule™ (Fig. 1). Phosphonate
biosynthetic pathwoays show significant divergence after the
first onc or two biosynthetic steps.™ This lack of a widely
conserved biosynthetic route is also reflected in the diverse
gene composition of P-BGCs. As a result, predicting phospho-
nate products solely based on gene sequence information is
aften challenging.” However, it has been found that the
phylogeny of the conserved eneyme PepM strongly correlates
with the pepM gene neighborhood, providing insights into
phosphonate biosynthetic routes and products.® Conversely,
PepM phylogeny does not align with organismal phylogenies,
indicating that horizontal gene transfer is a significant driver
for the acquisition of P-BGCs,™ Due to the conserved nature of
the initial step of phosphonate bissynthesis, together with the
presence of the consenved motif EDEX.NS in the primany
sequence of PepM, which distinguishes it from other members
of the isocitrte lase mutase protein family,™ ' the pepM gene
represents a suitable marker to sereen for novel phosphonate
producers.

RS0 Chern, Biold, 2026, 7, 798-312 | 299
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Phosphosnolpyrusate mutase (PepMl catabyzes the initial step shared in phosphonate beasyminesis creating the carbon - phospharus bond by

momerization of phaiphoenolpyruvic scid (PER) 1o phosphonapyrus scid [PrPyl. Subsequent steps [eading to phosphancacetic acid (P, a significant
branchpoint in phosphonate biosyntheds, ane depicted: Phasphonopyruvate decarboxylase (Ppd) comverts Pnify to phodphonoacetaldenyde (Pnaal,

wihech is then caidingd 1o Prd by an sldelryde delydrogenass (Ao

PepM-based genome mining screening has been success-
fully applied to 10000 actinomycetes, resulting in the discovery
of 19 novel P-NPs, including valinephos, which originated from
Streptomyces durkamensis DEM 405397, argolaphos, an anti-
microbial that was st isolaved from Streptomyces monomyoind
¥5M -I!SI:I!TI”"" and plms"ﬂlnlur,"!,rslquhnﬂl:.“ Recently, acddi-
tional nowvel P-NPs have been identified through Peph-based
genome mining, ™" such s a novel phosphonopeptide
from Baciflus velezensis,"" a group of compounds termed phos-
plonoalamides isolated from Streprontyees sp. B-2790, Strepto-
myces kutzneri DSM 40907 and Bocillus suheilis, 5 fhe
antibotic phosacetamyein produced by Streptomyces awrens,™
and the herbicide pantaphos from Fartoen aranatis,** With
the growing knowledge of phosphonate biosymthetic pathways,
combined with the chameterization of P-BGCs and their mod-
ificatlon through genetie engineering, a strong foundation has
been established for synthetic biolegye approaches. ™ For
caample, the well-known herbicidal phosphonate glyphosate
can now be obtained by fermenting Strepromyees lvidens that
capresses six genes from the argolaphos BGC 1o produce the
precursor aminomethylphosphonage, which is then converted
to glyphosate in one chemical step under aqueous conditions,™

Here, we present our results on the investigation of the
phosphonate biosynthetic potential of ®40 genome-sequenced
actinomyectes fromy the DSMZ and University of Titbingen
strain collections, focusing on an unexplored branch of phos-
phonate biosynthesis in the rare actinomycete strain Kitaseros-
pora fiedleri DSEM 1143967 as o representative producer,

Results and discussion

PepM screening leads to the identification of 45 unexplored
phosphonate producers

In an effort to identify novel P-NPs, 940 actinomycetes gen-
omes from the DSMZ (n = 781) and Tabkingen (n = 159] strain
collections were screened for the presence of pepM-like genes.
Fifty-four strains (5, 74%) from the two collections were found
to contain PepM-encoding genes, defined as homologous
proteins containing o perfect match for the conserved PEF
mutase motif EDKXMS (Table 51). From this subset of strains,
ning had already been described as producers of P-NPs,
including the ones mentioned above along with the pho-
salacine producer Kitesotospors phosalecines DSM 438607,

300 | RSC Cherm. Biod, 2026, 7. 738-312

2-phosphinomethylmalic actd and desmethyl phosphinothricin
producer Nonompraea cordide DEM 450867, and Stackebrandtiz
massauenzis DEM 447287, a producer of phosphonoglycans. The
remaining 45 strains did not show any association with known P-
NPs, warranting further investgation.

Prioritieation of potential novel P-NP producers

To prioritize potential producers of novel P-NPs, we analyzed
the PFepM amino acid sequences for phylogencte diversin. By
including sequences from known phosphonate producers, we
were able to assign clusters of high similarity to known com-
pounds (Table 51), Our analysis revealed distinet phylogenetic
branches, with several branches containing sequences from
known P-NP producers, suggesting that phylogenetic proximity
might be used as a criterion for identifying producers of known
P-MPs (Fig. 2). For instance, one branch encompassed the
known phosphonoalamide producer strains Streprompcocs sp,
NRRL B-2790" and Streptomyces kutzert DEM 40907, as well
as Strepromyces resistomycificns DSM 401337 and Strepromyces
badurgensis DEM 114471, suggesting the katter two may also
prodluce phosphonoalamides, Another branch includes the
phesphonothrizin producers Streptomyces sp. WMA235" and
Sacckerothrix sp, ST-688," a5 well ns Strepromypees sp. TO 21470
and Kitasataspora prrpeaficsea DSM 40283 "; for the latter strain,
an jfix gene cluster responsible for synthesizing phosphono-
thrixin has been reported.” A branch characterized by low
genetic divergence in the tree, as evidenced by short branch
lengths, contained the hydrosynitrilaphos producer Strepro-
myees regensis NRRL WiC-3744,"% along with five Strepromypees
strains that are all likely hydrogynitrilaphos producers. The
phylogenetic proximity of this branch to the phosphonocystox-
imate producer Streptomyees sp. MRRL 5481 aligns well with
the previously reported similarity bevween the biosynthetic
pathways leading to ydrogynitrilaphos and phosphonocystoe
imate and between their PRGOS (Fig. 2).° Only one pepM gene
wis found per genome, except for three strains - Streplompees
sp. 16, Nocardia temerifemsis DEM 44704%, and the pantaphos
pro<ucer P anasatis LMG 5342 - each containi ng two distinct P-
BGCS with their own pepM gene, adding support e the hypoth-
esis that PepM is a good marker for P-NP chemistry, since the
same PepM does not seem to be shared by two different
pathways in the same organism.

£ 2026 The Authon(s). Published by the Royal Society of Chemasiry
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Fig. 2 Maximuem-lkelihood tree of PepM amindg aCid sequenced, mfered pnder the LG + 1+ G4 + F model and 1000 boolstrap nevations using RAML v,
B212 M9 onied by the owtgroup 2-methylisacitrate byase [MP_414BE5.1). The maximurmn likelihood (ML) phylogeny was inferred from & painwise
alignment generated using MAFFT v 7."2%% The branches are scaled in terms of the expected number of substitutions per site. The numbers above the
bramches ane suppan values from ML bootstrapping which wene calculated with branch lengths. Nodes with sequences from known P-NP producers ane
color-coded and chemical structures of known products are displayed. Strain designations highlighted in bold are Bhely members of novel and unique
Gorp Cluster Families {GCFs), This classification is based on their Lack of association with seqguences from known P-NPs producers. as delermined by a
similarity cutalf of 0612 in the BG-SCAPE anstris. DHPPA = 2 3-dilydrexypregyiphosphonate; 2-HEP = 2-hydraxyethylphosphanste; O-PrAs = O-
phosphonoacetic acid senine; FAL = phosalacine; Pnilamides = phosphonoalamides; PTT = phosphinathricin tipeptide. The node containing the PepM
sequence of K fedlen DSM 114396", & putative novel producer of 3 phesphonoacetic boid-darmed P-NP, was marked by & red star. * PepM sequence
from T A4l it identical to TO Ad-2 and Peph ssquence fram DSM 405517 & identical to W 3744,

To support these findings and w further explore the unigue-
ness of the identified P-BGCs, a gene cluster network analvsis
wag performed with BiG-SCAPE 2.0.7" All P-BGCs predicted by
AntiSMASH 7,1.0%" for the strains of the DSMEZ and University of
Titbingen collections, including 54 putative P-NP producers
and 18 mbditional known producers previously reported in
liveramure, were included in the analysis. Using a cutodl value

B 3036 The Authon{s). Published by the Royal Sociely of Chamsiny

of 0.612, we ientified 45 gene cluster families (GCFs), of which
28 were singletons (Fig. 51 and Table 1) At this stringency, the
resulting GCFs reflected  established  relationships among
phesphonate-producing onganisms: BGCs encoding structu-
rally related phosphonates wig similar biosymthetic pathways
grouped together, whereas more divergent clusters remained
separated. The largest eluster at this threshold comprised seven

RSC Chem. Biol. 2036, 7. 298-312 | 301
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P-BGCS (GOF ), some of which were closely related to BGCs in
GUFO2 and GCFO3, reflecting the high similarity shared
between the pathways™ Among the strains with these GCFs
are the known hydrosynitrilaphos producer Sereplomyoes regens
58 NRRL WC-3744"" [GCFO1) and the phosphonocystosimate
producer Strepromypces sp, NRRL 5-481%7 [GOFO2), The network
analysis also enabled the detection of previously characterized
P-BGCs in new species, For example, GCF12 linked the known
pantaphos P-BGC from & areraris LMG 5342 with a previously
unknown type-¥l Hve-like P-BGC in Streptoriyees thermovioda-
cens DEM 116655 (Fig. 51). In our PepM wree, the 5. thermo-
vislecens and P, ananatis sequences clustersd as  nearest
neighbors, reflecting the limited distribution of ke operon
homologs In proteobacteria and actinobacteria, as alse shown
hy Polidore et @l

Five GOFs, each containing two P-BGCS, were nol connected
to any known producer in the network analysis, Among the 28
Identified singletons, only wen corresponded o known P-NP
producers, such as the valinophos producer Streptomyces dur
Ramensis DEM 405397 or the FRIOMIOE producer Streprompoes
rubellpmurinus ATCC 31215.0verall, sequences from 24 strains
acrass 12 GCFs/singletons, out of a total of 45 GCFs, showed no
network connections to any known producers, suggesting they
cencode novel P-BGCs with low similarity to characterized ones.
Therefore, these 24 strains were identified as likely producers
of novel NPs (Fig, 51).

To assess P-NP production, 15 potential P-NP producers (the
subset that had genome data available with the exclusion of
binsafety level 2 strains) were cultivated on a panel of cight w
ten different salid cultivation media, and antimicrobial assays
by agar-block diffusion were conducted wsing the phosphonate-
sensitive Esckerichia colf strain WMG242,%* as well as E. colf K12
(parental control) and Kecwrig rhizophifa DSM 348 as Grame
negative and Gram-positive  test  organisms,  respectively
(Table 52). K. rhizophila, formerly known as Micrococcus futews,
is commonly employed in antibiotic susceptibility testing and
for the detection of antibiotic residues in food products, The
fosfomycin  producer Streproviyces fradice DSM 40943 was
included ns a positive control, Culture supernatants from S,
Sfradige DEM 40943 exhibited stronger activity against the
phosphonate-sensitive E. coli WM6G242 strain than against
E. coli K12, suggesting that the observed inhibition was likely
due to the production of fosfomyein, expected to be more active
against WM6242 due to the induced expression of a phospho-
nate uptake system. 77 Of the strains sharing a GCF with
known phosphonate preducers in the gene cluster network
analysis, 19 were tested, of which 12 showed activity against
E ooli WMe242, and seven of them additionally exhibited
activity against E. coli K12. Given the prediction that these
strains likely produce P-MPS similar to known compounds, this
may reflect an investigation bias wwards readily produced P-
NP5, OF the 16 presumed novel P-NP strains included in the
binassay vests, five showed bioactivity against £ coll WMG242.
MNotably, all five strains that inhibited E coli WMB242 also
showed weaker activity against E. coli K12, This suggests either
enhanced uptake of a single amtimicrobial compound - such as

302 | R5C Chern Bid, 2026, 7. 738-312
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a phosphonate - by E coli WME242, or the production of
multiple bioactive metabolites, consistent with the high num-
ber of predicted BGCs per strain (36 on average, although some
predictions may be influenced by contig fragmentation),
Eighteen straing showed no activity against the phos-
phenate-sensitive B coli WM6242 under any tested conditions,
sugpesting thay (f) the encoded P-NPs may lack antibiotic
activity, (ii] were produced at low concentrations, (i) the
corresponding P-BGCs remained silent wnder the applicd cul-
tivation conditions, or (iv) that the phosphonate compound
may not be active against £ coli WM6242 regardless of the
averexpressed phosphonate uptake system (Table $2). OF the 18
strains, 12 exhibived antimicrobial activity against &2 rhizophila,
suggesting the production of non-phosphonate antimicrobials,

Confirmation of phosphonate production by 21 actinomycetes
using *'P NMR analvsis

A subgroup of 26 strains was selected for phosphonate produc-
tion analysis with Mp NMER. Phosphonate-containing com-
pounds show characteristic ' NMR chemical shifis above +8
ppm, in contrast o most other phosphorus-containing bio-
malecules, which typically resonate between —25 and +5 ppm.
This distinct difference provides a reliable and comvenient
method o detect phosphonate compounds in complex culture
samples.” The 26 straing were grown in 10 different cultivation
media and supematants were subjected to P NME analysis, 21
strains displayed spectra with chemical shifts consistent with
phosphonates wnder at keast two cultivation conditions, Cone
firmed phosphonate production included the known argola-
phos producer Streptomyces moromycini DSM 418017, along
with ather established phosphonave producers and associated
prodlucers, such as the reeently identified phosphonoalamice
producers Streptomyces kutzners DSM 40007 and Strepromyces
resistorpeiffeus DEM 401337 as well as pwo strains from the
largest cluster in the gene network analysis (GCFO1-GCFO3),
likely associvted with hydrogmitrlaphos or phosphonocystoxi-
mate preduction in Kitesatospora setae EM 438617 and Kitasa:
fospara alreanrantiace DSM 416497, respectively. Phosphonate
procuction was detected for nine out of the ten tested strains
from the likely novel P-NP producer group (24 likely novel P-NP
producer strains], including Kitesatospora fedlerd DSM 1143967,
Sirepéomyces aureocirculnius DSM 40386", and Streptomyces iro-
sensts DEM 419547 (Fig. S2-86). For the laver (Fig. 53), we have
recently demonstrated that inactivation of the pepM gene using a
newly developed cloning vector systemn results in the loss of
phosphonate production, proving the functionality of the identi
fied P-BGE in £ franensds DSM 4195477

Characterization of the phosphonate biosynthetic gene cluster
in the rare actinomycete Kitesetospora fiedier DM 114396

The rare actinomveete Kitgsatospora fledleri DSM 1143067
demaonstrated phosphonate production, evidenced by chamcter-
istic chemical shifts in "' NMR (Fig. $6). We recently deseribed
this strain as a novel type strain and published a high-quality
genome assembly (NCBI accession GUA_948472415).7 In the
PepM-plylogenctic tree, the node containing the PepM amino
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acid sequence from the K. fedlert P-BGC did not cluster with
any known NP producer (Fig. 2). Consistently, in the gene
cluster network analysis, the & ffediers PBGC clustered
together with that from Strepromyces sp. 3144 in GCFo9
but showed no connection to a cluster of any known P-NP
producer [Fig. 51].

A gene synteny analysis performed with NCBI BLAST agalnst
the type strains of Kitasmrospora cinerarea DSM 447807 and
Kitasatospera nifgatensis DSM 447817, the most closely related
type strains to & ffedlert and lacking a P-BGC,™ suggested that
the P-BGE maost likely spans from position 3401998 (stop codon
of ChE wﬂ! with h:n.:u:.'_lug OM26_RS15690 4..-1||.:|:u.|ing o
putative aldehyde dehydrogenase) 1o position 3428393 (stan
codon of CDS Hp25 with locus_tag QMOQ2Z6_RE15810 encoding
a putative NUDIX domain-containing protein) (Fig. 57 and 511).
An analysis with clinker™ of all putative P-BGCs highly similar
to K fledler’s (22 records in NCBI's “RefSeq Genome Data-
base™, from 21 strains, 3 of which belong to K. fledleri species)
confirmed the abowve mentioned boundaries of the P-BGC (Fig.
58) The presence of this BGC across phylogenctically diverse
members of the Strepromycetaceae, coupled with its absence in
the closest phylogenetic neighbors K. cireracea and K nifgaten-
sis, suggests that K fiedenti likely acquired the cluster win
horizontal gene transfer. A detailed analysis of the PBGC
DNA sequence supports the accuracy of both the sequence
and its gene annotation [Fig, 58 and 59], All genes present in
the suggested P-BGC rum in the same orientation, and with
little or mo intergenic space, indicating they might form an
operon [Fig. 89, The gene encoding the putative PepM enzyme
is located between position 3404408 and 3403515 of the depos-
ited  chromosome  sequence  (Gi02, locus_tag  QMOQ2ZE_
RS15695). Notably, the cluster containg a gene kfp24, encoding
a putative transcriptional regulator of the Luxi family (lecus_-
tag QMO2ZE_RS15805) (Fig. 4 and Fig. 58). This gene is located
immediately upstream of the BGC, shares the same transcrip-
tional orientation as the dewnstream genes, and is separated
from them by a 670 bp intergenic region, likely harboring the
main promoter driving expression of the BGC. The kfp24 gene
was alse the only putative tronscriptional  regulatory  gene
identified within the entire genomic region proposed to encorm-
pass the complete PRGC of K fiedier,

Genetic manipulation of the P-BGC confirms phosphonate
hinsynthesis in Kitasatospora fedler DSM 114396°

To confirm the role of the identified K fledlerdr P-BGC in
phosphonate biosynthesis, the genes Gp02-0d, encoding the
predicted first two steps of the pathway, pepM-ppdAl, were
inactivated by replacement with a kanamyein resistance gene
[rea) via homologous recombination with construet pDS0107
(Table S3). PCR analysis confirmed the gene replacement,
verifying the successful generation of the deletion mutant
K. fiedleri ApepM-ppdARznes (YMO173), Under the previously
defined production conditions, YM0173 failed o produce any
compounds with phosphonate-specific peak patterns in the
P MMR (Fig. 3B). Complementation of the deletion mutant
with ectopic expression of pepM-ppdAl [Kpo2-Hpod), using
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PRMA- (pDSO10S) ar pll10257-based constructs (pDSOL0G),
restored phosphonate production, as measured by Mp NMR
[Fig. 3C). These results confirmed that the identified P-BGO is
respansible for the production of F-NF compound(s] in
K. fledleri.

A common strategy to enhance metabolite production is
the overexpression of genes encoding the first enzymes of the
pathway. Thus, we mobilized the pepM-ppdAR overcxpres-
sion constructs pOE0L0S (pPRMA_KRo2Z-kpod) and pEo106
(pU10257_kfpo2-kipdd) to K. fedlert by conjugation. Cultiva-
tien of the resulting strains led o a differential peak pattern
in M'p MMR, with increased signn! i.l‘l1l.!ll$:ih.‘ and the appeear-
ance of new chemical shifts relative wo the wild-type strain
(Fig. 3A and D). To establish the connection between these
three enzymes and phosphonate production, we introduced
pDRE0L05 and pDI0106 inte the heterologous hosts Strepro-
myces albus and Streptomyces lividans, which do not inherently
produce phosphonates. Following cultivation, phosphonate-
specific chemical shifts were observed for the heterologous
cxpression strains S, albus and 5 lividans in *'P NMRE, con-
firming the role of the introduced genes in phosphonate
biosynthesis (see 51 Fig. 510),

As detailed above, we identified Efp24 as a gene encoding a
putative pathway-specific transcriptional regulator of the
LuxR-family. Members of this family typically function as
transcriptional activators, Therefore, it was expected that
overexpression of Ep24 should lead o overproduction of the
metabolic product of the pathway, Thuws, the gene §p24 was
eloned under the control of the constitutive promaoter ermEp*
in either pRM4 or pIJ10257 integrative vectors [resulting in
pDS0L0L and pDS0102, respectively] (Table 53). The kp24-
overexpression constructs pOSO101 and pDSO102 were mobi-
lized vo K. fiedleni wild-type to gencrate strains YMO0107 and
YMO108, respectively. Subsequently, the Efp02-Efp0d [pepM-
ppdAS) overcapression constructs pDS0105 and pDS0106 were
introduced into YMO107 and YMOL108, respectively, resulting
in strains YMO0167 and YMO168, respectively (Tables 53 and
54) *'F NMR analysis of culture supernatants from all these
mutants resulted in increased and new phosphonate-specific
chemical shifts in *'P NMR, supporting that the Luxi-family
regulator Kfp2d is the pathwoay-specific transcriptional acti-
vator of the P-BGC (Fig. 3E and F). Here, *'P NMR signals are
interpreted strictly as evidence for phosphonate biosynthesis,
leaving the precise accumulation of the terminal product and
the full extent of the Kfp24 regulon 1o be determined.
Furthermore, we intentionally aveided making strong claims
about bisactivity because the assays were pecformed on
complex extracts, and it would be inappropriate to attribute
activity to the phosphonate without unambiguous compound-
level confirmation, While the precise structure and binactivity
of the phosphonate compound{s) produced by K fledierd
remaing under investigntion, our combined genetic, bioinfor-
matic, and “'P NMR data unequivocally demonstrate the
production of a phosphonate metabalite, Isolation and strue-
ture clucidation efforts are ongoing and will be reported
separately.
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Fig. 3 g MMR spectra of concertrated culture supernatants from Kitssatospona fedierr DSM 1143967 and mutant itrans (A wildtype K. fedler Strain
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K, fiedleri DEM 1143967 contains a unique I<BGC putatively
linked to a phosphoneacetic acid-derived P-NP pathway

K. fiedleri D&M 1143967 harbors o unique P-BGC thar network
analysis placed alongside Streptomyees sp. 31A4 within GCFO9
(Fig. 51} PepM from Streplomyces spa 3144 clustered very closely
together with Peph from Strgpiomyces sp. MMG1121,° and all

304 | RSC Chem. Biol. 2026, 7. 298-312

three P-BGCs share the same synteny with high sequence identicy
(Fig. 4 and Fig. S8A=D). All three P-BGCs carry genes encoding
the canonical PepM accompanied by Ppd (and in all cases this
ennmme is encoded by bwo sepamte genes), Motably, all three
F-BGCs also carmy a gene encoding a putative aldehyde delydro-
genase (Adh), which, in the case of K. fedlers (gene Efpd1), we
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Streptonyces 3p. MRRL F-525 is alsd highlighted due 1o the high identity idiscusted with Fig. 512).

propose as one of the boundaries of the P-BGC, as detailed above
aml in the 5L The amino acid sequence of Kfpo1 shares 82,32%,
B1.E8%, and 57.04% identity with the homologs from Strepro-
Hayees Sp. 31AA, Srreprontpces sp.o MMG 1121, and Streptomyces sp.
NRRL F-535, respectively, The later has been investigated by
Freestone ¢f al., 2017 which found the strain 1o be a producer of
O-phosphonoacetic acid serine [(-PnAS) but the P-BGC that is
shared between K fedlerd, 5 sp. 3144 and 5 sp. MMG1121
clearly extends bevond the P-BGC responsible for 0-PnaS pro-
duction in & sp. NRRL F-525 [Fig. 4). All of these predicied
enzyrmes have fully conserved catalytic and phosphonate-binding
pocket residues, as compared to the well-characterized enzyme
Py from Simorkizobiue melilorf 1021 (Fig. 4 and Fig. 56).7°
Based on this consenation, and as previously proposed for
Strepromtyces sp. 31A4," we propose that the K fedlend DSM
11a396" PBGC encodes the bipswnthesis of a phosphonate
natural product with phosphonoacetic acid ag an intermediate,
as depicted in Fig, 1,

A highly conserved subcluster encanles 3-phosphoadenosine-
5'-phosphosulfate metabaolism

The gene products of &plo w 2 show high sequence
similarity o widely conserved bacterial enzymes, including owo
pwtative sulfate adenylyltransferase subumits (kfp10, k1), and
an adenylyl-sulfate kinase [(Gp12). Along with kfp13, enceding a
putative inositol monophosphatase family protein, this subclus-
ter shows similarity 1 the gEDNCQ penes in £ cofi™ based on
predicted amino acid sequence comparisons. The encoded
engymes are involved in synthesizing and recycling the universal
sulfur donor 3%-phosphoadenesine-5'-phosphosulfate [PAPS), a
key precumsor for oysteine and methionine biogymthesis, The
predicted functions for Gfp10-13 indicate thar all genes necessany
for the synthesis, accumulation and recurrent utilization of PAPS

2 2026 The Author(s). Published By the Royal Sociely of Chemsiny

are present in the X fedled BBGC. Although associated with
primary metabolism, this set of ensymes may have adapted o
function in specialized metabolism, Notably, components of the
QEDNOQ genes have been identified in the BGCs of mitomyein ©
and azinomyein B, suggesting o role in specialized metabolism, ™™
Such evolutionary transitions from primany o specialized metabo-
lism have been reported before; for eample, in 5 vindochromo-
genes the aconitaselike ensyme Pmd has evolved 1o spectalize in
PTT synthesis, likeby divergring from the yysical TCA eyele function
camried out by its counterpart, AcnA.™

Furthermare, BLASTp analysis of the amino acid sequences
of four genes — kfpos, Kpo7, Kp17, and p20 — in the K fedlern
P-BGE predicted their function as putative enzymes, involved in
previously chamcterized  phosphonate  biosynthetic  pathe
ways, MR Thic included k05, which is predicted o
oide for ATP-grasp-domain-containing protein, ATP-grasp pro-
wins are known for catalyzing ATP-dependent peptide bond
formation between amino acids, as well as for mediating
unigue reactions such as esterification of valine onto a primary
alcohol by VIpF in the valinophos producer 8. durhamtensss,
resulting in the formation of 2,3-dihydroxypropylphesphonate-
wvaline [DHPPA-Val) [Fig. $134) 5% 1y the & fledler P-RGE,
the bfp07 and Gfpl7 genes encode putative TauD/TidA family
disxygenases. Based on previous studies on Surkholderie pies-
daomralle, these engymes are propesed to hydrosylate P to 2-
hydroxy-phosphonoacetate (2-HPnA), suggesting a role of 2-
HPnA as an alternative head group for phosphonolipids in
Burkialderia species [Fig. $138).*" Addidonally, bp20 encodes a
putative pyridoxal phosphate (PLPRdependent amingransfer-
ase. This ype of enzyme is known w function as amino-
group donors and has been implicated in phosphono-
peptide synthesis, specifically catalyzing the transamination of
PPy to phosphonoalanine [PnAla) during phosphonoalamide
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bingynthesis [Fig, $13C).°%" Altogether, the predicted fune-
tions of the & fledler] PBGC genes suggest that the cluster
encodes a phosphonopeptide blosynthesis pathway derived
from PnA. However, for a substantial proportion of the BGC
genes, the subsequent steps in blosynthesis remain unclear,
suggesting that the cluster-encoded product may represent a
nowvel P-NP.

Conclusion

O investigation focused on uncovering novel P-NP producers
from actinomycetes of the DEME and Tibingen strain collec
thon. Screening 90 genome-sequences revealed 534 strains
harbaring pephd, of which 45 represent previoush uncharacter-
ized P-MP producers. Based on PepM phylogeny and gene
cluster network :‘malyxix, wir prinl'ilimd. 24 strains with l.Iﬂ'il.Il,]L'
binsymthetic potential, Bioassays confirmed bioactivity for 17 of
putative P-NP producer strains. Mp NMR amalysis of culture
supernatants confirmed the production of phosphonates in 21
."I¢til‘l|:l1ll}'!.:l..'1¢5\. mine of which tdentified as ]:lul:l..-nll':'d pnnlun:m
of novel P-NPs through bioinformatic analysis, supporting the
effectiveness of our approach. Among these, the rare actinormy-
cete K ffediers DSM 114397 was selected for further analysis
due 1o = unbgue P-BGC. Deletion of the pepM-like gene kfjpo2
BGC abolished phosphonate production, whereas genetic com:-
plementation restored it, as confirmed by *'P NMR, thereby
valicating the functienality of the P-BGC in phosphonate
biosynthesis. Furthermore, overespression of a  cluster-
situated LuxB-like regulator gene (kfp24] and minimal PBGC
genes (kfp02-4) improved the phosphonate-specific signal
pattern in P NMR. Detailed cluster analysis poings o a
phos phonapeptide as the likely biosynthetic product.,
Altogether, our resulis illustrate the effectivencss of combin-
ing genome-based phylogenetic analysis, gene cluster network:
ing, and bicassays to priofitize and explore strains for novel
phosphonate discovery. Phosphonate isolation and structure
clucidation is ongoing and will be reported in due course.

Experimental

Identification of genome-sequenced actinomycetes harboring a
PR

A total of 940 genome sequences from the DSMZ and Tikbingen
actinomyeetes strain collections were sereened for the presence
of PRGOS using antSMASH [versions 600 to 7.1.0:5% the
specific version deployed on the date of genome availability).
Sereening was performed manually as new sequencing data
became available, with each genome reviewed for predicted p-
BGCs and phosphonate-like clusters,

Identification of pepM genes

A total of 72 genome sequences of the sudicd strains (r = 54)
and additional known phosphonate producers (5 = 18) were
subjected to antiSMASH analysis version 7,10, using Gen-
Bank annoation files from the assemblies published with
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NCBI as input and relaced strictness settings, Sequences from
Streprovyces sp. 3144 and Streprompces silvensis ATOE 53525
were included in the analyses o explore branches of fnterest
with low phylogenetic proximity to characterized NP produ-
cers. Meither swrain s held by DSMZ or the University of
Tiibingen collections, The secondary metabolite chasters identi
fied as phosphonate or phosphonate-like clusters were screened
for the presence of the pepd gene using NCBI BlastP and
eviluated to ensure that the encoded amino acid sequences
conform to the consensus maotif of PepM [EDEXNS).

Phylogenetic tree construction

A multiple sequence alignment of 74 PepM amino acid
sequences and  the sequence of Z-methylisociiate  lyase
(NP_414865.1), which represents an outgroup to Pepdd, was
ereated with MAFFT v.7 using the E-INS-1 consistency-based
method with default settings,"" Maximum likelihood (ML)
phylogeny was Interfered from the alignment with RAxML v
8.2.12.™ For ML, rapid bootstrapping and subsequent search
for the best tree was used. The best amine acid substitution
matrix was determined with empirical frequencies with RAxMIL
using a ML starting tree,™

Metwork analysis of BGCs

The P-BGC regdons (1= 74) that were predicted by antiSMASH
7.0 o yield a phosphonic acid product were clustered into
GOFs with BIG-SCAPE version 2.07° using a cut-off value of
612, including singletons in the owtput, and allowing the
mixing of all classes of namral products (-mix). The BiG-SCAPE
cutoff value [here, 0,612) sets the threshold for the maximal
distance of links that group BGCs into families based on their
overall similarity in domain content, armangement, and
sequence, The value was chosen to best reflect known relation-
ships among P-NP producers—an this threshold, closely related
clusters [with similar products and pathways) are grouped
together, The gene cluster network obtained from BiG-SCAPE
was visualized with Cytoscape v.3.10.3,

Bacterial strains, plasmids and coltivation conditions

Plasmid vectors and constructs, and bacterial strains, arc listed
in Tables 53 and 54 respectively, pGus2l and pRM4 and their
DNA sequence were a gift from Ginther Muth™ [Eberhard
Karls Universitit Tibingen, Geschwister-Scholl-Platz, 72074
Tibingen, Germany), plj10257 was a gift from JIC StrepStrains
(John Innes Centre, Norwich Research Park, NR4 TUM, Nor-
wich, UK]. pTCI92km was as gift from Antonio Redriguez
{University of Leon, Spain). Streplomyees albus J1074 and Escher-
ichia coli ET12567/pUzannz™™ ™ were a gift from JIC Strep
Swrains. Escherichia coli WMG242 was a gift from William
Metealf [University of Hlinois at Urbana-Champaign, USA],
Streprovyces Nividens T7 was sourced from the Titbingen strain
collection, DSM strains were sourced from the German Collee
tion of Microorganisms and Cell Cultures [Leibniz-Instiva
DEME - Deutsche Sammlung von Mikroorganismen und Zellk-
ulturen GmbH, Inhoffenstrafe 7 B, 38124 Braunschweig,
Germany].
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E. cali cultivation and general molecular hinlogy technigues
were periommed following established methods™ and instrue-
tions provided by suppliers. Streptompees straing were cult-
vated in SFM [MS) for preparation of spore stocks, and for
mobilization of plasmid constructs wo Strepiomyces strains by
conjugation from £ coli, all of which was done according o
established methods.™ Apramycin and kanarmyein were used at
50 mg LY, fosfomycin at 20 mg L', final concentration,

Actinomycctes strains were cultivated for phosphonate pro-
duction in the following solid media, for 7 days st 28 °C or until
confluent growth was reached: OM medium [20 g cat meal,
i 4 BHPD,, M £ agar and 5 ml trece maetal mix 1 dissolved in
1 L distilled water, pH adjusted to 7.3, Trace metal mix 1:2 g
FeCl, 6H,0, 0.1 g CaCl,y2H,0, 01 g MnCl2H0, 01 g
(NH, JaMo0004HAD, 0.1 g NagByO-10H 0, dissobed in 1 L
distilled water], HM medium (4 g yeast cstract, 10 g malt
catract, 4 g glucose and 1 g K;HPMO, and 16 g agar dissolved
in 1 L distilled warer, pH adjusted 1o 7.3), 5FM mediom (20 g
mannitol, 20 g soy flour and 1 g K;HPO,, 20 ¢ agar dissolved in
1 L distilled water, pH adjusted to 7.3), B5 medium [103 g
saecharose, 10 g glucose, 0,25 g K50, 10,12 ¢ MgCl,, 0.1 g
casamine acids, 5 g yeast extract, 5.73 g TES, 18 g agarand 2 mL
trace metal mix 1 dissolved in 955 mlL distilled water, pH
adjusted to 7.3), NL200 medivm (20 g mannivel, 20 g comsteep
perwder and 1 g KHPO, and 16 g agar disselved in 1 L distilled
water, pH adjusted to 7,5), KL mediom (20 g mannitol, 200g
cottonseed powder and 1 g KH;PO, and 16 g agar dissoelved in
1 L distilled water, pH adjusted to 7.5), NL400 medium
(20 g mannitel, 20 g cotronseed powder and 1 g KHPO, and
16 g agar dissolved in 1 L distilled water, pH adjusted to 7.5),
NLA10 medium (10 g glucose, 10 g glyeerol, 5 g oar meal,
10 g sy meeal, 5 g veast extract, 5 ¢ casamino acids, 1 g CaCo,,
1 g KH:MO, and 16 g agar dissolved in 1 L distilled water, pH
adjusted to 7.0), NLS00 medium (10 g soluble starch,
10 g glucose, 10 g gheerol, 15 g fish meal, 10 g sea salts and
16 g agar dissolved in 1 L distilled water, pH acljusted to 8.0 and
rechecked after 1 h) and NLS0O medium (5 g plocose,
10 g glyeerol, 10 g soluble starch, 5 g soy Mour, 2 g yeast extract,
1gNaCl, 1 g CaCl, ancd 16 g agar dissolved in 1 L distilled water,
pH adjusted to 7.2).

Hioassay with phosphonate-sensitive E. coli strain

Antibiotic activity was analyzed in agar-block diffusion assays
using E coli WM6242, E. coli K12, and Koowria rhizephila DSM
348 as indicator aerganisms. Test plates were prepared in cagar
medium [for all strains including non-induced E coli WMG242)
or LB-G medium supplemented with IPTG 1o a final coneen-
tration of 200 M (for phosphonate transporter induced E. coli
WME242). For £ coli strains, an overnight liguid culwre of the
indieator organism in L medium was used to inoculate a day
culmre [also im L mediom), which was incubated at 37 °C and
150 rpm arbital shaking until reaching an Ol of around 0.8;
thiz day culture was used 1o ineculate the molved agar rmedia at
0.1% [viv] concentration. For K rhizephile test plates, malted
Lagar was inoculated with overnight culture at 0.1% (v
concentration. Agar blocks with a diameter of & mm were
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excised from sections of the plates displaying mature, confluent
growth and placed on the west plates inoculated with the est
organisms, followed by incubation overnight at 37 “C. After
incubation, the diameters of all ehserved inhibition zones were
measured. Due to the large number of samples, and the
qualitative nature of the experiment, only one bislogical repli-
cate was prepared for cach condition.

Molecular cloning

Restriction endonucleases, TA-DMA ligase, 5 and One-Tag
DNA polymerases, DNA Polymerase I-Large [Klenow) Fragment,
were purchased from Mew England Biolabs (New England
Biolabs GmbH, Briningstrale 50; Geb. Ba532, (Industricpark
Hiichst), D65926 Frankfurt am Main, Germany) and used
according to provider's instructions. Sequences of oligonucleo-
tides used in this study are given in Table 55,

Construction of pDS0105 and phse106 for overexpression of
Efpr02-kfpoa

The coding sequences of ppdB, ppdA, and pepM (Efp02, bpod,
and Hpod) were PCR amplified as a continuous DNA fragment,
with the same sequence and armangement as in the wild-type
genome (Table 56); optimal oligonucleotides JP355 and JP556
were used as PCR primers with gDNA as template, and the
JP355<]P556 MCR product was used as template for a PCR with
aligonucleatides JP549 and JP550 as primers, The JP54%9-1P550
PCR product was first Blunt-end cloned in pBlueseripr 11 KS(+)
(pES) linearized with Smal, The insert was then excised with
MNdel'Hind1ll and ligated to the expression vectors pHEMA or
pl10257 lincarized with the same enzymes, obtaining con-
structs pDS010S or pDEM0E, respectively. The correctness of
all plasmids was verified by Sanger sequencing.

Construction of pDSAOT for replacement of Kpo2-kfp0d with
nea

The upstream homologous region was PCR amplificd with
oligonucleotides JP553 and JP554 and bluntend cloned in
PES lincarized with Smal; after confirmation of the correct
insert by Sanger sequencing, a clone with the insert in orienta-
tion M13R-JP553 was selected w allow use the HindllD site of
PES, The downstream homologous region was PCR amplified
with aligonucleatides JP551 and JP552, and blunt-end cloned in
PES linearized with Smal; after confirmation of the correct
insert by Sanger sequencing, a clone with the insert in orienta-
tion MA3F-JP352 was sebected. This construct was linearised
with Spel-Xbal and ligated with the upstream homologous
region excised Xbal-Hindlll and the kanamyein resistance
marker neo excised with Xbal-Hindill from pTC192<km; the
resulting  cassette [P35 1-downstream-JP352_SpelXbal_neo_-
Hind IN_JP553-upstreameJP554_Xbal was excised from pES with
BamHI (from JP551 and carried from pKS polylinker) and
ligated to pGus21 linearised with BamHI, resulting in constoect
pDE0L07,
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Construction of pOS0101 and pDSOL02 for overexpression of
putative Lusk-like regulator gene kfpad [pGES0S and pGESDT)
Efp24 (putative LuxR-like regulator gene) was amplified by PCR
with oligonucleotides JP525 and JP526, and blunt-end cloned in
pKS lincarized with Smal. After confirmation of the correct
insert by Sanger sequencing, it was excised with Ndel/Hindill
and ligated o the expression vectors plJ 10257 or pRM4 linear-
ized with the same enzymes, obtaining constructs pDS&o101 or
pLs0102, respectively.

Construction of K. ffedieri IS8 114396 ALfHO2Ef0M:neo
deletion mutant (YM0173] and complemented strains [YMO0175)

pLS0107 was mobilized to & fedler DSM 1143967 by conjuga-
tion from E. golf ET12567/pUZS002 and exconjugants selected
for resistance to kanamycin. Several exconjugants were culti
vatedd on HM without antibiotic to facilitate  segregation
through spormlation, Spores from exconjugants were plated at
loww density (100-150 CFU per plate) on HM supplemented with
kanamycin and X-Glue; GusA-negative colonics were replicated
on HM supplermnented with apramyein and ¥X-Glue to confirm
loss of vector, and on HM with kanamycin and X-Glue to
confirm  presence of the mee marker genc. Kanamycin-
resistant, apranvein-sensitive, GusA-negative clones  were
selected for genotype test. Mutant clones were verified by
I‘l!ltllillll,' PCR reactions: with 1:!igtmu|:|m:|l!5dex pt:pMupﬂ‘w:'pL-p-
Mupry, RTpepMziw/RTpepM2ry, JPS69]P570, JP571/JP572,
JP573P574, and JP57SP5T6 as primer pairs (no amplicon
capected for mutanes), JP508P503 and JP355/1P556 (differen-
tial amplicon size), JPSE1PSE2 and JP3R3JP5E4 [exclusive
mutant, one primer anneals within nes, the other outside
homologous regions) (Table 55); all PCR products were
assessed in gel electrophoresis and verificd by Sanger sequen-
cing with the same oligonucleatides as primers.

To test genetic complementation of the mutants, Efpd2-04
capression constructs pDS0106 was mobilized w selected
mutant clones by conjugation from £ celi ETI2567/plIZ8002
and exconjugants selected for resistance to hygromycin B,

Construction of &, ffedlerd DSM 114396" §fp24 overexpression
strains [YMO107 and YMO108)

PUSHIOL or pRE0I0Z were mobilized o K fedler DSM 114396 by
conjugation from £ coll ET12567/pUZSn0e and exconjugams
selected for resistance to hygromyein B or apramycin, respectively.

Construction of K. fedleri DSM 1043967 kfpo2-04
overexpression strains [YMO0128 and YMD129)

PISNI05 or pRSI06 were mobilized 1o K fedler DEM 1193967 by
conjugation from E coli ET12567/pUZB002 and exconjugants
selected for resistanee to apmamycin or hygromyein B, respectively.

Construction of K. fiedleri DEM 1143967 kfp24a (putative Luxk-
like regulator gene) and pepMppdAR overexpression strains
(YMB167 and YMO168)

pLS0s or pOSOLG6 were mobilized o Kitgsatospora sp.
YMO0107 or YMOL08, respectively by conjugation from E coli
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ET12567/pUZRMZ and exconjugants selected for resistance to
apramycin or hygromycin B, respectively,

P NMR analysis for phosphonates detection

DEM 400437, DSM 401337, DSM 402837, DSM 40386", DEM
405817, DSM 40907, DSM 416497, DSM 416917, DSM 418017,
DSM 418407, DSM 418677, DSM 419547, DSM 438617, DSM
442287, DSM 452857, DSM 466707, DSM 1019997, DSM
1022147, 16, DSM 40736, DSM 1143967, TUE 18, TUE H45,
TUE 3678, TUE 3997, TUE 21470 (for full specles names see
Table 51) were cultivated in 16 mil. Erlenmeyer baffled fasks
containing 30 mL of HM or B5 standard medium,”™ with orbital
shaking (180 rpm) at 28 “C for 3-4 days, These cultures (5 ml)
were used to inoculate 30mL of OM, HM, 5FM, R5, NL2OD,
NL300, NLAGD, NL410 medium [pn.:i:u‘l:rctl wiathout agar acenrd-
ing to the recipes stated above), GUBC medium (10 g sacchar-
o, 5 g meat extract, 5 g casaming acids, 5 g glyeerol, 5 mlo1 M
MazHPOWEH, POy pH 7.3, 2 mL Hunter's base dissolved in 1 L
clistilled water, pH adjusted to 7.3, and 10 mL Baleh®s vitamins
added after autoclaving, Hunter's concentrated base: 20 g
mitrilotriacetic acid, 14 g KOH, 59.3 g MgS0,7H,0, 6.67 ¢
CaCly2H,0, 0185 g [NH,joMorOy e 4HL0, 0098 g FeS0,
THy 3, 0.25 g EDTA, 1095 g ZnS0, 7H,0, 0.5 g FeS0, 7TH0,
0,154 g MnSO,-HO, 0,0392 g CuSOy5H,0, 0025 g Co{Moy ),
TH;0, 0.0177 g NaB, 05 10H 0 dissolved in 1 L distilled water,
PH adjusted to 6.8, Balch's vitamins: 5
acid, 2 mg folic acid, 2 mg bistin, 5 mg nicotinic acid, 5 mg
calcium pantothenate, 5 my rboflavin, 5 my thismine HC, 10
mg pyridoxine HCI (B&), 100 pg evanooobalamin (B12), 5 mg
thioctic acid (lipoie acid) dissolved in 1 L distilled water, pH
adjusted to 70, sterilised by fltration], and ISP mediom (10 g
soluble starch, 2 g Ca20y, 1 g KHPO,, 1 g MgCl, 1 g NaClL 2 ¢
[NH, ]850y and 1 mil. trace metal mix 2 dissolved in 1 L distilled
water, pH adjusted w 7.3 Trace metal mix 2:1 g FeS0, TH0,
1 g MnCly2H0, 1 g ZnS0,-THO dissolved in 1 L distilled
water] in 100 mL baifled Masks. After 7 days, cultures were
harvested by centrifugation ag 4000 ref and 4 °C for 15 min.
Supernatants were applied w €18 solid phase extraction (SPE)
cartridges (1 g), and the agueous fow-through was collected.
Aqueous phases were diluted with methanol to an 80% final
methanal concentration, filtered, and dried using a rotary
evaporator. ' NMR spectra were recorded in 20% D.O at
243 MHz on a Bruker Avance 111 HDX 600 MHz specirometer
fitbedd with a 5 mm Prodigy BRO H&F CryoProbe, Phosphoras
chemical shifts are repornted in ppm relative to a 10 mM -
phesphinothricin HCl reference [ 51.2) using a double-
chamber coaxial NMR tube. NMR data were analyzed using
MestReMova 14.3.0.
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Strain collections are a treasure chest of numerous valuable and taxonomically
validated bicresources. The Leibniz Institute DSMZ is one of the largest and most
diverse microbial strain collections worldwide, with a long tradition of
actinomycetes research, Actinomycetes, especially the genus Streplompces,
are remowned as prolific producers of antibiotics and many other bloactive
natural products. In light of this. five Streptompces strains, DSM 40971, DSM
404847, DEM 407137, DSM 409767, and DEM 409077, which had been deposited a
leng time age without comprehensive characterization. were the subject of
polyphasic taxonomic studies and genome mining for natural compownds
based on in wvitro and in sifco  analyses, Phemolypic. genelic, and
phylogenomic studies distinguished the straims from their closely related
neighbors, The digital DMA-DMA hybridization and average nuclectide identity
values between the five strains and their close, validly named species were below
the threshold of 70% and 95%-96%, respectively, determined for prokaryotic
species demarcation, Therefore, the five strains merit being considered a5 novel
Streplomyces species, for which the names Streptomyces kutzner sp. nov.,
Streptomyces  stackebrandli sp. nov. Streptomyces zihned  sp. nov.
Streplomyces winki sp. nov., and Streptomyces kroppensiedhi sp. nov. are
proposed, Boinformatics analysis of the genome sequences of the fve straing
revealed their gemetic potential for the production of secondary metabolites,
which helped identify the natural compounds cinerubin B from strain DSM
40484 and the phosphonate antibiotic phosphoncalamide from strain DSM
409077 and highlighted strain DSM 409767 a5 a candidame for regulator-guided
qene cluster activation due to the abundince of Aumerous “Streplompces
antibéotic regulatory protein” (SARP) genes.

wEYWORDS

actinomycetes, Streptomyces, novel species, polyphasic taxonomy, biosynthetic gene
sluster, antiblotic
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1 Introduction

Microorganisms have bong been recognized as a prolific source
for valuable bioactive substances (Newman and Cragg. 2016).
Especially, actinomycetes are well known for their remarkable
hinsynthetic potential, with the ability to produce a wide range of
natural  products, including  antibiotics, immunosuppressants,
antikancer agents, ml.'iﬁ.mﬁﬂ cnm.puun:'s.. and many ather
bioactive mobecules,  Within  the  family  Sirepromyoctacene,
Strepromyees is the most prominent genus with respect to the
production of bioactive secondary metabolites, Including many
antihitics. With over 700 wvalidly mamed species, Strepiounyees
acoounts for more than 50% of all dinically useful antibdotics,
including  tetracyclines,  erythromycin,
vancomycin (Heul et al, 2018), Previous screening campaigns of
wil-derived  streptomycetes yielded many currently recognized
drugs, such as the antibacterial substance streptomycin, the
antifungal metabolite nystatin, and the anticancer compound
doxorubicin  [Schatz et al, 1944; 1951
Acarmone et al, 1969 for neview articles, see the work of
Genilloud (2017), Balte (2005), and Herdy (2005)]. However, in
the last decades, the discovery rates of nowvel compounds have
declinesd immensely, which is largely due to the high rediscovery
mate of already known substances (Baltz, 2019; van Bergeijk et al,
2030). Classical sereening attempts usually emplay the so-called
Waksman platform, where soil-derived microorganisms  are
scroened  for  their antimicrobial activity against a panel of
bacterial test strains. Re-identification of known subsiances is
partly based om the experimental setup for compound isalation
and detection, Standard procedures mostly concentrate on strains
producing bioactive compounds readily and in high yields and focus
on compaunds that shew characteristic mass specirometry patierns
(MS]) and ultra-violet (UV) speciroscopy signals. Such compounds.
are commonly referred to as the Jlow-hanging fruits” of antibiotics
research (Panter 1 al, 20210, However, re-identification of known
substances is also a matter of the phylogenetic uniqueness of the
producer strain. Phylogenetically related strains tend to produce
similar secondary metabolites (Handavani o al, 2021} and
correspondingly, it has been shown that phylogenetic uniqueness
i correlated with the diversity of movel natural compounds
(Hodfmann et al, 2018). Consequently, re-identification of known
substances is also a matter of dereplication of known producer
strains. Thus, regarding novel compound discovery, it is expedient
fo focus on phylogenetically novel producer strains.

Even though actinomyceles have been extensively exploited for
drug discovery over the past decades. they have continued 10 be
valuable sources for novel antibiotics. Recent advances in genome
sequencing technology and large-scale bininformatics analyses have
revealed an enormous genetic potential for the production of yet
undiscovered natural compounds. It is expected that only 3% of the
averall genomic potential for natural product biosynihesis has been
discovered o far and that the genus Streplomyces, ﬂpﬂciﬂ":{,
represents 4 huge untapped reservoir for the production of nowvel
secandary metabalites (Gavriilidou et al, 2022). The capability 1o
produce antibiotics is genectically encoded in the actinemycetes’
genaoes, whereby the comesponding genes are organized as
biosynthetic gene clusters  (BGCs) (Medema et al, 2015),
Steeprompecs genomes harbor, on average, around 40 BGCs

streptomiyein,  and

Hazen and Brown,
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[]'ldk:u.l.]r et al, 30M0), with the majoriy of all clusters (~90%:)
being proposed as crypiic or silent, which means that the
encoded antibiotics are not known of the respective subslances
are not produced under standard lab conditions, respectively (Walsh
and Fischbach, 2010), State-of-the-art discovery eiforts make use of
this genetic potential and apply genome mining and genetic
engincering  techniques to access the pgenctically  encoded
biuspllh:lic p-n!:ntial of micrabial Pmd'u.rer strains. In recent
years, this has already led to the successful discovery of mowvel
potent antibiotics, as recently demonstrated by the identification
of the macolacins and cilagicins, which have been deduced from
biosynthetic genes primarily (Wang et al., 2022a; b).

In the effort to find novel antibiotics, microbial culture
collections represent a treasure trove of pure, well-curated. and
freely accessible strains that can be used for bioprospecting In
general, microbial culiure collections are dedicated 1o collecting,
maintaining, and  distributing  microbial  strains  among
microbiologists, as well as being committed 10 preserving
microbial diversity, Thereby, strain  collections are  essential
resources for microbiology, biotechnology, and many other fiebds
and provide a valuable source of microorganisms for research,
education, bioprospecting, and conservation. Researching large
strain collections has the advantage of circumventing abaricus
strain Esolatbon efforts and also allows socess 1o many sirains
whose genome sequemces are already available. The Lebniz
Institute DEMZ-German Collection of Microarganisms and Cell
Cultares is one of the largest and most diverse strain collections,
housing bioresaurces from over 90 countries all over the world and
BO% of all reported microbial type strains (hirpsshwww.dame.de!
s hllprs:n'|'m1~'.ﬂ:i.¢m;ﬂhwanlh.\:nm.'FJ.I-.:-J.I-h'lug,u'lht-qhuzu;h-:-
sammlung-ven-mikreoganismen-und-tellkuluren-gmbh-dsmz- in-
braunschweig-germany). The DEME subcollection *Actinobacteria®
harbors more than 4000 actinomycetes containing =200 type
strains  amnd including  ~2500 streplomycetes, with  genome
sequence data available for ~800 actinobacterla. Many sirains
included in culwre collections have been deposited a long time
ago without comprehensive characterization,

I this study. we report on the identification and description of
five novwel species from the DSME strain collection belonging to the
genus Sireplomyces. We analyzed their genetic potential for the
biosynthesis of bicactive natural compounds and show empirical
cvidence for the production of known and novel bloactive
natural products.

2 Materials and methods

2.1 Bacterial strains and cultivation
conditions

Strains DSM 400077, DSM 404547, DSM 400767 (=Gt 467},
and DM 408717 (= Sandoe 59283) were isolated from soil samples
of unknown countries and deposited in the German Collection of
Microorganisms and Cell Cultures (DSME) before the 19805, Strain
DSM 407137 (=Ti 43 = ETH 21510) was isolated from the soil
sample collected in Switzerland and deposited by Professor Dr. Hans
Zihner (Eberhard Karls University of Tikbingen, Germany) in the
DEME open cultare collection. Active culture of the strains amd their
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close phylogenetic neighbors, including Streplamyces najiriensis
DM 41655T, S gardueri DSM 40064T, 5 gardnerd DEM
HO016T, 5 cocood asocnss DSM 41440T, 5 mariene DEM
41968T, and 5 rneicws DEM 40560T, were maintzined on
medium DEME 65 (GYM, glucose, yeast, and malt exiracis). The
purity of the cultures was checked using light microscopy. For
chemotaxonomic characterization, the cultures were prepared on
18P 2 broth [International Streptompces Praject (15P); Shirling and
Ganlich, 1966] medivm shaken at 200 rpm for 7 days at 28°C. The
biomasses were harvested by centrifugation at 4,000 rpm for 15 min,
washed with sterile distilled water, and frecze-dried. Fatty acid
analyiis was carried out from wet biomass collected from a 7-

day-old culture prepared on I5P 2 broth medium.

2.2 Cultural and growth properties

The cultural properties of the strains were recorded on 15F 1
(DEME 1784), 158 2 (DEME 987), ISP 3 (DSME 609), ISP 4 (DSMZ
5470, ISP 5 (DSME 993), ISP & (DSM 1269), ISP 7 (DSM 1619),
nuteient {DSME 1), Benneit’s (DSME 548), and tryplicase soy
(DEMZ 535) agar media after 7 days of incubation at 28°C. The
growth of the strains was tested under a wide range of temperatures
(4G, 100G, 157G, 200G, 25°C, 28°C, 37°C, 42°C, and 45°C)h and at
various pH valies (5.0, 5.5, 6.0, 7.5, 8.0, 8.5, 1000, and 12.0) in DSME
65 medium, All these tests were carried out in duplicate using a
bacterial suspension of 5 on the McFarland scale. The color of the
aerial and substrate mycelium as well as the diffusible pigments were
compared against color charts.

2.3 Phenotypic and chemotaxonomic
properties

Chemotavonomic  markers of the strins and  their dose
phyvlogenomic nesghbors were determined using standard thin-layer
chromatographic procedures. To this end, isomers of diaminopimelic
acid (A2pm) (Schlefer and Kandler, 1972) and polar lipid (Bligh and
Dryer, 1958 Tindall et al., 2007) patterns were carried out. Cellular ‘Iﬂf
acids of the strains were extracted and analyzed by gas chromatography
(Agilent 68%0N) following the standard protocols of the microbial
demification (MIDH) systemn (Sasser, 1990), Fatty acids were identificd
by a GC-MS run on an Agilent GC-MS 70000 instrument {Vieira
et al, 2021}, Isoprencid quinones were extraciod, separated by HPLC,
and klentified by uwsing both a DAD and high-resolution mass
spectrometer, according to the work of Schumann et al. (2021}
Biochenyical amd enzymatic propertics of the strains and their
phylogenomic neighbars were determined using APLZEYM and API
HNE arips, as instmucted by the manufscturer  (bioMerbeus,
Lyom, France),

2.4 Molecular identification and genome
sequencing
Wet hiommass, harvested from a ?-dﬂ:{-nld cultare an 15P 2 heoth

meedium, was wsed for genomic DNA preparation for single gene and
genomic analyses, as reported previously (Eimmermann e al,

Fromtiers in Bloemginearing and Blotschnotogy
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W23, PCH-mediated a.mp|i|'|.ﬂ1iun af the 165 rRNA gene was
performed with unlversal primers 7F {5'-AGA GTT TGATC(AC)
TGG CTC AG-3) and 1492R (5'-ACGGICTITAC CTT GTT ACG
ACTT-3'}, according to the work of Weishurg et al. (1991). The PCR
producis (~1520 bp) were sequenced using the Nuorescence-based
Sanger method (Sanger et al., 1977) with primers 7F and 1492R. The
resulting 165 rRNA gene sequences were uwsed for phylogenetic
atodies [below). The five stirains described in this work were selected
on the basis of 165 rRNA-based phylegenetic uniqueness for whole
shotgun genome sequencing. Olumina genome sequencing and
assembly, based on 250-bp palred-end reads from an ~500-bp
insert library, was outsourced to MicrobesNG  (Birmingham,
United Kingdom), Draft genome sequences were annotated with
the RAST-5EED webserver (httpsiimastnmpdrong’) (Overbeek
et al., 2014),

and comparative

2.5 Phyloge
ies

genomic s

The almost complete 165 rtENA gene sequence (>1,400 bp) of
the strains and their close phylogenetic relatives were used in the
present stusly. Pairwise 165 rRNA geme sequence similarities
between the strains and thelr close phylogenetic neighbors were
estimated under the setting recommended by Meier-Kalthofl et al
(201 3a), which is implemented in the phylogeny web server available
in Genome-to-Genome Distance Caleulator (GGIMC) 221 (haepet!
Mdr.d-.mr.n!c:l {Meier-Kolthoff ¢t al., 2022), The reference sirains
were retrieved from the EzBioCloud server (huipswwwoezhiocloud,
net) (Yoon o o, 2007),

The maximum-likelthood (ML) trees based on 165 rRNA gene
and gename sequences of the sirains were carried out with the Type
[Sirain) Genome Server (TYGS) w. 1.0 (hitpsfivpsdsmede’), a free
bicinformatics toal for whole-genome-based taxenomic analysis
[Meter- Kolthoff and Géker, 2019). Phylogenetic classification
using the TYGS s based on a genome database that contains the
genomic, taxonomic, and nomenclstural data of all currently
available type strains. The database is constamtly updated. The
TYGS platform allows phylogenetic analyses based on the full-
length genome sequence of the strain of interest. which is
compared with a database of type strain genomes. Thereby, the
TYGS provides information on the similarity of the strain to its
nearest related type strain with the help of digital DNA-DNA
hybridization (dDDH) values calculated by the GGDC 2.0
(hitpeiiggde.dsmede)  (Meier-Kolthoff et al,  2013b)
determines differences In genomic G + C contents. dDDH and
average nucleotide idemtity (ortho ANI) between the sirains and
their phylogenomic relatives were determined wsing the GG
webservers, with the recommended formula 4 and the ANI
calculator  from  EzBiod loud [htlPi!l'l'h‘hw»;‘l’h.ll}.‘!mll.‘i.l1\'t|4!|.1|1|'
ani), respectively.

and

2.6 In silico screening for secondary
metabolites

The antiSMASH web tool v. 60 (Blin ¢ al,, 2021) was used to
analyre whole-genome sequences of the strains and their dlosest
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phylogenomic neighbars for the presence of BGUs. Gene cluster
simdlarity Is displayed in percentage and indicates the number of
genes similar 10 a known cluster. Genes are similar if a BLAST
alignment yickds an evalue < 1= 107 and if sequence identity
s > 30%. In addition, the shonest alignment mus enconmpass =25%
of the sequence, If all genes of a known cluster can be found in the
query cluster, the sequence similarity s 100%. The similarity
decreases if fewer penes of the known cluster can be found in the
query cluster (Medema o al. 2001), The defaut settings were used

for all analyses.

2.7 Fermentation and preparation of
culture extracts

The strains DSM 404847, [XSM 407137, DSM 40907°, DSM
405717, and DSM 409767 were cultivated by inoculation from a
GY M plate in 50 mL medivm RS (103 g L7 suerose, 10 g L glucose,
0255 L7 K80, 10012 g 17" MgCly x 6 H0, 0.1 g L' casaming
ackds, 5 g L~ yeast extract, 5,73 g L7 TES (pH 7.2), 204 g L™° CaCCly
x 2H,O, 005 L ' KHPO, gl 'L-'Pm|i:n.e, and 2ml trace
element solution, according to the work of Handel ot al, (2022);
pH T4} at 28°C in 250 ml Erdenmeyer flasks on an arbital shaker
(180 rpm), After 2 days of cultivation, 5ml of the preculture was
used to inoculate 250ml  Erlenmeyer flasks with S0ml of
production media RS or ML 800 (3gl™' ghucose, Mgl
glyceral, 10gL™" soluble starch, 58 gL oatmeal, 2gL7" yeast
extract, 1 gL' NaCl, and 8 gL7' CaCOy: pH 7.2) as production
cultures, which were incubated for 3days ar 28°C on an orbital
shaker at 180 rpm. For extraction of organic compounds, 5 mL of
culture was harvested after 3days and extracted with 5 ml ethyl
acetate (EiAc) For 3-6h at room temperature under constant
wertical rotatton. After centrifugation at 5,000 rpm for 10 min,
the organic phase was completely dried wsing a centrifugal
evaporator (5P Genevac  EZ-2, “Low BP” program). The
concentrated extracts were dissolved in 025 mL 50% methanol
(MeOH), resulting in a 20-fold concentrated EtAc extract sample,
The ecrude extracts were used for  bioassays amd  liguid
chromatagraphy-high-resalution mass spectromelry
(LC-HREMS) analysis.

2.8 Bioassays

The crule extracts were analyzed for antimicrobial activitices
using agar-well diffusion assays against & panel of Gram-pasitive
and Gram-megative bacteria, yeast, and fungal reference strains:
Staphylacocens wurens DEM 18827, Enferavocens foecium DSM
204777, Peeudomiontas aeriginosa DSM 1117, Escherichia coli
DSM 1103, Prtens valparis DEM 2140, Candida afbicans DSM
1336, and Trichophyton riclirant DSM 16111, Active culture of these
SAraing was przpamd under the Ermvth conditions recommended hr
the DSMZ collection (hitps:fwwwdsmaz.delcollection’catalogue).
Bicassay test plates were prepared as reported  previousdy
(Handayani et al, 2021 A volume of 30pl. methanolic cmde
extract from three independent biological samples of the five
Strepromyees strains DEM 404847, DSM 407137, DSM 409077,
DM 409717, and DSM 09767 was pipetted in prepared agar
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wells of bivassay test agar plates inocubated with the test strains
listed above, The plates were Incubated overnight at 28°C and 37°C
according to the optimal growth temperature of the bioassay Lest
strains (T, rubrum bioassays plates were incubated at room
temperature in darkness for several dayvs, with daily observation).
Antibintic activity was estimated by measuring the diameter of the
inhabation some

2.9 Chemical analyses for
compound detection

Extracts were analyzed on an analytical 1290 Infinity 11 LC
system coupled to a Bruker Impact 11 QTOF mass spectromeler.
Gradient chution was performed through o CI8 porous core-shell
column (Phenomenex Kinetex C18, 100 x 2.1 mm, 1.7 um, 100 A)
using & 10-min gradient from 5% MeCN to 1003 MeCN in wales,
supplemsented  with 0.1%  formic acikl. The fow rate was
05 mL min', QTOF parameters were as follows: 150-2,000 m/z
scam range. 4.500 V capillary voltage, 500V end plate offser, 2.8 bar
nebulizer, INC ﬂq‘ing 10 L. miin ™"
nitragen drying gas.

Identification af cinervhin: Cinerubin B (1 = 5.7 min) was
initially identified wsing a combination of its UVVis spectrum
and LC-HEMS. The UVVEs spectrum (A, = 235, 155, 290,
and 4% nm) matched cinerubin B in an "in-house™ UVIVis
datsbase. Itx protonated molecular jon sz 8263278 [M + H]"
(caleulated (caled) for C:HNO,, 8263281, A 03 ppm) yielded
a formuls (CpHs MO matching that of cinerubin B

Identification of phosphonoalamide: Phosphonoalamides
were  fdemtified  wsing HRMS. A (tg = 05mink s
00270 [M + H|" fcaled for C HuMNuPF, 340.1268,
A =05 ppm); B {ty = 0.5 mink: ez 3700378 [M + H] (caled
for €y HasM 0P, 37001374, & ~10 ppm); © (1g = 0.8 min): an'z
3540424 M o+ H]® (caled for CypHaMaO:F, 3541425, 4
0.2 ppm); and D (g = 0.9 min): mifz 3681582 [M + H]" {caled
for CHpNO0P, 3681581, A -03ppm), The MS/MS
fragmentation data for the detected compounds matched the
data reported by Eayrouz et al, (2020]),

temperature, and

2.10 Inactivation of a cinerubin B
biosynthesis gene in DSM 404847

To inadtivate cig27_I0 from the predicted cinerubin BGC, a
6d-kb-long DNA fragment, harboring an internal part of the gene,
wind amplified from genomic DINA by PCR with primers RM_ctg27_
10_kn_vn_for (AAAAAAGCTTTGAAACTGGAGGAGGAGTAC)
and BM_ctg27_10_kn_vna_rev (AAAAAAGAATTCGTCTOGTGG
ATGTOGTTCTG). The PCR product was digested with Hindll and
EcoBl and then doned into the respective restriction sites of
PK{:I].’.Z, a suickde vedor u:m!liming an lpmmyl:in resistance
gene, te generate pRCI132/0ctg2?_10_kn, The resulting plasmid
wis transferred 1o DSM 40484" by conjugation wsing E coli
ET12567pUZ2002 as a donor strain. Exconjugants were selected
by resistance to apramycin {indicative of single crossover), leading to
the creation of the mutant strain [DSM 04847 g7 10:pKICI 1327
lg2F_10_kn (Melg27_10).
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211 SARP overexpression in the strain
DSM 409767

A detaibed analysis of all BGCs from the five strains revealed the
presence of numsenus SARP genes in different BGCs of the srain DEM
409767, The latter was the subject of SARP overcxpression studies. In
this context, a conjugative, sell-replicative papR? expresson constns
Wik gencr.l'lu]. The 'Ph:rnid 'p(ih.i] 190 was wwed as a vector, which
contained the ripA promoter for the Induction of gene transcription,
and arT, which is required for the imergenic conjugation from E colf to
Srepromyees, pGM 1190 ks a mudti-copy and very stable plasmid, which
does not require antibiotic selection in production cultures (Muth,
H018). The papRl? gene was excised as an -1 kb Hind I Ndel -fragnient
fromy pRMApapl? {Krause e al, 2020) and cloned into the Hindl117
Nefel-linearized ~6.9 kb pGMI 190 vector, This resulted in the plasmid
pGM N papi2- ripAp, where papit? transcriplion s under the control
af the thiostrepton-inducible fipAd promoter. The pGM1 190 papR2-
tipAp plsmid was transferred 10 Srepiomiyces sp. DSM 49767 by
conpugation, as described by Kieser of 2. (2000), resulting in the strain
D350 40 FaT pOGi | 1 parp B2-ipAp, Apramiycin (50 pgimL) was used
for selection when appropriate. Totest forthe effect of papR2 expression
on swondary metsbolite production, the strain DSM 409767
paMI9Npaph2-ipAp and the WT strain were each cultivated in
O medivm (20 g L7 cat meal, 5 mlL trace cement solution, pH 7.3
according 10 Handel @ al (2022)) a1 28°C; 20ml of calture was
harvested  after 72h of cultivation, For extraction of organic
comipounds, cultures were teated a8 deseribed  above. For the
preparation of supernatant smples, 20-25ml from the original
S0ml euliure was wransferred 10 a S50ml Faloon mbe and
centrifiged at S000mpm for I5min. The supermatant was
concentrabed with the centrifisgal evaporator (5P Genevac EZ-2,
"aqueru:" pmgmmi to 3=5ml, mu]l:ing in a 5=7-fold concentrated
supermnatant samipbe. The cnade exiract and sapernatant samiples wene
analyzed in bioassays against Micrococens beess (valid name Kocuria
rhizophita DSM 119267), as described by Handayvand et al. (20210
Experiments were carried out as three independent biological replicates.

3 Results and discussion
3.1 Polyphasic taxonomic studies

3.1.1 Cultural, morphological, and phenotypic
properties

The strains showed phenotypic and muephological features
consistent  with  their classification in the genus  Stroplowspos
(Kimpder, 2012). As shown in Supplementary Table 51, most of the
strains grow well on 15P 3, 15P 7, and Bennett's agar media forming
acrial hyphae, which vasied from white w0 gray after 7days of
incubation at 28°C {hl:l]'ﬁ.‘.'l’h‘h‘h‘.lkmT.{lq,'.'{l.‘l||\‘ﬂixln|'|.'.1|‘.lhlgl.l\':I. All
the studied strains grew well on [5P3, 13P 7, DSME 65, RS, and
Bennett's media. The straing were able 1o grow at an incubation
emperatare between 25°C and 28°C and at a pH of 6-8, and they
grew optimally at 28°C and pH 6.5-7 (Supplementary Figure 51;
Supplenwentary Table 51), Mo growth of ihe sirains was observed an
incubation Lemperature abwwe 37°C and below 100 More details about
the growth and cultural properties of the strains are provided in
Supplementary Table 51, The strains can be distinguished from one
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ansither and from their chosest phylogenomic relatives by 2 range of
bdochemical and enzymatic propertics, as shown in Table 1. Strain DEM
409077 was able 1o produce a-ghecosidase and lipase C14, unlike its
chosest relative S nijoriensis DM 416557, Strain DSM 407137 can be
distirguished from the reference strain DEM 414407 by the production
of lipasse Cl4, a-chymotrypsin, foglocosidase, and  n-acetyl-f-
glucosaminidase. However, strain DSM 409717 can be differentiated
from its cdose nq'gi'lhn'. 5. mnarmns, hr' ils 'H'I.:Ilﬂil'!.' [T pﬂ'nd‘me ar
galaciosidase,  pogalactosidase, and  [-glucuronidase,  CQualitative
variation in the enzymatic profile of strain DSM 409767 and s
close relatives, S gondrerd and 5 narbonessls, was noted, as shown
in Table 1. Strain [SM #0484 7 could be distinguished from the type
strain DISM 405607 by its ability to produce esterase (lipase) CR, lipase
C14, trypsin, and a-chymaotrypsing further biochemical characteristics
are displayed in Table |, Excellence congruence was obtained for all the
duplicabed phenotypic tests,

3.1.2 Chemotaxonomic features

The studied strains and their dose phylogenomic neighbors, 5.
rofiriensis DEM 416557, & cmored subsp, asoerrsis DEM 414407, 5
g.nniuri DEM 400647, 5. marbomensis DSM 400167, 5 dericns DEM
405607, and S sartans DEM 419687, have LL-A2pm as the diamino
acil of the wall peptidoglycan. The polar lipid profile of the strains and
thelr closest  relatives  contained  diphasphatidylghroered  (DPG),
phosphatidylethanolamine (PE), and phosphatidylinosital (P, as
will as unidentified lipids (1), phosphalipids (PLs), aminolipids
[ALs), gheolipids (GLs), and glycophospholipids (GPLs), as shewn
in Supplementary Figure 52 Chuantitative and qualitative variations in
the isoprenoid profiles were detected between the studied strains and
their close phylogenctic relatives, The predominant menaquinone
[215%) of the strains DSM 409077 and DSM 407157 and their
chest mislﬂ'u:rs. & mofinensis DSM 416557 and 5 oncaod
subsp. meoemss DEM 414407, was MK-9 Hy and ME-9 He.
MNeverthees, strains [DEM 409767 and its close relatives, 5 p'r.rd'rlni
DM 400647 and & rarbonensis DSM 400167, had ME-% H, and ME-9
Hy. Strain DEM 409717 had ME-9 H, and ME-9 Hy, while strain DM
419687 contained MK-9 H, and MK-9 H,. The quinone pattem of
strain DSM 2347 was composed of ME-9 H; and ME-9 H,
[Supplementary Table 52), The major fmqr acid (=10%) of strain
[YEM A0R07T wias Cysg i Cppg anteiss, G o, and Cygp while 5
rojiricnsis 1M 416557, its dosest phylogenomic ndghbor, had Gy,
[ CL“] b, I.I'HicLan Sarain [5M MT hldc“,g Ty L C“.u
aniteiso, and Cieq However, the type straing of 5 gardreri and 5
rarbomensis had Cog to in addition. The faity acid profile of strain
D58 407137 consisted of Cy 5y iz, Cypp anteize, Cips 50, Ciag, and
Cozo anteiso, while Cpag o, Creg fo, amd Ciz0 anteise were below
the 10% for it close relative, 8 cacae subsp. asoensie DSM 414407,
Strain DSM 409717 differed from its closest neighbor, 5. marinws
D53 419687, by a By acid pattern composed of Csg 50, Crap
anleiso, Cyag iso, and Cgp, whereas strain DSM 419687 only showed
traces of Cygo Srain DEM 409847 had Cyzp i, ©) 5 g imieso, Cran
i, Cypoe arvdl ) g 50, which is a fatty acid profile similar to that of its
relative strain DSM 405607 (Supplementary Table S3)

3.1.3 Phylogeny based on 165 rRNA gene and
whole-genome sequences

The 165 rRMNA gene sequence similarities between the strains
and  their  closest relatives ranged from  99.3% o 100%
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[5u]1p|em|.'|tl.|r}' Table %4), which were values well above the
threshold of 98.65% for prokaryetic species delineation (Kim
et al, 2004). Strain DSM 409077 showed a 165 rENA gene
sequence similarity of 100% 1o that of the type strains of
Sirepromiyees spororavens, S srntbophacns, and S dojirensis
species (Supplementary Table 54), Moreover, strain DSM 40976
shared a similar sequence with 5. gardrers NBRC 128657 (99.9%), 5.
narbamensis NBERC 12807 (90.9%), and 5 mm}rﬂiﬂu MWBR
133487 (99.9%). Strains DSM 404547 and DSM 409717 showed a
165 rENA gene sequence similamity waloe of 99.3% with 5
gloseromerantinous NBRC 154187, 5 awnntinens NBRC 130177,
and 5. manshensis SCSI0 010667, $train DEM 407137 had a high 165
rRNA gene sequence similarity to S, Jupnidius NBRC 1 28777 (99.7%)
and Strepiompees cncaoi subsp. asoensis NRRL B- 165927 [09.596),
Low sequence similarities of 950%-98,7% were found among the
studied siraina

These resudts were in accordance with the phylogenetic position. of
g el the strains in the ML e, where the strains were dastributed in dilfenent
chusters (Figure 1), Strain DSM 40713 formed 2 well-sapported
subcluster with S rishirionsis NBRC 134077 (994%) next to the
representative strains of 8 furonidus and 8 cemtol subsp. asoensis,
However, strain DSM #4847 oocupled a disting branch loosdy
amociated 10 2 subduster that encompassed 5 pheochromogenes
(95.8%), 5 ebrines (92.8%), and 5 ederensts (99.0%) and was next
tor the type strain of 5 glomerodurantioos and & anrmtiocus species. In
another well-supported lineage, strain DSM 409717 was grouped with
its close relative, 5 narshenss. Nevertheless, strain DSM 409767
appeared in a distinet branch loasely associated to the type strain of
A perratraerd and & soormpeticss and distamt from S rarboremisis, which
wiis inserted in another subcluster, Strain DSM 409077 and its dose
netghbors mentioned above resided in the same branch and cannot be
ph}hs,u'bellaﬂr dilferentiated from one another. It i clear that the
resolution of the 168 rBNA gene sequence does mot allow reliably
distinguishing closely related species (Nowioai et al., 2008; Nowioui and
Sangal, 2022). To overcome this limitatson, a phylogenomic tree on the
whiole-genome sequence wad constructed, and the taxonomic status of
these sirains was resolved. Strain DSM 409077 was grouped with 5
mofiricnsid amd 5 spovormens, with the former as the dosest
phylogenomic neighbor. Strin DSM 409767 was found 10 be closely
related po a subchister that contained the type strains of S gardiers and
5. narbonenss species. Strain DSM 407137 formed a well-supported
subclusber with 5, ceaned subsp, asoensls next 1o S humidies and S
righiriensis, Strain DSM 404847 was found to be dosely rebuted 10
Streplowmyces divscori A127 and £ tawricis [CM 48377, However,
‘Streptoemces dioscort” has no standing in nomenclature as the name has
it beoen validly published since 2018, Therefore, only 5 taurios can be
considered the closest pliylogenontic neighbor to strain DSM 404847,
Strain DEM 9717 was dosely related to 5. smarinus, together forming a
well-supported  subgroup associted with 5. daginpenss CGMOC
4.7178" (Figure 2).
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Al the szzins were smable 1o producs a-foomida.

and cystine aryd

All ihe sirains hadl 2 postive resction 1 mcelin sad 3 negative eesstion S angiing, ghicme, ssd caprase,

DSM
40907

314 Genomic features and comparative
genomic analysis

The genrmic features of the five studied strains were cansstent
with those of the genus Streprostpees (Kimpfer, 20012), The strains
had a genome size between 7.2 and 9.2 Mllp. a G+ C content of
70,8%-72,0%, a number of coding sequences from 6,369 1o 8,959,
and a number of RNAs between 58 and 84 (Supplementary Table

Substrates

Phenylacctate

All the strainy were able o produce alkabine phospbabusr, beocire syl valine aryd

Adipate
Wlalste

TABLE 1 [Continued] Pharotypic propertios of the straing and their clodeit phylogenomic reighbar.
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55). The dDDH values between the genome sequence of strains DEM
40907, DEM 409767, DEM 407137, ISM 404847, and DEM 40871"
were well below the 70% threshold established for prokaryotic
q)ﬂ:iﬂ demarcation {Wayne et al, 1987). indi.nlinﬁ the
assignment of cach of the strains to a new species s they could
be distimguished from their close phylogenomic relatives on this
basis (Table 2), The resulls were coherent with the AN scores,
which were below the cut-off point of 95%-9%6% for species
delineation (Table 2) (Chun ef al, 2008}, These ﬁu'pl:hn; wWere in
line with the phylogenomic studies revealing that the studied strains.
form five evolutionary lincages, which were distinet from thase of
the validly published species of Streptompees, The strains can be
differentiated from one another and from Streplamyces species
validly named using the phenstyplc,  chemotaxenomic,

phylog and g ic features.

2.2 Antimicrobial potential of the five novel
Streptomyces species
3.2.1In silico screening for secondary metabolites

The wholegenome-based phylogenetic clasification of the five
novel specics amd their closest peighbors revealod a clear grouping in

Fromtiers in Bloemginearing and Biotechnology

five clades (Figure I The biosynthetic potential of the strains was
unveibed by bivinformatics anabyas of the genome sequences with
anlBMASH, The strains within the five cades had a slighily
different overall content of BGCx The dade, which harbored DSM
44847, showed the highest overall BGC content, with, on average,
~37 BGCs, followed by the dades including DEM 407137 (34 BGCs),
DM 40077 (32 BGCs), DEM. 409767 (31 BGCs), and DSM 409717
(27 BGCS) (Fagure 20 OF all strains, 5 covaod subsp. aseriss DEM
41440" showed the highest BGC content, with 52 BGCs in fotal, while
its chosest phylogenetic relative, strain DSM 407137, had 31 BGCs, The
individual BGC ¢ of the four residual novel Strepamyees species
were 33 BOGCs for DSM 409077, 32 BGCs for DSM 409767, 36 BGCs for
[N BHELT, and 21 BGOs for DEM 40971, A comparison of the
mumber and classes of BGCs identified in the genomes did not reveal
significant differences within and across the five dades due to the large
BGC number variation intra-clade, However, there are some notable
findings worth highlighting: the dade inclisding DSM 409767 showed
lonw intra-cladke variation in BGC number, while strain DEM 10713 had
only approximately half the BGCs than the doset neighbor £ e
suthap, asoemsis DSM 414407, Finally, the dade to which DEM 409077
beelangs had an abundance of strains without any “ectolne™ BGC, which
may indicate a particular physiology or ecological niche of the respective
MKTOOTgANIsmS,
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3.2.2 In witro screening for
antimicrobial compounds

To assess the amibiotic production potential of the five novel
Streptompees species. exiract samples were used to test for the
antimbcrobial activity in bioassays against a panel of sdeciad
sirains from the WHO priority list, including Gram-pasitive and
Gram-negative test bacteria, as well a5 agaknst yeast and fungal test
srain. Extracts oblained from coltures of DEM 40484°, DSM
405717, and DSM 40976 led to inhibition zones against the
Gram-positive pathogens 5. aercus DSM 18827 and E. faecium
DEM HHPT and the Gram-negative strain P, welgaris DM 2140
(Frgure 3 Extract samples from DEM 407137 bed 1o inhibition zones
against E. coli DM 1103 and P, wulgaris DSM 2140 and, thus,
showed Gram- negative-specific antibiotic activity, whereas extract
samples from D5M 40907 led to inhibitbon against 5 aureas DEM
18827 and P. vulparis DSM 2140 Ahogether, the culture extracts
from the fve novel species showed activity against at least wo
pathogenic test strains,
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3.2.3 Antibiotic production profile of novel
Streptomyces species

Strain DSM 407137 is an old deposit from a well-studied strain
collection (Thbingen actinomycetes strain collection) known to be a
ferrimycin producer. A& ferrimycin gene cluster was identified
(Supplementary Figare 33, region 16.1), where 100% of genes
showed similarity o a known desferrioxamine B BGC from
Streplamyces  griecws subsp.  grisens  NBRC 13350 (MIBIG
sccession  BGOOO000U41; Ohnishi et al, 008} (Supplementary
Figure 54). It was assumed that the stmain was thoroughly
investigated for antibiotic production and, thevefore. DSM
A0713° was excluded from  further substance analysis. DSM
409717 was not funther analyned due to the low overall BGC
content, a8 oullined in Supplementary Figure 55.

3.2.4 Detection of cinerubin B in DSM 404847
HPLLC analysis of ethyl acetate extract samples from DSM
404847 revealed 2 prominent peak at 240 nm with a retention
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TABLE 2 AMI arvd AD0H (, formils) valies between the whole-genoms seguence of the straims and thesr closest plidogenomic relathes

Guery strain [*)

AN score | ntent difference (i

Sirain DEM HR0T Straphomyces negirdomin JOM JEER' we
Strmin DEM 40907 Srrepromyces povovamdsd NBRE 15456" 505
Steain DEN 400507 Streplomyces avidinit JOM 47267 450
Sirain DM HF0T Srepromyces avidinil TS 022e' 450
Strain DEM 40484 Srreplosyced disioort A217 450

Sirain DGN HHE4 Srgptomyens fauriour JOM 4RI A7
Sirain DM HHEY Srepromyoes ghimeroauraankiour JOM 48777 ma
Strain DSAL 40976 Strepromyces pandnori 1M 43757 A
Sirain IGM M7 Strapromycrs narbonemue JOM 41477 429

Siemin DEM 4713 Srrepromiyces cacasl subsp. awensd PEM 41857 73

Strain DM 40713 Sreplomyces rishinerudi NARE 134077 Ma
Sirain [EM 40713 Srvepromyoes husmidur JOM 4338" Ml
Stemin DEM 40570 Srrepromyces marin DEM 419687 )
Sirain [AM 40713 Strain DAM 404547 3
Stemin DEM W76 Strain DEM 40077 i b}
Strain [GN 4578 Strain [N 404847 A
Sirain BN HATE Strain [EM 40713 p -
Stemin DEM 40484 Strain DEM 40077 6
Sirain DRM 40713 Strain DEM 47 - |
Birain Dak] HFETE Strain DSN A07T 1A
Strain DG 40713 Stratn DM 4707 A
Sirain DM HRTE Strain DM 404847 3
Steain DEM W76 Strain DEM 406707 L2

time (RT)} of 1375 with a characteristic UVVIs specirum
tl"is,urc 4AL LC-HRMS :rul}sis of a bigactive fraction nmpte o
the DSM 404847 extract delivered an exact mass of 8253278
(Figure 4B), which matched with a sum formula of CgHqNO,
{Figure 4C), The characteristic UV/Vis spectrum (A, = 235, 255,
200, and 490 nm) matched with cinerubin B in an “in-house™ UV
Vis database, which is a known glycosylated polvketide antibiotic
(Enbinger et al. 1959), Bioinformatics analysis of the genome
sequence of DEM 404847 led to the identification of cluster
reglon 270, which showed similarity t0 a cinerubin BGC
(Supplementary Figure 56). Sequence comparisons revealed thay
cluster region 27,1 contained all the genes suggested to be part of a
functional cinerubin BGC, since 100% of the genes from the
deposited cinerubin  MIBIG reference sequence (BGCOOMZ12)
(Kersten et al, 20013} were also present in cluster region 27.1
(Supplementary Figure 57). To prove that the identified cluster
region 270 from DSM 4847 i3 responsible for cinerubin B
binsynthesis, we inactivated the oig27_I0 coding sequence,
encoding a putative f-ketoacyl synthase, which was expected to
be essential for aromatic polyketide biosynthesis (Supplementary
Figure 57). Culiure extracts from the Sireptomyces sp. DSM 404847
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Merg27_10 matant and the Streplamyves sp, DSM 404847 wild-type
(W) sirain were maﬂ:,':nd in mmpan‘liw: HIFLC=M35 and amibiotic
activity tests against K. rhizophila [SM 119267 as the test organism,
T comtrast to the WT strain, na antibbothe activity was detected from
the extracts of the generated mutant strains {Figare 5A), Moreover,
o mass peak corresporsding o the molecuar son of dnorubin B (i
[M+H]* = 826.3) was present in the exiracls of DSM 404847
Metg2?_10 (Figure 58), indicating that the inactivation of 2?10
completely abolished cinersbin B production in DSM. 6847, Uniil
now, this is the first genetic evidence of the functionality of a
cinerubin BGC by genetic knockout.

3.2.5 Detection of a phosphonate antibiotic in
DSM 408077

Strain [XSM 409077 was sdentified as a potential phosphonate
producer by BGC analysis [(Supplementary Figure 58) due to the
oocurrence of a  pepM  coding  sequence on region 310
(Supplementary Figure 58), which is indicative of phosphonate
bicsynthesis a5 It encodes a potential phosphoenalpyruvate
mutaze (PepM) known to be responsible for the fist and
cssential  bbosynthetic  step  of  phosphonate  blosynithesis,
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converting phosphoenolpyruvate 1o phosphonopyruvate (Ju o al,
2005). Based on this assumption, cullure supernatant samples from
D58 40907 grown in GUBC medium (Parkinson et al.. 201%) were
analyzed with LC-HRMS. This Jed to the identification of
characteristic  mass I'nﬁ;merll:.l:imu. :im:||.u‘|i.|13 the Pmumaleﬂ
molecular fons mz 3400270 [M o« H] 300037 [M o+ HJY,
3541424 [M + H]', and 368.1582 [M + H|", which maiched the
sum formula of C|:|H11N:|.0:P| ‘:qu;N}O;P- cu“zl,N].D:rF‘. ang
)y H e MOy P, respectively (Frgures 64-10, respectively). These data
corresponded with the MS/MS fragmentation pattern reparted for
phosphonoalamides (EKayrouz o al., 20000, unveling thar DEM
07" produces phosphonoalamides as phosphonaste amibistics.
Phosphonoalamides are phosphonoalanine-like natural compounds
with good antibiotic activity against different Gram-positive and
Gram-negative bacteria (Kayrouz et al, 2020}, which is consistent
with the observation that extract samples from DEM 409077 showed
bloactivity against 5. awrens DEM 18827 and P, wulgaris DSM
2140 in bicassays, respectively (Figure 3).

3.2.6 Identification of numerous 3ARP genes in
DSM 408767

The bisinformatis apalysis of strain DSM 409767 revealed
another strain-specific feature, as it showed a comparatively Lirge
number of SARP (Strepromiyees antibiotic regulatory probein) genes
h.'iﬁhl in wtal) as part of BGCs (Supplementary Figare 510).
Altogether, eight SARP genes were encoded in six of the 32 BGCs
{Supplementary Figare 510). The six BGCs belonged to the following
cluster types: type-1 PES, lanthipepiide-class, and three hybrid BGCs
{Supplementary Figure 510). SARPs are transcriptional regulators,
which act as pathway-specific activators of antibiotic biosynthesis
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ALBOO mreeclism 2gaingt patNogenic Lest microarganiems, inciuding Stiphoroccus auneus D5M LBEZT (dark bbse), Entevocaccus faeckim DM
lorangel,
zone dameters of bioassays e ghven in mm. Dats shown ane a4 the result of theee independent biclogical replicates

Candhidy albvcans DEM 1386 dredl. and Tachophdon rubasrt DM

(Bibh, 2005), In a peevicus study, we have shown that SARP
regulators can be wwed as general activators of  antibiotic
binsynthesis  in  varipus  actinomyortes  when  heterologousty
expressed (Krawse of al. 2020). Due to the high abundance of
SARP genes in a number of BGCs, DSM 409767 was dﬂi“naled
for heterologous SARP gene expression, For this purpose, the SARP-
type regulator gene papR2 from the pristimamycin producer
Sireplowiipoes  pristinacspinalis was  heterologously  expressed in
DEM 409767 wsing the conjugatable, seli-replicative  plasmid
paMIL M papRX-tipAp, Both DSM 409767  pGM 190/ papR2.
tipAp and DEM 40976 WT strains were cach grown in (M
medium  for 72h. Ethyl acetate extracts and  concentrated
supernatant samples were obtained from DSM 409767 cullures
and were wsed for antimicrobial bicassays againg K. rhizophila
DSM §1926". Here, specifically supernatant samples from DSM
40976 pGMI190IpapR2-tipAp cultures resulled in a significanly
improved bloactivity against K. shizophila DSM 119267 in
comparison to samples from the DSM 40976" WT (Figure 7).
This indicates that the SARP expression in strain DSM 409767
activated  BGC expression and,  thus, improved  antibiotic
production, The gene products of the five SARP genes from DSM
A976" showed amine acid similarity scores of = 30% compared 1o
PapR2. The highest similarity score of 58% was found for a SARP
amino acid sequence, which is encoded by the locus Tag: “engd5_
97, located in region 45.1. Cluster region 45.1 represents a hybrid
BGC, consisting of MRPS, NEPS-like, and type-1 PES core genes
(Supplementary Table $6). Thus, gene region 45.1 is a potential
BGC that may have been activated by PapR2 expression,
However, due 1 the presence of several BGO: with Papﬂz
homalogous genes in DSM 409767, a reliable prediction of
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gene clusters than lave been activated or bioactive compounds
that were produced cannot be made. Definitely, the narrowing
down 1o a few candidate gene clusters will help identify the
bivactive compound in subsequent work.

3.2.7 Description of Streptormyces kutzneri sp. nov.

Strepromyces kutzmerl (kutz'neari NoL gen. n. kitzmerd, referring
to Professor Hans-Jirgen Kutener, who contributed significantly
to prokaryotic systematics) is a Gram-stain-positive, acrobic,
noa-mrotile bacterium that forms light-gray aerial mycelium
on aatmeal agar medivm that tums white on GYM medium
anmd white-grayish on Bennett's media. A dark-brown diffusible
pigment is produced at an incubation temperature of 10°C and
15°C on GYM mediam and at 28C on ISP 7. The strain is able 1o
grow from 10°C 1o 37°C, optimally at 28°C, and from pH 5-7.5,
optimally at pH 7.0, Additional cultural and morphological

Fromtiers n Bloenginearing and Biotechnatogy

properties are mentioned in Supplementary Table 510 I has
LL-A2pm as the diamino acid of the cell wall peptidoglycan
and diphasphatidylglycerol, phosphatidylethanolamine,
phosphatidylinesitol, a glycolipid, a lipid, two aminolipids,
and four unidentified phospholipid components as the polar
lipid profile. The fatty acid pattern (>4%) containg Cisq iso,
Cosn aenteisn, Ciaw i, Cray CI5 9, Ciao, Cize i, and Cizg
anteise. The menaguinone pattern {z4%) encompasses MK-9 Hy,
ME-9 H,, ME-9 H..and ME-% H,, The genome size of the strain
is 9.2 Mbp. and its fn silice G + C content is 71.7%.

The type strain DSM 409077 was isolated from soil of an
unknown origin amd deposited in the DSME culure collection.
The genome sequences of DSAM $0907T have been deposited in the
DOBVENAMGenBank databases wnder the accession number
JASTTIONNOOO000.  The BioProject  accession  number
PRINASBO008,
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3.2.8 Description of Streptormyces
stackebrandtii sp. nov,

Strepromyces stackebrandtii (stackebrandt'ii. N.L. gen. n.
steckebrandiil, referring to Prof. Erko Stackebrandt, a German
microbiologist wha has  comtributed  significantly 10 the
prokaryotic systematics) is a Gram-stain-positive, acrobic, non-
madile bacterium that forms white-beige aerial mycelium on
oatmeal agar amd Bennett’s media that turns white on ISP 5 and
15F 7 media. The strain is able to grow from 10°C 10 37°C, optimally
at 28°C, and from pH 575, optimally at pH 7.0, Additional
cultural  and  mosphological  propentics  are  mentioned  in
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Detecton of phosphonoalamedes production in samgles of DSM 40507T by HRMS anatysis. HAMS data of the DSM 40507T sample wah myz
401268 [M + HI* 10 Hp 0P WAL mve SPEATTE [ + H]* 10 M0 P I

e J54 1424 [M + HI {C e H M OAR C), s e J6E1582 IM + W

Supplementary Table 51, It has LL-A2pm as the diamino acid of
the cell wall  peptidoglycan  and  diphesphatidylglycerod,
phosphatidylethanolamine, phesphatidylinosital, a gheeolipid. two
aminolipids and lipids, and three unidentified phospholipid
components as the polar lipid profile. The faty acid pattern
t?ﬂ] QomEains Qm fan, C|m i, Cu-u fm, C|&| 15 9, CM
Ciza i50, Corg anteiso, aml Cyzg epolo CI5 9. The menaguinone
patiern (24%) encompasses MK-9 Hg and MK-9 Hg, The genome
sire of the sirain is 8.7 Mbp, and it 6 ailico G + C content is 72.0%.

The type strain DSM 409767 (=Gilt $67) was isalated from soil
of an unknown origin and deposited in the DEME cultre collection.
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The gename sequence of DSM 40976T has been depasited in the
DDBVENAMGenBank  databases under the accession number
JASTTGUOM0MM.  The BloFropect  acoession  number  @s
PRIMNAITIHI6,

3.2.9 Description of Streptomyces zashneri sp. Nov.

Strepromyces sachnert (zach'neri, ML, gen, n. zechueri, named
after Professor Hans Zihner, a German microbiologist who
contributed significantly to the ficld of natural products from
micrabial sourced) is a Gram-stain-positive, acrobic, non-motile
bacteriam that ferms gray-pinkish aerial mycelium on gatneal agar
that tarns white-gray and gray on Bennett’s and 15P 7 media,
respectively. A dark-brown diffusible pigment is prisloced on ISP
7 and GYM media at 26°C at 15°C, respectively. The strain ks able o
grow from 15°C te 37C, optimally at 28°C, and from pH 5-7.5.
optimally ot pH 7.0, Additional cultual and  morphological
propertics are  mentioned in Supplementary Table 510 Tt has
Li-A2pm  as  the diamine acd of the odl  wall
peptidoghrcan and diphosphatidylglycerol, phosphatidyethanolamine,
phosphatichdinositol, a ghycolipid, two amirolipids and lipid, and
four unidentified phospholipid componens as the polar Bphd profile,
The fary acid pattern [=4%) contains g b, O aniois, C g o,
Gjm Cls ECM {:]m fay, amd C]m sateto, The mmiql.l.lnom‘pﬂlcm
{4%) encompasses ME-9 Hy, MK-9 H,, ME-9 H,, and ME-9 Hy. The
genome size of the straim & %1 Mbp, and s fm sifve G + C
content is T1.3%.

The type strain DSM 407137 (= ETH 21510 = Ti 43) was
polated from sofl from Firnhattealp, Switzerdand, and deposited by
Prof, Hans Zihper in the DSMZ culture collection. The genome
sequences of DEM 40713T have been deposited in the DDBIFENAS
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GenBank databases under the accession number JASTTIOMMO0000,
The RioProject accession number is PRINASSM0TO.

3.2.10 Description of Streptomyces
kroppenstedtii sp. now.

Srreptowmjces Kroppenstediii (krop.penstedt’ii. ML gen n
kroppenstedtii, named after Professor Reiner M. Kroppenstedt,
a German microbiologist wha is well known for his contribution
tor the bacterial taxonomy and contributed significantly to the
Actinobacteria collection in the DEME culture collection) is a
Giram-stain- positive, acrobic, non-motile bacterium that forms
gray-orange acrial mycelium on oatmeal agar medivm that wurns
gray-heige and white on ISP 7 and Bennett’s media, respectively.
Bacteria diffusible pigment &5 produced at an incubation
temperature of IFC-28C on GYM medium. The strain is able
tor grow from 10°C 10 37°C, optimally at 28°C, and from pH 5-7.5,
optimally at pH 7.0, Additional culiwral and morphological
pmp:rtiw.‘i are mentioned in Sl.lpp!g'l'm;'l'utn:r:.' Table 51, It has
LL-A2pm as the diamino acid of the cell wall pepridoglycan
and diphasphatidylglyceral, phosphatidvlethanolamine,
phosphatidylinesitol, an aminolipid, a glycolipid, a lipid, and
four unidentified phospholipid components as the polar lipid
profile. The fatty acid pattern (=4%) containg Ciap fso, Crag
anteiso, Cyeo g0, Cigy CIS 9, Cipp, Cire iso, and Cjzy anteiso.
The menaquinone pattern (24%) encompasses ME-9 H;, MEK-9
H,, MEK-9 Hg, and MK-9 Hy. The genome size of the strain is
9.2 Mbp, and its in silice G + C content is 70.8%,

The type strain DEM 404847 was solated from soil of an
unknown origin and deposited in the DSMZ culture collection,
The genome sequences of DEM #MB4T have been deposited in the

rantiern ong

91



Mouscl et al

DDBENAIGenBank  databases under the accession number
JASTTEOOMO0M00M), The BioProject  acoession number  @s
PFRINAIHD07S.

3.2.11 Description of Streptomyces winkii sp. nov.

Strepromyces winkii (win'kii, N.1. gen, n. winkii, named after
Joachim Wink, a German microbbologist who has made significan
contributions to adinchacterial systematics and natural products
research) is a Gram-stain-positive, acrobic. non-meiile bacterium
that forms white-grayish aerial mycelium on oatmeal agar medium
that tums white and back-brown on ISP &, ISP 7, and Bennett's
meedia, respectively. A dark diffusible pigment is produced on ISP
6 and ISP 7 at 28°C. The strain is able to grow from 20°C 10 37°C,
optimally at 28°C, and from pH 5-7.5, optimally at pH 740.
Additional cultural and maorphalogical properties are mentioned
in Supplementary Table 51, It has LL-AZ2pm as the diaming acid of
the cell wall peptidoghcan  and  diphosphatidylglycernl,
phosphatidylethanolamine, phosphatidylinositel, an aminalipid, a
glycolipid, a lipid, and four unidentified phospholipid components
as the polar lipid profile. The fatty acid pattern (>4%) contains C5q
igo, Cisg anteise, Ciag 0, Cipg CI5 9, Cpea Cire 00, and Cag
arteiso, The menaquinone pattern (24%) encompasses ME-% Ha,
ME-% Hy, ME-9 Hg, ME-9 Hy, and ME-8 H,. The genome size of
the strain is 7.2 Mbp, and its i silico G+ C content Is 71.3%.,

The type steain DEM 400717 (= Sandoz 59283) was isolated from
soil of an unknown origin and deposited in the DEMZ culture
collection. The genome sequences of DEM 409747 have been
deposited in the DDBIENA/GenBank datshases under the
aceesdion number JASTTHOOO0D0M. The BioProject accession
number is PRINASS0003,
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Abstract

The low frequency of homologous recombination together with poor efficiency in introducing DNA into the cell are the main
factors hampering genetic manipulation of some bacterial sirains, We faced this problem when irying to constrect mutanms of
Strepuomnvees froveevsis DSM 41954, a strain in which conjugation is panticularly inefficient, and suicidal veciors had failed 1o
yield any exconjugams, In this work, we report the constrection and application of a conjugative replicative vector, pDSOO07,
which allows selection of exconjugams even with poor conjugation efficiency. The persistence of the construct inside the
cell for as long as required facilitates the homologous recombination evems leading wo single and double crossovers, While
it was confirmed that the vector is frequently lost without selection, the recognition sequence for the 1-Scel endonuclease
was included in the backbone of pDSOOOT, The presence of a I-Scel recognition sequence would allow o forge the loss
of the vector and the appearance of double crossover recombinants by imroducing a second construct {e.g, plT12742) that
cxpresses 4 Streplevvces codon-oplimised gene encoding the 1-Scel endonuclease, To facilitate sereening for vector-free
clones, the constrisct also carries a Strepomyvees codon-optimised gusA gene encoding the B-gluecuronidase expressed from
aconstituive promoter, We prove the usefulness of this vecior and sirategy with the sirain 5, franensis DEM 41954, in which
we could readily delete an essential gene of a newly discovered hiosynthetic pathway for a phosphonate-containing natural
product, which led 1o loss of phosphonate production according 10 *'P NMR spectroscopy.

Key points

& pDSNN0T ix a new vector for gese-rargeting in difficidr-to-manipulare srepimnyeetes.

& plDSN07 is self-replicative bt easy to cure, targetable ard allows viseal screening.

& plSOO07 was used o prove the discovery of @ novel phosphanare biosynihetic palowey.

Keywords Steeprowmyvees - Genetic manipulation - Homologous recombination - Knock-out - Genetic tools
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Intreduction

Strepromyeetes and closely related filamentous actinomy-
cetes arg high mol % G +C Gram-positive bacteria that
have gained the anention of molecular microbiologists for
over half a cemury; first because of their very complex life
cycle, resembling that of filamemous fungi, and mostly
because of their unmatched capacity w produce bioactive
natural products of outstanding importance for medicing,
particularly antimicrobials (Katz and Baltz 2016).

Genetics studies based on recombinant DNA technolo-
gies have been extensively applied 1o the study of the biol-
ogy of strepromycetes and specialised metabolism (Kieser
et al. 2000; Balte 2006). While novel technologies like
CRISPR-CasY are now available for genetic manipulation
in strepromycetes (Alberti and Corre 2009), gene 1arget-
ing is still mostly based on homologous recombination,
wherein a gene is replaced with a marker or mutated allele.
To deliver the recombination construct into the Serepro-
nvees cell, non-replicative (suicidal) vectors are the first
choice to facilitate selection of at least single crossovers
before proceeding to segregation and selection of double
crossover mutants (Kieser et al, 20000,

Non-replicative vectors are however unsuitable for
strains in which DNA introduction or homologous recom-
bination is not efficient, which is a requirement for stabilis-
ing the construgt in the genome by a first crossover event
before the non-replicative construct is lost, Temperatire-
sensitive replicative vegtors are then the choace, 1o facilitate
the selection of transformants (or exconjugants) without
the requirement of homologous recombination 1o maintain
the construct. The stable presence of the construct inside
the cell facilitates the required homologous recombination
crassover events, while being able to counter-select non-
recombinanis by cultivation at the non-permissive higher
temperature {Muth 200 8). These vectors are however very
stable and cultivation an e required temperature o abolish
replication has been suggested o be mutagenic (Mo et al.
2009%, i possible at all for many sireplomyceles.

One possibality 1o address this problem is o employ vee-
tors that are replicative but can be easily cured, either due 1o
intrinsic instabality or that carry genetic elements that Gacili-
Ltate forcing the loss of the vector. pll 01 15 a natural plas-
mid isolated from Strepramyees lividans 1SP 5434 (Kieser
et al. 1982) whose replication functionality has been exen-
sively used in multiple vectors for genetic mani pulation in
Strepomrvees (Kieser et al. 20000 pLl 101 -ori-rep-based vec-
tors have been constructed mostly for cctopic gene expres-
sion but also for cloning and gene replacement {Kieser ¢4 al.
1982: Kendall and Cohen 1988; Brasch and Cohen 1995).
Particularly useful for gene replacement are pLi101-derived
vietors with decreased segregational stability (Sun et al.
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2008, plIf6 is an Escherichia coli-Srrepromyees bifunc-
tional conjugatable vector constructed by Helen Kieser
{John Innes Cenire, Norwich, UK; Mervyn Bibb, personal
COmMunication) as a gene expression vector with the con-
stitutive promoter of the ervthromycin resistance gene
(ermfZ*p), and has been successiully used as such for pro-
tein production in Srrepresnvees (Berini et al, 2020), plI&6
can be mobilised o sireptomycetes by RK2RPE conjuga-
tion from £, coli, plI36 relies on the origin of replication
(o) and replication protein Crep) gene from plasmid pLI 101
for replication in Serepromnyces and it carries the selectable
marker aoci 2V for apramyein resistance (for both, Sieep-
fonyees and £, colf), Although it was designed for gene
expression and therefore with stability in mind, pl186 has
been used for CRISPR-Cas®-based genome editing and
shown to be easily lost if antibiotic selection is nol main-
tained (Gomez-Escribano et al, 2021},

During a project focused on the identification of novel
strains producers of phosphonae-containing nautural products
(Zimmerniann etal, 2023, 2024}, we encountered the need for
genetic manipulation of Strepronmvces franensis DSM 41954
(original designation 5. frevrensis HM 350, This is a biotech-
nologically imeresting strain & it is an allemative mpamycin
producer and with promising potential as source for novel bio-
active natural products (Hoen et al, 2004), However, genetic
manipulation of this strain is particulasly challenging because
imroduction of DNA is inefficiem (Netzker et al, 2016, To
address this, we developed a vector that would enable to cre-
ate mutants in this strain, and other strepaomycetes that ane
dhifficult 1o genetically manipulate,

In this study, we describe the constrsction of a gene-targeting
vector based on plS6. pDSOIT vector includes the gusd gene
enciling the f-glucuronidase for viswal screening of plasmad
presence. It alsocarmes the necopnition sequence for the endonu-
clease 1-Scel w force the loss of the vector when mod kst theough
segregation, amd, more importantly, to force the DNA double-
strand break repair by homelogouws recombination, thernsby facili-
tating the appearance of gene-replacement mutants (Siegl @ al,
20110y, Ferndndez-Martinez and Bibb 2004). We prove that the
veetor is quickly lost without amtibiotic sclection despite being
self-replicative, and investigate possible genetic causes of this
rapidd curing. W further test its usabality and advantages by con-
structing & gene-replacement mutant in the phosphonate natural
compound prducer 5. inmrensis DEM 21954,

Materials and methods

Bacterial strains, plasmids and cultivation
conditions

Plasmids and strains used or generated during this study
are listed in Supplementary Tables 51 and 52 respectively,
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PUEG (aact I WV, RE2-oril ColEf-ori, ermE*p, plf i -
ari-repy and pSET152 (Bierman et al. 1992) (aaci 3NV,
RE2-ariT, CalEl-ari, phiC3[I-int, pliC31-aul) and
their DNA sequences were a gift from JIC StrepSirains
(jic.strepstrains @ jic.ac.uk, John Innes Centre, Norwich
Research Park, Norwich, NR4 TUH, UK), pGM 1190
(Muth 20018} (rsr, aacfIHV, oriT, te lerminator fipAp,
RBS, fd terminator, sso, rep,) and pGus2] (aacf 30V,
ortT, ermE*p_gusA, oripMBI, knock-out vector, non-
replicative in Sereprevnvees) and their DNA sequence were
a gift from Gilnther Muth (Sigle et al. 2006) (Eberhard
Karls Universitin Tibingen, Geschwister-Scholl-Platz,
72,074 Tithingen, Germany ). Restriction endonucleases,
Ta-DNA higase, 05 and One-Tag DNA polymerases, DNA
Polymerase I-Large (Klenow) Fragment, were purchased
from New England Biolabs {New England Biolabs GrobH,
BriimngstraBe 50; Geb. B832 (Industriepark Hichst), D-
65926 Frank furt am Main, Germany) and used according
1o provider's instructions,

Strepromyees coelicoler strains M 145 (Kieser el al.
2000% and M3512 (Florano and Bibb 1996), and Escheri-
citia coli ET12567/pUZS002 (MacNeil ¢t al. 1992; Paget
etal. 1999 were a gifl from JIC StrepSurains; Streptomyees
fraetensis DSM 41954 (Hamedi e al, 20000 was sourced
from the German Collection of Microorganisms and Cell
Cultures (Leibaiz-lnstitut DSMZ-Deutsche Sammilung
von Mikroorganismen und Zellkulturen GmbH, Inhoffen-
strabe 7 B, 38,124 Braunschweig, Germany ), E. coli DHS5x
(Bethesda Research Laboratories 1986; Grang e al. | 9450y
wis purchased from New England Biolabs (as NEBS-alpha)
or sourced from DSME collection (strain DSM 6397).

E. eali cultivation and general molecular biology tech-
nigues were performed following established methods
(Sambrook et al. 1989) and instructions provided by sup-
pliers. Steepromyces strains were cultivated in SFM (M3)
for preparation of spore stocks, and for mobilisation of
plasmid constructs to Steeprownyess sirains by conjugation
from E. eoli, which were done according 1o established
methods (Kieser et al. 20000) or with the modifications
by Netzker and co-workers (Netzker et al. 2006) when
indicated for S, irerensis. Apramycin and kanamycin were
used at 50 mgfL, fosfomycin at M mg/L., final concentra-
tion for both £ coli and Strepromyees. For the comparative
conjugation efficiency studies, the same culture of donor
E. coli was split into two cqual fractions and mixed with
0.5 mL of pregerminated spores of either 5, coelicolor or
8. iranensis; efMciency was calculated as number of colo-
nies that appeared on the conjugation plates (full accurate
count for 5, inmnensis a5 the number was very low, estima-
tion for 8, ceelicolor as the number was very high) divided
by the estimated number of viable spores wsed.

Genomic DNA was purificd following the salting-out
method (Kigser et al, 2000) from mycelivm of 5. franensis
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cultivated in liguid 5 medium (10 g glucose, 10 g glycerol,
4 g peprone, 4 g yeast extract, 4 g K,HPO,, 2 g KH, PO,
0.5 g Mg50), dissolved in 1 L distilled water) in baffled
flasks and orbital shaking (160 rpm) a1 28 °C for 7 days.

DNA sequencing and sequence analysis

DNA was sequenced using the Sanger sequencing (Sanger
et al, 1977 and Oxford Manopore Technologics-ONT
(Oxford Nanopore Technologies ple. Gosling Building,
Edmund Halley Road, Oxford Science Park, OX4 4D0),
UK} Whole Plasmid Sequencing services provided by
Eurofins Genomics {Eurofins Genomics Europe Shared
Services GmbH; Anzinger Sir. 7a; 85,560 Ebersberg; Ger-
many}. Informatic DNA sequence analysis was performed
with Clone Manager 11 (Sci Ed Sofiware LLC, Westmin-
ster, Colorado, USA), ApE-A plasmid Edior v3.0.8 (Davis
and Jorgensen 20220, Artemis release 17001 (Rutherford
et al. 20000 and Staden Package version 2.0.0b11 - 2006
{S1aden et al. 1999; Bonheld and Whitwharm 20100, Anno-
tation of plasmid genetic elements was done with pLanno-
tane (MoGuifie and Barrick 2021). Search and annotaion
of putative biosymbetic gene clusters were performed with
antiSMASH version 7 (Blin et al. 2023). Homology search
wias performed at NCBI BLAST server (Altschul et al.
19971 and locally with pricctBLAST (Samiago-Sotelo and
Ramirez-Prado 2002).

plI86 de novo sequence was first obtained by Sanger
sequencing; reads obtained with oligonucleotides in
Supplementary Table 83 were assembled with GAP4 of
Staden Package (Staden et al. 1999; Bonfield and Whit-
wham 2010) 1o generate a consensus. Independently,
plI36 was sequenced with Oxford Nanopore Technologics
(Eurofing Genomics) (which with a coverage of 854 x pro-
vided a reliable sequence that fully matched the manu-
ally curated Sanger assembly). The ONT sequence was
annotated on first instance with pLannotate (MeGuffic and
Barrick 2021} and then manually curated. The Kpal site,
most likely wsed for the cloning of ermE®p, was used as
the starting position for the circular sequence, The final
annated sequence was deposited at NCBI under acces-
sion number POQ261717.

B-glucuronidase assay

Detection of f-glucuronidase activity was performed based
on the previously published methods (Myronovskyi e al,
2011} with modifications: X-Glue, 5-Bromo- 4-chloro-
d-indalyl-f-D-glucuronide, was purchased as powder
{Carl Roth GmbH + Co. KG, catalogue number 0018.1;
AppliChem GmbH catalogue number A1T13,0000) and
dissolved in N N'-dimethylformamide to 40 mgimL. stock
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solution, prepared just before using it (due to the short
shelf-life of the stock, even at — 200 °C); X-Glue was added
t0 melicd SFM medium at 55 °C at a final concentration
of 40 mg/l.,

Molecular cloning

Migonuclenides used during this swdy are listed in Sup-
plementary Table 53.

Construction of pD30201 Two homologous DINA frag-
menis of aboul two kilobases (kb Aanking 8. froensis DSM
41954 prepM (which lays between positions 128908 and
129,582 of sequence with accession JAGGLROI0O000023. 1)
were PCR amplified with eligonuclectides AZD29-AZ030
(downstream) and AFD3 1-AZ033 (upstream) (Table 51 ) and
05 high-fidelity DNA polymerase (New England Biolabs).
Each PCR amplicon was first cloned as a blunt-ended DNA
fragment in pRluescript 11 KS + linearized with Smal, and
their correctness and directionality in the cloning vector
were assessed by Sanger sequencing with uhiversal primers
M3 F- 24 mer and M13R- 22 mer (Table 511, The upstream
fragment was excised with EcoR1-HindIIl (sites present in
primers) and ligated 1o pGus2 | lingarized with the same
eneymes, The kanamycin resistance gene neo was excised
from pTC192-Em {Rodriguez-Carcia ¢ al. 20060 with Xbal
and ligated wo pBlucscript-downstream fragment linearized
with Xbal, and the desired orientation selected. The down-
stream-pes insert was then excised with Hind i and hgaed
to pGus? -upstream linearized with HindIlI, and the cor-
rect orentation was selected. This resulied in the construct
pLSOH0 .

Construction of pD50202 The homologous recombination
cassette was excised from pDS0201 as a 4.8 kb Nrul frag-
mient (sites for Nrul were located at the edge of the homolo-
gous fragments) and ligated to pDSMKT lincarized with
EcoRY, vielding pDS0202.

Construction of pD50204 A DNA fragment containing $,
irenensis pepM was PCR amplified with oligonuclemides
AFOT2-AZ073 and cloned imo pBluescript 11 K5 + line-
arized with Smal. This construct was used as template for
a nested PCR with oligonucleotides AZOTE-AZ079, which
carry recognition sequence for Ndel and HindlID restriction
enzymes; 05 high-fidelity DNA polymerase (New England
Biolabs) was used for all PCR reactions. The AZOTE-AZNTS
PCR product was then digested with these enzymes and
ligated o pRM4 lingarized with ihe same eneymes, leading
1o plasmid pDS0204, Selected clones were confirmed by
Sanger sequencing with universal primers MI3 F- 24 mer
and MI3R- 22 mer,
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Construction of pDS0007 plI&6 was cut with HindII1, ends
refilled and cut with Xbal, pGus21 (Sigle et al, 2016) was
cul with Xhol, ends refilled with DNA Polymerase 1-Large
{Klenow) Fragment and cut with Xbal; the blunt-Xbal DNA
segment carrying enmE* plRBS gusAM-Scel-site was puri-
fied from an agarose gel afier elecirophoresis and ligated 1o
the blunt-Xbal lincarized pUSG vector 1o gencrate pDSNT,
One of the clones that showed the expected arrangement on
agarose electrophoresis was confirmed by whole plasnid
sequencing with Oxford Nanopore Technologies (cover-
age 676x, Evrofins Genomics), annoated with pLannatae
(McGuffie and Barrick 2021) and then manually curaed,
The unique Xbal site was used as the starting pesition for the
circular sequence. The final annotated sequence of pDS0007
wis deposited at NCBI with accession number PO3S6203,
pDS000T was deposited o the DEME open callection (mam-
ber DEM 119277).

*'p NMR analysis for phosphonate detection

5. iravensis straing were cultivated in 100-mL Erlenméyer
baffled flasks containing 30 mL of RS medium (Kieser
et al. 20000, with orbital shaking {180 rpm) at 28 *C for
3 10 4 days. These cultures (5 mb) were used to nocalale
A0 mL of GUBC medium in 1-mL baffled flasks (GUBC
medium: 10 g saccharose, 5 g meal extract, 5 ¢ casaming
acids, 5 g glycerol, 5 mL 1 M Na,HPO/KH.PO, pH 7.3,
2 mL Hunter's base dissolved in | L distalled water, pH
adjusted 1w 7.3 and 10 mL Balch's vitamins added afier
autoclaving. Hunter's concentrated base: 20 g nitrilotriacetic
acid, 14 g KOH, 59.3 g Mg50), ‘TH.0, 6.67 g Call,2H,0,
00185 g (NH )sMoyO,p4H,0, 0,198 g FeS0,TH,O,
(0,25 g EDTA, 1085 g ZnS0, TH,0, 0.5 g FeS0, TH.O,
0.154 g MnS0,H.0, 0.0392 g CuS0,5H.0, 0.025 g
Co(NO), THLO, 00177 g Ma, B Oy 10H,0 dissolved in 1 L
distilled water, pH adjusted to 6.8, Baleh’s vitamins: 5 mg
praminobenzoic acid, 2 mg folic acid, 2 mg biotin, 5 mg
nicodinic acid, 3 mg calcium pantothenate, 5 mg riboflavin,
3 mg thiaming HCI, 10 mg pyridoxing HC1 (Bé), 100 pg
cyanocobalamin (B12), 5 mg thioctic acid (lipoic acid) dis-
solved in 1 L distilled water, pH adjusted o 7.0, sterilised
by filtration), After 7 days, culiures were harvested by cen-
irifugation at 4000 ref and 4 °C for 15 min, Supernatanis
were applied to C18 solid-phase exiraction (SPE) canridges
(1 g). and the aqueous Bow-through was collected, Aqueous
phases were dilued with methanoel to an 80€% final metha-
nol congentration, fillered and dricd using a rotary evapo-
rator, “'P NMR spectra were recorded in 20% DO at 243
MHz on a Bruker Avance 11l HDX 600 MHz specirometer
fined with a 5-mm Prodigy BBO H&EF CryoProbe. Phis-
phorus chemical shifts are reported in ppm relative wa 10
mM L-phosphinothricin HCI reference (6 51.2) using a
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double-chamber coaxial NME tbe, NMR data were ana-
lysed using MestReNova 1430,

Results
Construction of pD50007

Based on previous insights on the facile curing of plli6-
based plazsmids {Gomez-Escribano et al, 2021), we chose
this vector as the backbone for our gene-targeting vector,
To ke able 1o visually screen colonies for the presence or
absence of the vector, we chose to include the gene gusA in
the backbone, which encodes the f-glucuronidase enzyme
optimised for Strepomyees codon usage (Myronovakyi et al.
200 1), expressed from the constitutive promoter ermE*p
(Babb et al. 1994} and an oprimized ribosome binding site
(RBS) for Strepramyees (Kieser et al, 20000, To be able 1o
force the loss of the vector, and the appearance of double
crossovers, by directed double-strand DA break, we added
the recognition sequence for the veast intfon-encoded cndo-
nuclease 1-Scel (Siegl en al. 2000; Ferndndez-Maninez and
Bibb 2014).

The DNA scgment carrying ermE* pRBS gusA/-Seel-
site was excised from pGus2 1 (Sigle et al. 2006) and ligated
1o plJ86 (substituting the original ermE*p promoter from
plI86) o generate vector pDSOO0T (Fig. 1; see “Materi-
als and methods™ for details). While there 15 no remaining
multi-cloning site, the deletion cassete can be cloned into
several unigque restriction sites that ane net expected to inter-
fere with plasmid functions: Xbal (used during the construc-
tioan of pOSHEITY, Hind [ {regenerated at the Xhol-Hind111
scar), Bglll, EcoRl, Nrul or EcoRY (which we used in this

it 1
ol |
irad
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pDS0007 PQ3S6203

7625 bps B onmEpRES

. Hrell 3161
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Fig. 1 Cenetic map of pDSMT, i.rpcludi.ng umigEe restriction sites for
the addition of homologous recombanation cassetles or olher DNA
I'm.;:menb:

99

studyh, A full de novo sequence was obtained (sec “Materi-
als and methods™ and below) and deposited at NCBI with
accession number PO356303. The plasmid is svailable from
the DEMZ open collection with number DSM 1193277,

Assessment of the replication region of pD50007
derived from plJ101

An alignment of the plI86 sequence (in silico, provided by
JIC SwrepSiraing; Fig, 51) and pHZ1 358 sequence (another
pll 101 -derived vector, Genbank accession AY6GT410;
Fig, §2) showed that the pll 101 (Fig. 83) replication region
present in plI&6 is missing the s locus (4366 1o 4441 bp in
pHZI358 annotated sequence). A detailed analysis is given
in Supplementary Information (Figs. 54 and 55). However,
the available pllB6 sequence was only an in silico compiled
sequence with no Turther information, making i essential
1o obain ade novo sequence of the full plIS6 vector, which
we obtained with both Sanger sequencing and ONT inde-
pendently (see “Materials and methods™ ), we also obtained
a de novo sequence of the replication region directly from
pDS00NT (between position 2684 amd 6814 bp of the NCBI
PO356203 sequence) by Sanger sequencing, and a whole
plasmid sequence with Oxford Nawopore (see “Materials and
methods™). Alignment of these sequences with the in silico
sequence of pU86, and deposited ones of pHZL 358 (Gen-
bank accession AY66T4100 and pll 101 (Genbank accession
M21778) revealed that the in silico sequence of pliSé 1s
very accurate, and we confirmed that the pld 101 replica-
tion region present in plS6 and pDSOO07 lacks both the si
region and the entire sequence between rep and sif (Figs. 56
1 S10; see Supplementary Information for full details).
plUE6 was known o lack the BamHl site present in the
wild-type pll 101 rep, but the actual sequence was unknown
(filled with “Ns™ in the original segquence). Analysis of the
PUES de novo sequence showed that the former BamHI site
has the same sequence as in pH 1358, which, along with the
other single nucleotide mismatches identified (see Figs. 57
i S100, indicates that the pl101 rep region in plIRG and
pHZ1358 was derived from the same or a closely related
predecessor plasmid (one of those previously reported as a
having lost the BamHI site by spontancous mutation Kieser
et al. 1982; Sun ot al. 2K},

Test of conjugation efficiency of pD50007 and other
vectors

Efficiency of plasmid vecior mobilisation by conjugation o
5. tranensis DSM 41954 has been described 1o be very low
(Metzker et al, 2016). We were also unsuceessiul obtaining
any exconjuganis with pRS020 {described in “Materials
and methods™, discussed below), a suicidal vector carry-
ing two homologous fragmems, each two kilobases long,
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regardless of the modifications to the conjugation profocol
we applied, including the previously published protocol
(Metzker et al, 2006). To test the conjugation eficiency
of the newly generated plIS6-derivative vector pDSONT,
we underiook a comparative study with the model sirain S5,
cerclicolor M 143, As controll vectors, we used the phiC31-
integrative vecior pSET152 and the self-replicative vecior
pGM 190 (Muth 2018) based on the iemperature-sensitive
Streprariyees origin of replication pSG3S used previously in
& franensis (Neizker ¢t al. 2006, All three vectors are £,
coli=Streptommyvees bifunctional, conjugatable and sclected
for with apramycin in both £, colf and Steepromyees, Excon-
jugants were obained from both strains with all three vee-
tors, but while the conjugation plates were completely cov-
ered with exconjugans in the case of 5. coclicelor M145
fior all vectors (estimated efficiancy > 6 3 107 exconjugans
per spore), an efficiency of only £.6 % 1077 (pDSO00T), 2.6
% 1077 (pSET152) and 1.6 = 107° {(pGM1 190) exconjugants
per spore was obtained for 5, frarensis, Le. between at least
two and three orders of magnituwde lower elficiency. The final
comjugation protocol used was the standard developed For 5,
colicolor (Kieser ¢1 al, 2000), since employing previously
published modifications (Netzker et al. 2006) did not appear
10 have a sigmificant and reproducible effect.

Test of stability and segregation properties
of pDS0007

The aforementioned observed frequent loss of plis6-denved
vectors (Gomez-Escribano et al. 2021) was tested in the
molel strain 8. coelicolor M145 and in 8. franensis DSM
41954. The experimental design 1o west whether the newly
generated plI86-derivative vector pDSON0T7 was stably
maintained or reachly lost without antibiotic selection, and
in comparison to pGM 1), is depicted in Supplementary
Information Fig. 511, Exconjugants were replicated on SFM
with antibiotic selection for the vector (apramycin), followed
by one sporulation round on SFM, cither with apramycin
or without, as to force the maintenance of the vector or 1o
allow for its loss, respectively, After preparation of spore
stocks from cach condition, the same volume of a diluted
spore stock was plated on SFM with or without apramycin.
Cobonies developed on each plate were counted after reach-
ing ahout 2 mm diameter (i.c. allowing sufficient time for all
possible colonies to appear). The results showed that when
selecting with antibiotic, berween 700 and 87% of the spores
maintained the plasmids; when spores were developed with-
out antibiotic selection, only 25-28% of spores maintained
pGM 190 (with culiivation at ihe permissive temperature
of 30 °C), with pli86-derived pDSONT, the plasmid was
almost completely lost in 8. coelicolor and 5. franensis
(Figs, 512 1 5153, Remarkahly, in S, coelfcolor, the veg-
tor was almost wtally lost as the colonies developed before
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replica-plating (Fig. 513). An independent experiment to
test plasmid loss during growth was a f-glucuronidase assay
o visually discriminate colonies originating from spores
that kave maintained the plasmid (blue pigment produc-
tign} versus colonies from spores that had los the plasmid,
This allowed screening on the same plate and therefore
under exactly the same conditions, The results showed that
POSMKT was lost almaost completely after just one round of
sporulation without selection, in both 8. coelicodor M145
and M512 (Figs. 51210 514}, as well as 5. frevensis (Figs. 2
and 515), Thus, growing under antibiotic, selection foregs
the maintenance of the vector in most of the spores. It is
waorth noting that, in both experimental sirategics, we were
comparng the same spore preparations under either comdi-
tion and calculaming ratios, rather than absolute numbers, of
colony count. Therefore, we do nol expect our resulls being
influenced by differences of plating efciency between spore
preparations or strains, and the results are a genuine repre-
semation of the poor segregational stabiliny of pDSKT,

Construction of 5. iranensis ApepM:neo by using
pD50007 for mutagenesis

As part of a study o screen for new phosphonate antibi-
olic producers (Zimmermann ¢4 al. 2024), 5. franensis has
recently been identihed as a potential phosphonate pro-
ducer due 1o the presence of a pepM gene in the available
draft genome sequence (Horn et al. 2004). pepM encodes
the eneeymie phosphoenolpyruvate mutase (PepM), which is
the first and essential enzyme of phosphonate biosynthe-
1% (Kayrouz et al. 2020; Li and Horsman 2022). The puta-
tive phosphonate biosynthetic gene cluster is depicted in
Fig. 3a. To further study this gene cluster and to uncover s
metabolic product, we decided to construct a pepM deletion
mutant of 5. franensis DEM 41954,

For this purpose, a homologous recombination cassetie
wis constructed, with the kanamycin resistance genc neco
between two homologous DNA fragments of about two
kilobases Aanking pepM (sce “Materials and methods™ for
details). This cassette was first cloned in the soicidal vec-
tor plus2] {construct pD30201; Fig, 513} and mobilised
by conjugation o 8. irenensis DSM 41954, However, no
exconjugams were obained with this construct under a vari-
ety of conditions including the standard ones for Srrepro-
myvees (Kieser et al, 20003 and those previously published
as optimised for S, irarensis (Netzker et al, 2006). Thus,
we devised the development of pDRSINKT. The recombina-
tion ¢assetie from pDS020] was transferred (o pDSOGO7
(see “Materials and methods”) and the resuliing consiruct
pDS0202 was mobilised o 5, franensis DSM 41954,
Exconjugants selected for kanamycin resistance were
readily obtained with the standard conjugation conditions
(Kieser et al, 20000, replicated an SFM supplemented with
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Fig. 2 Scgregation dability
test of pDSONOT in S, dnraenss
DEM 41954, The samic volume
of a spore prepamtion ohiained
from a plate without apramycin
selection (i.e. an 8P plale in
Fig. 511) was used to inoculobe

Tan SFM plates supplemented
Wilhtilh\!rmly X-Glue (TP, vector, growing on S50
lefty or X-Cilue and apramycin withaut-antibiatic [SP-)

{TP +, right}. The plate at the
left shows conflsent growih,
indicative of a very high
mummber of cnlﬁnj’-‘nﬂning umits
imaculsted, ba only some show
conversion of X-Glue to blue
pgment, indicaiing the very low
proportion of spores that have
maingainesd the plosmid. The
Mate at the right only allows the
grovwih of spores that maistain
e plasmid (apramycin selec-
tion and shows a number of
individual cobonies all of them
shawing conversiom ol X-0Olu
i hlue pigment

meaintain wector]

kamamycin and fosfomycin, and then re-streaked on SFM
(without antibiotic selection) for sporulation. The expected
phenatype of the mutants is Kanamycin resistant, apramy-
cin sensitive and [i-glucuronidase negative, due 1o the ine-
gration of the neo cassette as a result from homologous
recombination by a double crossover event, with simultane-
ous loss of the vector backbone and thus loss of the gusd
gene and apra cassette, Spores of this “first round” were
plated on SFM supplemented with X-Glue and kanamycin
only, allowing growth of both single and double crossover
mutants, and enabling screening for presence of vector by
the [i-glucuronidase-driven conversion of X-Gluc to a blue
pigment. Colonies that grew in the presence of kanamyein
but did neot show blue pigment production were replicated on
SFM supplemented with X-Gilue and kanamyein, and then
streaked on SFM for sporulation. This “second round” of
segregation through sporulation was conducted to ensure
that no single crossover or cells with the self-replicating vec-
tor were carried over, Spores from the “second round™ were
plated on SFM supplemented with X-Glec and kanamycin
only, None of the colonics showed blue pigment production
now grew upon replication on SFM with apramycin, clearly

Singhe spare clone, earrying the

(o selection pressure o

Spore stock

e withou Mmﬂ."

far wector

' N\

SFM no-antibiotic
+xGhuc [TP=)

SFM+Apra
+X-Glug [TP+)

indicating they had completely lost the vector backbone, and
therefore they were likely double crossovers and candidate
mutants. 1 must be noted that we did not make use of the
endonuclease [1-5cel 1w force the loss of vector or second
recombination event, since sufficient candidate clones were
readily obtained. Ten clones were screened for the expected
ApepM:ines mumant genotype by PCR and all of them
showed the expected PCR result (Fig. 516). Two of the can-
diclates were further assessed with additional PCR reactions
and Sanger sequencing of the PCR products, and confirmed
1o have the expected ApepM:ineo genotype (Fig, 517).

Functional proof of pepM deletion in 5. franensis
by loss of phosphenate production

To prowe that the pepM gene is invalved in phosphonate
production in S, iroensis, the 5. franensis wild-type strain,
as well as the ApepM.:nee mutant, was cultivated under
phosphonate producing conditions and then analysed for
phosphonate production using *'P NMR spectroscopy.,
P MNMR studics revealed putative phosphonaie signals
(8p 33.4, B, 21.5, Bp 17.00 for the 5. franensis wild-type
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Fig. 3 Phosphonnie BGC and production of 5. irareesis DSM 41954,
a Mhaspl BGC s il by anliSMASH on sequence with
accession JAGGLROIOONO2E, 1. b ''P NMR spectrum of 5. iranern-
ais DEM 41954 wild-type showing production of phosphosste-con-
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samples (Fig. 3h). These signals were absent in the sample
of the ApepM:ree mutant (Fig. 3¢) but they were restored
upin genefic complemeniation by ectopic expression of
pep from the integraiive construct pDE0204 (dara not
shown), These results show phosphonate production by the
8. franensis wild-type sirain, which was abolished in the
ApepM: ineo mutant, demonstrating that pepM is cssential
for phosphonate production in S, frerensis and proving that
a peph mutant was successfully generated.

Discussion

Homology recombination-based genetic manipulation of
strepromyeates is often hampered by low efficiency of DNA
intraduction into the cells combined with low recombaino-
gemicity of the particular strain. Facilitating the persistence
of recombination constructs inside the cell increases the
chances for homologous recombination. Replicative vectors
with wemperature-sensitive replication mechanizm have been
widely adapted as gene-largeting veclors (Bierman et al.
1992 Muth 2018) bt it 15 often not desirable or possible at
all o cultvate streplomyceles sirains al the non-permissive
emperature. In this work, we have constrected a vector tat,
while being replicative and stably maingained with antibiotic
selection, 15 quickly lost without antibiotic selection, there-
fore behaving like a suicidal vector.

The vector described in this work, pDS07T, carries the
genctic functionality for replication in E. eoli (colEl ari)
and Strepromyees (s plLO1 ari-rep), transfer by conjuga-
tion from E. cali to Strepromyces (RK2 = RP4 ori), selec-
tion in both bacteria with apramycin (eact 30V marker ) and
visual screening for vector presence in Strepromyces by
[relucuronidase assay (gusA = widA marker). The presence
of the 1-5¢el recognition site allows 1o force the loss of the
vector backbone, both when persisting as a self-replicative
extrachromosomal plasmid or when integrated as a single
crossover, thereby Facilitating the appearance of double
crossovers. This can be achieved by mobilising a second
construct, such as plT12742, which expresses a Strepronmy-
ces codon—optimised gene encoding the 1-Scel endonuclease
(Ferndndez-Martinez and Bibb 20014). We have shown that
the vector s quickly lost in two Sirepromyvoes strains (Pwo
derivatives of the model strain 8. coelicolor A(3)2 and &,
franensis) when antibiotic selection is not maintained, and
single-spore clones cured from the vector are obained at
wery high frequency after just one round of sporalation,

pDSMNOT is based on the backbone of plIR6, The details
of the consiruciion process of pLI86 were never published
and only an in silico sequence was available, The thor-
ough analysis of a plIE6 de novo sequence, 1ogether with
the information provided by JIC StrepSirains, indicaies
that plJ86 is likely a derivative of pSETI132 through an

intermediate construct named plIs3, which was also never
published (Mervyn Bibb, personal communication). The
mast likely construction siep towards plIE5 was the ligation
of the Sacll-Sphl fragment of pSET 152 (sequence acces-
sion AJ4 14670} that carries the pUC TS oriC, the apramycin
resistance marker aecd 30V and RP4 conjugation functions
(lacking the phiC31 integrative functionality) with a frag-
ment excised from a pll 101 -derived vector that carries the
replications functions, including a BamHI-free repr gene (ihe
Sacll segment between the sites an position 8489 bp and
1970 bp as in plJ101 sequence with gccession M217T8),
The constitutive ermE*p promoter (Bibb e al. 1994) was
then added between the o T and the pl O replication frag-
ment of plI3, as a Kpal-Hindlll fragment, leading w pll&6
(as deduced from the sequence information supplied by JIC
StrepStrans). It is noticeable that pll86 does not contain an
optimised ribosome binding site or an Ndel site for cloning
of the gene 1o be expressed. Instead, there is a multi-cloning
site with unigque sites for BamHI, Sphl, HindlI and Bglll,
that allows the cloning of the gene 1o be expressed. Another
wilgue restrclon site tha can be used for cloning additional
fragments is the EcoRV site downstream of rep, as used in
this work for the cloning of the cassette for homologous
recombination.

Vectors based on plJ86 backbone had been previously
shiown 1o be segregationally unstable and easily bost witlout
antibiotic selection (Gomez-Escribano et al, 2021) but the
reasons remained unknown, and other parts of the construct
could have been responsible for the observed high-frequent
loss (eg. CRISPR-Cas® functionality). During a thorough
study of the cloning gene-targeting vector pHZ 1358, also
based on pU1O1-ori-rep, Sun and co-workers showed that
deletion of the s locus (“site of second strand synthesis
[ Sum 1 al. 2009 previously called “strong incompatibil-
ity locus™(Deng et al, 1953)), located downstream of the
replication profein-encoding gene rep, results in increased
instability and frequent plasmid loss, although its incidence
seemed to be strain-dependent (Sun et al. 20000, Our thor-
ough analysis with a newly obtained de novo sequence of
PUEH shows that plIE6 lacks the 51 locus present in plI101
and pHZI 358, Sun and co-workers (Sun et al. 2009) refer-
enced previously published work indicating that the lack of
s leads to a low plasmid copy number (Deng ¢t al, 1988),
The low copy number could be the reason for the quick loss
of plasmid from mycelial cellular compartments and, since
pHUEG docs not apparemly carry any specific plasmid par-
titioning mechanism that ensures plasmid segregation o
spores, the high-frequeent number of spores that do not carry
ihe plasmid. Tt is unlikely that the asthors of pll86 were
awdre of the relevance of si, since the pHZ] 358 work was
published in 2009 (Sun ¢t al, 2009), while plI86 was con-
siructed sometime between 2000 (the vector is not included
in the Practical Streptomyees Genetics manual {Kieser et al,
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20060y and 2006 {first time we were aware of this vector).
Sall, it is mot certain whether the lack of s and the rest of
seqpuence between rep and s is responsible for the ohserved
highly frequent loss of vector, a question that nevertheless
goes beyond the aim of this work,

Finally, we have successfully used the vector 1o create
targeted mutants by homologous recombination-based gene
replacement in 8, iranensis, a sirain known 1o be very dif-
ficult to manipulate (Netzker et al. 2016), pDS007 was suc-
cessfully used to delete the geng pepM from a newly identi-
fied phosphonate biosynihetic geng cluster in 8, iranensis,
The mutants showed the expected genotype and phenotype,
with abolished phosphonate production, We show therefore
that 5. drnensis 15 a natural producer of phosphonate-con-
Laining specialised metabolites and that we have correctly
identified the responsible bosyathetic gene cluster,

Supplementary Information The online version contnins sapplemen-
tary material available at hieps:tidonargd 101007025 3-025- | 2477-3.
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3 DISCOVERY OF 7-GLYCOSYL OXAZOLOMYCIN D,
A FIRST GLYCOSYLATED MEMBER OF
OXAZOLOMYCIN FAMILY
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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
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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.'?Although some studies have shown that a
considerable fraction of unannotated signals arises from ion adducts and in-source
fragments,“evidence from metabolomics,'”>176:177.1778genome mining,®'7°'®%and 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.'® To address this gap, recent studies have expanded the use of large
structural databases through in silico annotation methods,'® as well as de novo structure
annotation methods.'® 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 moieties'®*.
In the field of targeted metabolomics, post-column derivatization is used to enhance the
detection of specific compounds'. In contrast, derivatization strategies in non-targeted
metabolomics has mainly been applied as an offline batch step before LC-MS/MS
analysis'86.187.188. pgost-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
mzmine'®to post-process MCheM data to support downstream metabolite annotation from
MCheM experiments'®. By integrating CSI:FingerID in silico annotation'' and GNPS2 open
modification search'?®, 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.'®. 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.'®2. 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 Tubingen 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: FingerlD 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 networking'® together with user-defined Am/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)'%,
These reactivity-informed annotations can be passed directly to downstream tools such as
CSI:FingerID'® or GNPS2'?° to constrain the candidate structural search space( Figure 31B).
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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

109



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.’94

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 acceptors'®®,'%5, naphthoquinones'%,'97,
epoxyketones'8®19%. B-lactones'®'%°, and macrocyclic esters (likely undergoing thioester
formation)?®, as well as terminal alkenes'®®. Reaction B effectively labeled primary and
secondary amines, phenols, and N-hydroxy groups?°'2°2_ |astly, reaction C labeled aldehydes
and ketones'92293_ 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 dataset?®), in
which we added the SMARTS string to each spectra as ground truth. The associated molecular
structures were not included in CSI: FingerlD 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 similarity?®® of molecular fingerprints?® 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 JA345339%%". Thus, we used MCheM reaction A to target this functionality,
since members of this metabolite family contain a reactive [-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 F2%¢. A metabolite with m/z 862.434
displayed high spectral similarity to oxazolomycin D but differed by a Am/z of +162.0528 Da.
This delta mass corresponds to the expected mass of a hexose moiety (CsH100s), 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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functional group informaden of unknown molecules, Post-column
approaches provide an inherent advantage compared v batch deri
vatization, as chromatographic co-elution profiles maingain the link
between precursors and their derivatization  products, which is

'Departiment of Microbisl Bioactive Compounds, Interfaculty Irstitute of Misrobiology and Infection Medicne (IMIT), University of Tabirgen,

Tidbirgen, Germany. “Chair for Bainformatics, Irstitute for Computer Science, Friedich Schiller Univarsity Jena, Jena, Germany. *Bright Giant GmbH,
Jena, Germany. *Departrment of Compieter Science, University of California Riverside, Riverside, CA, USA. "German Center for Infection Ressarch (DZF),
Fartngr Sitg TObingen, Tibingen, Genmany, SCluster of Excollence EXC M24; Controlling Microbes 1o Fight Infoction, Unhwprsity of Tabingen,

Tibingen, Germany, "Department Bonesources for Blocconomy and Health Research, Ledbniz institute DSMZ - German Collection of Microorgandsms and Cedl
Cultures, Braunschweig, Germany, "Institte of Organic Chemi stry and Biochemistry of the Czech Academy of Sclences. Prague, Czech Republic. "Division of
Pharmascograsy, Depariment of Phanmscetical Sciences, Faculty of Life Sciences. University of Vienna, Vienna, Augtria. "mzio GmibH, Bremen, Germany,
"Departmen of Biochermistry, University of Califomia Riverside, Riverside, CA, USA. “These authors contibuted equally: Giovanni Andies Vaale, Shy-
Ming Xia. -~ e-mail: chambers. hughes@uni- tushingen de; functionalmetabolomics@igmail.oom

Mature Communications | {202606:6911

113



Article

hitps:ffdel.org 0, 1038/541467-025-61240-2

particularly important for complex mixwres. The gain of structural
information in non-targeted chemical metabolomics experiments
should increase drastically when orthogonal reactivities ane con-
siclered]. bn this case, Ranctional groups can be probed in iterative or
paralle] reactions, and further multiplexed in one data stream for in
silico spectrum annotation and open-modification searches,

Here, we report the development of a Multiplexed Chemical
Merabolomics workfAow (MCheM) that leverages an array of post-
colurmn derivatization reactions for non-targeted LE-MS5MS analy-
%%, To complement the néw hardware setup (Fig. 1a), we devzloped
an integrated data analysis pipeline that utilizes the computational
concept of ion identity networking in maming” o post-process
MCheM data for downstream metabolite annotation™. By Integrat:
ing CSIFingerID in silico annotation” and GNPS2 open modification
search™ (Fig. 1b), we observed annotation improvements of 31.0%
for CSIFingerlD and 37.6% for GNPS2 over anexperimental library of
-10K experimental compounds, and of 48.8% for CSEFingeriD and
20.4% for GNP52 on a set of authentic natural product (NP) stan-
dards. Finally, we demonstrated the wtility of MCheM in a genome:
gulded natural product discovery case stedy, rapidly identifying

novel oxazolomycin derivatives produced by Strepromyces [l
subsp. Ffis DSM 41230,

Results and discussion

MCheM hardware and software implementation

To implement MCheM data generation, we designed a custom LC-
MEMS hardware configuration consisting of a makeup UHPLC
pump, a T-splivter or reactor manifold, and a syringe pump (Fig. 1a).
Using this sewup, we implemented three LC-MS-compatible post-
column derivatization reactions, each targeting distinet functional
groups (Fig, 2a and Supplementary Fig. 1) First, we applied an
established derivatization reaction wsing L-cysteine w target
electrophiles™ (Reaction A). Electrophilic groups are fairly common
in NPs, as electrophilic NPs often evolved wo interact covalently with
nucleophilic amino acid residues (eg., serine, cysteine, threonine)
présent in biological targets. In our second reaction, we targeted
aming and phenol groups using commercially available d-amino-
quinolyl-N-hydroxysuccinimidyl carbamate (ACC) (Reaction B). As
this reaction requires a basic pH to constrain the amino greups to
their freebase form, we infused a 05% trimethylamine buffer
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between the column and AQC stream wsing the make-up pump,
raising the effluent pH to the 5-6 range during the entire M5 ana-
lysis, in our third reaction, we targeted aldehydes and ketones using
commercially available hydroxylamine hydrochloride {(Reaction €)%,
Following initial test reactions using the three chemical labeling
reactions with our post-column reactor setup, we determined
concentration-dependent linearity and limits of detection (Supple-
mentary Figs, 2-4), Subsequently, we experimentally validated all
three reactions using 359 structurally diverse natural product stan:
dards from the Tabingen Natural Compound Collection (hitps:)
external gnps2.orggnpstibrary) (Supplementary Data ).

T enable high-throughput analysis of all derivatization reactions
in complex metabolomics samples and to merge the resulting data
into a single multplexed data strcam, we developed a specialized
“Online Keactivity™ analysis module in memine. This compuratiomnal
strategy leverages the co-clution of precursoss and products o
establish correlation-baed connections (Fig. b, using ion identity
networking™ in combination with user-defined Amds values corre
sponding to each derivatization reagent. The resulting MCheM data
output represents a hybrid dataset that integrates M5, MS/MS, and
reactivity-based information. It also includes a list of predicved func:
tional groups or substructures in the form of SMILES Arbitrary Target
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Specification (SMARTSY™ {(Supplementary Figs. 9-11% This reactivity-
resohved inforration can be directly wsed by downstream computa-
tiomal tools such as CSEFingerlD™ or GRPS2 to constrain the maole-
cular structure search space (Fig. 1b).

MCheM albows for improved metabolite anmotation of tandem

mass spectra

We validated the specificiy of MCheM reactions using a set of
authentic namwral product standards, as shown in Fig. b, Reaction A
successfully labeled electrophilic functional groups, ingluding
Michatl acceptors™™, naphthoguinones™, epoxyketones™™, [
lactones™™, and macrocyclic esters (likely undergoing thioester
formation)™, as well as terminal alkencs”. Reaction B effectively
labebed primary and secondary amines, phenols, and Nhydroxy
groups'-", Lastly, reaction C labeled aldehydes and ketones™ ™. A
tonal of 139 distingt derivitization events (including those from
Reactions A-C)were detected across the 359 compounds, using their
known structures as ground truth, OF these, only five instanoes [ 3.6%)
were classified as false positives, confirming the high specificity of
the MCheM workflow.

We validaved the performance of MCheM-enhanced annotation
using CSEFingeriD, First, we analyzed 208 spectra from our standard
mix that reacted with at least one derivatization reagent, querying
them against the SIRIUS biological structure database, For 180 spectra
the comect structures were present in the database. The ranking
results for every Top k annotation improved due to MCheM, with
BE spectra having their overall rankings improved (49%). Notably, 20%
of these spectra were promoted into the top 3, and 6% were reranked
to the top 1 position (Fig. 3a), To estirmate the improvement in meta-
balite annotation on a larger and more diverse set of molecules, we

Cl:FingerlD Search Results 359 NPs dataset

assessed the performance of MCheM by simulating the gained func:
tional group information from 10,709 M3/MS known spectra from
MassBank, MoNA and GNPS (CANOPUS dataset™), in which we added
the SMARTS string to each spectra 8 ground truth, The corresponding
muokecular structures were not part of the CSEFingerlD training data,
Alsa here, MCheM substantially improved the annotation rankings for
3297 spectra (32%), with 2% showing improved wop 3 and 15%
improved vop 1 annotations (Fig. 3ah. Next, we evaluated the impact of
MCheM For open modification search (egg., in case the warget com:
pound i nat present in the library, but a strecturally highly similas one
is present), To do this, we removed the exact matching structures from
the GMPS2 MSMS libraries. Out of the experimental spectra from our
359 authentic standards, 189 yielded ot least one hit during open
modification  spectrum  library  matching. Using the  Tanimoto
similarity™ of modecular Angerprings™ vo evaluate structural similarity,
the analysis focused on the queries with a petentially very similar
strctural analog in the libraries, higher than or equal to 0.5 Tanimoto
similarity. This filtration step left 125 MSMS queries. Comparison of
rankings before and ofter MCheMeinformed filtering  reveabed
improvement in the average Tanimoto scores and the rank of the most
structurally similar match, as shown in Fig. 3b and Supplementary
Figs, 12 and 13, OF the 125 cases, the top 1 Tanimoto score imgroved in
27 (2L6%) and decreased in 15 (12%), rmising the average Tanimoto
score from 056 to 044, Among the top 5 hits, the best Tanimoto
scores improved In 28 cases (22.4%) and decreased In 11 (8.58%), raising
the average from 048 1o 0L58, The rank of the highest Tanimouw scone
improved in 47 cases (37.9%) and declined in 19 (153%), with the
average rank improving from 14.92 w 964 (Supplementary Fig. 16).
Far the larger CANOPUS dataset, 7248 of the 10709 pullic MS/MS
spectra yielded analog Bbrary matches. Among these, 861 specira
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(1.9%) showed Improved top 1 matches. while 562 scans (7.5%)
decrexsed, increasing the average Tanimoto score from 0.44 1o 0L52
(an 18% improvement). For the top 5 matches, 887 spectra (12.2%)
improved, $46 (6.2%) decreased in ranking. and the average increased
From 0,61 to 0,67 (Fig. b and Supplementary Figs, 14 and 15). The ank
of the most similar matches improved in 2094 cases (30.3%) and wor-
sened im 669 (9.2%), with the average rank improving from 11594 w
942 (Supplementary Fig. 16

MCheM facilitates the discovery of 7-glycosyl oxazolemycin [

Finally, we evaluated the effectivencss of MCheM to explore unchar
acterized bacterial extracts. We applied the approach in a genome-
guided natural product discovery effort o investigote speclalized
metabolites produced by Streptomyoes ibam subsp, ngfus DSM 41230,
The 5. libkrm genome featanes a biosynthetic gene cluster (BGC) similar
to oxazsdomycin B BGC from Strepromyees alburs JAMSET (Fig, 4a).
This nateral procduct family features a reactive [-lactone maoiety, In
arder todetect the flactone moiety, we leveraged MCheM reaction A,
Sarikingly, while cxamolomycin was not annotated as one of the top hits
usimg regular M55 data, the MCheM-based reranking of CSi-
Fingerl search results pushed oxarolomycin D w the Top 1

annotation for node e 7003804, rendering it the most likely
seructure (Fig. 4hh

MNext, we extended our analysis 1w explore structurally related,
presiously uncharacterized derivitives identified throwugh mobecular
networking and tagged via MCheM reaction A (cysteine), Among the
most abundant features within our molecular network wene Four
putative analogs in addition to exazolomycin [ that showed reactivity
with the cysteine probe (Fig. 4b). Their mass differences and MS/MS
fragmemation patterns indicated possible oxidation and cyelization
events in the polvketide chain, consistent with modifications pre-
viously reported for oxazolomydn F (Supplementary Figs, 19 and
200", Another feature with myz 862,434 showed high speciral simi-
larity to oxazolomycin [ with a dmyz of +162.0528 Da (Fig. 4c). This
dela mass corresponds o the expected mass of a hexose molety
{CuH 050, consistent with the presence of a putative ghycosyl:
wransferase gene (srafi O25TI0) in the 5. S oxacolomycin BGC,
which is atsen in the 5. albus counterpart (Supplementary Fig. 17),
Notably, glycosylated oxacolomycing have not been described in the
leerature and are not present in natural product databases (GNPS,
Dctionary of Matural Products) and other structure databases (o.g.,
PubChem).  Impomantly, glcosylated  oxazolomycins  are  not
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represented i the structure database searched by CSEFingerlD. To
confirm the structure, we purified the compound using flash chro-
matography and preparative HPLC, followed by a suite of orthogonal
NMR experiments (Fig. 4. Supplementary Figs, 22-27 and Supgle-
mentary Table 1), These anabyses unambigeowsly identified the com-
pound as Tglycosyl oxazolomycin [ representing  the  first
glycosylated member of the cxazolomycin famity.

In summary, MCheM combines novel concepts for MS/MS data
acquisition and analysis to improve metabolite annotation in non:
targeted metabolomics, The workflow includes a scalable software
solution in memine to detect MCheM-derived Features, which can be
integtrated with downstream MS/MS annotation tools such as SIRILIS
and GMPS2 for enhanced mectabolite identificadon. Our results
demonstrate that incorporating MCheM-derived reactivity informa-
tion substantially improves metabolite annotation accuracy, in both in
silico and open modification searches, as demaonstrated in the nateral
product discovery of a novel glycosylated oxazplomycin,

A central aspect that underscores MCheM practicality is its simple
hardware setup, which can be easily implermented on most commercial
LC:MSMS platforms using a secondary HFLE, a syringe pump, and a
readily-meailable software pipeline. Notably, the improvements repor-
ted here were achieved using structural information from only three
devivatization reactions, Additional reactions targeting other functional
wroups can similarly be integrated to further boost annotation. We
anticipate that MCheM will be broadly applicable for expanding struc:
tural information in non-eargeted metabolomics, including the inte-
gration of emerging computational approaches with the ultimate goal
of providing complene M5/MS:based de nove strecture eluchdation,

Methods

Micro-flow UHPLC-MS/MS

For reactions A and C. LC-MSMS analysts was performed on a 1290
Infinity 1l ulrrahigh-performance lquid chromatography (UHPLC) sys-
term coupded o a Bruker Impact 1OTOF mass analyzer. The insorument
was operated in data-dependent analysis (DDA) mode with the follow-
ing parameters: positive ion mode, capillary voltage = 4.5 kY, nebulizer
was pressure =12 bar, dry gas Bow rate = 10 Limin, drying tempera-
ture = 220 %C. The default mass range was 150- 2000 my'z for reaction A
and 2060~ 2000 my'z for reaction C, both with a resolution of 50,000, The
three most abundant precursor jons were selected for fragmentation
with a collision energy (CE) of 20-30 eV, After three MSMS spectra
were acquired on a particular precursor ion, the jon was dynamically
excheded From the frogmentation list for 0.3 min, For reaction B LC-MS5/
M5 analysis was performed on a Vanguish UHPLC equipped with an
additional quatemary pump coupled o a O Exactive HF mass spectro-
meter. The heated electrospray lonization (HESD) source was used with
the auxiliary gas temperature = 400 °C, fow =12 arbitrary units (AL,
sweep gas fow = 1 Limin, sheath gas fow rate = 30 ALL The instrurmen
was aperated in data-dependent analysis (DDA mode with the Follow-
ing parameters: positive jon mode, capillary voltage = 15KV, drying
termperature = 250 °C, The default mass range was 220-2000m/z with a
resolution of 120,000, The five most abundant precursor (ons were
selected for fragmentation with a stepped normalized collision enengy
(NCE} of 25, 35, and 45€V, a resolution of 15,000, and an isolation
window af Lmyiz, The same EVO C-18 column (1.7 pm, 100 A, 100 =1 mm)
and chromatographic method were employed for all the analyses. The
mobile phases conststed of A (HpO -+ 0% formic acid) and B (ACN+
0.1% formic ackd). The constant 150 pL/min Now rate was used following
a linear gradient stamting with 5% B and reaching 99% B in 10 min, fol-
lowed by a wishing sepment between 10 and L2min (99% B) and a
subsequent re-equilibration segment between 13 and 15 min (5% B),

Chemical metabolomics reactions setup
The derivatization agent (DA) was constantly infused post-column for
the whole analysis duration through a syringe pump and a PEEK

T-splitter or manifold. Reaction A L-cysteine, ©dmM (10 pL/min,
mass range 150- 3000 myz. Reaction B: AQC, 100 md (2 pl/min), mass
range 220-1500avs, with 0150 mlfmin of a 0.5% trimethylamine
solution in 1:1 HyO:ACN infused from a second PEEKT-splitter located
before the AQC splitter, Reaction C: hydroxylamine hydrochboride,
100 mM (10 plfmin), mass range J00- 2000 m/z.

Standard mix

For chemical metabolomics method development, 3 100 pg/ml stock
mixture containing the following 32 standards in HpOACN 121 was
usedk: kamamyein (Sigma Aldrich), cephabexin hydrate (Alfa Aesar),
doxombicin hydrochloride (LC laboratories), emamectin (MedChem:
Express), vancomycin hydrochloride (Sigma Aldrich), spiramycin
(Tokyo Chemical Industry Cou), kitasamycin (AK Scientific), rotenamne
(MP Blomedicals), griseofulvin (Alfa Acsar), forskolin (LC laboratories),
carfilzomib (LC laboratorses), tetracycline hydrochloride (Sigma
Aldrich], genistein (LC laboratories), erythromycin (Sigma Aldrich),
parthenolide (EMD Milipore), andrographolide (indofine Chemical
Company), gibbercllic ackd (Acros Organics), monensin sodium salt
{abcam), vohimbine hydrochloride (Skigma  Aldrich), abamectin
{abcamBiochemicals), paclitaxel (MedChemExpress), catharanthine
(TS5 Chem), harmaline {Indofire Chernical Companyl, quinine (Sigma
Aldrich), vinblastine sulfate (TSZ Cheml, etoposide (MedClemEx-
press), fidaxomicin (ApexBio), mifepristone (Acros Organécs), terbi-
nafine hydrochloride (Acros Organics). bacitracin (Sigma Aldrich).
Marinopyrrole was obalned via chemical synthesis", Salinosporambde
was purified from cultures of Salinispora rroica™.

Titration experiments

The 32-mix stock (100 pg'mL) was diluted with HpOACN 130 a5 a sol-
vent to prepare a 50, 10, L and 0. pg'ml dilution series, For method B,
the 32:mix stock solution was supplemented with L-phenylalanine as
internal standard ar the same concentration. For the analysis, SpL of
each stamdard mix was injected and analyzed in duplicare with and
without the chemical metabolamics procedure for each method, The
reaction yiclds were caloulated [yield = product arcafproduct area +
educt area) = 100%] For each compound and each reaction and plotted
against compound concentrations (Supplementary Figs. 2-4)L

Chemical metabolomics analysis of an in-house natural products
library. A total of 327 pure NPs (from the T NP Library) that we
recently shared with the metabolomics community via GNPS were
mined into 17 different pools (Supplementary Data 1) For the analysis
of each pool, 5 pL were injected and analyzed in duplicates with and
without the chemical metabolomics procedure for each experiment,
each sample was run in a randomized order. In addition, method A was
also evaluated wsing an extract containing cystargolide A 1o specilically
test the efficiency of fractone labefing™*". The extract was abtained
by extracting a d-day old cultwre of Kitasatospora ostangines NRRL
B-16505 grown in KCM liquid medivm (1.6 g dextrin, (L8 g galactose,
0.8g malose, 08¢ Baowo sovtone, 04 g glucose, 03 g (NH, )50y
dissalved in 1L tap water) with ethyl acetate.

Data processing, Therme raw data were converted into,mzML format
wsing msConvert by Proteowizard”, while Bruker raw data were con
verted into the same format through a script developed by the man-
ufacturer. All the MS data were processed with mzmine (Version 4.0.0)
o “clean up” and align the data, and reactive metabolives were aute:
matically annotated through the "Online Reactiviy™ module. Here
different theoretical Ay values were set according to the expected
products for each derivatization reaction: 1200197 Da for reaction A,
170.0481 Da for reaction B, and 15.000% Da for reaction C (Supple-
mentary Figs. 5-7 and Supplementary Data 2. All metabolites were
annotated, and all possible reactive substructures present across the
metabolites were incorporated into a table in SMARTS formar and
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automatically integrated into the.mgf files for SIRIUS and GNPS (Sup-
plementary Data 2). The comect SMARTS representation was tested
using a script written in Python, Reacting metabalites but lacking any
possible reactive substructure were listed as “false positives”. Meta-
baolites with alow conversion yield (<5%) in reaction A were excluded wo
refine the data, The parameters employed for processing each dataset
and the cutpwt data are publicly accessible as mzmine batch files
(Supplementary Table 2). The daa were exponed with the FEMN
maddule as one file containing the M5 and MS/MS features (mgf), one
quantification table (csv), and an edges annotation table Cesv), and
through the SIRILS exporting modube as one M5 file (mgf),

CANOPUS dataset and CS5:FingerD evaluation. The CANGAUS
dartaser consists of 8,569 tandem mass spectra from GRPSY, 1417
tandem mass spectra from MoNA (hopss/monaflehnlaboucdavis.
edu), and 723 tandem mass spectra from MassBank™, containing a
tonal of 8553 unique structures ™. For this dataser, results of the four
MCheM reactions were determined wsing the known compound
structures, assuming error-free chemistry, Annotations were per:
formed using the latest version of CSEFingeriD that is part of SIRIUS
6, using a worst-case five-fold cross validation: the fngerpring for
each spectrum was predicted using a machine learning model that
has seen neither any spectrum of the same structure, nor any
spectrum of a similar or derivatized structure, Chemically similarity
was determined wsing the myopic Maximum Common Edge Sub:
graph distance®’.

GHNP52 data analysis. An anabog library search™ was conducted w
retrieve the top 30 analogs for each reading. The search parameters
were adjusted to be more relaed than the GNPS default (minimum
cosine = 0.5, minimum matched peaks = 4, fragment ion tolerance = 0.5,
and precursor fon tederanoe = 20) (hupsygnps Longhomepage), This
adjustment leverages additional FG information o capure more
surcturally simiar matches thar might exhibit lower cosine values. For
the analysis section of this work, duplicate hits and exact matches were
removed from the brary search results, and the scarch was expanded
to maintain a complete set of analogs. This step ensures that the results
consist only of analogs and not cxact lbrary matches, ensuring falr
comparisons and climinating potential informatien overlap. It should
e noted that the remaining structures in the cleaned libraries may sl
show a Tanimoto similarity of 1 with some data strectures, a5 the
medecular fingerpring representation is lossy, meaning two structurally
distinct molecules can produce the same fingerprint, The fingerprints
were computed using the default settings of the RDKi (hitpsyiwww.
rdkitorgh fingerprine implementation. Next, the Tanimoto similarity
berween the Angerpring of each reading's structure and the fingerprints
of its matches were calculmed a5 the baseline measure of success, The
mrtchis were then ranked based on their modilied cosine similarity
soore, refermed to as the “ranking without functional groups,” Finally,
the structures of the matches were examined to determing if they
contain the corresponding functional groups. With this information, the
“ranking with functional groups™ was calculaved, where matches are first
ordered by the presence of the functional growp and then by their
malified cosine score,

Genomae analysis of DSM 41230, The genome sequence of 5, fbani
subsp. ngfus DSM 41230 (taxonomic correct name Strepionmoes pla-
rensts DSM 41230) was analyzed with antiSMASH v. 70" to identify
BGCs. Region 119 contained a set of genes similar to the oxazolomycin
B BGC from S altues JA3453, The analysis of synteny among clusters
wis performed with clinker™,

Isolation and structure elucidation of 7-glycosyl oxazolomyein D.
Strain 5. fbani subsp, rufies DSM 41230 was first cultivated in o 100 mL
Erlenmieyer flask with 30mL of RS liquid medium (100 g sucrose, 10 g

glucose, 0L15g K50, 10g MgCl, Oug casamino acids, 5g yeast
extract, 5.7 g TES buffer, and 2 mil trace metal mix in 1 L distlled warer,
PH 7.2), The cudtere was grown on a platform shaker at 100 rpm and
26°C For three days, 5 ml of preculture was used o insculate SO0 ml,
Masks containing 150 mL fermentation medium (4 yeast extract, 10 g
solubde starch, 2g Bacto peptone and 35 g sea salts in 1L distilled
water, pH 7.0 The culture was grown at 100 rpm and 29 °C for fouwr
days. The complete culture (10.51) was then centrifuged, and the
supernagant was extracted three dimes with an equal volume of ethyl
acetate (ErOAC), The EnOAC extract was dried over NaS0y and con-
centrated under reduced pressure to give 6.7 g of crude extract. The
extract was fractionated on silica gel using a stepwise gradient clution
with the following solvents: 100% hexancs, 30% EtOAc in hexanes,
100r% EridAc, 1% MeOH im DM, 10% MeOH in DCM, 100% MedH.
Fraction 5 (eluted with 107% MeOH in DOM) was dried and sulbjected 1o
further silica gel chromatography wing the following elution profile:
104r% DCM, 10% MeOH in DCM, and a linear gradient from 10-100%
MeDH in DCM over 20 min, yielding multiple subfractions, Fractions
containing the aget compound were combined, dried, and redis:
solved in 7% MeOH in DCM for preparative HPLEC purification (Phe-
nomenex Luna silica (2), 10pm, 250 = 21.2mm) using an isocratic
method (7% MeOH in DCM, 10mLiming and UV detection at 254 nm to
yieh! T-ghycosyl oxacolomycin [ (334 mg, ty = 12 mink HRESIMG myd
M+ HI" = 8624330, calculated For CysHe N0, 8624332, The come
pond was characterized 10 and 2D NMR spectroscopy, including 'H,
B, COSY, HSQC, HMBC, NOESY experiments, recorded on a Bruker
Avance Il HDX 700 MHz spectrometer equipped with a 5 mm Prodigy
CHPFACAN) TO Cryoprobe (Supplementary Table 1 and Supple:
mentary Figs, 22-27) 'H NMR data were recorded at 700 MHZ in
S0y (2,50 ppm), and “C NMR data were recorded at 175 MHz in
DMS0-d,, (39.5 ppm). NMR data were processed using MestReMNova
{Mnova 14.3.0. Mestrelab Researchh software™,

Reporting summary
Further information on research design is available in the MNature
Portfodio Reporting Summary linked to this article,

Data availability

All M5 data acquired in this work as well as processed dara, and pro-
cessing batch files, are publicly available through both MASSIVE and
Fenddo [hepsyrenodoorg]. Al accession numbers ang links are listed
in the supplemental information in Supplementary Table 2 The CANO-
PUS dataset used to test the method can be downloaded from [hiips:
biodnformatikuni-jenade/data/). Streprovmyees lbani subsp, rufus DSM
41230 (strain NBRC 15424) genomie bs publicly accessible through NCBI
Nucelotide Database with accession number APOZMOS. The GNI'S2
FBMMN job is publicly available ag the foBowing link: [Fuupssgnpslon
statusrask=T14h3ael S5 c P98 T M B6638h0 0L GNPS2 Chemical
Metabolomics job for the experimental dataset can be accessed here:
IhetpsfignpsrongstansTrask=508a%676780d4e 119 chbacIboe 0l 1512],
NMR data has been deposited o nmekiv with the hapsy'dodong 10,
STOURMMRXIV.PIY. Source data afe provided with this paper.

Code availability

The code for the GMPS workilew and analysis i available on GitHub
[httpssfigithubocomWang - Bisinformatics-Lab/Chemical_Metabolomics_
with_functional groups/irec/master] and Zenodo [hitpss/zenodo.ong/
records/154690%2], A fully runnable instance of the workflow can be
unched directly ar GNFSXong [hoepsyignpsong workilowingur?
m:xrk!I|:rwn:|||1|.-=l.".Iw||'|ir.ﬂ_Mul;nIM:lll:||1|i-:.‘.\_\"¢'ilI|_F|||‘n.:|!i|:||‘u|I_Er4:m:|:|h]. The
mrmine source code and versions are available on GitHub [y
github.com/maming/ meming] and mzioio [hipsimaiode]. MCheM
filtering ts available In SIRIUS version 6.2, and source code and versions
are anvallable om GitHub [heepssgithubooom, Sivius-ms/sirius] and bright-
glanrcom [heopsybright-glanteom]. The code for Alering SIRIUS

Mature Communications | {202518-691

119



Article

hittpsyf/dol.org0.1038/541467-025-61240-2

candidate lists via MCheM can be found at GitHub [hitpssgithubucom
kashsoindo/ Tunctional_ metabolomics]. The code for the SMARTS check s
uploaded to GitHub [lurps:/github.com/corinnabrungs/smarts_testing]
and Fenodio [hepsydoiorg10.5281 zenado, 15480298],
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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.?®® 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).”?AntiSMASH
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 | or Ill 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 CzsH2sBrN2Os (calcd for
CasH2sBrN20Os*, 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.

Intenss. ] +MS, 5.68min
x10° ]

1.07 5511177 553.1160

0.5-

0.0

Figure 34. MS pattern of brominated metabolite.
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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.
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Figure 35. Structures of PAC1-4 and key HMBC and COSY correlations

Each of these fragments contained one a-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 (8¢ 33.72, &u 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 (8¢ 37.06, dn 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 (&6¢ 59.80, &n 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.?'%-2"!

Compound PAC2 was obtained as a white amorphous solid, and its formula was assigned as
C36Hs4NsO7 by HRMS and 'H and "*C NMR spectroscopic data. The '"H and multiplicity-edited
HSQC NMR data in CD3OD showed that Compound PAC2 multiple carbonyl signals in the
region ¢ 169.75-173.22, the characteristic N-methyl singlet at C-22 (8¢ 31.14, d4 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 (&¢ 53.71, &4 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
Ca0Hs4NsO7 by HRMS and 'H and *C NMR spectroscopic data. The '"H 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 (8¢ 31.15, &4 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 (8¢ 50.51, dn 5.06 (m)) was connected to a benzylic
methylene C-30 (6¢ 36.50, dn 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
Cs7Hs4NsO7 by HRMS and 'H and "*C NMR spectroscopic data. The '"H and multiplicity-edited
HSQC NMR data in CDsOD 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 (&¢c 31.13, du 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 (8¢ 52.36, n
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 [6¢ 56.20, 61 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,?'? 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-lle 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,?'>2'* 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.
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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 pg/ml. It showed strong activity against B.subtilis
168 with a MIC of 0.25 ug/ml. PAC3 exhibited strong antibacterial activity against S.aureus
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USA 300 and showed a MIC value of 1 pyg/ml. It showed strong activity against B.subtilis 168
with a MIC of 1 ug/ml. PAC4 exhibited strong antibacterial activity against S.aureus USA 300
and showed a MIC value of 8 ug/ml. It showed strong activity against B.subtilis 168 with a MIC
of 8 ug/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.?'°

To further investigate the mode of action of these compounds, the agar-based reporter with
different biomarkers (clpE, yorB, yppS, bmrC, fabHB, ypuA, and lial) were specifically used.

PAC1 PAC2 PAC3 PAC4

clpE
(Protein stress)

yorB
(DNA synthesis
inhibitor)

yppS
(RNA stress)

bmrC
(Translation
arrest)

fabHB
(Fatty acid
synthesis)

YPUA
(Cell envelope

stress)

lial
(Lipid-1l cycle
stress)

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 lial. 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 cIpE, yorB, yppS, bmrC, fabHB, ypuA, and lial 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-Il cycle stress, respectively.?'5All four
compounds induced a clear response in the ypuA reporter, whereas no evident induction was
observed for clpE, yppS, bmrC, fabHB, or lial. 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 lial
shows that these compounds are unlikely to act as canonical translation inhibitors, RNA
synthesis inhibitors, fatty acid biosynthesis inhibitors, or direct Lipid Il 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 1cm? 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% H20, 20% MeCN in H20, 40% MeCN in H.0, 60% MeCN
in H20, 80% MeCN in H.0O, 100% MeCN. All elution solvents contained 0.1% Trifluoroacetic
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acid (TFA). Fraction 4(60% MeCN in H>O) was dried and further purified by semi-HPLC
Kintex® 5 ym C18 100 A (250 X 21.2 mm), 65 % MeCN in H,0 (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
Universitét Tiibingen. 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 Ill 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 pg/mL chloramphenicol at 37 °C and 190 rpm. Overnight cultures were
diluted into 20 mL antibiotic-free LB to an initial ODsggo of 0.05 and grown at 37 °C and 190 rpm
to an ODego of 0.8-1.3 (typically ~1.0). Soft agar was prepared in parallel, using LB soft agar
for yorB, ypuA, lial, clpE, and fabHB, and Belitzky soft agar for yppS and yhel/bmrC. Cells
were used directly without centrifugation, and no MgCl> or X-Gal was added. The culture
volume corresponding to 3 x 108 cells was calculated using the formula Volume (mL) = [6 /
(ODeoo x 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 ug)
for lial, erythromycin (0.1 yg) for yhel/bmrC, rifampicin (0.5 pg) for yppS, kanamycin for cipE,
and triclosan (2.5 pg) 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 Tubingen 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 3'P 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-CI, 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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APPENDIX



A.1 Abbreviations

AA

ACP

AT

A domain
ARTS
ADEPs
AQC
BGCs
Bis-tris

Cis-AT PKSs
CLF

C domain
Cy

ClpP
COosy
C-P

DNA

DH

DEBS
DMAPP
DMSZ

DMSO
DCM
DAD
EtoAc
ER

E

E. coli
ESKAPE

EIC

ECF

ESI

FDA

Fig
FADH
FBMN
FMOC-CI

Amino acid

Acyl carrier protein

Acyltransferase

Adenylation domain

Antibiotic Resistant Target Seeker
Acyldepsipeptides
6-Aminoquinolyl-N-hydroxysuccinimidyl carbamate
Biosynthetic gene clusters
2-[bis(2-hydroxyethyl)amino]-2-
(hydroxymethyl)propane-1,3-diol
cis-Acyltransferase polyketide synthases

Chain length factor

Condensation domain

Heterocyclization

Caseinolytic protease

Correlation Spectroscopy

Carbon to phosphorus

Deoxyribonucleic acid

Dehydratase

Deoxyerythronolide B synthase

Dimethylallyl pyrophosphate

Deutsche Managementsystem Zertifizierungsgesell-
schaft

Dimethyl sulfoxide

Dichloromethane

Diode array detection

Ethyl acetate

Enoylreductase

Epimerization

Escherichia coli

Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa and Enterobacter spp.
Extracted ion chromatogram

Ethyl chloroformate

Electrospray lonization

Food and drug administration

Figure

Flavin-dependent halogenases

Feature-based molecular networking
Fluorenylmethyl Chloroformate
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FA
G+C
GC
GNPS
HPLC
HSQC

HMBC
HILIC
HEPES
IPP

IPK

IDI

KS

KR
LC-MS/MS
LC-HRMS

MRSA
MSAS
M
MRSE
MVA
MEP
MVK
MS
MS/MS
MassIVE
MCheM
MOPS
MeCN
MeOH
NPs
NRPs
NMR
NOESY
Ox
OSMAC
PKSs
PPTase
PCP
PPant
PMK
PMD

Formic acid

Guanine-plus-cytosine

Gas chromatography

Global Natural Products Social Molecular Networking
High-performance liquid chromatography
Heteronuclear-single-quantum-coherence
spectroscopy

Heteronuclear Multiple Bond Correlation
hydrophilic interaction liquid chromatography
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Isopentenyl pyrophosphate

Isopentenyl pyrophosphate kinase

Isopentenyl diphosphate isomerase

Ketosynthase

Ketoreductase

Liquid Chromatography-Tandem Mass Spectrometry
Liquid Chromatography-High  Resolution Mass
Spectrometry

Methicillin-resistant Staphylococcus aureus
Methylsalicylic acid synthase

Methylation

Methicillin-Resistant Staphylococcus Epidermidis
Mevalonate

Methylerythritol

Mevalonate kinase

Mass spectrometry

Tandem Mass Spectrometry

Mass Spectrometry Interactive Virtual Environment
Multiplexed Chemical Metabolomics workflow
3-(N-morpholino)propanesulfonic acid

Acetonitrile

Methanol

Natural products

Nonribosomally synthesized peptides

Nuclear magnetic resonance

Nuclear Overhauser Effect Spectroscopy
Oxidation

One strain many compounds

Polyketide synthase

Phosphopantetheinyl Transferase

Peptidyl carrier protein

Phosphopantheteine

Phosphomevalonate kinase

Phosphomevalonate decarboxylase
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PEP
PnPy
PCR
RiPPs

R

TE

trans-AT PKSs
T domain
TOCSY

TFA

uv

Phosphoenolpyruvate

Phosphonopyruvate

Polymerase Chain Reaction

Ribosomally synthesized and post-translationally
modified peptides

Reduction

Thioesterase

Trans-acyltransferase polyketide synthases
Thiolation domain

Total Correlation Spectroscopy
Trifluoroacetic acid

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.
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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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Flgure A 2. Synteny analysis for deﬁmng the boundarles of the putative phosphonate BGC.A. Slmllarlty
search with NCBI BLAST blastn program, using as query Kitasatospora fiedleri DSM 114396
chromosome sequence with accession NZ_0X419519, 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-BGC" (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_0OX419519) 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_0X419519 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. sefae a more distant species.
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Figure A 3. An analysis at NCBI BLAST, using the range 3391998 to 3439448 of NZ_0X419519.1
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_0X419519, 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).

157



Kibdelosporangium banguiense DSM46670 Saccharopolyspora spinosa DSM44228
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Figure A 5. 3'P NMR of culture extracts of Kibdelosporangium banguiense DSM46670 and
Saccharopolyspora spinosa DSM 44228 grown in different media
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Streptomyces aureocirculatus DSM40386 Streptomyces iranensis DSM41954
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Figure A 6. 3'"P NMR of culture extracts of Streptomyces aureocirculatus DSM40386 and Streptomyces

iranensis DSM 41954 grown in different media
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Streptomyces mutomycini DSM41691
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Figure A 7. 3'P NMR of culture extracts of Streptomyces mutomycini DSM41691 and Kitasatospora

cheerisanensis DSM 101999 grown in different media
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Streptomyces glauciniger DSM41867 Streptomyces seoulensis DSM41840
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Figure A 8. 3'P NMR of culture extracts of Streptomyces glauciniger DSM 41867 and Streptomyces

seoulensis DSM 41840 grown in different media
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Kitasatospora fiedleri DSM114396 Streptomyces sp. TU H45
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Figure A 9. 3'P NMR of culture extracts of Kitasatospora fiedleri DSM 114396 and Streptomyces sp.
TU H45 grown in different media
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Streptomyces viridochromogenes DSM40736 Streptomyces sp. Ti 18
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Figure A 10. 3'P NMR of culture extracts of Streptomyces viridochromogenes DSM 40736 and

(=]
=

Streptomyces sp. TU 18 grown in different media
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Figure A 11. 3'P NMR of culture extracts of Streptomyces sp. TU 3997 and Streptomyces sp. 16

grown in different media
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Streptomyces alboniger DSM40043 Streptomyces resistomycificus DSM40133
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Figure A 12. 3'P NMR of culture extracts of Streptomyces alboniger DSM 40043 and

Streptomyces resistomycificus DSM 40133 grown in different media.
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Streptomyces kutzneri DSM40907

Kitasatospora atroaurantiaca DSM41649
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Figure A 13. 3'P NMR of culture extracts of Streptomyces kutzneri DSM 40907 and Kitasatospora

atroaurantiaca DSM 41649 grown in different media.
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Streptomyces libani (rufus) DSM41230 Kitasatospora purpeofusca DSM40283

NL410 NL410

! J | U ‘t M k J\'LI /

NL300 NL300

A I

oo T 0

HL200

‘l AN
JL o\

GUBC |I || | l ouBe l
W i

M e

SR J | SFM
Lo _,J L‘LJL..WJLJL ) Jl |l\
HM I |¢J HM . I
L W i)
M om |
| Moo
2 4 % 4 1 ! pom » ) ] ] i L pem

Figure A 14. 3'P NMR of culture extracts of Streptomyces libani (rufus)DSM 41230 and Kitasatospora
purpeofusca DSM 40283 grown in different media.
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Kitasatospora setae DSM 43861 Streptomyces hokutonensis DSM 102214
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Figure A 15. 3'P NMR of culture extracts of Kitasatospora setae DSM 43861 and Streptomyces
hokutonensis DSM 102214 grown in different media.
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Streptomyces shenzhenensis DSM42034 Lentzea kristufekii DSM116176
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Figure A 16. 3'"P NMR of culture extracts of Streptomyces shenzhenensis DSM 42034 and Lentzea
kristufekii DSM 116176 grown in different media.
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Streptomyces sp. Tl 3678 Streptomyces sp. Tii 21470
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Figure A 17 3P NMR of culture extracts of Streptomyces sp. TU 3678 and Streptomyces sp. TU
21470 grown in different media
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Streptomyces monemycini DSM40801 Streptomyces bikiniensis DSH40581
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Figure A 18. 3'P NMR of culture extracts of Streptomyces monomycini DSM 40801 and Streptomyces
bikiniensis. DSM40581 grown in different media
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Figure A 19. 3'P NMR spectrum of concentrated culture supernatant from S. iranensis DSM 41954. A.
Wild-type strain sample showing production of phosphonate-containing metabolites (8P 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 /ac showing that production of
phosphonate-containing metabolites (6P 33.4). L-phosphinothricin HCI (10 mM, 8P 51.2) was used as

a chemical shift reference
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Figure A 20. BLAST analysis of AA sequences from the Kitasatospora fiedleri DSM 114396
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Figure A 21. 3'P 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. 3'P NMR spectrum of cultures from Kitasatospora fiedleri DSM 114396 after MeOH and
acetic acid
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Figure A 23. 3'P NMR spectrum of cultures from Kitasatospora fiedleri DSM 114396 after MeCN

Mgl

extraction. A. 3'P NMR spectrum of concentrated MeCN layer. B. 3'P NMR spectrum of concentrated
MeCN layer
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Figure A 24. 3'P NMR spectrum of Kitasatospora fiedleri DSM 114396 extracts following Hypercarb
SPE fractionation. A. 3'P NMR spectrum of concentrated water elution fraction. B. 3'P NMR spectrum

of concentrated MeCN elution fraction.
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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 28. Flash chromatograms of AMPA diazo compound with C18 column at 254nm
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Figure A 30. Reaction mechanism of ECF labeling
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Figure A 32. Chromatograms of esterificated GP sample
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A.3 Supplementary information to Chapter 3
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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.
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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 pug/ml of each standard in the mix.

Error bars were drawn using the standard deviation between the two measurements.
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Figure A 35. Titration plots of 32 mix molecules reacting with hydroxylamine 10 mM at different
concentrations (50, 10, 1 and 0.1 uyg/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 ug/ml of
each metabolite in the mix.
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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 pg/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 Am/z through the Online Reactivity.

For all the molecules the reactivity was detected via the correlation between precursor and product

[M+H]+ ions (calcld. Am/z = 121.0197), except for fidaxomycin (at the bottom) where [M+Na]+ (educt)/
[M+H]+(product) correlation was detected (calcld. Am/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 Am/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. Am/z = 170.0481),

except for cephalexin where [M+Na]+ (educt)/ [M+H]+(product) correlation was detected (calcld. Am/z

= 148.0661).
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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 Am/z through the Online Reactivity. For kitasamycin the reactivity was detected

thanks to the correlation between educt and product [M+H] + ions (calcld. Am/z =

15.0109), for

spiramycin the correlation between the two [M+2H]2+ was detected (calcld. Am/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

Dmy/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 (l.e. Am/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 Am/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.
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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.
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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.
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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.
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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.
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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.
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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-ds at 700 MHz

carbon # dc On, 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 314 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 73.7 295 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 76.9 299, 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) - 911,12
11 150.6 - - -
12 122.0 6.89, m - 1113
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 -- 3,45
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Figure A 55. '"H NMR (DMSO-ds, 700 MHZz) of 7-glycosyl oxazolomycin D
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Figure A 56. 3*C NMR (DMSO-ds, 700 MHz) of 7-glycosyl oxazolomycin D
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Figure A 57. COSY NMR (DMSO-ds, 700 MHz) of 7-glycosyl oxazolomycin D
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Figure A 58. HSQC NMR (DMSO-ds, 700 MHz) of 7-glycosyl oxazolomycin D
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Figure A 59. HMBC NMR (DMSO-ds, 700 MHz) of 7-glycosyl oxazolomycin D
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Figure A 60. NOESY NMR (DMSO-ds, 700 MHz) of 7-glycosyl oxazolomycin D.
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A.4 Supplementary information to Chapter 4
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Table 4. NMR spectral data for compound PAC1 in DMSO-d6 at 700 MHz

carbon# o&c OH, mult (J in Hz) COoSsy HMBC
1 47.0 2.99 (m) 2 3
2.59 (m) 2 -
2 19.5 1.73 (m) 1,3 1,2
1.28 (m) 1,3 -
3 23.7 1.60 (m) 3,4 4
1.32 (m) 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 57
7 169.9 - - -
8 46.2 3.43 (m) 9 -
3.38 (m) 9 7,9, 10, 11
9 24.3 1.90 (m) 8,10 8, 11
1.77 (m) 8,10 8, 11
10 275 2.03 (m) 9, 11 8, 11,12
1.75 (m) 9, 11 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) 18 19
2.56 (m) 18 -
18 20.6 1.48 (m, 2H) 17,19 17,19, 20
19 24.9 1.89 (m) 18, 20 17, 20
1.73 (m) 18, 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) 6 6,7,24, 25,29
292 (dd, J=94,14.1) 6 6,7,24,25,29
24 1374 - - -
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=17.5) 28 23, 24, 27, 28
30 37.1 2.98 (m) 13 13, 14, 31, 32
2.77 (dd, J=5.8,12.7) 13 13, 14, 31, 32
31 137.5 - - -
32 129.3 714 (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
36 129.3 714 (d, J=7.6) 35 30, 31, 32, 34, 35
37 32.9 2.02 (m) 15, 38, 40 15, 38, 39, 40
38 255 1.28 (m) 37,39 15, 37, 39, 40
1.03 (m) 37,39 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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Table 5. NMR spectral data for compound PAC2 in DMSO-d6 at 700 MHz

carbon# Oc OH, mult (J in Hz) COoSsYy HMBC
1 47.7 3.01 (brd, J=12.7) 2 3
2.56 (dd, J=2.3, 12.8) 2 -
2 19.6 1.94 (m) 1,3 -
1.29 (m) 1,3 -
3 23.9 1.55 (m) 2,4 2,4,5
1.49 (m) 2,4 -
4 46.0 519 (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) 9 9, 11
3.28 (m) 9 -
9 243 1.91 (m) 8,10 8
1.78 (m) 8,10 -
10 27.0 2.10 (m) 9,11 8
1.75 (m) 9, 11 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 (brd, J =12.5) 18 -
2.63 (dd, J=2.5, 12.2) 18 -
18 19.6 1.94 (m) 17,19 -
1.29 (m) 17,19 -
19 23.9 1.55 (m) 18, 20 17,18, 21
1.49 (m) 18, 20 -
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) 6 6,7, 24, 25,29
2.81(dd, J= 8.1, 13.5) 6 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) 15, 34 15, 34, 35, 36
1.44 (t, J=3.6) 15, 34 15, 34, 35, 36
34 251 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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Table 6. NMR spectral data for compound PAC3 in DMSO-d6 at 700 MHz

carbon# Oc on, mult (J in Hz) COoSsy HMBC
1 47.6 3.00 (m) 2 3
2.56 (dd, J=2.4,12.6) 2 -
2 19.6 1.88 (m) 1 -
1.28 (m) 1 4
3 23.5 1.56 (m) 2,4 2,4
1.43 (m) 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
9 245 1.90 (m) 8 10, 11
1.79 (m) 8 8, 11
10 271 2.04 (m) 9, 11 8,12
1.79 (m) 11 8, 11,12
11 60.2 4.38 (dd, J=4.1,84) 10 8,9, 10,12
12 170.4 - - -
13 50.5 5.06 (m) 30 14, 30, 31
14 1721 - - -
15 56.8 5.24 (m) 37 16, 37, 38
16 173.3 - - -
17 46.2 3.03 (m) 18 19
2.62 (dd, J=2.3, 11.6) 18 -
18 20.6 1.54 (m) 17,19 -
1.48 (m) 19 19, 20
19 23.9 1.83 (m) 18, 20 17, 20, 21
1.80 (m) 18, 20 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) 6 6,7, 24, 25,29
2.84 (m) 6 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) 13 13, 14, 31, 32, 36
2.84 (m) 13 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) 15 15, 38, 39
1.41 (m) 15 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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Table 7. NMR spectral data for compound PAC4 in DMSO-d6 at 700 MHz

carbon # dc OH, mult (J in Hz) COSY HMBC
1 47.7 3.00 (d, J=14.2) 2 2,3
2.55 (m) 2 -
2 19.6 1.95 (m) 2,3 3,4
1.29 (m) 2,3 3,4
3 23.9 1.83 (m) - -
1.54 (m) 2,4 -
4 459 519 (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) 9 7
3.27 (m) 9 -
9 243 1.91 (m) 10 8, 11
1.79 (m) - 8, 11
10 26.9 211 (m) 9 8, 11,12
1.74 (m) - 11,12
11 59.9 4.48 (dd, J=2.9,8.2) 10 8,9,10,12
12 170.5 - - -
13 52.4 4382 (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) 18 19
2.66 (dd, J = 2.5, 12.3) 18 19
18 20.5 1.59 (m) 17,19 17, 20
1.48 (m) 17 17
19 24.0 1.79 (m) 18, 20 20
1.49 (m) - -
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) 6 6, 24, 25
2.81(dd, J=8.2, 14.1) 6 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) 32 30, 32, 33
1.05 (m) 30, 32 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) 15 15, 35, 36, 37
1.44 (m) 15, 35 35
35 251 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 86. '3C NMR (DMSO-ds, 700 MHz) of PAC4
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Figure A 87. COSY NMR (DMSO-ds, 700 MHz) of PAC4
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Figure A 88. HSQC NMR (DMSO-ds, 700 MHz) of PAC4
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A.5 Copyright licenses

Document A 1. Copyright permission for Figure 2
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ccc Marketplace

This is a License Agreement between University of Tibingen (“User”) and Copyright Clearance Center, Inc. ("CCC")
on behalf of the Rightsholder identified in the order details below. The license consists of the order details, the
Marketplace Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which

are included below.

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and

Conditions below.

Order Date
Order License 1D
ISSN

LICENSED CONTENT

Publication Title

Article Title

Author / Editor

Date
Language
Country
Rightsholder

REQUEST DETAILS

Portion Type

Number of Charts /
Graphs / Tables / Figures
Reqguested

Format (select all that
apply)

Who Will Republish the
Content?

Duration of Use
Lifetime Unit Quantity
Rights Requested

NEW WORK DETAILS

Title

Instructor Name

09-Apr-2026
17177911
1098-5557

Microbiology and
molecular biology reviews
: MMBR

Taxonomy, Physiclogy,
and Natural Products of
Actinobacteria.

American Society for
Micrabiology.

01/01/1997
English
United States of America

American Society for
Microbiology - Journals

Chart/graph/table/figure
2

Print, Electronic

Author of requested
content

Life of current edition
Up to 499

Main product, any product

related to main product,
and other
compilations/derivative
products

Discovery of Natural
Product in Actinobacteria

Prof. Dr. Nadine Ziemert

Type of Use
Publisher

Portion

Publication Type
Start Page

End Page

Issue

Volume

URL

Distribution

Translation

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Institution Name

Expected Presentation
Date

230

Republish in a
thesis/dissertation
AMERICAN SOCIETY FOR
MICROBIOLOGY
Chart/graph/table/figure

e-journal
1

43

1

80

http://mmbr.asm.org

Worldwide

Original language of
publication

No
Yes
No

EUR

University of Tuebingen
2026-06-01
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ADDITIONAL DETAILS

Order Reference Number N/A

REQUESTED CONTENT DETAILS

The Requesting Person /
Organization to Appear
on the License
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University of Tibingen

Title, Description or Thesis_Figure 2 Title of the Article / Taxonomy, Physiology,

Numeric Reference of the Chapter the Portion Is and Natural Products of

Portion(s) From Actinobacteria.

Editor of Portion(s) Barka, Essaid Ait; Vatsa, Author of Portion(s) Barka, Essaid Ait; Vatsa,
Parul; Sanchez, Lisa; Parul; Sanchez, Lisa;
Gaveau-Vaillant, Nathalie; Gaveau-Vaillant, Nathalie;
Jacquard, Cedric; Klenk, Jacquard, Cedric; Klenk,
Hans-Peter; Cléement, Hans-Peter; Clément,
Christophe; Ouhdouch, Christophe; Ouhdouch,
Yder; van Wezel, Gilles P, Yder; van Wezel, Gilles P.

Volume / Edition 80 Issue, if Republishing an 1

Page or Page Range of 1-43 Article From a Serial

Portion Publication Date of 2016-03-01

Portion

RIGHTSHOLDER TERMS AND CONDITIONS

We ask that you review the copyright information associated with the article that you are interested in, as some articles in
the ASM Journals are covered by creative commons licenses that would permit free reuse with attribution. Please note
that ASM cannot grant permission to reuse figures or images that are credited to publications other than ASM journals.
For images credited to non-ASM journal publications, you will need to obtain permission from the journal referenced in
the figure or table legend or credit line before making any use of the image(s) or table(s). ASM is unable to grant
permission to reuse supplemental material as copyright for the supplemental material remains with the author. All
requestors must include the copyright and permission notice in connection with any reproduction of the licensed
material, i.e. Journal name, year, volume, page numbers, DOl and reproduced/amended with permission from American
Society for Microbialogy. Translations The translation must be of high quality and match the standard of the original
article, The translation must be a true reproduction ward for word. All drug names must be generic; no proprietary/trade
names may be substituted. No additional text, tables or figures may be added to the translated text. The integrity of the
article should be preserved, i.e., no advertisements will be printed on the article. Articles translated in their entirety must
honor the ASM embargo period. The translated version of ASM material must also carry a disclaimer in English and in the
language of the translation. The two versions (English and other language) of the disclaimer MUST appear on the inside
front cover or at the beginning of the translated material as follows: “The American Society for Microbiology takes no
responsibility for the accuracy of the translation from the published English original and is not liable for any errors which
may occur. No responsibility is assumed, and responsibility is hereby disclaimed, by the American Society for Microbiology
for any injury and/or damage to persons or property as a matter of product liability, negligence or otherwise, or from any
use or operation of methods, products, instructions or ideas presented in the journal. Independent verification of
diagnosis and drug dosages should be made. Discussions, views, and recommendations as to medical procedures, choice
of drugs and drug dosages are the responsibility of the authors.”

This journal title may publish some Open Access articles, which provide specific user rights for reuse. Please refer to the
article copyright line to determine whether the content you wish to use is Open Access. For Open Access content,
permission to reuse is granted subject to the terms of the License under which the work was published. Please check the
License conditions for the work which you wish to reuse. Full and appropriate attribution must be given. This permission
does not cover any third party copyrighted material which may appear in the work requested. Please contact the
publisher with any questions.

SPECIAL RIGHTSHOLDER TERMS AND CONDITIONS

Hello: Please indicate that the images are "Modified with permission from in the image legend. Thank you.

Marketplace Permissions General Terms and Conditions

The following terms and conditions (“General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (“CCC") on behalf of the
applicable Rightsholders of such Works through CCC's applicable Marketplace transactional licensing services (each, a
“Service").
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1) Definitions. For purposes of these General Terms, the following definitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms" are additional terms set forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms.

“Rightsholder(s)" are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms"” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
collectively.

“User” or "you" is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the
User’s behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Work(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation.

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License, In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (i) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace
platform, and (iii) if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (i) is non-exclusive and non-
transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, including without limitation if such use would vioclate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or obscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform
CCC if it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.
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1) Definitions. For purposes of these General Terms, the following definitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms" are additional terms set forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms.

“Rightsholder(s)" are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

"Terms"” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
collectively.

“User” or “you" is the person or entity making the use granted under the relevant License, Where the person accepting the
Terms on behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the
User's behalf, such person shall be deemed jointly a User for purposes of such Terms.

"Work(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation.

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to medify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (ii) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace
platform, and (iii) if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less, While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (i) is non-exclusive and non-
transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Wark may be used in any way that is unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties’ rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or obscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightshalder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform
CCC if it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.
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9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: “Used with permission of [Rightsholder’s name], from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc.” Such notice must be provided in a reasonably
legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder’s ordinary license price therefor; any unauthorized (and unlicensable) use that
is not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder’s and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstares or copy centers, or by off-campus copy shops and other
similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (i) permit “publishing ventures” where any particular
anthology would be systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;
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B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (but still within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(b)(i){A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14(b)(i)(A) above; (ii) to display and perform the requested material to such members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (iii) to “clip” or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.
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i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

iy the input of Works or reproductions thereof into any computerized database;
i) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;
iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For
“electronic reproductions”, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days far
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

ii} User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
madified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be “clipped” or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
on a copy of the Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

Last updated October 2022
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Licensed Content Publisher Elsevier
Licensed Content Publication Cell Systems

Self-resistance-gene-guided, high-throughput
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Number of figures/tables/illustrations
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Are you the author of this Elsevier
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Title of new work

Institution name
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Portions
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RightsLink Pnntable License
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both print and electronic
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Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your RightsLink account and that are available at any time at

https://myaccount.copyright.com).
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GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject
to the terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source. If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."

4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given. The material may not be reproduced or used in any other way,
including use in combination with an artificial intelligence tool (including to train an
algorithm, test, process, analyse, generate output and/or develop any form of artificial
intelligence tool), or to create any derivative work and/or service (including resulting from
the use of artificial intelligence tools).

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions,
deletions and/or any other alterations shall be made only with prior written authorization
of Elsevier Ltd. (Please contact Elsevier’s permissions helpdesk here). No modifications
can be made to any Lancet figures/tables and they must be reproduced in full.

6. If the permission fee for the requested use of our material 1s waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (1) these terms and conditions and (in) CCC's Billing and Payment
terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your
proposed use, no license is finally effective unless and until full payment is received from
you (either by publisher or by CCC) as provided in CCC's Billing and Payment terms and
conditions. If full payment is not received on a timely basis, then any license
preliminarily granted shall be deemed automatically revoked and shall be void as if never
granted. Further, in the event that you breach any of these terms and conditions or any of
CCC's Billing and Payment terms and conditions, the license is automatically revoked and
shall be void as if never granted. Use of materials as described in a revoked license, as
well as any use of the materials beyond the scope of an unrevoked license, may constitute
copyright infringement and publisher reserves the right to take any and all action to
protect its copyright in the materials.

9. Warranties: Publisher makes no representations or warranties with respect to the
licensed material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
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claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.

12. No Amendment Except in Writing: This license may not be amended except in a
writing signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and
Payment terms and conditions. These terms and conditions, together with CCC's Billing
and Payment terms and conditions (which are incorporated herein), comprise the entire
agreement between you and publisher (and CCC) concerning this licensing transaction. In
the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions
described in this License at their sole discretion, for any reason or no reason, with a full
refund payable to you. Notice of such denial will be made using the contact information
provided by you. Failure to receive such notice will not alter or invalidate the denial. In
no event will Elsevier or Copyright Clearance Center be responsible or liable for any
costs, expenses or damage incurred by you as a result of a denial of your permission
request, other than a refund of the amount(s) paid by you to Elsevier and/or Copyright
Clearance Center for denied permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights
you may only translate this content into the languages you requested. A professional
translator must perform all translations and reproduce the content word for word
preserving the integrity of the article.

16. Posting licensed content on any Website: The following terms and conditions apply
as follows: Licensing material from an Elsevier journal: All content posted to the web site
must maintain the copyright information line on the bottom of each image; A hyper-text
must be included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.conv/science/journal/xxxxx or the Elsevier homepage for books
at http://www.elsevier.com; Central Storage: This license does not include permission for
a scanned version of the material to be stored in a central repository such as that provided
by Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the
Elsevier homepage at htip.//www.elsevier.com . All content posted to the web site must
maintain the copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only
to bona fide students registered on a relevant course. This permission is granted for 1 year
only. You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:
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Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been
peer-reviewed, nor has it had any other value added to it by a publisher (such as
formatting, copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to
or enhanced in any way in order to appear more like, or to substitute for, the final versions
of articles however authors can update their preprints on arXiv or RePEc with their
Accepted Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

e immediately
via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
« After the embargo period
o via non-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

o

o

5]

Q

[e]

In all cases accepted manuscripts should:

link to the formal publication via its DOI

bear a CC-BY-NC-ND license - this 1s easy to do

if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way
to appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than
the full-text. Millions of researchers have access to the formal publications on

ScienceDirect, and so links will help your users to find, access, cite, and use the best
available version.
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Theses and dissertations which contain embedded PJAs as part of the formal submission
can be posted publicly by the awarding institution with DOT links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course
packs and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may
you scan the printed edition to create an electronic version. Posting to a repository:
Authors are permitted to post a summary of their chapter only in their institution's
repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may
be submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in
nearly 2000 established subscription journals that support open access publishing.
Permitted third party re-use of these open access articles is defined by the author's choice
of Creative Commons user license. See our open access license policy for more
information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:

Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour
or reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our
publication with credit or acknowledgement to another source it is the responsibility of the
user to ensure their reuse complies with the terms and conditions determined by the rights
holder.

Additional Terms & Conditions applicable to each Creative Commons user license:
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CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are

available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is
not done for commercial purposes, and that the user gives appropriate credit (with a link
to the formal publication through the relevant DOI), provides a link to the license,
indicates if changes were made and the licensor is not represented as endorsing the use
made of the work. Further, any new works must be made available on the same
conditions. The full details of the license are available at
http://creativecommons.org/licenses/by-nec-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the
Article, provided this is not done for commercial purposes and further does not permit
distribution of the Article if it is changed or edited in any way, and provided the user gives
appropriate credit (with a link to the formal publication through the relevant DOT),
provides a link to the license, and that the licensor is not represented as endorsing the use
made of the work. The full details of the license are available at
http:/creativecommons.org/licenses/by-nc-nd/4.0. Any commercial reuse of Open Access
articles published with a CC BY NC SA or CC BY NC ND license requires permission
from Elsevier and will be subject to a fee.

Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access

Article aggregation

Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.

20. Other Conditions:

vl.1l

Questions? customercare@copyright.com.
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Organization to Appear
on the License

REQUESTED CONTENT DETAILS

Title, Description or Thesis_Figure 10 Title of the Article / Applied evolution:
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Marketplace Permissions General Terms and Conditions

The following terms and conditions (“General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (“CCC") on behalf of the
applicable Rightsholders of such Works through CCC's applicable Marketplace transactional licensing services (each, a
“Service").

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms” are additional terms set forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms.

“Rightsholder(s)” are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms" means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
collectively.

“User” or "you" is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer ar other third party who the User authorized to accept the General Terms on the
User’s behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Work(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation.

3) Applicability of Terms. The Terms govern User’s use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to maodify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works
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6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (i) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace
platform, and (jii) if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves
only the rights set farth in the Terms and does not include subsequent or additional uses, (ii) is non-exclusive and non-
transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties’ rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or obscene. In addition, User may not conjein a Work with any other material that may result in damage to the
reputation of the Rightsholder, Any unlawful use will render any licenses hereunder null and void. User agrees to inform
CCC if it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under
the Service. Unless otherwise provided in the QOrder Confirmation, a proper copyright notice will read substantially as
follows: “Used with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc.” Such notice must be provided in a reasonably
legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS.” CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPQOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
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not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that
is not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus

Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,

the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

i) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (ii) permit “publishing ventures” where any particular
anthology would be systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use Is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (but still within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days’ prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials {e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:
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A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)i)(A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14({b)(i)(A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14(b)(i)(A) above; (ii) to display and perform the requested material to such members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (iii) to “clip” or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.

ii} Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii)
permit “publishing ventures" where any particular course materials would be systematically marketed at multiple
institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other contral permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

o aproper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
o astatement to the effect that such copy was made pursuant to permission,

o a statement identifying the class to which the material applies and notifying the reader that the material
has been made available electronically solely for use in the class, and

o astatement to the effect that the material may not be further distributed to any person outside the class,
whether by copying or by transmission and whether electronically or in paper form, and User must also
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ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of autharization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service,
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c)i)-{v) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-
academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

i} the input of Works or reproductions thereof into any computerized database;
iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;
iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For
“electronic reproductions”, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be “clipped” or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
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prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
on a copy of the Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

Last updated October 2022
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provided by Springer Nature and Copyright Clearance Center.
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Licensee and Springer Nature Customer Service Centre GmbH as Licensor. By
clicking 'accept’ and completing the transaction for your use of the material ("Licensed
Material"), you confirm your acceptance of and obligation to be bound by these Terms
and Conditions.

1. Grant and Scope of License

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, non-
sublicensable, revocable, world-wide License to reproduce, distribute, communicate
to the public, make available, broadcast, electronically transmit or create derivative
works using the Licensed Material for the purpose(s) specified in your RightsLink
Licence Details only. Licenses are granted for the specific use requested in the order
and for no other use, subject to these Terms and Conditions. You acknowledge and
agree that the rights granted to you under this License do not include the right to
modify, edit, translate, include in collective works, or create derivative works of the
Licensed Material in whole or in part unless expressly stated in your RightsLink
Licence Details. You may use the Licensed Material only as permitted under this
Agreement and will not reproduce, distribute, display, perform, or otherwise use or
exploit any Licensed Material in any way, in whole or in part, except as expressly
permitted by this License.

1. 2. You may only use the Licensed Content in the manner and to the extent
permitted by these Terms and Conditions, by your RightsLink Licence Details and
by any applicable laws.

1. 3. A separate license may be required for any additional use of the Licensed
Material, e.g. where a license has been purchased for print use only, separate
permission must be obtained for electronic re-use. Similarly, a License is only valid
in the language selected and does not apply for editions in other languages unless
additional translation rights have been granted separately in the License.

1. 4. Any content within the Licensed Material that is owned by third parties is
expressly excluded from the License.

1. 5. Rights for additional reuses such as custom editions, computer/mobile
applications, film or TV reuses and/or any other derivative rights requests require
additional permission and may be subject to an additional fee. Please apply to
journalpermissions@springernature.com or bookpermissions(@springernature.com
for these rights.

2. Reservation of Rights

Licensor reserves all rights not expressly granted to you under this License. You
acknowledge and agree that nothing in this License limits or restricts Licensor's rights
in or use of the Licensed Material in any way. Neither this License, nor any act,
omission, or statement by Licensor or you, conveys any ownership right to you in any
Licensed Material, or to any element or portion thereof. As between Licensor and you,
Licensor owns and retains all right, title, and interest in and to the Licensed Material
subject to the license granted in Section I.1. Your permission to use the Licensed
Material is expressly conditioned on you not impairing Licensor's or the applicable
copyright owner's rights in the Licensed Material in any way.

3. Restrictions on use

3. 1. Minor editing privileges are allowed for adaptations for stylistic purposes or
formatting purposes provided such alterations do not alter the original meaning or
intention of the Licensed Material and the new figure(s) are still accurate and
representative of the Licensed Material. Any other changes including but not
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limited to, cropping, adapting, and/or omitting material that affect the meaning,
intention or moral rights of the author(s) are strictly prohibited.

3. 2. You must not use any Licensed Material as part of any design or trademark.

3. 3. Licensed Material may be used in Open Access Publications (OAP), but any
such reuse must include a clear acknowledgment of this permission visible at the
same time as the figures/tables/illustration or abstract and which must indicate that
the Licensed Material is not part of the governing OA license but has been
reproduced with permission. This may be indicated according to any standard
referencing system but must include at a minimum 'Book/Journal title, Author,
Journal Name (if applicable), Volume (if applicable), Publisher, Year, reproduced
with permission from SNCSC'.

4. STM Permission Guidelines

4. 1. An alternative scope of license may apply to signatories of the STM
Permissions Guidelines ("STM PG") as amended from time to time and made
available at https://www.stm-assoc.org/intellectual-
property/permissions/permissions-guidelines/.

4. 2. For content reuse requests that qualify for permission under the STM PG, and
which may be updated from time to time, the STM PG supersede the terms and
conditions contained in this License.

4. 3. If a License has been granted under the STM PG, but the STM PG no longer
apply at the time of publication, further permission must be sought from the
Rightsholder. Contact journalpermissions@springernature.com or

bookpermissions(@springernature.com for these rights.

5. Duration of License

5. 1. Unless otherwise indicated on your License, a License is valid from the date of
purchase ("License Date") until the end of the relevant period in the below table:

Reuse in a medical Reuse up to distribution or time period indicated in
communications project [License

Reuse ina _— .

dissertation/thesis Lifetime of thesis

Romenn Lifetime of journal/magazine

journal/magazine

Reuse ina e gy

ket Lifetime of edition

1 year unless otherwise specified in the License. If
you wish to reuse the content on your website for
longer than 1 year, please make this clear in the
‘additional information' field and the License will
include a 'Special Term' to reflect your duration
choice.

Lifetime of presentation/slide kit/poster. Note:

Reuse on a website

RIZL;ZZ;;&% nidide publication whether electronic or in print of
Ei t/poster presentation/slide kit/poster may require further

permission.

Reuse in conference

boecidings Lifetime of conference proceedings
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Reuse in an annual Lifetime of annual report
report
Reuse in training/CME  |Reuse up to distribution or time period indicated in
materials License
Reuse 1n newsmedia Lifetime of newsmedia
Retdpi Reuse up to distribution and/or time period
coursepack/classroom |. . S
: indicated in license
materials
6. Acknowledgement

6. 1. The Licensor's permission must be acknowledged next to the Licensed
Material in print. In electronic form, this acknowledgement must be visible at the
same time as the figures/tables/illustrations or abstract and must be hyperlinked to
the journal/book’s homepage.

6. 2. Acknowledgement may be provided according to any standard referencing
system and at a minimum should include "Author, Article/Book Title, Journal
name/Book imprint, volume, page number, year, Springer Nature".

7. Reuse in a dissertation or thesis

7. 1. Where 'reuse 1n a dissertation/thesis' has been selected, the following terms
apply: Print rights of the Version of Record are provided for; electronic rights for
use only on institutional repository as defined by the Sherpa guideline
(www.sherpa.ac.uk/romeo/) and only up to what is required by the awarding
institution.

7. 2. For theses published under an ISBN or ISSN, separate permission is required.
Please contact journalpermissions(@springernature.com or
bookpermissions@springernature.com for these rights.

7. 3. Authors must properly cite the published manuscript in their thesis according
to current citation standards and include the following acknowledgement:
'Reproduced with permission from Springer Nature'.

8. License Fee

You must pay the fee set forth in the License Agreement (the "License Fees"). All
amounts payable by you under this License are exclusive of any sales, use,
withholding, value added or similar taxes, government fees or levies or other
assessments. Collection and/or remittance of such taxes to the relevant tax authority
shall be the responsibility of the party who has the legal obligation to do so.

9. Warranty

9. 1. The Licensor warrants that it has, to the best of its knowledge, the rights to
license reuse of the Licensed Material. You are solely responsible for ensuring
that the material you wish to license is original to the Licensor and does not
carry the copyright of another entity or third party (as credited in the
published version). If the credit line on any part of the Licensed Material indicates
that it was reprinted or adapted with permission from another source, then you
should seek additional permission from that source to reuse the material.

9. 2. EXCEPT FOR THE EXPRESS WARRANTY STATED HEREIN AND TO
THE EXTENT PERMITTED BY APPLICABLE LAW, LICENSOR PROVIDES
THE LICENSED MATERIAL "AS IS" AND MAKES NO OTHER
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REPRESENTATION OR WARRANTY. LICENSOR EXPRESSLY DISCLAIMS
ANY LIABILITY FOR ANY CLAIM ARISING FROM OR OUT OF THE
CONTENT, INCLUDING BUT NOT LIMITED TO ANY ERRORS,
INACCURACIES, OMISSIONS, OR DEFECTS CONTAINED THEREIN, AND
ANY IMPLIED OR EXPRESS WARRANTY AS TO MERCHANTABILITY OR
FITNESS FOR A PARTICULAR PURPOSE. IN NO EVENT SHALL LICENSOR
BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER PERSON OR
FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT,
PUNITIVE, OR EXEMPLARY DAMAGES, HOWEVER CAUSED, ARISING
OUT OF OR IN CONNECTION WITH THE DOWNLOADING, VIEWING OR
USE OF THE LICENSED MATERIAL REGARDLESS OF THE FORM OF
ACTION, WHETHER FOR BREACH OF CONTRACT, BREACH OF
WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE
(INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF
PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION
APPLIES NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE
OF ANY LIMITED REMEDY PROVIDED HEREIN.

10. Termination and Cancellation

10. 1. The License and all rights granted hereunder will continue until the end of the
applicable period shown in Clause 5.1 above. Thereafter, this license will be
terminated and all rights granted hereunder will cease.

10. 2. Licensor reserves the right to terminate the License in the event that payment
1s not received in full or if you breach the terms of this License.

11. General

11. 1. The License and the rights and obligations of the parties hereto shall be
construed, interpreted and determined in accordance with the laws of the Federal
Republic of Germany without reference to the stipulations of the CISG (United
Nations Convention on Contracts for the International Sale of Goods) or to
Germany's choice-of-law principle.

11. 2. The parties acknowledge and agree that any controversies and disputes
arising out of this License shall be decided exclusively by the courts of or having

jurisdiction for Heidelberg, Germany, as far as legally permissible.

11. 3. This License is solely for Licensor's and Licensee's benefit. It is not for the
benefit of any other person or entity.

Questions? For questions on Copyright Clearance Center accounts or website issues
please contact springernaturesupport@copyright.com or +1-855-239-3415 (toll free in
the US) or +1-978-646-2777. For questions on Springer Nature licensing please visit
hitps://www.springernature.com/gp/partners/rights-permissions-third-party-distribution

Other Conditions:

Version 1.5 - June 2025
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Questions? customercare@copyright.com.
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SPRINGER NATURE LICENSE
TERMS AND CONDITIONS

Mar 31, 2026

This Agreement between University of Tiibingen ("You") and Springer Nature ("Springer
Nature") consists of your license details and the terms and conditions provided by

Springer Nature and Copyright Clearance Center.

License Number

License date

Licensed Content Publisher

Licensed Content Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date

Type of Use

Requestor type

Format

Portion

Number of figures/tables/illustrations

Will you be translating?

https:#/s100.copyright com/AppDispatchServiat

6239540270169

Mar 31, 2026

Springer Nature

Nature Methods

Mass spectrometry-based metabolomics: a
guide for annotation, quantification and best
reporting practices

Saleh Alseekh et al

Jul 8, 2021

Thesis/Dissertation

academic/university or research institute

print and electronic

figures/tables/illustrations

no
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Circulation/distribution

Author of this Springer Nature content

Title of new work

Institution name

Expected presentation date

Portions

The Requesting Person / Organization to
Appear on the License

Requestor Location

Order reference number

Payment Type

Email Address

Billing Address

Total

Terms and Conditions

Springer Nature Customer Service Centre GmbH Terms and Conditions

The following terms and conditions ("Terms and Conditions") together with the terms
specified in your [RightsLink] constitute the License ("License") between you as
Licensee and Springer Nature Customer Service Centre GmbH as Licensor. By
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50000 or greater
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Discovery of Natural Product in Actinobacteria

University of Tiibingen

Jun 2026

Figure 1

University of Tiibingen

Shuning Xia
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Tiibingen, 72076
Germany

Thesis_Figure 11
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shuning xia@student.uni-tuebingen.de

Shuning Xia
Auf der Morgenstelle 28
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clicking 'accept’ and completing the transaction for your use of the material ("Licensed
Material"), you confirm your acceptance of and obligation to be bound by these Terms
and Conditions.

1. Grant and Scope of License

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, non-
sublicensable, revocable, world-wide License to reproduce, distribute, communicate
to the public, make available, broadcast, electronically transmit or create derivative
works using the Licensed Material for the purpose(s) specified in your RightsLink
Licence Details only. Licenses are granted for the specific use requested in the order
and for no other use, subject to these Terms and Conditions. You acknowledge and
agree that the rights granted to you under this License do not include the right to
modity, edit, translate, include in collective works, or create derivative works of the
Licensed Material in whole or in part unless expressly stated in your RightsLink
Licence Details. You may use the Licensed Material only as permitted under this
Agreement and will not reproduce, distribute, display, perform, or otherwise use or
exploit any Licensed Materal in any way, in whole or in part, except as expressly
permitted by this License.

1. 2. You may only use the Licensed Content in the manner and to the extent
permitted by these Terms and Conditions, by your RightsLink Licence Details and
by any applicable laws.

1. 3. A separate license may be required for any additional use of the Licensed
Material, e.g. where a license has been purchased for print use only, separate
permission must be obtained for electronic re-use. Similarly, a License is only valid
in the language selected and does not apply for editions in other languages unless
additional translation rights have been granted separately in the License.

1. 4. Any content within the Licensed Material that is owned by third parties is
expressly excluded from the License.

1. 5. Rights for additional reuses such as custom editions, computer/mobile
applications, film or TV reuses and/or any other derivative rights requests require
additional permission and may be subject to an additional fee. Please apply to
journalpermissions(@springernature.com or bookpermissions{@springernature.com
for these rights.

2. Reservation of Rights

Licensor reserves all rights not expressly granted to you under this License. You
acknowledge and agree that nothing in this License limits or restricts Licensor's rights
in or use of the Licensed Material in any way. Neither this License, nor any act,
omission, or statement by Licensor or you, conveys any ownership right to you in any
Licensed Material, or to any element or portion thereof. As between Licensor and you,
Licensor owns and retains all right, title, and interest in and to the Licensed Material
subject to the license granted in Section 1.1. Your permission to use the Licensed
Material is expressly conditioned on you not impairing Licensor's or the applicable
copyright owner's rights in the Licensed Material in any way.

3. Restrictions on use

3. 1. Minor editing privileges are allowed for adaptations for stylistic purposes or
formatting purposes provided such alterations do not alter the original meaning or
intention of the Licensed Material and the new figure(s) are still accurate and
representative of the Licensed Material. Any other changes including but not
limited to, cropping, adapting, and/or omitting material that affect the meaning,
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intention or moral rights of the author(s) are strictly prohibited.

3. 2. You must not use any Licensed Material as part of any design or trademark.

3. 3. Licensed Material may be used in Open Access Publications (OAP), but any
such reuse must include a clear acknowledgment of this permission visible at the
same time as the figures/tables/illustration or abstract and which must indicate that
the Licensed Material is not part of the governing OA license but has been
reproduced with permission. This may be indicated according to any standard
referencing system but must include at a minimum 'Book/Journal title, Author,
Journal Name (if applicable), Volume (if applicable), Publisher, Year, reproduced
with permission from SNCSC'.

4. STM Permission Guidelines

4. 1. An alternative scope of license may apply to signatories of the STM
Permissions Guidelines ("STM PG") as amended from time to time and made
available at https://www.stm-assoc.org/intellectual-
property/permissions/permissions-guidelines/.

4. 2. For content reuse requests that qualify for permission under the STM PG, and
which may be updated from time to time, the STM PG supersede the terms and
conditions contained in this License.

4. 3. If a License has been granted under the STM PG, but the STM PG no longer
apply at the time of publication, further permission must be sought from the
Rightsholder. Contact journalpermissions(@springernature.com or
bookpermissions@springemature.com for these rights.

5. Duration of License

5. 1. Unless otherwise indicated on your License, a License is valid from the date of
purchase ("License Date") until the end of the relevant period in the below table:

Reuse 1n a medical Reuse up to distribution or time period indicated in
communications project [License
Reuse ina G ok :
dissertation/thesis L ifetimerokthesis
R i — : .
S T Lifetime of journal/magazine
journal/magazine
Reuse ina o .
Lifet f edit:
book/textbook Hetime ot ediion

1 year unless otherwise specified in the License. If
you wish to reuse the content on your website for
longer than 1 year, please make this clear in the
‘additional information' field and the License will
include a 'Special Term' to reflect your duration
choice.

Lifetime of presentation/slide kit/poster. Note:

Reuse on a website

er:el;zfltl;,ltii) fililide publication whether electronic or in print of
|ll?:1 tposter presentation/slide kit/poster may require further

permission.

Reuse in conference
proceedings

Reuse in an annual
report

Lifetime of conference proceedings

Lifetime of annual report
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Reuse in training/CME  [Reuse up to distribution or time period indicated in

materials License
Reuse in newsmedia Lifetime of newsmedia
Reuse in

Reuse up to distribution and/or time period

coursepack/classroom |. . T
P mdicated in license

materials

6. Acknowledgement

6. 1. The Licensor's permission must be acknowledged next to the Licensed
Material in print. In electronic form, this acknowledgement must be visible at the
same time as the figures/tables/illustrations or abstract and must be hyperlinked to
the journal/book’s homepage.

6. 2. Acknowledgement may be provided according to any standard referencing
system and at a minimum should include "Author, Article/Book Title, Journal
name/Book imprint, volume, page number, year, Springer Nature".

7. Reuse in a dissertation or thesis

7. 1. Where 'reuse in a dissertation/thesis' has been selected, the following terms
apply: Print rights of the Version of Record are provided for; electronic rights for
use only on institutional repository as defined by the Sherpa guideline
(www.sherpa.ac.uk/romeo/) and only up to what is required by the awarding

mstitution.

7. 2. For theses published under an ISBN or ISSN, separate permission is required.
Please contact journalpermissions(@springernature.com or
bookpermissions@springernature.com for these rights.

7. 3. Authors must properly cite the published manuscript in their thesis according
to current citation standards and include the following acknowledgement:
‘Reproduced with permission from Springer Nature'.

8. License Fee

You must pay the fee set forth in the License Agreement (the "License Fees"). All
amounts payable by you under this License are exclusive of any sales, use,
withholding, value added or similar taxes, government fees or levies or other
assessments. Collection and/or remittance of such taxes to the relevant tax authority
shall be the responsibility of the party who has the legal obligation to do so.

9. Warranty

9. 1. The Licensor warrants that it has, to the best of its knowledge, the rights to
license reuse of the Licensed Material. You are solely responsible for ensuring
that the material you wish to license is original to the Licensor and does not
carry the copyright of another entity or third party (as credited in the
published version). If the credit line on any part of the Licensed Material indicates
that 1t was reprinted or adapted with permission from another source, then you
should seek additional permission from that source to reuse the material.

9. 2. EXCEPT FOR THE EXPRESS WARRANTY STATED HEREIN AND TO
THE EXTENT PERMITTED BY APPLICABLE LAW, LICENSOR PROVIDES
THE LICENSED MATERIAL "AS IS" AND MAKES NO OTHER
REPRESENTATION OR WARRANTY. LICENSOR EXPRESSLY DISCLAIMS
ANY LIABILITY FOR ANY CLAIM ARISING FROM OR OUT OF THE
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CONTENT, INCLUDING BUT NOT LIMITED TO ANY ERRORS,
INACCURACIES, OMISSIONS, OR DEFECTS CONTAINED THEREIN, AND
ANY IMPLIED OR EXPRESS WARRANTY AS TO MERCHANTABILITY OR
FITNESS FOR A PARTICULAR PURPOSE. IN NO EVENT SHALL LICENSOR
BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER PERSON OR
FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT,
PUNITIVE, OR EXEMPLARY DAMAGES, HOWEVER CAUSED, ARISING
OUT OF OR IN CONNECTION WITH THE DOWNLOADING, VIEWING OR
USE OF THE LICENSED MATERIAL REGARDLESS OF THE FORM OF
ACTION, WHETHER FOR BREACH OF CONTRACT, BREACH OF
WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE
(INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF
PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION
APPLIES NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE
OF ANY LIMITED REMEDY PROVIDED HEREIN.

10. Termination and Cancellation
10. 1. The License and all rights granted hereunder will continue until the end of the
applicable period shown in Clause 5.1 above. Thereafter, this license will be

terminated and all rights granted hereunder will cease.

10. 2. Licensor reserves the right to terminate the License in the event that payment
is not received in full or if you breach the terms of this License.

11. General
11. 1. The License and the rights and obligations of the parties hereto shall be
construed, interpreted and determined in accordance with the laws of the Federal
Republic of Germany without reference to the stipulations of the CISG (United
Nations Convention on Contracts for the International Sale of Goods) or to
Germany's choice-of-law principle.
11. 2. The parties acknowledge and agree that any controversies and disputes
arising out of this License shall be decided exclusively by the courts of or having
jurisdiction for Heidelberg, Germany, as far as legally permissible.
11. 3. This License is solely for Licensor's and Licensee's benefit. It is not for the

benefit of any other person or entity.

Questions? For questions on Copyright Clearance Center accounts or website issues

please contact springernaturesupport@copyright.com or +1-855-239-3415 (toll free in
the US) or +1-978-646-2777. For questions on Springer Nature licensing please visit
https://www.springernature.com/gp/partners/rights-permissions-third-party-distribution

Other Conditions:

Version 1.5 - June 2025

Questions? customercare@copyright.com.
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Ccc Marketplace

This is a License Agreement between University of TUbingen (“User”) and Copyright Clearance Center, Inc. ("CCC")
on behalf of the Rightsholder identified in the order details below. The license consists of the order details, the
Marketplace Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which

are included below.

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and

Conditions below.

Order Date
Order License ID
ISSN

LICENSED CONTENT

Publication Title
Article Title

Author / Editor

Date
Language

Country

Rightsholder

REQUEST DETAILS

Portion Type

Number of Charts /
Graphs / Tables / Figures
Requested

Format (select all that
apply)

Who Will Republish the
Content?

Duration of Use
Lifetime Unit Quantity
Rights Requested

NEW WORK DETAILS

Title

Instructor Name

31-Mar-2026
1714981-1
1460-4752

Natural product reports

Exploring microbial
natural products through
NMR-based metabolomics

Royal Society of Chemistry
(Great Britain)

01/01/1984
English

United Kingdom of Great
Britain and Northern
Ireland

Royal Saciety of Chemistry

Chart/graph/table/figure
1

Print, Electronic

Author of requested
content

Life of current edition
Up to 499

Main product, any product
related to main product,
and other
compilations/derivative
products

Discovery of Natural
Product in Actinobacteria

Prof. Dr. Nadine Ziemert

ADDITIONAL DETAILS

Type of Use

Publisher
Portion

Publication Type
Start Page

End Page

Issue

Volume

URL

Distribution

Translation

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Institution Name

Expected Presentation
Date

Republish ina
thesis/dissertation

Royal Society of Chemistry
Chart/graph/table/figure

e-Journal
1459
1488

9

42

http://firstsearch.oclc.org/j
ournal=0265-
0568;screen=info;ECOIP

Worldwide

Original language of
publication

No
No
No

EUR

University of Tabingen
2026-06-01
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Order Reference Number N/A The Requesting Person / University of Tibingen
Organization to Appear
on the License

REQUESTED CONTENT DETAILS

Title, Description or Thesis_Figure 12 Title of the Article / Exploring microbial
Numeric Reference of the Chapter the Portion Is natural products through
Portion(s) From NMR-based metabolomics
Editor of Portion(s) Wang, De-Gao; Hu, Jia-Qi; Author of Portion(s) Wang, De-Gao; Hu, Jia-Qi;
Wang, Chao-Yi; Liu, Teng; Wang, Chao-Yi; Liu, Teng;
Li, Yue-Zhong; Wu, Li, Yue-Zhong; Wu,
Changsheng Changsheng
Volume / Edition 42 Issue, if Republishing an 9
Page or Page Range of 1459-1488 Ardcle ooy s eial
Portion Publication Date of 2025-09-17
Portion

Marketplace Permissions General Terms and Conditions

The following terms and conditions (“General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (“CCC") on behalf of the
applicable Rightsholders of such Works through CCC's applicable Marketplace transactional licensing services (each, a
“Service").

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms” are additional terms set forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms.

“Rightsholder(s)” are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms" means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
collectively.

“User” or "you" is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer ar other third party who the User authorized to accept the General Terms on the
User’s behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Work(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation.

3) Applicability of Terms. The Terms govern User’s use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to maodify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works
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6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (i) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace
platform, and (jii) if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves
only the rights set farth in the Terms and does not include subsequent or additional uses, (ii) is non-exclusive and non-
transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties’ rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or obscene. In addition, User may not conjein a Work with any other material that may result in damage to the
reputation of the Rightsholder, Any unlawful use will render any licenses hereunder null and void. User agrees to inform
CCC if it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under
the Service. Unless otherwise provided in the QOrder Confirmation, a proper copyright notice will read substantially as
follows: “Used with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc.” Such notice must be provided in a reasonably
legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS.” CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPQOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
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not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that
is not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus

Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,

the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

i) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (ii) permit “publishing ventures” where any particular
anthology would be systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use Is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (but still within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days’ prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials {e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:
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A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)i)(A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14({b)(i)(A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14(b)(i)(A) above; (ii) to display and perform the requested material to such members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (iii) to “clip” or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.

ii} Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii)
permit “publishing ventures" where any particular course materials would be systematically marketed at multiple
institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:
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A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other contral permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

o aproper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
o astatement to the effect that such copy was made pursuant to permission,

o a statement identifying the class to which the material applies and notifying the reader that the material
has been made available electronically solely for use in the class, and

o astatement to the effect that the material may not be further distributed to any person outside the class,
whether by copying or by transmission and whether electronically or in paper form, and User must also

268



4/8/26, 1:45 PM

ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of autharization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service,
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c)i)-{v) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-
academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

i} the input of Works or reproductions thereof into any computerized database;
iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;
iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For
“electronic reproductions”, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be “clipped” or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
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prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
on a copy of the Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

Last updated October 2022
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